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Task Description 

HOCHTIEF Solutions AG in cooperation with Arup and Costain is developing a 
gravity based foundation as an alternative concept to conventional foundation 
types of WTGs (wind turbine generators). The foundation consists of a self-floating 
concrete structure that is towed to its location and lowered to the sea bed by a 
controlled ballasting process. A targeted installation area is the North Sea up to 
150 nautical miles off the coast of the UK with water depths between 30 and 40 
m.  

The objective of this thesis is to determine the static and dynamic behaviour of the 
foundation during construction, towing to the location, and installation offshore. 
The compliance with concurrent offshore codes has to be checked and possible 
design improvements are to be suggested. 

The following steps have to be completed: 

1. Write a short introduction covering the state of the art of foundations for 
WTGs including their installation 

2. Describe the current state of the design of the self floating concrete struc-
ture including the installation and decommissioning concept. 

3. Describe the methods used by AQWA to calculate forces and motions. 

4. Conduct spatial and temporal convergence tests in order to prove consis-
tency in the generated model and simulations. 

5. Conduct an analysis of the hydrostatics during all transport and installation 
stages. Are all safety requirements met? 

6. Determine a hydrodynamic analysis to determine motions (ROAs and sig-
nificant motions) and drift forces in seaway (frequency domain) during tow-
ing and installation. Suggest limiting sea states for the transport and instal-
lation operations. 

7. Based on the critical states determined above carry out motion analyses in 
time domain to quantify the nonlinear motion behaviour in critical sea 
states (towage, holding condition, installation stages). 

To carry out the calculations the software packages ANSYS AQWA and Autohy-
dro as well as all design data of the structure are provided. Intermediate results 
are to be discussed with the supervisor at regular intervals. After completion the 
final results are to be presented to members of the staff in a presentation of 
approx. 20 min.  
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Abstract 

The Scope of this thesis is the motion analysis of a gravity based foundation (GBF) 
for offshore wind turbine generators (WTGs). Since the foundation is self buoyant, 
only standard tug boats are required for offshore towage and installation. The GBF 
is lowered to the seabed by a controlled influx of water into 9 inner ballast tanks. 
All analyses are conducted for transit and a range of drafts during the installation. 

The hydrostatic analysis proves that the GBF is definite in form for drafts up to 15 
m and definite in weight for greater drafts. Based on hydrostatic data and with 
consideration of viscous damping the response amplification factors (RAOs) are 
calculated in the frequency domain by AQWA. The Results are in accordance with 
model tests and hand calculations. In addition mean drift forces are determined. 
The RAOs are used to determine significant and maximum motions for a range of 
wave spectra. In a towing analysis the minimum towing pull required (TPR) and the 
maximum inclination are determined. The hydrodynamic analysis of the GBF 
shows suitable motion behaviour for towage and installation in 2 m significant 
wave height. 

Kurzfassung 

Aufgabenstellung dieser Arbeit ist die Bewegungsanalyse einer Schwerkraftgrün-
dung (GBF) für Offshore Windkraftanlagen (WTGs). Durch die Schwimmfähigkeit 
des Fundaments werden für den Transport sowie die Installation ausschließlich 
Standardschleppern benötigt. Das Absenken wird durch einen kontrollierten Zu-
fluss von Wasser in die 9 inneren Ballasttanks erzielt. 

Die hydrostatische Analyse zeigt, dass das GBF bei Tiefgängen bis 15 m form-
stabil ist und bei größeren Tiefgängen gewichtsstabil wird. Basierend auf den 
hydrostatischen Daten und unter Berücksichtigung der viskosen Dämpfung wer-
den die Übertragungsfunktionen (RAOs) im Frequenzbereich bestimmt. Die Er-
gebnisse stimmen mit Modellversuchen und Handberechnungen überein. Die 
RAOs werden zur Bestimmung von signifikanten und maximalen Bewegungen für 
eine Reihe von Wellenspektren berechnet. In einer Schleppanalyse werden die 
minimal benötigte Schleppkraft (TPR) und die maximale Neigung bestimmt. Die 
hydrodynamische Analyse zeigt gute Bewegungseigenschaften der GBF während 
des Schleppens und der Installation in 2 m signifikantem Seegang. 
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1 Introduction 

Offshore wind energy is a rapidly growing market with an increasing demand for 
inexpensive wind turbine generator (WTG) foundations. Their installation must be 
as simple and cost effective as possible. For the upcoming projects they are 
needed in large quantities and have to accommodate the increasing WTG size. In 
addition, the strict requirements on safety and environmentally pollution have to be 
met. 

With the concrete gravity based foundation (GBF), developed by Arup, Constain 
and HOCHTIEF, these needs and requirements are targeted. The significant bene-
fits of this foundation are installation and decommission methods, independent 
from heave lifting offshore cranes as well as the realisation of mass production. If a 
reduced weather dependency of the installation operations can be proven, the 
installation season is extended. The GBF design is aiming at the UK Round 3 wind 
farm projects. Large scale application, including other countries, is intended by 
realization of mass production. In the German territorial waters GBFs are currently 
not permitted by law, due to the sealing of the seabed and the inferior collision 
characteristics. For this reason application in German wind farm projects is not 
planned at this time. 

In order to determine motion characteristics of a floating structure it is common to 
perform numerical simulations. With this approach reliable results can be pro-
duced. The benefit of numerical simulations is their cost efficiency and fast results. 
This way the potential of optimisations can be determined early in the design 
process.  

1.1 Types of Foundation for Offshore Wind Turbines 

A WTG foundation has to transmit forces and moments to the structure into the 
seabed. They have to withstand the extreme offshore conditions induced by wind, 
waves, current and ice. Other aspects such as corrosion, scour, collision with ma-
rine vessels and decommissioning must be taken into account when designing a 
foundation with an operational life of approximately 25 years (Arup, Constain, 
HOCHTIEF, 2011). 

Foundation types for offshore wind turbines are: jacket, tripod, tripile, monopile, 
concrete gravity base, suction caisson1 and hybrid gravity based foundations as 
shown in Figure 1. Scour protection, in the form of gravel layers around the foun-
dation may be required for all foundation types depending on ground conditions. 

                                            
1
 or suction bucket 
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Figure 1: Types of foundations – jacket, tripod, tripile, monopile, concrete gravity base, suction 

caisson, hybrid gravity base (from left to right) (HOCHTIEF Solutions AG, 2011) 

1.1.1 Common Types of Foundations 

So far jackets, tripods, tripiles, monopiles and gravity based foundations have 
been successfully installed in wind farm projects. These foundation types, except 
the GBF, require deeper soil penetration to ensure sufficient structural stability. 
This is generally achieved by piling or drilling long piles into the seabed. Piles are 
guided by the pile sleeves located at the contact patches of the foundation. After 
piling is completed they are fixed to the structure by grouting. When monopiles are 
used most of structure has to be embedded into the ground. The duration of the 
piling process depends significantly on pile diameter and pile depth. The downside 
of the piling procedure is the intensive noise generation with a severe impact on 
the marine life. For that reason strict limitations are imposed both on noise inten-
sity and execution time over the year. Noise reduction can be achieved by apply-
ing bubble curtains but their application is complex. (Deutsche Energie-Agentur 
GmbH (dena), 2009) 

  

Figure 2: Jackets for large water depths, tripod used in cooperation with Weserwind and monopile 

for low water depths (from left to right) (HOCHTIEF Solutions AG, 2011) 

As seen in Table 1 monopiles are suitable for relatively low water depths and their 
dimensions depend significantly on the soil condition. Problems with grouting and 
scour protection have to be considered as well. Their advantage lies in their sim-
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plicity and robustness. Monopiles are collision friendly since they are able to bend 
in case of an incident, thus reducing the damage to the ship. For offshore trans-
port purposes they can be made buoyant by sealing the ends with special lids 
allowing a wet towage to the installation site. 

WTG Size 3.6 MW 6.0 MW 

Water Depth ≤ 30 m ≤ 22 m 

Diameter up to ∅ 6.50 m ∅ 6.50 m 

Wall Thickness 70 – 120 mm 70 – 120 mm 

Length up to 70 m 60 m 

Weight up to 800 t 800 t 

Table 1: Typical dimensions of monopiles in current windparks 

At water depths or soil conditions where monopiles are not applicable (Table 1) 
jackets, tripods or triples are used. They are relatively light structures and require 
small piles in relation to the length of the monopile. Due to their complex geometry 
their construction costs are high. Since jackets, tripods and tripiles have three or 
four contact patches the levelling of these foundation types is more complex as 
well. Furthermore they have to be transported by means of marine vessels to their 
installation site. This represents a logistical challenge due to their outer dimen-
sions. 

These foundation types and monopiles require cranes to be adequately positioned 
and installed. Offshore cranes and other purpose-built installation vessels and 
equipment are limited and expensive. Additionally, their installation processes de-
pend highly on weather conditions resulting in large numbers of WOW (waiting on 
weather) days per year. This circumstance requires very intensive and accurate 
preparatory work and has led to significant delay in recent wind farm installation. A 
tripod installation with the BHO-Innovation for example is assumed to have a total 
of 89 WOW days over the year with an accumulation of WOW days between Oc-
tober and March (Dasdeler, 2011). 
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1.1.2 GBF 

  

Figure 3: Gravity based foundations from Lillgrund and Thornton Bank (from left to right) (Arup, 

Constain, HOCHTIEF, 2011) 

In contrast to other foundation types forces and moments on a GBF are transmit-
ted mainly over the horizontal contact area between seabed and foundation base. 
The mass of the structure and the vertical force resulting from the water pressure 
on its surface have to be large enough to prevent the structure from tipping. Hori-
zontal forces are also transmitted to the foundation base.  

The penetration depth of the skirts is relatively low therefore the condition of the 
deeper soil layers, like load capacity and the presence of erratic blocks, can be 
disregarded. GBFs are made predominantly of reinforced concrete and normally 
need ballast to obtain the required mass. Ballasting is achieved by filling inner or 
outer compartments with water and/or solid ballast, in form of sand or rocks. 

 

Figure 4: Dredger and fall-pipe vessels (from top to bottom) 
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In order to achieve the required ground properties for a safe stand of the GBF in-
tensive preparatory work has to be conducted. This includes removal and levelling 
of the top soil and application of special ground material to reach adequate load 
capacity involving dredgers and fall-pipe vessels. After the GBF is set down the 
excavation is refilled and the scour protection is applied. The material costs of the 
concrete GBF are relatively low and protective measures in form of an increased 
wall thickness is not required.  

1.2 GBF Design 

The gravity based foundation prototype developed by Arup, Constain and HO-
CHTIEF is made of reinforced concrete and is designed for a water depth of 35 m 
representing the average water depth in the Hornsea area. With adaptations the 
GBF is intended to be installed in water depths between 20 m and 55 m. The 
structure is hollow and self buoyant without the requirement of additional buoy-
ancy aids. This key characteristic allows an offshore towage from the port of pro-
duction to the wind farm by means of standard tug boats. Mooring points for tow-
age and installation are located on top of the base slab (Figure 6). 

Length [m] 31.00 

Breadth [m] 31.00 

Height [m] 55.70 

Transit Draft [m] 8.81 

Light Weight [t] 6961.6  

Installation Water Depth [m] 35.00 

Table 2: GBF main dimensions 

The installation procedure is initiated by a controlled influx of water into the foun-
dation, slowly lowering it to the seabed in an intended 6 to 8 hour time frame. A 
controlled rate of submergence is crucial particularly during the period when only 
the narrow column is above sea level. For installation purposes the GBF has 9 
tanks located in the socket which are open at the top (Figure 5 and Figure 6). 
Their function is to insure sufficient stability by reducing the free surface moments 
of the ballast water in the structure.  

In addition, they can be used for corrections of the floating position. Initially only 
the central tank is filled to a water level of 8.7 m. Then the 8 outer tanks are evenly 
flooded until all tanks are equally filled to a water level of 8.7 m. From there on wa-
ter levels in the tanks increase equally until the structure has reached the required 
ballast mass. During this installation the foundation is kept in place by the tug 
boats until it is safely positioned on the seabed. The obtained ballast weight is suf-
ficient to ensure a safe stand of the foundation without WTG in storm conditions. 
For further increase of weight, sand ballast is added or substituted for the water 
ballast. 

The installation is realised without any instrumentation and automatic control. Nei-
ther divers, ROVs nor man access within the base during installation are required. 
Sea-borne noise and vibration are minimised as well, so installation can proceed 
year-round. This transport and installation procedure requiring only tug boats 
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represents a significant increase in efficiency and savings by reducing complexity, 
risk of component failure and installation time. If this process proves to be less 
weather dependent, which is the goal of the thesis, the installation season is ex-
tended (Figure 8). 

Since the internal volume is isolated from the sea on completion, the GBF can 
easily be decommissioned by reversing the installation procedure. This allows a 
sustainable renaturation of the installation site. Repowering2 is also possible with 
the developed GBF. The analysed foundation has the dimensions described in 
Table 2 and Figure 5 and can be divided into the following substructures: 

• skirt 

• base slab 

• socket containing 9 ballast chambers 

• (large) lower cone 

• (small) upper cone 

• shaft with ladder and transition piece 

  

                                            
2
 Exchange of the WTG without the need for foundation 
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1.3 Design Bases 

The design bases are described in the Design Bases Rev B report
Constain, HOCHTIEF, 2011)

1.3.1 Location Characteristics
The wind farm is assumed to be located in Zone 3, 4 or 5 of the UK Round 3 l
cence area. The Hornsea area (Zone 4) 
considered to be appropriate

Total zone area

Distance to Yorkshire coast

Water 
 

Table 
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Figure 5: GBF outline 

Figure 6: Tank plan 

 

The design bases are described in the Design Bases Rev B report
Constain, HOCHTIEF, 2011). 

haracteristics 

The wind farm is assumed to be located in Zone 3, 4 or 5 of the UK Round 3 l
cence area. The Hornsea area (Zone 4) with a 4GW of development potential 

propriate for design development. 

otal zone area 4,735 km²

Distance to Yorkshire coast 31 - 190 km

Water depth in the zone Average: 
max.: 

30 - 40 m
70 m 

Table 3: Hornsea key facts (SMart Wind, 2011) 

 

The design bases are described in the Design Bases Rev B report (Arup, 

The wind farm is assumed to be located in Zone 3, 4 or 5 of the UK Round 3 li-
with a 4GW of development potential is 

4,735 km² 

190 km 

40 m 
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Figure 7: Map of Hornsea (European Wind Energy Association (EWEA), 2009) 

1.3.2 Environmental Conditions 

Environmental conditions are taken in the Western part of the Hornsea area 
(MetOcean). These are 100 year values which are considered to provide conserva-
tive conditions for the majority of Round 3 areas. The data shown in Table 4 is 
interpolated using data from EN IS0 19901-1:2005. 

Return period (years) 1 50 100 

10 min mean wind speed [m/s] 28.2 31.6 35.3 

Significant wave height �� [m] 7.2 8.4 10.0 

Maximum wave height3 ���� [m]  13.4 15.6 18.6 

Spectral peak period �� [s] 12.0 13.0 14.3 

Table 4: Wind and wave data for the 1-, 50- and 100-year-return-period storm 

The one minute mean wind speed at 10 m above LAT (lowest astronomical height) 
4 is 37 m/s. The non-exceedance of 1 m, 2 m and 4 m significant wave height over 
one year is shown in Figure 8. It is intended to install and tow the GBF in 2 m sig-
nificant wave height.  

                                            
3
 For a wave train of 1000 waves 

4
 This value is given in the Design Bases Rev B report. Note that it is considered as very conservative 

value for towing calculations. It exceeds the 1 year-return-period storm with a wind speed of 28.2 m/s 

and the holding condition with a wind speed of 20 m/s. 
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Figure 8: Non-exceedance of �� over year (Arup, Constain, HOCHTIEF, 2011) 

The general geotechnical conditions across the Hornsea area are sand or gravel 
deposits overlying glacial deposits. In the eastern area there are some infilled gla-
cial valleys which would be unsuitable for gravity foundations without ground 
preparation. In the western areas, mobile sand waves are present which may also 
make placing gravity foundations more complex. 

  



2 Theory  

Page 11 

2 Theory 

In this section the applied hydrostatic and hydrodynamic methods are described. 
In addition, the characteristics of the simulation software AQWA are explained 
(Birk, 2001). 

2.1 Hydrostatic Analysis 

A free floating structure at equilibrium displaces an amount of water equal to the 
weight of the structure. The displacement of water creates a pressure field on the 
surface of the structure. The resulting buoyant force is directed vertically in direc-
tion of the positive z axis5 and is determined by  

 �� = �� = � ∙ � ∙ V (2.1) 

and acts through the centre of buoyancy (COB). COB is determined the centre-of-
volume theorem with reference to keel K: 

  ��� =
∑ �� ∙ ���	�
� � ,			 
�� =

∑ �� ∙ 
��	�
� �  

(2.2) 

 ��� = ������ =
∑ �� ∙ ���	�
��   

The weight force counteracts through the centre of gravity �. At equilibrium both 
forces act inversely to each other on the same vertical line through � and �. 

  

Figure 9: Initial stability (left) and large angle stability (right) 

If the structure is heeled	���, the geometry of the displaced fluid volume changes, 
the centre of buoyancy is shifted from its initial location � to  and a new water-
line is defined. The new action line of the buoyancy force is shifted, with respect to 

                                            
5
 z is defined in opposite direction as gravity with its origin in the still water surface 
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the line of action of the weight force, by the righting lever ������ of static stability. At 
small inclination angles (� ≪ 1°) righting moment is determined by 

 
�� = �� ∙ �������� ∙ ��� � (2.3) 

with the initial metacentre �� defined as the intersection of action lines of the 
trimmed buoyancy force  with the initial buoyancy force �. The initial metacen-
tric height GM����� of a floating structure is defined by 

 
�������� = ������� + ������ − ������ (2.4) 

with 

 ������� =
�� − ���������� ∙ ����  

(2.5) 

The moments of the water plane area in transversal and longitudinal direction, �� 
and ��, are defined as: 

 
�� = �
�

���

�� �� = ���
���

�� (2.6) 

With further inclination the metacentre � shifts depending on the shape of the 
structure. The metacentre � is defined as the point at which adjacent vertical line 
through the heeled centre of buoyancy are crossing. The righting moment is de-
fined as 

 

�� = �� ∙ ������
= � ∙ � ∙ � ∙ ��������� + ���������� ∙ ��� � (2.7) 

with � defined as the point at which a vertical line through the heeled centre of 
buoyancy  crosses the line through the original vertical centre of buoyancy �. 
2.1.1 Definite in Form and Definite in Weight 

Initial stability of a floating structure is divided into two cases: 

• definite in form and 

• definite in weight. 

Definite in form applies when the magnitude of ������� is sufficient, allowing the COG 
to be above the COB  �� < 0! while initial stability �������� is positive (See equation 
(2.4)). The equation represented in (2.5) shows that the relation of the moment of 
the water plane area I� (or I�) to the displaced volume is decisive here. Addition-
ally, the reduction of ������� by the free surface effects has to be considered. To the 
contrary, definite in weight is given, when the COG is below the COB  �� > 0!. 
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In this case initial stability �������� is positive even if ������� is zero. Free surface effects 
must be considered and require a larger ������� or a smaller �� respectively 
(Schneekluth, 1988). 

2.1.2 Wind Heeling Moment 

The wind heeling moment is defined by (IMO, 2009) 

 

�� = ℎ�� ∙ �� ∙ cos2�
= ℎ�� ∙ "ℎ ∙ "� ∙

�
2

∙ �� ∙ #�2 ∙ cos2� 
(2.8) 

The vertical lever of the wind overturning moment ℎ�� is messured from the cen-
tre of pressure of all surfaces exposed to the wind �� to the centre of lateral resis-
tance of the underwater body. The drag coefficient "� depends on the shape of 
the respective body were as "� accounts for a profiled wind speed. For most 
cases the body is composed of differently shaped substructures. In this case the 
sum of the overturning moments of each substructure is required. The overturning 
lever of wind is then 

 
ℎ� =

����  (2.9) 

2.2 Hydrodynamic Analysis 

The methods described in this section to determine the hydrodynamic characteris-
tics of an arbitrary body are based on a linear approach of potential theory includ-
ing the following assumptions 

• The described fluid is ideal: It has no friction, is free of rotation and is in-
compressible 

• The relative wave height is small �$%�~ � &⁄ ≪ 1� 
2.2.1 Linear Wave theory 

The velocity potential of a singular regular wave in finite water depth is defined by 
the linear wave theory as  

 (� =
−�%��) ∙

"*�ℎ $�� + ��!"*�ℎ�$�� ∙ +�($, − )-) (2.10) 

with , = � cos . + 
	 sin.. In linear wave theory convection is not considered thus 
fluid particles move on a closed cycle during a wave period. For deep water the 
potential is simplified to 

   Φ� =
−�%��) ∙ +$� ∙ +�($, − )-) (2.11) 

The wave frequency ) is written as 
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) = /$�	-0�ℎ($�) (2.12) 

and the wave number $ is 

 $ =
21&  (2.13) 

2.2.2 Second Order Wave Theory 

The velocity potential of a singular regular wave in finite water depth is defined by 
the stokes 2nd order wave theory as (Chen, 2006) 

 

Φ� =
−��%�) ∙

"*�ℎ $�� + ��!
cosh�$�� ∙ +��$, − )-�

+
−�3%��)

8
∙
"*�ℎ 2$�� + ��!

sinh��$ ∙ �� ∙ +�2�$, − )-�
−

�$%��
4

∙ 243 + 1 − tanh��$��
43�$� − tanh�$�� 4 - 

(2.14) 

with 

 
3 =

sinh�2$��
2$� − sinh(2$�)

 (2.15) 

The 2nd order wave theory is more exact since convection is considered. Particles 
no longer move on closed cycles but on an open ellipse in the direction of wave 
propagation. 

2.2.3 JONSWAP Spectrum 

The JONSWAP6 spectrum is applied as the standard wave spectrum for irregular 
sea states in the North Sea (Clauss G. , 1995). Examination of the spectrum 
shows that most of the wave energy is often concentrated in a relatively narrow 
band, which determines the actual wave pattern. 

Parameterization of the classic form of the JONSWAP spectrum was undertaken 
by (Houmb & Overvik, 1976). This form is accepted by the AQWA suite. The peak 
frequency and the peak enhancement factor 5 together with the empirical pa-
rameters termed 6 and 7 are used in this formulation. The spectral ordinate is 3�)�	given by (ANSYS, Inc., 2009a): 

 3�)� =
6 ∙ �� ∙ 5�) +! �"#�# $� (2.16) 

                                            
6
 Joint North Sea Wave Project 
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 With 6 = 0.3395 8��)��� 9�.�%& :1 − 0.298 ln 5;	 (2.17) 

 
 7 = +!'#!#�(��)�#�

�
 (2.18) 

 

 < = =0.07	for	) ≤ )�
0.09	for	) ≥ )�

>	 (2.19) 

With 5 = 3.3 for the JONSWAP spectra the above equation simplifies to: 

 3�)� = 0.201 ∙ ���.�%& ∙
)��.�*�) ∙ +! �"#�# $�

∙ 3.3
+,-.!'#!#�(��)�#�

� /	
 (2.20) 

2.2.4 Linear Differential Equation of Motion  

The motion of a free floating rigid structure can be described by a differential 
equation based on the Newton’s law of motion (Lewis, 1989). In matrix form for 
the 6 degrees of freedom it is written as 

 
(M1 + M2) ∙ s? + B ∙ s@ + C ∙ s = F+ (2.21) 

with � as the vector of the of the rigid body position with its origin in the initial or 
equilibrium position of COG and �3 as the excitation force on the structure with its 
components �3� = (�3�,�34, �35,�3��, �344 , �355). The structural mass matrix M1 
of a floating body with respect to COG is written as (Newmann, 1977): 

 
M1 =

AB
BB
BCm 0 0 0 0 0

0 m 0 0 0 0
0 0 m 0 0 0
0 0 0 I,, 0 0
0 0 0 0 I66 0

0 0 0 0 0 I77DE
EE
EF
 (2.22) 

For a rotationally symmetric body in regard to the z axis the matrix of the hydrody-
namic mass M2 is written as: 

 
M2 =

AB
BB
BCm2�� 0 0 0 m2� 0

0 m2�� 0 m2�� 0 0
0 0 m2%% 0 0 0
0 m2�� 0 m2�� 0 0

m2 � 0 0 0 m2  0
0 0 0 0 0 m2&&DE

EE
EF
 (2.23) 

For the potential damping matrix B analogous assumptions can be made: 
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B =

AB
BB
BCb�� 0 0 0 b� 0

0 b�� 0 b�� 0 0
0 0 b%% 0 0 0
0 b�� 0 b�� 0 0

b � 0 0 0 b  0
0 0 0 0 0 b&&DE

EE
EF
 (2.24) 

The stiffness Matrix G of the structure at equilibrium is determined by cut water-
plane area ��� and the position of the COB (��) and the COG (�� ). The matrix is 

written for a rotationally symmetric body, in relation to z axis, with its COG located 
in axis rotation ��� = �0, 0, ����. In this case the centre of the water plane area is 

also located in the z axis (x89� = 
89� = 0). The matrix is written as: 

 
C = ρ ∙ g ∙

AB
BBB
C0 0 0 0 0 0
0 0 0 0 0 0
0 0 c%% 0 0 0
0 0 0 c�� 0 0
0 0 0 0 c  0
0 0 0 0 0	 0DE

EEE
F
 (2.25) 

with c%% = A9� "%� = "�% = H
89�
�

�� = 0 

(2.26)  
"% = " % = − H x89�

�
�� = 0 c�� = H
�

�
�� + V�z: − z;� 

 
"� = " � = − H�


�
�� = 0 c  = H��

�
�� + V�z: − z;� 

The entries c�� and c   are equal due to the symmetry. The vertical coordinate of 
the centre of buoyancy �� is defined as 

 
�� =

1�I��� (2.27) 

"��, "��, "&& result from mooring arrangements and are zero in case of a free float-
ing structure. 

The oscillation of the system is considered to have built up and waves, forces and 
motions are approached as complex oscillations: 

 

% = %� ∙ +!�#� 
�3 = �3∗ ∙ %� ∙ +!�#� (2.28) 
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� = �∗ ∙ %� ∙ +!�#� 
�3∗ is the vector of complex response amplification function of the excitation forces 
defined in its components as: 

 
�3<∗()) 	= �3<�∗%� ∙ +�=� 					J = 1, … ,6 (2.29) 

�∗ is the vector of complex motion response amplification function defined in its 
components as 

 
�<∗()) =

�<�%� ∙ +�>� 					J = 1, … ,6 (2.30) 

The first and second time derivatives of the position vector are then 

 
�@∗ 	= −� ∙ ) ∙ �∗ ∙ %� ∙ +!�#� (2.31) 

 	�?∗ = )� ∙ �∗ ∙ %� ∙ +!�#� (2.32) 

The approaches of position vector (2.28) and its time derivates (2.31) and (2.32) 
are introduced into the initial differential motion equation (2.21). Written in its com-
ponents the differential equation of motion, divided by the common factor 
ζ? ∙ e!@AB becomes: 

 
��−)� ∙  K��< + K��<! − � ∙ ) ∙ L�< + "�<� ∙ �<∗&

�
�
= �3<∗ (2.33) 

The unknown values, hydrodynamic mass, damping coefficients and excitation 
forces are determined by using potential flow theory (see flowing sections). The 
response amplification factor �<()) is determined by introducing (2.30) in (2.33): 

 

�<�)� =
�<�%� ∙ +�>�

=
�3<∗

� �−)� ∙  m1CD + m2CD! − i ∙ ω ∙ bCD + cCD�&
C
�

 
j = 1, 2, … ,6 (2.34) 

2.2.5 Boundary problems of a body in a wave field 

The potential flow of an ideal fluid around an arbitrary floating body is limited to 
control volume �E. It is confined by the sea bed 3�, the water surface 3F and the 
body surface 3G (Figure 10). In the xz- and xy-plane �E is limited by 3H which is 
defined as vertical cylinder around the body and with a large radius or distance. 
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Figure 10: Schematic representation of the diffraction boundary problem of a free floating arbitrary 

body in waves 

1. The potential flow in space V has to satisfy the Laplace equation 

 
∆Φ = 0 (2.35) 

following from the condition of irrotational flow and the continuity equation. 

2. The linearised generalised boundary condition at the still water level 3F 
 

∂Φ

∂t
+ g

∂Φ

∂z
= 0 for � = % = 0 (2.36) 

This condition is the combination of the linearised kinematic condition and 
the linearised dynamic condition. The linearised kinematic condition is pos-
tulating constant pressure over the free water surface 

 
∂ζ

∂t
−

∂Φ

∂z
= 0 for � = % = 0 (2.37) 

The linearised dynamic condition is based on the Bernoulli equation, de-
manding that particles do not leave the water surface 

 
∂Φ

∂t
+ g ∙ z = 0 for � = % (2.38) 

3. The boundary condition on the sea bottom 3�, stating the particle velocity 
is zero  
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MΦM� = 0 for � = −� (2.39) 

4. The boundary condition on the body surface 3G demands that no particles 
penetrate the body surface 

 s@� ∙ � =
MΦM�  (2.40) 

5. The boundary condition in infinity 3H or Sommerfeld’s radiation condition 
demands that radiation waves and diffracting disturbance are travelling 
away from the structure. 

 
lim�→H√7 8MΦ<M7 − �$Φ<9 = 0 (2.41) 

This condition ensures that the energy of radiation and diffraction waves 
approximate zero with growing distance to the body. 

With the assumed linearity the following approach for the total potential is made 
(Newmann, 1977): 

 
Φ = Φ� + � Φ�

&

�
�
+ Φ* (2.42) 

with the potential Φ� of the initial harmonic wave, Φ� to Φ& as the radiation poten-
tial of the 6 degrees of freedom and Φ* as the diffraction potential. Φ� is known 
when using for example linear wave theory. The 6 radiation potentials Φ� are de-
pendent on the motion of the structure. They can be divided into velocity poten-
tials �� and structure velocity �@� 

 
Φ� = �@� ∙ �� O = 1, 2, … , 6 (2.43) 

2.2.6 Implications of the Boundary Conditions 

When the boundary condition on the body surface (2.40) is introduced into the 
approach of the potential Φ (2.42) we get: 

 
MΦ�M� + �MΦ�M�

&

�
�
+

MΦ*M� = s@� ∙ � (2.44) 

and with (2.43)  
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MΦ�M� + ��@� ∙
M��M�

&

�
�
+

MΦ*M� = s@� ∙ �
= ��@� ∙ ��&

�
�
 

(2.45) 

By comparing the coefficients of the above equation we get for fixed structures  s@ = 0! in a wave field 

 
MΦ�M� +

MΦ*M� = 0 (2.46) 

and for a moving structure in still water 

 
M��M� = �� O = 1, 2, … , 6 (2.47) 

For moving structures in a wave field both conditions apply. With (2.46) the diffrac-
tion potential can be determined by the potential of the initial wave (� and the 
body geometry. The function of the location of the velocity potential �� can be de-
termined by (2.47) when body geometry is known. 

2.2.7 Solving the boundary conditions 
In order to solve the previous determined boundary conditions, with a minimum of 
calculation steps, a transformation into integrals becomes necessary. An ap-
proach by means of the Second Green theorem (Bronstein & Semendjajew, 1993) 
is made transforming the integral over volume to integral over a surface 

 
I:Φ�∆P� − P�∆Φ�;
I�

�� = �QΦ
MPM� − PM(M�R

�
�3 (2.48) 

The theorem is satisfied by all the potentials of the total potential Φ. P is the Green 
function defined as (Wehausen & Laitone, 1960): 

 

PS�, T, -U = V1W +
1W′′

+ 2X�H �Y + Z� cosh Y�% + �� cosh Y�� + ��Y sinhY� − Z cosh Y� e!JK[��Y7�H

�
�Y\ cos�)-�

+ 21 $� − Z��$� − Z��� + Z cosh $�� + �� cosh $�% + �� [��$7� sin�)-� 
(2.49) 

with 
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W = /7� + �� − %�� Distance between � and %  
W′′ = /7� + �� + 2� + %�� Distance between � and the reflection of % at the 

seabed 

7 = /�� − T�� + �
 − ]�� Horizontal distance between � and % 
Z =

)��  Wave number for deep water 

PV stands for the Cauchy principal value of the integral 

 
limL→� ^	H _�Y�M!L

�
�Y + H _�Y�H

M!L
�Y` (2.50) 

[� is the Bessel function in first type and zero-order 

 [���� = ��−1�M S�
2
U�M$! Г($ + 1)

H

M
�
 (2.51) 

The Gamma function Г is a second order Euler integral and allows the determina-
tion of the factorial value of various numbers. 

The Green function (2.49) is divided by the time harmonic function +!�#� ≠ 0 and 
introduced into the second Green function (2.48). When the boundary conditions 
(2.36) to (2.39) are introduced into (2.48) the surface integrals (Mei, 1989) become 
zero with exception of the boundary condition on the body surface 3G (2.38). 7 

 

� …

�
�3 = � …

�	
�3abcbd


�

+ � …

�

�3abcbd


�

+ � …

��
�3abcbd


�

+ � …

��
�3 

(2.52) 

With known geometry of the body the potential Φ can be determined for every 
point � ≠ T. Since � = T represents a singularity the point � is surrounded by a 

hemisphere with the radius e, in order to solve (2.48) at the body surface 3G. For 
small e the integral (2.48) over the hemisphere e = � − T becomes �L = 21Φ< �!. 
Analogues the case of � ∈ �E is solved by introducing a sphere with radius e. In 
this case the integral over the sphere is �L = 41Φ< �!. Is � located in the body 

                                            
7
 For more details see (Birk, 2001, S. 15. ff) 
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(� ∈ f) the integral (2.48) becomes zero since Φ and P fulfil the Laplace condi-
tion.8 For the unknown radiation and diffraction potentials (Φ< , J = 1, . . . ,7) we get: 

 
IgΦ< STU Q∆PS�, TUR − PS�, TU Q∆Φ< STURh
I�

�� = 0 (2.53) 

0 = �^Φ< STU MP S�, TUM� − PS�, TU MΦ< STUM� `
��

�3 +

ijk
jl 													0		_üW	� ∈ f

21Φ< �!	_üW	� ∈ 3G
41Φ< �!	_üW	� ∈ �E

> (2.54) 

The source point T is always located on the body surface 3G and f is the space 

inside the body.  

2.2.8 Radiation Potential 
The equation (2.54) modified for the radiation potential 

21(� �!acd

�N

+ � Φ� STUacd

�N

MPS�, TUM���
�3 = �PS�, TU MΦ� STUM�abcbd


�N
��

�3 O = 1,2, … ,6 (2.55) 

is again modified by introducing the approach of the radiation potential (2.54) an 
its normal derivative (2.47) 

21�� �! + ��� STU MPS�, TUM���
�3 = ��� STUP S�, TU

��
�3 O = 1,2, … ,6 (2.56) 

2.2.9 Diffraction Potential 
Analogous to the radiation potential the equation (2.54) is modified for the diffrac-

tion potential Φ* S�, T ∈ 3GU 

 
21Φ* �! + � Φ* STU MP S�, TUM���

�3 = �PS�, TU MΦ* STUM�abcbd

OP�O	

��
�3 (2.57) 

To determine the diffraction potential we approach the body surface as stream 
surface. The space inside the body �′, which is limited by the still water 3F and the 
body surface 3G, is considered as part of the fluid space. 

The same approach as in (2.54) is made for the potential (� of the initial wave field 
and we get 

                                            
8
 For more details see (Birk, 2001, S. 18. ff) 
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0 = − �mΦ�

MPM� − PMΦ�M� n
��

�3 +

ijk
jl 													0		_*W	� ∈ f

21Φ� �!	_*W	� ∈ 3G
41Φ� �!	_*W	� ∈ �′

> (2.58) 

For � ∈ 3G, if enhanced by 41Φ� �!, we get 

21Φ� �! + � Φ� STU MP S�, TUM���
�3 = �MΦ� STUM� PS�, TU

��
�3 + 41Φ� �! (2.59) 

By addition of (2.59) and (2.57), both contain integrals over 3G, we get (Lee, 1995) 

 

21ΦQ �! + �(Q STU MP S�, TUM���
�3

= �oMΦ� STUM� +
MΦ* STUM� pabbbbbbcbbbbbbd


�

PS�, TU
��

�3 + 41Φ� �! (2.60) 

with the total diffraction potential (Q = (� + (*. The integral on the right side of 
the equation above becomes zero since equation (2.46) is applies. 

2.3 AQWA Characteristics 

In this section the methods of how ANSYS AQWA calculates forces and motions 
of structures in waves are described. Analyses in frequency and time domain are 
possible. A significant advantage is the use of up to four-fold symmetry when 
modelling a body. The computing time saved lies between 75% and 90% when 
four-fold symmetry is applied. 

In AQWA the storage of calculated data in backing files allows a faster workflow. 
This way different types of analyses can be done with the same model e.g. two 
backing files are created when AQWA LINE is used for a motion analysis in the 
frequency domain. One contains the hydrodynamic database and the other all 
modelling information relating to the body or bodies being analysed. Both files can 
be used by AQWA NAUT to conduct a motion analysis in time domain. 

In addition, efficiency is increased by the implantation of restart stages. With these 
stages, the user is able to progress step by step to the solution of the problem, 
and an error made at one stage of the analysis does not necessarily mean that all 
the stage previous stages have to be repeated as well. The stages are: 

• Stage 1 - Geometric Definition and Static Environment 

• Stage 2 - Input of the Diffraction/Radiation Analysis Parameters 
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• Stage 3 - The Diffraction/Radiation Analysis 

• Stage 4 - Input of the Analysis Environment 

• Stage 5 - Motion Analysis 

2.3.1 Solving Methods 

For an arbitrary geometry the equations9 (2.56) and (2.60) have to be solved nu-
merically. The infinite number of equations has by to be reduced by dividing the 
structures’ surface 3G into a finite number � of control points10 ��. This discretisa-
tion is achieved by dividing the surface into � panels in the shape of squares 
(QPPL) and triangles (TPPL). A control point �� is located at the centre of each 
panel. For each of the 6 radiations potentials (� we get � equations. 

 

21�� ��! + ���� STU MPS��, TUM���
�3R

M
�

= ���� STUP S�� , TU
��

�3R

M
�
 

O = 1,2, … ,6 

� = 1,2, … , � 

(2.61) 

The diffraction potentials (2.60) become 

 

21(Q ��! + ��(Q STU MP S�� , TUM���
�3R

M
�

= 41(� ��! 
� = 1,2, … , � (2.62) 

The unknown potential ( is extracted from the integral based on the following 
conditions. The panel surface 3M is small enough compared to the body surface 3G 
so that the potential ( is: 

1. constant over the panel surfaces 3M and 

2. is equal to the panel value in the control points �M. 
These conditions result in the limitation on the panel geometry. In AQWA these 
limitations are (ANSYS, Inc., 2009b): 

• Area ratio of adjacent elements < 3 with "	 = 	1 for QPPL11 

                                            
9
 2

nd
 order Fredholm-Integrals 

10
 or collocation points 

11
 Quadrilateral Pressure Plate Element 
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• Aspect ratio AR > 1/3 �7 =
0W+0 ∙ G	O*��+�-	���+� and "	 = 	2.3 for TPPL12 

• Panel centres at least one 
facet radius apart 

WS = /0W+0 1⁄  

• Shape factor (relation of minimum to maximum panel size) > 0.2 

In AQWA the seabed 3� is implemented by mirroring the structure at the seabed. 
By this approach the minimum distance between floating structure and seabed 
limited by the facet radius WS. Therefore must to all panels 3M be at least WS/2 apart 
from the seabed 3�. If ( is constant we get 

 

21�� ��! + ��� �M!�MPS��, TUM���
�3R

M
�

= ��� �M!�PS�� , TU
��

�3R

M
�
 

O = 1,2, … ,6 

� = 1,2, … , � 

(2.63) 

and  

21(Q ��! + �(Q �M!�MPS��, TUM���
�3R

M
�
= 41(� ��! � = 1,2, … , � (2.64) 

2.3.2 Excitation Forces, Potential Damping and Hydrodynamic Mass 

The Froude-Krylov force �M is defined as the dynamic pressure over the body sur-
face  

 
�M = − �q�M

��
�3 (2.65) 

The dynamic pressure is determined by the linearised Bernoulli equation  

 
q = −� ∙

M(M- = −� VM(�M- + ��?���
&

�
�
+

M(*M- \ (2.66) 

where (2.43) is used for rearrangement of the equation. The excitation forces in 
the differential motion equation consist of the amount of pressure from initial and 
diffraction potential.  

                                            
12

 Triangular Pressure Plate Element 
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�M = ��M(QM- �M

��
�3 (2.67) 

The amplification operator of the excitation forces in relation to %� is 
 

�M∗ = −
�)�%� ��Q�M

��
�3 (2.68) 

The matrix of the hydrodynamic mass M2 = {m2CD} and potential damping 
B = {bCD} follow from 

 
m2CD +

�) bCD = ������
��

�3 (2.69) 

With the determined hydrodynamic mass matrix M2 and damping matrix B the 
response amplification factor �()) is calculated by  

 

��<�)� =
�<�%� ∙ +�>�

=
F+D∗∑ �−)� ∙  m1CD + m2CD! − i ∙ ω ∙ bCD + cCD�&C
�

 

		j = 1, … ,6 (2.70) 

2.3.3 Mean Wave Drift Forces (Far Field Solution) 

The mean wave drift forces on a floating body in the horizontal plane may be cal-
culated by considering the rate of change of linear and angular momentum within 
a prescribed fluid domain. This is known as the far field solution (Newman J. , 
1967). Based on the calculated total potential Φ AQWA LINE is able to determine 
the mean wave drift forces as far field solution (ANSYS, Inc., 2009e). For a free 
floating vertical cylinder the following applies: 

• The mean drift moment in yaw (about z axis) is zero. It is therefore not con-
sidered in this section. 

• The magnitude of the translational mean drift force is independent of the 
angle of encounter and is oriented in direction of wave propagation. For 
that reason mean drift force is only described in x-Direction. 

The rate of change of linear momentum may be written as:  

 

�X�- = −�H 	
�	T�
T��T��

mQq� + ��R � + #�#	 − r	�ndS	 (2.71) 

In case the body has zero forward speed and by considering the force in the hori-
zontal plane, we have: 
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�UVWXYZ = − � 	�q�1 + �#[#\��3

]∞
−

��[	�- 	 (2.72) 

In order to obtain the mean force a time average of the above equation is deter-
mined. The last term in the equations is periodic and therefore no net increase of 
momentum is contributed from one cycle to another. The coordinates are ex-
pressed in polar form and substituted into the equation. The resulting mean force 
is: 

 
�Q^_S�`��������� = − H 	q	�s�	. + �#� #� cos . − #a cos .!W�����������������������������������������������

��
d.�W	 (2.73) 

The equation is exact since no assumptions of linearity have been made. With the 
assumption of a small wave slope we obtain the contribution to the force which is 
proportional to the incident wave amplitude squared. The required potential de-
scribing the fluid field needs only to be of first order as the second order potential 
makes no contribution to the mean wave drift in the horizontal plane. The first or-
der potential is known from the solution of the linear diffraction/radiation problem 
and therefore the polar velocities may be obtained as: 

 #^ =
MΦMW 	 and #a =

1W MΦM. (2.74) 

The pressure is obtained from Bernoulli's equation which is: 

 q = −� MΦM- −
1

2
�t#t� − ��� (2.75) 

2.3.4 Significant and Maximum Motion in AQWA FER 

The significant motion amplitudes determined by AQWA FER are calculated with 
(ANSYS, Inc., 2009c) 

 ��� = /3()) ∙ |��)�|� for �� = 2	K (2.76) 

The RAOs ��)� must be previously determined by AQWA LINE. In every case 
AQWA FER calculates significant motions for %�� = 1	K (or �� = 2	K)13. If a JON-
SWAP spectrum is applied 3()), 5 is set to 3.3. The user defines the range of 
wave spectra by their peak frequencies )�.The transition to other significant wave 
heights is made by  

 ���(��) = ��� ��
2

 (2.77) 

The maximum motion amplitude is then defined by 

                                            
13

 For linear wave theory 
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�b�`� = Q������ R

�cK3
∙ ���(��) (2.78) 

The most probable maximum wave height ����, based on the Rayleigh distribu-
tion of the wave spectra, is determined by (Goda, 2000) 

 
Q������ R

�cK3
≃ 0.706	/ln�� (2.79) 

with the number of waves �� in a wave train or wave record. For �� = 1000, 
equivalent to a 3 hour storm with a peak frequency of 10 s, the most probable 
maximum wave height is ���� = 1.86 ∙ ��. 
2.3.5 Wind and Current 

Wind and current drag are both calculated from a set of user-defined environ-
mental load coefficients. Since the relative velocity between structure and current 
or wind determines drag forces and moments the hull drag coefficients must be 
entered even when current or wind are set to zero in the analysis. The input coeffi-
cients are defined translational as (ANSYS, Inc., 2009f) 

 

�Q^�d#e� = 0.5 ∙ � ∙ �� ∙ "Q ∙ cos�.� (2.80) 

and rotational as 

 

�Q^�d#e� = 0.5 ∙ � ∙ �� ∙ "Q ∙ cos�.� ∙ �Ef� (2.81) 

with the vertical lever of the drag force �Ef� in respect to COG, the projected area 
below water level ��, and . as the angle of encounter. A velocity profile can be 
implemented in these coefficients by integration of the velocity profile over the 
shadow area. The drag coefficient "Q is dependent on shape of the body, its sur-
face roughness and Reynolds number 7�. The Reynolds number gives a measure 
of the ratio of inertial forces to viscous forces. It is defined as: 

 7� =
#&Z  (2.82) 

2.3.6 Mooring Lines 

The applied mooring lines in AQWA have negligible weight and linear stiffness 
characteristics. The force of the mooring line Xb� is expressed as: 

 
Xgh = X0 + $gh ∙ ∆& (2.83) 

where X� is the force from pretention, ∆& the extension of the mooring line and $b� the linear stiffness. The 3x3 stiffness matrix of the mooring lines Gb� at the the 
attachment points of the mooring line on the structure is 
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 Gb� =
$b�& �� + �� − ��� Xb�& 	 , �� = ��� (2.84) 

with the unit vector joining the attachment points of the mooring line O = �O�, O�, O%�, 
the 3x3 unit matrix �, stretched length of the mooring line &. 
In order to translate Gb� from the point of definition to the COG a vector transla-
tion may be applied directly to a force and displacement: 

 
Gb�� = m �vb�� n :Gb�;:� vb�; + m0 0

0 Xbvb�� n	 (2.85) 

with vb� = V 0 �b� −
b�
−�b� 0 �b�
b� −�b� 0

	\ , Xb = ^ 0 X5 −X4
−X5 0 X�X4 −X� 0

	` (2.86) 

�b�, 
b� and �b� are the coordinates of the attachment point on the structure 
relative to the COG. X�, X4 and X5 are components of the tension in the mooring 
line at the attachment point. Mooring forces at the attachment points ��� are 
translated into forces at the centre of gravity �b� by 

 
�b� = m �vb�� n :���;	 (2.87) 

2.3.7 Equilibrium with AQWA LIBRIUM 

To determine an equilibrium position of a free floating or moored structure AQWA 
LIBRIUM is used. In the equilibrium analysis the program includes forces and mo-
ments originating from hydrostatic pressures, weights of the structures, mooring 
tensions, wind drag, current drag and steady wave drift forces (ANSYS, Inc., 
2009d). 

Hydrostatic forces and moments are determined directly from the integral of hy-
drostatic pressure on all the submerged elements. This is done analogous to 
(2.25). As the body is moved towards equilibrium, the hydrostatics are recalcu-
lated at each iteration based on the new submerged volume. 

Mean drift forces are calculated with the in AQWA LINE determined mean drift 
coefficients w()) and the wave energy spectrum 3()) as follows 

 
�Q = H w())3())

H

�
	�) (2.88) 

The wind and current drag forces and moments are calculated from the lead coef-
ficients determined in 2.3.5. The drag coefficients for any heading are obtained by 
linear interpolation. The impact of mooring lines on the equilibrium is determined 
by the methods discussed in 2.3.6. 
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2.3.8 Time Domain Analysis in AQWA NAUT 

AQWA NAUT is a time domain program which simulates the motions of floating 
structures in response to regular or irregular seas and steady wind and currents. 
At each time step they determine the instantaneous value of all considered forces ��-� on a structure in a wave field. With (2.89) the resulting accelerations are cal-
culated. The position and velocity are determined at the subsequent time step. 
This is done by integrating the accelerations in the time domain using a two stage 
predictor-corrector numerical integration scheme14. The process is then repeated 
in the following time step thus producing a time history of the structures motion. In 
order to begin the integration and prevent transients the initial condition is re-
quired. This initial condition is determined by means of AQWA LIBRIUM. (ANSYS, 
Inc., 2009f). 

 
��� + ��� ∙ �? = ��-� (2.89) 

The time step calculations are conducted based on the in AQWA LINE determined 
hydrodynamic data of the structure. They are entered via a backing file (HYD-file). 
At spectrum frequencies which are outside entered hydrodynamic parameters the 
program will automatically extrapolate the required data. At frequencies higher 
than those given by the backing file, the values at the highest frequency are used. 
At frequencies lower than those determined for analysis, a linear interpolation of 
the added mass and damping at the lowest frequency are used when appropriate. 
Wave frequency forces of diffraction and Froude Krylov are assumed to tend to 
zero at the low frequency range of the spectrum (ANSYS, Inc., 2009a). 

All position related quantities (e.g. panels, forces) are specified with respect to a 
set of axes whose origin is located always at the COG of the moving body, while 
the axes remain parallel to the FRA (fixed reference axes) at all times. FRA is lo-
cated on the free surface and � points vertically upwards. 

The program is capable of calculating the non-linear hydrostatic and Froude-
Krylov wave forces of the meshed model with respect to COG. These forces are 
re-calculated at each time step based on all panels which make up the sub-
merged part body. The hydrostatic force and moment at any instant in time are as 
follows (ANSYS, Inc., 2009f): 

 ���-� = − H q���� ∙ �
��(�)

�� (2.90) 

 
Mi(-) = − H q���� ∙ (�� × �)

��(�)
�� (2.91) 

where �� is the position vector of the panels with regard to COG, q����(= ���) is 
the hydrostatic pressure, � is the outward normal vector of the body surface and 3G(-) is the wetted surface of the body at an instant in time. 

                                            
14

 2 stage implicit (semi-implicit for the non-linear drag term) predictor-corrector scheme based on the 

Newmark-Beta method which has proved to be highly stable (ANSYS, Inc., 2009a). 
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The Froude-Krylov wave forces and moments are calculated at each time step by 
integrating the dynamic pressure acting on each submerged panel based on the 
new structure position. The program offers linear and second order wave theory to 
calculate the Froude-Krylov wave forces. Depending on the relative water depth 
(�/&) AQWA NAUT applies velocity potentials for deep water or finite water depth. 

 
�(-) = − H q�

�(�)
�� (2.92) 

The total wave forces �3 acting on a structure are the sum of the diffraction forces, 
calculated for regular waves by AQWA LINE, and the Froude-Krylov forces. 

The structure will be subjected to the first order wave forces. The position can be 
determined by 

 
� = � ∙ ��S =

�3 − ���? − �@G − ��)� +�($�� − )-) (2.93) 

where ��S	 is the total wave frequency force and �3 is the complex total wave 
force. 

In order to aid the interpretation of results the simulations are post-processed on a 
cycle by cycle basis, a cycle being defined as the wave period. The following in-
formation is derived from the response: 

1. mean amplitude  

2. fundamental wave frequency response amplitude and phase  

3. harmonic components amplitude and phase  

4. residual error due to transients  

This is achieved by transforming the response into the frequency domain by 
means of the discrete Fourier transform. This allows the identification of the ampli-
tude and phase of the fundamental wave frequency and harmonic components of 
the response up to the Nyquist frequency or folding frequency (half the sampling 
frequency). 

 
��_M� =

21) � ���J�+!��j<��R�

R!�

<
�
 (2.94) 

 
Φ�_M� = tan!� =7+:��_M�;�K:��_M�;x (2.95) 

where ���J� is the original response time history at time step J. The factor _M is 
calculated by  
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 _M =
��)

21�� (2.96) 

where �� as the number of samples in a cycle and $k	 as the harmonic compo-
nent (i.e. 0 = mean, 1 = fundamental, 2 = second harmonic, etc.). 

2.3.9 Wave Spectrum 

Irregular seas are specification by input of wave spectra. Because of the manner in 
which the drift force is calculated, the spectrum has to be defined such that the 
spectral area K�∆)� = 3�)�∆) between adjacent spectral lines )	 is equal 
(ANSYS, Inc., 2009f). 

 
H 3�)	��T�
	
�

�) = H 3�)	��T�
	
�T�

�),			� = 1, 2, … (2.97) 

The program does this by calculating the spectral density by default at 5000 raster 
points on the frequency scale, which are equally spaced between the defined 
spectrum end frequencies. The raster is then divided into the required number of 
spectral 'packets' such that the spectral area of each packet satisfies (2.97). Lin-
ear interpolation is used between the raster points to help define the limits of the 
packets. A spectral line is then defined at the frequency at the centre of area of 
the packet ()� + )�T�) 2⁄ = )�. This is equivalent to the first moment of area of 
the spectral energy K� becoming zero. 

 
	K� = H 3�)	�)	

�T�
	
�

�) = 0,							� = 1, 2, … (2.98) 

2.3.10 Limitations of Theoretical Applications  

The main theoretical limitations of AQWA LINE are listed below:  

1. The theory relates to a body or bodies which have zero or small forward 
speed (with impact on AQWA NAUT) 

2. If first order rigid body motions are required, then the mean body position 
must be one of static equilibrium.  

3. The motions are to a first order and hence must be of small amplitude (with 
impact on AQWA NAUT) 

4. The incident regular wave train must be of small amplitude compared to its 
length (i.e. small slope).  

5. The fluid is assumed inviscous, incompressible and the fluid flow irrota-
tional. (with impact on AQWA NAUT) 

6. All body motions are harmonic.  
7. Viscous effects like viscous roll damping are not included within the analy-

sis. Viscous damping must be added manually. 
The main theoretical limitations of AQWA LIBRIUM are listed below:  

1. Stability information is only valid for small displacements about the equilib-
rium position. 
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The main theoretical limitations of AQWA NAUT are listed below: 

1. The diffraction and radiation parameters are calculated by AQWA LINE (lin-
ear theory), therefore all terms such as diffraction force, added mass and 
radiation damping are linear quantities. 
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3 Results 

The hydrostatic and hydrodynamic analyses are conducted for the transit draft 
(T00) and a range of drafts of the lowering process (T10-T35) as seen in Figure 11. 
A final draft of 33 m (T33) for dynamic analyses was chosen due to limitations in 
AQWA regarding the distance between structure and seabed. A range of drafts is 
analysed to determine changes in stability and dynamic behaviour during the low-
ering of the structure. Due to the rotational symmetry about its z-axis the structure 
of the GBF is analysed by 2 dimensional considerations. Results of the free float-
ing structure determined for sway and pitch (and trim) are also valid for surge and 
roll (and heel) respectively. 

 

Figure 11: Analysed draft range from T00 to T35 

 

3.1 Hydrostatic Analysis 

The hydrostatic properties of the GBF at the respective drafts are listed in Table 5. 
It proves that the GBF is initially definite in shape, in the draft range from T00 to 
T15. At this stage COG is above COB. A positive initial stability ��� is given by 
the sufficiently large ��. At T15 a significant reduction of �� is seen, due to the 
immersion of the lower cone decreasing the water plane area. Additionally, the 
free surface moments are increased caused by the flooding of the outer tanks.  



3 Results  

Page 35 

With further increase of the draft the COB shifts above the COG. In the draft range 
from T20 to T35 the GBF is definite in weight. The positive impact of �� on the 
initial stability becomes negligibly small. When the ballast water in the tanks over-
flows at T35 a significant increase of free surface moments is seen. 

 T00 T10 T15 T20 T25 T30 T33 T35 

Draft � [m] 8.82 10.00 15.00 20.00 25.00 30.00 33.00 35.00 

Displ. [t] 6962 7909 11285 13368 14465 14901 15025 15093 

Ballast [t] 0.0 947.5 4323.8 6406.2 7503.6 7939.3 8063.3 8131.4 

��� [m²] 779.31 779.31 522.92 299.96 138.57 49.66 31.56 33.25 

	
 [m] 4.48 5.07 7.24 8.80 9.82 10.32 10.50 10.60 


��
15

 [m] 7.08 6.23 1.97 0.55 0.11 0.01 0.01 0.01 

FSM [m] 0.00 0.13 0.40 0.32 0.23 0.19 0.19 1.54 

	� [m] 10.33 9.74 8.11 8.22 8.46 8.59 8.62 8.65 

��� [m] 1.24 1.43 0.71 0.81 1.24 1.56 1.69 0.42 

�
 [m] -5.85 -4.67 -0.86 0.58 1.36 1.74 1.87 1.96 

Tank Over-

flow [Deg] 
- 32 29 25 10 2 0 - 

Table 5: Hydrostatic data of the GBF including the free surface effects of the ballast water 

 

 

Figure 12: Initial stability ��� in respect to draft � 
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In Figure 12 initial stability ��� is plotted in relation to draft �. Here the transition 
from definite in shape to definite in weight can be seen in an increase of ��� at 
drafts greater than 15 m. The reduction of ��� at transit draft as well as 10 m and 
33 m draft originate from increase of free surface moments in the tanks. The first 
reduction of ��� originates from the initiation of the flooding of the central tank. At 
10 m draft the outer tanks are flooded. The final reduction is caused by the over-
flowing of the tanks walls at 33 m. 

The associated righting lever curves of all drafts are plotted in Figure 13. At an 
angle where at least one of the tanks would overflow all tanks are considered to 
be linked. Ballast water shifts to the lowest point in the tanks inducing relatively 
large heeling moments. This can be seen in a large reduction of righting lever in 
the ������-curve. This approach must be considered conservative since restriction of 
tank walls is neglected and the full amount of ballast water is able to shift. The re-
duction of the righting lever decreases with increasing draft. 

 

Figure 13: Righting lever curves of considered drafts from T00 to T35 
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3.2 Numerical Model 

In this section the in AQWA generated models are checked for spatial and tempo-
ral convergence. In addition the amount of viscous damping is approximated and 
the impact of viscous damping alterations on the motion response is determined. 
Lastly, the required hull drag for time step simulations is calculated. 

 

Figure 14: Mesh of AQWA model 100 (isometric view) 

3.2.1 Spatial Convergence 
A range of models has been generated with the ANSYS AQWA Workbench. The 
mesh characteristics are listed in Table 6. All models are corrected in regard to 
buoyant volume and centre of buoyancy by adding corresponding point buoyancy 
in the AQWA input file. Corrections are required due to the deviations from the 
exact geometry of the GBF generated in the meshing process. Curved surfaces 
are here approximated by flat panels (rectangles and triangles). The negligence of 
a skirt in the numerical model must also be considered. 

Since x- and y-symmetry (four-fold symmetry) is applied in AQWA, in order to save 
computation time, the mesh data in Table 6 is given for a quarter of the total struc-
ture. The mesh is generated with regard to their maximal panel size. A panel size 
of 0.65 m is identified as the maximum possible resolution due to the limitation on 
the number of nodes in AQWA. Its model data are used as the basis for a spatial 
convergence test. 
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Model 

 

Maximum 

Panel Size 

[m] 

No. of Nodes 

 

No. of Panels 

 

200 2.00 1036 981 

150 1.50 1796 1723 

130 1.30 2409 2324 

110 1.10 3265 3170 

100 1.00 3840 3739 

90 0.90 4802 4691 

80 0.80 5961 5849 

75 0.75 6761 6636 

65 0.65 8984 8849 

LIMIT - 9999 18000 

Table 6: Four-fold symmetry model characteristics of the spatial convergence test 

Spatial convergence of the GBF model is determined by comparing RAOs calcu-
lated with AQWA in surge16, heave and pitch. This method is chosen since added 
mass, potential damping and restoring coefficients, calculated by AQWA, are 
bases for the determination of the RAOs. Variations in the RAOs are limited to their 
maximum at the natural frequency of the GBF (See Figure 15 and Figure 16). Thus 
the deviation from the maximum of model 65 is used to qualitative convergence of 
the models (Table 7).  

Model 200 150 130 110 100 90 80 75 65 

M
a
x
im

u
m

 

D
e
v
ia

ti
o
n
 

Heave -6.1% -4.2% -4.8% -3.8% -2.8% -2.0% -1.4% -0.7% 0.0% 

Pitch 9.5% 4.8% -6.8% -5.6% -2.9% -2.6% -0.7% 0.8% 0.0% 

Table 7: Deviation of RAO maximum in relation to model 65 in the spatial convergence test 

All further analyses are conducted with a model 100. With this model, calculation 
time is reduced significantly. The tolerated deviation is relatively small (< 5%) and 
limited to the peak of the natural frequency. In Figure 14 the mesh of model 100 is 
shown. 

                                            
16

 Comparison of RAOs in surge showed no significant changes in the spatial convergence test. 
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Figure 15: Spatial convergence test with ROA in heave 

Figure 16: Spatial convergence test with ROA in pitch 
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3.2.2 Temporal Convergence 

The previously chosen model 100 is analysed in regard to its temporal conver-
gence. A series of time steps analyses at transit draft (T00) is conducted in AQWA 
NAUT. The duration of all analyses is set to 7000 seconds considering approxi-
mately 1000 waves for the applied 7 seconds peak period JONSWAP spectra and 
a significant wave height of 2 m. A time step of 0.005 seconds is taken as base of 
evaluation for the temporal convergence analyses. The range of time steps and 
the associated divergences of motion in percent are given in Table 8. 

Time Step [s] 1.000 0.500 0.250 0.010 0.005 

Max Heave Deviation 7.3% 4.8% 2.3% 0.6% 0.0% 

Max Pitch Deviation 2.3% 1.8% 0.6% 0.3% 0.0% 

Table 8: Comparison of motion for the temporal convergence test 

In Figure 17 and Figure 18 excerpts of the time step simulation are seen, showing 
heave and pitch motions of COG. In heave the equilibrium position of COG is 
found at 1.52 m above calm water level. Divergence in amplitude and phase of the 
motion is reduced with decreasing time step. A time step of 0.2 seconds is used 
for all simulations in the time domain allowing a margin of error of less than 2.3%. 

 

Figure 17: Temporal convergence test for heave motion (equilibrium position of COG at 1.52 m 

above calm water level) 
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Figure 18: Temporal convergence test for pitch motion 

3.2.3 Approximate Viscous Damping 

The edges of the base slab promote viscous damping in heave und pitch motions. 
In decay tests (DHI, 2011) the damping factor $G is determined for the drafts T00, 
T10 and T15. For greater drafts (T20-T33) the unknown damping factor $G is set 
to the value of the draft T15 of 0.07. This is considered conservative since $G in-
creases with draft for the known values. In prior AQWA LINE runs, without addi-
tional viscous damping, the following values are calculated for each draft: 

• restoring coefficients " 
• natural frequency )� 
• hydrodynamic mass K� at natural frequency )� 
• potential damping L� at natural frequency )� 

With known critical damping coefficient Le 
 

Le = 2 ∙ /" ∙ �K + K�()�)� (3.1) 

the total damping coefficient L and viscous damping coefficient Ll are calculated 
by: 

 
Ll = $G ∙ Leacd

G
− L�()�) (3.2) 
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)�%% 
[rad/s] 

"%% 
[kN/m] 

K%% 
[t] 

K�%% 
[t] 

$G%% 
[-] 

Le%% 
[t/s] 

L�%% 

[t/s] 
Ll%% 
[t/s] 

T00 0.67 7832 6962 10729 0.06 23541 1064 349 

T10 0.65 7832 7909 10873 0.06 24257 1058 398 

T15 0.46 5255 11285 13098 0.07 22640 307 1277 

T20 0.32 3013 13368 15730 0.07* 18727 83 1228** 

T25 0.21 1391 14465 18595 0.07* 13563 18 931** 

T30 0.11 498 14901 24232 0.07* 8826 3 615** 

T33 0.08 333 15025 37585 0.07* 8366 2 583** 

* assumed damping factors, ** not applied added viscous damping coefficients 

Table 9: Approximated viscous damping in heave 

A reduction of the viscous damping coefficients in heave ymnn with increasing 
draft, as seen in Table 9, is unlikely since the wetted surface increases and there-
fore more frictional surface exists. Based on this assumption the added viscous 
damping coefficient Ll%% will be set to 1277 t/s for the drafts T20 to T33. 
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)�   
[rad/s] 

"   
[kN/m] 

K   
[kt·m²] 

K�   
[kt·m²] 

$G   
[-] 

Le   
[kt·m²/s] 

L�   

[kt·m²/s] 
Ll   

[kt·m²/s] 

T00 0.18 86.45 1932.5 798.8 0.03 971.9 0.0 29.1 

T10 0.20 110.91 1961.4 764.4 0.04 1099.7 0.0 44.0 

T15 0.16 79.01 2265.6 736.3 0.06 974.1 0.0 58.4 

T20 0.19 106.05 2364.5 727.9 0.06* 1145.3 0.0 68.7 

T25 0.23 175.75 2671.3 805.1 0.06* 1563.3 0.0 93.8 

T30 0.26 227.21 2406.4 1018.7 0.06* 1764.3 0.2 105.7 

T33 0.26 249.29 2409.3 1438.8 0.06* 1958.9 0.3 117.2 

* assumed damping factors 

Table 10: Approximated viscous damping in pitch 
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3.2.4 Damping Sensitivity Analysis 

A damping sensitivity analysis is conducted for the model in transit draft T00. With 
it the impact of the added linear viscous damping on the calculated motions is 
specified. In the analysis the previously applied damping coefficient $G�< for heave 
and pitch motions is varied by ±0.01. The methods used to calculate the applied 
viscous damping coefficient Ll�<  

is described in section 3.2.3.  

The RAOs of the GBF for heave and pitch are determined by AQWA LINE each 
with reduced and increased viscous damping. The input data and the results are 
shown in Table 11 and Table 12. In Figure 19 and Figure 20 the associated RAOs 
are seen. The alteration of added linear viscous damping shows the expected 
magnitude variations of RAOs maxima. In the ROAS maxima of pitch motions sig-
nificant deviations are seen. At the associated wave frequency total damping de-
rives significantly from viscous damping (See Table 10). This results in a strong 
sensitivity towards the viscous damping alterations. In heave the impact on the 
ROA maxima is less significant. 

Damping 
Case in 
Heave 

Deviation on 
total Damping 

[%] 

Damping 
Factor $G%%	[-] 

Viscous 
Damping Ll%% [t/s] 

Deviation RAO 
Maximum 

[%] 

Reduced -17 0.05 113 12 

Original ±0 0.06 349 0 

Increased +17 0.07 584 -14 

Table 11: Applied viscous damping coefficients and maximum resulting deviation in RAO in heave 

at natural frequency for damping sensitivity analysis 

 

Damping 
Case in 
Pitch 

Deviation on 
total Damping 

[%] 

Damping 
Factor $G  	[-] 

Viscous 
Damping Ll   [kt·m²/s] 

Deviation RAO 
Maximum 

[%] 

Reduced -33 0.02 19.4 50 

Original ±0 0.03 29.1 0 

Increased +33 0.04 38.9 -25 

Table 12: Applied viscous damping coefficients and maximum resulting deviation of RAOs in pitch 

at natural frequency for damping sensitivity analysis 
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Figure 19: Damping sensitivity analysis of heave RAO 

 

 

Figure 20: Damping sensitivity analysis of pitch RAO 

Additionally the effects on the significant heave and pitch motions are determined 
by AQWA FER. The significant motions are listed and calculated for a range of 
JONSWAP spectra with peak frequencies from 0.42 rad/s to 1.26 rad/s (See Ta-
ble 13 and Table 14). No alteration in the significant pitch motion is seen in the 
range of considered wave spectra. In heave the significant motions vary up to 9% 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

F
re

e
 f

lo
a

ti
n

g
 R

A
O

 -
H

e
a

v
e

 (
z)

 [
-]

Wave Frequency [rad/s]

Original Damp. Decreased Damp. Increased Damp.

0.0

2.0

4.0

6.0

8.0

10.0

12.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

F
re

e
 f

lo
a

ti
n

g
 R

A
O

 -
P

it
ch

 (
a

b
o

u
t 

x
) 

[D
e

g
/m

]

Wave Frequency [rad/s]

Original Damp. Decreased Damp. Increased Damp.



3 Results  

Page 45 

for the model with the original viscous damping. This is equivalent to a 0.07 m 
variation at 1m significant wave height. 
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1.26 0.01 0.01 0.01 
1.14 0.03 0.03 0.03 
1.05 0.07 0.07 0.07 
0.97 0.15 0.14 0.13 
0.90 0.24 0.22 0.20 
0.84 0.35 0.32 0.29 
0.79 0.47 0.44 0.40 
0.74 0.63 0.58 0.53 
0.70 0.79 0.74 0.67 
0.66 0.91 0.85 0.78 
0.63 0.93 0.87 0.80 
0.60 0.89 0.84 0.78 
0.57 0.85 0.80 0.74 
0.55 0.80 0.76 0.71 
0.52 0.77 0.73 0.69 
0.50 0.75 0.71 0.67 
0.48 0.73 0.70 0.66 
0.47 0.71 0.68 0.65 
0.45 0.70 0.67 0.64 
0.43 0.69 0.66 0.63 
0.42 0.67 0.65 0.62 

Table 13: Significant heave motions of the 3 

damping sensitivity models 
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1.26 0.09 0.09 0.09 
1.14 0.12 0.12 0.12 
1.05 0.14 0.14 0.14 
0.97 0.15 0.15 0.15 
0.90 0.16 0.16 0.16 
0.84 0.17 0.17 0.17 
0.79 0.17 0.17 0.17 
0.74 0.17 0.17 0.17 
0.70 0.16 0.16 0.16 
0.66 0.16 0.16 0.16 
0.63 0.15 0.15 0.15 
0.60 0.15 0.15 0.15 
0.57 0.14 0.14 0.14 
0.55 0.13 0.13 0.13 
0.52 0.13 0.13 0.13 
0.50 0.12 0.12 0.12 
0.48 0.11 0.11 0.11 
0.47 0.10 0.10 0.10 
0.45 0.10 0.10 0.10 
0.43 0.09 0.09 0.09 
0.42 0.09 0.09 0.09 

Table 14: Significant pitch motions of the 3 

damping sensitivity models 

3.2.5 Hull Drag 
The translational and rotational hull drag coefficient Gz� and Gz7 are entered into 
the AQWA LIBRIUM and NAUT input file. For the calculation of the drag coeffi-
cients of the GBF, base slap is neglected  and the structure is approximated by a 
cylinde. For Reynolds numbers 7� over 4 · 10& the drag coefficient GQ of a cylinder 
is 0.7 (Journée & Massie, 2001). This Reynolds number is equivalent to a flow of 
0.13	K/� around the socket with the diameter of 31.5	K. 

Drafts T00 T15 T25 T33 

Drag Force Coefficient 

[kN·s²/m²] 
101 167 237 263 

Drag Force Coefficient about COG 

[kN·m·s²/m²] 
-608 -141 783 911 

Table 15: Drag force and moment coefficients 
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3.3 Motion Analysis in Frequency Domain 

The RAOs (response amplification operators) of the GBF are determined by AQWA 
LINE. The program solves the RAOs in the frequency domain. Viscous damping is 
added manually to the potential damping matrix calculated by AQWA LINE as 
seen in section 3.2.3. 

3.3.1 RAOs in Surge 
The determined RAOs for pitch motion for all considered drafts are shown in Fig-
ure 21 below. 

 

Figure 21: Free floating RAOs in surge (water depth d = 35 m) 
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3.3.2 RAOs in Heave 
The determined RAOs for heave motion including the approximate viscous damp-
ing for all considered drafts are shown in Figure 22 below. It proves that natural 
frequencies are decreasing with draft. Natural frequencies show great conformity 
with the results from model tests. In general the determined RAO curves present 
the expected course at the higher and lower end of the considered frequency 
range. All curves show a minimum next to the natural frequency representing a 
cancellation frequency. 

 

Figure 22: Free floating RAOs in heave (water depth d = 35 m) 
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3.3.3 RAOs in Pitch 
The determined RAOs for pitch motion including the approximated viscous damp-
ing for all considered drafts are shown in Figure 23 and Figure 24 below. Natural 
frequencies of the RAOs in pitch are located at the lower end of the considered 
frequencies range. Their dependency on �������� is seen when compared with Figure 
12. Natural frequencies show good accordance with model tests as well. A reso-
nance frequency is also seen next to the natural frequency at drafts from T00 to 
T20. This characteristic is not depicted at greater drafts due to the larger damp-
ing. At the higher and lower end of the considered frequency range the deter-
mined RAO curves present the expected course. 

  

Figure 23: Free floating RAOs in pitch for T00, T15, T25 and T33 (water depth d = 35 m) 
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Figure 24: Free floating RAOs in pitch for T10, T20 and T30 (water depth d = 35 m) 

 

3.3.4 Numerical Verification of the Natural Frequencies in Heave 

The natural frequencies of the GBF in heave, determined with AQWA LINE, are 
validated in this section. The natural frequency is expressed by (Newman J. N., 
1977) 

 )�%% = { "%%∗K%% + K�%% 
(3.3) 

The restoring constant c%%∗  in heave of a semi submerged structure is defined by 
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"%%∗ = � ∙ � ∙ ��� (3.4) 

The hydrodynamic mass in heave m2%% is estimated for the disk at the base of the 
GBF with the radius 7 = 19	K (Clauss & Lehmann, 1992, S. 281). 

 K%%� =
4

3
∙ � ∙ 7% (3.5) 

The natural frequency in heave (3.3) is determined by the values in the table be-
low: 

Draft 

 

Waterplane 

Area |op [m²] 

Restoring Con-

stant }nn [kN/m] 

Structural 

Mass ~qnn [t] 

Hydrodynamic 

Mass ~rnn [t] 
T00 779.311 7836.17 6961.6 9374.0 

T10 779.311 7836.17 7909.1 9374.0 

T15 522.920 5258.09 11285.4 9374.0 

T20 299.962 3016.20 13367.8 9374.0 

T25 138.566 1393.31 14465.2 9374.0 

T30 49.655 499.29 14900.9 9374.0 

T33 31.557 317.31 15024.9 9374.0 

Table 16: Determined input values for resonance frequency 

The natural frequencies by hand and AQWA calculation are listed in the following 
table. Hand calculations of the natural frequency in heave show good conformity 
with results from AQWA calculations. Results from the model tests of the natural 
frequency also comply with the AQWA calculations. 

Draft 
Natural Frequencies �snn [rad/s] 

Hand 

Calculation 

AQWA 

 

T00 0.693 0.665 

T10 0.673 0.646 

T15 0.504 0.464 

T20 0.364 0.322 

T25 0.242 0.205 

T30 0.143 0.113 

T33 0.114 0.080 

Table 17: Natural frequencies by hand and AQWA calculation 
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3.3.5 Maximum Motion 

The amplitudes of maximum heave and pitch motion of the free floating GBF are 
determined by AQWA FER. This is done for all considered drafts and a range of 
wave spectra. Wave spectra are defined by their peak period ��. Results are 
shown in Table 18 and Table 19 for peak frequency �t. The calculations are 
based on the previously determined ROAs  
 

Draft �t 
[rad/s] 

T00 T10 T15 T20 T25 T30 T33 

1.26 0.02 0.01 0.04 0.04 0.03 0.02 0.01 

1.14 0.05 0.04 0.05 0.06 0.05 0.03 0.02 

1.05 0.13 0.10 0.07 0.08 0.07 0.05 0.03 

0.97 0.25 0.21 0.08 0.10 0.09 0.06 0.04 

0.90 0.41 0.36 0.09 0.12 0.11 0.08 0.05 

0.84 0.60 0.54 0.09 0.14 0.13 0.10 0.06 

0.79 0.81 0.74 0.11 0.15 0.15 0.11 0.07 

0.74 1.08 0.99 0.15 0.16 0.17 0.12 0.07 

0.70 1.37 1.28 0.21 0.17 0.18 0.14 0.08 

0.66 1.58 1.55 0.31 0.17 0.19 0.15 0.09 

0.63 1.62 1.68 0.43 0.17 0.20 0.15 0.09 

0.60 1.57 1.67 0.57 0.17 0.21 0.16 0.10 

0.57 1.48 1.60 0.71 0.17 0.21 0.17 0.10 

0.55 1.42 1.52 0.88 0.17 0.21 0.17 0.10 

0.52 1.37 1.45 1.08 0.19 0.21 0.17 0.11 

0.50 1.33 1.40 1.30 0.22 0.21 0.18 0.11 

0.48 1.30 1.36 1.50 0.28 0.21 0.18 0.11 

0.47 1.27 1.33 1.66 0.35 0.21 0.18 0.11 

0.45 1.25 1.30 1.74 0.43 0.20 0.18 0.11 

0.43 1.23 1.28 1.76 0.53 0.20 0.18 0.11 

0.42 1.21 1.26 1.72 0.64 0.19 0.18 0.11 

Table 18: Maximum heave amplitude ���.����� per significant wave amplitude ��� [m/m] over peak 

wave frequency 		 

  



3 Results  

Page 52 

 

Draft �t 
[rad/s] 

T00 T10 T15 T20 T25 T30 T33 

1.26 0.17 0.13 0.10 0.04 0.16 0.21 0.17 

1.14 0.22 0.17 0.15 0.04 0.20 0.25 0.20 

1.05 0.26 0.20 0.19 0.04 0.23 0.29 0.23 

0.97 0.28 0.23 0.22 0.04 0.24 0.31 0.25 

0.90 0.30 0.24 0.24 0.04 0.24 0.33 0.28 

0.84 0.31 0.25 0.25 0.05 0.24 0.34 0.29 

0.79 0.32 0.25 0.25 0.05 0.24 0.35 0.31 

0.74 0.31 0.24 0.25 0.05 0.24 0.36 0.33 

0.70 0.31 0.23 0.24 0.05 0.25 0.38 0.35 

0.66 0.30 0.22 0.23 0.05 0.25 0.39 0.37 

0.63 0.28 0.21 0.21 0.05 0.26 0.41 0.39 

0.60 0.27 0.19 0.20 0.05 0.27 0.44 0.41 

0.57 0.26 0.18 0.19 0.06 0.29 0.46 0.44 

0.55 0.25 0.17 0.17 0.07 0.30 0.49 0.47 

0.52 0.23 0.16 0.16 0.09 0.32 0.52 0.50 

0.50 0.22 0.15 0.15 0.10 0.34 0.56 0.54 

0.48 0.21 0.14 0.14 0.12 0.37 0.60 0.58 

0.47 0.19 0.14 0.14 0.14 0.39 0.65 0.62 

0.45 0.18 0.14 0.13 0.16 0.42 0.70 0.67 

0.43 0.17 0.15 0.13 0.18 0.45 0.77 0.73 

0.42 0.16 0.15 0.13 0.20 0.49 0.84 0.81 

Table 19: Maximum pitch amplitude ��
.����� per significant wave amplitude ��� [Deg/m] over peak 

wave frequency 		 
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3.3.6 Drift Forces 
The mean wave drift forces as far field solution are determined by AQWA LINE 
(ANSYS, Inc., 2009e). The results of the free floating GBF in the considered drafts 
are depicted in Figure 25. It proves that drift forces show a distinct maximum at 
wave frequencies below 0.7 rad/s. With increasing draft the maxima decreases in 
magnitude and shifts towards the lower end of the considered frequency range. At 
wave frequencies above 0.7 rad/s a second increase of mean wave forces are 
seen. The magnitude of these maxima increases with draft until T15 is reached. 
Greater drafts lead to decreasing magnitude. 

 

Figure 25: Mean drift forces per wave amplitude squared over wave frequency of all considered 

drafts (T00-T33) (water depth d = 35 m) 
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3.3.7 Tank Sloshing 
A basic approach is made to determine the first order tank sloshing frequencies. 
Possible tank sloshing can be assumed when its frequency is in the range of high 
energy of the wave spectra. The resulting standing waves in the tanks could alter 
and possibly increase the foundations motion. In addition tank sloshing would 
promote tank overflow since tanks are open at the top. 

The tank sloshing frequency is determined by the dispersion equation (2.12) and 
equation (2.13) on page 14. Here & is the wave length of a standing wave in the 
tank or twice the distance of adjacent tank walls and � the tank filling level (DNV, 
2007). The maximal and minimal tank sloshing frequencies of the central tank and 
the outer tanks in relation to the tank filling level are shown in Figure 26. 

 

Figure 26: Approximated tank sloshing frequency in dependence of tank filling level 
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3.4 Motion Analysis in Time Domain 

Analyses with AQWA NAUT are conducted in order to determine the impact of 
higher order effects of irregular sea states during the installation of the GBF. Model 
tests were conducted at DHI in Denmark. 

3.4.1 Towing Tests 
Results from model tests are taken to provide the required data to estimate the 
minimum required bollard pull BP. A calculation with AQWA LIBRIUM is taken for 
comparison. Note that AQWA LIBRIUM does not take into account the effect of 
forces of higher order such as drift forces. 

The towing arrangement consists of the GBF in transit draft (T00) and two tug 
boats with a distance of 150 m from the mooring points. Tug boat 1 tows the 
structure with two mooring lines each with a linear stiffness of 88.29 kN/m. Tug 
boat 2 stabilises the towage by applying a constant force of 50 kN against the 
direction of towage. 

 

Figure 27: Towing arrangement 

The holding conditions are applied with zero forward speed, 20 m/s wind, 0.5 m/s 
current and a water depth of 35 m. The simulated JONSWAP spectrum has sig-
nificant wave height of 5 m and a peak frequency 0.79 rad/s. The results are 
shown in the following table. 
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   min max mean std 

Model 

Tests 

Surge (x) [m] -8.57 16.5 4.79 3.71 

Sway (y) [m] -15.97 18.53 1.96 5.42 

Heave (z) [m] -5.43 0.36 -2.29 0.83 

Roll (about x) [Deg] -4.64 4.47 -0.17 1.14 

Pitch (about y) [Deg] 1.14 21.02 11.12 2.99 

Yaw (about z) [Deg] -30.06 23.15 -4.87 14.12 

Mooring Force in X [kN] 0 2071 463 384 

AQWA 

Librium 

Pitch [Deg] - - -0.83 - 

Mooring Force in X [kN] - - 492 - 

Table 20: Towing test results for holding condition 
(�

,�� = �	,		 = 
.�
 ��� �⁄ ,�� = �
	/�,�� = 
.�	/�) 

Additionally the equilibrium position during a towage at 1.5 m/s and 2.5 m/s in 
calm conditions is determined (Table 21) in order to estimate the associated incli-
nation and  mooring force. Calculations are made with AQWA LIBRIUM in the 
above towing arrangement. 

Towing Speed [m/s] 1.5 2.5 

Surge (x) [m] -1.32 -2.86 

Sway (y) [m] 0.10 0.03 

Heave (z) [m] 1.51 1.29 

Roll (about x) [Deg] 0.00 0.00 

Pitch (about y) [Deg] 7.02 21.20 

Yaw (about z) [Deg] -0.03 -0.01 

Mooring Force in X [kN] 227 631 

Table 21: Equilibrium position at a towing speed of 1.5 m/s and 2.5 m/s and calm conditions 
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3.4.2 Installation Tests 
In the installation tests set up the GBF model is moored between two tug boats 
holding it in place. The tug boats are implemented as fixed points at a distance of 
150 m from the mooring points with a height of 1 m above still water level. Two 
mooring lines are used per tug boat with a linear stiffness of 88.29 kN/m each and 
a pretension of 50 kN in x-direction. Installation is simulated for a water depth of 
35 m. 

 

Figure 28: Installation set up 

The applied seastate characteristics for the simulations are shown in Table 22. 
The simulation duration is set to 3 hours with a time step of 0.1 seconds. An addi-
tional prior 20 min build up phase of the motion is included in the simulation where 
no values are measured.  

Installation 

Test No. 

 

 

Draft 

 

Significant 

Wave Height �u [m] 

Max. Heave 

(z) 

[m] 

Max. Roll 

(about x) 

[Deg] 

IT-1 T00 2 2.09 1.03 

IT-2 T00 3 0.97 4.59 

IT-3 T15 2 0.22 0.75 

IT-4 T15 3 0.37 1.29 

IT-5 T25 2 0.24 0.80 

IT-6 T25 3 0.39 1.41 

IT-7 T33 2 0.27 0.72 

IT-8 T33 3 0.46 1.14 

Table 22: Simulation set up and resulting maximum motions of installation tests (		 = 
.�
	���/�) 

Maximum motions in heave and roll (about x) are also seen in Table 22. Complete 
results of each analysis are found in Table 28 to Table 35 (See Appendices). 
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3.5 Operation Limits 

The gravity based foundation has to meet the following criteria for transit and in-
stallation (GL Nobel Denton, 2010). 

3.5.1 Underkeel Clearance and Minimum Allowable Charted Water Depth 

To prevent the GBF from colliding with the seabed during towage the following 
guidelines have to be fulfilled. The assumed minimum water depth of the port of 
construction is 10 m. At this water depth the transit water depth (T00) of the GBF 
is 8.82 m providing a 1.18 m underkeel clearance and exceeding the required 0.5 
m. 

The minimum allowable charted water depth during tow is the sum of the values in 
Table 23 below. This guideline accounts for the increase of draft through motions 
in waves. The minimum allowable charted water depth is 14.13 m in 2 m signifi-
cant wave height and 14.94 m in 3 m significant wave height. Increase of draft 
through pitch motions is determined at an allowable maximum of 5°. For the in-
crease of draft through heave motions the largest value in Table 18 is taken. 

 

Table 23: Minimum allowable charted water depth 

3.5.2 Stability Requirements 

The requirements, ��� > 1	K during transport (DNV, 1996/2000) and ��� > 0	K 
during installation (GL Nobel Denton, 2010), are met as seen in Table 5 on page 
35. 

Maximum inclinations are determined for pitch motion. Both in numerical simula-
tion and in model tests the inclination limit of 5° is exceeded as seen in Table 24.  

Test 
Model 

Test 

Maximum [Deg] 21.02 

Minimum [Deg] 1.14 

Mean [Deg] 11.12 

Table 24: Pitch motions in holding condition 

                                            
17

 Determined with the value for �� = 2	� as followed: ����� = 1.62 ∙ �/2 

Significant Wave height �u 2 3 

Maximum static draft � [m] 8.82 8.82 

Maximum increase 
of draft ∆� due to  

Pitch and Roll (at 5°) [m] 1.69 1.69 

Heave [m] 1.62 2.4317 

Underkeel clearance (z�G) [m] 2.00 2.00 

Minimum allowable charted water depth [m] 14.13 14.94 
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Figure 29: Righting arm curve of large angle and initial stability at transit draft T00 with wind heel-

ing moments in holding condition (20 m/s ) and in 1-year-return storm conditions (37 m/s) (�� 	= 	�) 

The static range of stability during the towage is above 70° (see Figure 29) ex-
ceeding the required maximum18 of 24° when the maximum allowable inclination ���� is 5°. 

When the GBF is subjected to 50% of TPR (equivalent to 272 kN, see Table 27) 
the static inclination must be smaller than 2°. The determined inclination is more 
than 7°, as shown in Table 21, and exceeds this limit. 

The requirements for stability energy measured by the area ratio of righting and 
heeling curve are met. Results are shown in Table 25 for 37 m/s wind speed and a 
drag coefficient "� of 1. 

Area under righting moment curve 

�� [mDeg] 
35.16 

Area under overturning moment curve 

�	 [mDeg] 
4.99 

Relation 

��/�	 [%] 
705 

Required Minimum Relation 

��/�	 [%] 
140 

Table 25: Stability energy criteria 

3.5.3 Tug Bollard Pull Requirement 

The minimum towing pull requirement �X7 of tug boat 1 in the holding condition19 
is 55.5 t. This includes a stabilising force of 50 kN of tug boat 2 against the direc-

                                            
18

 Required maximum static range of stability during the towage is determined by 20° + 0.8 ∙ ����  
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tion of towage. The tug boat efficiency �3 is 68.4%20 determined by the guidelines 
in Table 26 (GL Nobel Denton, 2010). 

Condition Calm �u = �. �	~ �u = �. �	~ 

30 < BP < 30 80 50 + BP BP 

30 < BP < 90 80 80 7.5 + 0.75·BP 

90 < BP < 90 80 80 75 

Table 26: Tug Efficiency �� [%] in dependence of the bollard pull (BP) of the tug boat and the sig-

nificant wave height �� of the seastate (GL Nobel Denton, 2010) 

The minimum required static bollard pull X is determined by (3.6) is 81.2 t. This 
result complies with calculations made in other research work within the GBF pro-
ject (Stempinski, 2011). 

 
BP =

TPR

T

 (3.6) 

The determined towing characteristics are summarised in Table 27. 

Static Towline Force [kN] 544 

Min. Static Towline Pull ��� [t] 55.5 

Tug Boat Efficiency �� [%] 68.4 

Min. Required Bollard Pull �� [t] 81.2 

Table 27: Mooring forces at holding condition 

4 Discussion 

The discussion is divided into the following three sections: hydrostatic analysis, 
motion in frequency domain free floating GBF and installation limits. 

4.1 Hydrostatic Analysis 

The developed gravity based foundation shows adequate hydrostatic characteris-
tics in regard to rules and regulations. At transport draft T00 the GBF is definite in 
shape due to the relatively large water plane area ��� of the socket. With increas-
ing draft the water plane area decreases and free surface effects of the tanks re-
duce stability (Figure 12). At drafts larger than 15 m, the GBF becomes definite in 
weight due to relatively low COG. Since an increasing amount of weight then 
originates from the ballast water in the tanks its even distribution in the tanks is 
crucial. Overflowing of the tank walls or linking of the tanks must be prevented in 
order to maintain a sufficient righting moment. 

                                                                                                                                
19

 towage at zero forward speed against 20 m/s wind, 5.0 m significant seastate and 0.5 m/s current 

simultaneously 
20

 ��  depends on the size and configuration of the tug, the seastate considered and the towing speed 

achieved 
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The impact of the free surface effects on �������� is considerable at the beginning of 
the lowering process where the central tank is flooded. At 10 m draft a second 
reduction �������� occurs due to the flooding of the outer tanks. The significantly 
lower initial stability at T35 results from the overflowing of all tank walls and the 
subsequent increase of free surface moments. At that stage the foundation is 
close to the sea bed therefore possible inclination is limited due to touch down. 

 

Figure 30: Stability characteristics of cone shaped structures (Schneekluth, 1988) 

Overflow of the tanks and the immersion of the lower and upper cone of the GBF 
lead to a reduction of the ������-curve (Figure 29). The assumption that tanks are 
linked when the tank overflowing angle is reached, leads to greater reductions of 
the ������-curve. This is the case especially at a draft of 10 m (Figure 13). Here ballast 
water in the central tank shifts to the lowest point in the outer tanks. As a matter of 
fact, only the excessive water in the central tank flows into the outer tank thus 
causing a significantly smaller heeling moment. This effect becomes less critical 
with larger inclination and increasing ballast water. At drafts greater than 10 m the 
outer tanks are increasingly filled. The shift of ballast water is more limited thus 
causing smaller heeling moments.  

4.2 Motion Analysis 

The determined ROAs of pitch and heave motion in Figure 22 and Figure 23 show 
the three anticipated key characteristics: The approximation to 1 for declining 
wave frequencies, a peak at natural frequency and the approximation to 0 for 
growing frequencies. At small wave frequencies the encountered waves are long 
and the velocities and accelerations are small. The restoring forces prevail, caus-
ing the structure to follow the elevation of the wave in phase. At natural frequency, 
inertia forces and restoring forces are equal and cancel each other out. At this 
point damping forces determine the response which is 90° phase shifted to the 
oscillation of the wave forces. In short waves with high frequency, inertia proper-
ties prevent the structure from following the rapid changes of the excitation forces. 
Resulting oscillations are small and 180° phase shifted. 

In transit draft T00 the natural frequency in heave is close to the considered peak 
frequencies of the wave spectrum and relatively high motions are seen Table 18. 
With increasing draft natural frequencies shift to lower frequencies, due to the de-
pendence on decreasing water plane area and increasing total mass. Subse-
quently significant heave motions also decrease. A cancellation frequency can be 
recognised as minimum in the heave RAOs, next to the natural frequencies. At his 
point the up- and downward directed wave forces are equal and cancel each 
other out. This effect improves the hydrodynamic behaviour by reducing of maxi-
mum motion. 
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In the RAOs of pitch motion the dependence of the natural pitch frequency on �������� can be seen. Since the peaks of natural pitch frequency are found at rela-
tively low frequencies their impact on significant motion in the considered seas-
tates is negligible. In the pitch RAOs cancellation frequencies can also be found. 
Analogous to the cancellation frequencies in heave, the effect originates from the 
cancellation of all pressure moments on the hull. 

The effect of added viscous damping is limited to the maximum of the natural fre-
quency and the minimum at cancelation frequency. An impact on significant mo-
tions in relevant sea states is therefore only seen in heave. The influence of addi-
tional viscous damping will decrease with increasing draft due to the shift in natu-
ral frequency. In cases where added viscous damping is without influence, the 
natural frequencies are located at low end of the wave spectrum. 

The approximated frequencies of first order tanks sloshing are found in regions of 
high spectral energy. Model test however show no significant sloshing in the 
tanks. Thus the results of the numerical calculations, in which tank sloshing is dis-
regarded, can be considered accurate. 

The determined mean drift forces of the transit draft show a minimum at a wave 
frequency of 0.85 rad/s. If the peak frequency of the encountered wave spectrum 
is close to this point the resulting drift forces will be relatively small. This applies to 
the towing condition in �� = 2	K	with )� = 90	W0�/�. Towing speed against the 
direction of wave propagation however will result in a increase of encountered )�. 
The peak of mean drift forces at higher end in this frequency range is then deci-
sive. In regard to the lowering process decreasing mean drift forces are seen. 

4.3 Towing and Installation Limits 

During towage, the GBF conducts significant pitch motions, exceeding the limit of 
5°. From equilibrium calculations it can be derived that current or towing speed in 
combination with the mooring forces on the base slab cause the structure to trim 
forward. This phenomenon is also seen in model tests. Since the centre of towing 
resistance is assumed to be located above the mooring points the resulting incli-
nation is was expected in the opposite direction. In order to minimise pitch motion 
during towage the following structural solutions may be considered21: 

• addition of counter weights, 

• alteration of outer geometry to suppress the pitch effect, 

• increase of �������� or 

• optimisation of the towing arrangement. 

From the solutions offered above, addition of counter weights or the changes of 
outer geometry to suppress the pitch effect are the most promising alterations to 
the existing design of the GBF. By regulations the usage of counter weight is lim-
ited to static inclination 1° when the structure is free floating. This is equivalent to a 
moment of 1379 kNm or a total of 13.5 t of solid ballast homogeneously distrib-
uted in both aft tanks. Since the static angle is larger than 7° this measure is not 
                                            
21

 Instrumental solutions are not considered due to design objectives of the GBF 
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sufficient. The pitch effect is assumed to be connected to the flow around the 
base slab. Alterations of the hull geometry in this region may be pursued in order 
to change the flow pattern. 

During installation significantly smaller pitch and roll motions are identified. Since 
the angle of encounter is perpendicular to the direction of towing forces, roll mo-
tion dominates. In model test significantly larger motions are determined. An ex-
planation may be found in the motion of the ballast water. This effect cannot be 
considered in AQWA. In regard to the determined heave motions, the bottleneck 
of the installation procedure is seen at the beginning of the lowering process. 

Concluding from the gathered data an installation in 2 m significant wave height is 
assumed to be feasible. Suggestions concerning operation limits during towage 
are not made at this stage since deviations from the imposed limits are too signifi-
cant. It is strongly believed that with overcoming pitching problems wave heights 
of 2 m will also be manageable during towing. 
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5 Appendices 

5.1 Results of Installation Test with AQWA NAUT 

IT-1 

Motions Amplitudes Mooring Forces 
Surge 
[m] 

Sway 
[m] 

Heave 
[m] 

Roll 
[Deg] 

Pitch 
[Deg] 

Yaw 
[Deg] 

X 
[kN] 

Y 
[kN] 

Z 
[kN] 

MAX 0.08 17.77 2.09 1.03 0.10 0.31 239 48 14 
MIN -0.08 -8.32 0.91 -1.63 -0.11 -0.30 46 0 2 
Mean 0.00 5.54 0.00 -0.01 0.00 0.00 88 11 5 
Standard 
Deviation 

0.02 4.47 0.22 0.30 0.02 0.07 36 8 2 

 Table 28: Results of installation test no. IT-1 (�

,�� = �	,		 = �	���/�) 

 

IT-2 

Motions Amplitudes Mooring Forces 
Surge 
[m] 

Sway 
[m] 

Heave 
[m] 

Roll 
[Deg] 

Pitch 
[Deg] 

Yaw 
[Deg] 

X 
[kN] 

Y 
[kN] 

Z 
[kN] 

MAX 0.11 28.58 0.87 3.73 0.19 0.48 239 48 14 
MIN -0.09 -16.41 -0.97 -4.59 -0.19 -0.44 46 0 2 
Mean 0.00 9.58 -0.01 -0.07 0.00 0.00 88 11 5 
Standard 
Deviation 

0.02 7.07 0.33 0.92 0.03 0.08 36 8 2 

Table 29: Results of installation test no. IT-2 (�

,�� = �	,		 = �	���/�) 

 

IT-3 

Motions Amplitudes Mooring Forces 

Surge 

[m] 

Sway 

[m] 

Heave 

[m] 

Roll 

[Deg] 

Pitch 

[Deg] 

Yaw 

[Deg] 

X 

[kN] 

Y 

[kN] 

Z 

[kN] 

MAX 0.08 15.92 0.15 0.75 0.06 0.35 239 48 14 
MIN -0.09 -7.05 -0.22 -0.44 -0.08 -0.33 46 0 2 
Mean 0.00 6.41 0.00 0.05 0.00 0.00 88 11 5 
Standard 
Deviation 

0.03 4.55 0.05 0.14 0.01 0.10 36 8 2 

Table 30: Results of installation test no. IT-3 (���,�� = �	,		 = �	���/�) 

 

IT-4 

Motions Amplitudes Mooring Forces 
Surge 
[m] 

Sway 
[m] 

Heave 
[m] 

Roll 
[Deg] 

Pitch 
[Deg] 

Yaw 
[Deg] 

X 
[kN] 

Y 
[kN] 

Z 
[kN] 

MAX 0.15 29.84 0.24 1.29 0.14 0.51 239 48 14 
MIN -0.12 -12.55 -0.37 -0.67 -0.17 -0.53 46 0 2 
Mean 0.00 10.46 -0.01 0.07 0.00 0.00 88 11 5 
Standard 
Deviation 

0.04 7.88 0.07 0.24 0.03 0.15 36 8 2 

Table 31: Results of installation test no. IT-4 (���,�� = �	,		 = �	���/�) 
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IT-5 

Motions Amplitudes Mooring Forces 
Surge 
[m] 

Sway 
[m] 

Heave 
[m] 

Roll 
[Deg] 

Pitch 
[Deg] 

Yaw 
[Deg] 

X 
[kN] 

Y 
[kN] 

Z 
[kN] 

MAX 0.07 12.06 0.22 0.57 0.03 0.28 239 48 14 
MIN -0.07 -2.89 -0.24 -0.80 -0.04 -0.29 46 0 2 
Mean 0.00 4.60 0.01 0.03 0.00 0.00 88 11 5 
Standard 
Deviation 

0.02 2.75 0.06 0.15 0.01 0.08 36 8 2 

Table 32: Results of installation test no. IT-5 (���,�� = �	,		 = �	���/�) 

 

IT-6 

Motions Amplitudes Mooring Forces 
Surge 
[m] 

Sway 
[m] 

Heave 
[m] 

Roll 
[Deg] 

Pitch 
[Deg] 

Yaw 
[Deg] 

X 
[kN] 

Y 
[kN] 

Z 
[kN] 

MAX 0.11 20.21 0.33 1.02 0.06 0.46 239 48 14 
MIN -0.11 -8.32 -0.39 -1.41 -0.09 -0.46 46 0 2 
Mean 0.00 8.25 0.02 0.04 0.00 0.00 88 11 5 
Standard 
Deviation 

0.05 5.24 0.09 0.26 0.01 0.17 36 8 2 

Table 33: Results of installation test no. IT-6 (���,�� = �	,		 = �	���/�) 

 

IT-7 

Motions Amplitudes Mooring Forces 
Surge 
[m] 

Sway 
[m] 

Heave 
[m] 

Roll 
[Deg] 

Pitch 
[Deg] 

Yaw 
[Deg] 

X 
[kN] 

Y 
[kN] 

Z 
[kN] 

MAX 0.02 2.15 0.27 0.57 0.02 0.01 246 45 15 
MIN -0.02 -1.14 -0.04 -0.72 -0.02 -0.01 95 0 5 
Mean 0.00 0.59 0.09 0.01 0.00 0.00 151 45 9 
Standard 
Deviation 

0.00 0.59 0.09 0.01 0.00 0.00 123 11 7 

Table 34: Results of installation test no. IT-7 (���,�� = �	,		 = �	���/�) 

 

IT-8 

Motions Amplitudes Mooring Forces 
Surge 
[m] 

Sway 
[m] 

Heave 
[m] 

Roll 
[Deg] 

Pitch 
[Deg] 

Yaw 
[Deg] 

X 
[kN] 

Y 
[kN] 

Z 
[kN] 

MAX 0.03 3.85 0.46 0.82 0.02 0.04 246 45 15 
MIN -0.03 -0.88 -0.13 -1.14 -0.02 -0.04 95 0 5 
Mean 0.00 1.36 0.12 0.01 0.00 0.00 123 11 7 
Standard 
Deviation 

0.01 0.80 0.07 0.23 0.01 0.03 36 8 2 

Table 35: Results of installation test no. IT-8 (���,�� = �	,		 = �	���/�) 
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5.2 Wave Patterns 

In the following figures the wave pattern of the diffracted and radiated wave are 
seen: 

 

Figure 31: Diffraction wave field in regular waves (� = 
	�,	 = 
.��
	���/�) 

 

 

Figure 32: Radiation wave field in regular waves (� = 
	�,	 = �.��
	���/�) 
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Table of Abbreviations 

Symbol Name 
SI-

Unit 

Г Euler integral - 

∆� Extension oft the mooring line m 

( Total potential of the wave field m²/s 

(� Velocity potential of singular initial harmonic wave m²/s 

( Diffraction potential m²/s 

(� Total diffraction potential m²/s 

(�  Radiation potential of the 6 degrees of freedom m²/s 

� Peak enhancement factor - 

��  Phase shift of excitation force ��� in the degree of freedom j rad/s 

� Radius of the (hemi-)sphere surrounding � m 

�� Phase shift of motion ��� in the degree of freedom j rad/s 

�� Wave amplitude m 

� Angle of trim Deg 

� Vector of source point located on the body surface m 
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Symbol Name 
SI-

Unit 

� Mass density of salt water kg/m³ 

Z Kinematic viscosity m/s² 

� Angle of heel Deg 

�� Radiation velocity potentials - 

� Funktion of wave encounter m 

. Angle of encounter Deg 

� Wave frequency Deg 

�� Centre of area of the spektral packet rad/s 

�� Peak frequency of the wave spectra rad/s 

��� Natural frequency in the degree of freedom j rad/s 

� Projected area below water level m² 

� Projected area exposed to wind m² 

�� Water plane area m² 

�7 Aspect ratio - 

� Damping matrix - 

�� Initial centre of buoyancy - 

�� Damping in the degree of freedom j - 

�� COB of the inclined structure - 

��     � Initial metacentre above centre of buoyancy m 

! Stiffness matrix - 

!	� Stiffness matrix of mooring line at attachment point on the structure - 

" Mean drift coefficient - 

# Space inside considered Space $� and % m
4 

� Total forces N 

�� Buoyancy force N 
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Symbol Name 
SI-

Unit 

�Q Mean drift force N 

�Q^�d Drag force N 

��  Weight force N 

�� Excitation force on the structure N 

����∗  Force amplitude in the degree of freedom j N/m 

���∗ 
complex response amplification function of the excitation forces in 

the degree of freedom j 
N/m 

�� Hydrostatic force N 

��� Mooring forces at the attachment points N 

�	� Mooring forces at COG N 

�� Wind drag force N 

���	 Total wave frequency force N 

& Centre of gravity - 

P Second Green Function - 

&�� COG above initial COB m 

&�     � Centre of metacentric height m 

&'    � Righting lever m 

( Wave height m 

(��� Maximal wave height m 

(� Sginifcant Wave Heitght m 

(� Response amplification factor in the degree of freedom j - 

) Unit matrix - 

) , )� Transvers and longitudinal second moment of water-plane area m
4 

) ! , )�! Transvers and longitudinal second moment of free surface area of 

tank i 
m

4

 

)��, )"" , )## Second moment of inertia about x-, y- and z-axis m
4 
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Symbol Name 
SI-

Unit 

)$ Integral over the (hemi-)sphere surrounding � - 

*� Bessel function - 

+�     COB above moulded base or keel m 

+&     COG above moulded base or keel m 

+�     
� Metacentre above base or keel m 

� Wave length m 

� Unstretched length of the mooring line m 

��,      
� Prometacentre ,� above metacentre �� m 

�� Initial metacentre - 

�� Metacentre - 

�Q^�d Drag moment Nm 

�% Hydrodynamic mass matrix - 

�%� Added mass matrix at �� - 

�� Rigthing moment Nm 

�� Wind overturning moment Deg 

�� Structural mass matrix - 

, Number of panels - 

,� Prometacentre - 

,� Number of samples in a cycle - 

,��� Number of regular wave components in the wave spectrum - 

,� Number of waves in a wave train or wave record - 

X� Pretention oft the mooring line N/m 

Xgh Force of the mooring line N/m 

X Linear momentum  

7� Reynolds-number - 
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Symbol Name 
SI-

Unit 

% Spectral ordinate - 

%& Control surface $� in the xz- and xy-plane m² 

%' Sea bed m² 

%( Water surface m² 

%) Body surface m² 

%* Panel surfaces m² 

�� Peak period s 

� Displacement m³ 

$� Control volume m³ 

-+!� Critical damping coefficient in degree of freedom i originating from 

motions j 
- 

-!�  
Total damping coefficient in degree of freedom i originating from 

motions j 
- 

-,!�  
Potential damping coefficient in degree of freedom i originating from 

motions j 
- 

--!� Viscous damping coefficient in degree of freedom i originating from 

motions j 
- 

.% Height coefficient - 

"U Drag coefficient - 

.!�  Stiffness coefficient in degree of freedom i originating from motions j - 

.� Shape coefficient - 

/ Water dephts m 

0� Complex total wave force at �� - 

1 Gravity m/s² 

ℎ�� Vertical lever of the wind overturning moment m 

ℎ� Normalised wind overturning moment m 

� Wave number m
-1
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Symbol Name 
SI-

Unit 

�� Harmonic component - 

�	� Linear stiffness of mooring line N/m 

�)!� Damping Factor - 

� Vector joining the attachment points of the mooring line - 

2%!�  Structural mass in degree of freedom i originating from motions j - 

2 Spectral area  

2. First moment of area of the spectral energy rad/s 

2%!�  
Hydrodynamic mass in degree of freedom i originating from mo-

tions j 
- 

3 
Normal vector on  

limiting surfaces % of control volume $� 
- 

�M Normal vector of panels  

4 Dynamic pressure N/m² 

4�/�/ Hydrostatic pressure N/m² 

W = �! m 

WS Facet radius m 

� Position vector m 

�5 Velocity vector m/s 

�6 Acceleration vector m/s² 

�∗ 
Complex motion response amplification function in the degree of 

freedom j 
- 

�	01� Maximum motion amplitude m 

��� Motion amplitude in the degree of freedom j m 

��� Significant motion amplitude m 

7 Time s 

r	 Normal velocity of the surface m/s 

# Vector of fluid velocity of fluid on surfaces m/s 
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Symbol Name 
SI-

Unit 

#a Angular fluid velocity of fluid on surfaces m/s 

8+ Current velocity m/s 

8�  Structure velocity in the degree of freedom � m/s 

#	 Normal fluid velocity of fluid on surfaces m/s 

#^ Radial fluid velocity of fluid on surfaces m/s 

8� Wind speed m/s 

� Vector point located in $� m 

�' Position vector of COB m 

�� Position vector of COG m 

�!  Vector of control point m 

�* Panel control point m 

x23 Vector of attachment point oft the mooring line on the structure m 

x4 
distance from the origin of the wave system perpendicular to the 

wave direction 
m 

x563 Vector of the centre of waterplane area �� m 

z789 Vertical lever of the drag force m 

 

   

 

 

 

 

 

 

 


