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1.2 Short description of project objective and results  
- The project has focus on development of cost effective foundation and installation 

methods for Wave Energy Converters (WEC), by investigating and optimizing novel 
foundation systems recently developed for offshore wind turbines. The project has 
developed a new cost efficient solution for the foundation and installation of bottom 
fixed WECs. The project has explored structural and foundation ideas in combination. 
The research has developed solutions that reduce cost and speed up the installation 
of the WECs. The output has range from improvements in overall structural designs, 
development of installation processes and consideration of construction logistics. The 
work has included mathematical models of foundation response, based on laboratory 
testing, theoretical work to enable a new range of foundation and substructure de-
signs methods to be developed.  
 

- Projekt har fokuseret på at udvikle omkostningseffektive fundament og installation 
metoder til Wave Energy Converters (WEC), ved at undersøge og optimere funda-
ment principper nylig udviklet til havvindmøller. Projektet har udviklet en ny omkost-
ningseffektiv løsning til fundamentet og installation af WEC. Projektet har udforsket 
strukturelle og fundaments løsninger i kombination. Forskningen har udviklet løsnin-
ger, der reducerer omkostninger og reducere installationen tiden af WECS. Udgangen 
har spænder fra forbedringer i de overordnede strukturelle design, udvikling af in-
stallation processer og logistik. Arbejdet har omfattet matematiske modeller af fun-
dament reaktion, baseret på laboratorietests og teoretiske arbejde hvorved nye de-
signs metoder for fundamenter og underkonstruktion designs skal udvikles. 

 
1.3 Executive summary  

The main goal in this project has been to develop cost effective foundation and installation 
solutions in order for Wavestar C6 to become a competitive concept on the offshore renewa-
ble sector. A number of investigations are performed in order to come up with the most cost 
effective solutions in different fields.  The studied areas are grouped in four main groups: 

• Cost modelling of the foundation and installation method. 

• Investigation on installation approach.  

• Support structure, foundation and superstructure interaction. 

• Foundation design.  

A full scale prototype for Wavestar C6 was planned to be installed in the North Sea in the 
upcoming years. So this conceptual study pretends to be a reference for a more detail design 
phase. Therefore the design, cost studies and other documentation presented in the report is 
based on a concept level for this location.      
 

Six innovative foundation solutions were investigated. A detail study focused on geotechnical 
and structural design was carried out for the 6 innovative foundation solutions in different 
soil conditions i.e. first site dominated by sandy soils, second site dominated by clayey soils 
and third one, a potential site were a Wavestar C6 prototype was presumably to be installed. 
The output from the study reflected that either 2- or 4- legged solutions were feasible solu-
tions for all the concepts. However the loading conditions for the 4- legged cases leaded to a 
significant increase on the amount of steel or concrete for manufacturing. The results also 
reflected that the pile and bucket foundations were the most competitive concepts. The grav-
ity based concept was discarded due to the logistics needed to transport the massive con-
crete blocks that were required to sustain WEC. A trend was observed for the three investi-
gated soil scenarios; the amount of steel required to manufacture the bucket solution was 
significantly less than the steel needed to manufacture the piles under the same site condi-
tions. The calculations indicated that the bucket solution saved 4% up to 30% the required 
steel compare to the pile solution depending on the soil scenario. 
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Another interesting finding was observed on the installation phase. The project initial phase 
did not cover in detail the different installation scenarios for all six concepts but it was no-
ticed that the bucket solution was the only concept able to be assembled with the super-
structure prior to installation. So this concept could be shipped to installation site together 
with the Wavestar C6 and install the entire system at once.  The other concepts would re-
quire subcontractors to install the piles or the gravity based and afterwards the superstruc-
ture could be installed. 
 
As the bucket foundations was found to be the most suitable and cost-effective solution for 
Wavestar C6 the research has focuses on the tensile axial response of bucket foundations in 
dense sand. The research addresses several critical design problems related to the tensile 
response. Among those are the soil-structure interface parameters, tensile loading under 
various displacement rates and tensile cyclic loading. 
 
For the analysis of realistic soil-structure interactions, a physical model was designed. A new 
laboratory testing facility was built allowing model testing in scale of 1:10 prototype size. 
Furthermore, an overburden pressure was evenly applied on the sand surface for the simula-
tion of different soil depths. Thus, higher soil stresses were created, diminishing scaling ef-
fects and providing more information about the interface parameters. Furthermore, the test 
set-up allowed examinations of long-term cyclic loading. Up to 40,000 harmonic load cycles 
were applied with constant mean loads and amplitudes. The test set-up provided high quality 
data about loads, displacement and pore pressure. 
 
A different test set-up – a pressure tank – was employed for the displacement rate analysis. 
The pressure tank enabled the simulation of 20 m water depth, allowing for the generation of 
various pore pressure levels during the examinations. 
 
The extensive testing campaign provides valuable data about bucket foundation behaviour 
under tensile loading. State of the art analytical methods are employed for the verification 
and analysis of the data. Back-calculation of the drained tensile capacity shows that the lat-
eral earth coefficient decreases non-linearly with increasing soil depth. An interaction dia-
gram is drawn for a summary of the cyclic loading test results. The diagram indicates the 
range of mean loads and amplitudes within which the foundation model remains in a stable 
condition. No excessive upward displacements are accumulated in the range. Finally, the 
displacement rate tests show that large tensile capacity is available. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         



Kost effekt

1.4 P
The obje
solutions
renewab
er 600 k
depth in
Converte
structure
foundati

The obje
cost effe
groups: 

 C

 I

 S

 

A full sc
upcomin

The obje
analysis 
includes 
state req
state req

 

 

 

 

tive fundamente

Project obj
ective for th
s in order fo
ble sector. W
kW of electr
ncluding stor
ers (WEC), 
e, machinery
on.  

ective was t
ective solut
 

Cost modelli

Investigation

Support stru

Foundation d

cale prototyp
ng years. The

ective was to
 was perform
 developme
quirements. 
quires comp

Figu

er og installatio

jectives  
he project ha
or Wavestar 
Wavestar C6-
rical power t
rm surcharge

must be o
y etc. Large

to investigat
ions in diffe

ing of the fo

n on installa

ucture, found

design.  

pe for Wave
erefore the d

o analysis a
med for WE
nt of new de
 Especially t
rehensive ex

ure 1. Waves

n for bølge ener

as been to d
C6-600 kW 

-600 kW is a
o the grid, s
e. In order t
optimized in 
 expenses li

te a number
erent fields.

undation an

tion approac

dation and s

estar C6 was
design, cost 

nd optimize 
C superstru
esign metho
he developm
xperimental 

star Wave En

rgi. 

develop cos
 to become 
a wave energ
see Figure 1
to deliver co
 several fie
ie on the su

r of solution
.  The stud

d installatio

ch.  

superstructur

s planned to
 studies is b

 of six possi
cture suppo

ods to satisfy
ment of desi
 investigatio

nergy Conve

t effective f
a competitiv
gy converter
1. It can ope
st competitiv
elds, e.g. tr
perstructure

ns in order t
ied areas a

n method. 

re interactio

o be installe
ased on this

ble foundati
orted by two
y both ultima
gn methods 
n of soil and

erter (Waves

foundation a
ve concept o
r (WEC) des
erate in up t
ve solutions,
ransportation
e support, i.e

to come up 
are grouped 

n. 

d in the No
s location.  

on solutions
o or four fou
ate and serv
 for the serv

d foundation 

star.2011).  

and installati
on the offsho
signed to del
to 20 m wa
, Wave Ener
n, installatio
e. the offsho

with the mo
 in four ma

orth Sea in t

s for WEC. T
undations. T
viceability lim
viceability lim
 interaction.

 

 

5

ion 
ore 
iv-
ter 
rgy 
on, 
ore 

ost 
ain 

the 

The 
his 
mit 
mit 
 



Kost effektive fundamenter og installation for bølge energi. 6

The objectives were implemented by subdivide the work into three works packages with spe-
cific task: 

WP1: Installation technique and cost study 
Objectives: The focus of the work packet was to develop cost effective foundation and instal-
lation systems for Wave Energy Converters (WEC), by investigating and optimizing the foun-
dation systems.  
 
Task 1.1: Cost modelling of foundation and installation method 
A possibility to have the WECs becoming more economically feasible is to reduce the cost of 
the foundations and its installation. The aim for this task was to develop an innovative foun-
dation system so the WEC can be self- installing without subcontractors. 
 
Task 1.2: Suction Installation 
Investigate and develop suction assisted penetration method the legs.  
 
Task 1.3 Steel design of the Bucket foundation 
One of the key requirements of the foundation and sub structure is its fatigue resistance. 
Especially in offshore conditions, the effect of wave can significantly increase fatigue loads. 
The attachment structures and other welded steel sub structures can possess reduced fa-
tigue strength due to its manufacturing process. This task will focus on jointed sub structure 
topology optimization for minimum reduction in fatigue resistance as compared with a solid 
structure. The objective is to design a frame sub structure with minimal welded joints, but 
meeting all fatigue strength constraints. 
 
 
WP2: Marine loads on WEC and foundation  
Objectives: The objectives of WP1 are to establish the basis for an integrated offshore site 
specific design process. This involves the development of new specific methods and models 
for simulation of loads and structural response and integration of these into existing design 
tools to form integrated tools that incorporate a variety of new parameters. 
 
Task 2.1:  Foundation - WEC interaction. Concept studies 
Concept studies of different integrated design solutions and the implications on stability, 
loading, damping and costs are conducted.  
 
Task 2.2: Extreme and fatigue loads 
Usage of second order nonlinear wave kinematic models will be made to determine the im-
pact of the nonlinearities in the wave kinematics on the design of the support structure. The 
effect of fluid-structure interaction with second order water kinematics on the long term ex-
treme and fatigue loads is evaluated. 
 
WP3: Foundation Concept studies  
Objectives: The primary objective is to deliver solutions for optimal designs and development 
of innovative, cost-efficient foundations and support structures. The dynamic loading from 
the waves plays a significant design issue and new design method for the soil/ water and 
structure interaction have to be developed, focusing on both short and long term effects. As 
the support structure is a major cost items, especially in deeper water, the optimization and 
development of new foundation systems is a powerful source of cost reduction.  
 
Task 3.1: Concept studies.  
For all tree foundation systems the extreme waves lead to very high loads with particularly 
large overturning components while the operation condition leads to vertical lift, which the 
structure and foundation must be able to resist. Two different ways of transferring the loads 
to the foundation, a two or four legs solution are studied. 
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Task 3.2: Design methods for foundation concepts: 
For these new foundation concepts more cost effective designs methods can be established 
with recent advances in geotechnical modelling. This will lead to more accurate design pro-
cedures resulting in cost effective designs, especially in problematic soil profiles. 
 
Task 3.3: Experimental investigation of soil and structure interaction 
The work will focus on investigations both the short and long term design issues in for verti-
cal loading of bucket foundations. Experimental testing is essential to understand the mobili-
sation of the friction force and the long term degradation of it. The use of a recently devel-
oped finite volume based solution technique for the will be applied to the support structures 
and soil types investigated in this work package. 
 

The project was initiated 1. July 2012 and ended 31 December 2015. A details time schedule 
was agree on at the beginning of the project and followed through the project. Numerous 
activities were planned to running in parallel as these were interrelated witch was a risks 
associated with the project. Good communication and compliance with milestones resulted in 
a good flow in the project and the objects in the projects was all reacted and reported as 
agreed.  
 
A Ph.D project has been connected to the project and successfully defended at the 25 August 
2016. The completion of the Ph.D thesis has been delayed due to pregnancy, witch has de-
layed this final report.  
 

1.5 Project results and dissemination of results 
 
The project initial phase consisted on a foundation concept study. The generated output 
would provide some light on which of the investigated solutions is the most favourable to 
sustain Wavestar C6 -600kW. Such task was developed in cooperation with all project part-
ners i.e. Civil Engineering Department at Aalborg University, Wavestar and UFOAS. Therefore 
the first activity was aimed to investigate the performance of various foundation concepts 
extensively used on the offshore renewable sector and oil and gas.  The investigated founda-
tion concepts are: 

 Pile foundation 
 Gravity based foundation  
 Universal Foundation prior called Bucket Foundation 
 

Six innovative foundation solutions were investigated; those are presented in Figure 2. A 
detail study focused on geotechnical and structural design was carried out for the 6 innova-
tive foundation solutions in different soil conditions i.e. first site dominated by sandy soils, 
second site dominated by clayey soils and third one, a potential site were a Wavestar C6 
prototype was presumably to be installed.  

The output from the study reflected that either 2- or 4- legged solutions were feasible solu-
tions for all the concepts. However the loading conditions for the 4- legged cases leaded to a 
significant increase on the amount of steel or concrete for manufacturing. 
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sults proved that the Bucket Foundation is also a competitive foundation concept for water 
depths around 25m. The total weight for the monopile was up to 894t compared to the 
Bucket Foundation weight reaching the 720t. Therefore the cost-saving was up to 20% less 
amount of steel needed for manufacturing. Table 1.a). presents the unitary weight for all 
components considered on the Bucket Foundation concept together with price per tonnage 
and total cost. Table 1 b). presents the unitary weight for all components considered on the 
Monopile concept together with price per tonnage and total cost.     

Table 1. Cost studies for North Sea projects. (a) Bucket  Foundation study. (b) Monopile 
study. 

However such study did not reflected other projects costs for example Installation, logistics, 
transportation and Engineering costs. One of the potential key elements on the Bucket Foun-
dation concept is the installation approach. For offshore meteorological mast projects, UFOAS 
has proved that the installation times might be reduced considerably compared the current 
installation rate achieved by monopiles i.e. approximately one monopile installed per day. So 
the installation costs are reduced significantly if the installation times are also reduced.    

The project initial phase and the monopile vs. Bucket Foundation study leaded to the deci-
sion that Bucket Foundation is the most cost efficient foundation concept for Wavestar C6-
600kW no matter what are the load and soil conditions.  

 
1.5.1 WP1: Installation technique and cost study 
Objectives: The focus of the work packet was to develop cost effective foundation and instal-
lation systems for Wave Energy Converters (WEC), by investigating and optimizing the foun-
dation systems.  
 

All tasks involved in Work package 1 make reference to the foundation design, installation 
technique and project cost study. All tasks and results included in the work package are re-
ported in one report [1] which can be read in it hole in Appendis A. The report is structured 
as listed below: 

1. Support structure, foundation and superstructure interaction (investigation on Task 
1.3) 

2. Steel design for Universal Foundation. (investigation on Task 1.4) 
3. Investigation on installation approach. (investigation on Task 1.2) 
4. Cost modelling of foundation and installation method. (investigation on Task 1.1)  

 

 

 

 

 

 

Bucket Foundation Cost Study  Monopile Cost study 

  Weight [t]  Cost [€/t] Weight [t]  Cost [€/t] 

Shaft  261  1,600 Monopile 529 1,653 

Lid arrangement  180  3,350 Transition piece 350 3,930 

Skirt  171  3,350 Anode cage 15 ‐ 

Sec. Steel  97 6,134  

Lift arrangement  11,3  2,247  

Total cost per unit = 2,230,000m€  Total cost per unit = 2,450,000m€ 

(a)  (b)
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1.5.2 WP2: Marine loads on WEC and foundation  
Objectives: The objectives of Work Package 2 are to establish the basis for an integrated 
offshore site specific design process. This involves the development of new specific methods 
and models for simulation of loads and structural response and integration of these into ex-
isting design tools to form integrated tools that incorporate a variety of new parameters. 
 
The works in the WP2 have been performed by Wavestar and has mainly focussed  “Marine 
loads on WEC and foundation”. The contribution involved the development of a complete 
simulation model for the 20 float system with 2 ledges substructures. In the model interac-
tions between the floats was taken into account and the PTO dynamics and control strategies 
was simulated with great detail. The main contributions were summarised in 6 reports or 
Excel sheets, as described below. These documents are confidential and used by WP1. 
 
Documents delivered to CEFIWE by Wavestar: 
 
 Task 2.1:  Foundation - WEC interaction. Concept studies 
Concept studies of different integrated design solutions and the implications on stability, 
loading, damping and costs are conducted.  
 

 WS1 “Wavestar C6 structural loads for THV Mermaid” 
o The report describes in detail the simulation model and assumptions used to 

calculate the loads on the bearing attachments to the main structure 
 

 WS2 “Loads on jacking system from floats in operation” 
o The report describes how the loads on the bearing attachments are trans-

ferred to the jacking sections (the loads needed for the foundation design). 
 

Task 2.2: Extreme and fatigue loads 
Usage of second order nonlinear wave kinematic models will be made to determine the im-
pact of the nonlinearities in the wave kinematics on the design of the support structure. The 
effect of fluid-structure interaction with second order water kinematics on the long term ex-
treme and fatigue loads is evaluated. 
 

 WS3 “Environmental Conditions for Wavestar Design – Mermaid” 
o Excel sheets with wind and wave conditions which were used as design basis 

for the load calculations. 
 

 WS6 “WS6 ULS-Production Max loads” 
o Excel sheet containing the max-loads for all the load combinations, and also 

the ULS design loads cases. 
 

 WS7 “WS7 Comparison ULS-storm VS ULS-production” 
o An Excel sheet comparing previously established ULS loads with the new de-

sign loads established through the CEFIWE study. 
o  

 WS4 “ULS-Storm loads from wind and waves” 
o Excel sheet with design wind and wave loads for storm protection 
 

 WS5 “WS5 FLS loads on jacking system from waves” 
o Zip file containing 5 excel sheets with the FLS loads arising from the wave 

loads over a period of 20 years in production. 
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1.5.3 WP3: Foundation Concept studies  
Objectives: The primary objective is to deliver solutions for optimal designs and development 
of innovative, cost-efficient foundations and support structures. The dynamic loading from 
the waves plays a significant design issue and new design method for the soil/ water and 
structure interaction have to be developed, focusing on both short and long term effects. As 
the support structure is a major cost items, especially in deeper water, the optimization and 
development of new foundation systems is a powerful source of cost reduction.  
 
The works in the WP3 have been performed by AAU.  The work has been integrated to the 
Ph.D dissertation connected to this project .The dissemination of the work in WP3 has been 
through the Ph.D thesis [2] and on five papers (that include three conference papers, two 
journal papers) and two technical reports. The papers cover the aims of the PhD project re-
garding the scientific analysis and the laboratory testing of bucket foundations in sand sub-
jected to axial loading. 
 
Task 3.1: Concept studies.  
For all tree foundation systems the extreme waves lead to very high loads with particularly 
large overturning components while the operation condition leads to vertical lift, which the 
structure and foundation must be able to resist. Two different ways of transferring the loads 
to the foundation, a two or four legs solution are studied. The results of this task are report-
ed in.  
 

 [3] Vaitkunaite, E., Ibsen, L. B., Nielsen, B. N., and Devant Molina, S. (2013). Com-
parison of Foundation Systems for Wave Energy Converters Wavestar.  

 
Task 3.2: Design methods for foundation concepts: 
For these new foundation concepts more cost effective designs methods can be established 
with recent advances in geotechnical modelling. This will lead to more accurate design pro-
cedures resulting in cost effective designs, especially in problematic soil profiles. The results 
of this task are reported in.  
 

 [4] Vaitkunaite, E., Nielsen, B. N., and Ibsen, L. B. (2015). Comparison of design 
methods for axially loaded buckets in sand. 

 
Task 3.3: Experimental investigation of soil and structure interaction 
The work will focus on investigations both the short and long term design issues in for verti-
cal loading of bucket foundations. Experimental testing is essential to understand the mobili-
sation of the friction force and the long term degradation of it. The use of a recently devel-
oped finite volume based solution technique for the will be applied to the support structures 
and soil types investigated in this work package. The results of this task are reported in.  
 

 [5] Vaitkunaite, E., Ibsen, L. B., and Nielsen, B. N. (2014). New Medium- Scale La-
boratory Testing of Bucket Foundation Capacity in Sand.  

 [6] Vaitkunaite, E., Ibsen, L. B., and Nielsen, B. N. (2016). Testing of Axially Loaded 
Bucket Foundation with Applied Overburden Pressure.  

 [7] Vaitkunaite, E., Ibsen, L. B., and Nielsen, B. N. Bucket Foundation Model Testing 
under Tensile Axial Loading.  

 [8] Vaitkunaite, E., Nielsen, B. N., and Ibsen, L. B. (2016) Bucket Foundation Re-
sponse under Various Displacement Rates.  

 [9] Vaitkunaite, E. (2015). Bucket Foundations under Axial Loading: Test Data Series 
13.02.XX, 13.03.XX and 14.02.XX.  
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The knowledge obtain by the research part of the project WP3 is still very valuable and can 
be used in design of foundation systems for other Wave energy converters as shown in Fig-
ure 3.  

 

1.7 Project conclusion and perspective 
The conclusion is split in two parts. One relating to WP1 and WP2 and one relating to the 
research part of the project WP3. 

Conclusions relating to WP1 and WP2. 

From an engineering cost point of view the difference on loading conditions between an OWT 
and a WEC structure demands that the foundation structure is investigated carefully from 
scratch. Therefore a site specific design has to be developed for any foundation concept con-
sider suitable. This fact makes that to compare the engineering cost of a monopile and a 
bucket becomes a serious challenge.  In such situation no benefits or drawbacks can be pre-
sented for any of the foundation concepts in terms of engineering costs 

From a manufacturing point of view the main points that have an impact on the two analyzed 
structures i.e. circular and multishell concept, are the complexity and the vulnerability to-
wards damages during manufacture due to large diameter of the bucket skirt. Conversely the 
difference in total weight from both structures does not have an impact on the manufactur-
ing. Nonetheless the total foundation weight is affected by the steel price. An individual anal-
ysis is developed to point out pros and cons for the circular and multishell concept. 

Universal Foundation circular bucket concept:  

Pros: 

 Skirt structure is easier to manufacture. 

 Skirt structure faster to manufacture. 

 Reduced risk for defects during manufacturing due to less complex structure. 

 Less complex structure gives higher number of possible suppliers. 

Cons: 

 The weight of the pates composing the skirt structure is higher. 

 The structure is more vulnerable for deformation of skirt during manufacturing, ship-
ping and installation due to combination of large diameter and relative small plate 
thickness. 

Universal Foundation multishell bucket concept:  

Pros: 

 Reduced material weight. 

 More rigid concept is less vulnerable for deformation during manufacturing and ship-
ping. 

Cons: 

 Skirt structure more complex to manufacture. 

 More complex structure reduces number of possible suppliers. 

 Longer manufacturing leads to longer time therefore higher costs. 

From an installation point of view several uncertainties were aroused due to the nature and 
the maturity of the project. Since almost no experience is available installing a WEC in off-
shore conditions it is challenging to program a full installation campaign. However the instal-
lation approach presented in chapter 3 (in Appendix A)  is a concept investigation that might 
be used as start point on a more detailed installation study.  UFOAS is presenting here the 
pros and cons that were faced during the installation study developed for CEFIWE project.     
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Pros: 

 Total installation costs since the installation expenses were the driving parameter. 

 No subcontractors needed to perform the installation. 

 No jack up vessel with massive crane required. 

Cons: 

 Complete new installation concept. 

 Transportation for the total assembly i.e. Wavestar C6 and foundations due to final 
dimensions 

 Synchronization for suction installation, Wavestar C6 floating state and barge posi-
tioning.  

 

Conclusions relating to WP3. 

A new laboratory testing facility was designed for the examination of long-term cyclic loading 
on a bucket foundation model. This allowed for the testing of a large bucket foundation mod-
el in laboratory conditions on a 1:10 scale model with a diameter of 1 m and a skirt length of 
0.5 m. To the best knowledge of the author, this is the largest model foundation ever tested 
under laboratory conditions. The model skirt was naturally corroded and installed in fine 
dense sand providing realistic interface parameters. 

The size of the sand container was maximally utilized testing mainly tensile loads and minor 
compressive loads. The boundaries of the sand container thus had no influence on the re-
sults. The application of suction under the membrane simulated an evenly distributed over-
burden pressure, which allowed for the examinations of friction responses at different soil 
depths. Overall, the design of the test set-up was successful in that it provided high-quality 
data and consistent results that were essential for the data analysis. 

Monotonic displacement controlled tests were performed at various overburden pressure 
levels. With the slow displacement rate of 0.002 mm/s, drained responses were obtained. 
The tensile peak load was achieved within the first 10 mm of upward displacement, followed 
by an even reduction due to the diminishing area of the soil structure interface as well as soil 
softening. The higher the membrane pressure level that was applied, the higher peak re-
sistance was measured, while the stiffness was similar for majority of the tests, at approxi-
mately 1 MN/m. The peak resistance values were used for the analysis of interface parame-
ters. It was noticed that the unit skin friction increased non-linearly with the overburden 
pressure, which may be explained by a non-linear change in the lateral earth pressure. Back-
calculation of the lateral earth coefficient K resulted in values from 3 for the low vertical 
stresses to 0.5 for the higher vertical stresses. The rapid change of K may be expected in the 
first five meters from the seabed surface. The tests results show that during static tensile 
loading, lateral earth pressure is higher than may be predicted with the conventional meth-
ods. 

The next set of examinations involved cyclic load controlled tests at various overburden 
pressure levels. The mean cyclic loads and amplitudes were normalized with the measured 
drained tensile capacity. The bucket foundation model was subjected to long-term cyclic 
loading containing up to 40,000 cycles at a constant frequency of 0.05 or 0.1 Hz. Two-way 
(compression-tension) and one-way tensile loads were applied in the test programme. It was 
noticed that mean tensile loads of up to 50% of the tensile drained capacity could be allowed 
for the design without causing an excessive accumulated displacement during the 40,000 
cycles. However, all testing with tensile mean loads resulted in an incremental upward dis-
placement, even though it was as small as -10−4 mm. While the cyclic test resulted in very 
small accumulated displacements |wcyc|<0.01D, the model was exposed to gradual pull-out 
when peak loads reached the drained tensile capacity. Values for the cyclic loading and un-
loading stiffness were higher than those found for virgin loading stiffness. The magnitude 
depended on the loading amplitude and the mean cyclic load. Post-cyclic monotonic loading 
showed a stiffer response compared to the virgin loading. The post-cyclic peak tensile ca-
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pacity was up to 25% lower than the virgin tensile capacity in tests with no membrane pres-
sure. Relatively few post-cyclic tests were performed with membrane pressures pm>0 kPa; 
no indication of cyclic degradation was observed. 

The final set of tests concerned tensile loadings in a pressure tank. The tank enabled the 
examination of very low negative pore pressures in a simulation of conditions at 20 m water 
depth. A bucket foundation model with a diameter of 0.5 m and a skirt length of 0.25 m was 
installed in dense sand. The smoothness of the model skirt (corrosion free) allowed a focus 
on the pore pressure distribution and the tensile capacity. The model was subjected to vari-
ous pull-out rates. A rapid pull-out generated fully undrained behaviour, based on the meas-
urements of the pore pressure transducers. The peak tensile resistance was found to in-
crease with the pull-out rate, as did the upward displacement. The initial loading stiffness 
showed no clear dependency on the displacement rate. It was found that much larger than 
the drained tensile capacity is available, even when the limitations of the upward displace-
ment are considered. To integrate this finding in design practise, a reliable method of nega-
tive pore pressure prediction in relation to loading intensity needs to be identified. Natural 
seabed conditions are extremely changeable, characterized by complex layering of soils and 
rich variation in their stiffness, strength parameters and various hydraulic conductivities. 
Furthermore, offshore loading conditions are complex, with their various loading regimes, 
amplitudes and mean loads. Model testing provides valuable information about soil and foun-
dation behaviour. But large amounts of data and experimental analysis are still needed be-
fore all design aspects are clarified and standardized solutions can be proposed. The data 
provided in this thesis offer valuable information regarding the behaviour of bucket founda-
tions under tensile cyclic loads in uniform dense sand. 
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Summary 
 

This report  is presenting the work package 1 activities developed by Universal Foundation AS 
within  the  project  Cost  Effective  Foundation  and  Installation  of  Wave  Energy  converters 
(CEFIWE). 

The main goal for work package 1 is to develop cost effective foundation and installation solutions in 
order for Wavestar C6 to become a competitive concept on the offshore renewable sector. A number of 
investigations  are performed  in order  to  come up with  the most  cost effective  solutions  in different 
fields.  The studied areas are grouped in four main groups: 

 Cost modelling of the foundation and installation method. 

 Investigation on installation approach.  

 Support structure, foundation and superstructure interaction. 

 Foundation design.  
A full scale prototype for Wavestar C6 is planned to be installed in the North Sea in the upcom‐
ing years. So this conceptual study pretends to be a reference for a more detail design phase. 
Therefore the design, cost studies and other documentation presented  in the report  is based 
on a concept level.   
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jected  in bigger water depths. Therefore other foundation concepts such as  jacket structures 
and Universal Foundations are potential concepts in such circumstances. UFOAS developed an 
internal cost study for a major Offshore Wind Farm project on the North Sea. Two foundation 
concepts i.e. Monopile and Universal Foundations were compared for a project containing 70 
OWT units within water depths around 25m. The results proved that the Universal Foundation 
is also a competitive  foundation concept  for water depths around 25m. The  total weight  for 
the monopile was up to 894t compared to the Universal Foundation weight reaching the 720t. 
Therefore the cost‐saving was up to 20% less amount of steel needed for manufacturing. Table 
1 a. presents  the unitary weight  for all components considered on  the Universal Foundation 
concept together with price per tonnage and total cost. Table 1 b. presents the unitary weight 
for all components considered on the Monopile concept together with price per tonnage and 
total cost.     

Table 1.1 Cost studies for North Sea projects. (a) Universal Foundation study. (b) Monopile 
study. 

 

However such study did not  reflected other projects costs  for example  Installation,  logistics, 
transportation  and  Engineering  costs.  One  of  the  potential  key  elements  on  the  Universal 
Foundation  concept  is  the  installation  approach.  For offshore meteorological mast projects, 
UFOAS has proved  that  the  installation  times might be  reduced  considerably  compared  the 
current  installation rate achieved by monopiles  i.e. approximately one monopile  installed per 
day. So the installation costs are reduced significantly if the installation times are also reduced.    

The project  initial phase and the monopile vs. Universal Foundation study  leaded to the deci‐
sion  that  Universal  Foundation  is  the  most  cost  efficient  foundation  concept  to  sustain 
Wavestar C6 no matter what are the load and soil conditions.     

1.3 Universal Foundation concept 

UFOAS is responsible for the overall design of the innovative offshore foundation concept and 
product brand THE UNIVERSAL  FOUNDATION. After  several  years of  research,  the Universal 
Foundation has proved  to be a potential concept  for being  the  foundation solution  for OWT 
and other energy sources such as WEC. This concept can significantly reduce the project costs 
due to significantly  less amount of steel  is required compare with other foundation solutions 
and  the  installation  times  are  also  reduced.  Additionally  heavy  equipment  such  as  driving 
hammers  is  also disregarded. Concerning  to  the  installation process,  a novel  technique has 
been implemented to drive the foundation solution into the soil by applying controlled suction 
inside  the Bucket caisson.   Besides,  the  installation process proved  to be respectful with  the 
fauna and environment of the area. 

 

The Universal Foundation  combines  the  functionality of a Monopile  together with a Gravity 
based  foundation. When  installed; mobilized  earth  pressures  are  developed  along  the  skirt 
contributing for the moment and horizontal capacity. The soil encapsulated  inside the Bucket 

Universal Foundation Cost Study    Monopile Cost study 

  Weight [t]  Cost [€/t]      Weight [t]  Cost [€/t] 

Shaft  261  1,600    Monopile  529  1,653 

Lid arrange‐
ment 

180 
3,350 

  Transition 
piece 

350  3,930 

Skirt  171  3,350    Anode cage  15  ‐ 

Sec. Steel  97  6,134         

Lift arrange‐
ment 

11,3 
2,247 

       

Total cost per unit = 2,230,000m€    Total cost per unit = 2,450,000m€ 

(a)    (b) 
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1. Support structure, foundation and superstructure interaction (investigation on Task 
1.3) 

2. Steel design for Universal Foundation. (investigation on Task 1.4) 
3. Investigation on installation approach. (investigation on Task 1.2) 
4. Cost modelling of foundation and installation method. (investigation on Task 1.1)  

 

1.4.1 Feasibility analysis 

A feasibility analysis was performed prior to investigate in detail all the work package tasks. 
The following points where investigated: 

1. Foundation design in a feasibility level. 
2. Concept study on installation approaches. 
3. Cost study for Manufacturing and Installation approaches.  

The  idea behind  this  first  investigation was  to  see  the areas where  the  foundation could be 
optimized if proper load input was to be provided. The foundation design was based on a pre‐
liminary  foundation  dimensioning  process  considering  the  loading  conditions  from  project 
initial phase and a  site  specific  soil conditions  from an offshore wind  farm  in  the North Sea 
Danish sector.    In relation to the  Installation approach, an  Installation concept study was de‐
veloped considering  installation cost as driving parameter. This study was essential to define 
the final installation approach. Finally the cost study on installation was coordinated together 
with the previous exercise. Additionally the manufacturing cost started to provide some indica‐
tive price figures to define reference projects costs. Appendix A presents the developed con‐
cept drawing after this feasibility analysis.    

1.4.2 Support structure, foundation and superstructure interaction 

The  first  investigation performed was  coordinated  together between Wavestar  and UFOAS. 
One of the  important decisions that aroused from the beginning of the project was the deci‐
sion on whether 2‐ legged or 4‐ legged foundation solutions was the optimum, see Figure 2. e 
and f.  A number of analyses were developed to investigate on both configurations before find‐
ing out the most cost efficient option.   

   

1.4.3 Steel design for Universal Foundation 

After  finalizing  the concept studies and deciding on whether 2‐ or 4‐  legged  foundation was 
the optimal solution, the overall foundation design in a concept level was begun. The first re‐
quirement  to design  the  foundation was  to have a proper  load  input. Especial attention was 
given on fatigue loads coming from the environment since was the main field to investigate in 
task 1.4. Therefore this task was coordinated between Wavestar, AAU and UFOAS  looking at 
North Sea meteocean conditions. Next step was conducted entirely by UFOAS. The foundation 
structure was divided in three sections i.e. Shaft, Lid, Skirt as presented in  

Figure 1.3. Then each of foundation sections was investigated individually in order to come up 
with an optimum design for each of the parts.          
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the contribution from Semco Maritime  investigating the performance of different jacking sys‐
tems for Wavestar C6 sustained in 2‐ and 4‐ legged helped on the final decision. The conclusion 
from Semco Maritime was that a jacking system is not affected by the decision on 2‐ or 4‐ leg‐
ged cases. So a jacking system could be installed on both cases and operate in safe conditions 
with any interference. 

After  both  analyses, UFOAS  and Wavestar  concluded  that  the  preferable  option  to  sustain 
Wavestar C6 at the current state was 2‐ legged case due to cost‐savings on material.  

           

2.2 Steel design for Universal Foundation 

The overall foundation design  is presented  in this chapter. As mentioned on the  introduction 
the Universal Foundation  is split  in three sections and  investigated each of them  individually. 
The  idea behind  such approach  is  to  investigate  in detail each  section and  involve  specialist 
from geotechnical and structural departments to come up with the optimal foundation struc‐
ture.  The three sections are:  

1. Shaft design 

2. Bucket Skirt design. 

3. Lid configuration design. 

However to start the conceptual design a proper loading input was required. Remarkably fa‐
tigue effects from the environmental loads were the focus of the attention for task 1.4.  As 
presented in Section 2.2.4, the current status is that the first Wavestar prototype is about to 
be installed in 2017 in the North Sea in the Belgium sector. Therefore UFOAS and Wavestar 
developed together a working plan to generate a relevant loading input for the foundation 
design. The working plan is numbered below: 

1. Analysis for North Sea meteocean conditions on Belgium sector. 

2. Developing the following loading cases affecting foundation and superstructure:  

a. ULS loads on operational conditions. 

b. ULS loads on storm protection. 

c. FLS load conditions. 

3.  Evaluation and definition for design loading conditions.  

As soon as the design load cases were available the foundation design was begun. Since the 
shaft is the main foundation section interacting with the environmental loads, it was the first 
item to design and investigate.   

 

2.2.1 Shaft design 

The shaft  is dimensioned considering  the  loads provided by Wavestar  in  [4],  [5],  [6] and  [7]. 
The loads considered are related to ULS and FLS. 

 

2.2.1.1 ULS Loading Conditions 

The load cases are found in [7] for a pile diameter D = 5 m and are shown in Table 2.1 and Ta‐
ble 2.2. Each load is applied in the structure as depicted in Figure 2.3.  

Table 2.1. Production characteristic loads [7] 

 

 

 

 

 

 

 

 

 [MN]  Pile  Jacking 

Wind  0  0 

Wave  0.51  3.78 



Kost effekt

 

 

 

 

 

 

The top 
from win

2.2.1.2 

The desi
are the o

 

 

Table 2

 

The resu

 

 

 

 

 

FS_jackin

Pile 

tive fundamente

of the shaft 
nd and wave

ULS Pr

ign input loa
outlined in [4

2.3 ULS max

ultant loads a

 [MN

ng 
7.23∙
10

‐0.15

 

er og installatio

Table 2.2

(a) Storm

is taken at 4
e is a quadrat

oduction  

ads are given
4]. A safety f

ximum desig

at mudline u

 [MN

Wind

Wave

N]   [M

∙
 

5.1

5  0.6

 

n for bølge ener

2. Storm prot

 
m 

Figure 2

40.33 m abov
tic proportio

n in Table 2.3
factor of 1.35

n input load

sed to dimen

N] 

d 

e 

MN] 

11 
0

68 

rgi. 

ection charac

.3. Load case

ve mudline a
on between l

3. The condi
5 [9] is used 

ds in product
pile  

nsion the fou

Pile 

0 

3.69 

 [MN] 

0.56 

0 

cteristic loads

(b) P

es.  

s stated in [8
oads based o

itions assum
for the desig

tion from jac

undation are

Jacking

1.05 

0 

 [MNm] 

14.24 

4.60 

 

 

s [7] 

Production 

8]. The load c
on [9].  

ed in the loa
gn load calcu

cking (fixed s

e shown in Ta

 [MNm]

‐9.09 

0.82 

 

combination

ad calculatio
ulation. 

support) and

able 2.4. 

]   [MNm

74.21 

0 

29 

n 

ons 

d 

m] 



Kost effektive fundamenter og installation for bølge energi. 30 

Table 2.4. ULS maximum design loads in production at mudline ‐ fixed support  

  

 

2.2.1.3 ULS Storm protection 

Table 2.5. presents the design input loads in storm protection related to the ULS 2 in [6]. The 
resultant loads at mudline using a load factor of 1.35 are depicted in Table 2.6. 

 

Table 2.5. ULS maximum design input loads in storm protection from jacking (fixed support) and pile 
[3] 

 

 

 

Table 2.6. ULS maximum design loads in production at mudline ‐ fixed support  

 

 The results show that ULS‐operational loads have a greater contribution than storm conditions 
at mudline and will determine the design of the foundation. 

 

2.2.1.4 FLS loading conditions 

The main conclusions found in [8] are stated: 

 Pile loads are generally significant smaller than jacking loads. 

 Jacking loads are presumably dominating the foundation design.   

 The moment contribution from the jacking  loads  in the foundation  is small compared 
to the contribution of the moment from the horizontal forces. Hence the jacking sup‐
port system is not relevant, i.e. the system of transferring moments to the foundations 
is of minor importance. 

 Operating conditions are more severe than storm conditions. 
 

 Hence the following considerations are taken in FLS load calculations: 

 Wave contribution on piles is disregarded since they haven’t been provided. 

 Only maximum  operational  jacking  loads  (loads  transferred  to  jacking  system)  from 
dynamic wave forces are considered. 

 HAT‐LAT = 4 m assumed and used only for corrosion allowance and additional second‐
ary steel calculation. 

  ,  

[ MN] 
,  

[MN] 
,  

[MNm] 

Mudline 
load 

5.79 
6.90  232.81 

   [MN]   [MNm] 

ULS2_pile  4.99  114.01 

Jacking  0.00  0.00 

  ,  

[ MN] 
,  

[MN] 
,  

[MNm] 

Mudline 
load 

5.54 
7.43  137.13 
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2.2.2 Sensitivity analysis, Influence on pile diameter 

A  sensitivity analysis  is  conducted  to determine whether a different diameter  than D = 5 m 
may be a benefit. Hence the same calculations previously  introduced are carried out for a di‐
ameter D = 3 m, 4 m and 6 m in production conditions.  

Wind  loads on pile  are disregarded due  to  the  small  importance  and ULS‐wave operational 
loads are calculated by scaling the loads from a pile D = 5 m. This ratio is established between 
pile diameters considering that wave loads are proportional to the square of diameter. 

Table 2.9. shows the ULS resultant loads at mudline for different pile diameters. As expected a 
decrease in diameter implies lower loads in the structure, however a decrease of 40% in diam‐
eter reduces the moment 3.4%. On the other hand large diameters allow a reduction in thick‐
ness as can be noticed in the total weight calculation, Table 2.10. 

It can be concluded  that no benefit  is gained by changing  the  shaft diameter,  therefore  the 
foundation is seen to be optimized when D = 5 m 

 

Table 2.9 ULS maximum design loads in production at mudline 

 

  

Table 2.10 Foundation mass for different shaft diameters 

 
 
 
 
 
 
 
 
 

 

Pile diameter [m]  ,  

[ MN] 
,  [MN]  ,  

[MNm] 

3  5.36  7.51  224.81 

4  5.55  7.07  228.31 

5  5.79  6.90  232.81 

6  6.09  6.91  238.32 

Pile diameter 
[m] 

Mass [T] 

3   250 

4   196 

5  177 

6  182 
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(a) D3  (b) D4 
 

(c) D5  (d) D6 
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2.2.2.1 Shaft dimensions 

The different shaft diameters and plate thicknesses after the sensitivity analysis are presented 
in Table 2.11 and Table 2.12. 

Table 2.11. Optimum shaft geometry. Diameter 5 m 

 
 
 
 
 
   

       

Table 2.12. Shaft geometry comparison. Diameters 3, 4, 5 and 6 m 

Level [m]  Element length [m]  Diameter [m]  Thickness [mm] 

40.3  3.4  5  18 

36.9  3.1  5  20 

33.8  3.1  5  22 

30.7  3.1  5  24 

27.6  3.1  5  26 

24.5  3.1  5  28 

21.4  3.1  5  29 

18.3  3.1  5  32 

15.2  3.1  5  35 

12.1  3.1  5  39 

9  3  5  42 

6  3  5  45 

3  3  5  48 

Mudline  ‐  ‐  ‐ 

Level [m] 
Element 
length [m] 

Thickness 
[mm] 

D = 3 m 

Thickness 
[mm] 

D = 4 m 

Thickness 
[mm] 

D = 5 m 

Thickness 
[mm] 

D = 6 m 

40.3  3.4  28  19  18  18 

36.9  3.1  32  22  20  19 

33.8  3.1  38  25  22  20 

30.7  3.1  46  28  24  22 

27.6  3.1  55  33  26  24 

24.5  3.1  64  37  28  25 

21.4  3.1  73  42  29  27 

18.3  3.1  83  47  32  28 

15.2  3.1  93  53  35  30 

12.1  3.1  103  58  39  32 

9  3  113  63  42  33 

6  3  123  68  45  33 

3  3  133  73  48  37 

Mudline  ‐  ‐  ‐  ‐  ‐ 
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Figure 2.8. Skirt versus diameter output from geotechnical design. 

 

The  results present  that  the optimal geotechnical design came up with a bucket dimensions 
equal to: 

 Diameter equal to 8.7 meters. 

 Skirt length equal to 11.2 meters. 

However, an optimal bucket skirt design must also consider other  issues such us manufactur‐
ing and installation phases. UFOAS has considered a number of points to evaluate before con‐
cluding on the final skirt dimensions. The points considered are presented here: 

 Optimal bearing capacity design. 

 Optimal manufacturing approach. 

 Optimal installation scenario. 

For the bearing capacity study, the skirt  length plays an  important role. It  is approximately to 
the power of 4  the  increase on bearing  capacity  if  the  skirt  is also  increased. Therefore  the 
preferable option was to  increase the skirt  in contrast to  increase the diameter  if the dimen‐
sions were not enough. All  comments on manufacturing  approach  are presented  in  section 
4.4.2. Although the tendency is that the structure becomes more costly manufacturing wise if 
the diameter is increased. Finally the installation scenario presents the opposite trend. In order 
to facilitate the Universal Foundation installation an increased diameter leads to a higher driv‐
ing force to penetrate the bucket  into the soil. The current Universal Foundation designs are 
targeting for skirt length to bucket diameter ratio equal 0.5 to 1. Three Universal Foundations 
are  currently  installed  in  the North  Sea  following  the  presented  skirt  to  diameter  ratio  ap‐
proach. So UFOAS has  relevant experience on  installations on  such conditions. The  fact  that 
installation phase is one of the main challenges on this project lead to the conclusion that the 
final dimensions must  fulfil  the  closest  skirt  to diameter  ratio  from  0.5  to  1.  Therefore  the 
preferable bucket dimensions are: 

  Diameter equal to 10 meters. 

 Skirt length equal to 10 meters. 

 

2.2.3.2 Investigation on bucket skirt concepts 

An investigation was performed into the bucket skirt to evaluate the most cost effective design 
in a concept  level. Two different bucket shapes were  investigated  in terms of manufacturing 
costs. The  two shapes are a circular bucket, see Figure 2.9. a. and  the Universal Foundation 
multishell concept, see Figure 2.9. b.  
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Table 2.14. Estimated tonnage for Multishell concept. 

 

 

 

 

 

 

Table 2.15. Estimated tonnage for circular concept. 

 

 

 

 

 

The results after Table 2.14 and Table 2.15 reflect that the circular bucket presents a smaller 
weight  compared  to  the multishell  concept.  So  the  circular  bucket  is  presumably  the most 
economical option  in  terms of manufacturing  cost. Pros  and  cons  for  the  two  concepts  are 
presented  in section 4.4. Therefore  in a concept  level, the circular bucket  is the most cost ef‐
fective concept. Appendix B  is presenting both Universal Foundation concepts after  the con‐
ceptual design. 

  

2.2.4 Lid configuration design 

The  last structural element to design  is the  lid configuration. This task  is performed after the 
bucket is dimensioned. This structural element is composed by a number of webs that secure 
the connection between shaft and bucket caisson, see an example  in Figure 2.11 a. The web 
configuration  is the mechanism that procures the  load transfer from the shaft to the founda‐
tion. The web frames are extended inside the bucket caisson by the so called inner beams, see 
Figure 2.11 b. The web frame configuration  is  in fact a number of stiffeners that procure the 
structural integrity against loads from superstructure and the environment. 

The lid configuration is depending on the following factors on a concept level: 

 Bucket diameter. 

 Steel plate dimensions. 

 Differential pressure. 
The bucket diameter indicates an optimal number of webs in terms of manufacturing, if certain 
plate dimensions  are previously defined. Manufacturing  costs  for example  in  terms of  steel 
prices and rolling plates determine the most cost effective plate dimensions that configure the 
bucket skirt. Thereafter a first number of webs are defined. Secondly the maximum differential 
pressure between inside and outside of the lid may adjust the optimal plate size that configure 
the  lid arrangement, thus changes the number of webs slightly. This differential pressure has 
two inputs: 

 It is limited by the total water column (max water depth). 

 Required suction pressure to install the foundation. 
In  fact,  the  design  pressure  on  the  lid  is  the  required  suction  needed  for  installation.  The 
mechanism to design a safe bucket  lid  takes  in consideration the number of webs as well as 
the  transversal stiffeners on a  lid section presented  in Figure 2.12. Both set of stiffeners  i.e. 
number of webs and transversal stiffeners make a more robust design for the lid configuration.  

Section  Weight [t] 

Shaft  177 

Bucket   166 

Total Primary structure  343 

Section  Weight [t] 

Shaft  177 

Bucket   151 

Total Primary structure  328 
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3. Investigation on installation approach 
The selected installation approach is presented in this chapter. Different strategies were eval‐
uated at the  first phase  for this Task 1.2.   The nature of this project being the  first  full scale 
Wavestar C6 projected in real offshore conditions made this task challenging. Furthermore one 
of the premises at the beginning of the project was to provide solutions in order that WEC can 
be self‐installing without subcontractors. The  idea behind such approach was to provide cost 
competitive solutions that reduce  installation times. Therefore the first requirement that the 
project impose was to assemble the foundation and superstructure onshore.  

In the second phase UFOAS performed a brainstorming fulfilling project requirements on pos‐
sible installation methodologies looking at the most feasible and cost effective solutions. In all 
the cases the foundation and superstructure assembly was carried out onshore. The solutions 
evaluated were:  

 Transport with a Jack up vessel capable to lift approximately 2300t. 

 Transport with semi submerged barge or a vessel and use more than one crane to lift 
the entire foundation and superstructure system.  

 Transport with semi submerged barge and  install the foundations  individually one by 
one. 

 Transport with submerged barge and install the foundations simultaneously.  

 

All  four options presented a new challenge  that was  the necessary  logistics  to  transport  the 
structure  into  the  installation site. The scenario presented  in Table 3.1 was used  to  find  the 
adequate  transport  system  to  ship  the  structure. Dimensions  in  terms of  length & width  for 
Wavestar C6 and bucket diameter are presented.    

Table 3.1. Foundation and superstructure weight and dimensions.  

 

By assembling the foundation and superstructure on key side, the total weight for the system 
reaches around 2260t. A reduced number of vessels are able to lift with their cranes such load 
and the idea of using more than one crane also creates a difficult and rather expensive scenar‐
io. A cost  study on different vessels was performed  to prove  this  statement. Thereafter  the 
semi  submerged barge was  the preferable option. A  large number of barges with  sufficient 
capacity are available on the market and the most attractive option was to use a non‐propelled 
barge with the support of tug boats.  Another cost study was performed to find out which semi 
submerged barges were suitable for the project. This last option resulted to be more economi‐
cally  feasible and 2260t were not a barrier. Additionally  the wavestar prototype  installed  in 
Hanstholm used a similar approach to install the machine, see Figure 3.1. 

 The  installation scenario was proved by the prototype  installed. Although the dimensions of 
this structure were of lower magnitude since it was a scaled 1:2 WEC. Next step then was de‐
tail the installation approach and to carry out a risk assessment to see the limitations and pos‐
sible installation failures.  

 

  Weight [t]  Dimensions [m] 

Wavestar C6  ≈1600  L=80, W=17 

Foundation leg 1  ≈330  D=10  

Foundation leg 2  ≈330  D=10 
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4. Cost modelling of foundation and installation method. 
This chapter is presenting the work package activities enclosed in Task 1.1. So the cost model‐
ling of foundation and installation is presented in this chapter. A number of total project costs 
are investigated here to determine first indicative prices for different project phases. Especial 
attention is given to three of the project costs, those are: 

 Engineering costs. 

 Manufacturing cost.  

 Installation cost.   
By analysing these three  items  individually and provide  indicative prices, the aim of the Task 
1.1 will be investigated. The objective of developing cost effective foundations and installation 
systems will be determined  if  the provided solutions are economically  feasible. Furthermore 
the challenges encountered in the manufacturing phase between the two bucket caisson con‐
cepts evaluated in section 2.2.3.1.1 will be discussed to avoid unexpected problems that slow 
down the project progression.  

 

4.1 Engineering cost 

UFOAS is responsible for the overall design of the Universal Foundation concept. As stated on 
the introduction, the concept has proved to be a potential solution to sustain OWTs and WECs. 
This concept can significantly reduce the project costs due to significantly less amount of steel 
is required compare with other foundation solutions., see the study presented in [2]. Although 
one of the major challenges are to have competitive engineering cost compare to other con‐
cepts that have been broadly used. In this section, the engineering cost for a Universal Founda‐
tion will be compared with the engineering cost for a monopile. Nowadays a monopile concept 
has been used in several offshore wind projects and this issue leaded that several foundation 
designers have  fully developed a design configurator. Therefore  the monopile concept  is  the 
most economic option to sustain an OWT.   Table 4.1  is presenting the  indicative engineering 
cost  for the Universal Foundation concept. Table 4.2  is presenting the  indicative engineering 
cost for the monopile concept. 

 

Table 4.1. Indicative Engineering cost for Universal Foundation concept  

 

 

 

 

 

Table 4.2. Indicative Engineering cost for monopile concept 

 

 

 

 

 

Even though the price level is significantly different, those figures are applicable for OWT pro‐
jects. Since a Wavestar C6 is adding a different loading scenario, the engineering cost for a pile 
would  increase significantly due  the design configurator could not be applied. Therefore  the 
costs presented on Table 4.1 and Table 4.2 is just some indicative values that cannot be direct‐
ly applied on a WEC project.  

 

 

Universal Foundation con‐
cept 

Cost [€/unit] 

Universal Foundation design  200000 

Total indicative Engineering cost = 200.000€/unit 

Monopile concept  Cost [€/unit] 

Monopile design  75000 

Total indicative Engineering cost = 75.000€/unit 
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4.2 Manufacturing cost 

The manufacturing costs are assessed considering a direct input provided from a manufactur‐
ing company headquartered in the north of Europe. Since the Wavestar C6 prototype is to be 
installed in THV Mermaid, a manufacturing company located in central Europe is also included 
in this cost study. No direct price input was supplied from the Belgium manufacturer but their 
price  level  is known.  Instead the challenges that might vary the final cost are discussed here. 
Since  the  optimal Universal  Foundation  concept  at  this  stage  of  the  project  is  the  circular 
bucket caisson, Table 4.3 is presenting the total indicative manufacturing costs for the Univer‐
sal Foundation concept.   The  input presented  in Table 4.3  is referenced to the north Europe 
manufacturer.     

Table 4.3. Manufacturing cost for Universal Foundation concept  

 

A cost  level study was made to compare the  input provided  in Table 4.3 with what would be 
the cost  to produce  the  foundations  if a central Europe manufacturer  is chosen. UFOAS has 
contacted with  three  companies  in  the  area  capable  to manufacturer  the  foundations.  The 
result shown that the manufacturing costs are in the same range and in particular cases with a 
maximum cost difference of ± 10%. The difference comes from fabrication limitations including 
initial  investment on machinery,  crane  capacity,  storage  space,  sufficient  space  to  fabricate 
and other capacity constraints. Another factor  is that those companies are serial manufactur‐
ers and are not focus on one off prototype. Therefore the total cost can also be increased.  

Since a conceptual design for a pile has not been performed, it is hard to compare the effectu‐
ated Universal Foundation design with other  foundation concepts  in  terms of manufacturing 
cost. However some tendency is observed from the study presented in section 1.2.1. The anal‐
ysis  revealed  that  the monopile  design weighted  20% more  than  the Universal  Foundation 
design. In terms of price, the monopile concept was around 9% more expensive than the Uni‐
versal Foundation concept. So some indication might be taken from the presented analysis for 
manufacturing costs.  

    

4.3 Installation cost 

After the  installation approach  is described  in chapter 3, an assessment for the total  installa‐
tion  costs  is  developed  here. One of  the  project  goals  is  to provide  solutions  in order  that 
Wavestar  C6  and  the  two  Universal  Foundations  can  be  assembled  onshore.  Then  the  re‐
quirement of using different subcontractors to  install the foundations and the superstructure 
can be  avoided.  Therefore UFOAS  investigated different  installation  approaches  considering 
the total installation cost as the driving parameter. The major advantages of using the Univer‐
sal Foundation  concept  reminds on  the  required  installation  times  to  install  the  foundation. 
Compare  to  the  installation  time  rates  from other  concepts  that  requires  around 24h  for  a 
complete installation, the Universal Foundation is able to perform a full installation in approx‐
imately 12‐15h. The time savings during installation phase is an essential measure to have cost 
competitive  installation solutions. As presented  in section 1.4.4 around 50% of  the CAPEX  is 
invested on  the  foundation and  installation  so a  significant cost  is utilized  in  the  installation 
phase. Other advantages are the no need for heavy equipment such as driving hammers.  In‐
stead, pump units are utilized to create the necessary net driving force to penetrate the soil.  
The installation costs are presented in Table 4.4. All installation costs are slip depending on  

 

Universal Foundation  Weight [t]  Cost [€] 

Shaft  177  283200 

Lid  23.1  77385 

Skirt  128  428800 

Total indicative unitary cost = 789,385€  
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Table 4.4. Indicative installation cost. 

 

 

 

 

 

 

 

 

 

 

 

logistics and  foundation 
installation  personal and 
equipment. Wavestar installation team and equipment is not assessed in Table 4.4. 

 

4.4 Pros and cons on cost modelling  

In this section all pros and cons faced on the different cost modelling phases presented in sec‐
tions 4.1, 4.2 and 4.3 are described. The goal of this section  is  to state all benefits and chal‐
lenges experienced  in the cost modelling  in order to have valuable  input  for a tender design 
phase.  

 

4.4.1 Pros and cons on engineering cost 

From an engineering cost point of view the Universal foundation is compared with a monopile 
concept. The  fact  that approximately 79% of  the OWT are  sustained by monopiles plus  the 
simple  geometry  for  the  concept  lead  to  the  conclusion  that  this  solution has been  further 
developed  compared  to  the Universal  Foundation.  The  companies  in  charge with monopile 
designs have  fully developed  their design configurator. Not  surprisingly  the engineering cost 
for a monopile  is of  lower  level compared  to  the engineering cost  for  the Universal Founda‐
tion. However  the  difference  on  loading  conditions  between  an OWT  and  a WEC  structure 
demands that the foundation structure is investigated carefully from scratch. Therefore a site 
specific design has  to be developed  for  any  foundation  concept  consider  suitable.  This  fact 
makes  that  to compare  the engineering cost of a monopile and a bucket becomes a serious 
challenge.  In such situation no benefits or drawbacks can be presented for any of the founda‐
tion concepts in terms of engineering costs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Indicative Installation costs  Indicative cost [€/day] 

Submerged barge  21790 

Tug boat  10900  

Personal expenses  2000 

Foundation Installation team  4800 

Foundation Installation equip‐
ment 

6000 

Wavestar Installation team   ‐ 

Wavestar equipment  ‐ 

Total indicative installation cost = 45490€/day 
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4.4.2 Pros and cons on manufacturing cost 

From a manufacturing point of view the main points that have an impact on the two analyzed 
structures i.e. circular and multishell concept, are the complexity and the vulnerability towards 
damages during manufacture due to large diameter of the bucket skirt. Conversely the differ‐
ence  in  total weight  from  both  structures  does  not  have  an  impact  on  the manufacturing. 
Nonetheless the total foundation weight is affected by the steel price. An individual analysis is 
developed to point out pros and cons for the circular and multishell concept. 

 

Universal Foundation circular bucket concept:  

Pros: 

 Skirt structure is easier to manufacture. 

 Skirt structure faster to manufacture. 

 Reduced risk for defects during manufacturing due to less complex structure. 

 Less complex structure gives higher number of possible suppliers. 

Cons: 

 The weight of the pates composing the skirt structure is higher. 

 The structure  is more vulnerable for deformation of skirt during manufacturing, ship‐
ping  and  installation  due  to  combination  of  large  diameter  and  relative  small  plate 
thickness. 

Universal Foundation multishell bucket concept:  

Pros: 

 Reduced material weight. 

 More rigid concept  is  less vulnerable for deformation during manufacturing and ship‐
ping. 

Cons: 

 Skirt structure more complex to manufacture. 

 More complex structure reduces number of possible suppliers. 

 Longer manufacturing leads to longer time therefore higher costs. 

 
4.4.3 Pros and cons on installation cost 

From an  installation point of view several uncertainties were aroused due  to  the nature and 
the maturity of the project. Since almost no experience is available installing a WEC in offshore 
conditions  it  is  challenging  to program a  full  installation  campaign. However  the  installation 
approach presented in chapter 3 is a concept investigation that might be used as start point on 
a more  detailed  installation  study.   UFOAS  is  presenting  here  the  pros  and  cons  that were 
faced during the installation study developed for CEFIWE project.     

Pros: 

 Total installation costs since the installation expenses were the driving parameter. 

 No subcontractors needed to perform the installation. 

 No jack up vessel with massive crane required. 

Cons: 

 Complete new installation concept. 

 Transportation  for  the  total assembly  i.e. Wavestar C6 and  foundations due  to  final 
dimensions 

 Synchronization for suction installation, Wavestar C6 floating state and barge position‐
ing.  
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