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method is applied on, is considered in this master thesis report.
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ABSTRACT

A new trend to found offshore wind turbines at larger depths or on harder soils is to apply gravity based
foundations (GBFs). These foundations are caissons with a set of properties which are different with respect to
other caisson types. The draught is large and the horizontal dimensions are relatively small. The number of
constructed caissons is high and the timeframe for construction and transportation from land into water is
small when these foundations are applied on offshore windfarms on commercial scale. In general, an offshore
wind farm is constructed in two years and all GBFs must be constructed and transported into the water in a
tight time schedule.

To accomplish the construction and installation a large number of GBFs in a tight timeframe a new design
method is developed. A realistic case study is composed and the target is to construct and install 64 GBFs in
front of the Belgium coast in a timeframe of 2 years.

The design of these foundations generally consists of, from bottom to top, a large circular base slab with a
cylindrical part, then a conical part and at last the tower which is partly above water. The minimal base slab
dimensions to ensure stability are calculated and the result is a minimal diameter of 33 meter. The result is a
caisson with a weight of 9157 tons, and a draught of 10.45 meter. The construction time is quite large with 26
weeks for each foundation.

To reduce the large construction time the design is adapted. The base slab is changed into a hexagonal base
slab and the tower is elongated till the base slab. Because the circular base slab is the most efficient geometry
the change in design increases the amount of material, the weight and therefore the draught of the element.
The decrease in construction time is 6 weeks, which is 23% of the construction time. The stability is again
calculated for this GBF design and results in a weight of 10,495 ton and the draught is larger with 11.21 meter.

When the design of the GBFs is known, the transportation method from land into water is considered.
According to the decision matrix, developed in the literature study, the only feasible method is to apply a semi-
submersible vessel, however this solution is quite expensive with a rental and operational cost of 10.5 or 13.8
million euro depending on the storage location, a new alternative method could be feasible. In a brainstorm
session several new ideas are created and the most promising solution is chosen with the help of a multi-
criteria analysis: The immersion structure.

Because time is the most important factor the construction planning and construction area layout is
considered. Three options are considered and the most optimal construction planning is to construct the GBFs
with the use of a production line, on four locations the construction activities are optimized and with this
solution it is possible to construct the 64 GBFs in time with a minimal use of area and equipment. Because of
the small area left, the storage location cannot be designed on the construction area. Therefore the semi-
submersible vessel must be rented a longer period and cost 13.8 million.

The construction of 64 GBFs in two years is feasible and the immersion structure is designed. The platform
consists of H-beams and the foundation consists of two concrete hollow legs. The immersion structure is
innovative because it is placed directly on sand and no foundation works are needed. When the project is
executed, water is pumped out from the legs, the immersion structure floats, and can be towed to a storage
location until a new project arises where caissons must be constructed and transported into the water. Due to
the large capacity the main part of the caisson types can be transported with this structure.

At last the construction and operational costs of the immersion structure, 19.7 million euro, are compared with
the cost of renting a semi-submersible vessel, which costs 13.8 million euro. The semi-submersible vessel
seems to be the best solution but when the immersion structure is applied at multiple projects it could be a
profitable solution. The depreciation and interest costs for the immersion structure are calculated and the
immersion structure is profitable when a minimal utilization rate of 22% is achieved during a service lifetime of
20 years. Depending on the market development and the amount of applicable caisson construction projects
the immersion structure could be profitable. Comparing with the case study the immersion structure is
profitable if three comparable projects are executed in the timeframe of 20 years.
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NOMENCLATURE
Symbol Description Unit
A Circular area blades [m?]
A Contact area structure and soil [m?]
A Area of concrete in vertical cross-section [mz]
A Annuity [—]
A, Cross-sectional area concrete [mmz]
Aeff Effective area of foundation [mz]
Ag Cross-sectional area steel profile [mm3]
As,needed Minimal amount of longitudinal reinforcement needed [mmz]
As,req_c Minimal amount of longitudinal reinforcement needed for compression [mmz]
As'req't Minimal amount of longitudinal reinforcement needed for tension [mmz]
Ag, Cross-sectional area shear reinforcement [mmz]
b, Effective width of circular foundation [m]
Bsf Effective width of foundation area [m]
bleg Width of immersion structure foundation leg [m]
b, Working width of concrete element [mm]
BM Distance centre of buoyancy and metacentre [m]
c' Effective cohesion [kN/mz]
Cp Betz optimum [—]
Cpir Depreciation and interest costs [€]
Cpilis Depreciation and interest costs of immersion structure [€]
ch Friction coefficient skidding system [—]
Cys Rental cost of semi-submersible vessel [€/day]
d Draught [m]
dy Initial estimated concrete thickness in Scia model [mm]
Dy Base slab diameter [m]
Df Discount factor [—]
D, Inner diameter of cylindrical part GBF [m]
d, Minimal thickness for bending moment capacity [mm]
dmean Mean of concrete element thickness of immersion platform [mm]
dpin Minimal thickness of concrete elements of immersion platform [mm]
d,. Minimal thickness of concrete element due to compression force [mm]
D ,ut Outer diameter of cylindrical part GBF [m]
dyont Rental days of semi-submersible vessel [days]
drent,year 1 Rental days of semi-submersible vessel in year 1 [days]
drenwear2 Rental days of semi-submersible vessel in year 2 [days]
D,, Diameter wind energy area [m]
e Eccentricity [m]
E E-modulus [Nm]
e; Distance between centre of gravity of element | and refrence level [m]
f Drape of tendon [m]
e Bouyancy force [kN]
fek Characteristic compressive strenght of concrete [N/mmz]
fem Mean compressive strength concrete [N/mmz]
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Fgq Design load [various]
fr Coefficient of friction [-]
F, Push or pull load [kN]
Fra Resistance design capacity [various]
fyd Maximum design yield stress [N/mm?]
[y Characteristic yield strength reinforcing steel [N/mm?]
fyd Design yield strength reinforcing steel [N/mm?]
Fywd Design strength of shear force reinforcement [N/mm?]
g Gravitational acceleration [m/s?]
H1 Significant wave height [m]
h:’ Height of concrete element [m]
hcoc Height of centre of gravity [m]
H; Height of the j'th wave [m]
h,, Metacentric height [m]
Hpatform Height of slipway platform [m]
H, Sum of horizontal characteristic load [kN]
Hyind turbine  Horizontal force due to wind turbine [kN]

iy Inclination factor on effective weight [—]

i, Inclination factor on cohesion [—]

iq Inclination factor on surcharge [—]

Iyy Area of moment of inertia [m4]

Ipolar Polar moment of inertia [m4]

I, Polar moment of inertia around z-axis [m4]

Iyy Polar moment of inertia around x-axis [m4]

j Polar inertia radius of element [m]

k Shear force influencing k-factor [—]

KB Distance of centre of buoyancy and bottom element [m]

KG Distance between bottom element and centre of gravity [m]

l Span length [m]

Leabie Length of cables [m]

l. Effective length of circular foundation [m]

Leff Effective length of foundation [m]

lieg Length of immersion structure foundation leg [m]

Lplatform Length of slipway platform [m]
Myomw Bending moment of 10MW wind turbine [kNm]
Mgyw Bending moment of 8SMW wind turbine [kNm]
M mia Bending moment at midspan in concrete element [kNm]
ME,G Bending moment at midspan in prestressed element due to selfweight and [kNm]

permanent loads
ME,G+Q Bending moment at midspan in prestressed element due to selfweight, [kNm]
permanent and variable loads

Mg, Design value bending moment [kNm]
Mg, Design value bending moment in X-direction [kNm]
Mgg, Design value bending moment in Y-direction [kNm]
M pia Bending moment at midspan [kNm]
Mg, Resistance design capacity [kNm]
M, ind turbine | Moment due to wind turbine [kNm]
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m, Bending moment in x-direction [kNm]
m, Bending moment in y-direction [kNm]
N Number of waves [—]
Ny Bearing capacity factor on effective weight [—]
N, Bearing capacity factors on cohesion [—]
N, Compressive force in conrete [N]
Nq Bearing capacity factor on surcharge [—]
Npa Resistance design capacity [kN]
Ny Tension force in reinforcement steel [N]
N, Axial force in x-direction [kN]
N, Axial force in y-dircetion [kN]

P Power production (W]

P urrent Watter pressure due to current [kN/m?]
pr(d) Hydrostatic pressure water as function of depth [kN/mZ]

Pyydrostatic Hydrostatic pressure water [kN /m?]
Pmoo Prestressing force in tendon [kN]
Pmax Maximal bearing capacity subsoil [kN /m?]
Pyave Wave pressure [kN/m?]

q. Distributed characteristic load concrete weight [kN/m]
Qcd Distibuted design load concrete weight [kN/m]
96BF Distributed load due to GBF weight [kN/m]
Qnydro Distributed hydraulic load [kN/m]
dH—-beam Distributed load due to steel weight of H-beams [kN/m]
qp Upward force caused by tendons [kN/m]
Qskid+plate Distributed load due to skidding beams and steel plate [kN/m]
Qo Total distributed load [kN/m]
R Radius [m]
R;, Inner radius of cone bottom [m]
Tin Inner radius of cone top [m]
Rout Outer radius of cone bottom [m]
Tout Outer radius of cone top [m]
Rcy, Renting cost of semisubmersible vessel [€/day]
Pim Reinforcement ratio needed for bending moment [%]
s Distance between shear force reinforcement [mm]
s Cement depening factor [—]
Syf Shear moment flange [mm3]
S;w Shear moment web [mm3]
sy Shape factor on effective weight [—]
S Shape factor on cohesion [—]
Sq Shape factor on surcharge [—]
a;l Effective normal stress under foundation [kN/mz]
o'ZI Effective normal stress due to surcharge [kN/mz]
t Age of concrete [days]
t Service time [years]
T, Natural oscillation period [s]
T, Total construction costs immersion structure [€]
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Total renting costs semi-submersible vessel
Flange thickness

Peak period wave spectrum

Web thickness

Reference time (=1 day)

Total cost of constructin immersion structure
Utilization factor

Unity check

Wind velocity

Volume of concrete of immersion structure foundation in bottom slab

Volume of concrete
Volume of immersed part of element

Volume of concrete of immersion structure foundation in front and back

wall
Volume of element i

Volume of concrete of immersion structure foundation in inner walls

Volume of concrete of immersion structure foundation leg
Minimal shear stress capacity concrete

Residual value factor

Resistance design capacity

Volume of concrete of immersion structure foundation in side wall
Sum of vertical characteristic load

Volume of immersed part

Volume of concrete of immersion structure foundation upper slab
Vertical force due to wind turbine

Shear force in x-direction

Shear force in y-direction

Design shear force in z direction

Shear force resistance design capacity

Transportation weight

Moment of resistance of base slab

Weight of cables

Area moment of resistance bottom

Area moment of resistance top

Weight of GBF

Weight of immersion structure foundation leg

Deflection at midspan

Minimal needed moment of resistance

Weight of immersion structure platform

Weight of entire immersion structure

Minimal moment of resistance around y-axis

Angle between the horizontal and slipway beams

Internal lever arm

Coefficient depending on the age t of concrete

Angle of friction between sand and concrete

Effective volumetric weight of soil under foundation

Volumetric density of concrete
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[€]
[mm]
[s]
[mm]
[days]
[€]
-]



P
L5

=== DIMCO

Infra Marine Contractors

Ye
Ye
Yi
Ym
Yo
YRh
YRv
Vs
Pa
Pc

P Imax

x
YH
T
Tq
TEd, flange
TEd,web

Tmax
!

4

Partial factor concrete capacity

Partial factor on permanent load
Volumetric weight of element i

Partial factor steel

Partial factor on variable load

Partial factor on sliding capacity

Partial factor on bearing capacity

Partial factor on reinforcing steel strength
Mass density air

Volumetric weight concrete

Maximum reinforcement ratio
Volumetric weight steel

Volumetric weight of water

Compressive design strength of concrete

Maximum vertical pressure under GBF foundation

Stress in x direction due to bending moment

Sum of horizontal design loads

Stress due to shear force

Design load shear stress

Shear stress in flange due to shear force
Shear stress in web due to shear force
Maximum shear capacity

Angle of internal friction

Table 1-1 - List of symbols
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Abbreviation Meaning

GBS
GBF
TAW
HW
LW
LAT
PDF
CPT
REBO
CDF

MCA
Table 1-2 - List of abbreviations

Gravity Based Structure
Gravity Based Foundation
Tweede Algemene Waterpassing
High Water
Low Water
Lowest Astronomical Tide
Probability Density Function
Cone Penetration Test
Renewable Energy Base Oostende
Cumulative Density Function
Multi-Criteria Analysis
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Chapter 1:  INTRODUCTION

In this report a new developed method to design the most optimal construction and transportation method for
large caissons is performed. This chapter includes an introduction to the report. First the cause of the research
is described, thereafter the research goal with the research questions are given. A new developed design
method which is used in this report is presented and the sub-questions which have to be answered to give a
complete answer to the research question are given. Finally a reading guide is presented with the report
structure.

1.1 CAUSE OF THE RESEARCH

Immersing caissons is a technique which is applied for more than 100 years. This technique was first applied for
immersed tunnels where the subsoil consists of weak soil layers. This immersing technique is now applied on
more types of construction projects where caissons are applied. The definition of a caisson is (Voorendt,
Molenaar, & Bezuyen, 2016):

“A retaining watertight case (or box), in order to keep out water during
construction, but also for more permanent purposes. Caissons are always part
of a larger structure, such as a breakwater, substructure or foundation”

Commonly, caissons were built in dry docks and when the construction of the caisson was finished water was
let in the dry dock and the caissons float. The caissons are towed by tugs to the project location. On the
immersion location the caissons are ballasted. The weight of the caisson increases, exceeds the buoyancy
forces and the caisson is immersed to the bottom with a high precision. In the past decades, caissons are
widely used for different purposes like quay wall construction, gravity based foundations for wind turbines,
bridge piers and flood defenses. The construction method of using a dry dock is still applicable but more
construction methods arise, constructing caissons on a quay wall and transport them from the dry into the wet
is now an important alternative.

Caissons in general have a large weight, in most cases larger than 10,000 tons. The main challenge is the
transportation of the caissons from the dry into the wet. There are several methods possible to transport
caisson from the dry to the wet like a dry dock, floating dock, lifting operations with heavy lift vessels or using a
semi-submersible vessel.

A new trend in caisson construction is the use of caissons as gravity based foundations for offshore wind
turbines. At the moment only some small numbers of these wind turbines are installed as test and
demonstration projects, but when the projects are on commercially scale, the most important change is the
large amount of caissons what is needed. This will change the project execution with respect to other caisson
projects where, in general, a small number of caissons are needed. The construction time is very important and
the risks are huge when there is a delay. Only in the installation window GBFs can be installed, when a delay is
present the GBFs must be stored a halfyear and this will cost a lot of money. Also, the gravity based foundation
has other properties than most caisson types, the horizontal dimensions are relatively small and the vertical
dimensions are large which causes a large draught. Most common transportation methods are now impractical
or even impossible to execute because of the large draught of these caissons. Because gravity based
foundations are a promising alternative to other foundation types for offshore wind turbines, this report is
focused on this type of caissons with the help of a case study. The question is what influence the large number
of GBFs, which must be constructed and transported, has on the project execution with respect to a small
number of GBFs.

A secondary question on what is the most optimal transportation method to transport the GBFs from land into
water must be considered. The weight of a gravity based foundation is large, nowadays mostly in the range of
5000 till 15,000 tons. Crane operations for this large weight are (nearly) impossible to lift the gravity based
foundations from the dry to the deep water. The weight is too large to find appropriate equipment to fulfil the
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transportation of the foundations. In future the offshore wind turbines capacity will increase and therefore
larger and heavier gravity based foundations are needed. For the Thornton Bank Offshore Wind Farm the
gravity based foundations have a dead weight of approximate 3000 tons to ensure stability of a 5SMW wind
turbine (Peire, Nonneman, & Bosschem, 2009). The Blyth Offshore Demonstrator Project foundations have
deadweight of approximately 13,000 tons, to ensure stability for an 8.3MW turbine (bamnuttall.co.uk, 2016).
The weight of the foundation is dependent on the installed capacity of the wind turbine, the depth of the sea,
environmental conditions and soil properties. The trend is that gravity based foundations increase in weight
following the development of capacity increase of the wind turbines.

1.2 RESEARCH GOAL

A major challenge is the construction and transportation of the heavy gravity based foundations. There are
some demonstration and test locations where a few offshore wind turbines are installed on gravity based
foundations. This type of foundations is still not applied on offshore windfarms on commercial scale. With a
commercial scale offshore windfarm a large number of GBFs must be build. To be competitive against other
foundation types like jackets or monopiles a large number of GBFs must be constructed on a relatively small
construction area and transported into the water in a relatively short time which is the main challenge. The
most important parameter to be competitive is the constructability and a small construction time per GBF.
Large risks are on the construction planning: a delay on the construction has large consequences on the
installation planning, because the installation can only takes place in a certain time window all GBFs must be
constructed in time.

To reduce the risks on delay and decrease the construction time per GBF an optimal construction and
transportation method must be developed. When the construction time per GBF can be decreased and the cost
for transporting the GBFs from land in water can be minimized the competiveness of GBFs compared to other
foundation types can be increased. To reach the research goal, a research question is formulated where after
sub-questions and the research method is given.

1.3 RESEARCH QUESTION

The goal of the research is summarized in the research question, after presenting the research question the
research method and several sub-questions are formulated to give a complete answer to the research
question.

The research question is formulated as follows:

“What is the most optimal construction and transportation method for a large
number of gravity based foundations for offshore wind turbines?”

1.4 RESEARCH METHOD

To give a complete answer to the research question a design method is developed, especially for the case of
construction and transportation of a large number of gravity based foundations in a relatively short period. The
most important parameter is construction and transportation time of the GBFs. Because the construction and
transportation interacts with each there is not a single answer to which design is the most optimal. Therefore
the start is made to the materialefficient GBF. If within the project characteristics this GBF can be constructed
in a certain timeframe this design could be used. But when the construction time is relatively large so that a
large number of construction locations and thus also area is needed a design can be chosen with a good
constructability. When both designs are given a combination of the design, construction method and
transportation method must be found. In general, the designer or contractor takes a look to reference projects
or expertise with methods. If there are no transportation methods applicable or if they are expensive a new
method could be developed. If an existing or new developed transportation method is chosen, the construction
of the GBFs must be considered. With a large number of GBFs a production line could be profitable. Then the
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(temporary) structures must be designed and at last a cost calculation is performed. If a question is answered
with ‘no’ the design of the GBFs could be adapted to make other methods possible. The design method is
graphically presented as a flowchart given in Figure 1-1. All questions between the initiative and the execution
of the project are answered with help of the sub-questions given in the next paragraph.

The method assumes that with the use of sub-optimizations an optimal result is obtained. Because designing is
all about interactions it could be that another solution could be more optimal. This could be investigated and
the design method can be optimized in a next research, this is included in the recommendations at the end of
this report.

The new developed design method consists of some questions which could be interpreted differently by
people. Therefore an explanation to the different questions is given:

e Is the construction time relatively large?
The term relatively large means that problems occur with the construction area or construction time.
With a large construction time a lot of construction locations are needed and this takes a lot of area.

e [sthe applicable method too expensive?
An applicable method to transport the GBFs from land into water could be expensive. Now the
question is: How much may this action cost? In the stage of answering this question only a hand
calculation is made to estimate the order of magnitude of the costs. In the report no strict boundary is
set for too expensive or not. It is concluded on the large amount of money and therefore it is tried to
found a cheaper solution. A recommendation is mentioned to investigate the boundary of too
expensive by investigate reference projects with different types of transportation methods.

e Isthe number of elements large enough to use a production line?
To answer this question several construction planning options are considered to determine the
effectiveness of a production line. There is no hard boundary for which construction process is
profitable. Some different solutions can be designed and the most optimal must be chosen.

e Isthe demand of construct and transport X GBFs in X time realistic?
With the planning and construction area known the question is if the construction of X GBFs on area X
in X time is realistic. There must be sufficient place to construct and transport all GBFs in the restricted

timeframe.

e Are the (temporary) structures constructible?
The transportation method could exist of (temporary) structures which must be constructed. The
structures must be constructible and a preliminary design must be given to apply a cost calculation.

e |stransportation method profitable?
The cost calculation must be executed and a comparison between different methods can be made to
present the most cost effective solution for the project.
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Initiative: GBF project on commercial scale
Demand: Construct and install X GBFs in X time

Project-characteristics, requirements

Design material efficient GBF
Construction time is relatively large?

Ye Always keep as option

Adapt design to change properties as construction

. . : . Continue with material efficient design
time, draught, dimensions, weight etc.

GBF-properties

Transportation/construction method GBF:
Applicable transportation method in decision matrix?

No Yes

Develop new method: Choose best applicable method
Method is applicable? Applicable method is too expensive?

No

Yes No

Construction of GBFs:
Number of GBFs large enough for production line?

Yes o

Design production line Construct on one location

Free choice of Construction planning:
construction area? Demand of X GBFs in X time on construction area realistic?

No

Yes Yes

Select applicable construction area

Design (temporary) structures for transportation:
(Temporary) structures are constructible?

Cost calculation:
Is transportation method profitable?

Yes

Project execution

Figure 1-1 —Developed design method to develop optimal construction and transportation method for a large number of GBFs
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1.5 SuUB-QUESTIONS

To give a clear answer to the research question several sub-questions are formulated, these sub-questions,
excluding sub-question 1, are the same questions as in the design method in Figure 1-1 are present:

1.
2.

A

10.

11.

What are the main constructing and transportation methods for large caissons?
What is a realistic case for an offshore wind farm founded on GBFs on commercial
scale?

What is the most materialefficient design of a GBF?

What is the construction time of the materialefficient GBF?

What adaptations on the design can be performed to increase the constructability
and decrease the construction time?

What transportation method is the most applicable on the GBFs as described in the
case?

What alternative transportation method could be designed which is cheaper and/or
has less risk on time delay?

What is the most optimal construction method of the GBFs, a production line or
construction on a fixed location?

Is the planning and construction layout realistic to construct a number of X GBFs in X
time?

What is the optimal design for (temporary) structures to realize the transportation
operation of the GBFs from land into water?

Is the new developed transportation method profitable comparing with other
commonly applied applicable methods?

Initiative
1.6 RESEARCH METHOD FOR SUB-QUESTIONS _
To give a satisfactory answer to the research question a secondary
design method is followed to give answers on the sub-questions, Criteria
see Figure 1-2. This secondary design method is applied on all

questions in the design method of Figure 1-1. Sometimes this Synthesis
design method is quite straightforward when for example one

demand is the most important or only one solution is feasible, then
the evaluation phase are very short because no alternatives are Simulation
present. Criteria

The applied design method in this report consists of 5 phases.

In the next paragraph the five design phases and the output of each
phase is described.

v

Possible solutions

Simulate effects

!

Evaluation
Analysis
Synthesis Ranking solutions
Simulation
Evaluation
Decision

?

Working-out
solution

Figure 1-2 - Design method (Hertogh, Bosch-
Rekveldt, & Houwing, 2017)
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1.6.1 Analysis

In the analysis phase the problem is analysed. Questions as: “What are the main functions and sub-functions of
a system?” are important in this phase. A program of requirements is described and boundary conditions are
determined. Important examples of boundary conditions at the project location could be:

e Soil properties

e Water levels

e  Bathymetry maps

e Wave conditions

e  Weather conditions

e Legislation at the location

e Available facilities at the location
e Feasible construction materials

Also the program of requirements is given on which the solutions must comply on. This program of
requirements is used later in the multi-criteria analysis to decide which solution is the most applicable.

In the analysis phase no detailed drawings or ideas are used. The analysis is only meant to describe the
problem and give an overview of the situation and reference projects. Therefore only a schematic drawing of
the situation is allowed.

1.6.2 Synthesis

In the synthesis part the first ideas and drawings are given. All information from the analysis is merged and this
leads to new ideas. Sometimes one specific property or requirement is that important that no other ideas have
to be considered. When more requirements are important there are different methods for generating new
solutions, see Table 1-1 (Hertogh, Bosch-Rekveldt, & Houwing, 2017). In Table 1-1 the most appropriate
method for creating new solutions for four situations are given.

Solutions unknown Solutions known \

Design target unknown Research Technician

Design target known Brainstorm Standard solution
Table 1-1 - Design methods (Hertogh, Bosch-Rekveldt, & Houwing, 2017)

For each sub-question a different design approach for the synthesis phase is applied:

e Design materialefficient GBF: Standard solution

e Adaptation GBF-design: Technician

e Transportation method in decision matrix: Technician

e Develop new transportation method: Brainstorm

e Construction method and construction area layout: Technician

e  Construction planning: Technician

e Design temporary structures for transportation operation: Technician

The benefits of a brainstorm session are the large amount of new thoughts and ideas. With all methods a
number of solutions could be selected and can be worked-out to a level where the system is clear.

1.6.3 Simulation

The selected solutions from the synthesis phase are now simulated. A check is performed on the functions,
sub-functions and the program of requirements. Also the feasibility of the solutions is checked. When a
solution is practically impossible this solution is rejected. The solutions which comply with the program of
requirements, the functions and sub-functions are selected and are evaluated in the evaluation phase.
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1.6.4 Evaluation

The evaluation phase is used to give the solutions a score and to rank the solutions. The method to give the
solutions a certain score is a Multi-Criteria Analysis (MCA). In a MCA several factors are given where the
solutions score a mark per criteria. Examples for criteria could be:

e Time

e Safety

e  Constructability
e Risks

e Durability

e Applicability

A score is given between 1 and 10. Each criterion has a certain weight. All weights summed up are equal to
one, therefore the final score per solution is also between 1 and 10. With the final scores the solutions can be
ranked.

With these criteria an example of a MCA is given in Table 1-2. In this table it can be seen that for this case
solution 3 is the best solution. The MCA is the end product of the evaluation phase.

Criterion Weight | Sol.1  Sol.2 Sol.3 Sol.4 | Sol.1 Sol.2 Sol.3 Sol. 4
Time 0.2 8 6 5 8 1.6 1.2 1 1.6
Safety 0.15 5 3 6 7 0.75 0.45 0.9 1.05
Constructability 0.2 4 5 8 4 0.8 1 1.6 0.8
Risks 0.15 2 8 7 1 0.3 1.2 1.05 0.15
Durability 0.15 6 7 4 4 0.9 1.05 0.6 0.6
Applicability 0.15 8 4 4 8 1.2 0.6 0.6 1.2

Total 1 5.55 5.5 5.75 5.4
Table 1-2 - Example of Multi Criteria Analysis

1.6.5 Decision

The last phase of the design method is the decision phase. In this phase the conclusion is given and the
direction in the design method is determined.

1.6.6 Applicability on the several subjects

The secondary design method is executed on the development of a construction and transportation method
for GBFs. In the initiative the research question is given and at the end the decision must be made to work out
the selected solution. Before making the solution the secondary design loop is executed several times. For each
subject the applicability of the design loop is described:

e  Material efficient GBF design:
The design of the GBF is investigated with the most important criteria which is stability, in
transportation phase and in operational phase. Because for these criteria a circular base slab is the
most optimal choice no other geometries are investigated in this chapter. Therefore this design loop is
very short because there is only one variant.

e  GBF constructability:
For a better constructability some design experts of DIMCO are interviewed and in consultation the
decision was to change the circular base slab to a hexagon. Because a circular foundation is still the
most optimal geometry a hexagon is assumed to be profitable due to a better constructability. A larger
diameter might be needed and more material is needed but the construction process can be executed
in less time and with lower risks. Therefore no other variants are treated. This design loop is therefore
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small due to one variant. After this design loop the GBF design is given with the dimensions and
properties.

e  Construction and transportation method:
For the transportation method the decision matrix is applied. The only applicable transportation
method is to make use of a semi-submersible vessel, but this solution seems to be very expensive. As
input the design for the circular and hexagonal with their construction times are used. With a
brainstorm session several new ideas are given, this is the synthesis phase. The ideas are treated and
the systems are investigated at headlines. Questions as: what are the dimensions, effects and system
properties of the solutions are given in the simulation phase. All systems are reviewed with the
program and requirements and applying a multi-criteria analysis in the evaluation phase the most
optimal system is determined.

e  Construction planning and construction area layout:
After the most optimal transportation method is determined, the outcome is used as input for the
construction planning and design of the construction area layout. In the synthesis phase three possible
solutions are given, drawings of the different area layouts are included. The construction planning for
each solution is given and the effects on the layout of the REBO Offshore site are investigated in the
simulation phase. Then the solutions are checked with the program of requirements and by applying a
multi-criteria analysis the most optimal construction planning is chosen.

e Design of structure used for transportation:
Now the logistical procedures in the execution and the location of the immersion structure are known,
the immersion structure is considered. After giving the program of requirements the immersion
platform is designed. Three materials are selected of which the platform could be build. In the
simulation phase the applicability is determined. From the simulation phase the conclusion was that
only one material is applicable and therefore this material is chosen in the evaluation phase.
The foundation is designed of reinforced concrete, this is the most logical choice due to the
requirement of stability on the subsoil and a large contact area is needed. Therefore no alternatives
are designed and no synthesis, simulation and evaluation phase are performed.

e  Cost comparison:
For the cost comparison the design method is not applicable.

1.7 READING GUIDE

The report includes several design steps to answer the research question. In chapter 2 an extensive analysis is
given to provide information about caissons, the common construction and transportation methods to
construct and transport caissons on land and from land into water are described. A decision matrix is given,
which is derived in a previous literature study. In this matrix the most common project characteristics present
in a caisson project are used to decide which transportation methods from land into water are applicable.

Because this report is in first instance not about all types of caissons, the focus is set on gravity based
foundations for offshore wind turbines. In chapter 3 a short history of the wind energy development is given.
To give some knowledge about the wind industry in general and to explain the trend of increasing dimensions
and capacities of the offshore wind industry. Also the foundation types are described with their applicability in
the range of water depths.

Because the report is focusing on gravity based foundations for offshore wind turbines, a case study is
described in chapter 4. Two offshore wind farms, called Mermaid and Seastar, in front of the Belgium coast are
assumed to be founded with gravity based foundations. Several years ago the C-Power wind farm is realized, at
a close distance to the Mermaid and Seastar, with a majority of jacket foundations and five gravity based
foundations. These foundations are built in the port of Oostende. This case is applied with the upscaling from
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five to 64 gravity based foundations. With this change the whole construction process is changed. Risks on time
are very important and the main challenge in the design method is to give a method statement to construct
and install 64 gravity based foundations in a period of two years.

The first technical challenge is to design the gravity based foundation. In chapter 5 a design based on reference
projects is used and the diameter of the circular foundation is determined which ensure stability during
transport and during the operational phase. The circular shape is used to design a materialefficient design. The
foundation is stable but the constructability leads to problems in the challenge to construct 64 of these
foundations in a relatively short timeframe.

In chapter 6 the constructability is addressed, the geometry of the gravity based foundation is adapted from a
circular to a hexagonal shape. Also the tower design of the GBF is adapted. The cone on the original gravity
based foundation is changed into twelve plates which are prefabricated and can be placed by land based
cranes. The constructability is better with this design and the construction period and the risks are decreased.

After having changed the geometry for a better constructability the transportation process of the GBFs from
land into the water is addressed in chapter 7. A brainstorm session is organized to create new ideas which are
applicable. In the decision matrix only a semi-submersible vessel could be used to fulfil the transportation
action but this is an expensive solution. A new solution could be profitable and is tried to found. From the
multi-criteria analysis the immersion structure is found to be the most optimal solution.

When the GBF design and the transportation process is known the construction planning and construction area
layout are addressed. In chapter 8, three options for the construction planning are given and the most optimal

is chosen. A planning is given and the layout of the construction area is drawn in the REBO terminal at the port

of Oostende.

In chapter 9 a preliminary design of the immersion structure is given. The immersion platform is designed and a
choice is made between three materials: Steel, reinforced concrete, prestressed concrete. The most
appropriate material is chosen and this design is worked out in more detail. The foundation of the immersion
structure is made of reinforced concrete and the main advantage of the immersion structure is the possibility
to let the immersion structure float and tow it to another location where it can fulfill its function for a next
project.

In chapter 10 the cost calculation of constructing the immersion structure is performed. If the immersion
structure is profitable compared to the semi-submersible vessel the immersion structure is chosen to be the
best solution. If not, another transportation method must be chosen or a new method must be designed which
is profitable.

At last, in chapter 11 the conclusions and recommendations are given.
In Figure 1-3 the chapters are indicated in the design method to give a clear overview of the report structure.

In the report chapters some references are made to annexes, they are included at the end of this report.
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Initiative: GBF project on commercial scale

Demand: Construct and install X GBFs in X time

Project-characteristics, requirements

Design material efficient GBF
Construction time is relatively large?

Ye Always keep as option

Adapt design to change properties as construction

: : : : Continue with material efficient design
time, draught, dimensions, weight etc.

GBF-properties

Transportation/construction method GBF:
Applicable transportation method in decision matrix?

Yes

Develop new method: Choose best applicable method
Method is applicable? Applicable method is too expensive?

Construction of GBFs:
Number of GBFs large enough for production line?

No

Design production line Construct on one location

Free choice of Construction planning:
construction area? Demand of X GBFs in X time on construction area realistic?

Select applicable construction area

Design (temporary) structures for transportation:
(Temporary) structures are constructible?

Cost calculation:
Is transportation method profitable?

Yes

Project execution

Figure 1-3 — Chapters indicated in design method

10
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Chapter 2: CONSTRUCTION AND TRANSPORTATION METHODS OF
LARGE CAISSONS

This chapter contains the main construction methods of constructing caissons. A large variety of construction
possibilities are present to construct caissons. Thereafter the transportation methods are described. For the
transportation operation of large caissons the possibilities are lower in number.

2.1 CAISSONS

Large caissons are present in multiple types of projects. Caissons are used among other to build flood defenses,
bridge piers, quay walls or foundations. Caissons are large concrete boxes which are constructed in the dry and
are transported into water, and then the caissons are towed by tug boats to the project locations where the
caissons are immersed. In Figure 2-1 till Figure 2-3 three examples of caissons are shown.

Bautanger

Figure 2-2 - Caisson used as flood defence

Fi 2-3 - Cai d Il
(thinkdefence.co.uk, 2015) ‘gure aisson Used as quay wa

(research.engineering.ucdavis.edu)

Figure 2-1 - Use of caisson as
bridge pier (severnbridges.org)

2.2 ELEMENTARY CONSTRUCTION AND TRANSPORTATION ACTIONS

To develop a new construction and transportation method the elementary construction works of caissons are
listed in this paragraph. The construction of caissons can be roughly distinguished in several important actions.
There are important construction and transportation actions. First the different available concrete construction
techniques are given:

e  Construction of caisson:
o In-situ
=  Traditional formwork
=  System formwork
=  Climbing formwork
e Crane climbing
e Self-climbing
e Gliding
o Prefab

The following techniques are available to transport the caissons on land:

e Transport on land
o Rail system
o Skidding system
o SPMT
o Lifting solutions
= land based crane
=  Portal crane

11
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The following techniques are available to transport the caissons from land into water.

e Transport from land into water
o  Syncrolift
o Lifting solutions
= lLand based crane
=  Heavy lift vessel
=  Portal crane

=  Drydock

=  Floating dock
o Semi-submersible vessel
o Building on pontoons

The transport from the water in the port to the final location is not considered in this report, because the
transportation of the GBFs from the construction area to the immersion location for all different methods is
executed by tug boats. Only with the floating dock and the dry dock the transportation can mainly be fulfilled
with these equipment but the last phase tug boats are needed.

These different concrete construction techniques, transportation methods on land and from land into water
are all explained in the next paragraph. These techniques are needed to develop the optimal construction and
transportation method for GBFs.

2.3 CONSTRUCTION METHODS

Before the transport of the caissons from the land into the water can be executed the element must be
constructed. The caissons consist mainly of reinforced concrete. In this paragraph different methods to
construct reinforced concrete are described.

2.3.1 Casting concrete
The realization of concrete constructions can be done in two ways, connecting prefabricated concrete
elements or casting the concrete construction at the construction area (in-situ).

2.3.1.1 Prefab

A concrete structure could be composed of several parts. These parts
could be prefabricated, transported to the structure and connected to
the structure. In this way the concrete quality could be better and the
time needed to realize the structure can be decreased. Especially for
complex geometries with a large number of elements needed the
prefab construction method could be profitable. A disadvantage of the
use of prefab is the connections between the elements. When large
internal forces are expected the connections are hard to design because
the reinforcement is not connected as in an in-situ casted structure.

Figure 2-4 - Prefab concrete structure
(theconstructor.org)

2.3.1.2 In-situ
Another method to construct concrete structures is to cast concrete at the construction area. Concrete is
delivered at the construction area and a formwork must be applied
to realize the geometry of the concrete structure. There are different
main types of formwork and in one of the main types, the climbing
formwork, three subtypes are possible:

e Traditional formwork:
Wooden formwork is applied to realize the geometry of a _
concrete structure, see Figure 2-5. This type of formwork is igure 2-5 - Traditional formwork
labour-intensive and the wood is not very durable and in (theconstructor.org)

12
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general cannot be used more than 30 times (concreteconstruction.net).

e System formwork:
A system formwork is in most cases a steel formwork,
which can be used multiple times. This type of formwork
is less labour-intensive than the traditional formwork and
therefore profitable when this formwork can be used in
sequence. This type of formwork is applied when a
structure is made with a high repetition factor. The
system formwork is shown in Figure 2-6.

Figure 2-6 - System formwork
(directindustry.es)
e (Climbing formwork:
For high constructions with a quite uniform geometry, climbing
formwork is commonly applied. Because the geometry of the
formwork does not have to be adapted this type of formwork can be
profitable due to the little time of installation. There are three main
types of climbing formwork:
o Crane-climbing formwork:
The formwork is lifted upward by a crane when the concrete
hardening is sufficient. In Figure 2-7 a crane-climbing
formwork is displayed.
o Self-climbing formwork:
The formwork is elevated by mechanic equipment that is part
of the formwork itself. The formwork can be elevated when

Figure 2-7 - Crane-climbing
the concrete hardening is sufficient without the use of extern  formwork (peri-usa.com)

equipment. The self-climbing formwork is displayed in Figure 2-8.
o Gliding formwork: m

The gliding type of formwork is quite similar to the self-climbing
formwork; the main difference is that the gliding formwork is
continuously elevating. The casted concrete is seamless and has a
high quality. A disadvantage is that the process is continuously,
day and night and seven days a week, and that an interruption of
the casting process causes problems to the quality of the
concrete.

2.4 TRANSPORTATION METHODS Fgure 28 - Self-climbing

When the caisson is constructed, the caissons must be transported from the formwork at bridge of
construction place to the quay wall. After the caisson is transported on land the Millau (engineersireland.ie)
next operation is to transport the caissons from the land into the water. In this

paragraph both transportation methods, on land and from land into water are discussed with the possibilities
of each method.

2.4.1 Transportation methods on land
Because these elements are heavy, a lot of common transportation methods are not applicable. The possible
transportation methods on land are as described in paragraph 2.2:

e  Rail system

e  Skid system

e Self propelled modular transporter
e Lifting with a land based crane

e Lifting with portal cranes

13
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These methods will be discussed with respect to the range of possibilities and a short discussion about the
advantages and disadvantages.

2.4.1.1 Rail system

A rail system as is used for the transportation of the caissons for the Venice MOSE project to protect the city
Venice for high water levels could be used. The caissons that are transported by the rail system weight around
23,000 ton (strukton.com, 2014). The main disadvantage of a rail system is that sharp bends are impossible to
create.

2.4.1.2  Skid system

Skidding beams are widely used to transport large weights. The load is placed on a platform on several swivels,
the push/pull unit is fixed to the rail and with a hydraulic cylinder the skid shoe is moved on the skidding track.

To advantage of skidding beams is the small horizontal force needed to transport large weights horizontally. To
horizontal load can be calculated with:

Fp = Ch W (1)
Where:

E, = Push or pull force [kN]
cp = Friction coef ficient [—]
W = Transportation weight [kN]

The friction coefficient is around 4% and therefore a pushing load of 4% of the total weight is needed to push
the load (polyfluor.nl). The pushing load per push unit ranges from 20 till 125 tons, so with the use of several
skidding beams and push units the transportation on land is feasible (Mammoet.com). With a pushing load of
125 ton a load of 3125 ton can be transported. Per skid shoe a maximum vertical load of 863 tons is feasible,
large weights till several ten thousands of tons could be transported by using skid systems. A skid system is
displayed in Figure 2-9 for some clarification of the system.

Swivel
. . Hydraulic jack
Skid shoe

|

Skid beam
Skid track

-~

Push/pull unit

Y ¢S4
Figure 2-9 - Skid system (mammoet.com)

2.4.1.3 Self Propelled Modular Transporter

A Self Propelled Modular Transporter (SPMT) is a vehicle that consists of an engine, a lot of axles and a
platform where the load is placed on. A SMPT is displayed in Figure 2-10. A SPMT is a modular system which
means that more SPMTs can be deployed simultaneously to carry a heavy load. The transport of a large load,
where the transport operation with SPMTs is executed is shown in Figure 2-11. SPMTs have a capacity that is
expressed in tons per axle. The maximum axle load is 60 tons per axle (Mammoet.com). With this axial load
heavy construction can be transported. The amount of SPMTs can simply be calculated with the transported
load. SPMTs have the advantage that the load can be transported in every direction. Another advantage is that
no extra construction on the quay wall has to be made for the transportation operation.

14
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Figure 2-11 - SPMTs transporting a tripod
foundation (scheuerle.com)

2.4.1.4 Land based crane

Elements also can be transported by lifting the elements and place them on the right location. Mobile land
based cranes as displayed in Figure 2-12 have lifting capacities to 1200 tons at 2.5 meter (liebherr.com). When
the load is at larger distance from the crane this lifting capacity will decrease rapidly. The largest land based
cranes, ring cranes, as displayed in Figure 2-13 have larger lifting capacities till 5000 ton.

The mobile crane has the maneuverability as a large advantage in comparison to the ring crane. On the other
hand, the ring crane has a much larger lifting capacity.

' X \i
e, S 5

Figure 2-12 - Crane with 1200 ton lifting capacity Figure 2-13 - Ring crane (Mammoet.com)

15
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2.4.1.5 Portal crane
A portal crane is a type of crane that is supported on both sides with a steel leg to a rail. Portal cranes can
maneuver in one direction on a rail. A portal crane is displayed in Figure 2-14. The advantage is that the crane
can maneuver with the load and the lifting capacity not decreases as is the case for mobile and ring crane. The
disadvantage is that the load only can be transported in the covering area of the portal crane. Another
disadvantage is that the portal crane limits the height of the element that has to be lifted. This element may
not be higher than the height of the portal crane. With large elements this results in very high portal cranes.
The largest existing portal crane is displayed in Figure 2-15, this crane is able to lift weights up to 20,000 ton,
has a span of 120 meter and a height of 80 meters (cimc-raffles.com).

e

1%
Figure 2-14 - Portal crane (directindustry.com) Figure 2-15 - Taisun gantry crane (cimc-raffles.com)

2.4.2 Transportation methods from land into water

The transportation from land into water is a more complex transportation action. The lifting capacity of
common material is mostly insufficient to simply lift the caisson from the quay wall into the water. The most
common transportation methods are given in this paragraph. The described transportation methods are:

e Heavy lift vessel/barge

e  Syncrolift
e Semi-submersible vessel
e Drydock

e Floating dock
e  Building on pontoons
e Factory with double dock

e (Casting basin - ;
Figure 2-16 - Lifting GBF with the heavy lift

2.4.2.1 Heavwy lift vessel/barge barge Rambiz (c-power.be)

The transportation method with a heavy lift vessel or barge are very similar, the only difference is the presence
of the propulsion power. With this method the caisson is lifted from the quay wall into the water with a heavy
lift vessel/barge. See Figure 2-16 for the transportation of the GBF from the quay wall into the water. In Figure
2-17 the capacity of existing heavy lift vessels are shown. A quite low number of heavy lift vessels could lift
loads more than 5000 tons and higher than 10.000 tons are quite exceptional.

Capacity heavy lifting vessels
15000

g
E1oooo
8 5000
&
—

e

Vessels [-]
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Figure 2-17 - Lift capacity of heavy lift vessels (Data: Wikipedia.org)
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2.4.2.2 Syncrolift

A syncrolift originates from the shipbuilding industry. A syncrolift
is a platform that could be lowered and raised to transport
vessels from the water to land and vice versa. In the MOSE
project where a flood defense for the Venice city is constructed a
type of syncrolift is constructed to transport the caissons from
the land into the water. In Figure 2-18 this platform is displayed.
This platform is not able to lift the caissons from the water to the
land, but obviously that is not needed.

Figure 2-18 — Syncrolift used to transport the
caissons into the water (newcivilengineer.com,

2.4.2.3 Semi-submersible vessel
2011)

The caisson is constructed on a quay wall. With a transport

method on land it is transported on a semi-submersible vessel. A semi-
submersible vessel is a vessel that can bear large weights and is able to
submerse partly. When the semi-submersible vessel submerses deeper
than the draught of the caisson, the caisson will float and it can be towed to
the final location. In Figure 2-19 a caisson on a quay wall before a semi-
submersible vessel is displayed.

2.4.2.4 Drydock Figure 2-19 - Transportation of

A dry-dock originates from the shipbuilding industry. A dry-dock is used for ~ caisson on semi-submersible vessel
the repair and maintenance of a vessel. A vessel sails in the dry dock, the (Krabbendam, 2016)

door closes, water is pumped out and the vessel can be :
maintained in the dry.

The use of a dry dock is also applicable for the construction of
caissons. The caissons are built in the dry dock, when the caisson
is constructed water is letting in the dry dock and the caissons
float. When it floats one caisson at a time can be towed out from
the dry dock and can be immersed at the project location. A dry Figure 2-20 - Gravity based foundations for wind
dock with five constructed gravity based foundations is displayed turbine in dry dock (bam.com)

in Figure 2-20.

2.4.2.5 Floating dock

A floating dock is quite similar to the dry dock but the main
difference is that it floats on water. On this floating dock
the caisson is constructed and the floating dock submerses
to give the caisson sufficient depth to float. Then the

caisson can be towed from the floating dock to the location
of immersion. Figure 2-21 - Use of a floating dock to construct a
caisson (acciona-construccion.com, 2018)

2.4.2.6 Building on pontoons == g
A less known construction method is to build a caisson on one or more b
pontoons, see Figure 2-22. When the caisson is fully constructed the
pontoons are towed to a sluice, the water is pumped out, the pontoons
with the caisson lies on the bottom and the pontoons are ballasted.
Then water is let in the sluice and the caisson floats and can be towed
to the location of immersion.

Figure 2-22 - Construction phase
FLOATGEN foundation (Floatgen.eu)
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2.4.2.7 Factory with double dock

For some large projects where a large number of caissons are needed a special factory could be built. A
specially built factory often is applied with the use of one or two basins. In the factory the caissons are
constructed and with one or two basins the caisson is transported into deeper water. In Figure 2-23 a factory is
displayed what will be used for the construction of the tunnel elements for the Fehmarnbelttunnel. In this
figure the presence of the two basins are shown, the upper basin is controlled by the sliding gate and the lower
one with a floating gate.

_ Construction
- S

Figure 2-23 - Tunnel Element Factory for Fehmarnbelttunnel (femern.com)

2.4.2.8 Casting basin

As last transportation method the casting basin
method is described. A casting basin is displayed in
Figure 2-24. A casting basin is a basin where
construction activities in the dry are possible on a
height which is lower than the surrounding water
level. When the tunnel segments are constructed, the
dike is removed and water flows in the casting basin.
The tunnel segments float and can be towed to it final
location.

2.5 CONSTRUCTION LOCATION

After describing the construction methods and Figure 2-24 - Casting basin Barendrecht (beeldbank.rws.nl)
transportation methods one important choice must

be made. The construction of caissons can be performed in two ways, at a fixed location or on a production
line. The production of caissons at a fixed location or in production line depends on the construction and
transportation method. One important parameter is the available space on the construction area.

2.5.1 Fixed location

All construction actions are executed with the caisson on a fixed location. When the caisson is fully constructed
it is transported to the quay wall where it is transported into the water. This method is often applied when the
construction takes place at a dry dock, casting basin, floating dock or on pontoons.

2.5.2 Production line

The construction of the caissons is executed in a serial production. On location 1 the first part of the element is
constructed, on location 2 the next part, etcetera. With this type of construction the locations can be optimized
for the execution of that specific construction action. The production time decreases but the amount of
required space presumably increases. This method could be applied when the construction takes place in a
factory or on a quay wall where the transportation from land into water is executed by a syncrolift, semi-
submersible vessel or heavy lift vessel.

18
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2.6 DECISION MATRIX

The most complex construction action is the transportation of the caisson from the dry into the wet. In a
previous study, included in Annex A, the applicability of transportation methods from land into water for
caissons is studied. By studying reference projects where caissons are constructed and immersed some project
characteristics are determined. The project characteristics are:

e Horizontal dimensions

e Draught

e  Weight

e Number of elements

e Level of existing infrastructure

The most common construction methods to build large caisson and transport them into deep water are
displayed in the first column of Table 2-1. In Annex A, the positive and negative elements of each construction
method are described, also the range of possibilities is given with data of key factors of certain construction
methods.

<50x50 ig;ig!; >150x75 | <5 5-10 | >10 | <5,000 iggg;] >15,000 | <10 | 10-20 | =20 | Little | High
Factory Yy | vy ¥ |v¥ T ARARAREFFIFIRAF IR

Casting basin v v v v X v v v v x x x v —
st | 7| 7 v X V| 7 | ¥ [ X[ ||| 7| =
Sembasbmersible | v | Y | ¥ | Y| ¥ v | Y |¥Y|¥Y |||V —
vdock | ¥ | ¥ | ¥ | 7 XV |V | v | V|7 X[ X| 7| =
Floating dock v x v v v v v v v x v v —
Bulerser | v X |&f v v v v X|X|[v]|v]| =
Land based crane v X x v v e v x X e v v v v —
Heavy lift vessel v x v v v v x v v x v v —

(1): Depends on available dimensicns of sluices in the proximity

Table 2-1 - Decision matrix

The result is a decision matrix that gives an overview of the construction methods including the applicability of
some important project characteristics. This overview is based on reference projects with different caisson
functions and properties. Applying a project where large caissons have to be constructed and transported into
deeper water a first overview of applicable construction methods are given by using some project
characteristics.

2.7 GRAVITY BASED FOUNDATIONS

In the field of caisson construction a new type of caissons arises the last years: The GBF for offshore wind
farms. These GBFs now are only produced in low numbers for some test locations and often a dry dock or a
semi-submersible vessel to transport them from land into the water is used. The use of a dry dock is caused by
the low number of caissons. The semi-submersible vessel is applicable but the renting costs for this vessel are
quite high. When the number of GBFs for offshore wind is scaled up to commercial scale a new type of project
comes to the market and a new solution could be developed which is profitable comparing the semi-
submersible vessel.

In the next chapter a short history of wind energy development and the main characteristics of the foundations
types are given.
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2.8 CONCLUSION CONSTRUCTION AND TRANSPORTATION METHODS
There are a lot of construction and transportation methods to construct caissons and transport caissons from
land into water. The construction generally takes place in the dry and the fully constructed caisson is
transported from the dry into the wet. The most important project parameters which decide what
transportation method is applicable are:

e Dimensions of caisson

e Draught

e  Weight

e Number of caissons

e Level of existing infrastructure

With these project parameters a first indication of which construction and transportation methods are feasible
is given in the decision matrix. Because each project have an identical set of boundary conditions and project
characteristics certain exceptions are possible.
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Chapter 3: SHORT HISTORY OF WIND ENERGY DEVELOPMENT

As introduction to the construction of GBFs a short history of the development of wind energy is given. First a
short history about the first wind turbines is given where after the upscaling of the wind turbines is described.
Then the transition from onshore to offshore wind energy production is considered. At last the major
difference between the onshore and offshore foundations are treated.

3.1 FIRST ELECTRICITY PRODUCING WIND TURBINE

The first wind turbine which converts wind energy into electricity was the wind turbine built by Professor
James Blyth in 1887 (theguardian.com, 2008). A half year later Professor Charles Brush built a wind turbine
with a rotor diameter of 17 meter producing a maximum power of 12 kW. With the produced electricity he
charged 408 batteries to store the energy to use is his mansion (cleantechnica.com, 2014). This windmill has
produced for 20 years electricity for his mansion. The wind turbines of Blyth and Brush are both displayed in
Figure 3-1. Poul la Cour, a Danish scientist found out that a vertical wind turbine with fewer blades is more
efficient (dregmstgrre.dk, 2003). Two of his wind turbines in 1897 are given in Figure 3-2.

The next step in the history of the wind turbine was the step to the modern wind turbine design. During the
Second World War the Danish engineering company F.L. Schmidt built two and three rotor blades wind
turbines (dremstgrre.dk, 2003).

After the Second World War the progress of the wind turbine development was quite low due to low oil and
gas prices. After the oil crises in 1973 the political opinion changes and the development of wind turbines
increased (windenergyfoundation.org). The modern wind turbine is displayed in Figure 3-4. After this type of
wind turbine has been developed no major changes are executed on the design. Only the efficiency is improved
and the dimensions are scaled up.

Figure 3-2 - Two test turbines from Poul la
Figure 3-1 - Wind turbines from Blyth and Brush Cour (drgmstgrre.dk, 2003)

(energyclassroom.com, 2004)

Figure —3 - Wind turbines built by F.L. Scmidt Figure 3-4 - Modern wind
(dremstgrre.dk, 2003) turbine (mwps.world, 2015)
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The turbines are scaled up from 12 kilowatt for the first wind turbine until several megawatts nowadays. The
largest installed wind turbine has a capacity of 9.5 megawatt and plans are to construct wind turbines of 12
megawatt (genewsroom.com, 2018). The upscaling of wind turbine dimensions in time is displayed in Figure
3-5.

300 - Rotor diametre (m)

| Rating (kW) 250 m

240 4 150 m Future
220 4 " 10 COD kW
“4u 125 m
200 5000 kw
100 m
160 3 000 kw

a0 m
70m 1800 kw

Figure 3-5 - Upscaling of wind turbine capacity (sciencedirect.com)

3.2 FROM ONSHORE TO OFFSHORE

Most people want green energy because it is better for the environment than energy produced with coal and
gas. But when a wind farm is planned to be built in sight the public opinion, in general, is negative. This is a
classic example of the “not in my backyard” principle: the majority is positive about wind energy but few
people would deal with the consequences like the turbines at their view or at the horizon. With the upscaling
as displayed in Figure 3-5 the public debate will be more active. A solution to this debate is to install wind
turbines at the sea. Then the wind turbines have no negative impact to the value of the landscape where
people live. An important positive side effect is the higher wind velocities offshore. The energy production of a
wind turbine is given by:

P=>pgA-Cy v3 (2)

Where:
P = Power production [W]
p, = Mass density air [kg/m?3]
A = Circular area blades [m?]
Cp = Betz optimum [—]
v, = Wind velocity [m/s]
The area is given by the formula:
A= %anz (3)
Where:
D,, = Diameter wind energy area [m]

With the use of formulas 2 and 3 it can be seen that the energy production P « Dwz, v,3. The offshore
conditions with a higher wind velocity and the increase of the diameter generates a lot more energy and could
be more attractive than projects onshore if the higher construction costs are compensated with the extra
energy production. The number of wind turbines per wind farm and the capacity of the turbines of constructed
offshore wind farms are shown in Figure 3-6.
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Size offshore wind farms
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Figure 3-6 - Size of constructed and under construction offshore wind farm (rectangular= under construction)

3.3 OFFSHORE WIND TURBINE FOUNDATIONS

The main difference between onshore and offshore wind
turbines is the foundation. Onshore wind turbines are
founded on pile foundations or on a large concrete raft
foundation, see Figure 3-7. The dimensions of the
foundations depend on the soil characteristics at the
project location and the installed capacity and
characteristics of the wind turbine.

The offshore wind turbine foundations are more complex
and have more characteristics that have to be met:

e Depth of water
e  Water flow velocity Figure 3-7 - Foundation onshore wind turbine (cte-
e  Wave conditions wind.com)

The most important characteristic to choose the foundation type is the water depth. In Figure 3-8 different
types of foundations are given that could be applied for offshore wind turbines. At very large water depths
floating foundations are applied. For smaller water depths the use of monopiles, jacket and gravity based
foundations are applied. The different types of foundations for shallow water are given in Figure 3-8 and Figure
3-9.

Figure 3-8 - Different types of offshore wind turbine Figure 3-9 - Main types of offshore wind foundations
foundations (energy.gov, 2017) (theengineer.co.uk, 2012)
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GBFs can be applied for all water depths but there are four main types of construction and transportation.
These four methods are given in Figure 3-10. In this figure also the applicability of the different foundation
types are given with respect to the installed depth. The abbreviations in Figure 3-10 mean:

e L-FO: Lifted-Foundation

e  L-IT: Lifted + Integrated Transport

e F-FO: Floated + Foundation only

e  F-IT: Floated + Integrated Transport

Integrated transport means that the wind turbine is installed on the gravity based foundation before
immersion. For shallower depth up to a meter of 30 the GBF can be lifted but when the depths are larger the
foundations are too heavy to lift. Then other transportation methods are needed. As it can be seen in Figure
3-10 the GBF has the advantage that it can be applicate to larger water depths than other foundation types.

Shore 10m 20m 30m 40m 50m

Indicative range of applicability of GBSs comparing to other Offshore Wind Foundations
» Actual applicability would vary depending on met-ocean conditions, soil characteristics, ...

- r water GBS design  L-FO GBS
L-IT GBS rE 222 =

F-FO GBS E 2222
F-IT GBS e

CEwE

Figure 3-10 - Applicability per foundation type as function of water depth (carbontrust.com, 2015)
The main property of a GBF is the large weight. Therefore a GBF is mainly constructed of reinforced concrete
and steel elements, both with a high volumetric weight. The main characteristic of a gravity based foundation is
the large weight and the low centre of gravity. The stability of the wind turbine is created with the dead weight
and the large diameter of the foundation. Some examples of gravity based foundations are given in Figure 3-11
till Figure 3-14.
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Work platform
Shaft
Intermediate
platform
Boat landing
Internal | tubes
Scour protection

Figure 3-11 - Characteristics of a  Figure 3-12 - Fécamp GBF  Figure 3-13 - Strabag GBF Figure 3-14 - Blyth GBF
GBF (4coffshore.com, 2013) (4coffshore.com, 2013) (slideshare.net, 2012) (strukton.nl, 2016)

The major part, 78.8% in 2015, of existing offshore wind turbines are founded with a monopile foundation,
against 10.4% that is founded with gravity based foundations (carbontrust.com, 2015). The major disadvantage
of monopiles is the restriction in size by buckling and therefore larger monopiles, in length and diameter
requires a lot of steel which increases the weight and the cost. Also the transportation of monopiles is
challenging because it is a single piece to transport and the dimensions of the largest monopiles now have a
length of 84.4 metre with a diameter of 7.8 meter and a weight of around 1300 tons (Boskalis.com). Another
disadvantage is the hammering process to hammer the foundation into the seabed. This causes a lot of noise
and vibrations which is not good for the environmental life in the sea and at the seabed.

The trend for offshore wind is that offshore wind farms will be developed in deeper waters. The question is till
what depth the monopiles could be profitable comparing to other foundation types like the GBF. In the case
where hard ground conditions are present, like rock or overconsolidated clays the hammering process could be
challenging or even impossible. Then the GBF could be a good alternative. At sand bottoms GBF have to
compete with monopiles and other foundations and the most cost-efficient solution is chosen.

3.4 CONCLUSION HISTORY OF WIND INDUSTRY

The development in the wind energy industry is large. The scale of wind turbines increased rapidly and an
important transition from onshore wind energy to offshore wind energy is made. The most important
difference between onshore and offshore wind turbines is the type of foundation. For offshore wind turbines
several foundation types are available depending on the water depth. A relatively new type of foundation is the
gravity based foundation. This foundation ensures stability for the wind turbine due to the large weight. The
advantages of these foundations are the applicability at larger water depths and that no piling activities are
needed.

25



5 “3
') Delft
== SIMCO TUDelft &

Infra Marine Contractors

Chapter 4:  CASE DESCRIPTION

To develop a new construction and transportation method for a large number of GBFs for a windfarm on
commercial scale a specific case is developed. First a reference case where GBFs are used is given: the C-Power
project on the Thornton Bank. Then a new realistic hypothetical case study is described where a new
construction and transportation method could be used for. For the case study the boundary conditions are
given which are important to develop an optimal construction and transportation method. In this chapter the
first design part is executed, indicated in blue in Figure 4-1.

Initiative: GBF project on commercial scale

Demand: Construct and install X GBFs in X time

Project-characteristics,

Design material efficient GBF
Construction time is relatively large?

Yes Always keep as option

Adapt design to change properties as Continue with material efficient design
construction time, draught, dimensions,

GBF-properties

Transportation/construction method GBF:
Applicable transportation method in decision matrix?

Yes

Develop new method: Choose best applicable method
Method is applicable? Applicable method is too expensive?

Construction of GBFs:
Number of GBFs large enough for production line?

No

Design production line Construct on one location

Free choice of
construction Construction planning:
area? Demand of X GBFs in X time on construction area realistic?

Select applicable construction

Design (temporary) structures for transportation:
(Temporary) structures are constructible?

Cost calculation:
Is transportation method profitable?

No

Yes

Figure 4-1 — Chapter 4 indicated in design method Project execution
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4.1 REFERENCE CASE: C-POWER PROJECT ON THE THORNTON BANK

In this paragraph the reference case is described. First the project characteristics are described. The project
location and the construction area are described and at last the environmental conditions like wave heights,
water levels, soil conditions and weather conditions are given.

4.1.1 Project characteristics

C-Power is the first Belgium offshore wind farm. It consists of 54 wind turbines with a total capacity of 325.20
MW (c-power.be). The project is carried out in three phases. The characteristics of these three projects are
given for each phase:

e Phase I: 6 wind turbines, founded with GBFs, with a capacity of 5 MW each.
e Phase Il: 30 wind turbines, founded with jacket foundations, with a capacity of 6.15 MW each.
e Phase lll: 18 wind turbines, founded with jacket foundations, with a capacity of 6.15 MW each.

The planning of these phases is given in Figure 4-2. The first phase started in 2008 and was finished halfway
2009. The construction of phases 2 and 3 has started after phase one was completely delivered and
operational.

2002 2003 m 2005 2006 2007 2008 2009 2010 ‘ 2011 2012 2013 2014

Phase 2
Phasa 3

Figure 4-2 - Planning C-Power offshore wind farm (c-power.be)

4.1.1.1 Project location

The C-Power wind farm is located in the North-Sea, northwest from the Belgium coast. The distance from the
Belgian coast to the C-Power wind farm is 28.7 kilometer and the cable length is 35 kilometer (c-power.be). The
location of the windfarm on the Thornton bank is displayed in Figure 4-3. The wind turbines, with the height
dimensions are given in Figure 4-4.

In Figure 4-5 the layout of the C-Power wind farm is given. The construction phases are indicated with different
colors. Phase | is indicated with yellow, phase Il with blue and phase IIl with red. As can be seen, the foundation
type is drawn in the figure: the yellow wind turbines of phase | have GBF foundations, the other have jacket
foundations. Because of the GBFs the focus is on the first phase of the C-Power wind farm.

; Mermaid
o, Norhwester
Vs Bewind

Seastar

Figure 4-3 - Belgium offshore wind farm locations Figure 4-4 - Wind turbine Thornton bank phase |
(otary.be)
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Figure 4-5 - Layout of C-Power wind farm (c-power.be)

4.1.1.2 Construction area

The construction of the GBFs took place in the Port of Oostende, Belgium. Two construction areas are used to
construct the GBFs and install the wind turbine parts. In this paragraph the construction areas are described. In
the construction of the Thornton Bank wind farm phase I, two construction areas are used:

1. The so-called REBO Offshore site where the parts of the wind turbines are delivered and where vessels
can berth.

2. Aconstruction area, Halve Maan that is specially developed for the construction of the GBFs.

These two construction areas are described and in 0 a photo reportage of the construction of the GBFs
included. The construction area of the GBFs is located in the black circle in Figure 4-6. In Figure 4-7 a closer look
is given to that construction area, called “Halve Maan”.

= ,,,4/ OSRC
zeilclufg/

Halve
Maan

.o

Figure 4-6 - Port of Oostende . Figure 4-7 - Halve Maan and C-Power location with
dimensions

At this area the construction works of the GBFs were performed. The GBFs are casted on platforms some
meters above the surface. When the GBFS were ready several SPMTs drove under the GBFs and the GBFs are
placed on the SPMTs. The GBFs are transported to the water and the vessel Rambiz lifted the 3000 ton heavy
foundations from the quay wall partly into the water, to reduce the lifting weight. In Figure 4-9 it is shown how
the GBFs are lifted from the quay wall into the water with the use of the heavy lift vessel Rambiz.
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The delivery and lifting operations of the wind turbine parts took also place in the port of Oostende. The lifting
operations are executed on a specific storage area of the Renewable Energy Base Oostende terminal (REBO).
REBO is a company with some private and public shareholders. Deme owns 30% of the shares and the other
shares are from Artes, Port Oostende and PMV. This construction area is described in paragraph 4.2.1 because
this area is used to construct the GBFs from the case study.

Figure 4-9 - Lifting operation of GBF from the quay
wall into the water (c-power.be)

Figure 4-8 - REBO Offshore Site with dimensions

4.2 CASE STUDY: SEASTAR AND MERMAID OFFSHORE WIND FARMS

To develop a new construction and transportation method a case study is described. Two offshore wind farm
locations are chosen where the wind turbines will be founded with GBFs. These locations are located in the
Belgium part of the North Sea.

The Belgium government has set a target to produce more green energy. The target for the energy capacity of
offshore wind is to increase the capacity from 877 MW in April 2018 (begianoffshoreplatform.be) to 2200 MW
in 2020 and to 4000 MW in 2030 (belgianoffshoreplatform.be, 2017). The plans for the offshore wind farms to
reach a total capacity of 4000 MW are displayed in Figure 4-3. The windfarms Seastar and Mermaid still have to
be developed and constructed, see Figure 4-3 for the locations. The capacities of the wind farms are 246 MW
and 266 MW. The water depth at the Mermaid wind farm location varies from 30 till 35 meter depth and at the
Seastar location from 25-30 meter depth. A bathymetry map of the location of the Mermaid and Seastar wind
farms are given in Figure A-22 and Figure A-23 in Annex D, at page 168.

The depth of the Mermaid wind farm is the largest and therefore the case study is performed on the
foundation type for this location. These one have the larger dimensions and the larger weight. For the number
of GBFs it is decided to choose to construct both wind farms with GBFs. The proposed wind farms have a total
capacity of 512 MW and with a capacity of 8 MW per wind turbine 64 wind turbines are needed

4.2.1 Construction area

The construction of the GBF will take place on the same location as in the reference case: On the REBO
Offshore Site and/or on the “Halve Maan”. The construction areas with some dimensions are given in Figure
4-7 and Figure 4-8.

The REBO terminal is a terminal with quay walls and storage areas with a high bearing capacity. The most
important characteristics are:

e 90 hectares on 5 sites.
e 800 meter of adapted heavy quays with a capacity from 4 till 20 ton/m>.
e Storage areas with a capacity of 10 ton/m’.
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Figure 4-10 - Port of Oostende map with guaranteed depth

e  Minimal guaranteed available depth of 8 meter in front of quay wall.

Delft
University of
Technology

A part of the port of Oostende is displayed in Figure 4-6. With a red oval the REBO offshore site is indicated and
in Figure 4-8 a closer look to the REBO offshore site is given.

The properties of the quay walls are given in Table 4-1.

Berth

Depth

[m]

Berth length [m]

Strengthened seabed in front of quay
Table 4-1 - Properties REBO Offshore site quay walls

The available depth in front of the quay walls and in the port channels is an important parameter for the

501 502 503 603-604 \
8 8 7 5

200 180 110 200

No No Yes No

transportation of the caissons. The available depths must be larger than the draught of the caisson. The

minimum guaranteed depth of the main channel in the Port of Oostende is 8 meter, see Figure 4-10. The

guaranteed depth given by the Port of Oostende is relative to the Lowest Astronomical Tide (LAT). In Annex E
two detailed bathymetry maps at the quay walls at the Halve Maan and the REBO Offshore Site are included.
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4.2.1.1 Soil conditions

The soil conditions at the two construction areas are consulted from the Belgian Government
(dov.vlaanderen.be). In Annex F two CPTs are included and from these CPTs two sand layers are indicated. For
foundation purposes for eventual (temporary) structures to fulfil the transportation operations these sand
layers are important to create sufficient bearing capacity.

Location Sand layer 1 [m TAW] Sand layer 2 [m TAW]

Halve Maan -7 till -11 From -15

REBO Offshore Site -10 till -11 From -17
Table 4-2 - Sand layers at REBO Offshore Site and Halve Maan

4.2.1.2  Environmental conditions
The environmental conditions are given with respect to water levels, waves and wind. First the water levels are
described and thereafter the waves and wind data is described.

4.2.1.2.1 Water level in port of Oostende

The water levels of the tides for high water and low water of the period 2001-2010 are given in Figure 4-11 and
Figure 4-12. The water levels at the port of Oostende are given relative to TAW, the meaning of TAW is
“Tweede Algemene Waterpassing”. TAW is a reference height used in Belgium. The height of the REBO
offshore terminal is 6.80 TAW and 7.3m LAT. The data of Figure 4-11 and Figure 4-12 is converted to a
Cumulative Density Function (CDF) in the LAT reference system and this result in graphs displayed in Figure
4-13 and Figure 4-14.

[ TAW T Totaal TAW T Totaal
cm 2001 | 2002 [ 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2006 | 2010 [10jaren] % cm 2001 | 2002 | 2003 | 2004 | 2005 | 2006 [ 2007 | 2008 | 2009 | 2010 [10jaren] %
<300 0 1 1 1 0 0 0 0 2 1 6 0,09 <70 1 1] 0 0 0 0 0 1 0 0 2 0,03
300 - 309 0 0 1 3 1 0 0 1 0 1 7 0,10 70~ -61 0 0 0 0 0 0 0 1 0 0 1 0,01
310- 319 0 0 0 5 0 0 1 0 2 1 9 0,13 60~ -51 1 3 0 0 2 1 0 1 1 1 10 0.14
320- 329 1 3 4 5 4 5 2 6 3 2 35 0,50 -50- -41 2 1 3 0 2 5 1 1 2 3 20 0,28
330- 339 4 6 4 5 9 5 7 10 8 2 60 0,85 -40- -31 3 10 10 5 7 11 7 5 6 3 67 0,95
340- 349 4 8 8 9 13 | 11 8 7 7 4 79 112 30--21 | 12 | 16 | 10 8 13 | 11 6 | 14 | 14 | 18 130 1,84
350 - 359 7 14 | 13 | 15 | 14 | 15 | 15 | 15 | 12 | 12 132 187 20- 11 | 24 | 20 | 23 | 20 | 21 16 | 21 | 20 | 24 | 13 | 202 2,86
360 - 369 19 18 19 17 19 18 20 15 15 4 184 2,61 10- -1 37 29 31 39 38 34 27 26 31 24 314 445
370- 379 24 25 30 29 39 43 31 24 26 35 306 4,34 [i] 9 45 45 45 36 38 47 34 54 43 55 442 6,26
380-389 | 46 | 33 | 40 | 25 | 35 | 36 | 24 | 3 | 37 | 33 345 4,89 10-19 | 52 | s0 |60 | 51 | 55 | 57 | 58 | aa | 51 | 70 557 7,89
390 - 399 44 39 54 43 48 36 40 35 46 35 420 595 20- 29 B84 71 60 83 76 61 72 59 76 53 695 985
400-409 | 40 | 39 | 47 | 64 | 51 | 62 | 43 | 55 | 47 | 50 | 408 7,06 30-39 | 68 | 8a | 8o | 70 | 62 | 75 | 62 | 74 | 82 | 77 734 | 1040
410 - 419 46 56 56 a4 53 45 47 50 70 49 516 . 40- 49 43 70 72 85 87 72 Ial 7 61 79 871 9,51
420 - 429 65 62 43 49 84 68 47 53 56 39 546 774 50- 59 76 66 70 72 62 58 49 68 62 65 648 9,18
430- 439 61 67 55 7 70 66 69 57 67 56 639 9,05 60- 69 79 56 48 43 62 61 61 53 59 60 582 825
440-449 | 58 90 63 65 59 73 70 69 59 54 860 9,35 70- 79 35 53 46 40 52 52 52 49 51 49 479 6,79
450 - 459 72 76 76 56 59 46 66 69 62 70 652 9,24 80- 89 42 34 35 50 42 40 51 44 40 46 424 6,01
460 - 469 79 59 51 65 61 53 65 49 60 n 613 8,69 90- 99 34 33 32 40 36 28 32 42 34 3 342 485
470 - 479 50 37 55 80 37 46 34 58 53 46 476 8,75 100 - 109 18 19 25 35 24 23 34 19 21 19 237 336
480-480 | 37 | 24 | 40 | 36 | 23 | 27 | 52 | 51 | 33 | 36 359 5,00 110-119 | 13 | 18 | 21 | 24 | ta | te | 27 | 20 | 18 | 12 186 264
490-499 | 15 | 22 | 24 | 24 | 20 | 13 | 22 | 21 | 23 | 32 216 3,06 120-120 | 15 | 10 | 10 9 14 | 15 9 18 | 14 6 120 170
500 - 509 15 19 1 6 9 22 15 8 10 31 146 207 130- 139 ] 4 ] 8 7 4 g 8 7 4 69 0,98
510- 519 12 3 6 3 5 10 13 10 8 14 82 1,16 140 - 149 5 6 5 4 3 7 1 6 1 4 42 0,60
620 - 529 5 3 1 3 6 3 4 5 0 34 048 150 - 159 1 0 4 1 4 3 2 3 3 2 23 0,33
530 - 539 1 2 3 4 2 3 2 0 20 028 160 - 169 2 2 5 3 0 0 4 1 2 3 22 0,31
540 - 549 1 1 1 0 2 1 2 ] 0 0 8 0,11 170- 179 1 2 1 0 [ 3 2 1 2 0 12 0,17
550 - 559 0 0 0 0 0 0 2 1 0 1 4 0,06 180 - 189 2 1 0 2 3 0 0 1 0 0 9 0,13
560 - 569 0 0 0 0 0 0 0 0 1 0 1 0,01 190 - 199 0 0 0 0 2 1 0 0 0 0 3 0,04
>569 0 0 0 1 0 0 3 0 0 0 4 0,06 >199 1 2 0 0 1 1 3 4 0 1 13 0,18
TOTAAL | 705 | 706 | 705 | 707 | 705 | 706 | 705 | 707 | 705 | 706 | 7057 700 505 |
05 L 7o 1 ros | o6 | 705 05 L7oe L rosr | 100 ] ToTAAL | 705 | 705 | 705 | 708 | 705 | 705 | 705 | 708 | 705 | 705 ] 7056 100
Figure 4-11 - Frequencies of High Water levels Figure 4-12 - Frequencies of Low Water tides (afdelingkust.be)
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Figure 4-13 - Cumulative density function of high water levels at Port of Oostende
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Figure 4-14 - Cumulative density function low waters at Port of Oostende

4.2.1.2.2 Weather conditions

The weather conditions at the port of Oostende are presented in this paragraph. The main weather
characteristics are displayed in Figure 4-15. In the legend the precipitation, temperatures and wind speeds are
given. An important parameter is the temperature for casting concrete. When the maximum temperature is
exceeding the 4 degrees Celsius and at night the temperature is below zero degrees measures are needed to

40°C 100 mm 40 km/h
30°C
75 mm 30 km/h
22°C 22°C
20°C 20°C
20°C 18°C
\-IG.C
14 °C
2 - 50 mm 20 km/h
122 12°C 4 .c 11°C

a .I]DC ° IO.C‘.——_.— ° a
10°C 7-C 8EC Y 8°C
S5EC
\Z“C
25 mm 10 km/h

0°C
-10°C 0 mm 0 km/h
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Precipitation — Mean daily maximum Hot days — Mean daily minimum Cold nights
Wind speed

Figure 4-15 - Weather characteristics at Oostende (meteoblue.com)

cast concrete, as described in the NEN 6722 norm (betoncentrale.nl). In Figure 4-17 the maximum
temperatures are given at Oostende. On average there are 21.4 days per year when concrete could not be
casted. Excluding the weekends this result in 15 working days per year. Measures could be taken to isolate
fresh concrete, and then the non-working days could be decreased, otherwise casting activities cannot go on
and delay is inevitably.
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Figure 4-17 - Maximum temperatures at Oostende (meteoblue.com)

The wind directions and wind speeds are displayed in Figure 4-16. The main wind direction is from the
Southwest. The main channel of the port of Oostende is in the northwest direction and this is positive for the
wave climate.
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NW NE
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Figure 4-16 - Wind rose at Oostende (meteoblue.com)

4.2.1.2.3 Wave conditions

The wave conditions at the Mermaid offshore wind farm location and at the port entrance are presented Table
4-3. The data from which the results are derived are described and displayed with three figures for each
location in Annex H:

e Probability density function of wave heights with significant wave height
e Cumulative density function of wave heights
e  Wave spectrum with the derived peak period

Location Significant wave height [m]  Peak period [s]
Mermaid 2.10 7.5
Port entrance 1.05 6.5

Table 4-3 - Important wave parameters at Mermaid location and port entrance
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The significant wave height at the REBO offshore site and Halve Maan are 1.05 because the measurements are
in front of the port entrance with a similar depth, so there is no o
shoaling. The main wave direction at this location is North West

so no diffraction takes place, see Figure 4-18.

N 0.25989 NE

047326

The design wave height for constructions at the port is two times
the significant wave height; therefore the design wave height is
2.10 meter (Schiereck, 2012). L ¢

0.08663

4.3 CONCLUSION CASE STUDY

The first design method step is executed in this chapter a - -
reference case is used to develop a realistic case study for the

application of a large number of gravity based foundation for :
offshore wind turbines. Figure 4-18 - Wave rose for port entrance
location (metoceanview.com)

At the Thornton Bank the Deme-Group has installed 5 gravity based foundations. In future the offshore wind
farms Mermaid and Seastar Deme is also involved in the construction. In the case study it is assumed that the
two wind farms both are founded with gravity based foundations. The construction takes place on the REBO
offshore site and/or at the construction area “De Halve Maan”. The boundary conditions of the port are
described and the most important case study characteristics are:

e  Number of GBFs: 64

e Capacity wind turbine: 8 MW
e Timeframe: 2 year

e  Water levels: see figures

With the information in this chapter the next step in the design method can be executed: “Design
materialefficient GBF”. The case study is placed in the constructed offshore wind farms in Figure 4-19, as it can
be seen it is one of the larger offshore wind farms.

Size offshore wind farms
200
—_ 180 ®
§ 160 L 4 *
2 120 ®
f§ 100 P a— 3 * o
5 2 : -
g 60 PN “
E 40 * ° — o —
Z 20
0 T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9
Capacity of wind turbine [MW]
@ Constructed Under construction A Case study

Figure 4-19 - Size of case study indicated in existing and under construction offshore windfarms
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Chapter 5:  MATERIALEFFICIENT GBF DESIGN

In this chapter a materialefficient GBF is designed. The input from chapter 4 is used as boundary conditions.
First the main functions of a GBF are described and the choice of the geometry is given. The design of the GBF
is checked on the stability during transportation and stability during operation. At last the construction time of
this GBF is given in a planning and the question is answered if the construction time is relatively large. In the
design method this is the second step, see Figure 5-1. Due to one dominant requirement of the circular base
slab which is the optimal geometry the secondary design method is executed with one design, therefore the
evaluation procedure is very short.

Initiative: GBF project on commercial scale

Demand: Construct and install X GBFs in X time

Project-characteristics,

Design material efficient GBF
Construction time is relatively large?

Yes Always keep as option

Adapt design to change requirements as
construction time, draught, dimensions, weight

GBF-

Transportation/construction method GBF:
Applicable transportation method in decision matrix?

Continue with material efficient design

Yes

Develop new method: Choose best applicable method
Method is applicable? Applicable method is too expensive?

Construction of GBFs:
Number of GBFs large enough for production line?

Design production line Construct on one location

Free choice of Construction planning:
construction area? Demand of X GBFs in X time on construction area realistic?

Select applicable construction area

Design (temporary) structures for transportation:
(Temporary) structures are constructible?

Cost calculation:
Is transportation method profitable?

No

Yes

Figure 5-1 — Chapter 5 indicated in design method
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5.1 GBF PROPERTIES

Gravity based foundations for offshore wind turbines can have different geometries and dimensions. In
paragraph 3.3 at Figure 3-11 till Figure 3-14 some examples for gravity based foundations for offshore wind
turbines are given. The main similarities of these GBFs are the large weight of the base and the low center of
gravity. Concrete and steel are the main construction materials, both with a large weight.

The main function of a gravity based foundation is to ensure stability for the wind turbine. On the wind turbine
several forces are present and they are indicated in Figure 5-2.

_ _ Pcurrent
PWav
PHydrostatic 1 ] PHydmstanc 2
] Mwmd turbine
H Vwind turbine
JJJJJHH—‘—“—‘—‘"
ENYZNZN P
current !
P |
Hydrostatic 1
|
|4
|
|

lw
PHydroslalic 2

| ~

Figure 5-2 - Forces on installed GBF
The gravity based foundation is directly prone to the following environmental forces:

e  Hydrostatic pressure

e  Current
e Waves
e Wind

Besides the environmental forces directly on the GBF the wind turbine induce a moment, shear force and a
vertical force on the GBF.

The wind forces on the wind turbine are transferred with the so-called transition piece to the foundation. The
wind force induces a large moment around the center of gravity of the system. To ensure stability, the weight
of the foundation must be sufficiently large. The subsoil has to bear the reaction forces for the weight,
horizontal forces and rotational moments.
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Usually, gravity based foundations are made in the dry and transported into the water to tow them to the place
of immersion. An important criterion is that the gravity based foundation is able to float and is stable in the
current, waves and wind.

The weight of some reference projects are given in Table 5-1 for an overview of what order of magnitude the
deadweight could be expected. The dimensions of the base of the reference projects are given in Table 5-1. The
order of magnitude of the weight of the elements is around 65-100 kN/m?” and the order of magnitude for the
dimensions are around 20-40 meter, depending on wind turbine capacity, water depth and environmental
conditions.

Thornton Bank 3000 23.5 68 5.1 6.75
Confidential 7250 32 88 8 8.8
Confidential 11,016 38 95 10 9.5

Table 5-1 - Properties GBF of reference projects (c-power.be)

As can be seen in Table 5-1 all GBFs of reference projects are circular. A circular foundation is the most efficient
geometry:

e The forces from currents and waves are smallest for a circular foundation. The forces could be present
from all directions and the advantage of a circular foundation is that the properties are identical in all
directions.

e  For the stability criteria a circular foundation is preferable because the contact area is the largest with
the smallest dimensions of the GBF, a circle is the most efficient geometry to create the largest area
with the smallest perimeter. Again the stability of the subsoil must be guaranteed for all directions
and with a circular foundation this is identical in all directions.

e Adcircular foundation is the most efficient geometry with the amount of material needed to construct
a GBF.

5.2 PROGRAM OF REQUIREMENTS GBF DESIGN

The preliminary design of a GBF is adopted from reference projects. In this report only the external stability is
checked. The thicknesses of the concrete elements are assumed to be sufficient. For the external stability
during transport and in the operation phase the following requirements hold:

e The GBF must be stable during transport, therefore a check is performed on:
o Static stability
o Dynamic stability
e The GBF must be stable in the operational phase, therefore a check is performed on:
o Bearing capacity
o Shear capacity
o Rotational stability
e The stability calculations must be performed according to the Eurocodes.
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5.3 GBF DESIGN

Based on the reference projects, a preliminary design is made for a GBF, see Figure 5-3. The calculation for the
stability criteria determines the base slab diameter. A first estimation of a base slab diameter of 35 meter is
used in this design. After the stability calculations the minimal diameter which ensures stability is calculated.

35.00
14.25 L 650 | 14.25
Gl A

(=]
L=
o
—
o
Z
w
o -
(=]
~
==
] §
] |
0.60 Ballast sand (with immersing) 1. 0.60
R / 'H; /H{_
— i
@ .
) i B I
[ +] -
-— Mt
X
4o
X
C! ’\
)\
C ’\
)\
o0
GBF Cross-section A-A
T T
Rty N g R A
L T LR R,
N R R i R R RNty
B Pt PP
L g R R R T i g g R R R i
P R SIS
o - g g g g g g R R R N NNy
N E i e N A
N R NN
\' r\r\r\r\ \.’\r\.’\’\.’\‘\.’ Y '\"\
A EARAASEANAAY N
N AT <N
N
A BARAAAEAY, NN
A SR A
W v T o, /\/\/\!\/\!\/\!\/\/\/
L
e
W
S NI
R A N NN AN ATAT
NN NN NS 0
i R AN g
v NI NI
e AN
N RN NN NN 0
A R TR N,
b Ny S
AN N R
I RSO ~ T
) e A A A NN
N 5 AR R AN RN ANN
R
N b AR R NN,
B A
N | AR R RN
I I IHJ“/HJ“/\I“/\/H)\ o, \)
RSN,
VPN
AN
R

Figure 5-3 - Preliminary design of GBF
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5.3.1 Starting points

For the calculation of the dimensions of the GBF the Eurocode guidelines are used. In the calculation Design
Approach 2 (DA2) is performed. This means that the partial factors are given in the set of A1, R2 and M1, see
Figure 5-4. The partial factors according to the Eurocode are displayed in Figure 5-4.

Table 3.3.1 Partial factors on actions (yg) or the effects of actions (yg)

Action Symbol Set
A1 A2
Permanent Unfavourable Ve 1,35 1.0
Favourable 1,0 1.0
) Unfavourable 1,5 1,3
variable Favourable va 0 0

Table 3.3.2 Partial resistance factors for spread foundations (yg)

Resistance Symbol Set
R1 R2 R3
Bearing Vav 1,0 1,4 1,0
Sliding Yen 1,0 11 1,0

Table 3.3.3 Partial factors for soil parameters (yu)

Soil parameter Symbol Value

M1 m2
Shearing resistance y; 1,0 1,25
Effective cohesion Ye 1,0 1,25
Undrained strength Yeu 1,0 14
Unconfined strength You 1,0 1.4
Effective cohesion Ye 1,0 14
Weight density Yy 1,0 1,0
' This factor is applied to tan @'

Figure 5-4 - Load factors according the Eurocode (Molenaar & Voorendt, 2018)

The GBF must be stable during the operational phase. According to the Eurocode a safety factor of 1.4 is
included for the bearing capacity of the subsoil and 1.1 for the sliding capacity. For the weight a weight factor
of 1.0 is applied when the load if favorable and 1.35 when the load is unfavorable.

The loads on the GBF are taken from reference projects. For a project with a 10 MW wind turbine the
horizontal load and bending moment, including an environmental partial load factor are:

e Horizontal load: 98,145 kN
e Moment: 1,000,350 kNm

To translate the design loads from the reference project to the case study the following procedure is executed:

e Horizontal load:
The horizontal load on the wind turbine is assumed to be proportional to the capacity of the wind
turbine. Therefore the load is multiplied by 0.8 and this result in a design load of 78,516kN.

e Moment:
The moment applied on the foundation consist of a horizontal force and a lever arm. These two
aspects are both taken into account. For the horizontal force the same procedure is followed as for
the horizontal load: multiplying with a factor of 0.8.
A 10 MW wind turbine is higher than an 8 MW turbine. With a reference case the hub height of an 8
MW wind turbine is set on 109 meter above sea level. The hub height of the 10 MW of the reference
case has a height of 144 meter. Therefore the lever arm is multiplied by 109/144. To calculate the

moment the following calculation is performed:

Mgy = Miouw - 0.8 - 7> = 605,768 kNm (4)
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The environmental load factor of 1.35 is included in this value; therefore these loads are the design loads.

To calculate the stability of the GBF five stability criteria are applied:

e  Stability during transportation phase:
o Static stability
o  Dynamics stability
e  Stability during operational phase:
o Shear capacity of soil
o Bearing capacity of soil
o Rotational stability

The stability of the different criteria is calculated. With the unity check (UC) the stability of the different
phenomena can be determined. The unity check is given by:

Uc = < (5)

FRra

Where:

Fgq = Design load
Frq = Resistance design capacity

The unity of the load and resistance capacity could be several force related parameters for example, Newton,
Newtonmeter, Newton per square meter etcetera. The only restriction is that the unity is similar to end up with
a unitless unity check.

To calculate the stability criteria the weight of the GBF is important. The stability of the GBF is determined for
various diameters. In the following paragraphs the calculation is performed for a GBF with a diameter of 35
meter and a height of 47 meter. In 0 the Matlab script is shown which is used for the calculation for the most
optimal diameter. To determine the minimal diameter which guarantees stability the unity check is calculated
in paragraph 5.2.9 and plotted for various diameters.

5.3.2 Weight

The weight of the GBF is determined by adding up the volume of concrete and multiplying it with the
volumetric weight. The GBF is subdivided in 5 parts, of these parts the volumes of the applied material is
determined and multiplying it with the volumetric density the weight is determined, see Table 5-2. The total
weight of the GBF is 9969 ton.

The weight is determined with the formula:

Wepr = Ve " Ve (6)
Where:
Wegr = Weight of GBF [kg]
V. = Volume of concrete [m3]
Ye = Volumetric density concrete = 2400 [kg/m?3]
1 2
( 2 T Dps " he For base slab
Where: 1, = { %ﬂ . (Dgut — Dlzn) “h, For hollow cyinders(7)
1
kg” “he ((Rgut + RoutTout + rozut) - (Rizn + RinTin + ri%l)) For hollow cone
Where:

D,s = Base slab diameter [m]
h. = Height of concrete element [m]
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D,: = Outer diameter of cylindrical part GBF [m]
D;, = Inner diameter of cylindrical part GBF [m]
R,y: = Outer radius of cone bottom [m]
R;, = Inner radius of cone bottom [m]
Tour = Outer radius of cone top [m]
Tin = Inner radius of cone top[m]

Part Weight [ton] ’
Base slab 3925
Cylinder 2663
Inner walls +inner cylinder 1209
Cone 1878
Tower 294
Total 9969

Table 5-2 - Weight of GBF of 35m diameter

5.3.3 Draught
The buoyancy force on a floating element is given by the weight of the displaced water. The buoyancy force
then is given by the formula:

Fouoy = Vaw " Pw (8)
Where:

Fyuoy = Buoyancy force on GBF [kN]
Vaw = Volume of immersed part GBF [m?3]
pw = Volumetric density of water = 10,05 [kN/m?3]

Assuming that only the cylindrical part of the GBF is under water, the volume of the immersed part can be
calculated with:

Vaw =77 - Dis - d (9)
The total weight of the GBF is 9969 ton, to calculate the draught the following formula is used:

Fpuoy = Wepr " g (10)

Vaw -2 = Wope (11)

The height is calculated and the assumption that only the cylindrical part is under water is good. Because the
draught is not larger than the height of the cylindrical part of the GBF the submerged volume can be described
as:

1 w
Z'”'Dgs'd'p?zchF (12)

w . 9969-9.81
hy = 209 = =10.11m (13)
2Dy Pw Z-n-352-10.05

The draught is 10.11 meter.
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5.3.4 Static stability

The GBF have to be stable in the floating phase. To ensure stability the metacentric height has to be minimal
0.5 meter (Voorendt, Molenaar, & Bezuyen, 2016). To determine the metacentric height Figure 5-5 and
following formula are used (Voorendt, Molenaar, & Bezuyen, 2016):

z-axis
M
water surface K,
B
A
£ il
righting
K moment

Figure 5-5 — Stability of a floating element

h,, = KB + BM — KG (14)

Where:
KB = Distance of centre of buoyancy and bottom element [m]
BM = Distance centre of buoyancy and metacentre [m]
KG = Distance between bottom element and centre of gravity [m]

To calculate the distances the following formulas are used:

1
B = Ed (15)
Where:

d = Draught of element [m]

With a draught of 10.11 meter the distance KB equals 5.05 meter.

BM =~ (16)

Where:
I, = Area moment of inertia[m*]
Vaw = Volume of immersed part of element [m3]

The area moment of inertia of a circle can be computed with the formula:

1 (1 4

Iyy = ZT[ (EDbs) (17)

The volume of the immersed part is:
1

Vaw = ;7Dps - d (18)
This results in:

BM =222 _757m (19)

9727

To calculate the distance between the bottom of the element and the centre of gravity the following formula is
applied:
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7 — 2Vieiyi)
K6 ="Svem (20)
Where:
V; = Volume of element i [m?]
e; = Distance between centre of gravity of element i and reference level [m]
v; = Volumetric weight of element i [kN/m3 ]

The factors are determined of each element and are displayed in Table 5-3.

i=1 Baseslab 1636 0.85 23.54 32,732 38,508
i =2 Cylinder 1110 10.26 23.54 267,870 26,121
i =3 Innerwalls 504 5.85 23.54 79,464 11,860
i=4 Cone 782 23.37 23.54 439,730 18,419
i=5 Tower 123 40.5 23.54 116,830 2,885

» 936,626 97,793

Table 5-3 - Factors used to calculate the distance KG for a GBF diameter of 35 meter

The result is a distance of:

= 936626
97793 ™M

All distances are known and the metacentric height can be calculated:
h, =5.054+7.57—-9.58=3.05m

Because the metacentric height is larger than 0.5 the GBF is statically stable.

5.3.5 Dynamic stability
Also the dynamic stability is very important to ensure that the GBF could be towed to its final location. First the
wave climate is determined. This is done for two locations:

e At the port entrance of Oostende
e At the final immersion location at the Mermaid offshore wind farm

From the available wave data the probabilistic density function (PDF) and cumulative density function (CDF) are
derived and displayed in Annex H in Figure A-32 and Figure A-33 for the port entrance location and in Figure
A-36 and Figure A-37 for the Mermaid location. In the PDF figures the significant wave height is indicated. The
wave spectrum at the port entrance and the Mermaid locations are displayed in Figure 5-6 and in Figure 5-7,
from these figures the peak periods are the most important result. The most important results are summarized
in Table 5-4, de peak periods are displayed in Figure 5-6 and Figure 5-7.

Mermaid 2.10 7.5
Port entrance 1.05 6.5

Table 5-4 - Most important wave parameters
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Wave spectrum at port entrance
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Figure 5-6 - Wave spectrum at port entrance (Data: metoceanview.com)
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Figure 5-7 — Wave spectrum at Mermaid location (Data: metoceanview.com)

The natural oscillation period may not be in the range of the wave spectrum. The formula to calculate the
natural oscillation period is (Voorendt, Molenaar, & Bezuyen, 2016):

Ty = 21
0= e 21)
Where:
j = Polar inertia radius of the element [m]
The polar inertia radius can be calculated with:
, 1
j= ( P:)qlar) (22)

Where:

Lyolar = Polar moment of inertia[m*]
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A = Area of concrete in a vertical cross — section [m?]

The polar moment of inertia can be calculated with:

Ipotar = fA 12dA = Ly + 1, (23)
Where:

L, = Polar moment of inertia around z — axis [m*]
1, = Polar moment of inertia around x — axis[m*]

Because the geometry is rather complex the polar moment of inertia is estimated with the help of AutoCAD
software. The Polar moment of inertia is equal to 262,400 m”. This value is implemented and the results are:

j= \/’p‘”‘” = J262'4°° =1591m (24)
A 1038

This result in a natural oscillation period of:

_ 2mj _ 211591
07 J/hmg ~ V304981

= 18.30s (25)

The natural oscillation period is at the spectrum where almost no wave energy is present, the natural
oscillation period is higher than the peak wave period and therefore it is concluded that the GBF is dynamically
stable.

5.3.6 Shear capacity
The environmental forces induce shear forces between the GBF and the subsoil. The subsoil has to resist these
shear force. The resistance capacity of the subsoil is given as:

Tmax = ff “ Op (26)
Where:

Tmax = Maximum shear stress capacity [kN/m?]
fr = Coefficient of friction[—] = tan(§)
6 = Angle of friction between concrete and sand [°]
g, = Ef fective normal stress under the foundation [kN /m?]

The coefficient between sand and concrete is usually between 40 and 50 degree. In this calculation the lower
bound of 40 degrees is applied. In the calculation of the effective normal stress is the partial factor for
favourable weight applied: (¥, rq» = 1.0). The total weight of the GBF is used and the buoyancy force is
subtracted from the weight to calculate the effective normal stress. The horizontal design shear stress is
calculated with:

Tg = 7 = 562 = 816? (27)

The Unity check is given as:
UC =—4— 28
Tmax/YR;h ( )

Where:

14 = Design value shear stress [N/m?]
Yr.n = Eurocode partial factor sliding (= 1.1)[—]
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In Table 5-5 the input values and the results are given. The GBF is ‘ Parameter Value Unit
stable regarding sliding. ff 0.84 [_]
o, 215 [N/mm?]
Timax 180 [N/mm?]
Tq 82 [N/mm?]
uc 0.50 [-]

Table 5-5 - Result of shear capacity calculation
for GBF with 35m diameter

5.3.7 Bearing capacity
The bearing capacity of the subsoil can be determined with the Brinch-Hansen formula. The formula to
determine the bearing capacity is as follows (Molenaar & Voorendt, 2018):

Pmax = €' NeScic + 04NgSqiq + 0,57 BegsN, sy iy (29)

The subscript q is for surcharge on the sea bottom and because next to the GBF no extra surcharge is present
this factor is equal to zero. The subscript c refers to the cohesion in the soil, because gravel and sand is present
and the cohesion of these soils is zero, these factors also can be neglected. Therefore the Brinch-Hansen
formula is reduced to:

Pmax = 0,5V Bess Ny sy iy (30)

Where:
y' = Effective volumetric weight of soil under foundation [N/m3]
B.sf = Ef fective width of foundation area [m]

N, = Bearing capacity factor [—]
s, = Shape factor[—]
i, = Inclination factor [—]

The Bearing capacity factors are given as:

N, = (N, — 1) tan(1.32¢") (31)
Where:
_ 14sin(e’) ntan(e")
Nq " 1-sin(e") € (32)

@' = Angle of internal friction [°]

The shape factor is given as:
B
s, =1-03-L 33
¥ Lois (33)
Where:
Lesr = Ef fective length of foundation [m]

Because the foundation is circular, there are some formulas needed to
estimate the effective area, length and width, see Figure 5-8.

Where Af is calculated with:

Agpp =2 (R2 arccos (%) —eVR? — ez) (34)

The width and length are given with: Figure 5-8 — Principle of effective

dimensions of a circular foundation
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be = 2(R — €) (35)

I, = 2R /1—( —;’—;)2 (36)

The effective foundation area can now be presented with a rectangle with an effective length and effective
width:

le

legr = JAesr ™, (37)
l
beff = Zf be (38)
At last the inclination factor is given:
i = (1 _ YHunfav )3 (39)
14 YV savtAesrc'-cot(ph)

Applying sand and gravel the cohesion (c")is zero and the formula for the inclination factor is reduced to:

3
. ZH'MTL av
iy = (1- ) 140)

Where:

YHynravy = Total horizontal force on foundation with unfavorable partial factor [N]
YXVray = Sumof vertical force on foundation with favorable partial factor [N]

Now all factors are known the maximum characteristic bearing capacity can be calculated:
Pmax = 0,5V'Bess Ny s, iy, (41)

After calculating the characteristic value of the bearing capacity the maximum pressure of the GBF is
calculated. The maximum vertical bearing capacity of the subsoil may not be exceeded. Therefore the
maximum vertical stress is calculated at the edge of the GBF, where the maximum stress is present. This can be
done with the following formula:

_ YVunfav |, XM

OJGBF,max - A Whs (42)
Where:
A = Area of base slab [m?]
YM = Sum of all moments [kNm]
Wy,s = Moment of resistance of base slab [m3]
Symbol Value Unit Symbol  Value Unit Symbol  Value Unit |
A 962 [m?] by 0.49 -] R 17.5 [m]
Agff 822.7 [m?] l, 34.77 [m] Sy 0.73 [-]
b, 31.0 [m] Loss 30.37 [m] YXVunfav 376735 [kN]
I 27.1 [m] N, 37.75 [—] Wy 4209 [m3]
c 0 [kN /m?] N, 40.14 [—] Y 13.5  [kN/m3]
e 2.00 [m] OGBrmax 535  [kN/m?] Q' 36 []
Hynfay 78516 [kN] Pinax 2661  [kN/m?] YM 605768  [kNm]

Table 5-6 - Values for bearing capacity
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The unity check is as follows:

UC = ZeBEmax < q (43)

p’max/yR:V

Where:

0¢srmax = Maximal ef fective foundation pressure [kN/m?]
Dmax = Maximum bearing capacity subsoil [kN /m?]
Yr.v = Eurocode partial factor on bearing capacity (= 1.4)[—]

Applying all values this results in a unity check of 0.28.

5.3.8 Rotational stability
The rotational stability can be calculated with the formula:

egr = Zgzw “heog < DZBF (44)
Where:
er = Distance from the middle of the structure to the intersection point
of the resulting force and the bottom line of the structure [m]
Y'M = Sum of the acting moments [kNm]
heog = Height of Centre of Gravity[m]
Dggr = Diameter of base slab [m]

The unity check is given as:

UC=52-<1 (45)

The result and input to calculate the unity check for the rotational stability are given in Table 5-7. The result is a
unity check of 0.83.

Parameter Value Unit

YH 78,516  [kN]
YView 206,450 [kN]
hcog 9.58 [m]
D¢pr 35 [m]
er 3.64 [m]
uc 0.83 -]

Table 5-7 - Input and results of rotational
stability for GBF with 35m diameter

48



P
<&
= DIMCO

FUDelft %
Infra Marine Contractors

University of
Technology
5.3.9 Optimal diameter for stability
All calculations have a unity check lower than one and therefore the GBF is stable. It might be that the base
slab diameter can be reduced in diameter which is cheaper, lighter and takes less space to construct. To
determine the optimal diameter the calculation is performed for various base slab diameters. The unity checks
as function of the base slab diameter are given in Figure 5-9. As it can be seen in that figure the unity checks
are all below 1 when the diameter of the base slab is 33 meter. Therefore the GBF is designed with a diameter
of 33 meter. The stability calculation is performed with the use of Matlab software, the script with all
calculated values is included in 0. The governing stability parameter is the rotational stability. When the
diameter is tried to optimize this unity check could be decreased by increasing the weight of the GBF. This is
negative for the construction, transportation and draught. Therefore this optimization is not executed.

yig Unity checks of GBF stability
L ——— T T T T T : -
\*' Unity check rotational stability
nl\\ : - ~ Unity check bearing capacity
'\ N Unity check shear capacity
\ \\\ Unity check metacentric height
\ - 9 Limit State
“\ S Stable diameter
1} ‘\\ \\\\\ |
— \\ \\_\
o3 \ o
S \ ~
5} \ ~
5 \ i
2
= =
= S \
0.5 TN 1
S
\\\
29 30 31 32 33 34 35 36

Diameter of element [m]

Figure 5-9 - Stability criteria as function of base slab diameter

With a GBF with a 33 meter diameter base slab the draught is 10.45 meter and the weight is 9157 ton.

The most important values for a GBF with a 33 meter diameter base slab are given in Table 5-8. All other values
are included in a table in 0.

Property Value Unit
Draught 10.45 [m]
Weight empty 9157 [ton]
Weight per square meter 105.03  [kN/m?]
Weight installed 44,294 [ton]
Volume of concrete 3815

[m®]

Table 5-8 - Properties of 33 meter diameter base slab
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5.4 CONSTRUCTION PLANNING

The construction time of the GBF is an important parameter because 64 GBFs must be constructed in a period
of two years. Normally a planning is created by calculating the amount of volume of materials and divide then
by the production rate. Because this GBF is not a standard structure and construction procedures are difficult
due to the height, an estimation is given of the construction times based on production times. A choice is made
for the type of formwork which is applied to cast concrete:

e Bottom slab: Traditional formwork
e  Cylindrical part: gliding formwork
e  Conical part: Traditional formwork
e Internal walls: System formwork

e Tower: Traditional formwork

Due to the large number of GBFs it is assumed that the purchase of a gliding formwork system is profitable
comparing to applying system of traditional formwork to the cylinder. The construction time is explained for
the several GBF elements:

The construction of the formwork to cast the base slab takes 3 weeks. The reinforcement can be started to
braid one week after the start of the formwork construction, this construction action also takes three weeks.
The base slab has a volume of 1454 m>. With a casting rate of 100 m>/hour, two days of concrete casting are
reserved. After a period of hardening of one week the formwork is removed what takes one week.

Then the gliding formwork system can be installed which takes two weeks, the casting procedure takes 120
hours with a gliding velocity of 0.15 m/hour. The uninstallation of the gliding formwork takes one week. Equally
to the gliding formwork the inner walls can be constructed, see the planning.

Then the cone can be constructed which is the most difficult part, due to the complex geometry. The
construction of the formwork takes 4 weeks and the steel braiding two weeks. Due to the geometry and the
large height these actions are not executed at the same time. The construction time to install the formwork at
the tower is estimated at three weeks.

The planning for the GBF is given in Figure 5-10. In total the construction of a GBF takes 25 weeks. When 64
GBFs must be constructed in two years a shorter construction time of the GBF is preferable. If the construction
planning can be reduced this has a large positive effect on the total construction time and costs.

Structural element  Concrete volume [m®]  Volume per meter height (Gliding formwork) [m*/m]
Base slab 1454 -

Outer wall 1045 61.08
Inner walls 503 -
Tower 123 9.46
Total 3125 -

Table 5-9 - Concrete volumes of circular GBF

5.4.1 Learning curve

The planning described in paragraph 5.4 is a planning without applying a learning curve. A learning curve
means that a certain construction action the first time takes longer because every construction action is ‘new’.
After executing a construction action several times the time needed decreases. In the planning of the
construction of all GBFs a learning curve of 60%-80%-100% is included, the learning curve is used in chapter 8
where the planning of the entire project is made. This means that the construction time of the first GBF must
be divided by 0.60, the second with 0.80 and the third and higher by 1.00. For the construction planning which
takes 26 weeks the first GBF is constructed in 43.33 weeks, the second GBF in 32.5 and the third and higher in
26 weeks.
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D Task  [Task Name Duration  Start Finish |01 sanuary |01 February |01 March |01 April [01 May |01 June (01 July
o  Mode 3112 [ 1401 | 2801 [ 1102 [ 2502 | 1103 [ 2503 | 0804 | 2204 [ 0605 | 2005 | 0306 | 1706 | 01-07
1 = B 0 o
2 = Formwork base slab Iwks Tue 01-01-19 Fri1801-19 |
3 2 Reinforcement base slab Iwks Tue 08-01-19 Fri2501-19 E
4 2 Casting base slab 2days Mon 28-01-19 Tue 29-01-19
5 2 Hardening concrete 3days Wed 30-01-19Fri01-02-19 6%1
[} 2 Removing formwork 1wk Mon 04-02-19 Fri 08-02-19
7 2 Preparing gliding formwork cylinder 2wks Mon 11-02-19Fri 22-02-19
g & 2 Casting/ghding formwork outer cylinder 120 hrs Fri22-02-19 Wed 27-02-19
9 2 Removing gliding formwork 1wk Thu 28-02-19 Wed 06-03-19
10 2 Applying formwork on inner cylinder and walls 2wks Mon 11-02-19Fri 22-02-19 ﬁl
11 2 Casting inner cylinder and walls 3days Mon 25-02-19Wed 27-02-19
12 2 Hardening concrete 1wk Thu 28-02-19 Wed 06-03-19
13 2 Formwork cone 3wks Thu 07-03-19 Wed 27-03-19
14 2 Reinforcement cone 2wks Thu 28-03-19 Wed 10-04-19
15 2 Casting cone 3days Thu 11-04-19 Mon 15-04-19
16 2 Remove formwork cone 3wks Tue 16-04-19 Mon 06-05-19
17 2 Hardening concrete 1wk Tue 07-05-19 Mon 13-05-19
18 2 Formwork tower Jwks Tue 14-05-19 Mon 03-06-19
19 2 Reinforcement tower 1wk Tue 4-06-19 Mon 10-06-19
20 2 Casting tower 1day Tue 11-06-19 Tue 11-06-19
2 2 Removing formwork 2wks Wed 12-06-19Tue 25-06-19

Figure 5-10 - Construction planning circular GBF
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5.5 CONCLUSION MATERIALEFFICIENT GBF DESIGN

The design of the GBF from a reference project is used for the design of the structural elements. In this chapter
the external stability is calculated for the following phenomena:

e Shear capacity

e Bearing capacity

e Rotational stability

e  Static floating stability

e Dynamic floating stability

To design the most materialefficient GBF all stability criteria are calculated for various base slab diameters. This
chapter includes an example calculation for a base slab of 35 meter. This diameter seems to be too large and
can be decreased. By plotting the stability criteria as a unity check against the base slab diameter it is
concluded that a minimal diameter of 33 meter fulfills all requirements.

The construction planning is created and a construction period of 26 weeks is needed to construct one GBF.
With a construction period of 26 weeks the first GBF is constructed in 43.33 weeks, the second in 32.5 and the
third in 26 weeks. At each construction area just three GBFs can be constructed in 2 years. This means that
there are 22 construction locations needed which need a lot of area. Therefore it is decided that the
construction time is too large period and it is chosen to follow the “Yes”-direction in the design method. In the
next chapter the design is adapted to create a better constructability and decrease of the construction time.
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Chapter 6:  ADAPTED GBF DESIGN

In this chapter the design of the GBFs is adapted. Due to the relatively long construction time of the GBFs an
alternative design is made what is less materialefficient but has a better constructability and therefore a
shorter construction time. In Figure 6-1 it is indicated in which phase of the design method this chapter is
placed. The previous chapter describes a relatively large construction time for the GBFs and therefore the Yes-
direction is followed to the design phase: Adapt design to change requirements. In this chapter the same holds
as for the previous, due to the expertise of a design expert only one alternative is designed. Therefore the
evaluation phase is very short due to one solution.

Initiative: GBF project on commercial scale

Demand: Construct and install X GBFs in X time

Project-characteristics,

Design material efficient GBF
Construction time is relatively large?

Yes Always keep as option

Adapt design to change properties as Continue with material efficient design

construction time, draught, dimensions

GBF-properties

Transportation/construction method GBF:
Applicable transnortation method in decision matrix?

Develop new method: Choose best applicable method
Method is abplicable? Applicable method is too exnensive?

Construction of GBFs:
Number of GBFs large enough for production line?

No

Design production line Construct on one location

Free choice of

construction Construction planning:

? . . . o
cliel Demand of X GBFs in X time on construction area realistic?

Select applicable construction area

Design (temporary) structures for transportation:
(Temporary) structures are constructible?

Cost calculation:
Is transportation method profitable?

Yes

Project execution

Figure 6-1 — Chapter 6 indicated in design method
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6.1 PROBLEMATIC CONSTRUCTION ELEMENTS IN ORIGINAL DESIGN

For the composed case study 64 GBFs have to be constructed in two years. This means that a high production
rate of GBFs is necessary. Because construction time is the most important parameter in the production
process, the constructability of the GBFs is very important. The GBF design given in paragraph 5.3 has two
difficult construction parts:

e  Conical part:
The conical part is a difficult part to construct because of Towe

the complex geometry. The geometry of the conical part
is difficult to construct formwork, which is generally

done with traditional formwork, and to cast. The conical // \\

part has a curved geometry and formwork is hard to yd :

apply on curved geometries. The formwork must be ) / Cone \\
applied on a large height, this makes the formwork /,/ ‘\_

construction more difficult what increases the
construction time and is more dangerous for workmen.

e Tower: Cylinder
The tower is also a difficult part to construct. A gliding
formwork is difficult to place because this is at a height
of 34 meter above the ground. Traditional formwork is a
solution but either this placement is difficult at this
heights.

Bottom slab
Figure 6-2 - Elements of GBF

Due to these difficulties the construction time of a GBF is large. To decrease the construction time, the design
of the GBF could be adapted for a better constructability.

6.2 PROGRAM OF REQUIREMENTS CONSTRUCTION METHOD

To do some adaptions on the design of the GBF the following program of requirements is given:

e The conical part must be replaced or adapted to improve the constructability and decrease the risk on
delay due to complex construction geometry.

e The tower part must be adapted to improve constructability and to reduce the risk on delay of the
construction of the GBF.

As a sub-requirement the following requirement is given:

e The risks for human injury due to construction actions on large height must be mitigated.

6.3 STARTING POINTS

The GBF design is adapted in cooperation with some design experts of DIMCO. The conical element and the
tower are very difficult to apply formwork on and to cast concrete. The large height where the construction
activities must be executed causes longer execution times and large risks for workmen. The most important
changes on the GBF design are:

- The base of the GBF is made hexagonal
- Twelve prefabricated plates are casted to construct the conical part
- Theinner cylinder and the tower are constructed as one concrete element.

The geometrical adaptions of the design are given in Figure 6-3. The conical part is replaced by twelve plates to
close the transition between the outer walls and the tower of the GBF. Plates to close the transitional part are
prefabricated and placed by land based cranes. Two connections are designed to connect these plates to the
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GBF. A concrete ring connection is designed to connect the plates with the inner cylinder, see Figure 6-4. On
the other side the plate is connected to the outer walls by a post-tensioned connection, see Figure 6-5. This is
only a design principle and no calculations for the strength of this connection are performed. Due to the
adaptions the stability must be recalculated to determine the outside dimensions and the weight of the GBF.

L Der L
1 Derz325 | 650 | Dazazs |
A | Gl 1

™

 — — f

13.00
J.O
o
S

1518

47.00

'(  Ballast sand
0.60 (with immersing)

18.81

)

Zpl ) . | ssoL
Hexagonal GBF Cross-section A-A

1.10

3

Cross-section B-B
Figure 6-3 - Adapted design for better constructability

[ Post-tensioned connection

Concrete ring to fix the plates

d

» BN

Figure 6-4 — Principle of ring connection Detail A ) o ) )
Figure 6-5 — Principle of post-tensioned connection
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Because the hexagonal bottom slab not really has a diameter, Figure
6-6 is used for the definition of dimensions. The diameter is defined
as the distance 2R. To ensure stability in the transporting phase and
installed phase similar calculations as in chapter 5 are performed.
Some minor adaptions are present in the calculation of the stability.
These adaptions are for example the formulas for base slab area,
concrete volume and other geometrical changes. These adaptations
are included in the Matlab script in 0.

6.4 OPTIMAL DIAMETER

The unity checks to determine the stability of the element are plotted
as function of the diameter (2R).To ensure stability of the adapted
design the stability criteria as described in 5.2 are used. The result in

Delft
e t University of
Technology

Figure 6-6 - Dimensions of hexagon

Figure 6-7 where the unity checks are plotted against the diameter is used to determine the minimal diameter
of the GBF which is 37.5 meter. Because the geometry is hexagonal the horizontal forces induced by the flow
and waves is larger, therefore some reserve capacity is included for this unknown increase in horizontal force.
The stability calculation is performed with the use of Matlab software, the script is included in 0.

Unity checks of GBF stability

Unity check []

o
o
=

Unity check rotational stability
Unity check bearing capacity
Unity check shear capacity
Unity check metacentric height
Limit State

Stable diameter

33 34 35 36

37

38 39 40

Diameter of element [m]

Figure 6-7 - Stability determination of hexagonal GBF by using unity checks for varying base slab diameter

A check on the dynamic stability is performed to ensure also dynamic stability. The metacentric height is 6.92
meter and the polar moment of inertia is 242,233 m"”. This results in a natural oscillation period of 11.93
seconds. In that region little wave energy is present and the GBF is dynamically stable.

The most important design values for a hexagonal GBF with a diameter of 37.5 meter are given in Table 6-1.
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Property hexagonal GBF  Circular GBF Unit
Draught 11.21 10.45 [m]
Weight 10,495 9157 [ton]
Weight per square meter 112.7 105.03 [kN /m3]
Volume of concrete 4373 3815 [m3]
Weight of plate 163 - [ton]

Table 6-1 - Parameters hexagonal GBF design with a diameter of 37.5 meter and circular GBF with diameter of 33 meter

A visual comparison between the hexagonal with a diameter of 37.5

meter and a circular GBF with a diameter of 33 meter is given in Figure
6-8. The hexagonal base slab needs a large foundation area, this is due
to the less efficient geometry regarding stability. Another reason is the
slightly higher center of gravity due to the tower which is constructed )
from base slab to the top. f ¥ >\

37,5

Because the construction and transportation method interact with
each other no decision is made on the circular or hexagonal design. At
chapter 7 the most optimal combination is chosen.

6.5 CONSTRUCTION PLANNING S~

A choice is made for the type of formwork which is applied to cast
concrete:

Figure 6-8 - Hexagonal and circular base slab

e Bottom slab: Traditional formwork
e  Cylindrical part: Gliding formwork
e Internal walls: System formwork

e Internal cylinder: Gliding formwork

Due to the large number of GBFs it is assumed that the purchase of a couple of gliding formworks is profitable
comparing to applying system of traditional formwork. The amount of reinforcement steel is calculated using
175 kg/m”>.

Structural Volume of concrete Volume per meter height

element [m?] (Gliding formwork) [m3/m] Steel [kl
Base slab 1553 - 271,775
Outer wall 1137 66.45 198,975
Inner walls 447 - 78,225
Inner cylinder 426.9 9.42 74,708
Total 4373 - 623,683

The following starting points are used to create a planning:

e Concrete casting: 100 m>/hour
e Gliding formwork: 15 cm/hour

The first step is to construct the base slab. The formwork is applied and this takes 3 weeks. After the first week
the reinforcement is started to braid and takes 3 weeks. The base slab has a volume of 1553 m3, therefore the
casting is performed in two days. After three days of hardening the concrete has a compressive strength of
36.5 N/mm2 and then the preparation of the gliding formwork is applied. The compressive strength in time can
be calculated according the formulas given in Annex G. The preparation of the formwork takes one week for
the internal cylinder and two weeks for the outer cylinder. The casting has a vertical speed of 15 cm/hour
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which is a concrete usage for the outer walls 10.0 ms/hour and for the inner cylinder 1.4 m3/hour. With the
speed of 15 cm/hour the outer cylinder is casted in 5 days and the inner cylinder in 14 days. The removing of
the formwork requires for both gliding formworks 7 days. Then again a hardening period of 7 days is
implemented before the internal walls are placed. The placement of these internal walls is done by system
formwork. The system formwork is lifted over the outer cylinder and placed. The six walls are casted and this
will take 21 days. The planning is included in Figure 6-9.

Then the GBF is finished and can be transported into the water. The total planning for constructing a GBF takes
19 weeks and 1 week is reserved to transport the GBF and restore the area for the next one, so 20 weeks is
used.
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1D Task  [Task Name Duration tart Finish Predecessors ResourceNames [amber [1 January [21 February [11 April [1 June
8 |Mode 2611 (172 | 711 [ 281 [ 182 [ 113 | 14 [ 224 [ 135 | 36
1 w5 BF Co o, i
2 =, Formwork base slab 3wks Tue 1-1-19  Fri 18-1-19
3 =, Reinforcement base slab 3wks Tue 8-1-19 Fri25-1-19 2F5-2wks
4 =, Casting base slab 2days Mon 28-1-19 Tue 29-1-19 3
5 =, Hardening conaete 3days Wed 30-1-19Fri 1-2-19 4
6 =, Removing formwork 1wk Mon4-2-19 Frig219 5
7 =, Preparing gliding formwork cylinder 2 wks Mon 11-2-19 Fri 22-2-19 &
8 =, Preparing gliding formwork inner cylinder 1 wk Mon11-2-19 Fri 15-2-19 &
9 % =, Casting/gliding formwork outer cylinder 120hrs Fri 22-2-19 Wed 27-2-197
10 =, Removing gliding formwork 1wk Thu 28-2-19 Wed 6-3-19 9
11 % =, Casting/gliding formwork inner cylinder 336 hrs Fril15-2-19 Fril-319 8
12 = Removing gliding formwork 1wk Mon4-3-19 Frig-319 11
13 = Hardening concrete 1wk Mon 11-3-19 Fri 15-3-19 12;10 q
14 =, Internal walls 3wks Mon18-3-19 Fri5-4-19 13 i
15 = Placing plates 1wk Mon §-4-19 Fri12-4-19 14 q
16 = Seal plate joints 2wks Mon 15-4-19 Fri 26-4-19 15 q
17 = Connection outer cylinder-plates 2wks Mon 29-4-19 Fri 10-5-19 16 %
18 =, Upper ring concrele 2 wks Mon 6-5-19 Fri 17-5-19 17FS-1wk ]

Figure 6-9 - Construction planning of GBF
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6.6 CONCLUSION HEXAGONAL DESIGN
Regarding the two construction plannings given in Figure 5-10 and Figure 6-9 the following results are
obtained:

e  With the hexagonal GBF design no traditional formwork is needed to construct the cone. With the
circular GBF design this formwork must be applied by workmen at large height.

e The tower part is constructed with a gliding formwork, this reduces the construction actions on large
height.

e The construction time of a hexagonal GBF design reduce the construction time with 6 weeks (23%) per
GBF.

e The amount of material needed is approximately 558m> (13%) more for the hexagonal design.

Because the construction and transportation are not independent on each other a choice can be made for the
design for developing a new transportation method. The best combination of construction method and
transportation method is developed in the next chapter where the next 3 design method steps are considered.
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Chapter 7: TRANSPORTATION AND CONSTRUCTION METHOD

Technology

With the design of two different GBF designs in chapter 5 and chapter 6 we end up with one design which is

the most materialefficient and the other one which has a better constructability and therefore a smaller

construction time. Now the question is how the GBFs can be constructed and can be transported from the quay

wall into water. In the design method this is indicated in Figure 7-1 in blue. The GBF-properties which are
described in chapter 5 and 6 are used as input to design the most optimal construction and transportation
method. Because for this chapter more solutions are present the full secondary design method is applied.

Initiative: GBF project on commercial scale

Demand: Construct and install X GBFs in X time

Project-characteristics,

Design material efficient GBF
Construction time is relatively large?

Yes Always keep as option

Adapt design to change properties as Continue with material efficient design
construction time, draught, dimensions,

GBF-properties
Transportation/construction method GBF:
Applicable transportation method in decision matrix?

Yes

Choose best applicable method

Develop new method:
Applicable method is too expensive?

Method is applicable?

Construction of GBFs:
Number of GBFs large enough for production line?

Design production line Construct on one location

Free choice of
construction
area?

Construction planning:
Demand of X GBFs in X time on construction area realistic?

Select applicable construction

Design (temporary) structures for transportation:
(Temporary) structures are constructible?

Cost calculation:
Is transportation method profitable?

Yes

Project execution

Figure 7-1 — Chapter 7 indicated in design method
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After designing the GBF and develop the construction method of the GBFs the transportation method must be
chosen to transport the GBFs from the quay wall into the water. In this chapter first the characteristics of the
case study and GBF design are applied on the decision matrix and a cost estimation is performed. Then an
alternative transportation method is designed for which a brainstorm session is executed. At the end of the
chapter the most appropriate transportation method is chosen.

7.1 APPLYING THE DECISION MATRIX

In paragraph 2.4 at page 13 the main transportation methods are given for transportation on land and from
land into water. In this chapter also the decision matrix is given which is developed in Annex A. With the
construction of GBFs for offshore wind turbines at commercial scale the decision matrix can be used to check
which construction and transportation methods could be applicable. The project characteristics of an offshore
wind farm on commercial scale are as follows:

e Dimensions of GBF: <50x50m

e Draught of GBF: >10m

e  Weight: 5000-15,000 ton

e Number of elements: >20

e Level of existing infrastructure: High

Applying these project characteristics the table can be reduced as displayed in Table 7-1. The project
characteristics are indicated with red circles.

50x50 - ,000- ) )
60)(@ 150075 | 15075 [ <5 | 5-10 <5,000 65’000} >15,000 | <10 | 1020 | >20 ) Little ( High )
e e B 3 i A i 8 - A I - i s
Casting-hasin ¥ V4 ¥ ¥ Yo t— ¥ ¥ e B
Synerolift 4 ¥ ¥ . &R ¥ ¥ . A4 A SV AN EY 4
Semi-submersibl
emt i‘;;:“' | ¥ v v v | Y v 4 4 v | ¥ Y| Y| Y —
Dry-dock ¥ ¥ ¥ ¥ W1~ ¥ ¥ VAR EEVANE " AN AN
Floating deck V2 Y Al VA | ¥ VA EARR A
Building on 7 v i Wl s v v 7 4 V4
pontoons v 5 - - = - W1 - —
Land-based-erane 4 S e N AR AN N A B 4 e £ VAR B ALY 4
{—Heavyliftvessel ~ > S VAR AR A R 4 » e S e

(1): Depends on available dimensions of sluices in the proximity

Table 7-1 - Decision matrix applied on project with GBF

Because the decision matrix could have some exceptions some remarks are made to each construction
method.

e  Factory:
A factory with the use of one or two basins is not applicable due to the large draught of the element.
The basins will have very long slopes and therefore need a large area which is not present at the port.
Built a factory in the neighbourhood may cause problems with the available draught. Often the water
level outside the factory basins is insufficient, a water depth of more than 10 meter occurs not often
close to the border of a water body.

e  (Casting basin:
The option of a casting basin is not applicable because of the large depth and therefore a large area is
needed. Because of the high number of elements several batches are needed and this will increase the
cost rapidly. Often the water level outside the basin is insufficient, a water depth of more than 10
meter occurs not often close at the water line.
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e Syncrolift:
The syncrolift is not applicable without adaptations because the draught of the element is large. The
construction site is at the REBO Offshore Terminal where the guaranteed depth in front of the quay
wall is 8 meter. Due to the tide the construction of a syncrolift could be possible but the channel must
be deepened and a check must be performed to ensure stability for the existing quay walls. Also an
analysis on the water levels must be performed to check if the water depth is sufficient in a certain
time period. A main disadvantage is a fixed construction in front of the quay wall. Therefore this
option is excluded and is not feasible.

e Semi-submersible vessel:
As indicated in the decision matrix the use of a semi-submersible vessel is possible. Due to the large
number of elements and the timeframe of the project the costs for the semi-submersible vessel are
large.

e Drydock:
The draught of the elements is too large for the majority of the dry docks. Only 25% of the dry docks
available worldwide have a draught of 12 meter or larger, see Figure A-20 in Annex A. A second note is
the number of elements. With the use of a dry dock several batches are needed and this will increase
the time and the cost needed to construct the GBFs.

e  Floating dock:
A floating dock is an option to execute the project. However, due to the large number of elements
several batches are needed and the costs of a floating dock are high. This option seems not to be cost-
efficient.

e Building on pontoons:
Constructing the GBFs on pontoons seems to be impractical. 64 GBFs are needed and therefore a large
number of pontoons and area at the port are needed.

e Land based crane:
The use of a land based crane to lift the GBF from the quay wall into the water is impossible due to the
large weight. Obviously land based cranes can be used to lift smaller elements of a caisson in the
construction method.

e  Heavy lift vessel:
The use of a heavy lift vessel is possible but there are only two heavy lift vessels in the world which
can lift the GBFs, see Figure A-14 in Annex A. Due to the large number of elements the timeframe
when a heavy lift vessel is needed is very large and this will increase the cost to a very high level.

The use of a semi-submersible vessel seems to be the only transportation methods possible. At a reference
project of the Tuas port expansion, described in Annex A this solution is also chosen where the caisson
properties are quite similar. The GBFs are constructed on the quay wall and can be transported to the semi-
submersible vessel, which is berthed at the quay wall. A relatively small semi-submersible vessel could be used
to submerge the GBFs due to the relatively small dimensions to other caisson types. However due to the large
draught a lot of small semi-submersible vessels are not applicable which increases the cost.

There are two possibilities for executing the transportation method with a semi-submersible vessel with a
production of a large number of GBFs:

e Storage area at construction area
e  Storage area in water
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Storage area at construction area

The costs for renting a semi-submersible for a GBF with a diameter of around 35 meter and a draught of 11.2
meter are 20,000 €/day, see Table 7-2. This is excluding operational costs and these must be added to calculate
the total cost per day. A technical document of the applicable semi-submersible vessel is included in Annex I.
With the requirement of installing the offshore wind farm in two years the following estimation is done:

e  Rental period of two full timeframes from 1 April till 1 October (install window)
e  Preparation works on vessel of 20 days per timeframe
e Removing works on vessel of 20 days per timeframe

In total the renting days of the semi-submersible vessel are:
Arent = drent,yearl + drent,yearz = (20 + 183 + 20) + (20 + 183 + 20) = 446 days (46)
Where:

Arentyear1 = Total rental days for installation window 1 [days]
drentyearz = Total rental days for installation window 2 [days]

The costs of renting a semi-submersible vessel consist of several cost items. In Table 7-2 the rental costs for a
semi-submersible vessel are estimated. Because the mobilization costs are unknown because the rental firma is
not known these costs are not included.

2 2
= (=g
o (]
[} (']
[] [=]
- -
< <

Rental cost ! giir;" €20000 (PErday) 446 (days) € 8,920,000
Crew cost Project 1 (men) €30 (per 3568 (hours) € 285,440
manager hour)
Engineer 1 (men) €70 (per 3568 (hours) € 249,760
hour)
Deckhand 2  (men) €30 (per 3568 (hours) € 214,080
hour)
General 2 (per- (per - -
preparatory iods) €100,000 period) € 200,000
works
Mamtena‘\nce €1500 (per day) 446 (days) € 669,000
and repair
Total € 10,538,280
Total €23,628
per day

Table 7-2 - Cost estimation semi-submersible vessel with storage area at construction site
The result is a total cost of 10.5 million euro to use a semi-submersible vessel.
Construction area in the water

Because of the large number of GBFs and the large area needed, is it presumable that the storage area must be
designed in the water. In this case the semi-submersible vessels must be rented a longer period. It is assumed
that the semi-submersible is in operation from that the first hexagonal GBF is constructed, which is the upper
limit for renting the semi-submersible vessel. The construction of the hexagonal GBF takes 20 weeks.

drent = drent,yearl + drent,yearz = (365 —20- 7) + (365) =590 days (47)
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The costs of renting a semi-submersible vessel by using a storage area in the water are shown in
Table 7-3. The total costs are in this case 13.8 million euro.

o
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< <

Rental cost . gebr)nl €20,000 (Perday) 590 (days) € 11,800,000
Crew cost Project 1 (men) €30 (per 4720 (hours) €377,600
manager hour)
Engineer 1 (men) €70 (per 4720 (hours) £ 330,400
hour)
Deckhand 2  (men) €30 (per 4720  (hours) € 283,200
hour)
General 1 (per- (per - -
preparatory iods) € 100,000 period) € 100,000
works
Mamten:;'\nce €1500 (per day) 590 (days) € 885,000
and repair
Total € 13,776,200
Total €23,349
per day

Table 7-3 - Cost estimation semi-submersible vessel with storage area in water

The total costs are 10.5 or 13.8 million euro depending on the storage area location. This is a large
amount of money and therefore it is tried to found an alternative transportation method to transport
the GBFs from land into water is developed.

7.2 PROGRAM OF REQUIREMENTS

Because the solution with a semi-submersible vessel is in first instance rejected a new method is developed. To
develop a new method to construct and transport the GBFs from land into water the following requirements
are formulated:

e The construction of eventual (temporary) structures which able the transportation must be
constructible and may not have a large impact on the surroundings: harbor, shipping traffic, no
exceptional noise level and small amount of air pollution, small area use.

e The amount of material use of the (temporary) construction must be as low as possible

e The reusability of the (temporary) construction or materials is a positive aspect.

e [tis desirable to leave the area in the original state after the execution of the project.

e The required space on the construction area to construct and transport the GBFs must be kept as low
as possible.

e The transportation method is applicable to more type of caissons, when this is the case the flexibility
for other caisson projects can reduce costs on comparable projects. The transportation structure can
be used multiple times and the cost of construction can be divided on several projects.

e The transportation phase from land into the water may not take longer than the production rate of
the GBFs.

e The risk of toppling over or falling down of a GBF during the transportation is not acceptable. This
could cause injury and delay of the construction and transportation method.

e The availability of the transportation method must be high. The availability could depend on
environmental factors as wind and high waves. Also during winter the executing of the transportation
may go on if a storage area is used. With a low availability risks on delay are present.
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With these requirements the evaluation of the different methods is performed by using a multi-criteria
analysis. Because the construction and transportation is not fully apart from each other the possibility to do
some minor adaptations on the construction method are possible.

7.3 BRAINSTORM SESSION

Because the majority of the construction and transportation methods of Table 7-1 are not applicable and a
semi-submersible vessel is expensive to use, a brainstorm session was organized to develop a new construction
and transportation method. The results are five ideas to construct GBFs and transport them from land into
water. For each method a choice is made to use the circular or hexagonal design. In this paragraph the ideas
from the brainstorm session are described. Five main methods come out from the brainstorm session and
these methods are described with the use of some basic drawings and description.

Methods:

1) Slipway

2) Prefab fabrication method

3) Prefab fabrication on quay wall, completion on water
4) Construct GBF on quay wall and lift it with portal crane
5) Immersion structure

On the next pages a description of each method is given with some basic drawings, dimensions and quantities
are a first estimation and will change in all probability.
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7.3.1 Method 1: Slipway

The first method uses a slipway to transport the GBFs from land into water. On the quay wall a number of
locations are chosen to construct the hexagonal GBFs. The hexagonal design is chosen because of the less
construction time and the lower risks on delay. The GBFs are built on a plateau that is placed on several
skidding beams. On the quay wall a network of skidding beams is installed to transport the GBFs to the slipway,
see Figure 7-2. On this slipway a platform is constructed to keep the GBF vertically, see Figure 7-3. The platform
is moved into the water and when sufficient depth is available the GBF will float and can be towed to the
immersion location. The number of building locations depends on the planning and the required amount of
constructed GBFs per week.

g \5 /!;0,. ity | "

800,

'Drllfﬂ

/}7},’,’7  REBO

o r. f :-0:“; .l. .... ....'.l.. OffShore
oI f l!{{.{! flﬂl site
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| -
Figure 7-2 - Top view method 1

+7.30m LAT
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d
—

Figure 7-3 - Cross-section A-A Method 1
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7.3.2 Method 2: Prefabrication method

In the prefabrication method the GBF is divided in four elements. The circular design is chosen because this
design is more material efficient and the parts are prefabricated on multiple locations and now the conical part
and tower do not have to be constructed on large heights. These parts are constructed on the quay wall and
are connected to each other in a later stage, while floating in the Zeewezendok.

The GBFs are built in four pieces on the quay wall as can be seen in Figure 7-4:

e  Bottom slab with short cylindrical part (grey)
e  Cylindrical part and internal walls (blue)

e Conical part (green)

e Tower (red)

On the bottom slab a cylindrical part is constructed to create enough buoyancy
to float when this part is lifted into the water. When this part is lifted in the
water a second piece, the remainder cylindrical part and internal walls is
installed on the bottom slab. Then the GBF is towed to the second location in
the Zeewezendok where the conical part is lifted on the GBF. At last the GBF is
towed to the third location where the tower is fixed on the GBF. The GBF now
can be towed to the immersion location or to a storage location.

Figure 7-4 - Construction parts
With this construction method the GBF can be lifted in different parts to reduce in production line

the lifting capacity of the equipment and the capacity of the storage area and
quay walls of the REBO Offshore Site.
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Figure 7-5 — Top view method 2

.
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7.3.3 Method 3: Prefabrication on quay wall, completion on water

For this method the circular design is chosen because the weight of the plates to close the hexagonal GBF is too
large to lift from the quay wall onto the GBFs in the water. The horizontal distance is too large to fulfil the
lifting action with usual equipment.

The production of the bottom slab, with a part of the cylindrical part is indicated in Figure 7-6. After
constructing the bottom slab it is transported by skidding beams to the portal crane where the elements are
lifted and placed in the water where they float. The elements are completed on water where formwork is
applied and concrete is casted. Within this method there are two options of execution:

- Method 3a:
The minimal height of the cylindrical part is calculated to make it possible to immerse the GBF in the
Zeewezendok. The top of the cylindrical part must be higher than the highest water level. The
immersion is done to stabilize the element that it is fixed and will not sway and move. The working
activities, like concrete casting are easier to execute when the element is not moving. When the GBF
construction is finished the ballast is pumped out of the GBF and it is transported to the final
immersion location.

- Method 3b:
The cylindrical part is just set to make it possible to generate sufficient buoyancy. The element is
floating and the further construction is executed. This saves costs for placing a gravel bed in the

Zeewezendok.

Offshore
site

604
vonbl L.

Figure 7-6 - Top view method 3
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7.3.4 Method 4: Construct GBF on quay wall, lift action with portal crane

The GBFs are completely built on a platform on the skidding beams at the storage area. The GBFs are built
according the hexagonal design to reduce the construction time. The GBFs are transported by the skidding
beams to the portal crane. The portal crane lifts the GBF to the Zeewezendok, see Figure 7-7, Figure 7-8 and

Figure 7-9. From there the GBF is towed to the final location.

2,

Figure 7-7 - Top view method 4

+7.30m LAT

+7.30m|LAT

-8.00m LAT |

Figure 7-8 - View A-A method 4
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+7.30m LAT

N

-LAT

-8.0m LAT

N

Figure 7-9 - Cross-section BB method 4

7.3.5 Method 5: Immersion platform

The GBFs are constructed on platforms on skidding beams. A choice is made to use the hexagonal design for a
better constructability and lower construction time. When a GBF is fully constructed it is transported by
skidding beams to the immersion platform. This platform is able to bear the deadweight of the GBF and can be
immersed. The available depth at the quay walls is -8.0m LAT and therefore a deepening as displayed in Figure
7-11 might be needed. When the GBF floats above the immersion platform it can be towed to the immersion

location at sea.

ruise
Figure 7-10 - Top view method 5
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-8.00m | AT

Figure 7-11 - Cross-section A-A method 5

Lower bed to create sufficient draught
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7.4 APPLICABILITY OF THE NEW METHODS zEEWszg\’,\
Do i ‘.,

The simulation phase is executed in this paragraph, the proposed K S,
methods from the brainstorm session are reviewed. The main '
question is if the proposed methods are feasible and could comply
with the demands and boundary conditions.

34

REBO
Offshore
For each method a short simulation is given. In each simulation the sl ) site
main functions of the transport process and some constructive o=

elements are given to determine the constructability. Figure 7-12 - Top view method 1

7.4.1 Method 1: Slipway

For this method two main transport actions are present, the transport on land by skidding beams and the
transport from land to the water with a slipway construction, see Figure 7-12. The transport on land is
executed with skidding beams, the main properties are described in paragraph 2.4.1.2 on page 14. The slipway
construction with the main properties is described in this paragraph.

7.4.1.1 Slipway construction

The slipway construction is displayed in Figure 7-13. The most important parameter of the slipway construction
is the length of the construction. The shorter the length of the slipway the less cost the construction has and
the less impact this construction has on the port activities.

The angle of the slipway must be as large as possible but then the platform to keep the GBF vertically will be
higher, see Figure 7-13.

LI *atform

i\

-8.00m LAT

Figure 7-13 - Dimensions slipway platform

Due to the limited water depth the angle of the slipway HEIght Of S|ipwav
construction could not be too large. A minimal draught of platform

11.21 meter is needed. To comply with 3 GBFs immersing
a week the probability that the GBF will float from the 12
platform with high water must be 20%. As can be seen 10
from Figure 4-13 on page 31 this is a water height of
+5.15m LAT. This gives a total available water depth of
13.15 meter. Subtracting the minimal draught plus 0.5
meter keel clearance the result is 1.44 meter. In Figure
7-14 the height of the slipway platform is plotted
according the formula:

Platform height [m]

o N b O

0 5 10 15 20
leatform = Lplatform . tan(x) (48) Angle of slipway [degree]

Figure 7-14 - Height of slipway platform with L=40m
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Rewriting the formula the maximum angle can be determined and is 2.1 degrees. Now the length of the whole
slipway construction can be determined and is 326 meter.

The forces on the slipway construction are indicated in Figure 7-15. With a GBF weight of around 10,000 tons
the angle has a large influence on the parallel force on the slipway. With an angle of 2.1 degrees as calculated
above this result in a parallel force of 3.6 MN.

Another option could be to construct the slipway further under water that the top of the platform is at the
bottom level and a much smaller slipway construction is needed. In that case a large deepening in the port is
needed and the constructability decreases. The forces on the rail of the slipway platform also increase, see
Figure 7-15. Another problem is that with a larger angle the platform height also increases and the depth of the
deepened part also, which cause rise in costs and sediment problems. The deepened part will be filled with
sediment transport. This option seems not feasible and is therefore not seen as an option further in this report.

To construct this slipway construction there are some difficulties. The construction causes a lot of hinder in the
port of Oostende. Due to the large dimensions there are a lot of sheet piles needed and the risk of a ship
collision on the construction pit is very high because the construction pit is in the middle of the turning circle of
the port. The slipway is at least 326 meter long and therefore the construction of the slipway is a difficult

operation.
,
F N=GOS b()*F GBF f_ﬁ

LAT

= /j: .=l QO e N

Foe
21

-8.00m LAT

Figure 7-15 - Forces on the slipway construction
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7.4.2 Method 2: Prefabrication method
In this method the GBFs are produced in four different elements. The original design is used because the cone
production in this method causes no major problems.

7.4.2.1 Construction of GBF element
In the prefabrication method the GBF is divided in four
elements:

e Bottom slab + part of cylinder
e  Cylindrical part
e  Conical part

e Tower
. 45.0 Offshore C A i
These four elements are built on the REBO area see . site O prodeq, M
Figure 7-16. The weights of these parts are given in aze “\iwi’igcﬁo,, o
Table 7-4. The first part is constructed till a height of 6  ise \Eﬁ\\\ L[/v/ o,

meter, one meter freeboard is available to avoid that Figure 7-16 — Top view prefabrication method
water from waves flow in the GBF. The weight of the GBF till a height of 6 meter is, exclusive internal walls and
internal cylinder, 4120 ton. With four hoisting points this is 10104 kN per hoisting point.

\ Part Weight (D=33m) [ton]

Bottom slab 4120

Cylindrical part with internal walls 3645
Conical part 1728

Tower 294

Table 7-4 - Weights of GBF-parts

These concrete elements can be built with several techniques, for each part the most applicable techniques are
chosen:

e  Bottom slab: Traditional formwork

e  Cylindrical part: Gliding formwork

e  Conical part: Mall or traditional formwork
e Tower: Gliding formwork

Before estimating the construction times for the elements on the REBO site the area in the Zeewezendok is
considered. The length of the dock is 250 meter long, therefore a maximum of 4 GBFs is assumed to be
simultaneously in the dock. With a demand of 64 GBFs in two years a production rate of 0.6 GBFs per week is
needed. This means that construction action in the Zeewezendok may not take longer than 1.67 weeks.
Because climbing formworks on water has to be installed, used and removed this is hard to achieve.

7.4.2.2 Portal crane

With the weight, displayed in Table 7-4, the capacities of the two portal cranes and the land based cranes can
be determined. The Portal cranes are modeled with the scheme, given in Figure 7-17 till Figure 7-20, the units
are kilonewton and meters. Only the portal crane which lifts the base slab with the cylindrical part is displayed
because this portal crane must lift the largest load. If this method appears to be the best method also the other
cranes are worked-out.
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Figure 7-17 - Geometry of portal crane
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Figure 7-19 - Forces on foundation portal crane

Figure 7-20 - Moment line portal crane
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7.4.2.3 Land based cranes

The weight of the tower is very large for land-based cranes. The Demag AC 650 is one of the largest common
All-Terrain cranes and has a capacity of 650 tons. However, this capacity is reached when the load is nearby the
crane. The lifting capacities of this crane are displayed in Figure 7-21. To lift the tower on the GBF a minimal
horizontal range of 20 meter is assumed at a height of 15 meters. The lifting capacity is around 100 ton and this
is only one-third of the weight of the tower part. Lifting the tower on the GBF is therefore seen as impractical
with land based cranes.
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Figure 7-21 - Capacities and working range of Demag AC 650 (peinemann.nl)
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7.4.3 Method 3: Prefabrication on quay wall, completion on water
In this method the construction of the bottom
slab with a certain height of the cylindrical part ~
are prefabricated on the quay wall. When the ZEEWE
prefabricated part is constructed it is skidded to S
the portal crane where the GBF is lifted into the
water.

/
REBO /¥

7.4.3.1 Construction of GBF element P Ohtshare &
site
In this method two options are present to execute 603 ~——_ Q.,’,am«
. ‘\\ e "’

the construction of the GBFs. The GBF can be e o ﬁL (S
lifted into the water where the GBF is constructed fuhal \6,74 B / f’L;’ o

S . Lo . % \iﬁeo\gg.a\o&/v
while itis floatln.g.-Thc-e other (.)ptlon is to immerse ' VOORHA\/:.. o
the GBF and to finish it when it stands on the Figure 7-22 — Top view method 3

bottom. These methods are named method 3a
and method 3b.

e Method 3a:
The prefabricated part of the GBF must be constructed till a height that one meter freeboard is
available in the floating phase to avoid that water is coming in the GBF from waves. This is a
construction height of around 6 meter.

e Method 3b:
The prefabricated part of the GBF must be constructed till a height that one meter freeboard is
available when this element is immersed, in other words: The height of the element must be larger
than the highest water level plus one meter. The highest water level is at +6m LAT see Figure 4-13 at
paragraph 4.2.1.2.1. With a bottom level at -8m LAT the height of the element must be 15 meter.
Because the cylindrical part ends at a level of 18.81 meter the choice is made to construct the GBF till
18.81 meter. To stop 3.81 meter before the end of the cylindrical part, lift it into the water and install
the gliding formwork on water for the last 3.81 meter seems not practical.

The base slab is casted on the storage area and takes 6 weeks, see the planning in Figure 6-9. Then the
cylindrical part must be casted and takes 3 weeks for method 3a and 2.5 week for method 3b. Then the
elements must be lifted into the water. With a production rate of 0.6 GBFs per week six production lines at the
REBO site are needed.

The number of production lines in the water with this method is limited. In the Zeewezendok 4 elements can
be built simultaneously. With a required production rate of 0.6 GBFs per week a maximum allowable
production time of 6.67 weeks is needed for 4 production lines. The conical part, the inner walls and inner
cylinder must be constructed in these 6.67 weeks which is very hard, or even impossible, to achieve.

7.4.3.2 Portal crane
The GBF must be lifted into the Zeewezendok by using a portal crane. The required lifting capacities are given
in Table 7-5.

\ Lifting capacities Weight (D=33m) [ton]
Method 3a 4120
Method 3b 5997

Table 7-5 - Lifting weights for method 3

These lifting capacities are high for portal cranes, especially with the span of 90 meter. The geometry of the
portal crane, lifting forces, foundation reaction forces and moment line for method 3a are displayed in Figure
7-23 till Figure 7-26, the units are kilonewton and meters. For method 3b the same results are displayed in
Figure 7-27 till Figure 7-30.
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Figure 7-23 - Geometry of portal crane

Figure 7-24 - Forces on portal crane method 3a
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Figure 7-28 - Forces on portal crane method 3b

Figure 7-27 - Geometry portal crane

K2, K3 g - 52 o
Nr\l —t V/;
389762.00 389762.00 a
b
K1 < K4A
= Tw &3
= L
! } =
-14708.00 -14708.00 i
Figure 7-30 - Moment line method 3b

Figure 7-29 - Foundation forces method 3b
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7.4.4 Method 4: Construct GBF on quay wall, lift with portal crane in water
In this method the GBF is fully constructed on the quay wall and the lifting operation is performed with a portal
crane.

7.4.4.1 Construction of GBF
See paragraph 5.5 for the construction time of 20 weeks per GBF. The conclusion is that 16 production lines are
sufficient to construct and transport 64 GBFs from the quay wall into the
water in the timeframe of two years, with applying the learning curve.

7.4.4.2 Portal crane

The portal crane has to lift the complete elements from the quay wall into the
water. The weight of the GBFs is 10,495 tons. This is a very large weight to lift,
especially due to the large span of the portal crane which is 90 meters. The
portal crane is modeled as a portal structure with two point loads which are
in total the half of the total GBF weight, because there are two portal cranes
to lift the total load. The weight induces the forces as displayed in Figure 7-32
till Figure 7-35, the units are kilonewton and meters. The foundation load is
very high on the quay wall and a special foundation must be constructed along the rail construction of the
portal crane. To construct this construction a huge investment cost must be done and a large part of the quay
wall must be removed to construct the foundation of the portal crane.

Figure 7-31 - Top view method 4
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Figure 7-32 - Geometry of portal crane Figure 7-33 - Forces on portal crane
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Figure 7-34 - Reaction forces on foundation Figure 7-35 - Moment line for portal crane
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7.4.5 Method 5: Immersion structure
In this method the GBFs are constructed on the quay wall whereafter the GBF is transported into the water by
using an immersion structure.

7.4.5.1 Construction of GBF
See paragraph 5.5 for the construction time of 20 weeks per GBF. The conclusion is that 16 production lines are
sufficient to construct and transport GBFs from the quay wall into the water with applying the learning curve.

7.4.5.2 Immersion structure

The immersion structure must be designed to achieve a minimal available draught of 11.2 meter for the GBF.
An extra keel clearance of a half meter must be added. This result in a total available water depth of 11.7
meter. The water level that is exceeded in 20% of the high water is at +5.15m LAT. Therefore the platform may
have a maximum construction height of 1.5 meter. When this is succeeded no deepening of the bed is needed
and the constructability is higher. The forces in the immersion platform and the foundation depends on the
type of foundation and for example the amount of piles. The elaboration of forces must be investigated when
this method is worked-out. At the immersion structure a system must be installed which is able to lower the
platform. This could be done by, for example, the use of a winch system or hydraulic jacks.

54
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Figure 7-37 - Top view method 5
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Figure 7-36 - Cross-section A-A method 5
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7.5 MULTI-CRITERIA ANALYSIS

In this paragraph the methods are ranked to decide which method is the best solution for the construction and
transportation of GBFs from land into water. First the criteria of the multi-criteria analysis (MCA) are described
and thereafter the MCA is executed and an explanation of each criterion at the methods is presented.

7.5.1

Criteria

In the MCA several criteria are implemented, on each criterion a mark is given to all methods and at the end
the method which scores the highest score is the most promising. The score is given with a scale from 1, which
is bad till 10, which is excellent. For an example and more explanation an example is included in paragraph 1.5.
The criteria from the program of requirements used in the MCA are:

7.5.2

Constructability

Amount of material use
Reusability

Required space

Time

Restoration of area
Flexibility

Risk during transportation
Availability

Conclusion of the MCA

The result of the MCA is displayed in Table 7-6. The scores are given for each criterion for each method, from 1
which is bad till 10 which means excellent, and a final score is calculated. The final score is presented and
method 5 found to be is the best method. The explanation of the scores is given in Table 7-7.

Rating Score ‘
s — (@V] o < LN i (V] o <t (Fp]
=~ © © © e} © © © © © ©
Y] o o o o o (@] (o] (@] o (@]
] = 9= 9= = 5= 5= = 9= = i=
; Q Q Q Q Q Q Q Q Q Q
p S S p S S S p p S
Constructability 020 | 4 2 6 4 8 0.80 040 120 0.80 1.60
Amount of 010| 4 6 8 7 5 | 040 060 080 070 050
material
Reusability 010| 7 5 4 4 7 070 050 0.40 0.40 0.70
Required space 0.05 4 4 5 8 7 0.20 0.20 0.25 040 0.35
Time 015| 8 2 2 8 8 12 03 03 1.2 1.2
Restore 010 4 5 8 8 6 040 050 0.80 0.80 0.60
Flexibility 010| 6 3 5 6 7 0.60 030 050 0.60 0.70
Risks 015| 8 3 4 7 8 1.20 045 060 1.05 1.20
Availability 0.05| 6 4 5 6 8 030 0.20 0.25 0.30 0.40
Total 1 58 345 510 625 (7.25)

Table 7-6 — Multi-criteria analysis

According to the MCA the most promising method is method 5 and this method is chosen to investigate in the
next phase of the report.
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Method 4: Construct GBF on
quay wall, lift with portal
crane

Method 5: Immersion
platform

Method 3: Prefab on quay
wall, completion on water

c
o
=
(]
5=
S
o

() () () () g
= . L. = . L. = ... = ... o I
§ Description § Description § Description § Description % Description
The constructability of The constructability of the GBFs The constructability of the The constructability of the The constructability of the GBFs is
the GBFs is good. There is not good. The prefabricated prefab elements on the quay GBFs is good. However good. The constructability of the
is no heavy lifting actions elements must be connected to wall is good but the the weight of the GBFs is immersion platform is good,
= needed which is mostly each other. These connections completion on water will that high that a portal however if the thickness of the
:_T:: the limiting factor. The are hard to design and the cause problems. All crane that can lift these platform exceeds a certain height
8 slipway must be execution to connect these equipment must be lifted to weight must be extremely the harbor bottom must be
8 4 | constructed to alarge 2  parts when the GBF is floating 6 the water and a lot of cranes 4 high and strong. The quay 8 | deepened which could cause
‘E distance in the water is very difficult. Also the lifting are needed. The lifting walls are not designed for instability of the quay wall. The
g area of the port. This is capacity of land based cranes capacity of the portal crane this high loads and extra challenge is to construct the
o not good for the to lift the tower is insufficient. must also be very high. A foundation works are platform sufficiently slender.
constructability. very large portal crane is necessary. The
needed. constructability of the
portal crane is not good.
The amount of material The amount of needed material The amount of needed The amount of needed The amount of material needed is
‘S @ needed, is high due to is quite low, only two portal material is low, only a portal material is low, only a moderate, the immersion
= T:; the slipway platform cranes are needed to construct. crane must be installed. large portal crane must be platform must be constructed and
g '5 4 which must beverylong 6 8 7  installed. 5  this has only the dimensions of
E = to create sufficient 40x40m. However this cost more
< £ draught. material than the methods with

the portal cranes.
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The slipway construction
can be used for new type
of caisson projects on
this construction
location. When this
structure is not founded
with large piles the
slipway construction
might be transported to
another project.

The required space on
the storage area is little.
Only the production lines
and the skidding line to
the slipway take space
on the construction area.
However, the slipway has
a large length into the
port area which is not
preferable.

The elements can be fully
constructed on land
which means a high
production rate and with
this method the number
of production lines can
be adapted to construct
sufficient GBFs in the
restricted time period.

The portal cranes could be used
for lifting operations. But due
to the limited lifting area this is
not very useful.

The required space is large. For
the construction of the base
slab, cylindrical part, and tower
several production lines are
needed and this takes a lot of
space on the storage area. On
water the required space is
large due to the construction
on water.

In this method the amount of
production lines for each
prefabricated part can be
adapted to ensure that the
GBFs are constructed in the
restricted time period.
However the construction on
water is inadequate and the
time restriction is not met by
far.

]
TUDelft

The portal crane can be used
for lifting operations. Due to
the limited lifting area this
could only be used for a
limited area.

The required space is little.
Only the production lines
and the skidding system to
the slipway take space on
the construction area. The
portal crane is founded on
the quay wall but do not
need a lot of space. On water
the required space is large
due to the construction on
water.

The project execution time
will not meet the target of 2
years. There are only four
production lines possible on
water and therefore each
element must be finished in
6.67 weeks, which is not
feasible.

Delft

University of

Technology
The portal crane can be
used for lifting operations.
Due to the limited lifting
area this could only be

4 used for a limited area.

The required space is
little. Only the production
lines and the skidding line
to the portal crane take
space on the construction

8 area. The portal crane is
founded on the quay wall
but do not need a lot of
space.

The elements can be fully
constructed on land which
means a high production
rate and with this method
the number of production
lines can be adapted to
construct sufficient GBFs
in the restricted time
period.

The slipway construction can be
used for new type of caisson
projects on this construction
location. When this structure is
not founded with large piles the
immersion platform might be
transported to another project.

The required space is little. Only
the production lines and the
skidding line to the immersion
platform takes space on the
construction area

The elements can be fully
constructed on land which means
a high production rate and with
this method the number of
production lines can be adapted
to construct sufficient GBFs in the
restricted time period.
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The slipway is founded at
the port location,
therefore this slipway
cannot be removed
easily. The port loses a
berth location. Another
disadvantage is that the
slipway is a long
construction present in
the port which may
cause problems.

The slipway method
could be used for other
caisson construction
projects. Only the
platform must be
replaced for a platform
with the right
dimensions. The weight
may not exceed the
design values.

The GBF is not lifted from
the ground and this
minimizes the risk of
toppling over of the
GBFs. The risk on delay is
severe. The construction
is not a very complex
operation which reduces
the risks on delay. The
construction of the GBFs
is performed at several
production locations.
Delay on one or more
GBFs will not harm the
entire process.

Due to the portal cranes a
restriction is created at the
storage area. The rails and
portal cranes cause problems
to the port function and also
height restrictions are created.
If the portal cranes are
removed the rail and crane
foundations must be restored
into the original storage area.

This method is specifically
applied to this caisson type. For
other caisson constructions this
method is not applicable.

The different elements are
constructed on the quay wall
and lifted above the
Zeewezendok. The risk of
failure of the construction
method is severe because of
the installation and lifting
actions on water. Because of
these complex construction
actions the risk on delay of the
construction of GBFs is severe.

]
TUDelft

Due to the portal crane a
restriction at the storage
area is created. The rails and
portal cranes cause problems
to the port function and also
height restrictions are
created. If the portal cranes
are removed the rail and
crane foundations must be
restored into the original
storage area.

This method could be
applied for other caisson
types, for less complex forms
of caissons this method can
more easily be applied to
construct the caisson on
water.

The cylindrical part is
constructed on the quay wall
and lifted in the
Zeewezendok where the
construction of the GBF is
finished. Because of
instability of the GBF during
construction the risk on
instability and human injury
is present. In the
Zeewezendok the available
space is limited and one
production line is present.
Due to the complex
construction actions on
water the risk of delay is
high.

Delft

University of

Technology
Due to the portal crane a
restriction at the storage
area is created. The rails
and portal cranes cause
problems to the port

6 function and also height

restrictions are created. If
the portal cranes are
removed the rail and
crane foundations must
be restored into the
original storage area.
This method could be
applied to all caisson
types till the maximum
capacity of the portal
crane is reached. With
6  very large weights of
several thousands of tons
this method is not
profitable comparing to
other transportation
methods.
The GBFs are fully
constructed on the quay
wall with more
production locations.
Delay on one or more
GBFs will not harm the
entire process and
therefore the risk on large
7  delaysin minimal. The
GBFs are lifted from the
quay wall into the water.
Because this is one lifting
action from land into
water with a fully stable
element the risks on
damage and human harm
is low.

The immersion platform causes a
loss of a berth location. The
immersion platform could be
designed that it could be removed
without harm to the quay walls. In
that case the total port is in the
same state as before the
construction.

The immersion platform method
can be used for any caisson type.
The immersion platform could be
designed for a certain design load
and dimensions which are
sufficient to the caisson. The
draught is the limiting factor for
the caisson. The construction
height of the immersion platform
could be in most cases not too
large.
The GBFs are fully constructed on
the quay wall with more
production locations. Delay on one
or more GBFs will not harm the
entire process and therefore the
risk on large delays in minimal. The
GBFs are not lifted which reduces
the risk of toppling over of the
GBFs. The risks therefore are
minimal with an immersion
platform.
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The availability of the Due to the large number of The GBFs are largely built on The GBFs are completely The immersion platform has not a

slipway platform is quite lifting actions this method is the water. All materials must built on the quay wall. large length into the harbor,

low. Due to the platform very dependent on the wind be transported to the GBFs The GBF is lifted from the therefore the transportation

the GBF is not lifted and conditions. To complete a GBF and this is done by lifting quay wall into the water process can be performed with a
. the wind is not an multiple lifting actions are actions. In the case of a and due to this only lifting low dependence on the shipping
= important factor to stop needed. The wave conditions floating GBF all construction action the availability not traffic. Because no lifting actions
'-‘!: 6 the transportation 4 are also important because one 5 actions must be performed 6 very high but due to the 8 are needed to transport the GBF
= maneuver. Waves and part is floating and other parts on a swaying GBF which limiting lifting actions the the transportation method has low
:: shipping in the harbor have to be installed on these. reduce the availability on risk on delay is mitigated. dependency on the wind

decrease the availability, some construction actions. conditions.

the slipway comes into
the port and the shipping
traffic could be hindered
due to the large length.
Table 7-7 - Explanation of multi-criteria analysis
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7.6 CONCLUSION CONSTRUCTION AND TRANSPORTATION METHODS

In this chapter first the decision matrix is applied. The semi-submersible vessel is the only feasible option to
transport the GBFs from land into water. The costs of the semi-submersible vessel are calculated and the costs
are rather high with 10.5 or 13.8 million euro, depending on the storage area location. The objective is to
develop a new construction and transportation method to transport the GBFs from land into water. A
brainstormsession was organized and five methods are presented. In the synthesis and simulation phase the
applicability and effects are determined and with the help of a multi-criteria analysis the best method is
chosen, which is the immersion structure. This design step is executed and the Yes-direction is followed to the
next design steps which are described in the next chapter.
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Chapter 8:  CONSTRUCTION AND TRANSPORTATION PLANNING

The most optimal construction and transportation method is designed in chapter 7. The method is applicable to
the GBFs and in this chapter the planning of the construction and transportation is considered. In Figure 8-1 the
design method questions are indicated which are answered in this chapter. The ‘design production line’ and
‘construct on one location’ are both indicated because at the beginning of this chapter it is unknown which
option is the best. Because for this chapter more solutions are present the full secondary design method is

applied in this chapter.

Initiative: GBF project on commercial scale

Demand: Construct and install X GBFs in X time

Project-characteristics

Design material efficient GBF
Construction time is relatively large?

Yes Always keep as option

Adapt design to change properties as Continue with material efficient design
construction time, draught, dimensions,

GBF-properties

Transportation/construction method GBF:
Applicable transportation method in decision matrix?

Yes

Choose best applicable method

Develop new method:
Applicable method is too expensive?

Method is applicable?

Construction of GBFs:
Number of GBFs large enough for production line?

Design production line Construct on one location

Free choice of
construction
area?

Construction planning:
Demand of X GBFs in X time on construction area realistic?

Select applicable construction

Design (temporary) structures for transportation:
(Temporary) structures are constructible?

Cost calculation:
Is transportation method profitable?

Yes

Project execution

Figure 8-1 — Chapter 8 indicated in design method
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After ranking the different methods the optimal construction planning to build and transport the GBFs from
land into the water is considered. First the principle of a learning curve on a planning is explained, then the
requirements on the most optimal planning and construction layout are given whereafter a multi-criteria
analysis is performed to decide which of the three options the most optimal is.

8.1 MINIMIZING LEARNING CURVE

The planning described in paragraph 6.5 is a planning without applying a learning curve. A learning curve
means that a certain construction action the first time takes longer because every construction action is ‘new’.
After executing a construction action several times the time needed decreases. In the planning a learning curve
of 60%-80%-100% is included. This means that the construction time of the first GBF must be divided by 0.60,
the second with 0.80 and the third and higher by 1.00. For the preliminary planning of 20 weeks, as described
in 6.5 this means that the first GBF is constructed in 33 weeks, the second in 25 weeks and the third in 20
weeks. This implies per construction location 13 weeks extra for the first GBF and 5 weeks extra for the second
GBF. The effect of a learning curve can be minimized by implementing a high repetition factor. When the
construction can be divided in several stages and create a production line the amount of construction locations
can be decreased and the learning curve effect is less. The more identical construction actions can be executed
on a specific location the less effect the learning curve has on the construction time. To determine the effect of
a learning curve three variants are described:

e Fixed location

e  Production line
o Production line with three construction locations
o Production line with four construction locations

8.2 PROGRAM OF REQUIREMENTS

To develop construction planning methods some requirements are given where the construction planning must
comply on. With the help of these requirements the most optimal method is chosen in the multi-criteria
analysis.

e The 64 GBFs must be fully constructed and transported into the water within two years.

e The required area to execute the construction activities may not exceed the available areas. The less
area the construction area layout takes the better it is.

e When the production is delayed and the 64 GBFs are not produced in the two available years the
installation window has passed and this rapidly increase the costs. The risk on delay must be mitigated
by mitigating measures.

e The needed equipment must be used as efficiently possible.

e The construction must be executed as efficient as possible. In other words: the learning effect must be
minimized and waiting times due to an inefficient planning must be minimal.
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8.3 CONSTRUCTION ON FIXED LOCATION

The first option is to construct the GBFs completely on a fixed location and transport the entire GBF to the
immersion structure where it is transported into the water. With a production rate of 0.6 GBF per week, on
average 2 GBFs per week must be completed. Because all GBFs could not be built simultaneously because of
the large consumption of concrete by casting the bottom slab the start date of each GBF is set two days before
the GBF is started to construct. In Figure 8-3 the planning is given of the construction on a fixed location. There
are 16 construction locations needed to complete the construction in two years. The learning curve effect is
due to this high number. On every 16 construction locations a ‘loss’ of 13 weeks on the first and 5 weeks on the
second GBF construction must be taken into account. A high number of construction locations are needed and
because lifting operations are executed simultaneously a large amount of equipment is needed.
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Figure 8-2 - Layout of REBO site with 16 fixed construction locations
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Figure 8-3 - Project planning with 16 fixed locations
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8.4 CONSTRUCTION WITH A PRODUCTION LINE

The second variant is to construct the GBFs in a production line. The preliminary planning, to construct a
hexagonal GBF which is given in paragraph 6.5 is used to group some construction actions. The result is
displayed in Figure 8-4.

| anuary I

D t:: nish
o o
1 -
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7 = Preparing ghiding formwork cylinder 2 whs Mon 11-2-19 Fri 22-2-19
E = Preparing giding formwork inner oylind 1 wk Mon 11-2-19 Fi 15219
2 @ =Y Casting/glidingformwork outer ofinde1120his Fri 22219  ‘Wed 27-2-19 ]
10 = Removing gliding formwork 1wk Thu28-2-19 Wed 63-19
un B Casting/glidingformwork inner clinder336hs  Fi 15219 Fi 1319
12 =Y Remeving ghiding formwerk 1wk Mond-319 Fig319
132 3 I‘hdmiz conoeie 1wk Mon 11-3-19 Fi 15-3-19
14 =3 Intermal walls Fwks Mon 18-3-19 Fi 5419
15 <. Pladngplates 1wk Mon 8419 Fri 12419
16 2= sedplatejoints Zwks  Monl154-19 Fri 6419
1z = Comnection outer cylmder—plates 2wks Mon 29-4-19 Fri 1D-5-19
18 =) Upperring mnoete 2 wks Mon 6519 Fi 17519

April
4 [ ra [154 [ 224 |

Fehruary [March
2392 7 (143 (719 [ 281 [ 42 [132 (182 [52 | 42 [ 113 [ 183 [253 |

May
294 [ 65 (135
l Group 1: 6 weeks.q'-i

| Group 2: 5 weeks
i -

| Group 3: 9 weeks

Figure 8-4 - Grouped construction actions

The first group consists of the construction of the base slab and takes in total 6 weeks. The second group
consist the construction of the outer walls and inner cylindrical tower and takes in total 5 weeks. The third and
last group of construction actions consist the construction of the inner walls and placing of the plates and the
connection of the plates to the GBF, this group of actions takes 9 weeks. The third group of activities takes
longer than the other two, therefore two options are investigated:

e  Option 1: Each group of action has one construction location

e Option 2: Group 1 and group 2 have one construction location and group 3 has two construction
locations.

8.4.1

Production line with three locations

All grouped construction activities have one construction location. The advantage of option 2 is that the
learning curve has less influence on the working activities on group 3. The planning of the construction of the
GBFs at one location is given in Figure 8-5. In a construction period of two years 8 GBFs are constructed per
production line. With 8 production lines the construction of 64 GBFs can be executed in two years. This is a
strict planning and no large delay is acceptable. Due to the larger execution time on the third location waiting
times on location 1 and 2 are present.

F’zsk Name Duration
Construction actions 1 10 wks
Construction actions 2~ 8.33 wks
Construction actions 3 15 wks
Construction actions 1 7.5 wks
Construction actions 2 6.25 wks

Construction actions 3

Constructionactions 1 6 wks Wed 08-05-19 Wed 19-06-196,755
Constructionactions2 5 wks Wed 21-08-19 Wed 25-09-1910,7,855
Constructionactions 3 9 wks Thu 07-11-19 Thu 09-01-20 11,8
Constructionactions 1 6 wks Wed 21-08-19 Wed 02-10-1910,1155
Constructionactions2 5 wks Thu07-11-19 Thu12-12-19 14,11,125§
Constructionactions 3 9 wks Thu 09-01-20 Thu 12-03-20 15,12
Constructionactions 1 6 wks Thu 07-11-19 Thu19-12-19 14,1555
Constructionactions2 5 wks Thu 09-01-20 Thu 13-02-20 18,15,1655
Constructionactions 3 9 wks Thu 12-03-20 Thu 14-05-20 19,16
Constructionactions 1 6 wks Thu 09-01-20 Thu20-02-20 18,1955
Constructionactions2 5 wks Thu 12-03-20 Thu 16-04-20 22,19,2055
Constructionactions 3 9 wks Thu 14-05-20 Thu 16-07-20 23,20
Constructionactions 1 6 wks Thu 12-03-20 Thu23-04-20 22,2355
Constructionactions 2 5 wks Thu 14-05-20 Thu 18-06-20 26,23,2455
Constructionactions 3 9 wks Thu 16-07-20 Thu 17-09-20 27,24
Constructionactions 1 6 wks Thu 14-05-20 Thu 25-06-20 26,2755 i
Constructionactions 2 5 wks Thu 16-07-20 Thu 20-08-20 30,27,2855
Constructionactions 3 9 wks Thu 17-09-20 Thu 19-11-20 31,28

11.25wks Wed 21-08-19Thu 07-11-19 7,4

Start [Finish Predecessors  ber 01 January

[11 March 01 August [11 October [21 December 01 March [11 May [21 ul 01 October

19-11 | 24-12 | 2801

Tue 01-01-19 Mon 11-03-19

21 May Aug y
04-03 | 08-04 | 13-05 | 1706 | 2207 | 26-08 | 3009 | 04-11 | 09-12 | 13-01 | 17-02 | 23-03 | 27-04 | 01-06 | 06-07 | 1008 | 14-09 | 19-10

Tue 12-03-19 Wed 08-05-192
Wed 08-05-19 Wed 21-08-193

Tue 12-03-19 Thu 02-05-19 2,355
Wed 08-05-19Thu 20-06-19 6,3,45S

Figure 8-5 - Construction planning with the use of three locations (option 1)

92



3 3
"‘ Delft
=== DIMCO TUDelft Urhsraty of

‘Ios%

ZE 50
EWEZE,:,DOK

602

. [
B .
terminal R o

Figure 8-6 - Production lines on the REBO site with three locations (option 1)

In Figure 8-6 the production lines are drawn on the REBO site. The first number indicates the production line
and the second number the group of construction actions.
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8.4.2 Production line with four locations
Because the third group of construction activities takes longer, it is decided to use two locations to execute the
construction actions of the third group. The groups are used to give a planning for one production line, see

Figure 8-7. Because the third group is executed at two locations the learning curve is applied on both locations

for the third group of construction actions.
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University of
Technology
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Figure 8-7 - Construction planning with the use of four locations (option 2)

According to the planning 14 GBFs can be constructed per production line in a period of two years To fulfil the

requirement of 64 GBFs in a period of two

years, five production lines are sufficient.

The use of five production lines implements

a maximal production of 70 GBFs in two

years, this reduces the risks of delay in the

production process and some reserve
capacity is available.

In Figure 8-8 the five production lines are

drawn on the REBO offshore terminal. The

numbers of the production locations is as
follows:

Production line - Group of construction
actions - Number of third construction
location.

ise
inal

%,

a

Figure 8-8 - Production line on REBO site with four locations (option 2)
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8.5 DECISION ON CONSTRUCTION AND TRANSPORTATION PLANNING

To decide which option is the best, first some information about the options is given. The equipment and time
that is needed differs for each planning and is presented in Table 8-1.

The working time is determined from the planning and with the total time needed to construct all GBFs the
non-working time is calculated to give an indication about the efficiency of the three plannings.

Area
needed
[locations]

Production

s
©
0 s 16
X @®© q
[r Locations
(|
S 5
t s 24
S Q .
T O Locations
S o
a £
o~
S 5
] 20
S Q .
T O Locations
(<)
.
a £

Equipment

Skidding

beams
[m]

1523

1940

1532

Bottom
slab
formwork

16

Total Non-

Gliding . Working time Working
Cranes . .
formworks time [weeks] time
for
Outer Inner [weeks] [weeks]
plates
wall wall
16 16 32 1568 1568 0
8 8 16 1427 2359 932
5 5 20 1413 1971 558

Table 8-1 - Comparing the equipment of construction planning variants

Based on a multi-criteria analysis the most optimal construction method is determined. The execution is
displayed in Table 8-2. From this MCA it can be concluded that the production line option 2 is the best method.
The risk on delay is small and there are mitigation measures applicable. The amount of equipment needed is

also quite low comparing to the other methods.

‘ Multi-criteria analysis

Production rate
Exceeding area
Mitigation of
risks
Efficient use of
equipment
Efficient use of
time
Total

Weight

0.25
0.10

0.35

0.15

0.15
1

Table 8-2 - Multi-criteria analysis construction and transport planning

— (gV] o — (o] (g9]
Ee} © Ee} Ee} © ©
o o o o o o
= = = = = =
I I I I I I
= = = = = =
7 7 7 | 175 175 175
8 6 7 | 080 060 070
5 6 8 | 175 210 280
5 7 8 | 075 105 1.20
8 4 5 | 120 060 075
625 6.10 (7.20)
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The scores are given to each planning with help of the description in Table 8-3. The three construction area
layouts and their planning are compared to each other by using the requirements as criteria. Per requirement
the three construction planning are compared.

Construct

No exceeding of

Efficient

64 GBFs Criterion

available area/
area needed

tion of risks

itiga

M

use of

Efficient use of time

2 years

In

t

equipmen

Score

Fixed location

Description

The construction of 64 GBFs
is feasible in the timeframe
of 2 years.

There is no exceeding of
available area. In total 16
construction locations are
needed

The risks are hard to
mitigate, if the construction
actions cannot be executed
according to the planning a
minimum of 16 GBFs are
delivered too late. An extra
construction location can be
designed but because the
complete construction of a
GBF must be executed this
increases the use of
equipment and cost.
Because 16 production lines
construct a few days after
each other, a large amount
of construction material and
equipment at the same time
is needed, see Table 8-1.
The working time needed to
construct the GBFs is the
highest. No waiting time
present so this is an efficient
planning.

Score

Production line option 1

Description

The construction of 64 GBFs is
feasible in the timeframe of 2
years.

There is no exceeding of
available area. In total 24
construction locations are
needed

The risks can be mitigated by
design a storage location on the
quay wall. If a construction
action has some difficulties and
delays the already finished GBFs
of the previous construction
location can there be stored and
an extra construction location of
the delayed construction action
can be designed. This is a
relatively small adaptation to the
construction process.

For each production line a
complete set of equipment is
needed. There are 8 production
lines which imply that 8 sets of
equipment are needed, see
Table 8-1.

The time to construct the GBFs is
low due to minimizing the
learning effect. The more often a
construction action can be
repeated at a construction
location the more efficient this is
due to the learning curve.
However, due to an inefficient
planning there are 932 weeks of
non-working time.

Table 8-3 - Comparison of construction and transportation planning

Score

Production line option 2

Description

The construction of 64 GBFs is feasible

in the timeframe of 2 years.

There is no exceeding of available

area. In total 20 construction locations

are needed

The risks already are mitigated

because with full production 70 GBFs

can be built in the timeframe of 2
years. Producing one GBF less per
production line gives a total of 65

GBFs; a total delay of a whole GBF per
production line still not give problems
to the time schedule. Even if the delay

is more than 6 GBFs an extra
construction location can be
implemented.

A production line is created with two,

third locations. There are 5 sets of

equipment needed for locations 1 and

2 and 10 of the third location, see
Table 8-1.

The time to construct the GBFs is the
lowest of the methods. However, the

non-working time is due to
inefficiencies in the planning 558
weeks.
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8.6 OPTIMIZING PLANNING

In the previous paragraphs the start date of the construction was set on the first of January 2019. The
installation window of GBFs is from 1 April till 1 October. When the installation window has arrived no GBFs are
constructed and this is not optimal. In Figure 8-9 the Production of GBFs is displayed. As it can be seen the first
GBFs are produced at half august, the main part of the first installation window has passed and this is not
optimal. To optimize the planning the start date must be chosen in a way that all GBFs are produced and
installed in a timeframe of two years.

Produced GBFs

70
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-
7 40
@
@ 30
20
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ol ARV RRED |
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e T e T T T T e T T e e e T T T T =
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Figure 8-9 - Number of constructed GBFs

To optimize the planning some requirements are:

e The stock of GBFs must be kept as low as possible.

e The installation procedure may not be stopped because no GBFs are present in stock.

e The casting procedure of casting base slabs may not be coinciding because of the large concrete
transport needed.

The planning is adapted and the construction activities now start at the ninth of august in 2019 and ends at the
second of June 2020. According to Figure 8-11 a storage area must be designed where 26 GBFs temporary can
be stored. Due to the optimization in the planning not two entire installation windows are used, the first
installation window is from the fourth of July till the first of October, the second installation window is entirely
used. The mean time to install a GBF, including bad weather windows, takes a half week.
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GBF production
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Figure 8-10 - GBF production adapted planning
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Figure 8-11 - Number of GBFs in stock

By planning the start of the first group of construction actions four days after each other the delay must be
more than two days before the base slab casting coincide. This requirement is also satisfied.

Based on the construction area layouts the storage location must be designed in water. The construction area
is quite full and there is no extra space for 26 GBFs. Because the planning is optimized a new number of renting
days for a semi-submersible is estimated. For this number of days the total renting costs are calculated.

For the case study this means that the renting costs for a semi-submersible vessel are decreased. A period is
needed from the start of the first installation window till August in the end of the second window. Because
there is a chance of bad weather periods it is assumed that the semi-submersible vessel is rented for the whole
second window. The extra available time on installation of the GBFs mitigates the risk of exceeding the
installation window due to bad weather, one extra month is reserved for delay due to bad weather. There are
twenty days reserved for the preparing and removing costs of equipment of the semi-submersible vessel. The
rental days for a semi-submersible vessel are:

Tess = dyent " Css = (20 + 548 4+ 20) - 20,000 = 11,760,000 € (49)
Where:

T. ¢s = Total renting costs semi — submersible vessel [€]
drent = Total renting period [days]
Css = Rental cost of semi — submersible vessel [€/day]
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The operational costs are also calculated and in Table 8-4 the total cost is presented, which is almost equal to
the first cost estimation in Table 7-3.

o
) 2
= [=d
o ]
oq oq
9 S
< <

Rental cost 1 gir)nl € 20,000 (per day) 588 (days) € 11,760,000
Crew cost Project 1 (men) €80 (per 4704 | (hours) €376,320
manager hour)
Engineer 1 (men) e70 (Per 4704 | (hours) €329,280
hour)
Deckhand 2 (men) €30 (Per 4704 (hours) €282,240
hour)
General 1 (per- (per - -
preparatory iods) € 100,000 period) € 100,000
works
Mamten:;.\nce €1500 (perday) 588 (days) £882,000
and repair
Total € 13,729,840
Total/day € 23,350

Table 8-4 - Renting costs of semi-submersible vessel

8.7 CONCLUSION CONSTRUCTION AND TRANSPORTATION PLANNING

In this chapter the question if the construction and transportation for the amount of 64 GBFs in a
timeframe of 2 years is feasible is answered. To answer this question three methods are applied, one
with the construction of a GBF fixed at one location, a method with three construction locations and
a method with four locations. These methods are described in the synthesis and simulation phase
and with a multi-criteria analysis the most optimal method is chosen: Construction of GBF on four
locations. With this method the construction the large number of GBFs is feasible and the risks on
delay are mitigated. The answer for this design step is answered and the Yes-direction is followed to
the next design step: ‘Design of the (temporary) structures’, which is in this case the immersion
structure.
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Chapter 9: DESIGN OF IMMERSION STRUCTURE

The design of the GBF, construction and transportation methods are determined, the construction process
which is done as a production line is designed and in previous chapter the most optimal planning is given. With
all these info the immersion structure can be designed. In the used design method this is one of the last steps
before reaching the project execution phase, see Figure 9-1. For the platform of the immersion structure the
secondary design method is applied to choose the best material. For the platform foundation one material can
be chosen in advance because of the demand of a large contact area between the foundation and subsoil.
Therefore the secondary design method again is performed without evaluation phase on the foundation.

Initiative: GBF project on commercial scale

Demand: Construct and install X GBFs in X time

Project-characteristics,

Design material efficient GBF
Construction time is relatively large?

Always keep as option

Yes

Adapt design to change properties as Continue with material efficient design
construction time, draught, dimensions, weight
GBF-properties

Transportation/construction method GBF:
Applicable transportation method in decision matrix?

Yes

Choose best applicable method

Develop new method:
Applicable method is too expensive?

Method is applicable?

Construction of GBFs:
Number of GBFs large enough for production line?

Design production line Construct on one location

Free choice of : :
: Construction planning:
construction area? . . . -
Demand of X GBFs in X time on construction area realistic?

Select applicable construction area

Design (temporary) structures for transportation:
(Temporary) structures are constructible?

Cost calculation:
Is transportation method profitable?

No

Yes

Figure 9-1 — Chapter 9 indicated in design method
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To design the immersion structure first the function of the immersion structure is given. Then the calculation
method is given according to the Eurocode and the program of requirements is given. The design of the
immersion structure is done in two main parts, first the platform is designed and thereafter the foundation.
Only a preliminary design is made to estimate the dimensions and to do a reliable cost estimation. If the
structure is build a more extensive study must be performed on the structural design.

9.1 FUNCTION OF IMMERSION STRUCTURE

The immersion structure must fulfil the function of the transport from land into water of GBFs for offshore
wind turbines. The procedure of the transport is given in step 1 till step 4 in Figure 9-2. In these drawings the
basic principle is given. The design of the immersion platform follows in paragraph 9.4.1 and the design of the
foundations are described in paragraph 9.4.3.

Step 1 Step 2
Wl M +7.30m LAT M M +7.30m LAT
AT LA
-8 00m | AT -8.00m | AT
Step 3 Step 4
T F +Z 3)50 LAT T F +Z “E] LAT

Figure 9-2 - Transportation of GBF from land into water

To fulfil the transportation of GBFs from land into water the immersion platform must bear the weight of the
GBF. The structure must be able to lift and lower the platform. The total height of the platform may not be too
large so that the minimal draught needed by the GBFs is not reached, otherwise the GBF will not float and the
transportation action cannot be executed.

9.2 STARTING POINTS DESIGN IMMERSION STRUCTURE

For the static stability in water and the stability on the subsoil the same procedure as in chapter 5 and 6 is
followed. For the calculation of the immersion platform structure the Eurocode guidelines are again followed.
In the calculation Design Approach DA2 is performed. This means that the partial factors are given in the set of
A1, R2 and M1, see Figure 9-3. For the structural calculations the capacity of materials are divided by factors as
given in Figure 9-4 and Figure 9-5.
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Table 3.3.1 Partial factors on actions (y;) or the effects of actions (yg)

Action Symbol Set
A1 A2
Pt Unfavourable = 1,35 1,0
Favourable 1,0 1,0
3 Unfavourable 1,5 1.3
Versble Favourable Ya 0 0

Table 3.3.2 Partial resistance factors for spread foundations (yz)

Resistance Symbol Set
R1 R2 R3
Bearing Yav 1.0 14 1,0
Sliding Yen 1,0 1,1 1,0
Table 3.3.3 Partial factors for soil parameters (yu)
Soil parameter Symbol Value
M1 M2
Shearing resistance y.,' 1,0 1,25
Effective cohesion Ve 1,0 1,25
Undrained strength Yeu 1.0 14
Unconfined strength You 10 14
Effective cohesion Ve 1,0 14
Weight density Yy 1,0 1,0
' This factor is applied to tan @'

Figure 9-3 - Load factors according the Eurocode (Molenaar & Voorendt, 2018)

Design situations 7% for concrete | s for reinforcing steel | y5 for prestressing sleel
Persistent & Transient 1,5 1,15 1,15
Accidental 1,2 1,0 1,0

Figure 9-4 - Material factors for concrete structures (Molenaar & Voorendt, 2018)

type of material resistance

partial material factor y,,

resistance of cross-sections of all steel classes

1,0

Figure 9-5 - Material factor for steel (Molenaar & Voorendt, 2018)

The weight of the GBF is 112.7 kN/mz. This load is present where the GBF is placed on the immersion platform.
Because the load is transferred from the quay wall to the middle of the platform the design criteria is that the
whole platform is able to bear a distributed force of minimal 112.7 kN/mZ. The load factor for a permanent
load is according to the Eurocodes 1.35 (Molenaar & Voorendt, 2018). The weight of the structure is a very

important property of the GBF and during the construction this weight is intensiv

ely monitored. The GBFs are

constructed and transported on a skidding system which uses jacks, the weight can be easily derived from the

loads on the jacks. Therefore the load factor on the weight of the GBF is reduced

and a partial factor of 1.1 is

applied. This result in a design value of 124 kN/mz. The partial factor on the selfweight of the platform
structure is according to the Eurocode 1.35. The partial material factors for concrete and steel are 1.5
respectively 1.0, see Figure 9-4 and Figure 9-5. For the reinforcing steel and prestressing steel both a factor of

1.15 is used. For the hydrostatic forces it is assumed that the water level is at the

top of the platform which

causes higher forces, also a partial factor of 1.5 is applied on the hydrostatic forces.
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9.3 PROGRAM OF REQUIREMENTS

A program of requirements is given to design the immersion platform:

e The dimensions of the platform must be designed in the way that a working width of 3 meter is
available on all sides.

e The immersion platform must be able to bear a minimal weight of 124 kN/m2 present on the entire
platform.

e The calculations are performed according to the Eurocode guidelines.

e The placement of the immersion platform must be done without foundation works. The immersion
platform structure is directly placed on the bottom.

e The immersion platform includes ballast tanks to let the immersion platform float to transport it to
another location where it can be used for other projects.

e Skidding beams are used for the transport of caissons on land and therefore the weight of a skid
system is implemented in the immersion platform. The weight of skidding system and a steel plate on
the platform is assumed to be 5 kN/mz.

e The maximum allowable construction height of the immersion platform is 1.5 meter.

e The foundation of the structure must be stable with respect to:

o Rotational capacity
o Bearing capacity
o  Shear capacity

e The immersion platform structure may have a maximum draught of 10 meter.

e The immersion platform structure must have a metacentric height larger than 0.50 meter for stability.

e The weight of the immersion platform must be kept as low as possible.

e The material use must be kept as low as possible.

e The immersion platform can be adapted for larger and/or heavier caissons.

9.4 DESIGN PROCEDURE

The design calculation is done from top to bottom, for the design first simple hand calculations are performed
whereafter the immersion structure is designed with the use of Scia Engineer. In this chapter the outcomes and
a short explanation is given of the results obtained in Annex J.

e  Platform:
First the platform where the GBF stands on is designed. The weight of the GBF and additional material
are implemented and the platform is designed in a way that it can bear the load.

e Concrete foundation:
The foundation can be calculated when the load on the platform including self weight is known. The
connection and lifting equipment of the immersion platform to the foundation is in the design of the
concrete foundation applied with the help of a reference project. The lift equipment must be
considered more extensively if this design is used for execution of this structure.

e Two connecting beams:
To make the immersion platform stable a fixed connection between the two foundation legs must be
designed.
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9.4.1 Platform design
For the platform three materials are considered to construct a
platform that could bear the weight of the GBF:

e Reinforced concrete
e  Steel
e  Prestressed concrete

Due to the requirement of a maximum platform height of 1.5 meter
the materials reinforced concrete and prestressed concrete both are
not applicable. The calculations of the platform in all three materials
are included in Annex J. The result is a steel platform that consists of
H-beams as given in Figure 9-6. The steel stress and deflection are
given in Figure 9-7 and Figure 9-8.

3D stress

Waardes: ox (1D/2D,
Lineaire berekening .
Belastingsgeval: BG2 L=~
Selectie: Alle

macro. Systeem: LCS net_gleme
Basis grootheden NG

Figure 9-7 - Stresses in H-beam

3D verplaatsing
Waardes: uz
Lineaire berekening
Belastingsgeval: BG2 L~
Selectie: Alle
Locatie: In knooppun;
macro. Systeem: LC:

Figure 9-8 - Deflection of H-beam

Delft
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Figure 9-6 - Final design H-beam
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-100.0
-120.0
-140.0
-160.0
-180.0
-200.0
-220.0
-240.0
-260.0
-280.0
-300.0
-324.0

e [mm]

The stresses according the Scia model are given in Figure 9-7 and the deflection is given in Figure 9-8. The
maximum steel stress is around 245 N/mm2 and a reserve capacity is present for unforeseen forces for example
wind or snow. The deflection of 32 cm over a span length of 38.48 meter is accepted and it is concluded that a
steel beam construction could be designed to support the immersion platform. The height is 1.10 meter, 40 cm
is left for the construction of the plate and skidding system above the beams.

A drawing of this platform is given in Figure 9-9 and Figure 9-10.
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Figure 9-9 - Principle of steel beam supporting system

Figure 9-10 - Plate of immersion platform placed on H-beams

9.4.2 Lifting mechanism

A lifting mechanism must be designed to lower the platform with the GBF placed on it and to hoist the platform
when the GBF is towed away. Only an indication of a feasible mechanism is shown to give an idea of what is
possible. A winch system is chosen to use to lift and lower the platform, this is also done on the syncrolift that
is used to transport the caissons for the flood defences at Venice from land into water, see Figure 9-11 and
Figure 9-12.

18421786 ..
~

Figure 9-11 - Winch system at Venice Mose project Figure 9-12 - Platform of Venice Mose project
(newcivilengineer.com, 2011) (newcivilengineer.com, 2011)
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The caisson which is lowered with this winch system
weights 25.000 tons and the dimensions and weight
per square meter are somewhat higher but
comparable with the GBF dimensions. With that
knowledge it is assumed that the winch system is
feasible on the immersion structure.

The weight of the winch system is subdivided in two
main parts:

e (Cables to lift the platform:
e Additional equipment for the rotation
mechanism.

The cables to lift the platform are estimated with a
basic formula and the weight of the additional
equipment is estimated to be somewhat higher in Figure 9-13 — Starting point of design foundation legs
weight than the cables.

e (Cables to lift the platform:
The platform, including the GBF, weights 299,262kN, with a yield strength of the winch cables of 235
N/mm?’ the minimal surface area of steel cables is determined. A partial safety factor of 0.8 is included
on the steel strength for the system, because not every cable is stretched equally in time.

A = Whiat + Wear _ (qsteer + qear + %kid+plate) * Aplat _
smin 08- fyd 0.8-235

47 .103
(36.47+124-I;F;)847 38.48:10 — 1,591,821mm2 (50)

Where:
fya = Yield strength of steel cable [N /mm?]
The weight of the cables is estimated with the formula:
Weabtes = Asmin * leable * Ps = 1,591,821 - 107¢-15.3-7800 = 189,968 kg = 190 ton (51)

The weight of additional material to rotate the winches and to lift and lower the platform is assumed at 200
tons of steel.

9.4.3 Foundation

The foundation of the immersion platform has to resist the weight of the platform, must be stable on the
bottom and must be stable to lower and raise the platform. Therefore it is decided to use reinforced concrete
as material. With concrete a large contact area on the soil is created. Another advantage is that the internal
forces mainly are compressive forces due to the platform weight, therefore concrete is applied. Because one of
the requirements is that the platform is able to float internal space is required to pump water in and out. A
calculation is performed to check the minimal thickness of the concrete elements. With the minimal thickness
the width of the concrete foundation and the weight can be calculated. When the weight is calculated the
minimal required internal space to let the platform float can be calculated and then the preliminary design is
given. The starting point of the design is given in Figure 9-13. In principal the foundation consists of two large
concrete hollow boxes with internal walls. The internal walls are implemented to reduce the bending moments
and to prevent large concrete walls. The inner spaces could be applied as ballasting tanks. The width of the
foundation is assumed to be 3 meters, the center to center distance between the walls is assumed to be 4
meter. The principle of how the forces interact on the foundation in a side view is shown in Figure 9-14.
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Figure 9-14 - Forces on concrete foundation (hydrostatic forces depends on water depth)
The forces are drawn on the concrete foundation which must resist the weight of the GBF, the H-beams,
skidding beams, steel plate and the winch system. The calculation of the forces for the structure in operational
phase is performed. When this solution is used at a project an extensive study on the dynamically loads in the
floating, transporting and installing phase must be performed.

9.4.3.1 Load conditions

The main loads which are present on the foundation of the immersion structure are described in this
paragraph. The platform with the GBF weight, winch system, skidding beams, steel plate and H-beams and the
hydrostatic pressure all interact on the concrete foundation. First the platform and GBF weight are given
whereafter the hydrostatic forces on the platform are discussed.

Platform + GBF weight + Lift mechanism + skidding beams and steel plate:

- The force per square meter caused by the GBF on the platform is 112.7 kN/mZ.

- The weight of the steel H-beams of the platform is self-weight and this is included in the Scia model.
The weight of the platform is transferred to the immersion structure foundation.

- The lift mechanism weights in total 390 tons. Divide this equally over the edge of the immersion
structure foundation this result in a total weight of 40.7 kN/m.

- The weight of the skidding beams and a steel plate over the H-beams is assumed at 5.0 kN/m”.

Hydrostatic pressure
The hydrostatic pressure is calculated with the formula:

Pr(d) = pwgd¥gunfav = 1025-9.81-d - 1.5 (52)
Where:

pn(d) = Hydrostatic pressure as function of depth [N/m?]
g = Gravitational acceleration [m/s?]
d = Depth [m]
ps = Volumetric density water [kg/m3]
Younrav = Partial factor on unfavorable variable load (= 1.5)[—]
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The hydrostatic pressure is proportional to the depth, the result of the hydrostatic force is zero at the top and
153.8 kN/m2 at the bottom, excluding partial factors. The forces under at the foundation are also 153.8 kN/mZ.

9.4.3.2 Structural analysis

Because the foundation is an undetermined structure and it is impractical to calculate the internal forces by
hand, a Scia Engineering model is applied. With this Scia model the forces in the cross-sections are calculated.
The structure applied in the Scia model is given in Figure 9-15. The structure and the load case is symmetrical,
therefore the results are given for one foundation leg only. The definitions of the walls are also given and are
indicated in Figure 9-15 and Figure 9-16.

Upper slab

Bottom slab

Front and back wall
Side inner Wall
Side outer Wall
Connecting beam
Inner wall

Noukrwhe

The maximum forces in these cross-sections are given in Table 9-1. The results of the Scia model for all
concrete elements are included in Annex J. For each structural element figures are given for the bending
moments, shear forces and axial forces.

1
4 B == 5
3 R —
2

6 T

Figure 9-15 - Immersion platform as Scia Engineering model
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Figure 9-16 - Immersion platform transparent view

To determine the thicknesses of the foundation elements first the forces on the structure are calculated with a
Scia Engineering model, in Annex J figures are included for the hydrostatic forces on the foundation legs, GBF
load on the platform, the lifting mechanism on the foundation legs, the skidding beams and steel plate on the
H-beams and for a visual interpretation of the linear increase of pressure by depth.

The forces in the Scia Engineer software are implemented with the characteristic values, no partial factors are
present. To apply partial factors the load combination is created as is seen in Figure 9-17.

The following forces are adapted from the Scia results: INaam | UGT-Set B (automatisch)
Omschrijving
e m,:Bending moment in x-direction Type EN-UGT (STR/GEO) Set B
e m,:Bending moment in y-direction Automatisch bijgewerkt -
e  V,:Shear force in x-direction Constructie Gebouw
e 1}: Shear force in y-direction Niet-lineaire combinatie M
e N,: Axial force in x-direction Actieve cogfficignten ~
e N, Axial force in y-direction Inhoud van combinatie
BG1 - Self weight [-] 135
BG2 - Hydro [-] 1,50
BG3 - GBF [-] 1,10
BG4 - Lifting mechanism [-] 1,35
BGS - Skid+plate [-] 1,00

Figure 9-17 - Load combinations used in Scia
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: Upper slab 500 -99 +51
: Bottom slab 1000 -787  +16815
: Front wall 500 -28 +424
: Side inner wall 500 -904 +393
: Side outer wall 500 -193 +326
: Connecting slab 1500 -6209 +26530
: Inner wall 300 -36 +36

Table 9-1 - Result of internal forces of all structural elements

+312
+2434
+89

& Delft
TUDelft &=

+563
+15552
+822
+2363
+573
+15601
+181

University of

+1020
+20512
+2781
+1564
+1647
+9277
+159
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The structural minimal element thickness is chosen by calculating the minimal thickness for the case that all
extremes are at one cross-section, see Table 9-2. In most cases this is unrealistic. Therefore this is the most
conservative estimation of the concrete thicknesses. An example from the base slab of the immersion structure

foundation is given in Figure A-86.

Interne_Z\B\—krac en,
Waardes: “mx, 5 N N
Lineaire berekening.™,
Combinatie: UGT=Set:B.(
Extreem: Globaal '\ "\
Selectie: E1, E13

\

N
automatisch)
N

16814.56
14000.00

mix [kiNT/m]

12000.00
10000.00
8000.00
6000.00
4000.00
2000.00
-786.98

Figure 9-18 - Bending moment in x-direction for bottom slab

When the internal forces from a couple of meters from the connecting slab just a minimal thickness is needed
of 455mm. Therefore a (conservative) estimation of the mean concrete thickness of 1.25 meter is done on the
concrete bottom slab. Therefore in the design of the concrete thicknesses of the foundation legs a large
optimization can be performed to reduce weight and material usage. This adaptation is applied on the most
concrete elements, per element a short explanation is given:

e Upper slab: A minimum of 150 mm is used because of the constructability and minimal thickness.

e Front wall: Thickness is set on 650 mm because the extremes are not fixed in one location.

e Side inner wall: Thickness is changed to a mean thickness 500 mm. The minimal thickness at the main
part of the side walls is 185mm but due to the placement of a lifting system local point loads could be
implemented and therefore a mean thickness of 500 mm is chosen. When the lifting mechanism can
be placed on the side inner wall this reduce the bending moments in other structural elements.

e Side outer wall: The thickness is changed to 500 mm due to the symmetry of the foundation leg,
otherwise this thickness could be more decreased.

e Connecting slab: Comment made after showing Table 9-2.

e Inner wall: Thickness is set on 150 mm because of minimal thickness for constructability.

The assumed mean thicknesses are shown in Table 9-2.

| Element
1: Upper slab
2: Bottom slab
3: Front wall
4: Side inner wall
5: Side outer wall
6: Connecting slab
7: Inner wall

500
500
500
500
500

1000

300

dO [mm] dmin [mm] dmean [mm]

144 150
2174 1250
648 650
637 500
237 500
1870 H-beam
92 150

Table 9-2 — Calculated minimal thickness and estimated mean thickness of structural elements

With this calculation only a static analysis is done and a dynamic analysis must be performed for the
transporting phase of the immersion structure. The outer dimensions of the GBF from the reference designs
have a thickness of 500 mm. Therefore it can be assumed that the thicknesses, except for the upper slab, with
a mean thickness of 500 mm are realistic.

A problem arises with the connection beam. This beam has a too large height. When the platform is lowered to
the bottom a sill is present which the connecting beam is. Two possibilities to solve this problem are given:
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1: Due to optimizations in the design the thickness could be reduced. The largest forces are present at
the connection from the connecting slab and the side inner wall. An extensive analysis on this point is
needed to reduce the concrete thickness.

2: The connecting beam could be replaced by a steel beam. When the identical beam as for the platform
is used the beam can resist the forces. This beam has a height of 1.1 meter which is much lower. The
steel stress according the Von Mises criteria is 214 N/mmz, by applying the maximum shear force and
bending moment at one location. See paragraph for the steel properties and explanation about the
Von Mises criterion.

The second option is chosen to work out for the construction of the immersion platform.

9.4.3.3  Stability

In Annex J, an example calculation is included for a foundation with a leg width of 3 meter to show the
calculation principle. This foundation leg width fulfils the requirement on static stability in the floating phase
but does not comply with the stability parameters of the subsoil during operation and the maximum allowable
draught. Therefore the most optimal width of the foundation leg must be determined. The foundation leg must
have a larger width. In Figure 9-19 the stability criteria and draught as function of the foundation leg width are
shown. The unity checks must be below one to ensure stability, the draught has a maximum requirement of 10
meters and the metacentric height must be larger than 0.5 meter. The result is to design the immersion
platform foundation legs with a width of 9.0 meter. A foundation leg width of 8.5 meter is just sufficient but
because the design is a preliminary design and changes could be possible a leg width of 9.0 meter is chosen. It
is recommended to execute the Scia model now with a foundation width of 9.0 meter. The results will differ
from the first results and an iterative procedure must be executed. Because the design is only a preliminary
design the thicknesses of the concrete elements are maintained and the foundation leg width of 9.0 meter is
used. The most important parameters for the immersion structure with a foundation leg width of 9.0 meter are
given in Table 9-3.

| Parameter Value Unit
Draught 9.65 [m]
Maximum weight 229 [kN/m?]

Table 9-3 - Values for immersion structure leg width=9m
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Figure 9-19 - Decision on foundation leg width
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9.4.4 Construction of immersion structure
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Because the immersion structure itself is also a large structure which must be transported into the water the
construction method of this immersion structure must be described. The length and width of the structure are
47 meter and 55 meter the immersion structure can be built on a dry or a floating dock, see Figure 9-20 and
Figure 9-21. The immersion structure can be built in the majority of the dry docks and on a small part of the
floating docks. A remark is made on the docks, the minimal available draught must be 10 meters. A dry dock is

chosen due to the smaller renting costs.

Width vs Length of dry docks Width vs Length of floating docks

_ 1500 _. 600

£ 1000 £ 400 el

2 500 & 200 —‘M"

= 0 v = 0 .

0 50 100 150 0 50 100
Width[m] Width[m]
Figure 9-20 - Dimensions of available dry docks (Data: Figure 9-21 - Dimensions of floating docks

Wikipedia.org)

9.5 CONCLUSION AND RECOMMENDATIONS

The answer of the design step from this chapter was if the (temporary) structures are constructible. This
question is answered with a yes. The immersion structure is designed in this chapter and consists of a platform,

winch system and two concrete foundation legs.

The immersion structure is designed with a platform structure which consists of 47 H-beams as given in Figure

9-22. The connecting beam is also designed with this H-beam.

The concrete elements are designed according the dimensions in

Table 9-4.

The draught of the platform is 9.65 meter.

| Element dimm] |
1: Upper slab 150
2: Bottom slab 1250
3: Front wall 650
4: Side inner wall 500
5: Side outer wall 500
6: Connecting slab H-beam
7: Inner wall 150

Table 9-4 - Thickness of concrete elements

sel

0oL
0Z8

100

cel

1000
Fiaure 9-22 - Final desian H-beam

Only a preliminary design is given of the immersion structure. The design is an iterative process and only the
first iteration is executed. If the structure will be realized a more extensive design process must be executed.
The concrete thicknesses could be adapted to design the most optimal concrete thicknesses at different
locations where the internal forces are the highest. The connections between the foundation leg and the
connecting beam and between the platform structure and foundation legs are not designed. When this design
is executed the thickness of concrete elements might be changed and the stability criteria and draught change.
In Figure 9-23 the immersion structure at the REBO Offshore Site and the principle of the submerging of the
platform is shown. The upper platform lowers exactly between the two connecting beams and the optimal
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draught is created. It is assumed that the 1 meter space between the quay wall and the immersion platform
not have a large influence on the transporting system because the transporting system push the GBF from the
quay wall and on the immersion platform the GBF can be towed to the middle of the platform. Therefore the
one meter gap between the platform and the GBF is accepted.

This design step is answered with a yes and according the design method now only the cost calculation still has
to be executed. This is done in the next chapter.

38|48
56|48
>

( w +7.30m LAT

A [Tttt

-LAT

-8.00m LAT

Side view B-B Immersion structure

- |
' Iy - T ekl
Top view immersion structure
+7.3m LAT
-LAT
= __-8.0m LAT
S - s !
Cross-section A-A GBF at quay wall height
+7.3m LAT
-LAT
-8.0m LAT
..................... ST

Cross-section A-A platform immerged

Figure 9-23 - Preliminary design immersion structure
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Chapter 10: COST CALCULATION

The last step in the design method is the cost calculation. If from the cost calculation turns out that the
immersion structure is profitable above the semi-submersible vessel the project can be executed with the
preliminary design of the immersion structure. When this is not the case and it turns out that the semi-
submersible vessel is profitable some steps must be performed again with the new knowledge. The place of

this chapter in the design process is indicated in blue in Figure 10-1.

Initiative: GBF project on commercial scale

Demand: Construct and install X GBFs in X time

Project-characteristics

Design material efficient GBF
Construction time is relatively large?

Yes Always keep as option

Adapt design to change properties as Continue with material efficient design
construction time, draught, dimensions,
GBF-properties

Transportation/construction method GBF:
Applicable transportation method in decision matrix?

Yes

Choose best applicable method

Develop new method:
Applicable method is too expensive?

Method is applicable?

Construction of GBFs:
Number of GBFs large enough for production line?

Design production line Construct on one location

Free choice of
construction
area?

Construction planning:
Demand of X GBFs in X time on construction area realistic?

Select applicable construction

Design (temporary) structures for transportation:
(Temporary) structures are constructible?

Cost calculation:

N Is transportation method profitable?
(o]

Yes

Project execution
Figure 10-1 — Chapter 10 indicated in design method
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In this chapter the applicability of the immersion structure is described. First the applicability of other caisson
types and thereafter the applicability of the immersion structure at different port locations are described. After
determining the applicability of the immersion structure on other projects the cost calculation is performed. A
comparison is made between the use of the immersion structure and the semi-submersible vessel to
distinguish which option is preferred.

10.1 APPLICABILITY OF IMMERSION STRUCTURE

The immersion structure has a large platform what can bear very large loads. There are, besides GBFs for
offshore wind turbines a lot of other caisson types present. Other caisson reference projects are considered to
determine the applicability of the immersion structure on other caisson types.

The immersion structure is specially designed for the REBO Offshore Site at the port of Oostende. The
applicability of the immersion structure on other ports is also considered. First the applicability on other
caissons is considered and thereafter the applicability on other quay walls.

10.1.1 Applicability on other caisson types
As mentioned in chapter 2 and in Annex A there is a large variety of types of caisson which are used for various
purposes. The most common caisson types are:

. Breakwater

. GBF for wind turbines
. Quay wall

. Tunnel

. Bridge piers

. Flood defense

The applicability of the immersion platform structure depends on the weight per square meter. The
characteristic strength of the immersion platform is 124 kN/m’ for the weight of the GBF. Because this weight
includes a partial safety factor of 1.1 the maximum design strength is 112 kN/m”. In Figure 10-2 the weight and
the width of reference projects of several categories where caissons are applied are shown. The weight of the
reference projects is between the 60 and 120 kN/m?. The applicability of the platform is displayed with a green

Width and weight of caisson elements
140
= 120
£
g 100 & & i B
c L 4 u X
o 80 L e
4 * m ¢ *
S 60
o
£ 40
‘o
2 20
0 1 1 1 1 1 1 1 T 1
0 5 10 15 20 25 30 35 40 45
Width of caisson [m]
@ Tunnel W GBF Quay wall X Flood defences

Figure 10-2 - Area of applicability of immersion platform
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rectangular, in this area the designed immersion platform can be applied. The data on which Figure 10-2 is
based, is displayed in Table 10-1.

Caisson Dimensions

Length Width

Height Diameter Weight Draught

[ton]  [m] [m] [m] [m] [kN/m’]  [m]
Tunnel
Femernbelttunnel 70000 @217 42 - 75 7.36
Oresund tunnel 52000 176 41.7 8.5 - 70 6.78
Soderstromtunnel 20000 100 20 8.9 - 98 9.57
New Tyne 10000 90 15 8.5 - 73 7.09
Crossing
Medway tunnel 30000 126 23.9 9.15 - 98 9.53
Roertunnel 29000 | 150 27 7.75 70 6.85
Shannon tunnel 22000 100 25 8.5 86 8.42
Busan 48000 @ 180 26.46 @ 9.97 99 9.65
GBF
Thornton Bank 3000 - - - 23.5 68 6.62
Confidential 7250 - - - 32 88 8.63
Confidential 11016 - - - 38 95 9.30
Gravitas 7740 - - - 31 101 9.81
Quay wall
Tuas port 15000 42 30 28 - 117
extension

Flood defense

Venice flood 21000 60 40 86 8
defense
Table 10-1 - Properties of caisson construction projects

10.1.2 Applicability of immersion structure on port locations

The majority of the tunnel and GBF structures can be transported from land into the water by using the
immersion platform. There are some other project or site characteristics that could be different with respect to
the REBO Offshore Site in the port of Oostende:

e Quay wallis at larger height

e Quay wall is at lower height

e (Caissons, especially tunnel elements, have a large length
e  Weight is larger

e Quay wallis at a larger height:
If the quay wall is at a larger height than in the situation of the port of Oostende the platform could
not reach the quay wall height, see Figure 10-3. In this case there are two options:
- Design the immersion structure with an increased height. The drawback of this solution is
that the draught of the immersion structure increases and the width of the foundation legs
must be increased and the material usage is increasing.
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- The maximum draught of the most elements is smaller than 10 meter, see Table 10-1.
Therefore the other solution is to place sand in front of the quay wall where the immersion
structure can be placed on. Increasing the sand height in front of a quay wall has a positive
influence on the quay wall capacity. After the project is finished the placed sand is removed
and the harbour is in the original state. This solution is preferable to apply.

+y m LAT

Solution: Apply extra sand under structure
Figure 10-3 - Solution for too high quay wall

e Quay wallis at a smaller height:
When the quay wall is at a smaller height the immersion structure can be placed in front of the quay
wall and the foundation legs are higher than the quay wall. This is not a problem because the
immersion platform can be lifted till quay wall height and the caisson can be transported on the
platform and can be lowered in the water.

e Length of the element is larger than the platform:
When the length of the caisson is too long an extra immersion structure could be build which could be
placed next to the other immersion structure. The properties of structural elements will not change
for a shorter or a longer structure because the structure is similar every distance between any inner
wall. Only the connecting beam could be adjusted because for a longer immersion structure the forces
are larger and vice versa for a shorter immersion structure. In Figure 10-5 the principle is displayed for
a tunnel element, which is commonly an element with a relatively large length. The gap between two
immersion structures is two meter, due to the connecting beams at the bottom. By the same
argumentation as for the first problem this could not be a large problem.

— +y m LAT

LAT SN NENINNISENNININENSINENNENINNENINENnEnuEnY

15,3

-x m LAT
N7 PN

Solution: Immersion platform set on quay wall height

Figure 10-4 - Solution for a lower quay wall
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+7.3m LAT

-LAT

-8.0m LAT

Longer tunnel element on two immersion structures

Figure 10-5 - Solution for a longer element

e The weight of the caisson is larger:
If the weight of the caisson is larger than of the GBF used in the case study the steel platform can be
adapted. The steel profiles could be replaced by heavier one for a project specific caisson. If the heavy
caisson has a width that is smaller, the steel platform can be recalculated with a reduced weight and
the immersion structure still might be used. In this case the steel stress must be checked to prevent
failure of the platform.

The problems as described above all could be solved. There is only one caisson property which causes
guestions on the height of the platform. A minimal water depth to let the elements float is needed at the
location. The immersion structure is designed for a draught of 11.2 meter of the GBFs from the case study. The
available draught depends on the location where the immersion structure is placed. The draught of the
immersion structure is the local water depth minus the height of the platform, which is around 1.5 meter. The
maximum height of the immersion platform is at 15.3 meter. Therefore the water depth must be for most
caisson projects around 12 meter. Because not all characteristics are known of various ports and quay walls it is
recommended to do an extensive research on port parameters to design the optimal immersion structure
height. The larger the height the more port areas could be used but the draught is also increasing and the
immersion foundation legs also. However, this is negative for the material usage and the costs of the
immersion structure.

10.1.3 Conclusion of applicability of immersion structure

Due to the applicability on other caisson projects the design could be adapted. With the dimensions as
designed for the GBF transportation from the reference case the majority of the caissons projects can be
executed. This is an important remark on the cost calculation. The total construction cost of the immersion
platform not has to be paid for one project but could be depreciated over several projects.

10.2 CONSTRUCTION COST ESTIMATION OF IMMERSION PLATFORM

To calculate the construction costs of the immersion platform first the quantities are calculated, with the
production rates first a planning is created from which the rental period of the dry dock can be estimated.
When the planning is known the full construction costs of the immersion platform are calculated.

To calculate the cost of the construction of the immersion structure there are some important cost items:

e  Rental costs dry dock

e  Cost of several materials and equipment
o Reinforced concrete
o Steel for H-beams
o Steel for lifting mechanism
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o Formwork
Labor costs

The unit prices and production rates which are used to give a cost estimation and a planning are given in Table
10-2 (Horst & Braam, 2016), the quantities indicated with a star are estimated and an explanation is given after

this table.
\ Category Sub-category Quantity  Unit
Dry dock Rental costs 40,000 [€/week]
Crew, cranes, energy supply 20,000 [€/week]
Concrete Slab 120 [€/m?]
Production rate concretingaslab  0.10 [man-hour/m’]
Wall 120 [€/m3]
Production rate concretingaslab  0.20 [man-hour/m’]
Casting concrete 100 [m*/hour]
Reinforcing steel Material cost reinforcing steel 1000 [€/ton]
Production rate braiding steel 10 [man-hour/ton]
Formwork Cost plywood 20 [€/m?]
Cost install formwork 50 [€/m?]
Production rate formwork 0.5 [man-hour/m?]
Steel H-beam Steel (S355) 2000* [€/ton]
Production rate 32% [man-hour/beam]
Lifting mechanism | Steel winch system 3500* [€/ton]
Production rate 5.80* [man-hour/ton]
Labour Cost man-hour 40 [€/man-hour]

Table 10-2 - Starting points cost estimation immersion structure

Steel H-beam:

The steel price for steel quality S235 is around 1500 euro per ton. According (Greven, 2014) the steel
price for S355 is 2% higher. Due to the large cross-sectional dimensions and large length a
conservative estimation of 2000 euro per ton is assumed.

Production rate H-beam:

The installation of the H-beams is assumed to be done by 8 men in 4 hours. The H-beam must be lifted
by one or two cranes. With at both ends two workmen and with two supervisors this is in total eight
workmen.

Steel winch system:

The steel winch system is constructed from steel, because the system is not known in detail a
conservative cost rate of 3500 euro per ton is assumed. Due to the relatively small amount of steel
needed for the winch system the total cost is not largely influenced when this cost rate appears to be
too low.

Production rate winch system:

The winch system is installed on each H-beam. It is assumed that one system can be installed by three
workmen in 1 day. Dividing the total weight of 390 ton over 94 installing, 4.14 ton per installation
point is present. With 24 workmen hours this result in a production rate of 5.80 workmen hour per
ton.

A planning is created and shown in Figure 10-6. Comments are made on the planning in chronological form:
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e  Prepare dry dock:
A timeframe of two weeks is assumed to prepare the dry dock for construction activities.

e Formwork bottom slab leg 1:
A total formwork of 563 square meters must be installed. With a production rate of 0.5 mh/m? this
takes 1126 man-hours. With 14 workmen this can be done in two weeks.

e  (Casting concrete bottom slab:
The bottom slab has a concrete volume of 528 m>. With a concrete casting production rate of 100
m3/s one day is reserved.

e  Formwork front/back/side/inner walls leg 1:
A total formwork of 2662 m? must be installed to cast all walls. With a production rate of 0.5 mh/m2
this takes 5324 man-hours. Again by using 14 workmen this takes 10 weeks.

e  Casting concrete front/back/side/inner walls leg 1:
A total amount of concrete of 981 m’ is needed. With a production rate of 100 m3/hour somewhat
more than one day is needed, but because the concrete must be casted till a height of 15.3 two days
are reserved.

e Formwork upper slab:
A total formwork of 416 m® must be installed to cast the upper slab. With a production rate of 0.5
mh/m? this takes 832 man-hours. Again by using 14 workmen this takes 1.5 weeks. Because of the
height and the more difficult placement 2 weeks is reserved to install formwork on the upper slab.

e  (Casting concrete upper slab:
The upper slab consists of 63.5 m® concrete. With a concrete casting production rate of 100 m>/hour
this operation takes approximately somewhat more than half an hour. Because the upper slab is at
large height and because the concrete must harden the next days no extra activities can be executed
and one day is reserved for this operation.

e Install lift mechanism:

o Winch system:
Per winch system on an H-beam it is assumed that three workmen can install one winch
system a day.

o H-beam:
The installation of the H-beams is assumed to be done by 8 men in 4 hours. The H-beam must
be lifted by one or two cranes. At both ends two workmen and two supervisors this is in total
eight workmen. Two teams of three workmen install the winch systems to work with an equal
production rate. Now the H-beams can be installed directly after the winch system is
installed. Four days are left in between to work without influence of the winch system
installation each activity.

e Restore dry dock in original state:
All material and equipment present in the dry dock must be removed and the dry dock must be
cleaned and restored in the old state. For these activities two weeks are estimated.

The construction activities are separated for foundation leg 1 and foundation leg 2. These activities are
executed simultaneously. Due to the large concrete consumption of some activities these activities are not
executed on the same day. In total the construction of the immersion platform takes 27 weeks.

With this outcome of 27 weeks the cost estimation can be executed as can be seen in Table 10-3. An extra
percentage of 25% is reserved for additional and unforeseen costs. In total the construction of the immersion
structure costs 19.1 million euro.
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] Task Task Name Duration  Start Finish Predecessors 3 pec'18 27 Jan'19 ‘03 Mar '"19 ‘07 Apr'19 12 May "19 |15 Jun'19 ‘2
o  Mode Fls|sm T/wlT Fls|[sm TlWw]|[T

1 = 2 Prepare dry dock 2 wks Tue 01-01-19 Mon 14-01-19
2 %  Constuctionlegl
3 = Formwork bottom slableg 1 2 wks Tue 15-01-19 Mon 28-01-191
4 2 Casting concrete bottom slab leg 1 1day Tue 29-01-19 Tue 29-01-19 3 ll
5 2 Hardening concrete bottomslableg 1 3 days Wed 30-01-19Fri 01-02-19 4 il
6 2 Formwaork front/back/sidefinnerwalls leg .10 wks Mon 04-02-19Fri12-04-19 5 ﬁl
7 = Casting concrete walls leg 1 2 days Mon 15-04-19Tue 16 04-19 6
8 b= Hardening concrete walls leg 1 3 days Wed17-04-19Fri1904-19 7
9 b Formwork upper slab leg 1 2 wks Mon 22-04-19Fri03-05-19 8 ﬁl
10 2 Casting concrete upper slableg 1 1day Mon 06-05-19 Mon 06-05-199
11 2 Hardening concrete upper slab leg 1 3 days Tue 07-05-19 Thu 09-05-19 10
12 B
13 = Formwork bottom slableg 2 2 wks Tue 15-01-19 Mon 28-01-191 vﬁl
14 b Casting concrete bottom slab leg 2 1 day Tue 29-01-19 Tue 29-01-19 13 il
15 2 Hardening concrete bottomslableg 1 3 days Wed 30-01-19Fri 01-02-19 14 il
16 = Formwaork front/back/sidefinnerwalls leg |10 wks Mon 04-02-19Fri 12-04-19 15
17 2 Casting concrete walls leg 2 2 days Wed 17-04-19Thu 18-04-19 16,7 il
18 2 Hardening concrete walls leg 2 3 days Fri1l9-04-19 Tue 23-04-19 17
19 =) Farmwaork upper slab leg 2 2 wiks Wed 24-04-19Tue 07-05-19 18 .%%
20 = Casting concrete upper slableg 2 1day Wed 08-05-19Wed 08-05-1919,10
21 B
22 b Installing winch system 25 days Fri10-05-19 Thu13-06-19 20,11 aEmee—
23 2 Installing H-beams 2Sdays  Thu16-05-19 Wed 19-06-192255+4 days
24 B Immersion structure finished
25 2 Restore dry dock in old state 2 wks Thu 20-06-19 Wed 03-07-1923

Figure 10-6 - Construction planning immersion structure
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Dry dock

- Rent (incl. cranes and

additional supplies)

- Crew, energy supply etc.
Concrete

- Slab

- Wall

- Concreting a slab

- Concreting a wall

- Labor
Reinforcing
steel

- Amount of steel

- Labor

- Production rate
Formwork

Steel H-beam

Lifting
mechanism

Table 10-3 - Cost estimation immersion structure

Plywood

Preparation of formwork
Labor

Production rate

H-beams

Labor

Nr of H-beams
Production rate

Steel winch system
Labor
Production rate

26
26

1,184
1,963

0.10
0.20

511

551
5,507
10

7,415
7,415
3,708

0.5

5191.6
1568
49

32

390
2260.9
5.7971

(weeks)

(weeks)

m3
m3

mh/m3
mh/m3

(mh)

ton
(mh)
(mh/ton)

(m2)
(m2)
(mh)
(mh/m2)

(ton)

(mh)

(beam)
(mh/beam)

(ton)
(mh)
(mh/ton)

€40,000

€20,000

€120
€120

€40

€1,000
€40

€20
€50
€40

€2,000
€40

€3,500
€40

Delft
U e t University of
Technology

(Per week)

(Per week)

Total

(Per m3)
(Per m3)

(Per mh)

Total

(Per ton)
(Per mh)

(Per m2)
(Per m2)
(Per mh)

Total

(Per ton)
(Per mh)

Total

(per ton)
(Per mh)

Total

Subtotal costs
Additional
costs (25%)
Total cost

ah h

1,040,000

520,000

1,560,000

142,128
235.512

20,438

398,078

550,725
220,920

771,015

148,302

370,755

148,302

667,359

10,383,200
62,720

10,445,920

1,365,000
90,435

1,455,435

15,297,807
3,824,452

19,122,259
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10.3 OPERATIONAL COST OF IMMERSION STRUCTURE

To calculate the operational cost of the immersion structure to execute the case study, it is assumed that 5
workmen are needed to operate the transportation operation. Another assumption is that in one workday the
GBFs can be transported from land into water.

Also a cost factor for the maintenance and repair of the immersion platform is assumed at €15,000 per week.
With an equal period of renting the semi-submersible vessel of 352 day this is equal to 50 weeks.

Workmen Cost
- Workmenhours 5x8x64  [hours] €40 (Per hour) € 102,400
- Maintenance and repair 50 [weeks] €10,000 (maintenance) € 500,000
Total € 602,400

Table 10-4 - Total operational costs of immersion platform

Adding these costs with the construction costs the costs are 19.7 million euro to construct and use the
immersion structure for the case study.

10.4 IMMERSION STRUCTURE APPLIED ON MORE PROJECTS

When the immersion structure is applied on one project the use of a semi-submersible vessels is profitable, the
costs are approximately the half of the immersion structure. In this paragraph it is checked what the minimum
amount of days for which the immersion structure is profitable.

The following starting points are used to calculate the cost of using the immersion structure per week:

Value unit |
Construction cost 19.1 [million euro]
Residual value 15% [initial value]
Discount factor 1.07 [-]
Service life 20 [years]
Annuity 0.110 [-]

Table 10-5 - Input for depreciation and interest cost estimation

The depreciation and interest is calculated with the following formula:

A 14
Cp+r = U ( - D_}§> (53)
f
Where:

Cp+; = Depreciation and interest cost factor per week [%]
A = Annuity [—]
U = Utilization factor [%]
Vr = Redidual value [%]
D¢ = Discount factor [—]
t = Service time [years]

To calculate the depreciation and interest costs per week the following formula is applied:

Cpyris = Cpyy - T¢ (54)

Where:

Cp+11s = Depreciation and interest cost of immersion structure [€]
T, = Total construction cost of immersion structure [€]
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The minimal utilization of the immersion structure must be calculated to decide when the solution of applying
the immersion structure is profitable. The rental and operational costs of the semi-submersible vessel is
163,450 euro per week. The immersion structure is profitable when the depreciation, interest and operational
costs are lower than this value. The operational costs for the immersion structure are 12,048 euro per week.
Therefore the depreciation and interest costs of the immersion structure must be lower than 151,402 euro per
week. The minimal utilization factor is calculated to conclude if the immersion structure can be profitable. With
a utilization factor of 22% both solutions have the equal costs.

Depreciation and interest costs of immersion structure
€ 350,000

€ 300,000

€ 250,000

€200,000

€150,000

€100,000

€50,000

Depreciation and interest cost per week [€]

€ = T T T T T 1
0 10 20 30 40 50 60
Utilization [%)]

Figure 10-7 - Depreciation and interest costs as function of utilization

10.5 CONCLUSION

The costs to construct the immersion structure are 19.1 million euro. These costs are higher than the 13.8
million euro to rent a semi-submersible vessel for two windows to execute the transportation operation of the
GBF from land into water for this project. The GBF design could be adapted to investigate a cost reduction of
the immersion structure, a decrease in cross-sectional area of the H-beams could lead into a large cost
reduction for the immersion platform. Otherwise it seems to be that renting a semi-submersible vessel is the
best solution to execute the case study.

However, the immersion platform could be used for several projects. Therefore the utilization of the immersion
structure is calculated to determine when this solution is profitable. The depreciation and interest costs are
calculated from the immersion structure and compared with the rental costs of the semi-submersible vessel.
The minimal utilization period to give a profitable solution is 22% in a lifetime of 20 years. Because 20 years is a
very long time span and the developments are uncertain an extensive research must be executed to decide if
the risks of constructing the immersion structure are too large or acceptable.
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Chapter 11: CONCLUSIONS AND RECOMMENDATIONS

The goal of this research is to try to find a new design method to find the optimal construction and
transportation method for applying gravity based foundations for offshore foundation on commercial scale.
The conclusions are given in paragraph 11.1 and the recommendations are described in paragraph 11.2.

11.1 CONCLUSIONS

The design objective is to investigate what is the most optimal construction and transportation method to
construct a large number of gravity based foundations and transport them from land into water. In this report
the answer is given on the research question:

“What is the most optimal construction and transportation method for a large
number of gravity based foundations for offshore wind turbines?”

The new developed design method is applied and combining all design elements the most optimal construction
is the use of a hexagonal GBF design which is fully constructed in a production line at the REBO site and
transported on land on skidding beams to the, depending on future projects, immersion structure or semi-
submersible vessel. The applicability of the immersion structure is shown in Figure 11-1.

To come to this final answer first a materialefficient design is designed which is stable during the transportation
and operation phase. This results in a circular GBF with a minimal diameter of 33 meter. Because the
constructability of the GBF is low and this causes a large construction time the design is adapted into a
hexagonal shape. This GBF is stable during transportation and operational phase with a minimal diameter of
37.5 meter. This is less materialefficient but due to the better constructability this design could be an option.

The construction and transportation method interact with each other and therefore both designs must be
considered to determine the optimal transportation method. In the decision matrix the project characteristics
are used to determine which common transportation methods are applicable: only the semi-submersible vessel
is applicable but has high costs: 10.5 or 13.8 million euro, depending on the storage area location. Therefore an
alternative transportation method is tried to find with the help of a brainstorm session. The so-called
immersion structure is found to be the best solution and this structure is designed.

After knowing the best applicable construction and transportation method a construction planning is
developed. Three options are considered and the best solution according to the executed multi-criteria analysis
is the use of 4 production lines with each 4 four construction locations. The construction of 64 GBFs in a period
of two years is feasible and risks on delay are mitigated. Because there is no space to design the storage area at
the construction the storage is done in the water. The semi-submersible vessel is rented in this case for a
longer period which causes a rental cost of 13.8 million euro.

The construction and operation costs of the immersion structure are calculated and are 19.7 million euro. This
is approximately double the renting and operation costs of a semi-submersible vessel for the case study.
However, the immersion structure also is applicable to other caisson types which could make the immersion
structure profitable. If there are in future projects where caissons must be constructed on land and are
transported into the water the immersion structure can be profitable. A minimal utilization of 22% in a service
time of 20 years is needed to be profitable. If this is not the case the semi-submersible vessel is a logical choice.

The developed design method is successfully applied on the case study. On projects where large caissons are
involved it is not expected that the design method will not work. In this case study GBFs are implemented in
the design method but in principle for each type of caisson this design method is applicable. One project
characteristic is very important in the design method: the large amount of caissons which must be constructed
and transported from the dry in the water. To give answer on the design method objectives a secondary design
method is applied. This is functioning on some design objectives but when there is one parameter which is
dominant above all other properties the secondary design method does not add much value to the outcome of
the design. The solution of the immersion structure is added to the decision matrix in Figure 11-1.
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Figure 11-1 - Decision matrix with immersion structure

11.2 RECOMMENDATIONS

Because there are in the research question a lot of aspects which influence other aspects some

recommendation are done to some aspects which must be investigated before this solution can be executed:

Only the base slab diameter is changed to ensure external stability. The thicknesses of the elements
are used from a reference project. The concrete thicknesses and reinforced steel quantities must be
recalculated when the diameter changes.

The environmental forces on the circular GBF geometry are not adapted for the use of a hexagonal
shape. The change in forces must be investigated and implemented to calculate the stable diameter of
the GBF.

The prefabricated plates and the connections for the hexagonal GBF must be designed.

A storage area must be designed for the amount of 26 GBFs which are finished during the season
when installation is not possible.

The immersion structure design might be adapted due a dynamic calculation in the transportation
phase.

The winch system of the immersion structure is adapted from a reference project and quantities are
assumed, this system must be designed when it is decided to build the immersion structure.

An extensive research on the market development of GBFs and/or other caisson structures must be
executed to conclude if the immersion structure is profitable to realize and use.

Because the new developed design method it is recommended to apply more case studies to
investigate where problems will arise and to improve the method. The method assumes that with the
use of suboptimizations an optimal result is obtained. Because the design is all about interactions it
could be that another solution could be more optimal. This could be investigated and the design
method can be optimized.
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Annex A CONSTRUCTION AND TRANSPORTATION METHODS OF
REFERENCE PROJECTS

Constructing offshore wind foundations have a lot of similarities with other construction projects where large
concrete caissons are used. In principle the gravity based foundation is a large caisson, but with respect to
tunnel elements, quay walls and flood defences the shape is different. The dimensions, weight and the
required number of elements are often similar to other projects. In this annex several projects where large
caissons are constructed are described. The considered projects are given in Table A-1. These projects are
selected to give a selection of projects with each a different construction method.

Fehmarnbelttunnel (tunnel) Factory with two docks with different height
Singapore TTP 1 (quay wall) Skidding beams with semi-submersible vessel
Blyth Offshore Demonstrator Project (GBF) Use of dry dock
FLOATGEN (floatable wind turbine foundation) Building on the water with help of pontoons
Monaco floating breakwater (breakwater) Building on floating dock
Thornton Offshore Wind Farm (GBF) Use of heavy lifting vessels
Venice flood defence Use of syncrolift

Table A-1 - Projects from literature study where the construction method is described

In the considered projects the caissons are large in dimensions and weight. To construct and transport the
caisson from the casting place into deeper water several transportation methods are possible. Of these seven
projects the construction method is described and the range of possibilities and advantages and disadvantages
are given.

A.l. FEHMARNBELTTUNNEL: FACTORY WITH TWO DOCKS

The Fehmarnbelttunnel is an, still to build,
immersed tunnel between Denmark and Germany, Sl

o 22 . ¥ o SEELAND Yead
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A.1.1. Construction method
The Fehmarnbelttunnel will be built with the use of
89 elements. Each element consists of several segments. To clarify the construction method, the procedure of
constructing one tunnel element is described. In Figure A-2 a top view of the factory is given where the
different construction phases of the factory are indicated.
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Figure A-2 - Tunnel Element Factory for Fehmarnbelttunnel (femern.com)
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To construct a tunnel segment, the reinforcement net is constructed in the fabric hall. After the reinforcement
net is constructed, the complete reinforcement net is transported to the casting place where the complete
segment is casted. When this segment is cast it is transported over skidding beams to the curing room. During
the curing process, the next segment will be already cast and will be fixed to the segment. In this way several
segments can be constructed in a relatively short time. The casting process is given in Figure A-3. Several
activities can go on continuously with this construction method.

The flow chart is given for 3 segments, but can go on until the number of elements is reached to construct one
tunnel element.

Reinforcement Casting ;
Curing
net segment
Reinforcement Casting .
Curing
net segment
Reinforcement Casting .
Curing
net segment

Figure A-3 - Production process tunnel element

When an element is finished the roll gate is closed behind the tunnel element and the basin is filled with water.
The tunnel element floats and will be towed to the deeper part of the basin. Then the water will be lowered
equal to the water level outside, see Figure A-2. The floatable gate opens and the elements will be towed to
the tunnel alignment and will be immersed and connected to the previous tunnel element.

A.1.1. Range of possibilities
The advantage of a factory at the project location is that it is specially designed for a certain type of element,
dimensions and weight. For every type of project a specially built factory can be a solution for the production of
elements. However this type of constructing the caissons is only profitable when a project concerns a large
number of caissons. A second demand for the transport of heavy elements to the final location is the proximity
of water and the water has a sufficient depth.

A.1.2. Advantages and disadvantages of the construction method
The advantages and disadvantages must be considered to decide whether this construction method could be
used and if it could be profitable. First the advantages of this construction method are discussed and
afterwards the disadvantages:

e  Project execution time:
With the construction of a specially built factory the layout is optimally designed for the construction
of elements. With an optimal layout and optimal conditions for casting and curing the time needed to
construct the elements can be shortened in comparison a situation without a factory.

e Controlled conditions/quality:
With the use of a factory the conditions in the factory halls can be optimized for the casting and curing
procedure, the casting procedure is independent on local weather conditions. With optimal conditions
the quality control of the concrete elements could be easier.
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e  Working conditions:
The working conditions for personnel are good. In a factory hall the temperature can be controlled
and workers do not have to work in rainy conditions or in low of high temperatures. This could
increase the working rate of the personnel and shortens the construction time.

Nevertheless a factory is not built for every immersed tunnel project. There are several disadvantages that
decide if this construction method is useful for a certain project or not:

e Costs:
The costs to build a factory at the location are large. For the project a certain large number of concrete
elements are needed to ensure a profitable use of a specially built fabric.

e Necessary area:
The necessary area to build such a factory is relative large. Not at every project location such an area is

available. When the factory cannot be built at the project location a location can be found more
remote but the question is till which distance a factory is a profitable solution comparing with other
construction methods.

e Environment:
A factory has a negative impact on the local environment. A factory covers a large area and the noise
and pollution of the activities harm the local environment. An important question is if the factory also
could be used for other projects or that the factory must be decommissioned.

e Infrastructure:
The presence of local infrastructure is an important aspect in the decision to build a project specific
factory. Large amount of materials must be transported to the factory. This could be done over water
or by road. The costs for a factory rapidly increase if these facilities are not present.

A.2. SINGAPORE TUAS TERMINAL PORT PHASE 1: SEMISUBMERSIBLE VESSEL

Deme is involved in the project of a large
harbour expansion in Singapore. The
harbour will be expanded with 21 new
berths with a total length of 8.6 kilometres.
The harbour expansion will be constructed
with the use of 222 concrete caissons with a
height of 28 meters high (deme-
group.com). The construction method is
analysed and the advantages and
disadvantages are given. The harbour
expansion is displayed in Figure A-4. The
project is in the execution phase and is
planned to be finished in 2020.

Figure A-4 - Location of the Tuas port expansion (maritime-
executive.com)

A.2.1. Construction method
The caissons are built on the quay wall on
several skidding beams. The full caisson, except the deck, is casted and the caisson is moved to the edge of the
quay wall where a semi-submersible vessel is berthed. This situation is given in Figure A-5. The caisson is
skidded on the vessel and the vessel navigates to deeper water where it can submerse. There, the semi-
submersible vessel immerses partly and the caisson can be towed to its final location and it can be immersed,
see Figure A-6.
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Figure A-5 - Transportation of caisson on semi- Figure A-6 - Construction method Singapore harbour extension
submersible vessel (Krabbendam, 2016) (Maritime and Port Authority Sinaapore)

A.2.2. Range of possibilities
With the use of a semi-submersible vessel the range of possibilities is large. Semi-submersible ships have
dimensions large enough for the largest elements, the dimensions goes up to a length of 275 and a width of 70
meters. The capacity of semi-submersible vessels goes up to 117,000 tons (Boskalis.com). The possibility to
build a project specific semi-submersible vessel could be, and is in this case, feasible. The larger the project
scale the more likely it is that a project specific vessel is profitable. The only restriction is that the water depth
in front of the quay wall is sufficient to berth the semi-submersible vessel. On the other hand: the draught of a
large caisson is in most cases larger than of a semi-submersible vessel, so when the use of a semisubmersible
vessel is not possible the caisson could not at all be transported by water.

A.2.3. Pros and cons
For this construction method the following advantages and disadvantages must be considered before a
construction method is chosen.

Advantages:
e Dimensions and weight:
A main advantage of this construction method is that the dimensions of caissons are never too large
for a semi-submersible vessel. In some special cases with large projects a special semi-submersible
vessel could be built.

e  Flexibility:
The use of a semi-submersible vessel gives flexibility in the transport of caissons. Caissons could be
transported in more rough conditions than the caisson on itself could resist.

Disadvantages:
e Cost:
The costs of using a large semi-submersible vessel are large. The solution for this large project is to
build a project specific semi-submersible vessel but this is only a solution if the contract sum is large
comparing with the costs of building a vessel and the project duration is very long causing buying a
vessel could be cheaper than renting. Another option is to rent a semi-submersible vessel to use in the
timeframe of the project. The question is what the most profitable solution is.

e Depth:
The main restriction is the depth in front of the quay wall.
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A.3. BLYTH OFFSHORE DEMONSTRATOR PROJECT: EXISTING DRY DOCK

The Blyth Offshore Demonstration Project is performed to investigate the use of gravity based foundation for
offshore wind turbines. The gravity based foundations are displayed in Figure A-7. In total five wind turbines
are produced in a dry dock and immersed in the North Sea. An available dry dock in Newcastle upon Tyne is
used and the offshore wind turbines are immersed in front of the coast of the United Kingdom, see Figure A-8.

Figure A-7 - Gravity based foundation for wind turbine in dry Figure A-8 - Location of the Blyth project
dock (bam.com) (vallourec.com, 2016)

A.3.1. Construction method
In an available dry dock in Newcastle upon Tyne the construction of the gravity based foundations is
performed. The dry dock has sufficient dimensions to produce all foundations in one batch. After the elements
are constructed the dock is inundated and the foundations float. The foundations are towed out of the dry
dock and are immersed in the North Sea.

A.3.2. Range of possibilities
The use of a dry dock is quite restricted. A dry dock must be in the proximity and then also the dimensions have
to be sufficient. Dry docks are used to maintain vessels; therefore the bottom of some dry docks narrows to the
bottom. The main issue why dry docks are not always used are the dimensions. In Figure A-9 the dimensions of
available dry docks worldwide are given. The main part of the dry docks has a length till 400 meter and a width
till 90 meter. Therefore the presence of a suitable dry dock in the proximity is uncertain. For larger, or more,
elements it is harder to find a suitable dry dock. Especially for large projects where a lot of elements have to be
produced there are not many suitable dry docks because the tunnel elements must be produced in several
batches and this take a lot of time and have large costs.

Width vs Length of dry docks
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Figure A-9 - Dimensions of available dry docks (Data: Wikipedia.org)
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A.3.3. Advantages and disadvantages
The advantages and disadvantages of using a dry dock for a construction project are described. First the
advantages are described and thereafter the disadvantages.

Advantages:
e low cost:
With the use of an available dry dock only minor construction works has to be performed to make the
dry dock suitable. No construction site has to be constructed.

e Shorter project execution time:
With the absence of the construction phase of a factory, construction pit or another type of
construction place there is less time needed to complete the project and the project can be executed
in a smaller timeframe.

Disadvantages:
e  Fixed size:
For a construction project a construction place can be designed with optimal dimensions. A certain
length, width and depth can be designed and the construction place can be built. If a dry dock is
chosen, the dimensions are fixed and could be not optimal to execute the project. If the dimensions
are just too small to put an additional segment or element in a batch the construction phase will take
more batches and time, this will cause an increase in cost.

e No controlled conditions:
With using a dry dock the weather conditions could not be controlled. A roof could be built but this
increase costs and could not be optimal with the use of cranes to lift materials in the dry dock.

e Available draught:
The draught available at the dry dock is fixed. Therefore a lot of dry docks could be inappropriate to
execute the caisson construction.

A.3.4. Alternative of using a dry dock: Floating dock
In some projects like the construction of the Monaco floating breakwater a floating dock is used to construct
the caisson in the dock (Bouygues-construction, 2018). In that case the construction method is quite similar but
the construction takes place on water. This construction method has the same advantages and disadvantages
except that the costs are higher comparing to the use of a dry dock. The use of a floating dock has one extra
advantage and that is the flexibility of the construction location. With the use of a dry dock the dry docks are
fixed on a place and with a floating dock the construction place can be moved to anywhere in the water with a
sufficient water depth.

The supply of materials could be Width vs Length of available floating docks
done by water or by land when
the floating dock is berthed at 500
the quay wall. Via water the 400 * +o* PN
supply of materials could be —_ *®0
done more efficiently with £ 300 W ¢
< L 4

larger quantities per arrival of a & 200 A
vessel instead of a truck. 3

100
The dimensions of existing
floating docks are given in 0
Figure A-10. It can be seen that 0 20 40 60 80 100
the dimensions are quite Width[m]

smaller than dry docks.

Figure A-10 - Width and lengths of available floating docks (Data: Wikipedia.org)
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A.4. FLOATGEN PROJECT: BUILDING ON WATER WITH HELP OF PONTOONS

To investigate the use of a floatable offshore wind turbine the FLOATGEN project is executed. The offshore
wind turbines have a floatable foundation. This foundation is made of a large rectangular caisson. The floatable
offshore wind turbine is displayed in Figure A-11. During the construction the rectangular caisson is built on
three pontoons, see Figure A-12.

Figure A-11 — Animation of installed Figure A-12 - Construction phase FLOATGEN foundation
FLOATGEN foundation (Floatgen.eu)  (Floatgen.eu)

A.4.1. Construction method
The floatable foundations are constructed on three pontoons in front of a quay wall. First a working floor is
created on the three pontoons, and then the caisson is constructed. When the construction of the caisson is
finished the pontoons with the caisson on top are towed into a sluice. The water level in the sluice is lowered
and the pontoon sinks to the bottom and is filled with water to ‘fix’ the pontoon at the bottom. Then the water
level is raised and the caisson floats without connecting to the pontoons and can be transported and fulfil its
function as a floatable foundation for an offshore wind turbine.

A.4.2. Range of possibilities
This construction method is suitable for building projects where a small number of caissons are needed. When
a large number of these wind turbines must be produced a very high number of pontoons are needed and the
available area in a harbour could be insufficient. The carrying capacity of the pontoons is in most cases not the
limiting factor. Pontoons have in general a carrying capacity till 15 ton per square meter and this is sufficient
for most caisson types.

A.4.3. Advantages and disadvantages
The use of pontoons have some advantages and disadvantages, these are described for this construction
method.

Advantages:
e Additional working area:
When there is insufficient area available at the quay walls the construction can be moved to pontoons
in front of quay wall.

e  High carrying capacity:
Most pontoons have capacities of around 15 ton per square meter and this complies for most caisson
types. The total deadweight per pontoon goes to around 20,000 tons. When the elements are too big
or too heavy an extra pontoon could be used.
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e (Cost:
The costs of using pontoons are lower than the use of expensive vessels like semi-submersible vessels
or floating docks.

Disadvantages:
e Available area:
Concerning projects with more elements the water area could be insufficient to position all pontoons.

e Sluice:
The presence of a sluice with sufficient dimensions and depth is indispensable.

A.5. THORNTON OFFSHORE WIND FARM

For the Thornton Offshore Wind Farm the transportation of the gravity based foundations is executed with
SPMTs to the edge of the quay wall and the lifting operation from the quay wall into the water is executed with
lifting equipment. The element can be built on the quay wall and the element can be lifted and placed in the
water where it floats. Another option could be to build on a pontoon and with a heavy lift vessel lift it in the
water where it floats. Then the lifting range can be shortened and this is positive for the lifting capacity of the
heavy lifting vessel.

Figure A-13 - Heavy lift vessel lifting a gravity based foundation
(Peire, Nonneman, & Bosschem, 2009)

A.5.1. Range of possibilities
The possibilities are determined by the weight and the dimensions of the element. For lift vessels the capacities
are given in Figure A-14.

With the focus on the fleet of Deme the next graph in Figure A-15 presents the lifting capacities of the vessels.
The largest vessel of Deme is able to lift 5000 tons and the main part of the fleet has lifting capacities in the
range of 400-1500 tons.

For land-based cranes the capacities differ from water-based equipment. The largest types of cranes are able to
lift a weight of 5000 tons (Mammoet.com). This ring crane is displayed in Figure A-16. The majority of terrain
cranes has a lifting capacity of several hundred tons. The disadvantage of a ring crane is the very large area
needed for installation and that the cranes are not manoeuvrable. The cost of these cranes is also very high. At
last, the availability of the cranes is low because the number of such cranes worldwide is little.
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Figure A-14 - Lift capacity of heavy lift vessels (Data: \S‘Q
Wikipedia.org)

Figure A-15 - Lifting capacity Deme fleet (Data: deme-
group.com)

A.5.2. Advantages and disadvantages
Also with the use of cranes there are some advantages and disadvantages. These are given for the heavy lift
vessels because this includes the main lifting operation of the heavy caissons in the Thornton Offshore Wind
Farm project.

Advantages:

e  Manoeuvrability:
Heavy lift vessels are able to manoeuvre to the optimal position to lift the caisson. When the caisson is
lifted the vessel could sail to the position where the caisson can
be lowered into the water. With insufficient water depths this
could be needed.

e  Small lifting range:
With the manoeuvrability of a vessel the crane on the vessel
does not have to reach very far. This is positive for the lifting
capacity of the crane.

Disadvantages

e Lifting capacity:
The lifting capacity of the most heavy lift vessels is restricted to
around 5000 tons, see Figure A-15. For higher lifting capacities
there are only few heavy lift vessels available. With only few
available the costs for renting a heavy lift vessel will be very high.

Figure A-16 - Ring crane
(Mammoet.com)

A.6. VENICE FLOOD DEFENCE: USE OF SYNCROLIFT

Venice is threatened by flooding due to the rising sea level but more due to the subsidence of the land. In the
lagoon inlets, see Figure A-17, caissons, acting as flood defences, are immersed to protect the city of Venice.

A flood defence is constructed with the use of large caissons. The caissons are constructed on the quay wall
and are transported by a rail construction to a syncrolift. This syncrolift can lower the caisson until the caisson
floats due to the buoyancy of the water. A drawing of a syncrolift is included in Figure A-18 to explain the
principle.
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Figure A-17 - Type of flood defence, plan view of flood Figure A-18 - Drawing of Syncrolift (tehnoros-ship.ru)
defence, location of immersing caissons

(dutchwatersector.com, 2013)

The idea of a syncrolift originates from the shipbuilding industry. When a ship is built or must be repaired the
ship is transported on a rail to the syncrolift platform and is lowered into the water, when the ship floats it can
easily sail out from the platform. In the flood defence project in Venice a syncrolift is used for the large
caissons. The construction area with the syncrolift is displayed in Figure A-19.

Figure A-19 - Construction area of flood defence in Venice lagoon
(newcivilengineer.com, 2011)

A.6.1. Range of possibilities

Syncrolifts are mainly used for the launching of vessels but are sometimes used for the launching of a caisson.
The ranges of possibilities are mainly determined by the dimensions and the weight capacity of the syncrolift.

e  Capacity: Up to 30,000 tons (tehnoros-ship.ru)
e Dimensions: Up to 200 meter length and 40 meter width. (tehnoros-ship.ru)

The main limit of this method is the draught of the caisson. The available water depth indirectly causes the
maximum available draught to apply this method.

A.6.2. Advantages and disadvantages

With using the syncrolift some advantages and disadvantages could be present. First the advantages
whereafter the disadvantages are given.
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Advantages:

e Time:
With the use of a syncrolift a lot of elements can be launched in a short time. With a rail network on
the quay wall the construction of several elements at the same time can be performed. There is no
need of several batches as for the floating or dry dock and the construction could be a continuing
process.

Disadvantages:

e Depending on water depth:
The water depth in front of the syncrolift determines the maximum draught that could be created for
the caissons. When this depth is insufficient the use of the syncrolift is not an option.

e Manoeuvrability:
The syncrolift could be constructed in front of an existing quay wall. When this syncrolift is
constructed it is a fixed structure and cannot be used at other locations as for the floating dock and
heavy lift vessels is possible.

A.7. CONCLUSION CONSTRUCTION METHODS

The advantages and disadvantages of the several construction methods are given and the most important
characteristics of a project and caisson dimensions are implemented in a decision matrix. With the use of the
decision matrix an overview is presented to several construction methods with their common applicability. First
some comments and explanation is given per construction method whereafter the decision matrix is given.

In this chapter the main result of the literature study is given with the use of a decision matrix. In this matrix
different construction methods are given with different project characteristics which could be present within a
project. The characteristics in the matrix are:

e Dimension of caisson

e Draught

o Weight

e Number of elements

e Level of existing infrastructure
e Influence of weather conditions

These parameters are all described and applied on the different construction methods. For the quantities of
several parameters a rough distinction is made. The boundaries of these parameters are not hard limits but
give only an indication.

A green check mark is given when the construction method is applicable, a yellow equal to sign is given when
this construction method is not always applicable and a closer look on the possibilities is needed. A red cross
means that the construction method is in most cases not applicable. Nevertheless, with exceptional
circumstances or equipment this option could always be feasible.

The result is given in Table A-2 at page 147, in paragraph A.7.1 till A.7.6 a short explanation per parameter is
given of the choices for the decision matrix.

A.7.1. Dimensions
The dimensions of caissons could be prescribed or optimal dimensions are designed for the most optimal
caissons and construction method. In the decision matrix the dimensions are classified with three classes
<50mx50m which could be gravity based foundations or quay walls, 50mx50m-150mx75m which could be for
example elements for a breakwater or tunnel elements and larger elements of <150mx75m. For construction
methods with the use of a factory, semi-submersible vessel, or a dry dock all available dimensions are
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sufficient. For a floating dock, pontoons, land based crane and a heavy sea lift vessel the dimensions are
restricted. For elements smaller than 50mx50m it is possible but for larger elements it causes more difficulties.

A.7.2. Draught

To transport the caissons into deeper water the draught of an element is an important parameter. The draught
of the caisson determines the required water depth. For a construction methods which use floating equipment
the required water depth must be sufficient. With the use of a dry dock the depth of the dry dock must also be

sufficient. In Figure A-20 and Figure A-21 the available depths of dry docks and floating docks are displayed. For
the sufficiency of depth an extra keel clearance of 1 meter is applied. The depth is limited to the outside water

level for the construction methods factory and casting basin. With large depths the casting basin also need very
large dimensions, due to the slopes, and this is not desirable.

For dry docks the maximum draught of 12 meter is the maximum for which gives that 25% of the docks could
be used. The dry dock has to be in the proximity, so the real probability that a dry dock could be used for
caissons with a large draught than 13 meter is low. When a larger draught is needed the possibility is real low
because the location of the dry dock is also important.

For floating docks the maximum is around 17 meter for which there are 15% of the floating docks left which
could be possible for caisson construction. Floating docks can be towed to anywhere what is positive that every
floating dock could be used anywhere where the available depth is sufficient.

Depth of dry docks Depth of floating docks
20 30
L5 ) 25
T € 20
- =
o o
o o 10
5 |
0 0
Figure A-20 - Depth of dry docks (Data: Wikipedia.org) Figure A-21 - Depth of floating docks (Data:

A.7.3. Weight
The weight of an element depends on the volume of the applied materials. The weight of the caissons is
restricted with some construction and transportation methods. The use of land based cranes is restricted till
around 5000 tons; even in that case exceptional equipment is needed. For heavy sea lift vessels the lift capacity
is given in Figure A-14. From that figure it can be seen that the number of vessels which could lift more than
5000 tons are low. Excepting few vessels, a larger lifting capacity than 10,000 tons is not possible. The master
thesis is written for DIMCO, part of the Deme Group and in their fleet no lifting capacities above 5000 tons are
present as displayed in Figure A-15 on page 143.

The carrying capacity of vessels or barges is in most cases sufficient. For construction methods which use the
buoyancy of water to let the elements float, in theory there is no limit on the weight of a caisson.

A.7.4. Number
The number of elements is an important parameter to select a construction method. Building a special factory
to construct one or a few elements is absolutely not profitable and on the other hand, it is not profitable to
cast many elements in a small dry dock because a lot of batches are needed. In the decision matrix a distinction
is made for a number of characteristics and the suitable construction methods. For the heavy lifting vessel a
comment must be made: The number of elements is not a limiting factor but when several batches must be
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executed, the ratio of working time/non-working time is low and this is not profitable because the heavy lift
vessels are very expensive.

A.7.5. Level of existing infrastructure
The level of existing infrastructure is always important to a project. When the level of infrastructure is high the
supply of materials, workmen and equipment can be performed without problems. When the level of
infrastructure is low, problems could occur with the supply and the project could take longer. A solution is to
build temporary infrastructure to the project location but it has high costs. With some construction methods
like a specially built factory and the use of a dry dock there a few locations possible and the existing
infrastructure is important. With the other construction methods, like a floatable dock semisubmersible vessel,
building on pontoons and the use of heavy lift vessels, the construction location could easily be changed to a
location with good existing infrastructure. With these construction methods the construction is executed on
floatable platforms or could be performed in an existing harbour.

A.7.6. Influence of weather conditions
Weather conditions influence the construction process. In some conditions the concrete curing will take longer
and concrete could not be poured in temperatures below 0 degree Celsius. Welding is also dependent on
weather conditions. When the weather conditions are bad the project could delay and run out of budget.

For quality it is also better to have a controlled environment. This is possible with the building of a special
factory. The temperature and humidity could be influenced and rainy conditions are less important when the
main part of the activities takes place inside the factory. Therefore the factory has a plus-sign to indicate the
advantage and the other activities a minus-sign to indicate the disadvantage.

A.7.7. Decision matrix
The decision matrix, given in Table A-2, is designed by using the information above. With the use of this
decision matrix the applicability of construction methods for a project could be considered.

<50x50 ?2)[(]?(3!; >150x75 <5 5-10 | >10 | <5,000 ?’5[333;) >15,000 | <10 10-20 >20 Little High

Factory / ‘/ / / x / / '/ x x '/ x /
Casting basin v v v v x v v v v x x x v —
sttt | ¥ | ¥ v X7 [ ¥ | 7 [ X|[¥ | (v || =
semissbmersble | v | ¥ | ¥ | Y| ¥ YIY | Y | Y| Y| Y|Y|Y -
Dry dock 7 | 7 | & | & X v | v | ¥ V|7 X[ X| v ]| =
Floating dock / x / '/ / / / / / x / / —
o | Y X |[Z==v v v v %|v|v| =
Land based crane v ¥ ¥ v Y| Y| Y ¥ ¥ Y| v v | ¥ v —
Heavy lift vessel f x / ( / f x / / x / / —

(1): Depends on available dimensions of sluices in the proximity

Table A-2 - Decision matrix
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Annex B

Delft
e t University of
Technology

MATLAB SCRIPTS

In this annex three Matlab scripts are included:

e  Stability for circular GBF
e Stability for hexagonal GBF
e  Stability for immersion structure

B.1 IMATLAB SCRIPT CIRCULAR GBF

clear all
close all

)

% Eurocode factor
Partial EC Fac Be
Partial EC Fac sl
Partial EC_Fac fa
Partial EC_Fac un

o
()]
[0
=)
[0]
et
[
—

—————————— INPUT
s

ar = 1.4; % Pa
id = 1.1; % Pa
v _Vv=1.0 % Pa

fav v = 1.35;

rtial factor on bearing capacity according to the Eurocode [-]
rtial factor on sliding capacity acoording to the Eurocode [-]
rtial factor on weight favorable [-]

[-1]

o

5 Partial factor on weight unfavorable

Y c = 2400*9.81/1000; % Volumetric weight concrete [kN/m3]
Y w = 1025*9.81/1000; % Volumetric weight water [kN/m3]
Y s = 15.70; % Volumetric weight sand infill [kN/m3]
g = 9.81; % Gravitational acceleration [m/s2]
% Input Base slab

D Base_slab = linspace(25,40,750); %Diameter of base slab [m]
h_Base_slab =1.7; % Height of base slab [m]

% Input Cylinder

t Cyl = 0.6; % Thickness cylindrical wall [m]
Height end cyl = 18.81; % Height of cylindrical part [m]

% Input Inner walls

N Walls = 6; % Number of internal walls [-]

h Walls = 10; % Height of internal walls [m]

D inner cyl = 6.5; % Diameter of inner cylinder [m]

t Walls = 0.5; % Thickness of inner walls [m]

t _inner cyl = 0.5; % Thickness of inner cylinder [m]

% Input Cone

D Cone up out 6.5; % Diameter at top of cone [m]

t Cone = 0.6; % Thickness of cone [m]
h_Cone = 15.19; % Height of cone [m]

% Input Tower

t Tower = 0.5; % Thickness of tower [m]

D Tower out = 6.5; % Outer diameter of tower [m]

h Tower = 13.0; % Height of tower [m]

h GBF = 47.0; % Height of total GBF [m]
S————m Input Brinch Hansen----------—--——--—-—-

Moment Tot = 1000350*.8* (109/ (94+50)) ; ¥Total moment [ kNm]
Hor Tot = 98145*.8; %$Total horizontal force [kN]

% Soil parameters

Int fric angle = 36*2*pi/360; $Angle of internal friction [Radians]
Angle bet c s = 40*2*pi/360; %Angle of friction between sand and concrete [Radians]

Coef friction
% Water level
WL _HT

WL LT

WL_MSL

Wave Height

$Wind turbine
Weight wind turbi

= tan(Angle bet

= 40;
32;
35;
= 5.5;

ne = 11000;

for i=1:(length (D Base slab));

¢ _s); %Coefficient of friction [-]

oo

Water depth at high tide

Water depth at low tide

Depth of water at Mean Sea Level
Extreme wave height

o

o\
ENEEE)

o\

o

5 Weight of wind turbine [kN]
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% Geometric calculations

A Base slab (i) = 1/4*pi*D Base slab(i)"2; % Base slab area [m2]

R Base slab (i) = D Base slab(i)/2; % Radius of GBF [m]

Mom of Res Base slab (i) = pi*D Base slab(i)"~3/32;% Moment of resistance base slab [m3]

D Cyl out (i) = D Base_slab(i); % Outer cylindrical diameter [m]

D Cyl in(i) =D Cyl out(i) - 2 * t Cyl; % Inner cylindrical diameter [m]

h Cyl = Height_end cyl - h Base slab; % Height of cylinder [m]

angle (1) = atan(h Cone / (0.5 * D Base slab(i) - 0.5 * D Tower out)); %Angle of cone
[radian]

D Cone bot out(i)= D Base slab(i); % Outer diameter bottom cone [m]
D Cone bot in(i) = D Base slab(i) - (2 * t Cone)/sin(angle(i));% Inner diameter bottom cone[m]
D Cone up in(i) = D Cone up out - (2* t Cone)/sin(angle(i)); % Inner diameter cone [m]
D Tower_in = D _Tower_out - 2 * t_Tower; % Inner diameter tower [m]
1 Walls(4) = D Base slab(i)/2 - t Cyl - D inner cyl/2; % length of inner walls [m]
$Volume/Weight calculation

V_Base_ slab (i) = 1/4*pi*D Base slab(i)"2*h Base slab; % Volume base slab [m3]
W _Base slab (i) = V_Base slab(i) * Y c; % Mass of base slab [kN]
V_Cyl (i) = 1/4*pi*(D_Cyl out(i)"2-D Cyl in(i)"2)*h Cyl; % Volume cylinder [m3]
W Cyl(i) =V Cyl(i)*Y c; % Mass of base slab [kN]

V_Inner walls (i) N Walls * 1 Walls(i) * t Walls * h Walls + 1/4 * pi * (D_inner cyl”2 -
(D_inner cyl - 2 * t inner cyl)”2) * h Walls; %Volume of internal walls [m3]

)

W _Inner walls(i) = V_Inner walls(i) * Y c; $ Mass of internal walls [kN]

V_Cone (1) =

1/3*pi*h Cone* ((0.5*D_Cone bot out(i))"2+0.5*D_Cone bot out(i)*0.5*D Cone up_out+(0.5*D Cone u
p_out)*2) -

1/3*pi*h Cone* ((0.5*D Cone bot in(i))"2+0.5*D Cone bot in(i)*0.5*D Cone up_ in(i)+(0.5*D Cone u
p_in(i))"~2); %Volume of cone [m3]

W_Cone (i) = V_Cone (i) *Y _c; % Mass of cone [kN]
V_Tower = 1/4*pi* (D_Tower out”2-D Tower in”2)*h Tower; % Volume of tower [m3]
W_Tower = V_Tower * Y c; % Mass of tower [kN]
V_tot (i) = V Base slab(i) + V. Cyl(i) + V_Inner walls(i) + V _Cone(i) + V_Tower; %
Volume of total GBF [m3]

W_Tot ch (i) = W _Base_slab(i) + W Cyl(i) + W _Inner walls(i) + W _Cone(i) + W_Tower; %
Mass of total GBF [kN]

Weight ch (1) = W _Tot ch(i)/A Base slab(i); % Total weight per square meter [kN/m2]
Draught (i) = W_Tot_ch(i)/(A_Base_slab(i)*Y_w); % Draught of GBF [m]
Weight d unfav = Weight ch(i) * Partial EC_Fac unfav V;

Weight d fav = Weight ch(i);

V_GBF outer (i) = 1/4*pi*D Base slab(i)"2 * (h Base slab + h Cyl)+ 1/3

*pi*h Cone* (0.5*D Cone bot out(i)"2+(0.5*D Cone bot out(i)*0.5*D_Cone up_out+(0.5*D Cone up_ou
t)”2))+ (WL _MSL - h GBF + h Tower)*1/4*pi*D Tower out”2; %Volume of total GBF [m3]

COG (1) =(V_Base slab(i)*h Base slab/2 +

V_Inner walls(i)* (h Base slab+h Walls/2)+V _Cyl(i)* (h Base slab+h Cyl/2) +

V_Cone (i) * (h_Base_slab+h Cyl+h Cone/3)+V_Tower* (h Base slab+h Cyl+h Cone+h Tower/2))/V_tot (i);
$Height of Centre of Gravity [m]

Gm—mmmmm Metacentric height: h m=KB+BM+-KG>0.50m

KB (1) = 1/2 * Draught (i) ; % KB-
distance [m]

BM (i) = (1/4 * pi * (0.5*D Base slab(i))"4) /(A Base slab(i) * Draught(i)); % BM-

distance [m]

$Factors to determine KG: [1l]:Bottom slab [2]:Cylinder [3]: Inner Walls [4]: Cone
[5] : Tower

Sum Base slab (i) = V Base slab(i) * h Base slab/2 * Y c;

Sum_Cyl (1) V Cyl(i) * (h_Base slab + h Cyl/2) * Y c;

Sum Inner walls (i
Sum_Cone (1)
Sum_Tower

= V_Inner walls(i) * (h_Base slab + h Walls/2) * Y c;
V Cone (i) * (h Base slab + h Cyl + 1/3 * h Cone) *Y c;
V_Tower * (h Base slab + h Cyl + h Cone + h Tower/2) * Y c;

Den Base slab (i)
Den Cyl (1)

V_Base slab(i) * Y c;
vV Cyl(i) * Y c;
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Den Inner walls(i)= V_Inner walls(i) * Y c;

Den_ Cone (1) = V_ Cone(i) * Y c;
Den Tower = V _Tower *Y c;
KG (1) = (Sum Base slab(i) + Sum Cyl (i) +Sum Inner walls (i) + Sum Cone (i) +

Sum Tower) / (Den Base slab(i) + Den Cyl(i) + Den Inner walls(i) + Den Cone (i) + Den Tower);
$KG-distance [m]

h m(1) = KB(i) + BM(i) - KG(i); % Metacentric height [m]

UC_meta (i) = 0.5/h m(1); % UC Metacentric height [m]

G m Calculation Brinch Hansen------—--—--——--——-—-——————

Weight GBF Full unfav(i)= Partial EC Fac unfav V* (W Tot ch(i) + (V_GBF outer(i) - V tot(i) -
1*1/4*pi*D7TowerioutA2)*Yis); % Weight of filled GBF including unfav partial factor[kN]
Weight GBF_Full fav (i) = Partial EC_Fac_fav_V*(W_Tot ch(i) + (V_GBF_ outer (i) - V_tot(i) -
1*1/4*pi*D Tower out”2)*Y s); $Weight of filled GBF including fav partial factor [kN]
Weight GBF Full ch(i) = (W _Tot ch(i) + (V_GBF outer(i) - V tot(i) -
1*1/4*pi*D7TowerioutA2)*Yis); % Characteristic weight of filled GBF [kN]
Eff Weight GBF Full unfav(i) = (Weight GBF Full unfav (i) + Weight wind turbine -

V_GBF outer(i) * Y w) / A Base slab(i); % Eff weight of filled GBF per square meter incl.
unfav partial factor[kN/m2]

Eff Weight GBF Full fav(i)= (Weight GBF Full fav (i) + Weight wind turbine - V_GBF outer (i) *
Y w) / A Base slab(i); % Eff Weight of filled GBF per square meter incl. fav partial
factor [kN/m2]

Eff Weight GBF Full ch(i) = (Weight GBF_Full ch(i) + Weight wind turbine - V_GBF outer (i) *

Y w) / A Base slab(i); %Characteristic Eff weight of filled GBF per square meter [kN/m2]
Vert tot unfav(i)= Eff Weight GBF Full unfav(i)*A Base slab(i); % Total
effective weight GBF incl. part. fact. unfav [kN]

Vert tot fav (i) = Eff Weight GBF Full fav(i)*A Base_slab(i); % Total
effective weight GBF incl. part. fact. fav [kN]

Vert tot ch(i) = Eff Weight GBF Full ch(i)*A Base slab(i); % Total
characteristic effective weight GBF [kN]

%----Shear capacity----

Tau max (i) = tan(Angle bet c s) * Eff Weight GBF Full fav(i); % Maximal
allowable shear force per square meter [kN/m2]

Resist_hor force (i) = Tau max (i) * A Base_slab(i); % Maximal allowable shear force [kN]
UC_Shear capacity (i) = (Hor Tot) /(Resist hor force(i)/Partial EC Fac slid);

% Unity check shear force (-]

$-—---Bearing capacity-----—---————=—-—————————"—"————~—~—~————

ecc_unfav (i) = Hor Tot/(Eff Weight GBF Full unfav(i)*A Base slab(i))*COG(i); %
Eccentricity [m]

b e(1i) = 2 * (R_Base_slab(i)-ecc unfav(i)); % Width of circle segment [m]
1 e(i) = 2 * R Base slab(i)*sqrt(l-(1-b_e(i)/(2*R Base slab(i)))"2);

% Length of circle segment [m]

A eff (i) = 2 * (R _Base slab(i)"2*acos(ecc unfav(i)/R Base slab(i))-

ecc_unfav (i) *sqrt (R_Base_slab (i) "2-ecc_unfav(i)"2)); % Effective area foundation [m2]

1 eff(4) = sqrt (A eff(i)*1 e(i)/b e(i)); % Effective length of foundation [m]
b eff (i) =1 eff(i)/1 e(i)*b e(i); % Effective widht of foundation [m]
s_gamma (1) =1-0.3 * b eff(i)/1 eff(i); % Shape factor [-]
N g = (1 + sin(Int fric angle)) / (1 - sin(Int fric angle)) * exp( pi *
tan(Int fric angle)); % Bearing capacity factor [-]
N_gamma = (N_g - 1) *tan(1.32*Int fric_angle);% Bearing capacity factor [-]
gamma = 13.5; % Effective weight subsoil [kN/m3]
i gamma (1) = (l-Hor Tot/Vert tot unfav(i))”3; % Inclination factor [-]
Max vert force (1) = Vert tot unfav(i)/A Base slab(i)+Moment Tot/Mom of Res Base slab(i);
% Maximal vert force [kN/m2]

Max bearing cap (i) = (1/2*gamma*b_eff (i) *N_gamma*s_ gamma (i) *i gamma (1)) ; % Maximal
bearing cap [kN/m2]

UC_Bearing cap (i) = Max vert force(i)/(Max bearing cap(i)/Partial EC Fac Bear);

% Unity Check bearing capacity (-1

F————————— = Rot stability----—------""""""-"-"-"-"-"--———

ecc _fav(i) = Hor Tot/(Eff Weight GBF Full fav(i)*A Base slab(i))*COG(1i);

Max_rot_eR (i) = D Base slab(i)/8; % Maximal acceptable eccentricity [m]
UC Rot Stab (i) = ecc_fav(i)/Max rot eR(i); % Unity Check rotational stability [-]

end

figure () %UC-figure

plot (D_Base slab, UC Rot Stab, 'DisplayName', 'Unity check rotational stability')
hold on

plot (D_Base slab, UC_Bearing cap, 'DisplayName', 'Unity check bearing capacity')
hold on

plot (D_Base slab, UC_Shear capacity,'DisplayName','Unity check shear capacity')
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hold on

plot (D_Base slab, UC_meta, 'DisplayName', 'Unity check metacentric height')
hold on

plot ([25,45],[1,1], 'DisplayName', 'Limit State')

hold on

plot([33,33]1,[0,2],'--"','DisplayName', 'Stable diameter')

xlabel ('Diameter of element [m]"')

title('Unity checks of GBF stability')

ylabel ('Unity check [-]")

ylim([0,1.5])

x1im([29,38])
legend()
figure () %zoom in figure

plot (D_Base slab, UC_Rot Stab, 'DisplayName','Unity check rotational stability"')
hold on

plot (D_Base slab, UC Bearing cap, 'DisplayName', 'Unity check bearing capacity')
hold on

plot (D_Base slab, UC_Shear capacity, 'DisplayName','Unity check shear capacity')
hold on

plot ([25,45],[1,1], 'DisplayName', 'Limit State')

xlabel ('Diameter of element [m]"')

title('Unity checks of GBF stability')

ylabel ('Unity check [-]")

ylim([0,1.5])

x1im([32,35])

legend ()

figure() % Parameters GBF

subplot (3,1,1)

plot (D_Base slab, Draught)

title ('Draught of element')

ylabel ('Draught [m]")

x1im([29,38])

subplot(3,1,2)

plot (D_Base slab, Weight ch)
title('Weight of GBF')
ylabel ('Weight [kN/m"2]")
x1im([29,38])

hold on

subplot (3,1, 3)

plot (D_Base slab, V_tot)
title('Volume of concrete')
xlabel ('Diameter of element [m]"')
ylabel ('Concrete [m"3]")
x1im([29,38])

clear all
close all
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‘ Parameter
A_Base_slab
A_eff
angle
Angle_bet_c_s
b_e
b_eff
BM
Coef_friction
COG
D_Base_slab
D_Cone_bot_in
D_Cone_bot_out
D_Cone_up_in
D_Cone_up_out
D_Cyl_in
D_Cyl_out
D_inner_cyl
D_Tower_in
D_Tower_out
Den_Base_slab
Den_Cone
Den_Cyl
Den_Inner_walls
Den_Tower
Draught
ecc_fav
ecc_unfav
Eff_Weight_GBF_Full_ch
Eff_Weight_GBF_Full_fav
Eff_Weight_GBF_Full_unfav
g
gamma
h_Base_slab
h_Cone
h_Cyl
h_GBF
h_m
h_Tower
h_Walls
Height_end_cyl
Hor_Tot
i
i_gamma
Int_fric_angle
KB
KG
I_e
I_eff
|_Walls
Max_bearing_cap
Max_rot_eR
Max_vert_force
Mom_of_Res_Base_slab
Moment_Tot
N_gamma

Value
962.11
822.69
0.82
0.70
31.01
27.09
7.57
0.84
9.58
35.00
33.35
35.00
4.85
6.50
33.80
35.00
6.50
5.50
6.50
38508.37
18419.34
26121.00
11860.24
2884.66
10.11
3.64
2.00
214.58
214.58
391.57
9.81
13.50
1.70
15.19
17.11
47.00
3.05
13.00
10.00
18.81
78516.00
1.00
0.50
0.63
5.05
9.58
34.77
30.37
13.65
2666.09
4.38
535.48
4209.24
605767.50

40.14

Parameter

N_q

N_Walls
Partial_EC_Fac_Bear
Partial_EC_Fac_fav_V
Partial_EC_Fac_slid
Partial_EC_Fac_unfav_V
R_Base_slab
Resist_hor_force
s_gamma
Sum_Base_slab
Sum_Cone

Sum_Cyl
Sum_Inner_walls
Sum_Tower

t_Cone

t_Cyl

t_inner_cyl

t_Tower

t_Walis

Tau_max
UC_Bearing_cap
UC_meta
UC_Rot_Stab
UC_Shear_capacity
V_Base_slab
V_Cone

V_Cyl

V_GBF_outer
V_Inner_walls

V_tot

V_Tower
Vert_tot_ch
Vert_tot_fav
Vert_tot_unfav
W_Base_slab
W_Cone

W_Cyl
W_Inner_walls
W_Tot_ch

W_Tower
Wave_Height
Weight_ch
Weight_d_fav
Weight_d_unfav
Weight_GBF_Full_ch
Weight_GBF_Full_fav
Weight_GBF_Full_unfav
Weight_wind_turbine
WL_HT

WL_LT

WL_MSL

Y_c

Y_s

Y_w

Table A-3 Values for circular GBF-design with a diameter of 35 meter

]
TUDelft

Value ‘

37.75
6.00
1.40
1.00
1.10
1.35

17.50

173235.97

0.73

32732.11
439731.05
267870.87

79463.59
116828.76

0.60
0.60
0.50
0.50
0.50
180.06
0.28
0.16
0.83
0.50
1635.59
782.34
1109.45

28946.24

503.75
4153.65
122.52

206454.58
206454.58
376735.29
38508.37
18419.34
26121.00
11860.24
97793.61

2884.66
5.50
101.64
101.64
137.22

486516.29
486516.29
656796.99

11000.00

40.00
32.00
35.00
23.54
15.70
10.06

Delft
University of
Technology
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‘ Parameter
A_Base_slab
A_eff
angle
Angle_bet_c_s
b_e
b_eff
BM
Coef_friction
COG
D_Base_slab
D_Cone_bot_in
D_Cone_bot_out
D_Cone_up_in
D_Cone_up_out
D_Cyl_in
D_Cyl_out
D_inner_cyl
D_Tower_in
D_Tower_out
Den_Base_slab
Den_Cone
Den_Cyl
Den_Inner_walls
Den_Tower
Draught
ecc_fav
ecc_unfav
Eff_Weight_GBF_Full_ch
Eff_Weight_GBF_Full_fav
Eff_Weight_GBF_Full_unfav
g
gamma
h_Base_slab
h_Cone
h_Cyl
h_GBF
h_m
h_Tower
h_Walls
Height_end_cyl
Hor_Tot
i
i_gamma
Int_fric_angle
KB
KG
I_e
I_eff
|_Walls
Max_bearing_cap
Max_rot_eR
Max_vert_force
Mom_of_Res_Base_slab
Moment_Tot
N_gamma

Value

855.30

706.03
0.85

0.70
28.46
24.79
6.52

0.84

9.77
33.00
3141
33.00
4.91

6.50
31.80
33.00
6.50

5.50

6.50
34233.16
16955.11
24602.34
11153.92
2884.66
10.44
4.12
2.27
217.54
217.54
395.35
9.81
13.50
1.70
15.19
17.11
47.00
1.97
13.00
10.00
18.81
78516.00
1.00

0.45

0.63

5.22

9.77
32.69
28.47
12.65
2246.29
4.13
567.05
3528.11
605767.50
40.14

Parameter

N_q

N_Walls
Partial_EC_Fac_Bear
Partial_EC_Fac_fav_V
Partial_EC_Fac_slid
Partial_EC_Fac_unfav_V
R_Base_slab
Resist_hor_force
s_gamma
Sum_Base_slab
Sum_Cone

Sum_Cyl
Sum_Inner_walls
Sum_Tower

t_Cone

t_Cyl

t_inner_cyl

t_Tower

t_Walis

Tau_max
UC_Bearing_cap
UC_meta
UC_Rot_Stab
UC_Shear_capacity
V_Base_slab
V_Cone

V_Cyl

V_GBF_outer
V_Inner_walls

V_tot

V_Tower
Vert_tot_ch
Vert_tot_fav
Vert_tot_unfav
W_Base_slab
W_Cone

W_Cyl
W_Inner_walls
W_Tot_ch

W_Tower
Wave_Height
Weight_ch
Weight_d_fav
Weight_d_unfav
Weight_GBF_Full_ch
Weight_GBF_Full_fav
Weight_GBF_Full_unfav
Weight_wind_turbine
WL_HT

WL_LT

WL_MSL

Y_c

Y_s

Y_w

Table A-4 - Values for circular GBF-design with a diameter of 33 meter
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Value ‘

37.75
6.00
1.40
1.00
1.10
1.35

16.50

156124.77

0.74
29098.18

404774.97
252296.98

74731.25

116828.76

0.60
0.60
0.50
0.50
0.50
182.54
0.35
0.25
1.00
0.55
1454.01
720.15
1044.95
25803.70
473.75
3815.37
122.52

186062.26
186062.26
338145.98

34233.16
16955.11
24602.34
11153.92
89829.18
2884.66
5.50
105.03
105.03
141.79

434524.91
434524.91
586608.63

11000.00
40.00
32.00
35.00
23.54
15.70
10.06

Delft
University of
Technology
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B.2 MATLAB SCRIPT HEXAGONAL GBF

clear all
close all

[

3 Eurocode factors

Partial EC Fac Bear = 1.4; %
Partial EC Fac slid = 1.1; %
Partial EC Fac fav V= 1.0; %

Partial EC_Fac unfav V = 1.35; %

% General

Y c = 2400*%9.81/1000;
Y w = 1025*9.81/1000;
Y s = 15.70;

g = 9.81;

% Input Base slab
D Base slab =
h_

Base slab =1.7;
% Input Cylinder
thick Cyl =0.6;
Height end cyl = 18.81;
% Input Inner walls
N Walls = 6;
h Walls = 10;
D inner cyl = 6.5;
t Walls = 0.5;
t_inner cyl = 0.5;
%Input "cone"
N _Elements = 6;
t_Elements = 0.6;
h Plates 15.19;
% Input Tower
t Tower = 0.5;
D Tower out = 6.5;
h Tower = 13.0;
h GBF = 47.0;
F———— Input Brinch Hansen--

Moment Tot =

Hor Tot = 98145*.8;

% Soil parameters
Int fric angle =
Coef friction =

36%2%pi/360;

Angle bet ¢ s = 40*2*pi/360;
% Water level

WL_HT = 40;

WL LT = 32;

WL_MSL = 35;

Wave Height = 5.5;

$Wind turbine
Weight wind turbine = 11000;

for i=1:(length (D Base slab));
% Geometric calculations
R Base slab (i) =

r Base slab (i) =

D Base slab(i)/2; %
sqgrt (3) /2*R _Base_ slab (i)

Partial factor on bearing capacity according to the Eurocode
Partial factor on sliding capacity acoording to the Eurocode
Partial factor on weight favorable

Partial factor on weight unfavorable

o

Volumetric weight concrete
Volumetric weight water
Volumetric weight sand infill
Gravitational acceleration

o° o

o

linspace (20,50,500);%Diameter of base slab

o

Height of base slab

o°

Thickness cylindrical wall
Height of cylindrical part

o°

o°

Number of internal walls
Height of internal walls
Diameter of inner cylinder
Thickness of inner walls
Thickness of inner cylinder

o o o

o°

o

Number of prefabricated elements
Thickness of prefabricated elements
Height of Plates

o°

o°

o°

Thickness of tower
Outer diameter of tower
Height of tower

o°

o

o°

Height of total GBF

1000350*.8* (109/ (94+50)) ; $Total moment
%$Total horizontal force

%Angle of internal friction

tan(Int fric angle);%Coefficient of friction

$Angle of friction between sand and concrete

o

Water depth at high tide

Water depth at low tide

Depth of water at Mean Sea Level
Extreme wave height

o o

o

% Weight of wind turbine

Radius of GBF

A Base slab (i) = 3*sqrt(3)/2* (R_Base slab(i))"2; % Base slab area

(m2]

Mom_of Res_Base_slab (i) = pi*D_Base_slab(i)"3/32;% Moment of resistance base slab

t Cyl out(i) = R Base slab(i); %Outer cylindrical dia [m]

h Cyl = Height end cyl - h Base_ slab; $Height of cylinder
t Cyl in(1) = t Cyl out(i)-2*thick Cyl*tan(30*2*pi/360);

angle (1) = atan(h Plates / (r Base slab(i) - 0.5 * D Tower out));

t Elements vert (i)=t Elements/cos(angle(i));

Delft
University of
Technology

kN/m3]
kN/m3]
kN/m3]
m/s2]

[ kNm]
[kN]

[Radians]
(-]

[Radians]

5533

[kN]
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D _Tower_in = D Tower_out - 2 * t Tower; % Inner diameter tower [m]
1 Walls (i) = D Base slab(i)/2 - thick Cyl - D inner cyl/2;% length of inner walls [m]

$Volume/Weight calculation

V_Base slab (i) 2*r Base slab(i)"2*sqrt(3)*h Base slab; $Volume base slab [m3]
W Base slab (i) = V Base slab(i) * Y c; % Mass of base slab [kN]

V_Cyl(i) =6*((t_Cyl in(i) + t Cyl out(i))/2) * thick Cyl * h Cyl; %Volume cylinder[m3]
W Cyl(i) =V Cyl(i)*Y c; % Mass of base slab [kN]
V_Inner walls(i) = N Walls * 1 Walls(i) * t Walls * h Walls; $Volume of internal walls

W Inner walls(i) = V Inner walls(i) * Y c; % Mass of internal walls [kN]
V_Inner Cyl(i) = 1/4 * pi * (D_inner cyl”2 - (D_inner cyl - 2 * t_inner cyl)”2) * (h_GBF -
h Base slab);

W Inner Cyl (i) = V Inner Cyl(i)*Y c;

V_Plates (1) = (A Base slab(i)-1/4*pi*D Tower out”2)*t Elements/cos(angle(i)); %Volume of
cone [m3]

W_Plates (i) = V_Plates (i) *Y _c; %$Mass of cone [kN]
V_tot (i) = V Base slab(i) + V. Cyl(i) + V_Inner walls(i) + V_Inner Cyl(i) +
V_Plates(i); %Volume of total GBF [m3]

W_Tot (i) = W Base slab(i) + W Cyl(i) + W _Inner walls(i) + W _Inner Cyl(i) +
W_Plates(i); %Mass of total GBF [kN]

Weight ch (1) = W Tot (i) /A Base slab(i); % Total weight per square meter [kN/m2]
Draught (i) = W _Tot (i) /(A Base slab(i)*Y w); % Draught of GBF [m]
Weight d unfav(i)=Partial EC_Fac_unfav_V*Weight ch(i);

Weight d fav (i) =Partial EC_Fac_fav V*Weight ch(i);

V_GBF outer (i) = A Base slab(i) * (h Base slab + h Cyl)+ 1/2*h Plates*A Base slab(i)+ (WL _MSL
- h GBF + h_Tower)*(1/4*pi*D Tower out”2); %Volume of total GBF [m3]

COG (1) =(V_Base_slab(i)*h Base slab/2 + V_Inner walls(i)* (h Base slab+h Walls/2)+

V_Inner Cyl(i)* ((h_GBF-h Base slab)/2)+ V _Cyl (i) * (h_Base slab+h Cyl/2) +
V_Plates (i) * (h_Base slab+th Cyl+h Plates/3))/V_tot(i); %Height of Centre of Gravity [m]

Fmmmmm Metacentric height: h m=KB+BM+-KG>0.50m

KB (1) = 1/2 * Draught (i) ; % KB-distance [m]
BM (1) = (0.0601*D Base slab(i)”"4) /(A Base slab(i) * Draught(i)); % BM-distance [m]
$Factors to determine KG: [1]:Bottom slab [2]:Cylinder [3]: Inner Walls [4]: Cone

[5] : Tower

Sum Base slab (i) = V _Base slab(i) * h Base slab/2 * Y c;

Sum_Cyl (1) V Cyl(i) * (h_Base slab + h Cyl/2) * Y c;
Sum Inner walls(i)= V Inner walls(i) * (h Base slab + h Walls/2) * Y c;
Sum Inner Cyl (i) V_Inner Cyl(i) * ((h_GBF-h Base slab)/2)*Y c;

Sum Plates (i) = V_Plates(i) * (h Base slab + h Cyl + 1/3 * h Plates) *Y c;

Den Base slab (i)
Den Cyl (1)

Den Inner walls(i
Den Inner Cyl (1)
Den Plates (i)

V_Base_slab(i) * Y c;

V Cyl(i) * Y c;

= V Inner walls(i) * Y c;
V_Inner Cyl(i) *Y c;
V_Plates (i) * Y c;

KG (1) = (Sum Base slab (i) + Sum Cyl (i) +Sum Inner walls (i) +Sum Inner Cyl(i) +
Sum Plates(i)) / (Den_Base slab(i) + Den Cyl(i) + Den Inner walls(i)+ Den Inner Cyl (i) +
Den_Plates(i)); %KG-distance [m]

h m(i) = KB(i) + BM(i) - KG(i); % Metacentric height [m]

UC meta (i) = 0.5/h m(i); % UC Metacentric height [m]

Fm—— Calculation Brinch Hansen-----------————-—--—-—————
Weight GBF Full (i) = W Tot (i) + ((V_GBF outer(i) - V_tot(i) -
1*1/4*pi*D Tower out”2))*Y s; % Characteristic weight of filled GBF [kN]
[kN]

Weight GBF Full fav (i) = Partial EC_Fac_fav_V*Weight GBF Full (i);

% Weight of filled GBF incl. fav. part. fac [kN]

Weight GBF Full unfav (i) = Partial EC Fac_unfav V*Weight GBF Full(i);

% Weight of filled GBF incl. unfav. part. fac [kN]
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Eff Weight GBF Full(i) = (Weight GBF Full(i) + Weight wind turbine - V_GBF outer(i) * Y w) /
A Base slab(i); % Characteristic weight of filled GBF per square meter [kN/m2]

% [kN/m2]

Eff Weight GBF Full fav(i) = (Weight GBF Full fav (i) + Partial EC_Fac_ fav V *
Weight wind turbine - V_GBF outer(i) * Y w) / A Base slab(i); % Weight of filled GBF per
square meter incl. part. fav. fact [kN/m2]

Eff Weight GBF Full unfav(i)=(Weight GBF Full unfav(i) +

Partial EC Fac unfav V*Weight wind turbine - V_GBF outer(i) * Y w) / A Base slab(i); % Weight
of filled GBF per square meter incl. part. unfav. fact [kN/m2]

Vert tot (i) = Eff Weight GBF Full(i)*A Base slab(i);% Total effective weight GBF [kN]
Vert tot fav (i) = Vert tot(i)*Partial EC Fac fav V;% Total effective weight GBF incl.
part. fav. fac. [kN]

Vert tot unfav (i) = Vert tot(i)*Partial EC Fac unfav V; % Total effective weight GBF
incl. part unfav fact. [kN]

%----Shear capacity----

Tau max (i) = tan(Angle bet c s) * Eff Weight GBF Full fav(i); % Maximal
allowable shear force per square meter [kN/m2]

Resist hor force (i) = Tau max(i) * A Base slab(i); % Maximal allowable shear force [kN]
UC_Shear capacity (i) = Hor_Tot /(Resist_hor force(i)/Partial EC Fac_slid);

% Unity check shear force (-]

$----Bearing capacity---------------—---——-—-———————————

ecc (1) = Hor Tot/(Eff Weight GBF Full unfav(i)*A Base slab(i))*COG(1i);
%MomentiTot/Vertitot(i) ; % Eccentricity [m]

b_e(i) = 2 * (R_Base_slab(i)-ecc(i)); % Width of circle segment [m]
1 e(i) = 2 * R Base slab(i)*sqrt(l-(1-b_e(i)/(2*R Base slab(i)))"2);

% Length of circle segmen [m]

A eff (i) = 2 * (R _Base slab(i)"2*acos(ecc(i)/R Base slab(i))-

ecc (i) *sqrt (R_Base slab(i)"2-ecc(i)"2)); % Effective area foundation [m2]

1 eff(4) sqrt (A _eff (i) *1 e(i)/b_e(i)); % Effective length of foundation [m]
b_eff (i) =1 eff(i)/1 e(i)*b e(i); % Effective width of foundation [m]
s_gamma (1) =1-0.3 * b eff(i)/1 eff(i); % Shape factor [-]
N g = (1 + sin(Int_fric angle)) / (1 - sin(Int_fric_angle)) * exp( pi *
tan(Int_fric_angle));% Bearing capacity factor [-]

N _gamma = (N g - 1) * tan(1.32*Int fric angle); % Bearing capacity factor [-]
gamma = 13.5; % Effective weight subsoil [kN/m3]
i gamma (1) = (l-Hor_ Tot/Vert tot unfav(i))"3; % Inclination factor (-1
Max vert force (1) = Vert tot unfav(i)/A Base slab(i)+Moment Tot/Mom of Res Base slab(i);
% Maximal vert force [kN/m2]

Max bearing cap (i) = (1/2*gamma*b_eff (i) *N_gamma*s_gamma (i) *i gamma (1)) ;

% Maximal bearing cap [kN/m2]

UC_Bearing cap (i) = Max vert force(i)/(Max bearing cap(i)/Partial EC Fac Bear);

o

% Unity Check bearing capacity [-1]

S————m = Rot stability-----—----""""""-""------—-

ecc_fav (i) = Hor Tot/(Eff Weight GBF Full fav(i)*A Base slab(i))*COG(1);

Max rot eR (i) = D_Base_slab(i)/B; % Maximal acceptable eccentricity [m]
UC _Rot Stab (i) = ecc_fav(i)/Max rot eR(i);% Unity Check rotational stability [-]
end

figure () %UC-figure

plot (D_Base slab, UC _Rot Stab, 'DisplayName', 'Unity check rotational stability')
hold on

plot (D_Base_slab, UC_Bearing cap, 'DisplayName', 'Unity check bearing capacity')
hold on

plot (D_Base slab, UC_Shear capacity,'DisplayName','Unity check shear capacity')
hold on

plot (D_Base_slab, UC_meta, 'DisplayName', 'Unity check metacentric height'")
hold on

plot([25,45],[1,1], ' 'DisplayName', 'Limit State')

xlabel ('Diameter of element [m]')

title('Unity checks of GBF stability')

ylabel ('Unity check [-]")

ylim([0,1.5])

x1im([30,401)
legend()
figure () %zoom in figure

plot (D_Base slab, UC_Rot Stab, 'DisplayName','Unity check rotational stability')
hold on
plot (D_Base slab, UC Bearing cap, 'DisplayName', 'Unity check bearing capacity')
hold on
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plot (D_Base slab, UC_Shear capacity, 'DisplayName','Unity check shear capacity')
hold on

plot (D_Base slab, UC meta, 'DisplayName', 'Unity check metacentric height')
hold on

plot ([25,45],[1,1], 'DisplayName', 'Limit State')

hold on

plot([37.5,37.51,10,2],"'--", 'DisplayName', 'Stable diameter"')

xlabel ('Diameter of element [m]"')

title('Unity checks of GBF stability')

ylabel ('Unity check [-]")

ylim([0,1.5])

x1im([33,40])

legend()
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‘ Parameter
A_Base_slab
A_eff

angle
Angle_bet_c_s
b_e

b_eff

BM
Coef_friction
coG
D_Base_slab
D_inner_cyl
D_Tower_in
D_Tower_out
Den_Base_slab
Den_Cyl
Den_Inner_Cyl
Den_Inner_walls
Den_Plates
Draught

ecc

ecc_fav
Eff_Weight_GBF_Full

Eff_Weight_GBF_Full_fav
Eff_Weight_GBF_Full_unfav

g

gamma

h_Base_slab

h_Cyl

h_GBF

h_m

h_Plates

h_Tower

h_Walls
Height_end_cyl
Hor_Tot

i

i_gamma
Int_fric_angle

KB

KG

I_e

I_eff

I_Walls
Max_bearing_cap
Max_rot_eR
Max_vert_force
Mom_of_Res_Base_slab
Moment_Tot
N_Elements
N_gamma

N_q

N_Walls
Partial_EC_Fac_Bear
Partial_EC_Fac_fav_V

Value
913.39
669.65
0.86
0.70
27.57
23.98
11.61
0.73
10.29
37.50
6.50
5.50
6.50
36558.10
26689.18
10051.93
10524.17
19133.30
11.21
2.45
4.46
198.28
198.28
360.74
9.81
13.50
1.70
17.11
47.00
6.92
15.19
13.00
10.00
18.81
78516.00
1.00
0.31
0.63
5.61
10.29
32.10
27.92
14.90
1508.95
4.69
384.69
5177.19
605767.50
6.00
40.14
37.75
6.00
1.40

1.00

Parameter

Partial_EC_Fac_slid

Partial_EC_Fac_unfav_V
r_Base_slab
R_Base_slab
Resist_hor_force
s_gamma
Sum_Base_slab
Sum_Cyl
Sum_Inner_Cyl
Sum_Inner_walls
Sum_Plates
t_Cyl_in
t_Cyl_out
t_Elements
t_Elements_vert
t_inner_cyl
t_Tower
t_Walls
Tau_max
thick_Cyl
UC_Bearing_cap
UC_meta
UC_Rot_Stab
UC_Shear_capacity
V_Base_slab
V_Cyl
V_GBF_outer
V_Inner_Cyl
V_Inner_walls
V_Plates
V_tot
Vert_tot
Vert_tot_fav
Vert_tot_unfav
W_Base_slab
W_Cyl
W_Inner_Cyl
W_Inner_walls
W_Plates
W_Tot
Wave_Height
Weight_ch
Weight_d_fav
Weight_d_unfav
Weight_GBF_Full
Weight_GBF_Full_fav
Weight_GBF_Full_unfav
Weight_wind_turbine
WL_HT
WL_LT
WL_MSL
Y_c
Y_s
Y_w

Table A-5 - Values for hexagonal GBF-design with a 'diameter' of 37 meter

]
TUDelft

Value ‘

1.10

1.35

16.24
18.75
151967.32
0.74
31074.38
273697.59
227676.28
70511.93
456775.54
18.06
18.75

0.60

0.92

0.50

0.50

0.50
166.38
0.60

0.36

0.07

0.95

0.57
1552.76
1133.59
24151.14
426.94
447.00
812.66
4372.95
181107.60
181107.60
244495.26
36558.10
26689.18
10051.93
10524.17
19133.30
102956.68
5.50
112.72
112.72
152.17
412953.40
412953.40
557487.09
11000.00
40.00
32.00
35.00
23.54
15.70
10.06

Delft
University of
Technology
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B.3 MATLAB SCRIPT IMMERSION STRUCTURE

clear all
close all

F————————— Input-—---—-——----

Y ¢ = 23.54; $Volumetric weight concrete [kN/m3]
Y w = 10.05; $Volumetric weight water [kN/m3]
Leg_Height = 15.3; $Height of leg [m]

Leg Length = 47; $Length of base [m]

Leg Width = linspace(1,15,1000); $Width of concrete foundatino [m]

h Ballast = 11; $Height of ballast [m]
Part Plat Installed = 4/47; %$Part of H-beams dur. transp. [-]

h plat top = 15.3; $Height of platform [m]
W_GBF = 1.0296e+05; $Weight of GBF [kN]

W _Plat = 48857.9; $Weight of platform [kN]

W 1lift mech = 390*9.81; $Weight of lifting mechanism [kN]

h beam = 1.1; $Height of beam [m]

Wat depth max = +6; $Maximum water depth [mLAT]
Wat depth min = 0; $Minimum water depth [mLAT]
Bottom level = -8; $Bottom depth [MLAT]
h_quay wall = +7.30; %Quay wall height [m]

% Eurocode factors

Partial EC_Fac Bear = 1.4;%Partial factor on bearing capacity according to the Eurocode [-
Partial EC Fac_slid = 1.1;%Partial factor on sliding capacity acoording to the Eurocode [-

Partial:EC_Fac:fav_V

(-]

(-]

1.0;%Partial factor on weight favorable (-1
Partial EC Fac_unfav V (-]

1.35;%Partial factor on weight unfavorable

o

% Soil parameters

Int fric angle = 36*2*pi/360; $Angle of internal friction [Radians]
Angle bet c s = 40*2*pi/360; %Angle of friction between sand and concrete [Radians]
Coef friction = tan(Angle_bet c_s); %Coefficient of friction (-]

for i=1:length(Leg Width)

nr_inner walls = 11; $Number of inner walls [-]
Bottom Slab Thickness= 1.25; %$Thicknes bottom slab [m]
Upper Slab Thickness = 0.15; $Thickness upper slab [m]
Side Wall Thickness = 0.5; %$Thickness side walls [m]
Front Back Wall = 0.65; %Thickness of front/back walls [m]
Inner Walls Thickness= 0.15; %$Thickness of inner walls [m]
V_Bottom (i) = Bottom Slab Thickness * Leg Width (i) *Leg Length;

V_Upper (1) = Upper_Slab Thickness * Leg Width (i) *Leg_Length;

V_side = 2*Leg_Length* (Leg Height-Upper Slab Thickness-

Bottom Slab Thickness)*Side Wall Thickness;

V_Front Back(i) = 2*(Leg Height-Upper Slab Thickness-Bottom Slab Thickness)* (Leg Width (i) -
2*side_Wall Thickness)*Front Back Wall;

V Inner (i) = nr_inner walls* (Leg_ Height-Upper_ Slab Thickness-

Bgttom_slab_Thickness)*(Leg_Width(i)—2*Side_Wall_Thickness)*Inner_Walls_Thickness;

V_Ballast (i) = (h_Ballast-Bottom Slab Thickness)* (Leg _Width (i) *Leg_Length-
(2*side_Wall Thickness-nr_inner walls*Inner Walls Thickness-2*Front Back Wall));

W Ballast (1) = V Ballast (i)*Y w;

V_Leg (i) = V_Bottom(i) + V Upper (i) + V_Side + V_Front Back(i) + V_Inner(i);

W_Leg (i)

A Leg (i)

W _Tot with GBF (i)
W_Tot without GBF (1)

V_Leg (i) * Y c;

Leg Length*Leg Width(i);

W GBF + W Plat + 2*W Leg(i)+W 1ift mech;
W_Plat+ 2*W Leg (i)+W_1lift mech;

W_Tot with GBF Ballast(i) = W_Tot with GBF(i)+W Ballast(i);

W_Tot with GBF Ballast unfav(i)= Partial EC Fac_unfav_V*W _Tot with GBF Ballast(i);
W Tot without GBF Ballast (i) = W _Tot without GBF (i)+W Ballast(i);

A Tot (i) = 2 * Leg_Length * Leg Width(i);

V_und wat low (i) = A Tot(i) * (Wat_depth min-Bottom level);

V_und wat high(i) = A Tot(i) * (Wat depth max-Bottom level);

COG (1) = (1/2 * Leg Height * 2 * W Leg(i)+ W _Plat * (h plat top-

1/2*h_beam))/ (2*W_Leg (i)+W_Plat);

o

% ¥ Calculation Brinch Hansen-----------—---—————————
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Vert tot min(i) = Partial EC Fac_ fav V*W Tot without GBF Ballast(i); % Total min weight [kN]
Vert tot max (i) = Partial EC Fac unfav V*W _Tot with GBF Ballast(i); % Total max weight [kN]
Vert tot eff min(i) = (Vert tot min(i) - V_und wat high(i)*Y w) / A Tot(i); % Total eff.
weight/m2 incl. fav factor [kN/m2]

Vert tot eff max(i) = (Vert tot max(i) - V_und wat low(i)*Y w) / A Tot(i); % Total eff.
weight/m2 incl. unfav factor [kN/m2]

Vert tot eff Shear (i)=(Vert tot min(i)- V_und wat high(i)*Y w) / A Tot(i); % Total eff. for

shear [kN/m2]

Vert tot eff min A(i)=Vert tot eff min(i)*A Tot(i); $Total effective weight incl. fav.
factor [kN/m2]
Vert tot eff max A(i)=Vert tot eff max(i)*A Tot(i); $Total effective weight incl unfav

factor [kN/m2]

Hor Tot = 1.5%0.04 * W _GBF;

Mom Tot = Hor Tot*h plat top;

$—---Shear capacity----

Tau max (i) = Coef friction * Vert tot eff Shear(i); % Maximal
allowable shear force per square meter [kN/m2] ]

UC_Shear capacity (i) = (Hor Tot/A Tot(i))/(Tau max(i)/Partial EC Fac slid); % Unity check

shear force [-]

$-—---Bearing capacity----——---———————————————"—~———~—~—~—~————

ecc (1) = Hor Tot/ (Vert tot eff max A(i))*COG(1i); % Eccentricity [m]
1 eff(4) = Leg Length-2*ecc(i); % Effective length of foundation [m]
b_eff = Leg_Width; % Effective width of foundation [m]
A eff (i) = 2*1 eff(i)*b _eff(i); % Effective area foundation [m2]
s_gamma (1) =1-0.3 * b eff(i)/1 eff(i); % Shape factor (-1
N g = (1 + sin(Int fric angle)) / (1 - sin(Int fric angle)) * exp( pi *
tan(Int fric angle));% Bearing capacity factor [-]

N_gamma = (N_g - 1) *tan(1.32*Int fric_angle); % Bearing capacity factor [-]
gamma = 13.5; % Effective weight subsoil

i gamma (1) = (l-Hor Tot/(Vert tot eff max A(i)))"3;% Inclination factor [-]
Max_vert force (i) = Vert tot eff max A(i)/A Tot(i) +

Mom Tot/ (1/6*2*Leg Width (i) *Leg Length”2); % Maximal vert force [kN/m2]

Max bearing cap (1) = (1/2*gamma*b_eff(i)*N_gamma*s_gamma(i)*i_gamma(i));

% Maximal bearing cap [kN/m2]

UC Bearing cap (i) = (Max _vert force(i)) / (Max bearing cap(i)/Partial EC Fac Bear);
%Unity Check bearing capacity [-]

F————————— = Rot stability----—-----"-""""""-"-"-"-"-"---———

ecc_fav(i) = Hor Tot/ (Vert tot eff min(i)*A Tot (i))*COG(1i);

Max rot eR = Leg Length/6; % Maximal acceptable eccentricity [m]
UC_Rot_ Stab (i) = ecc_fav (i) /Max rot eR;

F——————————————= Metacentric Height complete platform-----------—----—-———-

Draught (i) = (Part_Plat Installed * W_Plat + 2*W_Leg(i)+w_lift_mech)/(A_Tot(i)*Y_w);

KB (1) = 1/2*Draught (1) ;

BM (i) = (2*1/12*Leg Width (i) *Leg Length”3) /(A Tot(i) * Draught(i)); % BM-distance
[m]

$Factors to determine KG: [l]:Platform [2] :Upper slabFront/back wall [3] Front/back
wallInner

$walls [4] Inner Walls Side wall inner [5] Side wall [6] Bottom slab

Sum_Plat (1) = Part Plat Installed*W Plat * (h_plat top-0.5*h beam);
Sum_Upper_ Slab (1) =2*(V_Upper (i) * Y c* (15.3-0.5*Upper_Slab_Thickness));
Sum_Front Back (i) =2*(V_Front Back(i)*h plat top/2*Y c);

Sum_ Inner Walls (i) =2*(V_Inner (i) *h plat top/2*Y c);

Sum Side Wall =2*(V_Side*Y c*h plat top/2);

Sum_Bottom Slab (i) =2* (V_Bottom(i)*Y c*Bottom Slab Thickness/2);

Sum Lift Mech =W _1lift mech*Leg Height;

Sum_Sum=Sum_Plat (i) +Sum Upper_ Slab (i)+Sum_ Front Back(i)+Sum Inner Walls(i)+Sum Side Wall+Sum B
ottom Slab (i) +Sum Lift Mech;

Den Plat (i) =Part Plat Installed*W Plat;
Den Upper Slab (i) =2*V _Upper (i) *Y c;

Den Front Back (i) =2*V_Front Back(i)*Y c;

Den Inner Walls (i) =2*V_Inner (i)*Y c;

Den Side Wall =2*V_Side * Y c;

Den Bottom Slab (i) =2*V_Bottom (i) *Y c;

Den Lift Mech =W_1lift mech;

KG (1)
=(Sum Lift Mech+Sum Plat (i)+Sum Upper Slab(i)+Sum Front Back(i)+Sum Inner Walls(i)+Sum Side Wa
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11+Sum Bottom Slab(i)) /
(Den_Lift Mech+Den Plat (i)+Den Upper Slab(i)+Den Front Back(i)+Den Inner Walls(i)+Den_ Side Wal
1+Den_Bottom Slab(i));

h m(1) = KB(i) + BM(i) - KG(i); % Metacentric height [m]
UC_meta (i) = 0.5/h m(1); % UC Metacentric height [m]
end

subplot (2,1,1) %UC-figure
plot (Leg Width, UC_Rot Stab, 'DisplayName', 'Rotational stability')

hold on
plot (Leg Width, UC Bearing cap, 'DisplayName’', 'Bearing capacity')
hold on
plot (Leg Width, UC_Shear capacity, 'DisplayName', 'Shear capacity')
hold on

plot ([0,451,[1,1]1, 'DisplayName’', 'Limit State')

xlabel ('Foundation leg width [m]")

title('Unity checks of platform stability')

ylabel ('Unity check [-]")

ylim([0,1.5])

x1im([0,131)

plot([9.0,9.01,[0,50],'--g', 'DisplayName', 'Optimal chosen diameter')
legend()

hold on

subplot(2,1,2)

plot (Leg Width, h m,'b', 'DisplayName', 'Metacentric height')

hold on

plot([0,45]1,[0.5,0.5],'--b", 'DisplayName', 'Stability metacentric height')
plot (Leg_Width, Draught,'r', 'DisplayName','Draught of one leg')
plot([0,45],[10,10],"'--r', 'DisplayName', '"Maximum draught')

hold on

title('Metacentric height and draught of foundation leg')

xlabel ('Foundation leg width [m]")

ylabel ('Metacentric height, draught [m]"'")

ylim([0,20])

x1im([0,1317)

plot([9.0,9.01,[0,50],"'--g', 'DisplayName', 'Optimal chosen diameter')
legend()

figure ()

plot (Leg _Width, h m, 'DisplayName', 'Metacentric Height')
hold on

plot (Leg Width, Draught, 'DisplayName', 'Draught')
legend()

figure ()

plot (Leg Width, h m, 'DisplayName', 'Metacentric height')
hold on

plot (Leg _Width, Draught, 'DisplayName','Draught")
legend ()

xlabel ('Foundation leg width [m]")

ylabel ('Metacentric height and Draught [m]"')

ylim([0,20])

x1im([0,107)

plot([0,45],[0.5,0.5],"'--b"', 'DisplayName', 'Stability metacentric height")
plot([0,45],[10,10],"'--r','DisplayName', '"Maximum draught')
title('Draught and metacentric height of immersion structure')
figure ()

plot (Leg Width, UC Rot Stab, 'DisplayName', 'Rotational stability')
hold on

plot (Leg Width, UC_Bearing_cap, 'DisplayName’', 'Bearing capacity')
hold on

plot (Leg Width, UC Shear capacity, 'DisplayName', 'Shear capacity')
hold on

plot ([0,45]1,([1,1], 'DisplayName', 'Limit State')

xlabel ('Foundation leg width [m]")

title ('Unity checks of platform stability')

ylabel ('Unity check [-]")

ylim([0,1.5])

x1im([0,107])

%plot([10,10],[0,50],"'--g', 'DisplayName', 'Optimal chosen diameter')
legend()

hold on
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A_eff

A_Leg

A_Tot

Angle_bet_c_s

b_eff

BM

BM_Leg
Bottom_level
Bottom_Slab_Thickness
Coef_friction

COG
Den_Bottom_Slab
Den_Bottom_Slab_Leg
Den_Front_Back
Den_Front_Back_Leg
Den_Inner_Walls
Den_Inner_Walls_Leg
Den_Lift_Mech
Den_Plat
Den_Side_Wall
Den_Side_Wall_Leg
Den_Upper_Slab
Den_Upper_Slab_Leg
Draught
Draught_Leg

ecc

ecc_fav
Front_Back_Wall
gamma

h_Ballast

h_beam

h_m

h_m_Leg

h_plat_top
h_quay_wall
Hor_Tot

i

i_gamma
Inner_Walls_Thickness
Int_fric_angle

KB

KB_Leg

KG

KG_Leg

I_eff

Leg_Height
Leg_Length
Leg_Width
Max_bearing_cap
Max_rot_eR
Max_vert_force
Mom_Tot

N_gamma

N_q

nr_inner_walls
Part_Plat_Installed
Partial_EC_Fac_Bear

Table A-6 - Values for immersion structure with a foundation leg width of 3 meter

278.82
141.00
282.00
0.70
3.00
10.05
0.05
-8.00
1.25
0.84
11.39
8297.85
4148.93
1701.47
850.74
2159.56
1079.78
3825.90
4158.12
30757.36
15378.68
995.74
497.87
18.31
15.49
0.26
0.99
0.65
13.50
11.00
1.10
11.40
1.30
15.30
7.30
6177.60
1.00
0.93
0.15
0.63
9.16
7.75
7.80
6.49
46.47
15.30
47.00
3.00
742.70
7.83
984.76
94517.28
40.14
37.75
11.00
0.09
1.40

Partial_EC_Fac_fav_V
Partial_EC_Fac_slid
Partial_EC_Fac_unfav_V
s_gamma
Side_Wall_Thickness
Sum_Bottom_Slab
Sum_Bottom_Slab_Leg
Sum_Den_Leg
Sum_Front_Back
Sum_Front_Back_Leg
Sum_Inner_Walls
Sum_Inner_Walls_Leg
Sum_Lift_Mech
Sum_Plat
Sum_Side_Wall
Sum_Side_Wall_Leg
Sum_Sum
Sum_Sum_Leg
Sum_Upper_Slab
Sum_Upper_Slab_Leg
Tau_max
UC_Bearing_cap
UC_meta
UC_Rot_Stab
UC_Shear_capacity
Upper_Slab_Thickness
V_Ballast

V_Bottom
V_Front_Back
V_Inner

V_Leg

V_Side
V_und_wat_high
V_und_wat_low
V_Upper
Vert_tot_eff_max
Vert_tot_eff_max_A
Vert_tot_eff_min
Vert_tot_eff_min_A
Vert_tot_eff_Shear
Vert_tot_max
Vert_tot_min
W_Ballast

W_GBF

W_Leg

W_lift_mech

W_Plat
W_Tot_with_GBF
W_Tot_with_GBF_Ballast

W_Tot_with_GBF_Ballast_unfav

W_Tot_without_GBF

W_Tot_without_GBF_Ballast

Wat_depth_max
Wat_depth_min
Y_c

Y_w

%
TU Delft

1.00

1.10

1.35

0.98

0.50
5186.16
2593.08
21955.99
13016.25
6508.13
16520.63
8260.32
58536.27
61332.26
235293.83
117646.92
405045.58
142588.52
15160.17
7580.09
211.04
1.86

0.04

0.13

0.11

0.15
1393.76
176.25
36.14
45.87
932.71
653.30
3948.00
2256.00
21.15
941.98
265637.38
251.51
70925.70
251.51
288310.18
110603.10
14007.31
102960.00
21955.99
3825.90
48857.90
199555.79
213563.10
288310.18
96595.79
110603.10
6.00

0.00

23.54
10.05

Delft
University of
Technology
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‘ Parameter Value Parameter Value ‘
A_eff 838.19  Partial_EC_Fac_fav_V 1.00
A_lLeg 423.00  Partial_EC_Fac_slid 1.10
A_Tot 846.00 Partial_EC_Fac_unfav_V 1.35
Angle_bet_c_s 0.70 = s_gamma 0.94
b_eff 9.00 Side_Wall_Thickness 0.50
BM 19.07 = Sum_Bottom_Slab 15558.47
BM_Leg 0.77 = Sum_Bottom_Slab_Leg 7779.23
Bottom_level -8.00 @ Sum_Den_Leg 37041.13
Bottom_Slab_Thickness 1.25 Sum_Front_Back 52065.02
Coef_friction 0.84 = Sum_Front_Back_Leg 26032.51
COG 10.47  Sum_Inner_Walls 66082.52
Den_Bottom_Slab 24893.55 = Sum_lnner_Walls_Leg 33041.26
Den_Bottom_Slab_Leg 12446.78  Sum_Lift_Mech 58536.27
Den_Front_Back 6805.88 | Sum_Plat 61332.26
Den_Front_Back_Leg 3402.94 Sum_Side_Wall 235293.83
Den_Inner_Walls 8638.24 = Sum_Side_Wall_Leg 117646.92
Den_Inner_Walls_Leg 4319.12  Sum_Sum 534348.89
Den_Lift_Mech 3825.90 Sum_Sum_Leg 207240.18
Den_Plat 4158.12  Sum_Upper_Slab 45480.52
Den_Side_Wall 30757.36 = Sum_Upper_Slab_Leg 22740.26
Den_Side_Wall_Leg 15378.68  Tau_max 48.97
Den_Upper_Slab 2987.23 = UC_Bearing_cap 0.24
Den_Upper_Slab_Leg 1493.61 UC_meta 0.03
Draught 9.65 = UC_Rot_Stab 0.17
Draught_Leg 8.71  UC_Shear_capacity 0.16
ecc 0.22 = Upper_Slab_Thickness 0.15
ecc_fav 1.31 V_Ballast 4143.26
Front_Back_Wall 0.65 | V_Bottom 528.75
gamma 13.50 V_Front_Back 144.56
h_Ballast 11.00 = V_Inner 183.48
h_beam 1.10 V_leg 1573.54
h_m 17.39 | V_Side 653.30
h_m_Leg -0.46  V_und_wat_high 11844.00
h_plat_top 15.30 = V_und_wat_low 6768.00
h_quay_wall 7.30 V_Upper 63.45
Hor_Tot 6177.60 = Vert_tot_eff_max 352.63
i 1.00 Vert_tot_eff_max_A 298325.50
i_gamma 0.94  Vert_tot_eff_min 58.36
Inner_Walls_Thickness 0.15  Vert_tot_eff min_A 49373.65
Int_fric_angle 0.63 = Vert_tot_eff_Shear 58.36
KB 4.83  Vert_tot_max 366343.90
KB_Leg 4.36  Vert_tot_min 168405.85
KG 6.51 W_Ballast 41639.79
KG_Leg 5.59 | W_GBF 102960.00
|_eff 4657 W_Leg 37041.13
Leg_Height 15.30 = W._lift_mech 3825.90
Leg_Length 47.00 W_Plat 48857.90
Leg_Width 9.00 W_Tot_with_GBF 229726.06
Max_bearing_cap 2157.16  W_Tot_with_GBF_Ballast 271365.85
Max_rot_eR 7.83 | W_Tot_with_GBF_Ballast_unfav 366343.90
Max_vert_force 366.89 W_Tot_without_GBF 126766.06
Mom_Tot 94517.28 = W_Tot_without_GBF_Ballast 168405.85
N_gamma 40.14  Wat_depth_max 6.00
N_q 37.75  Wat_depth_min 0.00
nr_inner_walls 11.00 Y_c 23.54
Part_Plat_Installed 009 VY w 10.05
Partial_EC_Fac_Bear 1.40

Table A-7 - Values for immersion structure with a foundation leg width of 9 meter
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Annex C CONSTRUCTION OF THORNTON BANK PHASE |

In this annex several pictures are given where the construction method for the offshore foundations is given. At
each picture a short explanation in included about the construction actions. The construction of the GBFs
foundation took 57 weeks. A short overview is given to explain the construction method.

CONSTRUCTION METHOD

Year-Week Picture Explanation

Preparation of the construction site “De
Halve Maan” at the port of Oostende,

2007-30
Belgium.

The bottom slab of an offshore wind
turbine foundation is under construction.
In this picture the reinforcement of the
bottom slab is created. The bottom slab is
casted on beams on a certain height that
a self-propelled modular transporter
(SPMT) can drive under the slab to load it.

2007-34

The bottom slab is casted and the

2007-37 formwork of the conical part is applied.
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The formwork is applied higher and a

2007-42 large part of the conical shape is casted.

The conical part of one of the GBFs is

completed and two others are in the

phase of casting the conical part. The

o formwork is installed on the lower conical

part of the other two. In total 6 GBFs are
constructed.

2007-48

Installing the sea cable location on the

2008-05 conical part of the GBF.

: 1 A lifting lug installed on the bottom slab

2002507 of the GBF.
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| Construction of the top platform where

2008-12 the auxiliaries piece has to be installed.
Installation of the auxiliaries at the top
2008-16 platform of the GBF. This is the upper part
where the wind turbine is installed at sea.
4 Transport of the GBF by a self-propelled
2008-17 modular transporter (SPMT) from the

construction place to the edge of the quay
wall.
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Lifting operation of a GBF from the quay

2008-17 wall by the lifting vessel “Rambiz”.
The installed GBF on the sea bottom. Only
2008-19 the top part is visible above the water
line.
2008-28 » The foundations are filled with material to

increase the weight for stability.

Table A-8 - Short explanation of construction method of GBF for the Thornton bank Phase I (Pictures: C-Power.be)
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Annex D BATHYMETRY OFFSHORE WIND FARM LOCATIONS

In this annex two bathymetry maps are given of the water depth of the offshore wind locations Mermaid and
Seastar. First a map of the Mermaid location is given whereafter the bathymetry map of the wind farm Seastar
is given. As it can be seen the depth of the Seastar location is till 30 meter and the depth at the Mermaid

location till a depth of 35 meter.

173\
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Figure A-23 - Bathymetry map Mermaid offshore wind farm (navionics.com)
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Annex E DETAILED BATHYMETRY PORT OF OOSTENDE

Detailed bathymetry maps are included in this Annex. The depths are relative to the Lowest Astronomical Tide
(LAT). In Figure A-24 the minimal guaranteed depth from the port authority is shown. In Figure A-25 and Figure
A-26 a more detailed bathymetry map is shown for the REBO offshore site and the Halve Maan area.

2°55' 56'
L Lol | L 1 l | L L il | | | l
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Figure A-24 - Port of Oostende map with guaranteed depth
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Figure A-25 - Bathymetry map at Otary/Halve Maan [dm LAT]

Figure A-26 - Bathymetry map at REBO Offshore Site [dm LAT]
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Annex F CONE PENETRATION TESTS

At the port of Oostende several CPTs are provided from the website of Databank Ondergrond Vlaanderen
(dov.vlaanderen.be). In Figure A-27 and Figure A-28 orange circles indicate available CPTs.

5

Figure A-27 - Available CPTs at REBO Offshore Site Figure A-28 - Available CPTs at Halve Maan

Two CPTs are included at the next page. Important are the two sand layers, in Table A-9 an overview is given of
the present sand layers.

Location Sand layer 1 [m TAW] Sand layer 2 [m TAW]
Halve Maan -7 till -11 From -15
REBO Offshore Site -10till-11 m From -17

Table A-9 - Sand layers at REBO Offshore Site and Halve Maan
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Annex G CONCRETE HARDENING

The hardening of concrete is given by the next formula (Breugel, Braam, Veen, & Walraven, 2016):
28
1_ _—
(&)

B..(t) = Coefficient,depending on the age t[—]
s = Cement depending factor (0.38 for rapid hardening concrete) [—]
t = Age of concrete (days)
t; = 1[days]

N

Bee (t) =e

Where:

The strength of the casted concrete can be computed with the formula:

fem(@) = Bee * fem

Where:

fom(t) = Mean compressive stength concrete at time t [N /mm?]
fom = Mean compressive cylinder strenght after 28 days [N /mm?]

As mentioned the concrete class C55/67 is used. Applying the concrete compression strength the result is given
as a graph given in Figure A-31.

Compressive strength of concrete in time
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Figure A-31 -Compressive strength of concrete in time
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Annex H WAVE CHARACTERISTICS

In this annex the wave characteristic for the offshore wind farm location and at the port location are
calculated. The data comes from metoceanview.com where the wave data is available. From these wave data
the two most important parameters, the significant wave height and the peak period calculated.

The significant wave height is given as the mean height of the one-third highest waves:

N/3
H ! ZH
1= == -
3 N/3LY
j=1
Where:
N = Number of waves in data [—]
j = Rank number of wave [—]
H; = Height of the j'th wave [m]

Hi = Significant wave height [m]
3

The peak period is given as the period with the maximum energy in the wave spectrum.
The data from which the results are derived are described and displayed with three figures for each location in:

e  Probability density function of wave heights with significant wave height
e Cumulative density function of wave heights
e Wave spectrum with the derived peak period

PDF of wave heights CDF of wave heights

| e
ST o /
0.15 lf 0.4

0.25

\ — H%= 2.10m

Probability density function[-]

Cumulative density function [-]

0.1 \ /
0.2
0.05 N
0 : \?v* —— 0 : : : ‘
0 2 4 6 0 2 4 6 8
Wave height [m] Wave height [m]
Figure A-32 - PDF of the wave height at the Mermaid Figure A-33 - CDF of the wave height at the Mermaid
offshore wind farm (Data: metoceanview.com) offshore wind farm (Data: metoceanview.com)
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Wave spectrum at Mermaid location
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Figure A-34 - Spectral density at Mermaid location (Data: metoceanview.com)

NW 025989 NE

s

Figure A-35 - Wave rose for port entrance
location

The significant wave height at the REBO offshore site and Halve Maan are 1.05 because the measurements are
in front of the port entrance with a similar depth, so there is no shoaling. The main wave direction at this
location is North West so no diffraction takes place, see Figure 4-18.

The design wave height for constructions at the port is two times the significant wave height; therefore the
design wave height is 2.10 meter (Schiereck, 2012).

Location Significant wave height [m]  Peak period [s]
Mermaid 2.10 7.5
Port entrance 1.05 6.5

Table A-10 - Important wave parameters at Mermaid location and port entrance
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Figure A-36 - Probability density function of wave heights at Figure A-37 - Cumulative density function of wave heights
Oostende port entrance (Data: metoceanview.com) at Oostende port entrance (Data: metoceanview.com)

0.12

0.1

0.08

0.06

0.04

Spectral density [m2s]

0.02

Wave spectrum at port entrance

—>{ T, =6.5s

1N

I o

~ T

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Wave frequency [1/s]

Figure A-38 - Wave spectrum at port entrance (Data: metoceanview.com)
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Annex | LEAFLET OF APPLICABLE SEMI-SUBMERSIBLE

- Submersible to 12.5 m forward /16.7 m aft above deck BOA BA RG E 3 7 3 8
- Launching of jackets up to 10,000t

- Heavy cargo up to 30,000 t : : :
Nohiminous cargo tp 10 5360 i Semi Submersible Heavy Lift and
- Extreme deck strength of 35 /m? Launching Cargo Barge

- Ballast water treatment system

- Ice Class ICE-C
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General Information

Vessel's Name BOABARGE 37
Flag Norwegian, NOR
Port of Registry Trondheim
Call Sign L GBE10
(ass Society DNV
Class Notations +1M-'IBE§;§eDf§tr+[JJeEﬁEEgJ$
Year built 2015
Builder Nanjing Wujlazui Shipbuilding Co. Ltd.
Pace built Manjing, China
Owner Boa Barges AS
Mana ger Boa Management AS
Length, Overall 152 m (498.7 ft)
Breadth, Moulded 38m(124.7 ft)
Depth, Moulded 915 m(30 ft)
Draught - Max 6.92 m (22.7 ft)
Draught - Min 150 m (4.9 ft)
Air Draught (from keel to top of mast) 2995 m (98,3 ft)
Web Frame Spacing 2m (66 ft)
Long. Stiffener Spacing 061m (2.0 ft)
Gross Tonnage 15185t
Net Tonnage 4,565 1
Deadweight (T =6.920m) 29500
Deck space 5150 m?
Deck strength 35t/m?
Launching Capacity up to 10,000 t jacket
Submerging (Without floatation 125 m(4 ft) above deck fwd
tanks) when grounding at stern 16.7 m (54.8 ft) above deck aft
Submerging (free floating) with 12,5 m (41 t) above deck fwd

15 m (49.2 ft) high floatation tanks
positioned aft on main deck

2 additional floating tanks for free
floating submerging operations

13.0m (426 ft) above deck aft

LxBxH: 20 mx 4,575 mx15 m

Ballast tanks 46000 m?
Bilge tanks 3B m
Sewage 148 m?
Fresh water 25m’
Fuel (MDO) 45m’
Lub. 0l Store 0.64 m’
Hydr. Oil Store 128m’
Misc. Qil Stare 0.64 m*

Ballast System

Ballast Pumps (Diesel Driven)
Ballast Pumps (Electric Driven)
Service Pump (Electric Driven) 1%900 m/hr
Ballast Tanks 27 in pontoan, 2 in deckhouse

Remote operated pumps, valves and sounding system from control
room

2% 5,200 mi/hr
2 %750 mifhr

Ejector stripping system for all ballast tanks

Power Supply

Main Generators 2 310 KVA (2 x 248 Kw), 440 V| 60 Hz

1% 210 KVA (1% 168 Kw), 440 \ 60 Hz
Waork Generator 13037 KVA (1 30 Kw), 440 \, 60 Hz
Equipment on deck 230 Vand 440 V
Shore Power 230V and 440V

Connections

Anchor & Mooring Equipment

Anchor Winches 2 ¥ hydraulic winches
Anchors 2 xSPEK 6300 kg, 2 % 330 m x 64 mm K3
Capstans JxBtpul
Work Winches 2 % double drum on winch deck
R
Bollards Size 500, Capacity SWL100 t

Towing Equipment
Each legs 26.5 m(87 ft), tow plate and

Towing Bridle 9m (295 ft) long fore runner
: ] 78mim K3, MBL 4500 KN,
Brigle chaln Max. Bollard Pull 208.5 1
Recovery winch and A-frame with chain on

Recovery System forecastle deck

152 mx 80 mmwireinstalled in a rack onfore-

Emergency Towing castle deck, port side

Towing Brackets 3forward 750t MBL, 2 aft 3001 MBL
Accommodations 20 beds
Day Room 1
Meeting Room 1
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KGY BOA

CORPORATE HEADQUARTERS

BOA Management AS
Strandveien 43
7067 Trondheim

Norwa%;
+4773991199
chartering@boa.no

wwwboa.no

Ewvery efort has been made to ereum hiat all niormaion cortained i his brochure & accurate and up-o-date, however all specifcations are subject o charge without ratice and should be vedfed
Boa accepis no labilty or responsiblity for any aciion faken based on feinformation presariad in fis brochure. Boa encowrages inerested parfes o verfy fe conents of this brochure when indoubt

© BOA - January 2018
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AnnexJ DESIGN CALCULATION IMMERSION STRUCTURE

To design the immersion structure first the function of the immersion structure is given. Then the calculation
method is given according to the Eurocode and the program of requirements is given. The design of the
immersion structure is done in two main parts, first the platform is designed and thereafter the foundation.
Only a preliminary design is made to estimate the dimensions and to do a reliable cost estimation. If the
structure is build a more extensive study must be performed on the structural design.

J.1 FUNCTION OF IMMERSION STRUCTURE

The immersion structure must fulfil the function of the transport from land into water of GBFs for offshore
wind turbines. The procedure of the transport is given in step 1 till step 4 in Figure A-39. In these drawings the
basic principle is given. The design of the immersion platform follows in paragraph J.4.1 and the design of the
foundations is described in paragraph J.4.3.

Step 1 Step 2
W M +7.30m LAT M M +7.30m LAT
(AT AT
-8 00m | AT -8 00m | AT
Step 3 Step 4
—I ” +£ 2251 LAT T ” +£ 229 LAT

Figure A-39 - Transportation of GBF from land into water

To fulfil the transportation of GBFs from land into water the immersion platform must bear the weight of the
GBF. The structure must be able to lift and lower the platform. The total height of the platform may not be too
large so that the minimal draught needed by the GBFs is not reached, otherwise the GBF will not float and the
transportation action cannot be executed.

J.2 STARTING POINTS DESIGN IMMERSION PLATFORM

For the static stability in water and the stability on the subsoil the same procedure as in chapter 5and 6 is
followed. For the calculation of the immersion platform structure the Eurocode guidelines are again followed.
In the calculation Design Approach 2 (DA2) is performed. This means that the partial factors are given in the set
of A1, R2 and M1, see Figure A-40. For the structural calculations the capacity of materials are divided by
factors as given in Figure A-41 and Figure A-42.
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Table 3.3.1 Partial factors on actions (y;) or the effects of actions (yg)

Action Symbol Set
A1 A2
Pt Unfavourable = 1,35 1,0
Favourable 1,0 1,0
3 Unfavourable 1,5 1.3
Versble Favourable Ya 0 0

Table 3.3.2 Partial resistance factors for spread foundations (yz)

Resistance Symbol Set
R1 R2 R3
Bearing Yav 1.0 14 1,0
Sliding Yen 1,0 1,1 1,0

Table 3.3.3 Partial factors for soil parameters (yu)

Soil parameter Symbol Value

M1 M2
Shearing resistance y.,' 1,0 1,25
Effective cohesion Ve 1,0 1,25
Undrained strength Yeu 1.0 14
Unconfined strength You 1,0 14
Effective cohesion Ve 1,0 14
Weight density Yy 1,0 1,0
' This factor is applied to tan @'

Figure A-40 - Load factors according the Eurocode (Molenaar & Voorendt, 2018)

Design situations 7% for concrete | s for reinforcing steel | y5 for prestressing sleel
Persistent & Transient 1,5 1,15 1,15
Accidental 1,2 1,0 1,0

Figure A-41 - Material factors for concrete structures (Molenaar & Voorendt, 2018)

type of material resistance partial material factor y,,

resistance of cross-sections of all steel classes 1,0

Figure A-42 - Material factor for steel (Molenaar & Voorendt, 2018)

The weight of the GBF is 112.7 kN/mz. This load is present where the GBF is placed on the immersion platform.
Because the load is transferred from the quay wall to the middle of the platform the design criteria is that the
whole platform is able to bear a distributed force of minimal 112.7 kN/mZ. The load factor for a permanent
load is according to the Eurocodes 1.35 (Molenaar & Voorendt, 2018). The weight of the structure is a very
important property of the GBF and during the construction this weight is intensively monitored. The GBFs are
constructed and transported on a skidding system which uses jacks, the weight can be easily derived from the
loads on the jacks. Therefore the load factor on the weight of the GBF is reduced and a partial factor of 1.1 is
applied. This result in a design value of 124 kN/mz. The partial factor on the selfweight of the platform
structure is according to the Eurocode 1.35. The partial material factors for concrete and steel are 1.5
respectively 1.0, see Figure A-41 and Figure A-42. For the reinforcing steel and prestressing steel both a factor
of 1.15 is used. For the hydrostatic forces it is assumed that the water level is at the top of the platform which
causes higher forces, also a partial factor of 1.5 is applied on the hydrostatic forces.
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J.3 PROGRAM OF REQUIREMENTS

A program of requirements is given to design the immersion platform:

e The dimensions of the platform must be designed in the way that a working width of 3 meter is
available on all sides.

e The immersion platform must be able to bear a minimal weight of 124 kN/m2 present on the entire
platform.

e The calculations are performed according to the Eurocode guidelines.

e The placement of the immersion platform must be done without foundation works. The immersion
platform structure is directly placed on the bottom.

e Theimmersion platform includes ballast tanks to let the immersion platform float to transport it to
another location where it can be used for other projects.

e Skidding beams are used for the transport of caissons on land and therefore the weight of a skid
system is implemented in the immersion platform. The weight of skidding system and a steel plate on
the platform is assumed to be 5 kN/mz.

e The maximum allowable construction height of the immersion platform is 1.5 meter.

e The foundation of the structure must be stable with respect to:

o Rotational capacity
o Bearing capacity
o  Shear capacity

e The immersion platform structure may have a maximum draught of 10 meter.

e The immersion platform structure must have a metacentric height larger than 0.50 meter for stability.

e The weight of the immersion platform must be kept as low as possible.

e The material use must be kept as low as possible.

e The immersion platform can be adapted for larger and/or heavier caissons.

J.4 DESIGN PROCEDURE

The design calculation is done from top to bottom, for the design first simple hand calculations are performed
whereafter the immersion structure is designed with the use of Scia Engineer:

e  Platform:
First the platform where the GBF stands on is designed. The weight of the GBF is implemented and the
platform is designed in a way that it can bear the load of the GBF.

e  Concrete foundation:
The foundation can be calculated when the load of the platform including self weight is known. The
connection and lift equipment of the immersion platform to the foundation is in the design of the
concrete foundation applied with the help of a reference project. The lift equipment must be
considered more extensively if this design is used for execution of such a project.

The immersion structure consists of several different elements. In the design the elements are:

e  Platform structure
e Two foundation legs
e Two connecting beams between the foundation legs on the bed.

J.4.1  Platform design

To design the platform a first assumption must be made to the connection of the platform to the foundation.
The platform is hinged on the foundation legs. This reduces the bending moments in the foundation legs and is
positive for the design of the foundation legs. A fixed connection is hard to design, especially when the
platform also must be lowered and raised. A first idea is to design the platform as is given in.

First a hand calculation is performed to estimate the forces on the immersion platform by a distributed load.
The platform is hinged on two sides, the design load is on the entire platform equally distributed, therefore the
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slab can be modeled as a simply supported structure as displayed in Figure A-43. In this figure a one meter strip

of the platform is taken.

The formula to calculate the bending moment at midspan for a simply supported structure with an equally
distributed load is:

1 2
Minia = 3 (q¢er + QSkid+plate) -1 (55)

Where:

Mp,;q = Bending moment at midspan [kNm]
q = Distributed load [kN /m]
l = Length of span [m]

1
Myiq =5 (124 +5) - 38.48% = 23,876 kNm

This results in a bending moment of 23,876 kNm.

In Figure A-44 till Figure A-47 the platform is displayed with a bending moment line, shear force diagram and

support reactions, the units are kN and meter.

+7.30m LAT

Side view Immersion platform

| 38,48
: 44,48

Top view Immersion platform
Figure A-43 - Preliminary design immersion platform
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Figure A-44 - Geometry and supports of immersion platform

129.00

S1 Y
'_ S

Figure A-45 - Distributed load of GBF, skid system and steel platform

K1 K2
2 LN
?Wg

-2481.96 -2481.96

Figure A-46 - Foundation reaction forces

2481.96

51

-

23876.46 -2481.96
Figure A-47 - Bending moment (purple) and shear force (blue)
In Figure A-48 a 2D model is applied to check if a 1D calculation is an appropriate model for the 2D platform.

The values are quite similar and therefore the strip method is applicable, also when a steel plate is installed on
the platform structure.

Interne 2D-krachten

Waardes: my T
Lineaire berekening E
Belastingsgeval: BG2 25232.34 Zz
Extreem: Globaal 22000.00 =
Selectie: Alle 20000.00 £
Locatie: In knooppunten gem. bij
macro. Systeem: LCS net element 18000.00
16000.00 [
. 14000.00
| 12000.00 —
| 10000.00
| 8000.00 I
6000.00
4000.00 [~

2000.00
-0.00
-2000.00
-4320.90

>
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Because the platform must resist very high bending moments the construction of the platform can be done in
three different types of materials:

e Steel
e Reinforced concrete
e  Prestressed concrete.

For these three main options a calculation is performed if the materials are applicable and what the dimensions
of these materials are.

J4.1.1  Steel construction

The main advantage of a steel construction is the relatively low weight and high
strength. The steel stress may not exceed the maximum allowable steel strength. b
The maximum allowable stress in the steel is given in the steel class, for example, rj
$235 can have a maximum stress of 235 N/mmz.

The maximum stress is given by the Von Mises criteria (Bijlaard, Abspoel, & Vries,
2013):

h H——>y
2 7 -y
JoZ+3r2< (56) Iw
Ym

Where:

0, = Stress due to bending moment [N /mm?] [
T = Stress due to shear forces [N/mm?]

. 49 Definit
fy = Maximum allowable yield stress [N /mm?] Flgure A-49 - Definitions for

a H-profile (Bijlaard,
Ym = Partial factor steel (= 1.0)[—] Abspoel, & Vries, 2013)
The stress due to bending is given by (Bijlaard, Abspoel, & Vries, 2013):
MEgq
O,y = ——— 57
- (57)

Where:

Mg, = Design value bending moment [Nm]
Wy min = Moment of resistence around y — axis [m3]

The shear stress in a flange of a steel profile is given by:

_ VzEaSys
TEd,flange - Ity (58)
The shear stress in the web is given as:
Vz,Ed'S}(},w
TEd,web = It (59)
yrf
The maximum shear stress capacity of a beam is given by:
_ : tr  tw ) fy
V,ra = min (s;,f’s;) Iy\/§ (60)

Where:

tr = Flange thickness [mm]
t,, = Web thickness [mm]
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Sy.(f orw) = Shear moment flange or web[mm?]

I, = Moment of inertia around y — axis [mm*]
V,ea = Design value shear force [N]
fy = Yield stress capacity (= 355)[N/mm?]

First the point at midspan is used to estimate the dimensions of the steel beam.
Mg, = 23,876 - 10 Nmm

We apply the largest HEB profile in the common steel tables: HEB 1000. The minimal moment of resistance of
this H-beam is 12895x10> mm® (staaltabellen.nl).

The steel stress for a HEB 1000 is calculated:

= Mea _Jy
Ox = Wy min = Ym (61)
_ 23876'10° _ fy
Ox = 12895103 = 1.0 (62)
N
fy > 1852 p— (63)

Applying a steel quality S355 the stress is more than 5 times too high at midspan. This means that a specific
steel H-beam must be designed to bear the large internal forces.

The minimal moment of resistance is calculated which is needed to fulfil the requirement at midspan for only
the GBF weight, skid system and steel plate is:

106
Winin = "24 Y = 22225 1.0 = 6.73 - 107mm? (64)

Because this moment of resistance is without the weight of the steel profile the weight of the steel H-beams
are added.

Weight of steel:
qH-beam = As " Ps* 9" Younfav = As*7800-9.81-1.35kN/m  (65)
Where:
ps = Volumetric weight steel (= 7800)[kg/m3]

The steel beam is designed to resist the bending moments. Then the beam is checked on the shear forces and
the Von Mises criteria. The dimensions of the new designed beam are given in Figure A-50. The following
factors are calculated as follows:

Cross-sectional area:
As=h-b—(h—2-tf)-(b—tw) (66)
Moment of inertia with applying the Steiner rule:

3 2
=t (2 2 (&t () 0)) 0

Wy min = (68)

N :-l@"
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Because the calculation is an iterative process only the final dimensions of the steel H-beam are given in Table
A-11 and a design is shown in Figure A-50. The total weight of the platform with the H—beams, GBF weight and
the skid system and the steel plate, including partial factors, is:

Qtot = q96BF t 9QH-beam T Qskid+plate = 124 +26.22+5=150.2 kN/m

] |
8
-
S »
S e 100
©
o

1000
Figure A-50 - H-beam design

\ Property Value Unit  Property Value Unit
h 1000 [mm] Qpiat 5 [kN/m]
b 1000 [mm] Qsteel 26.22 [kN /m]
ty 90 [mm] Gtot 150.2 [kN/m]
t, 90 [mm] I, 415-101°  [mm?*]

A 253,800 [mm?] Wymin  830-107  [mm3]
Table A-11 - Properties designed steel beam (5355)
The H-beam fulfills the requirement on bending moments:

_ Mg 27803.6-10°
fy = Wymin  8.30-107

= 334 < 355 N/mm?

A check must be performed on the shear stress capacity. The shear capacity is calculated with (Bijlaard,
Abspoel, & Vries, 2013):

—min(L v
V;ra = min (S}‘}‘f's;",w> Iy\/§ (69)
Where:
Q= % 90 -22297%0 _ 7 05 - 107mm3 (70)

2
- 90) = 410-107mm®  (71)

S%w =1000-90 - (1000—90) % (1000

The result is a capacity of:

. 90 90 . . 10 . ﬁ _ . 7
Vora = min (7o, 00 - 4.05 - 1010 - 22 = 1.82 - 107N (72)

The maximum shear stress in the beam is 2.481 - 106N and therefore the profile is applicable at the supports,
where the shear force is maximal.

To estimate the stresses from the whole span the Von Mises criteria is plotted as function of the x-coordinate
of the span, see Figure A-51. From the figure can be concluded that the criteria on bending moment has larger
influence than the shear stress criteria and no exceedance of maximum steel stress is present.
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Steel stress

w
o
o

oS AN
100 / \

v/ \

Steel stress [N/mm?]
N
wv
o

0 —_— =

0 5 10 15 20 25 30 3 40

x-coordinate beam

= Steel stress due to shear force

Beam stress

= == Steel stress due to bending moment Maximum allowable steel stress

Figure A-51 — Von Mises criteria plotted as function of x-coordinate

Also the deformation of the H-beam is of importance. A large deflection must be prevented. To calculate the
beam deflection the following formula is applied:

5  Qeoel*
Whig = — " ——— 73
mid 384 E, ( )

Where:

Wmia = Deflection at midspan [m]
qtot = Distributed load [N /m]
[ = Span length [m]
E = E — modulus steel (= 210 - 10°)[Nm]
I, = Moment of intertia [m*]

By implementing the values this results in:

5  150.2-103-38.48%

Wmid = 351" 10109415102 — 0-49M (74)

To check the outcomes of the calculations the beam is modelled in the software package Scia Engineer. The
internal stresses and displacements are shown in Figure A-52and Figure A-53. The stress profile of the Von
Mises criteria and from Scia Engineer is similar. The maximum stress is not exceeded and the profile is
applicable. The deflection of the beam is also similar to the calculations. For design purposes the dimensions of
the beam could be larger to decrease the deflections.
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Lineaire berekening
Belastingsgeval: BG2
Selectie: Alle
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0.0
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-120.0
-160.0
-200.0
-240.0
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-334.8

ox (1D/2D) [MPa]

Figure A-52 - Stress in H- beam due to gy

3D verplaatsing
Waardes: uz

Lineaire berekening
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macro. Systeem: LCS

Figure A-53 - Displacement of H-beam
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The H-beam deflection of 50 cm is quite high. An important requirement is the small construction height of the
platform structure. This extra deflection is not accounted in the total construction height. The GBF stands on

the structure and cause the major part of the deflection, when the structure is lowered under water the

effective weight of the GBF decreases until the GBF floats. At the moment the GBF floats the weight on the

platform is zero and the deflection is negligible. But for the transportation of the GBF from land onto the

platform this could cause problems. Therefore the H-beam is designed heavier to reduce the deflection. The
new dimensions are given in Table A-12 and are shown in Figure A-54. In Figure A-55 the Von Mises criteria, in

Figure A-56 the internal stresses and in Figure A-57 the deflection are shown.

Property Value Unit Property Value Unit
h 1100 [mm] A 353000 [mm?]
b 1000 [mm] steel 36.47 [kN/m]
ty 135  [mm] Qiot 160 [kN /m]
t, 100  [mm] I, 6.8-101°  [mm*]

Wy min 1.78-108  [mm3]

Table A-12 - Dimensions of heavier designed H-beam
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Gel

0oLl
0c8

100

Gel

1000
Figure A-54 - Final design H-beam

Applying these dimensions of the H-beam the Von Mises stresses are shown in Figure A-55, the stresses
according the Scia model are given in Figure A-56 and the deflection is given in Figure A-57. The maximum steel
stress is around 245 N/mm? and a reserve capacity is present for unforeseen forces for example wind or snow.
The deflection of 32 cm over a span length of 38.48 meter is accepted and it is concluded that a steel beam
construction could be designed to support the immersion platform. The height is 1.10 meter, 40 cm is left for
the construction of the plate and skidding system above the beams.

Steel stress

Steel stress [N/mm?]
N
o
o

T T T T T T T 1

5 10 15 20 25 30 35 40

x-coordinate beam

= Steel stress due to shear force Beam stress

Maximum allowable steel stress

= == Steel stress due to bending moment

Figure A-55 - VVon Mises criteria plotted as function of x-coordinate
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Figure A-56 - Stresses in final design H-beam
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Figure A-57 - Deflection of final H-beam

J.4.1.2  Reinforced concrete

Another option could be to build the platform construction with reinforced concrete. The capacity of a

concrete beam can be calculated with a cross-section where the forces are indicated in Figure A-58:

Where:

Mgg = Ns -z

s R

Figure A-58 - Forces on reinforcement concrete cross-section (Hordijk & Lagendijk,

Ana

N, = Compressive force in concrete [N]
Ny = Tension force in steel [N]
z = Internal lever arm (= 0.9d)[m]
Mgq = Design value bending moment in crosssection [Nm]

(75)

Delft
University of
Technology
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For the calculation a maximum height of 1200 mm is used. The width of a concrete element is according to rule
of thumb the half of the height: 600 mm

The characteristic weight of the concrete element is 18 kN /m. The extra moment at midspan caused by
selfweight is calculated with:

Qe = e Veunfay = 18+ 1.35 = 243 kN/m

1 1
M mig = . (4ea + 9¢BF + Askia+piate) * 12 = 3 (24.3 + 124 + 5) - 38.48% = 28,374kNm (76)

Mgg _ 28374

N.=N. = =
¢ S z 0.9-1.2

= 26,272kN (77)

Where:

M, miq = Bending moment at midspan in concrete [kNm]
q. = Weight of concrete element per meter [kN /m]

To calculate the minimal amount of reinforcing steel the following formula is applied:

N. 26,272,327
Asneedea =7 = = =5 = 60,396 mm* (78)
Where:
=Ly _ 500 _ N
fyd - Vs 115 4‘35mmz (79)

This gives a reinforcement ratio of:

Asneeded — 60,396

e o ey 100% = 8.39% (80)

Where:

fy = Yield strength reinforcement [N /mm?]
fya = Design yield strength reinforcement [N/mm?]
As neeqea = Minimal surface of needed reinforcement [mm?]
A. = Cross — sectional area concrete [mm?]

The reinforcement ratio in this concrete element is too high, see Figure A-59 for the maximum reinforcement
ratios. The calculation is performed for one meter width, when the full cross-section of one meter width is used
the maximum reinforcement ratio is also exceeded; therefore use of a reinforced concrete structure to support
the platform is not applicable.

I T BT T R

TN BT TN TN T T

Figure A-59 - Maximum reinforcement ratio per concrete class (Cement&Betoncentrum, 2016)
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J4.1.3  Prestressed concrete = S —
To determine the applicability of a prestressed concrete N ' 1
structure a preliminary design of a concrete element is made.
A rule of thumb is that the thickness of the element is around
1/33 of the length. The thickness is in first instance assumed
to be 1.20 meter. In Figure A-60 a first estimation of the

700 1200
concrete profile is given.
The cross-sectional parameters which are needed to
determine the applicability of a prestressed concrete : N
element are calculated as follows: ‘ WO jﬂ

The cross-sectional area is calculated with:

A, = 1000-1200 — 500 - 700 = 0.85 - 10® mm?(81) - 0 - 500 250~

‘ 1000 ‘

The extra weight of the prestressed concrete beam can be
calculated by multiplying the area by the density which is
2400 kg/m>:

Figure A-60 - Preliminary design prestressed
concrete girder

e =Ac pe g =0.85-10°-2400-9.81 = 21.25kN/m (82)
Where:
q. = Characteristic weight of prestressed concrete element per meter[kN /m]
To calculate the design load the weight is multiplied by the partial weight factor of 1.35:
dea = 9c " Veunfav = 21.25-1.35 = 28.69 kN /m (83)
Where:
qcqa = Design weight of concrete element per meter [kN /m]

Calculating the bending moment at midspan, caused by the design weight of the concrete element:

1
Mg = e (Gea + QSkid+plate) -1 = 6237 10°Nmm (84)

’

The bending moment at midspan, caused by selfweight and variable GBF weight are:

1
Mgy = g (qca + 9epr + Gskia+plate) - 12 = 29187 kNm

The moment of inertia is:

_ 1 3
Iy_ﬁ'bout'hout -

1

o bin - hip =13-10" mm* (85

Because the cross-section is symmetrical the moment of resistance is equal for the top fiber and bottom fiber:

_ _ly 1.3-1011 108 3
Wee =W, = %h = %_1200 = 2.17 - 10°[mm?] (86)

The upward pressure from the tendons can be calculated with the formula:

8'Pm,00°f
qp = 12 (87)
Where:

P = Working prestressing force in concrete element [kN]
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f = Drape of tendon [m]

The values as given in Table A-13 are used for the calculation of the prestressed element.

Parameter Value
A, 0.85 - 10° [mm?] l 38.48 [m]
f 400 [mm] W 2.17-108 [mm3]
W, 2.17-108 [mm?3] Mg ¢ 6237 - 10° [Nmm]
Mggio 29187-10% [Nmm] O.d 30 [N/mm? ]

Table A-13 - Properties prestressed concrete element

Where:

0.q = Compressive design strength of concrete [N/mm?]

The principle of prestressed concrete is to preload the concrete element by tendons. In Figure A-61, a tendon is
drawn in a concrete cross-section. By tensioning the tendon an upward pressure is created. With this upward
pressure the resultant downward force is decreased.

To check if a prestressed concrete element is applicable there are three checks needed:

e No tensile stresses at bottom fiber at t=c0

e No exceedance of maximum allowable compressive capacity at t=0 at bottom fiber
o No tensile stresses at top fiber at t=0.

For the calculating of the checks the parameters are used from Table A-13.

Check 1: No tensile stresses at bottom fiber at t=co. With this check the minimal tensioning force is
calculated (Walraven & Braam, 2018).

0. <0 (88)
18f 2
P, ' Pmoocl M
—meo 812 TR 4 TEGH < (89)
Ac Wep Wep
MEG+Q 29187-10°
w ;
Proo 2 75— = —210%— = 4.45 - 107[N] (90)
Ac Wep 0.85:106 ' 2.17-108

Pmeo _ 496107
0.8 0.8

P = =5.57-107[N] (91)

Check 2: No exceedance of maximum allowable compressive capacity at t=0 at bottom fiber. With this check
the maximum tensioning force is calculated (Walraven & Braam, 2018).

Och = —Ocq (92)

P sm@ P sind

/7 P cosd
gt

Pm_8Pmf
=R~ 2

Figure A-61 - Principle of prestressing (Walraven & Braam, 2018)
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18f
Pmo _ gz Pmol" | Mgg
— — >
Ac ch ch - O-Cd (93)
1+ 2EG
catw
Pm,O =1, f (94)
Ac Wep
Where the maximum allowable compressive strength is given by:
0,q=06"f4 =0.6-50=30 N/mm2 (95)
The initial stress is calculated:
30+6237-106
108
Pm,o < 527 =195 10” N (96)

+
0.85-10° ' 2.17:108

Check 3: No tensile stresses at top fiber at t=0. With this check the maximum tensioning force is calculated

(Walraven & Braam, 2018).

Oct < 0 (97)
18f
_ Pmo | g Pmol”  Mgg <0 (98)
Ac Wet Wee ™
MEg 6237:10°
Ppo S 5 < — 10— =430 10°N (99)
Ac Wee 085106 ' 2.17-108
After performing the three checks the following results are achieved:
P = 5.57+107N; Py o < 1.95-107 N; Py < 4.30- 107N (100)

The prestressing force must be higher than 5.57 - 107 and lower

than 1.95 - 107 Newton. These two

requirements cannot be fulfilled simultaneously and therefore this prestressed element is not feasibly. This is
due to the relatively small self-weight of the platform and the very large weight of the GBF which is placed on
the platform. To carry the GBF a large prestressing is needed to prevent tension at the bottom fiber, when the
GBF is not present this large prestressing causes tension at the top fiber.

J.4.1.4  Decision on platform structure
The materials reinforcement concrete and prestressed concrete

are not applicable when a maximum

construction height of 1.5 meter is available. Therefore no multi-criteria analysis is executed and the solution is
found in steel H-beams to support the immersion platform. A drawing of this platform is given in Figure A-62

and Figure A-63.
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Figure A-62 - Principle of steel beam supporting system

Figure A-63 - Plate of immersion platform placed on H-beams

J.4.2 Lifting mechanism

A lifting mechanism must be designed to lower the platform with the GBF placed on it and to hoist the platform
when the GBF is towed away. Only an indication of a feasible mechanism is shown to give an idea of what is
possible. A winch system is chosen to use to lift and lower the platform, this is also done on the syncrolift that
is used to transport the caissons for the flood defences at Venice from land into water, see Figure A-64 and
Figure A-65.

18421786 ..
~

Figure A-64 - Winch system at Venice Mose project Figure A-65 - Platform of Venice Mose project
(newcivilengineer.com, 2011) (newcivilengineer.com, 2011)
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The caisson which is lowered with this winch system weights 25,000 tons and the dimensions and weight per
square meter are somewhat higher but comparable with the GBF dimensions. With that knowledge it is
assumed that the winch system is feasible on the immersion structure.

The weight of the winch system is subdivided in two main parts:

e Cables to lift the platform:
e Additional equipment for the rotation mechanism.

The cables to lift the platform are estimated with a basic formula and the weight of the additional equipment is
estimated to be somewhat higher in weight than the cables.

e Cables to lift the platform:
The platform, including the GBF, weights 299,262kN, with a yield strength of the winch cables of 235
N/mm? the minimal surface area of steel cables is determined. A partial safety factor of 0.8 is included
on the steel strength for the system, because not every cable is stretched equally in time.
A = Wplat + Wepr _ (QSteel + qggpr + QSkid+plate) * Aplat _
Simim 0.8 fya 0.8-235

47 103
(36.47+124+158)847 38.4810% _ 1,591,821mm? (101)

Where:
fya = Yield strength of steel cable [N/mm?]
The weight of the cables is estimated with the formula:
Weabies = Asmin * leapie * Ps = 1,591,821 - 1076-15.3-7800 = 189,968[kg] = 190 ton (102)

The weight of additional material to rotate the winches and to lift and lower the platform is assumed at 200
tons of steel.

J.4.3 Foundation

The foundation of the immersion platform has to resist the weight of the platform, must be stable on the
bottom and must be stable to lower and raise the platform. Therefore it is decided to use reinforced concrete
as material. With concrete a large contact area on the soil is created. Another advantage is that the internal
forces mainly are compressive forces due to the platform weight, therefore concrete is applied. Because one of
the requirements is that the platform can float internal space is required to pump water in and out. A
calculation is performed to check the minimal thickness of the concrete elements. With the minimal thickness
the width of the concrete foundation and the weight can be calculated. When the weight is calculated the
minimal required internal space to let the platform float can be calculated and then the preliminary design is
given. The starting point of the design is given in Figure A-66. In principal the foundation consists of two large
concrete hollow boxes with internal walls. The internal walls are implemented to reduce the bending moments
and to prevent large concrete walls. The inner spaces could be applied as ballasting tanks. The width of the
foundation is assumed to be 3 meters, the center to center distance between the walls is assumed to be 4
meter. The principle of how the forces interact on the foundation in a side view is shown in Figure A-67.
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Figure A-66 — Starting point of design foundation legs

q GBF+H-beams+skid+plate+winch

LAT

15,3
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Figure A-67 - Forces on concrete foundation (hydrostatic forces depends on water depth)

The forces are drawn on the concrete foundation which must resist the weight of the GBF, the H-beams,
skidding beams, steel plate and the winch system. The calculation of the forces for the structure in operational
phase is performed. When this solution is used at a project an extensive study on the dynamically loads in the
floating, transporting and installing phase must be performed.

J4.1.5 Load conditions

The main loads which are present on the foundation of the immersion structure are described. The platform
with the GBF weight, winch system, skidding beams, steel plate and H-beams and the hydrostatic pressure all
interact on the concrete foundation. First the platform and GBF weight are given whereafter the hydrostatic
forces on the platform are discussed.
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Platform + GBF weight + Lift mechanism + skidding beams and steel plate:

- The force per square meter caused by the GBF on the platform is 112.7 kN/m>.

- The weight of the steel H-beams of the platform is self-weight and this is included in the Scia model.
The weight of the platform is transferred to the immersion structure foundation.

- The lift mechanism weights in total 390 tons. Divide this equally over the edge of the immersion
structure foundation this result in a total weight of 40.7 kN/m.

- The weight of the skidding beams and a steel plate over the H-beams is assumed at 5.0 kN/m”.

Hydrostatic pressure
The hydrostatic pressure is calculated with the formula:

Pr(d) = pw9gdygunfav = 1025-9.81-d - 1.5 (103)
Where:

pr(d) = Hydrostatic pressure as function of depth [N/m?]
g = Gravitational acceleration [m/s?]
d = Depth [m]
ps = Volumetric density water [kg/m3]
Younrav = Partial factor on unfavorable variable load (= 1.5)[—]

The hydrostatic pressure is proportional to the depth, the result of the hydrostatic force is zero at the top and

153.8 kN/m2 at the bottom, excluding partial factors. The forces under at the foundation are also 153.8 kN/mZ.

J.4.1.6  Structural analysis

Because the foundation is an undetermined structure and it is impossible to calculate the internal forces by
hand, a Scia Engineering model is applied. With this Scia model the forces in the cross-sections are calculated.
The structure applied in the Scia model is given in Figure A-68. The structure and the load case is symmetrical,
therefore the results are given for one foundation leg only. The definitions of the walls are also given and are
indicated in Figure A-68 and Figure A-69.

Upper slab
Bottom slab
Front wall

Side inner Wall
Side outer Wall
Connecting beam
Inner wall

NoukwhpR

The maximum forces in these cross-sections are given in Table A-14. For each structural element figures are
given for the bending moments, shear forces and axial forces.
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6 -

Figure A-68 - Immersion platform as Scia Engineering model

Figure A-69 - Immersion platform transparent view

To determine the thicknesses of the foundation elements first the forces on the structure are applied in a Scia
Engineering model, see Figure A-70 for the hydrostatic forces on the foundation legs, Figure A-71 for the GBF
load on the platform, Figure A-72 for the lifting mechanism on the foundation legs, Figure A-73 for the

skidding beams and steel plate on the H-beams and Figure A-74 for a visual interpretation of the linear
increase of pressure by depth.
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Figure A-70 - BG 2: Hydrostatic pressure on immersion structure
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Figure A-71 — BG 3: GBF load on platform
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Figure A-73 - BG 5: Skidding beams and plate
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Figure A-74 - Values of hydrostatic pressure on immersion platform

The forces in the Scia Engineer software are implemented with the characteristic values, no partial factors are
present. To apply partial factors the load combination is created as is seen in Figure A-75.

The following forces are adapted from the Scia results:

e m,:Bending moment in x-direction
e m,:Bending moment in y-direction
e V,:Shear force in x-direction

e 1}: Shear force in y-direction

e N,: Axial force in x-direction

e N,:Axial force in y-direction

In the Scia software the orientations are implemented as shown in the figures. Each element has an orientation
with a local x, y and z-axis and the global orientation of the model is given in the left lower corner.

1.4.1.6.1 Result of structural analysis side outer wall

The results for the side outer wall are shown in Figure A-78 till Figure A-83. The minimal and maximal values
from these figures are used to determine the minimal thickness of the concrete elements. In Table A-14 the
values of all elements are summarized.

To check the order of magnitude of the forces in the side outer wall a simple hand calculation is performed.

The hydrostatic forces act on the side outer wall and this wall is supported by the four rigid supports (walls) and
the forces are transferred to the closest wall. This is shown in Figure A-76 where a section between two inner
walls is taken.

. 3 |Naam | UGT-Set B (automatisch)
The highest bending moments are expected at the cross .
. . Omschrijving
sec.tlon of the Imesj at 2 meter from the bott?m .slab. To e EN-UGT (STR/GEO) Set B
estimate the bending moments the scheme in Figure A-77 is Automatisch bijgewerkt -
used. Constructie Gebouw
At a water depth of 13.3 the forces of are: Niet-lineaire comoinatie i
Actieve coéfficiénten %
qhydro =pPw 9" yQ,unfav -h =200.5 kN/m Inhoud van combinatie
BG1 - Self weight [-] 1,35
This leads into the bending moment and shear forces: BG2 - Hydro [-] 1,50
1 1 BG3 - GBF [] 1,10
Ml = MZ = E ' qhydro * lz = E -200.5 - 42 BG4 - Lifting mechanism [-] 1,35
BG5S - Skid+plate [-] 1,00
= 267.3 kNm

Figure A-75 - Load combinations used in Scia
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Vi = Vs =3 duyaro 4 = 52005 4 = 401 kN

Compare these values with Figure A-78 and Figure A-80 these values have the same order of magnitude.

The Scia model results for all other structural elements are included in paragraph J.6

L O o o

15,3

L e O

-----

Figure A-76 - Load distribution
side outer wall

4
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Figure A-77 - Bending moments at the supports for a fixed-fixed beam (Molenaar & Voorendt, 2018)
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Selectig: E37 240,00 £
Filter: Materiaal = C50/60
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macro.| Systeern): LCS net element 160.00
120.00
80.00
40.00
0.00
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Figure A-78 - Result of bending moment in x-direction for side outer wall
E
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Locatief In kne inten gem. bij -~ 160.00
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Figure A-79 - Result of bending moment in y-direction for side outer wall
=
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Selectie: E37 300.00
Filter: Materiaal = C50{60
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0.00
-100.00
-200.00
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|
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,_—r-"/

Figure A-80 - Result of shear force in x-direction for side outer wall
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Figure A-81 - Result of shear force in y-direction for side outer wall
E
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Figure A-82 - Result of axial force in x-direction for side outer wall
E
i 874.84 E
TEemn 600.00 £
Selectie: E37 400.00
Filter: Materiaall = C50/60
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-2078.23

Figure A-83 - Result of axial force in y-direction for side outer wall
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: Upper slab 500 -99 +51
: Bottom slab 1000 -787  +16815
: Front wall 500 -28 +424
: Side inner wall 500 -904 +393
: Side outer wall 500 -193 +326
: Connecting slab 1500 -6209 +26530
: Inner wall 300 -36 +36

Table A-14 - Result of internal forces of all structural elements

+312
+2434
+89

& Delft
TUDelft &=

+563
+15552
+822
+2363
+573
+15601
+181

University of

+1020
+20512
+2781
+1564
+1647
+9277
+159

209



5 4
') Delft
== DIMCO TUDelft &z

Infra Marine Contractors

J.4.1.6.2 Calculation of minimal thickness of elements

In this paragraph the results on the side outer wall are used to determine the minimal thickness of this
element. This calculation is performed for all elements of the immersion structure and the final results are
displayed in Table A-16.

The element must fulfill requirements on three different internal forces: the bending moments, shear forces
and axial forces. For all criteria must hold:

Mra 2 Mga 5 Vra2Vega 5 Nra = Nga (104)
Where the subscripts holds:

Rd = Resistance capacity
Ed = Design value

The calculation procedure is explained for these three cases.

Bending moment calculation
To determine the bending moment capacity a rule of thumb is used, see Figure A-84.

Mpq = Ns - z (105)
Where:
z=09-d, (106)
And:
Ns = fya " Aspmax = fya " dm " b * Prmax (107)
With:

d,, = Minimal height of element needed for resistance of bending moment [mm]

To calculate the minimal height of an element these formulas can be rewritten in:

M
d. = /—Ed 108
m Pimaxbfyqa0.9 ( )

— =7

Figure A-84 - Forces on reinforcement concrete cross-section (Hordijk & Lagendijk, 2017)
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Shear force calculation
To calculate the shear force resistance the following formula is applied (Hordijk & Lagendijk, 2017):

0.18 1
Vrac = Ve k- (100p;fex )3 byd (109)

With a minimum value of:

VRd,c = Vminbwd (110)
In which:

3 1

VUpmin = 0.035kz - Czk (112)

Where:

k=1+ /2%" (112)

Delft
University of
Technology

When the minimal required shear force resistance cannot be reached, shear reinforcement can be applied, see
Figure A-65. With a formula to calculate equilibrium in forces the minimal amount of reinforcement can be

calculated:
ASW
VRas = s 27 cot(9) 'fywd (113)

Rewriting this formula and assume Vi, ¢ = Vg4 the minimal surface of reinforcing steel per length can be
calculated with:

Asw _ _ VEa
s z:cot(60) fywd (114)

<
m
o

Figure A-85 - Principle of shear reinforcement (Hordijk & Lagendijk, 2017)

Axial force calculation

For the axial force on the elements two situations are present:
e Axial tensioning force
e Axial compressive force
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Concrete has a low tension capacity and a high compression capacity. Therefore steel is used to resist the
tension forces. The low concrete capacity is therefore not implemented in the formula. To calculate the
resistance to an axial tensioning force the following formula is applied:

Ngq = As,req,t 'fyd (115)

By implementing Np4y = Ng4 this can be rewritten in:

N
As,req,t = FEZ (116)

Where:

As reqt = Minimal amount of reinforcement for tension force [mm?]
fya = Design value reinforcing steel [N/mm?]

When a compressive force is present at a cross-section the capacity can be calculated with:
Npa = Ac 'fyd + As,req,t 'fyd + As,req,c ' fyd (117)
Where:

A, = Cross — sectional area concrete [mm?]
frqa = Compressive design strength concrete [N /mm?]
Ag req,c = Cross — sectional area of compressive steel reinforcement, if needed [mm?]

Because reinforcement is costly to apply the compressive strength of the concrete is used to fulfil the
requirement to compressive force. This formula without the reinforcement is rewritten in:

NRra
= 118
¢ = Fug (118)
_ Nga
ne =% p (119)

The use of compressive reinforcement steel is rarely applied because the concrete has a large compressive
capacity.

The calculation for the outer side wall of a foundation element is executed to show the calculation principle.
The calculation is performed on all structural elements but only the procedure is explained on the side outer
wall of the immersion platform.

J.4.1.6.3  Calculation of minimal thickness of the side outer wall element
In this paragraph the results on the side outer wall are used to determine the minimal thickness of this
element. The results per meter width are shown in Table A-15.

Internal force upper slab  Lower bound value  Upper bound value \

m,[kNm] -193.19 +326.17
m,[kNm] -228.93 +311.50
V. [kN] -572.64 +572.64
V,[kN] -547.50 +634.90
N, [kN] -1237.19 +1647.05
N, [kN] -2078.23 +874.84

Table A-15 - Maximum internal forces for side outer wall
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The calculation procedure is given as follows:

Estimate initial thickness by bending moment capacity, use maximal reinforcement ratio.
Check the minimal thickness for the axial compressive capacity.

Calculate the amount of reinforcement for the axial tension capacity

The maximum reinforcement ratio is now exceeded, increase iteratively the thickness of the
element till the reinforcement ratio equals the maximum.

5. Calculate the shear force capacity. Apply shear reinforcement if needed.

6. Check if all situations fulfill the requirements.

i A

1: Bending moment calculation

Mgq x Mgay 326.17-106 311.50-106
d;, = max . ) . , | = max , =
Pimaxb Fya-0.9” | Prmaxbfya-0.9 0.0308-1000-435-0.9” 4/ 0.0308-1000-435-0.9

max(136,146) = 161 mm (120)

2: Axial compressive force calculation
Ngq __ 2078.23-10°

dpe = Dre 10008 62mm (121)
1.5
3: Axial tension force calculation
N 1647.05-103
Asreqr = ?E: === 3786mm? (122)
A
PL= Pim + 5L = 0.0308 + —— - = 0.0543[] (123)

4: Iterative procedure to satisfy maximum reinforcement ratio.

The iterative procedure is executed with Excel where the input is the thickness of the concrete element and
where the output is the maximum resistance and the reinforcement ratio. The procedure is executed till both
criteria are satisfied. The result is a minimum thickness of 237 mm.

5: Calculate the shear force capacity. Apply shear reinforcement if necessary.

Now the calculation for shear resistance capacity of the slab is calculated.
0.18 1
VRa,c = V_c k- (100p;fck)3 bty (124)

First the k value is calculated:

k = min <1 + /Zdﬂ 2.0) = min(l + /% 2.0) =1.92 (125)

The minimum value now can be calculated:

1

3 = 3 1
Vmin = 0.035kz - fczk = 0.035-1.922-502 = 0.66 mI:ﬂZ (126)
With a minimum value for the capacity of the cross-section of:
VRa.cmin = Vminbwd = 0.66 - 1000 - 237 = 156kN (127)

Now all factors are known the maximum capacity is calculated:

0.18

1 1
Vrae = %= k- (100p1f)5 bd = 22192 (100 0.0308 - 50)2 - 1000 - 237 = 293kN (128)

The shear force on the cross-section is too high to resist without shear reinforcement. Therefore the minimal
amount of shear reinforcement is calculated:
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103 2
A;W = Z-COt‘(/QE;fywd - 0.9-2633:.;2(13(;)-% - 3'95% (129)
6: Check all situations
Check the three main requirements:
Mra2Mga 5 VrRa=Vea 5 Nrat 2Ngat ;  Nrac = Neae (130)
326 2326 ; 635=>635 ; 1647 >=1647 ; 7900 = 2078 (131)

Conclusion:
The minimal thickness of the side outer wall is 237 mm. This is in the static situation. Due to the requirements
of transporting and floating the forces are dynamically and the minimal thickness could be larger.

J.4.1.6.4  Design thickness of structural elements

The calculation as performed in the previous paragraph is repeated for all elements. In Table A-16 the
thicknesses of the structural elements are shown. A note is made to the choice of the thickness of the side
outer wall, this thickness is adapted to the side inner wall. Due to the requirement of floating it is preferable to
design the foundation symmetrical.

Element do[mm] d,;,[mm] \
1: Upper slab 500 144

2: Bottom slab 500 2174

3: Front wall 500 648

4: Side inner wall 500 637

5: Side outer wall 500 237

6: Connecting slab 1000 1870

7: Inner wall 300 92

Table A-16 - Minimal thicknesses due to the internal forces at one location

The structural element thickness is chosen by calculating the minimal thickness for the case that all extremes
are at one cross-section. In most cases this is unrealistic. Therefore this is the most conservative estimation of
the concrete thicknesses. An example from the base slab of the immersion structure foundation is given in
Figure A-86.

Interne mkrac e‘r\i\
Waardes: \mx, N\
Lineaire herek&'* \ N\,
Combinatie: UGTSet:B.

Extreem: Globaal N\
Selectie: E1, E13 \‘\\
Filter: Materiaal = C50/60 "\
Locatie: Tn knooppunten gem. hij
macro. Systeem: LCS net. element, A / 8000.00
A : \ 6000.00

16814.56
14000.00
12000.00

mx [kNm/m]

10000.00

4000.00

2000.00

-786.98

Figure A-86 - Bending moment in x-direction for bottom slab

When the internal forces from a couple of meters from the connecting slab just a minimal thickness is needed
of 455mm. Therefore a (conservative) estimation of the mean concrete thickness of 1.25 meter is done on the
concrete bottom slab. Therefore in the design of the concrete thicknesses of the foundation legs a large
optimization can be performed to reduce weight and material usage. This adaptation is applied on the most
concrete elements, per element a short explanation is given:

e  Upper slab: A minimum of 150 mm is used because of the constructability and minimal thickness.
e Front wall: Thickness is set on 650 mm because the extremes are not fixed in one location.
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e Side inner wall: Thickness is changed to a mean thickness 500 mm. The minimal thickness at the main
part of the side walls is 185mm but due to the placement of a lifting system local point loads could be
implemented and therefore a mean thickness of 500 mm is chosen. When the lifting mechanism can
be placed on the side inner wall this reduce the bending moments in other structural elements.

e Side outer wall: The thickness is changed to 500 mm due to the symmetry of the foundation leg,
otherwise this thickness could be more decreased.

e Connecting slab: Comment made after showing Table A-17.

e Inner wall: Thickness is set on 150 mm because of minimal thickness for constructability.

The assumed mean thicknesses are shown in Table A-17.

Element dolmm] dpi[mm]  dpean[mm] |
1: Upper slab 500 144 150
2: Bottom slab 500 2174 1250
3: Front wall 500 648 650
4: Side inner 500 637 500
wall

5: Side outer 500 237 500
wall

6: Connecting 1000 1870 H-beam
slab

7: Inner wall 300 92 150

Table A-17 - Estimated mean thickness of structural elements

With this calculation only a static analysis is done and a dynamic analysis must be performed for the
transporting phase of the immersion structure. The outer dimensions of the GBF from the reference designs
have a thickness of 500mm. Therefore it can be assumed that the thicknesses, except for the upper slab, with a
mean thickness of 500 are realistic.

A problem arises with the connection beam. This beam has a too large height. When the platform is lowered to
the bottom asill is present which the connecting beam is. Two possibilities to solve this problem are given:

3: Due to optimizations in the design the thickness could be reduced. The largest forces are present at
the connection from the connecting slab and the side inner wall. An extensive analysis on this point is
needed to reduce the concrete thickness.

4: The connecting beam could be replaced by a steel beam. When the identical beam as for the platform
is used the beam can resist the forces. This beam has a height of 1.1 meter which is much lower. The
steel stress according the Von Mises criteria is 214 N/mmz, by applying the maximum shear force and
bending moment at one location. See paragraph J.4.1.1 for the steel properties and explanation about
the Von Mises criterion.

The second option is chosen to work out for the construction of the immersion platform.

J.4.1.7  Stability
To check the stability of the immersion structure during the transportation and operational phase there are
two checks performed:

1. Static stability during transport
2. Stability on subsoil during operational phase

The immersion structure must be stable on the subsoil. An important requirement is that the foundation is
placed on the subsoil without the using of piling. Therefore it is chosen to design the foundation with a large
contact area on the subsoil. The principle of the calculation is similar to the calculation of the stability of the
GBFs. The calculation is performed in this paragraph for the immersion structure. Besides the requirement on
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stability also the stability in the floating phase is important. Therefore the most important parameters of the
foundation of the immersion structure are:

e  Shear capacity

e Bearing capacity

e Rotational stability
e  Metacentric height

These stability criteria depend on several design parameters. The width of the foundation leg is chosen as
parameter to design the most optimal foundation for the immersion platform. In the calculation which is
performed in the next paragraphs a foundation leg width of 3 meters is assumed, the same width as in the
applied Scia model.

For the load conditions at the calculation of the stability parameters the favorable weight of the immersion
structure is the lowest possible, only the selfweight of the structure with the partial load factor and the
unfavorable weight is the highest weight possible, with the placed GBF on it and the unfavorable load factor.

1.4.1.7.1 Weight

The weight of the foundation is calculated by adding the volume of concrete for all structural elements.
Multiplying the volume with the volumetric weight of concrete the mass of the foundation legs is calculated. At
last the platform weight is added to the foundation weight and the total mass is known:

Vleg = VUpper slab +2- V.S‘ide wall + Vfront,back wall + VBottom slab + Vlnner walls (132)

Vieg = 21.2+ 26533 + 36.1 + 176.3 + 45.9 = 932.7m>  (133)
Wieg = Vieg * Ve = 932.7 - 23.54 = 21,956 kN (134)
Wior = 2 Wieg + Wy + Wyise = 2+ 21,956 + 48,858 + 3,826 = 96,596 kN (135)

The weight of the GBF is added to calculate the maximum weight. The Eurocode factors for weight are included
in the next paragraphs.

Winax = Wior + Wepr = 96,596 + 102,960 = 199,556 kN (136)

J.4.1.7.2  Static floating stability

The immersion structure has two foundation legs, a platform and two connecting beams. To reduce weight and
decrease the draught it is assumed that four of the 47 H-beams of the immersion platform are installed during
the transportation phase. The check for stability is done with a calculation procedure similar with the GBF
floating stability in Chapter 5 and 6. First the draught is calculated where after the static stability by calculating
the metacentric height is performed.

4
Wtot,float =2- Wleg + 27 Wplat + Wlift = 51,896kN (137)
The draught of a foundation leg is given according next formula:

2- (bleg ' lleg “d)py = Wtot,float (138)

Wieg 51896
PwALeg  210.0547-3

=1831m (139)

Where:

bieg = Width of foundation leg [m]
lieg = Length of foundation leg [m]
d = Draught [m]

The draught is 18.31 meter.
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The GBF have to be stable in the floating phase. To ensure stability the metacentric height has to be minimal
0.5 meter (Voorendt, Molenaar, & Bezuyen, 2016). To determine the metacentric height Figure A-87 and
following formula are used: (Voorendt, Molenaar, & Bezuyen, 2016)

z-axis ;
7:31\\5
M
water surface E,
= Yo
B
 §
7 : Q
righting
K moment
a
Figure A-87 — Stability of a floating element
h, = KB +BM — KG (140)

Where:
KB = Distance of centre of buoyancy and bottom element [m]
BM = Distance centre of buoyancy and metacentre [m]
KG = Distance between bottom element and centre of gravity [m]

To calculate the distances the following formulas are used:

= 1

KB = Ed (141)
With a draught of 18.31 meter the distance KB equals 9.16 meter.

BM = 22 (142)

Where:
I, = Area moment of inertia[m*]
Vaw = Volume of immersed part of element [m?3]

The area moment of inertia of a rectangular geometry with help of the rule of Steiner is computed. The
minimal moment of inertia is calculated, the floating platform is determined in x and y direction with the
formula:

. . 1 1
I = min(lyy, L) = min (2 (L 8y breg) 2 (b lien + breg “ lieg

(lspan + bleg)z)) (143)

1 1
1y, = min (2 : (E 473 3), 2 (E 33-47+3-47-(385+ 3)2>> = min(51912,485886)

The volume of the immersed part is:

de =2- bleg - lleg : d (144)
This results in:
BM = -2 — 10.05m (145)
5163.76
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To calculate the distance between the bottom of the element and the centre of gravity the following formula is
applied:

-~ _ 2(Vieivi)
kG = TViv) (146)

Where:
V; = Volume of element i [m3]
e; = Distance between centre of gravity of element i and reference level [m]
v; = Volumetric weight of element i [kN /m?3]

The factors are determined of each element and are displayed in Table A-18.

i=1 Upperslab 42.3 15.225  23.54 15160.17 995.74
i =2  Sidewalls 1306.6 | 7.65 23.54 235196.60 30744.65
i =3 Front+ Back wall 72.28 7.65 23.54 13016.25 1701.47
i=4 | Innerwalls 91.74 7.65 23.54 16520.63 2159.56
i =5 Bottomslab 352.5 0.625 23.54 5186.16 8297.85
i =6 Platform 54.33 14.75 76.52 61322.80 4157.33
i =7 Lifting mechanism  50.00 15.3 76.52 58537.80 3826.00

) 404940.41 51882.61

Table A-18 - Factors used to calculate the distance KG

The result is a distance of:

KG =222 _ 780m (147)
51882.61

All distances are known and the metacentric height can be calculated:
hyp =9.164+10.05-780=1141m (148)

Because the metacentric height is larger than 0.5 the immersion structure is statically stable. The draught and
the metacentric height as function of the foundation leg width are displayed in Figure A-88. The metacentric
height is not a problem for the static stability. Due to the large BM-factor caused by the long distance between
the legs the structure is very stable. To design the structure with a maximum draught of 10 meters the
foundation legs must be around 8 meters width. Now the stability on the soil is determined and with these two
requirements the final foundation leg width must be determined.
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20 Draught and metacentric height of immersion structure
Metacentric height

187 | Draught &
— \ — — — - Stability metacentric height
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Foundation leg width [m]

Figure A-88 - Draught and metacentric height as function of foundation leg width

The stability on the subsoil is calculated, in this check it is assumed that the immersion structure immerse with
the help of ballasting water till a height at mean sea level.

J.4.1.7.3  Shear capacity
The sliding of the GBF on the immersion platform generates shear forces between the immersion platform and
the subsoil. The subsoil has to resist these shear force. The resistance capacity of the subsoil is given as:

Tmax = ff " Oy, (149)

Where:
fr = Coefficient of friction[—] = tan(§)
6 = Angle of friction between concrete and sand [°]
o, = Ef fective normal stress under the foundation [kN /m?]

The coefficient between sand and concrete is usually between 40 and 50 degree. In this calculation the lower
bound of 40 degrees is applied. The maximum design value of the horizontal shear stress, caused by
transporting the GBF on the platform is calculated with:

 SHunpar  15-4044

21.5 N
1 .

ta 282 mm?

In the calculation of the effective normal stress is the partial factor for favourable weight applied: (v fqr =
1.0). The total weight of the immersion platform is used and the buoyancy force is subtracted from the weight
to calculate the effective normal stress. The Unity check is given as:

Td
Tmax/VR;h

uc = (150)
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Where:
. 2 \ Parameter Value Unit
T4 = Design value shear stress [N /m*] f—fWT

Tmax = Maximum shear capacity subsoil [N /m?] ,

2
Yr.n = Eurocode partial factor sliding (= 1.1)[—] T::lx ;ii; {i%;ﬂ%
Because a large weight is present and a relatively low horizontal force Tq 21.5 [kN /m?]
uc 0.11 [—]
a small unity check as calculated was expected. Table A-19 - Result of shear capacity

calculation
J.4.1.7.4  Bearing capacity
The bearing capacity of the subsoil can be determined with the Brinch-Hansen formula. The formula to
determine the bearing capacity is as follows:

Pmax = ¢'NeScic + 0gNgsqiq + 0,5v'BegpNy sy iy, (151)

The subscript q is for surcharge on the sea bottom and because next to the GBF no extra surcharge is present
these factor is equal to zero. The subscript c refers to the cohesion in the soil, because gravel and sand is
present, both with a cohesion of zero, these factors also can be neglected. Therefore the Brinch-Hansen
formula is reduced to:

prlnax = Orsleeff Nysyiy (152)

Where:
y' = Ef fective volumetric weight of soil under foundation [kN/m3]
Besr = Ef fective width of foundation area [m]
N, = Bearing capacity factor [—]
s, = Shape factor[—]
i, = Inclination factor [—]

The bearing capacity factors are given as:

N, = (N, — 1) tan(1.32¢") (153)
Where:
_ 14sin(e’) ntan(e")
Ny = Tosin(eh e (154)

@' = Angle of internal friction [°]

The shape factor is given as:

s, =1- O.SfZ—Z (155)

Where:
Lesr = Ef fective length of foundation area [m]

Because the foundation is rectangular the effective width can be calculated with:
Where:

Besr = Ef fective width of foundation area [m]
b = Width of foundation [m]
e = Eccentricity [m]
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At last the inclination factor is given:

3
J— _ ZHunfav
ly - (1 Vunfav‘l'AeffC"COt((P’)) (157)

Applying sand and gravel the cohesion is zero and the formula for the inclination factor is reduced to:

3
. _ZHunfav
i, = (1 T ) (158)
Where:

H; = Total characteristic horizontal force on foundation [N]
YVravr = Total vertical force on foundation with favorable partial factor [N]

Now all factors are known the maximum characteristic bearing capacity can be calculated:
Pmax = O:SV’Beff Ny sy i, (159)

After calculating the characteristic value of the bearing capacity the maximum pressure of the GBF is
calculated. The maximum vertical bearing capacity may not be exceeded. Therefore the maximum vertical
stress is calculated at the edge of the immersion structure, where the maximum stress is present. This can be
done with the following formula:

— Zvunfav + Z_M

0'ismax N Whe (160)

Where:

Oismax = Maximum pressure of immersion structure on subsoil [kN /m?]
A = Area of base slab [m?]
YV = Sumof all ef fective vertical forces design value [kN]
YM = Sum of all moments [kNm]
W,s = Moment of resistance of base slab [m3]

Symbol  Value Unit Symbol Value i Symbol Value  Unit
A 282 [m?] iy 0.93 -] Sy 0.98 -]
Ay 27882 [m?] Ly 4647 [m] YVunfar 288310  [KN]
Bess 3 [m] N, 37.75 -] W 2209 [m3]
c 0 [kPa] N, 40.14 -] Y 13.5  [kN/m3]
e 0.26 [m] Oismax 1065  [KN/m?] o' 36 [°]
YHynfar 6066 [kN] Dinax 743 [kN/m?] >M 94517  [kNm]
Table A-20 - Values used to calculate bearing capacity of subsoil
The unity check is as follows:
UC = Jplemer < q (161)

P’ max!/ YRV

Where:

Pmax = Maximum bearing capacity subsoil [N /m?]
Yrv = Eurocode partial factor on bearing capacity (= 1.4)[—]

Applying all values the result is a unity check of 1.77. This unity check is larger than 1 and therefore the
foundation legs must be designed with an increase in width. The vertical maximum pressure of 1065 is also
very high.
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J.4.1.7.5 Rotational stability:
The rotational stability can be calculated with the formula:

— ZHunfav A h G < Lfoundation

Wi O " (162)

er
Where:
er = Distance from the middle of the structure to the intersection point
of the resulting force and the bottom line of the structure [m]
YM = Sum of the acting moments design value [Nm]
heog = Height of Centre of Gravity[m]
D;gr = Diameter of base slab [m]
The unity check is given as:
— R
uc = LFoundation/6 = 1 (163)
The result and input to calculate the unity check for the rotational

Parameter Value Unit
stability are given in Table A-21.

ZHunfav 6066 [kN]

All checks are now performed and the immersion structure fulfils the ZVfa,, 70923 [kN]
requirements on the shear capacity and the rotational stability. Because hcoc 11.39 [m]
the pressure on the subsoil is too large with a foundation leg width of 3 Lfoundation 47 [m]
meter. the foundation leg width must be increased. The stability er 0.99 [m]
parameters are plotted as function of the leg width and are displayed in uc 0.13 -]
Figure A-89. Table A-21 - Input and results of rotational stability

Unity checks of platform stability

1 .5 ' ' T T
Rotational stability
Bearing capacity
Shear capacity
Limit State
1
() \
(o)
-C \
O
2
= k
5 ¢
05T e .
P — -~
0 1 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9 10
Foundation leg width [m]

Figure A-89 — Stability criteria as function of foundation leg width
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J.4.1.7.6  Optimal dimension of foundation leg

The example calculation for a foundation with a leg width of 3 meter fulfil the requirement on static stability in
the floating phase but does not comply with the stability parameters of the subsoil during operation and the
maximum allowable draught. Therefore the most optimal width of the foundation leg must be determined. The
foundation leg must have a larger width. In Figure A-90 the stability criteria and draught as function of the
foundation leg width are shown. The unity checks must be below one, the draught has a maximum of 10
meters and the metacentric height must be larger than 0.5 meter. The result is to design the immersion
platform foundation legs with a width of 9.0 meter. A foundation leg width of 8.5 meter is just sufficient but
because the design is a preliminary design and changes could be possible a leg width of 9.0 meter is chosen. It
is recommended to execute the Scia model now with a foundation width of 9.0 meter. The results will differ
from the first results and an iterative procedure must be executed. Because the design is only a preliminary
design the thicknesses of the concrete elements are maintained and the foundation leg width of 9.0 meter is
used. The most important parameters for the immersion structure with a foundation leg width of 9.0 meter are
given in Table A-22.

Parameter Value Unit
Draught 9.65 [m]
Maximum weight = 229 [kN /m?]

Table A-22 - Values for immersion structure leg width=9m

Unity checks of platform stability

1.5 T T
Rotational stability
Bearing capacity
Shear capacity
Limit State
& Optimal chosen diameter ||
S
o)
L
[&]
)
=
205 3 1
0 \ A . \ ) \
0 2 4 6 8 10 12
Foundation leg width [m]
50 Metacentric height and draught of foundation leg

T ———
Metacentric height

— — — - Stability metacentric height
Draught of one leg

— — — -Maximum draught

Optimal chosen diameter

-
[8)]
T

Metacentric height, draught [m]
o =]
1 ]

0 2 4 6 8 10 12
Foundation leg width [m]

Figure A-90 - Decision on foundation leg width
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J.4.4  Construction of immersion structure

Because the immersion structure itself is also a large structure which must be transported into the water the
construction method of this immersion structure must be described. The length and width of the structure are
47 meter and 55 meter the immersion structure can be built on a dry or a floating dock, see Figure A-91 and
Figure A-92. The immersion structure can be built in the majority of the dry docks and on a small part of the
floating docks. A remark is made on the docks, the minimal available draught must be 10 meters. A dry dock is
chosen due to the smaller renting costs.

Width vs Length of dry docks Width vs Length of floating docks
1500 600
E E .
= 1000 = 400 M 12 ¢+ IR
® 500 Sades ® 200 —W"
9 4 3 0‘
0 & 0
0 50 100 150 0 50 100
Width[m] Width[m]
Figure A-91 - Dimensions of available dry docks (Data: Figure A-92 - Dimensions of floating docks
Wikipedia.org)

J.5 CONCLUSION AND RECOMMENDATIONS

The answer of the design step from this chapter was if the (temporary) structures are constructible. This
question is answered with a yes. The immersion structure is designed in this chapter and consists of a platform,
winch system and two concrete foundation legs.

The immersion structure is designed with a platform structure which consists of 47 H-beams as given in Figure
A-93. The connecting beam is also designed with this H-beam.

The concrete elements are designed according the dimensions in Table A-23.

The draught of the platform is 9.65 meter.

Element d[mm] \

1: Upper slab 150
2: Bottom slab 1250
3: Front wall 650
4: Side inner wall 500
5: Side outer wall 500
6: Connecting slab H-beam _
7: Inner wall 150
Table A-23 - Thickness of concrete elements ”
a
Only a preliminary design is given of the immersion structure. The
design is an iterative process and only the first iteration is executed. If =
the structure will be realized a more extensive design process must 8 §
be executed. The concrete thicknesses could be adapted to design the 100
most optimal concrete thicknesses at different locations where the >
internal forces are the highest. The connections between the o
foundation leg and the connecting beam and between the platform
structure and foundation legs are not designed. When this design is o 1660

executed the thickness of concrete elements might be changed and . . .
Figure A-93 - Final design H-beam
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the stability criteria and draught change. In Figure A-94, the immersion structure is shown at the REBO
Offshore Site. The upper platform lowers exactly between the two connecting beams and the optimal draught
is created. It is assumed that the 1 meter space between the quay wall and the immersion platform not have a
large influence on the transporting system because the transporting system push the GBF from the quay wall
and on the immersion platform the GBF can be towed to the middle of the platform. Therefore the one meter
gap between the platform and the GBF is accepted.
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J.6 RESULTS PER STRUCTURAL ELEMENT

The results are given for the seven different structural elements. The order from 1 till 7 is followed. For each
structural element the figures are given and thereafter the values are summarized in a table. After the results
of the seven structural elements all values are summarized in one table and the minimal thickness can be
calculated.

Upper slab

The results of the calculation with Scia for the upper slab are given in Figure A-95 till Figure A-100.

51.47
40.00
30.00
20.00

mx [kN/m]

10.00
0.00
-10.00
-20.00
-30.00
-40.00"
-50.00
-60.00
-70.00
-80.00
-99.49

~

2
=
my [kNn/m]

Figure A-96 - Result of bending moment in y-direction for upper slab
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563.02

e [kN/m]

500.00
450.00
400.00
350.00
300.00
250.00
200.00
150.00
100.00°
50.00
-0.00
-50.00
-100.00
-150.77

N

616.29
500.00
400.00
300.00

v [kN/m]

200.00
100.00
0.00
-100.00
-200.00
-300.00°
-400.00

-500.00
-616.29

1019.99
§00.00
600.00
400.00
200.00

0.00

-200.00

-400.00

-600.00

-800.00°

-1000.00

i [KN/m]

-1200.00
-1400.00
-1792.19
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441.95
300.00
200.00
100.00
0.00
-100.00
-200.00

my [kN/m]

-300.00
-400.00
-500.00°
-600.00
-700.00
-800.00
-900.00
-1000.00
-1134.94

Figure A-100 - Result of axial force in y-direction for upper slab

The maximum values of the internal forces are given in Table A-24.

Internal force upper slab  Lower bound value  Upper bound value

m,[kNm] -99.49 +51.47
m,[kNm] -118.17 +84.91
V,[kN] -150.77 +563.02
V,[kN] -616.29 +616.29
N,[kN] -1792.19 +1019.99
N,[kN] -1143.94 +441.95

Table A-24 - Maximum values of internal forces upper slab
Bottom slab

The results of the calculation with Scia for the bottom slab are given in Figure A-101 till Figure A-106.

Interne 2B-kracliten

Waardes: m: \\"\
Lineaire berekenjng." .
Combinatie: UGT Set B nati 6814.56

Extreem: Gluba\a{
Selectie: E1, E13 ™, \
Filter: Materiaal = C50,

.. bij

Locatie: In knnnppunt\eq
macro. Systeem: LCS net. gl it

14000.00
12000.00
10000.00
8000.00
6000.00
4000.00

2000.00

-786.98

Figure A-101 - Result of bending moment in x-direction for bottom slab
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Interne 2B-krac

Waardes:™ \\
ing"

Lineaire berekel

134402

Combinatie: UG et\B\(a t
Extreem: Globaal_ 1000.00
Selectie: E1, E13 N 800.00
Filter: Materiaal = CS0,
Locatie: In knonppuntﬁq . hij 600.00
macro. Systeem: LCS net.él 400.00
200.00
0.00
-200.00
-580.95

Figure A-102 - Result of bending moment in y-direction for bottom slab

Interne 2 —hr\‘ac n

Waardes: vx \\"\
Lineaire berekening." .
Combinatie: UG et\B\(

/

my [kNmi/mi]

=

/

551.61

2! 1 1SCN;

Extreem: Globaal 12000.00
Selectie: E1, E13 %, 10000.00

Filter: Materiaal = C50, \
Locatie: In knnoppunthq . bij 8000.00
macro. Systeem: LCS net. el 6000.00
4000.00
2000.00
0.00
-2068.32

o

Figure A-103 - Result of shear force in x-direction for bottom slab

\ N == e
Interne 2B-krac ) —
Waardes: “vy \\n\ e —F
Lineaire berekenjng." . z
Combinatie: UG et\B\(a tomatish 4679.20 =
Extreem: Globaal 3600.00 B
S_EIBEUE: E1, E13 % 3000.00
Filter: Materiaal = C50,

Locatie: In knooppunt\eq i, bij 2400.00
macro. Systeem: LCS net.él 1800.00
1200.00

600.00

0.00

-600.00

-1200.00

-1800.00

-2400.00

-3000.00

-3600.00

-4679.20

Figure A-104 - Result of shear force in y-direction for bottom slab
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Extreem: GIDba\aL
Selectie: E1, E13 ™
Filter: Materiaal = CS0,
Locatie: In knnnppuntkq
macro. Systeem: LCS net. el

Figure A-105 - Axial forces in x-direction for bottom slab

Extreem: Glnba\a{
Selectie: E1, E13
Filter: Materiaal = C50,
Locatie: In knuuppunt\eq
macro. Systeem: LCS net.él

Figure A-106 - Axial forces in y-direction for bottom slab
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The maximum values of the internal forces are given in Table A-25.

Internal force upper slab
m,[kNm]
my[kNm]

V,[kN]
V,[kN]
N,[kN]
N,[kN]

Lower bound value
-786.98

-580.95

-2068.32

-4679.20

-2818.38

-2237.16

Table A-25 - Maximum values of internal forces upper slab

Upper bound value \
+16814.56
+1344.62
+15551.61
+4679.20
+20512.00
+5167.33

20512.00
18000.00
16000.00
14000.00
12000.00
10000.00
8000.00
6000.00
4000.00
2000.00
0.00
-2818.38

" [kN,o'm]i_

~5167.33
4500.00
4000.00

3500.00
3000.00
2500.00
2000.00
1500.00
1000.00
500.00
0.00
-500.00
-1000.00
-1500.00
-2237.16

e [kN/m),
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Front wall

The results of the calculation with Scia for the front wall are given in Figure A-107 till Figure A-112.

Locatie: In kfjooppunten gem. bij
macip. Systeem: LCS net element 300.00
270.00/
: 240.00
210.00/
180.00°
150.00°
| _—]
|_—= 120.00°
—_—— —
| $ . 90.00 i
=] 5 /,_/ L
5// 60.00 -
30.00
-27.90

2
=
£
141.63 E
120.00 =
Sele 1o0.00 [ E
Filter; Materigal = C30/60
Locatie: In kfooppunten genj. bij 80.00
macrp. Systeem: LCS net el 60.00
40.00
. 20.00
0.00
-20.00
-40.00
-60.00
|
[ /5" 5 -80.00 5
5 —_— -114.86 N
—_— r

SIEIer ie: E9_ 500.00
Filteri Materigal = C30/60

Locatje: In kfjooppunten gen 500.00

macrp. Systeem: LCS net elg 400.00

300.00

: 200.00

100.00

0.00

-100.00/

-200.00/

_—
] ~

e e — 300.00 !
= —'s-'zf-f-’—’f 400,00 N
= -500.00 I

-600.00

-700.00

-810.27

Figure A-109 - Result of shear force in x-direction for front wall
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Figure A-110 - Result of shear force in y-direction for front wall
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Figure A-112 - Result of axial force in y-direction for front wall
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The maximum values of the internal forces are given in Table A-26.

Internal force upper slab  Lower bound value  Upper bound value

m,[kNm] -27.90 +423.54
m,[kNm] -114.86 +141.63
V,[kN] -810.27 +822.10
V,[kN] -474.30 +309.95
N, [kN] -6823.57 +2781.16
N, [kN] -8043.99 +7939.41

Table A-26 - Maximum values of internal forces upper slab

Side inner wall

The results of the calculation with Scia for the side inner wall are given in Figure A-113 till Figure A-118.

E
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Figure A-114 — Result of bending moment in y-direction for side inner wall
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Figure A-117 - Result of axial force in x-direction for side inner wall
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Figure A-118 - Result of axial force in y-direction for side inner wall

The maximum values of internal forces are given in Table A-27.

Internal force upper slab  Lower bound value  Upper bound value

m,[kNm] -903.90 +393.07
m, [kNm] -3995.46 +461.34
V. [kN] -2362.82 +2362.82
V,[kN] -8241.45 +3126.59
N, [kN] -4957.82 +1564.47
N, [kN] -17742.03 -958.45

Table A-27 - Maximum values of internal forces side inner wall

Side outer wall

The results of the calculation with Scia for the side outer wall are given in Figure A-119 till Figure A-124.
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Figure A-119 - Result of bending moment in x-direction for side outer wall

236



5 %
"V Delft
== DIMCO TU Delft AL

Infra Marine Contractors

E
in 311.50 z
Teamn: 240.00 8 =
Selectia: E37 200.00 £
Filter: Materiaal = C50[60
Locatie} In knobppunteh gem. bij 160.00
macro.||Systeer: LCS net element 120.00
80.00
40.00
0.00
. -40.00
_—
| —— -80.00
—— e
= 5,:./5—-—/ -120.00
= -160.00
-228.93
Figure A-120 - Result of bending moment in y-direction for side outer wall
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Figure A-121 - Result of shear force in x-direction for side outer wall
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Figure A-122 - Result of shear force in y-direction for side outer wall

237



5 s
') Delft
= OIMCO TUDelft Zeve

Infra Marine Contractors

E
maner 1647.05 E
Tee: 1400.00 &
Selectig: E37 1200.00
Filter: Materiaal = C50/60
Locatief In knobppunten gem. bij -~ 1000.00
macro. Systeerm: LCS net element I 800.00
\ 600.00
/ 400.00
N 200.00
. 0.00
| ——— — |
| —— -200.00
55’/"" \ -400.00
= -600.00
-800.00
-1000.00
-1237.19
Figure A-123 - Result of axial force in x-direction for side outer wall
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Figure A-124 - Result of axial force in y-direction for side outer wall

The maximum values of internal forces are given in Table A-28.

Internal force upper slab  Lower bound value  Upper bound value

m,[kNm] -193.19 +326.17
m,[kNm] -228.93 +311.50
V. [kN] -572.64 +572.64
V,[kN] -547.50 +634.90
N, [kN] -1237.19 +1647.05
N, [kN] -2078.23 +874.84

Table A-28 - Maximum values of internal forces side outer wall

Connecting beam

The results of the calculation with Scia for the connecting beam are given in Figure A-125 till Figure A-130.
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Figure A-127 - Result of shear force in x-direction for connecting beam
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Figure A-128 - Result of shear force in y-direction for connecting beam
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Figure A-129 - Result of axial force in x-direction for connecting beam
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Figure A-130 - Result of axial force in y-direction for connecting beam

The maximum values of internal forces are given in Table A-29.

Lower bound value

Internal force upper slab

Upper bound value

TUDelft

Delft
University of
Technology

m,[kNm] -6209.19 +26529.91
m, [kNm] -297.84 +2433.70
V.[kN] -15600.78 +15600.78
V,[kN] -1154.80 +131.45
N, [kN] +6337.00 +9276.58
N, [kN] -294.91 +839.58

Table A-29 - Maximum values of internal forces connecting slab

Inner wall

The results of the calculation with Scia for the inner walls are given in Figure A-131 till Figure A-136.
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Figure A-131 - Result of bending moment in x-direction for inner walls
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Figure A-132 - Result of bending moment in y-direction for inner walls
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Figure A-133 - Result of shear force in x-direction for inner walls
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Figure A-134 - Result of shear force in y-direction for inner walls
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Figure A-135 - Result of axial force in x-direction for inner walls
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Figure A-136 - Result of axial force in y-direction for inner walls

The maximum values of internal forces are given in Table A-30.

Delft
e t University of
Technology

nx [kN/m]

97.39

ny [kN/m]

-200.00
-400.00
-600.00
-800.00
11000.00
r1200.00
-1400.00
11600.00
+1800.00
-2000.00
+2200.00
-2400.00
12633.47

= L

Internal force upper slab  Lower bound value  Upper bound value

m,[kNm] -36.16
my[kNm] -89.10
V. [kN] -181.49
V,[kN] -335.75
N, [kN] -1127.28
N, [kN] -2633.47

Table A-30 - Maximum values of internal forces inner walls

+36.16
+89.10
+181.49
+335.75
+159.48
+97.39
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