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Abstract 

Wind power is a great solution for the increased necessity of producing electricity without carbon emissions. 

The offshore exploration of this resource shows great potential to be a significant electric producer. However, the 

most advantageous areas of exploration are often located at high sea depths, thus requiring floating platforms. 

Economically viable solutions are still under development and/or testing. This thesis focused on the analysis of the 

DeepCWind concept. The FAST software was used to simulate the environmental conditions while the structural 

analyses were performed using the ANSYS software. The main goal was to evaluate the original structure under a 

specific Design Load Case, which is required for the certification of such structures, and, if needed, a structural 

enhancement would be performed. After the initial analyses, it was evident that the original structure could not 

endure the required conditions, thus an improvement process was made. The structural strengthening work 

focused on the use of structural reinforcements and/or thickness alterations. Several versions were considered and 

the most beneficial alterations were implemented. Finally, the improved structure was subjected to the previous 

Design Load Case and its results compared to previous versions. 
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1 Introduction 

1.1  
Electricity is now an essential resource 

for all sorts of activities, such as the current 

move towards electrical transportation, as well 

as the emergence of other economies, are 

generating a necessity for the reinforcement of 

the electricity production capacity. In contrast, 

there is an increasing conscience that methods 

with reduced environmental impact ought to be 

used. The signing of the Paris Climate 

Agreement was a demonstration of this 

conscience, stating that a sustainable 

development should be promoted, aiming to 

keep a global average temperature rise below 2 

degree Celsius above pre-industrial levels, 

throughout this century [1]. 

The use of renewable energy sources 

seems to be a combination of these two 

requirements. Wind power technologies already 

have high relevance in the balance of most 

developed countries. The Portuguese example 

may be given, as in the first three months of 

2019, wind power was responsible for the 

production of 29 % of the total consumed 

electricity [2]. 

However, most of the installed capacity 

still relies on onshore installations while the 

offshore expansion presents itself as having the 

biggest potential for the exploration of this 

resource. 
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One disadvantage of the offshore 

location is the sea depth, which makes bottom 

fixed foundations economically inconvenient 

below 60 meters deep [3]. The use of platforms 

of the floating type presents itself as a possible 

solution. The DeepCWind concept was 

projected by the DeepCWind consortium as a 

way to generate test data for validation of 

offshore wind turbine modelling tools [4].  

This work focused on the structural 

analysis of this platform as well as its 

improvement, because it was verified that the 

structure could not handle the computationally 

applied conditions. Environmental loads are 

created by the FAST software, which are later 

inserted into the ANSYS software to produce 

suitable structural analysis. 

2 Methods 

2.1 Platform Definition 
Figure 2.1 shows a general view of this 

platform, with the identification of the following 

members: Main Column (MC), Bottom Column  

(BC), Upper Column (UC), Cross Brace 

(CB), delta lower pontoon (DL), delta upper 

pontoon (DU), Y lower pontoon (YL) and Y upper 

pontoon (YU), Figure 2.2 shows the structure’s 

general dimensions. 

 

                                                      
1  Pontoons are the members that connect the larger 

diameter members. 

The original platform has a steel mass of 

3 852 tonnes. The total mass, including ballasts’ 

water and structure’s steel, is 13 473 tonnes. 

The members thicknesses are: 60 mm for the 

UC and the BC, 30 mm for the MC and 17.5 mm 

for the Pontoons1. 

2.2 FAST Model 
Offshore structures are subjected to 

hydrostatic, hydrodynamic and aerodynamic 

loadings, usually due to the wind, waves 

and tides. In order to produce the correct inputs, 

to use as loads on the Finite Element Analyses, 

the FAST code from NREL 

was used. 

The behaviour of the sea is responsible 

for the most destructive loads that act on the 

structure. The sea waves can be represented as 

a sinusoidal wave, being described by its 

Significant Wave Height (Hs) and Peak Wave 

Period (Tp). In order to calculate the 

hydrodynamic loads on the structure, the strip-

theory was used. This theory is usually 

appropriate for substructures or members of 

substructures that are small in diameters 

relatively to a certain wavelength. It may include 

the effects of marine growth and of members’ 

ballasting. This theory is favoured for severe 

wave conditions, which are the most critical 

circumstances. Sea waves have an irregular 

behaviour and this is simulated by a frequency 

based density spectrum, using a probabilistic 

approach for the occurrence of a wave with 

certain characteristics [5]. One of the suggested 

spectrums, by the GL standard [6], is the 

Figure 2.1 - General view of the DeepCWind with the 
members' identification. 

Figure 2.2 - Structure's General Dimensions (mm). 
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Pierson-Moskowitz. This was the chosen 

spectrum, as it was also used for the data 

analysis of the sea and wind conditions [7]. 

Additionally, the wave kinematics are modelled 

using the Airy wave theory applied to irregular 

waves, being represented as a summation or 

superposition of multiple wave components [7]. 

2.3 Structural Analysis 
The examination of physical phenomena, 

such as structural or fluid behaviour, may be 

performed using Partial Differential Equations. 

Due to the complexity of real world phenomena, 

it results in a huge amount of highly complex 

equations. Therefore, numerical approaches are 

usually employed to retrieve the results of such 

complex equations, like FEA2 [8]. This project 

performed Modal Analysis, Static Structural 

Analysis and Transient Structural Analysis. 

2.3.1 Modal Analysis 

When a structure moves or deforms 

rapidly, its dynamic behaviour ought to be 

analysed. Modal Analysis computationally 

assesses the structure’s vibrations without 

external forces, also known as free vibrations, 

retrieving the structure’s natural frequencies. 

A natural frequency is a frequency at 

which the structure tends to vibrate undergoing 

large displacements and stresses. For this 

structure, the most important sources of 

excitation are: the rotor frequency (known as 

1P), the passing of the blades frequency (3P) 

and the waves frequency. As recommended by 

the DNV guideline [9], a 10% security factor 

should be considered for the 1P and 3P 

frequencies. The resulting ranges for the NREL 

5 MW Reference Turbine [10] are : 

 Waves: 0.05 Hz to 0.167 Hz  [7]; 

 1P: 0.1035 Hz to 0.22 Hz  [10]; 

 3P: 0.3105 Hz to 0.666 Hz  [10]. 

2.3.2 Structural analysis 

A structural analysis is used to 

determine displacements, stresses, strains and 

                                                      
2 Finite Element Analysis 

other effects as a result of applied conditions. 

This analysis will allow for the determination of 

the highest stress verified in response to certain 

conditions. Static and Transient Analyses were 

used- These analyses were performed 

according to DLC 1.1 (Design Load Case) from 

the GL3’s Guideline for the Certification of 

Offshore Wind Turbines  [6]. According to the GL 

standard, the analysed situation should be the 

turbine producing energy while connected to the 

grid. The time of the simulation ought to be of 10 

minutes and a minimum safety coefficient of 1.2 

is required [6].The von Mises Stress magnitude 

was evaluated. 

2.3.2.1 Boundary Conditions 

Boundary conditions are applied as 

constraints and loads to the computational 

model. Generally, loads represent inputs to the 

model, such as forces, moments, pressures or 

temperatures. Constraints act as reactions to the 

applied loads [11]. 

This platform is attached to the sea floor 

by the use of mooring lines in catenary form. At 

the equilibrium position, the mooring lines are 

not under tension, which means that under the 

application of environmental loads, the structure 

will undergo a dynamic offset  [12]. This dynamic 

offset is shown in Figure 2.3. 

For the constraints reproduction, two 

approaches were used. The first method was to 

use the displacements of the Tower, which are 

considered the true displacements of the 

structure. However, they can maximize stresses 

3 Germanischer Lloyd 

Figure 2.3 - DeepCWind dynamic offset [12]. 
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near the connection tower-platform, where 

displacements are numerically defined. This 

approach is considered valid for members far 

away from this connection. The second 

approach was based on the dynamic offset of the 

floating platform. This behaviour is simulated 

with the use of springs. It was decided to use 

both formulations, in a complementary manner, 

as the springs method gives the most realistic 

results but to analyse the BC members, the 

displacements formulation should be preferred. 

This is due to the creation of fictitious stress 

points at the springs attachment points. 

 

3 Results 

3.1 Time Step Examination 

3.1.1 Aliasing effect 

The FAST software produces results, on 

environmental conditions, every 0.05 seconds. 

As discussed, in order to fulfil the requirements 

of the DLC 1.1, each analysis should have at 

least 800 seconds. If all the data generated by 

FAST was used, 16 000 time steps would be 

evaluated for every load applied in each 

considered section. This would result in a 

massive amount of data, which cannot be solved 

using a normal domestic computer in a 

reasonable amount of time. This led to the 

necessity of examining the effects of using 

higher time steps. 

3.1.2 Examination Method 

With the intention of avoiding the 

aliasing effect, an examination was made. This 

study consisted on shell analyses of the original 

DeepCWind platform, in which different time 

steps were used, mainly 0.5, 1, 2, 3 and 10 

seconds. The lowest time step was 0.5 seconds, 

as it would be computationally impractical to use 

lower values. Thus, this will be the reference 

value. 

From these analyses, two results were 

of interest: the von Mises Stress value and the 

amount of loading cycles that the structure 

endures. The von Mises Stress value yields the 

maximum stress that is verified in the structure. 

The amount of loading cycles endured by the 

platform is specially important for fatigue 

analysis and was measured employing the 

Rainflow Counting Method at a chosen mesh 

element. 

3.1.3 Discussion of Results 

The results of this examination are 

shown in Figure 3.1 and Figure 3.2. 

It is worth mentioning that an analysis 

with a time step of 0.5 seconds took 95 hours 

and occupied 600 GB, whereas another with a 

time step of 2 took 28 hours and used up 141 

GB. 

From these results, it can be concluded 

that the use of higher time steps has low 

influence on ultimate stress analyses. Therefore, 

a time step of 3 seconds shall be used. 

On the other hand, for fatigue analyses, 

there is a high loss of information. Consequently, 

the lowest computationally possible time step 

ought to be used. 

92

75 69
56.5

15
0

20

40

60

80

100

0.5 1 2 3 10
Lo

ad
in

g 
C

yc
le

s

Time step  [s]

0.5 1 2 3

2.41E+10

2.40E+10

2.41E+10

2.40E+10

St
re

ss
  [

P
a]

Time Step  [s]

Figure 3.1 - Loading cycles plot. 

Figure 3.2 - Maximum verified stress. 
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3.2 Structural Analysis 
The structural analysis section contains 

the evaluation of the original platform, an 

improvement process and an examination of the 

enhanced platform. 

3.2.1 Original Platform 

The first step was to evaluate how the 

original platform design would perform under the 

loads it was supposed to endure. For this 

examination, shell analyses of the global model 

were performed, which were followed by the 

inspection of stress concentration areas via solid 

submodel analyses. The von Mises Stresses 

were computationally assessed. As previously 

discussed, two formulations were used: the 

springs and the displacements formulations. 

Firstly, static analysis were preferred for their 

computational ease relatively to transient ones. 

Afterwards, if the static analysis yielded 

satisfying results, transient analysis would be 

performed. The analyses were performed at a 

wind speed of 11.4 m s-1. 

3.2.1.1 Static Analysis - Springs 
Formulation 

With this formulation, the BC’s bottom 

face must be carefully check due to the fictitious 

stresses caused by the springs. Figure 3.3 

shows a shell analysis of the entire model. 

 From Figure 3.3, it is already obvious 

that the structure cannot endure the required 

conditions. However, a solid submodel analysis 

was performed, in order to check the stress 

concentration regions. Figure 3.4 shows the 

most critical submodel, which is at the MC 

bottom. 

  

 

This analysis supports the previous 

claims, with the structure showing great difficulty 

enduring the applied stresses. 

3.2.1.2 Static Analysis - 
Displacements Formulation 

As previously stated, this formulation is 

specially useful for the evaluation of the BC 

members, as a complement to the previous 

formulation where these areas are affected by 

computational fabricated stresses. Figure 3.5 

shows the global model and Figure 3.6 shows a 

solid submodel of the BC connections. 

These results reinforce the notion that 

the original platform is structurally incapable of 

handling the required stresses. Thus, transient 

analysis were found unnecessary at this stage.  

 

Figure 3.3 - Springs formulations general model. 

Figure 3.4 - MC solid submodel. 

Figure 3.5 - Displacements formulation general model. 

Figure 3.6 - BC solid submodel. 
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3.2.1.3 Modal Analysis 

To ensure that the structure’s natural 

frequencies did not coincide with naturally 

occurring frequencies (during the platform life), a 

modal analysis was performed. 

Table 3.1 shows the resulting 

frequencies, for the modes generally considered 

relevant for this type of structures. 

Table 3.1 - Natural Frequencies.  

 

The structure’s fundamental frequency is 

in the soft-stiff range, thus avoiding resonance 

for this frequency. 

Although the modal analysis showed 

satisfying results, the previous ultimate stress 

analyses showed that the platform needs to 

undergo a reinforcement process. 

 

3.3 Improvement Process 
The DeepCWind was subjected to a 

partial improvement process in a master thesis, 

which may be consulted in [7]. However, those 

results could not be reproduced. Furthermore, it 

was recommended, by the project supervisors, 

to redesign the supports used for structural 

reinforcement. For this reinforcement process, 

the general dimensions, as well as the outside 

diameters of the constitutive members, should 

not be modified. Minor changes in the layout 

could be allowed, if advantageous. The structure 

should remain in the elastic region as 

environmental loads are applied. A compromise 

between highest structural resistance and lowest 

mass should be pursued. The reinforcements 

used should be considered for their suitability for 

manufacturing. 

 

3.3.1 UC and BC Joint Improvement 

Originally, the UC member was welded 

on top of the BC member. To reinforce the 

platform, the UC member was extended until the 

base of the BC member. Figure 3.7 shows the 

original design on the left and the improved 

design on the right.  

3.3.2 BC Improvement 

For the BC strengthening, its thickness 

was increased to 120 mm and inner 

reinforcements were employed. To expedite 

their production and guarantee easy 

reproducibility, these reinforcements were 

designed to be cut by CNC machines, The 

reinforcement design is shown in Figure 3.8 a) 

while Figure 3.8 b) shows how they are 

assembled in a circular pattern around the UC. 

 These reinforcements were projected 

with patterned holes, to reduce its weight while 

maintaining its structural integrity. The shape of 

the holes also allow them to be optimized if 

needed. The number and thickness of these 

reinforcements were examined, which allowed to 

Mode Description Frequency  [Hz] 

Mode 1 – Side-to-Side 0.278 

Mode 1 – Fore-Aft 0.279 

Mode 2 – Side-to-Side 0.535 

Mode 2 – Fore-Aft 0.537 

Mode 2 - Torsion 0.546 

Figure 3.7 - UC and BC joint cut view. Original on the left 
and improved on the right. 

Figure 3.8 - BC reinforcements. a) Reinforcement; b) 
Reinforcements assembly in circular pattern. 

a)                               b) 



   
 

7 
 

determine that eight reinforcements of 60 mm 

each ought to be used. Moreover, the areas 

between these reinforcements were still 

experiencing high stresses. Hence, other kind of 

supports were used in combination with the ones 

previously referred. Figure 3.9 shows these 

reinforcements design: on the left figure, two 

similar reinforcements are used, one at the top 

and other at the bottom, with 80 mm in thickness; 

on the right figure, it shows a similar design but 

it is just used at the bottom, being perpendicular 

to the previous one, with a thickness of 120 mm. 

 The central area of the BC, also required 

the use of reinforcements. Figure 3.10 a) shows 

the shape of these reinforcements, which were 

assembled in a circular pattern, as shown in 

Figure 3.10 b). Additionally, two circular 

reinforcements were used, as pointed by arrows 

in Figure 3.10 b). 

Later analyses, revealed that the 

reinforcement that is directly located at the 

connection of the BC to the YL pontoon was not 

robust enough. An increase in thickness up to 

180 mm, at this reinforcement alone, was 

experimented, which was not sufficient. Thus, 

the design of this reinforcement (only of this one) 

was changed to the one shown in Figure 3.11, 

which yielded advantageous results. 

Finally, to decrease the weight of the 

BC, a thickness segmentation was used. This 

allowed to have large thicknesses at high stress 

regions and low thicknesses at other regions. 

Figure 3.12 shows how the segmentation was 

performed, with the red zone having 120 mm in 

thickness and the green zone 80 mm. 

 

3.3.3 UC Improvement 

Thickness segmentation was also used 

for this member. Figure 3.13 a) shows the layout, 

with the blue section having 80 mm, red 95 mm 

and yellow 120 mm. The use of circular 

reinforcements was also experimented as 

shown in Figure 3.13 b). 

 These layouts, even their combination, 

was found unfavourable. It was decided to make 

another thickness segmentation, which is shown 

in Figure 3.14, with a top view on the left and a 

Figure 3.9 - BC additional reinforcements 

a)                                     b) 

Figure 3.10 - Reinforcements of the central region of the 
BC. a) Reinforcements design; b) Reinforcements 

assembly. 

Figure 3.11 - Strengthen BC reinforcement. 

Figure 3.12 - BC thickness segmentation. 

a)                                        b) 

Figure 3.13 - UC. a) Thickness segmentation; b) UC 
reinforcements. 
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cut side view on the right. The top segment is 

divided in two, with the yellow portion having 140 

mm in thickness and the red half having 60 mm. 

On the right figure, the red section also presents 

60 mm and the lower green section has 80 mm. 

The previous circular reinforcements were found 

unnecessary with this design, instead using only 

a single circular reinforcement at the horizontal 

section where the thickness transition from 140 

mm to 60 mm is located, as marked by an arrow 

in Figure 3.14. 

 

3.3.4 MC Improvement 

Like the previous members, the MC had 

several design improvements too. As it supports 

the turbine’s tower, it required a higher number 

of reinforcements. The use of thickness 

segmentation, shown in Figure 3.15, permitted 

the combination of thicknesses of 180 mm 

(Figure 3.15, red zone) and 90 mm (Figure 3.15, 

green zone). 

The regions of the pontoons’ 

connections were the most critical, having to be 

strengthen with longitudinal and circular 

reinforcements. These reinforcements are better 

shown in Figure 3.16, with the ones at the top on 

the left and the ones at the bottom on the right. 

Additionally, at the bottom of the MC, 

reinforcements similar to those of Figure 3.10 

were used. One circular reinforcement was 

introduced at each section of thickness 

segmentation, as marked by arrows in Figure 

3.15.  

 

3.3.5 Pontoons Improvement 

Generally, the joints of the pontoons are 

the regions subjected to the highest stresses. 

Consequently, some layout alterations were 

attempted like the use of conical transitions or 

the use of spread connections for the CB 

members. None of these alternatives provided 

evidence of producing great advantages. Only 

increasing the thickness of these members 

provided suitable benefits. At the final design, 

the members had the following thicknesses: :160 

mm in the YL member, 150 mm in CB and YU 

members and 100 mm for the DU and DL 

members. 

 

3.4 Final Analysis 
The final analyses used a shell-solid 

hybrid model with two wind speeds being 

evaluated: 11.4 m s-1 and 24 m s-1. The von 

Mises stresses were assessed. 

Figure 3.14 - UC thickness segmentation. 

Figure 3.15 - MC segmentation. 

Figure 3.16 - MC Reinforcements. 



   
 

9 
 

3.4.1 Transient Analysis - Springs 
Formulation 11.4 m s-1 

Figure 3.17 shows the results of this 

analysis, at the time of the highest stress 

verified.  

 The lowest safety coefficient verified 

was 3.2234. 

3.4.2 Transient Analysis - 
Displacements Formulation 
11.4 m s-1 

Figure 3.18 shows the results of the BC 

member analysis. 

 This yields a safety coefficient of 1.67. 

However, it should be noted the existence of 

singularities. Thus, a sensible interpretation 

ought to be done.  

3.4.3 Transient Analysis - Springs 
Formulation 24 m s-1 

Figure 3.19 shows the results of this 

analysis. The lowest safety coefficient is 3.1091 

for this analysis. 

3.4.4 Transient Analysis - 
Displacements Formulation 24 
m s-1 

Figure 3.20 shows the results of this 

analysis. The lowest safety coefficient is 1.668. 

Once again, due to the presence of singularities, 

these results should be carefully considered. 

 

 

3.4.5 Modal Analysis 

The structure was highly reinforced 

while the total mass of the platform (steel + 

water) remained constant. This led to a serious 

increment on the fundamental frequency of the 

structure, resulting in being coincident with the 

frequencies of excitation during normal 

operation. 

The tower of the turbine also belongs to 

the support system and a thickness increment 

for this member was employed, dislocating the 

fundament frequency out of the endangerment 

range. This led to a total increase in 3% of the 

total mass of the platform, thus not being very 

significant. Table 3.2 shows the obtained natural 

frequencies of the final platform. 

Figure 3.17 - General model simulation with the springs 
formulation. 

Figure 3.18 - BC model analysis with the displacements 
formulation. 

Figure 3.19 - General model simulation with the 
springs formulation. 

Figure 3.20 - BC model analysis with the 
displacements formulation. 
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Table 3.2 - Final Structure Natural Frequencies 

 

3.5 Comparison of the final 
analysis to the original 
version 
Table 3.3 shows a comparison of the 

results of the analyses of the structural enhance 

platform against those of the original platform. 

Properties 
Original 

Structure 

Final 

Structure 

Steel Mass 

 [Tonnes] 
3 852 9 543 

Fundamental 

Frequency  [Hz] 
0.278 0.6896 

Safety Coefficient 

at 11.4 m s-1 
0.032 1.67 

Safety Coefficient 

at 24 m s-1 

Analysis 

not 

performed 

1.668 

 

4 Conclusions 

A structural reinforcement of the 

DeepCWind was found necessary. Several 

solutions were tested, with the most 

advantageous ones being used at the final 

design. On one hand, this led to an increase of 

the mass of steel from 3 852 tonnes to 9 543 

tonnes. On the other hand, the most critical 

coefficient of safety was 0.032 at the original 

platform while being 1.67 at the reinforced 

foundation. 

Therefore, the improvement process was 

considered successful. Although the aim of this 

project was not to alter the general dimensions 

and layout of the original platform, the redesign 

of the connections and the removal of the MC 

member should be considered for a more 

economically competitive structure. 
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Mode Description Frequency  [Hz] 

Mode 1 – Side-to-Side 0.6896 

Mode 1 – Fore-Aft 0.70212 

Mode 2 - Torsion 1.8263 

Mode 2 – Side-to-Side 2.1473 

Mode 2 – Fore-Aft 2.5376 

Table 3.3 - Properties comparison of the original 
and final structure. 

 


