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Abstract 
 

Active learning has recently been deployed as a reliable tool in engineering projects to expedite 

discovery of failure points ahead of project phases, thereby saving costs. Such is especially crucial for 

offshore floating wind turbine projects, where the cost margin is still relatively less competitive than 

for onshore wind projects. To increase uptake of offshore wind turbines in projects, there lies a need 

to reduce the existing research gap in active learning of failure points in support structures of floating 

wind turbines.  

The thesis proposes to deal with the local design and structural analysis of the steel semi-submersible 

platform supporting the International Energy Agency (IEA) 15MW floating wind turbine, specifically 

the pontoon. This is done by determining the optimum stiffener layout and hull thickness of the 

support structure using ¨DNV-RP-C201 Buckling Strength of Plated Structures¨, ¨DNV-OS-C101 Design 

of Offshore Steel Structures¨, ¨DNV-ST-0119 Floating Wind Turbine Structures¨ and AISC Manual of 

Steel Construction, 9th Edition. Then, the wind turbine simulation tool OPENFAST incorporated TurbSim 

simulations for wind speeds ranging from the cut-in to the cut-out wind speeds of the wind turbine, to 

extract the tower base loads. Following which, the finite element program ANSYS was used to build a 

horizontal pontoon comprising the stiffeners and the hull, and to highlight the failure points under the 

tower base loads from OPENFAST. As the pontoon FEM (Finite Element Method) model was complex, 

several learning points were highlighted in the thesis in validating the FEM model.  

Thereafter, a machine learning approach is employed to efficiently predict the optimal pontoon layout 

with fewer design points and at less computational cost. This output is subsequently compared with 

the ANSYS FEA output, with supporting discussions. The chosen machine learning approach shows 

promising results in predicting the target outputs, such as von Mises stress and buckling load of the 

girders in the pontoon, under environmental loads at a mean wind speed of 11m/s.  There was an error 

tolerance of about 17% for the von Mises stress predictions, while a remarkable 0% for predictions of 

buckling loads. It is concluded that more studies need to be explored in this arena in order to fully 

embrace use of machine learning for optimum design of the semi-submersible structure.  
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1. Introduction 
1.1 Background and Motivation 

 

The transition towards renewable energy sources, particularly offshore wind turbines, is gaining 

momentum globally due to the imperative to address climate change. Offshore wind farms are 

increasingly being placed in deep coastal waters for optimal power generation, driven by factors such 

as relatively uniform wind velocities, space constraints, and noise concerns. Floating support platforms 

have emerged as a viable solution, with semi-submersible platforms standing out due to their 

versatility across various water depths and simplified installation processes (Hu et al., 2016; QFWE, 

n.d.). 

The VolturnUS-S, a steel floating semi-submersible structure developed to support the IEA 

(International Energy Agency) 15 MW offshore reference turbine (Allen et. al, 2020), represents a 

significant advancement in the floating offshore wind sector. Projections suggest its Levelized Cost of 

Electricity (LCoE) could be below $60/MWh, positioning it as a highly cost-effective solution (Matha et 

al., 2016; Musial et al., 2020). However, achieving broader market competitiveness requires 

meticulous balance between cost-effectiveness and reliability in platform design, particularly in 

addressing the gap in load transfer analysis for structural integrity and reliability (Wang et al., 2023). 

Structural analysis for floating wind turbines remains a crucial area of research, especially regarding 

internal forces and moments. Current methods often lack efficiency and fail to adequately predict 

failure points (Wang et al., 2023). Researchers are exploring machine learning models to address these 

challenges, such as the AK-MDAmax method, which aims to reduce computational costs while 

maintaining accuracy (Ren and Xing, 2023). The AK-MDAmax method estimates the maximum 

cumulative damage of various local spots at the tower base of the wind turbine through an active 

learning process. When applied to the IEA 15MW wind turbine with monopile support structure, 

promising results have been demonstrated, substantially improving computational efficiency while 

maintaining a marginal error of approximately 1% (Ren and Xing, 2023). Extending such an approach 

to semi-submersible support structures could significantly improve the understanding and 

optimization of floating wind turbine platforms, bridging critical gaps in structural design and 

performance evaluation (Ren and Xing, 2023; Wang et al., 2023). 
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1.2 Objectives 
 

This thesis is two-fold, to examine an optimal stiffener layout for the horizontal pontoon, and to adopt 

a machine learning model that can expedite the optimal design of the pontoon, with result comparison 

to an FEM model of the pontoon. Specifically, the objectives of this thesis are as follows: 

1. To determine the op�mal detailed design of semi-submersible, specifically the horizontal 

pontoon 

2. To establish a sound FEM model of the pontoon 

3. To adopt a machine learning model to aid in determining the op�mal detailed design of the 

pontoon 

In which, literature review will supplement the execution of these objectives. 

1.2.1 Objective 1: Optimal detailed design of semi-submersible (horizontal 
pontoon) 

 

Since the detailed design of the semi-submersible structure are not provided by IEA or the University 

of Maine, there is interest to determine the detailed design. The detailed design comprises of the 

girders, stiffeners and the hull of the horizontal pontoon. The global dimensions of the substructure 

are provided by University of Maine. With these in mind, along with literature review and validation 

with relevant design codes from DNV and AISC, an optimal detailed design is obtained.   

 

Figure 1.1 Isometric view of section of horizontal pontoon, showing detailed design 
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1.2.2 Objective 2: Establish sound FEM model of pontoon 
 

It is of interest to determine a good FEM model of the pontoon, along with its failure points under 

environmental conditions. An FEM model of the pontoon, including its detailed design, was created in 

ANSYS.  

Based on the dimensions and operating conditions of the IEA 15MW wind turbine, a wind turbine 

simulation tool, OPENFAST, was used to determine the loads at the base of the wind turbine tower. 

Following which, these loads were applied to the FEM model of the pontoon to extract the failure 

points under loads. 

A thorough study was done via trial and error to determine a sound FEM model of the pontoon in 

ANSYS. 

1.2.3 Objective 3: Adopt a Machine Learning model to determine the optimal 
design of pontoon 

 

To incorporate Artificial Intelligence (AI) to the offshore wind turbine structural analysis, there is a 

motivation to adopt and train a Machine Learning (ML) model to predict the failure points of the 

structure, based on design variables of the pontoon. This is to expedite in the design process of 

determining the optimal design. Examples of design variables include girder width, girder depth, girder 

flange thickness, girder web thickness and girder spacing. Since these variables are interdependent 

and it is time-consuming to determine the optimal design variables based on trial and error, there is 

great interest to adopt a ML model that can expedite the design process.  

In real life FPSO (Floating Production Storage and Offloading) projects, there are three critical 

engineering phases: FEED (Front-End Engineering Design), Basic Engineering and Detailed Engineering. 

These are illustrated in the figure below.  

 

Figure 1.2 Phases of an offshore project (Hwang et al., 2008) 
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In the FEED phase, preliminary design principles will be verified against more detailed calculations and 

design procedures. This is to obtain a clearer cost estimate of the project for the client, along with 

technical feasibility and safety of the structure (Deltamarin Ltd, 2021). 

In the basic engineering phase, design must be verified with approval from the relevant classification 

society, such as DNV. Basic design is usually executed at the shipyard even before the shipbuilding 

contract is signed (Deltamarin Ltd, 2021).  

Often, the phases for basic engineering and detailed engineering tend to overlap, leading to increasing 

time and monetary losses if revisions have to be made in the designs. For this reason, there is interest 

to utilise Machine Learning in the FEED phase to highlight the failure points in the structure, so that 

engineers can amend it before basic and detailed engineering phases commence. 

Using the AK-DA approach, Ren and Xing (2023) have investigated the IEA 15 MW wind turbine with 

monopile support structure under various wind-wave conditions. The approach showed promising 

results, with computational efficiency increasing by more than 55 times with only a marginal error of 

approximately 1% (Ren and Xing, 2023). Hence, this thesis will investigate the feasibility of using a 

simplified ML model to evaluate the design variables of the pontoon structural components.  

1.3 Outline 
 

This thesis has been organised into five chapters.  

Chapter 1 presents the Introduction detailing the background, motivation, objectives and the scope of 

the thesis. 

Chapter 2 dives into the literature review of semi-submersible design, design and analysis of stiffened 

plates and machine learning models.  

Chapter 3 details the methodology used to develop the detailed design of the pontoon, including 

preliminary hand calculations as per design codes, FEM modelling and adopting a simplified Machine 

Learning model to determine suitability of selected design variables of the pontoon.  

Chapter 4 concludes with the overall conclusion and recommendations for future work.  

Finally, Chapter 5 lists the references, while Appendix is appended in the last section of the thesis.  

1.4 Scope   
 

This thesis studies the global and local design of the semi-submersible support structure of the wind 

turbine. Since the detailed design of the support structure is not known, an iterative multi-phase 
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approach is taken to propose the design (Figure 1.3). Design phases 1 and 2 have already been 

completed by IEA and U of Maine. The thesis thus focuses on design phases 3 and 4. 

1.4.1 Design phase 3: Stiffener layout in pontoon  
 

The stiffener layout is proposed based on existing literature and validated with relevant design codes 

from DNV and AISC. Then, an FEM model of the pontoon is created in ANSYS, including the stiffener 

layout inside the pontoon. Loads from OPENFAST simulations were input into the FEM model.  

1.4.2 Design phase 4: Machine learning model 
 

The machine learning (ML) model is developed to optimize pontoon design, significantly enhancing the 

overall design process of semi-submersible structures. By leveraging advanced algorithms and data-

driven insights, the model aims to improve structural performance, increase material efficiency, and 

reduce costs, thereby streamlining the development of robust and sustainable pontoon designs. A 

multi-input, single output ML model is considered in this thesis.  
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Figure 1.3 Design phases for overall design of pontoon (inspired by Wang et al., 2023) 

 

1.5 Limitations 
 

The results of this thesis are limited by the approaches utilised for the following: (a) material properties 

and stiffener design, (b) strength assessment of stiffener layout, (c) FEM model, (d) load cases 

considered and (e) Machine Learning model.  

(a) The material proper�es and detailed design of the horizontal pontoon were not provided by 

IEA or U of Maine. Suggested designs have to be made in this thesis, with assump�ons on the 

material proper�es and literature reviews to reference the s�ffener layout and hull plate 

thickness.  

(b) For the op�mal s�ffener design in the horizontal pontoon, the buckling and Ul�mate Limit State 

(ULS) checks of the hull plate thickness, s�ffener sizes and s�ffener layouts were only verified 

with formulas and design codes. Design assump�ons had to be made in using these formulas 
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and to simplify the calcula�ons. To capture the non-linear yielding behaviour of the s�ffened 

panel of the pontoon, a more comprehensive approach would be to u�lise appropriate 

buckling check so�ware such as PULS (Panel Ul�mate Limit State) or general buckling code 

check so�ware (i.e. SESAM GeniE) to further validate the strength assessment of the s�ffened 

thin plate pontoon.  

(c) The FEM model only comprises the detailed design of one horizontal pontoon idealised as a 

can�lever with its free end subjected to tower base loads transferred from OPENFAST 

simula�ons. A more holis�c approach would be to model the en�re the semi-submersible 

structure with the environmental loads incorporated.  

(d) The FEM analysis is constrained by the limited number of load cases considered for the 

environmental condi�ons. Specifically, the analysis incorporated load cases at a mean wind 

speed of 11 m/s, chosen due to its magnitude proximity to the turbine's rated wind speed of 

10.59 m/s. This selec�on criterion ensures that the condi�ons evaluated are representa�ve of 

typical severe loading and opera�onal scenarios, yet it may not fully encompass the range of 

environmental loads that the structure might encounter.  

(e) The Machine Learning model u�lized in this study is trained on a limited set of input data, 

constrained by the thesis's scope. To enhance the model's accuracy and robustness, a more 

extensive dataset should be employed for training. This expansion would provide a more 

comprehensive representa�on of the variables involved, thereby improving the model's 

predic�ve performance and generalizability. 
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2. Literature review 
 

This chapter provides a literature review of the objectives aforementioned. It begins with a review of 

trends and challenges in the floating offshore wind market, followed by design principles of the semi-

substructure, highlighting parameters critical to their performance. Specifically, structural design 

principles of the pontoon structure are also reviewed, along with discussing various optimization 

methods currently used in structural design of pontoon.  

The chapter then continues with a detailed survey of Machine Learning models, exploring its 

application in structural optimization, citing relevant case studies and existing models.  

 

2.1 Trends and challenges in floating offshore wind market  
 

There is urgent imperative to deal with climate change and reduce greenhouse gases. Presently, the 

power sector produces the largest amount of carbon dioxide emissions than any other sector in the 

global economy, along with the increasing electrification of the energy sector (IEA, 2024). This is further 

exacerbated by the fact that, due to growing populations and increasing industrialisation, a whopping 

average growth of 3.4% is expected in electricity demand from 2024 to 2026 (IEA, 2024). Therein lies 

the benefit of utilising offshore wind power, an energy source that is infinite and always renewable, 

without any production of harmful greenhouse gas emissions (National Grid, 2022). The energy sector 

recognises this, with a marked increase in uptake of offshore wind power as seen by the rising state 

subsidies and investments (GWEC, 2020). This leads to a significant drop in production costs, with, as 

of 2020, a projected 55% reduction in Levelized Cost of Energy (LCoE), increasing the market 

competitiveness of offshore wind against fossil fuels (IRENA, 2020). Figure 2.1 supports this by showing 

the estimated reduction in LCoE for floating offshore wind in the long term. 
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Figure 2.1 Projected decline in LCoE for offshore wind (Musial et al., 2023) 

Besides environmental benefits, there are other stellar advantages of floating offshore wind turbines 

(Equinor, 2024): 

• With greater distance away from the shore and to the sea, there is less surface roughness, 

leading to stronger and more consistent winds. About 80% of global offshore wind resources 

are in waters deeper than 60 metres, which only floa�ng offshore wind turbines can access, 

unlike botom-fixed offshore and onshore wind turbines.  

• Floa�ng offshore wind can directly meet power demands through delivery to global markets, 

which include 2.4 billion people residing within a shoreline distance of 100 km. 

Offshore wind is projected to rise from a global growth of 8% of the total wind production in 2020, to 

34% in 2050 (DNV, 2023). As the total installed capacity of offshore wind is expected to reach 300GW, 

with floating offshore wind contributing 6% (DNV, 2023), suitable locations in shallow waters are 

increasingly scarce, pushing offshore wind technology into deeper waters (Li et al., 2013). This further 

highlights the benefits of floating offshore wind turbines. 

Henceforth, the floating offshore wind market, projected to have an installed capacity of estimated 50 

GW in 2035 (Menon, 2022), shows promising potential. However, this potential is dogged by the 

following factors (National Grid, 2022): 

• Offshore wind farms are more costly to construct as they require more intricate support 

systems. 

• Since floa�ng offshore wind turbines are in deep waters where there are higher wind speeds 

and strong seas, the challenging environmental condi�ons impose difficul�es in accessibility 

for maintenance and repair.  
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In the pursuit of broader market competitiveness for floating offshore wind turbines, it becomes 

imperative to strike a meticulous balance between cost-effectiveness and reliability in platform design 

(Wang et al., 2023).  

One way to improve the platform design is to expedite the design process in structural analysis. The 

current analysis of wind turbine simulation codes, encompassing aerodynamics, hydrodynamics 

control systems, and rigid/flexible structures in the time domain, is robust. However, there is a 

recognized shortfall in transferring loads for structural analysis, where most traditional methods focus 

on global load transfer, but insufficient coverage on analysis of internal forces of the structures (Wang 

et al., 2023). Addressing this gap in load transfer analysis is crucial for the continued evolution and 

optimization of these turbines, ensuring they not only meet economic benchmarks but also uphold 

structural integrity and reliability in challenging offshore environments.  

 

2.2 Semi-submersible support structure 
 

Presently, various support platform ideas exist for floating wind turbines, with the four primary 

concepts being barge, spar, semi-submersible, and tension leg platforms (QFWE, n.d.). Among these, 

the semi-submersible stands out as a prominent choice, occupying roughly 75% of the global floating 

substructure market share in 2020 (Musial et al., 2021). There are three reasons for this: 1) its 

suitability for commercialization due to its applicability for a wide range of water depths (Maximiano 

et al., 2021), generally from 30m shallow water to deep water (Li et al., 2024); 2) simple transportation 

and installation allowing ease of turbine integration at port; 3) simple mooring design via catenary 

lines which are more cost-effective than the tension-leg system in TLP.  
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Figure 2.2 Types of support platforms for FWT (QFWE, n.d.) 

There exist several semi-submersible hull concepts to support the horizontal axis wind turbines. 

Typically, there are two main types of concepts: 1) floater with three columns with the turbine 

supported on one side column; 2) floater with four columns, with the turbine supported on the central 

column (Li et al., 2024). The columns are connected by pontoons, beams or braces (Vittori, 2015).  

These concepts are based on the stability and cost considerations involving three to four columns (Yang 

et al., 2022).   

In general, there are three stabilising mechanisms for floating support structures (Leimeister et al., 

2018): 

• Buoyancy (or waterplane) stabilised 

When the floater experiences rotational displacement, it needs to have a restoring moment to 

counter-tilt it back to a stable position. The waterplane area is the largest contributor to this restoring 

moment. The larger the second moment of area with respect to the rotational axis of the platform, the 

larger the waterplane area.   

In general, the semi-submersible performs the best among support types due to its significantly bigger 

water plane areas in the floaters (Alvaro, 2018).  
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Figure 2.3 Semi-submersible with largest waterplane area (Leimeister et al., 2018) 

 

• Mooring stabilised 

Mooring lines that have been high tensioned provide the necessary restoring moment when the 

structure is tilted. 

• Ballast stabilised 

At the base of the floating structure, large ballast is needed to shift the centre of gravity of the entire 

system below the centre of buoyancy.  As a result, there is stabilising righting moment to counter the 

rotational displacement when the structure is tilted. 

The semi-submersible considered in this thesis is a combination of buoyancy and ballast stabilised. It 

has pontoons and buoyant columns which provide the required waterplane area. Furthermore, its 

pontoons are submerged and are ballast-filled at the base (Allen et al., 2020). The pontoons also 

provide a significant heave natural period outside of the spectrum of the sea wave (Vittori, 2015), due 

to its relatively wide width of 12.5m.  
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Figure 2.4 UMaine VolturnUS-S Semisubmersible platform considered in this thesis (Allen et al., 2020) 

 

2.3 Principles for design and analysis of semi-submersible platform 
design  

 

First principles should be the foundation of a reliable and cost-effective platform design. First principles 

are based on the fundamental concepts of structural design, which design codes are dependent on.  

The design codes/guides considered in this thesis are: 

• AISC Specifica�on for Structural Steel Buildings—Allowable Stress Design (ASD) and Plas�c 

Design, 9th Edi�on (AISC, 1989) 

• Recommended Prac�ce for Buckling strength of plated structures, DNV-RP-C201 (DNV, 2002) 

and Recommended Prac�ce for Structural Design of Offshore Ships, DNV-RP-C102 (DNV, 2002) 

• Roark's Formulas for Stress & Strain (Young & Budynas, 2002) 

The design procedures considered for the pontoon are based on a mixture of allowable stress design 

(ASD) as per AISC, and load and resistance factor design (LRFD) as per DNV. ASD considers the allowable 

stress as the yield stress after dividing by a safety factor, and it must be greater than the required stress 

(Fisher, 2005). On the other hand, LRFD looks at whether the design strength is greater than the 

required strength (Fisher, 2005).  

Both design methods ensure safety is achieved by applying safety factors to characteristic values of 

the relevant variables (Ege, 2019). The safety factors considered are material, resistance and load 
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factors, and they are chosen to induce unfavourable responses such that the desired safety level is 

obtained (Ege, 2019). The material factor 𝛾𝛾𝑀𝑀 of 1.15 was considered, as per DNV-RP-C201 (DNV, 2002). 

The pontoon is designed for the Ultimate Limit State (ULS). In a study on the steel semi-submersible 

for a 10 MW floating wind turbine, Wang et al. (2023) highlights the focus on criteria including ¨intact 

stability and natural periods of rigid body motions¨, which are associated with global performance of 

the platform. Hence, to determine the optimal detailed design specifications of the pontoon, ULS is 

considered to analyse the local stress. DNV defines a limit state as ¨a condition beyond which a 

structure or structural component will no longer satisfy the design requirements¨ (DNV, 2010). The 

ULS corresponds to the maximum load carrying resistance (DNV, 2011), and requires the capacity 

check of the structure in both yielding and buckling (Ege, 2019).  

Roark’s theory of stress and strain was considered to determine the hull plate thickness under global 

loads. It is based on calculating the ultimate strength of the plate by determining the maximum 

bending stress based on assumed boundary conditions of the plate.   

The thesis chooses to focus on the horizontal pontoon design, and an iterative design process is 

considered. The iteration begins with proposing a preliminary design and then proceeds till an optimal 

design solution is reached. The stages of the iteration overlap as new information is found during the 

design process.  

  

Figure 2.5 Iterative design process of semi-submersible platform, as inspired by (Wang et al., 2023) 

 

2.3.1 Loading conditions considered for semi-submersible design 
 

There are two primary load cases to account for when checking for the ¨intact stability and bulking 

strength¨ of the semi-submersible support structure (Wang et al., 2023): 

• Load case 1: normal opera�ng condi�on, at rated wind speed (produces largest rotor thrust) 
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• Load case 2:  extreme opera�ng condi�on, severe storm with 50-year return period in the 

Northen North Sea 

Load case 1 is necessary for ULS design, while load case 2 is needed for fatigue design. The thesis 

focuses on load case 1. 

2.3.2 Environmental conditions considered for semi-submersible design 
 

The environmental conditions need to be accounted when determining the representative design 

loads transferred to the semi-submersible support structure. A representative location of the sea 

conditions must be selected. Typically, in the context of Norway, a location in the North Sea is chosen.  

Following which, simultaneous hourly wind and wave hindcast data for a period of 10 years are used 

as a database. For the representative location, the long-term joint distributions of the mean wind 

speed, significant wave height Hs and spectral peak period Tp are obtained (Wang et al., 2023), via 

fitting statistical distributions (i.e. Rayleigh, Gumbel) to the hindcast data (Li et al., 2013). The most 

probable values of Hs and Tp are then selected for each mean wind speed considered.  

For instance, the probability distribution of the Hs is fitted with a Rayleigh distribution, and then the 

value with the highest probability is the Hs. This is illustrated in Figure 2.6 below. 

 

Figure 2.6 Histogram and Rayleigh distribution of significant wave height Hs 

Similarly, from the histogram distribution of Tp (Figure 2.7), Tp is the average of the bin edges 9.6 

seconds and 10.1 seconds, which is 9.85 seconds. This is the most common Tp value as it has the 

highest probability.  

(an example)
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Figure 2.7 Histogram of Tp to obtain the most probable value of Tp 

 

2.4 Stiffened plate 
 

In marine structures such as the semi-submersible, the horizontal pontoon is constructed of thin 

plates. Stiffeners are provided to effectively maintain the strength and stiffness of thin plates (Yao & 

Fujikubo, 2016). Common profiles used for stiffeners include T-sections, rectangular flat bars and angle 

channels (Laftah, 2007). The plates, along with the stiffeners, are termed stiffened plates, which serve 

as basic strength members of offshore structures (Wang et al., 2016). They are advantageous due to 

their stable post-buckling behaviour under shear load, enabling them to resist ultimate loads beyond 

the critical buckling loads (Kim et al., 2007).   

Stiffened plates are commonly employed as load-bearing elements in marine structures. Examples of 

their usage include the hull girder in ships, the pontoons of semisubmersibles, and the decks of 

offshore platforms. In hull girders, the primary framing system typically involves closely spaced 

longitudinal stiffeners, complemented by heavier girders placed at wider intervals in the transverse 

direction (Bai & Jin, 2016). 

(an example)
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Figure 2.8 Cross section of stiffened plates in the base of a marine structure (Yao & Fujikubo, 2016) 

The design of stiffened plate adheres to the following principles (Nguyen, 2011): 

1. Elas�c local buckling of the s�ffened plate is accepted, however elas�c buckling deflec�on is 

not acceptable 

2. Permanent buckling of the s�ffened plate is not acceptable 

3. Global overall buckling of the s�ffened plate is not acceptable 

The effects of shear lag and warping are not considered in the design to simplify the scope, as they are 

deemed insignificant for the purposes of this study. Hence, the stresses due to moment and shear can 

be determined by conventional beam theory (Ostapenko & Moore, 1982).  This means that the normal 

stresses vary linearly across the flange widths and web depths of the girders/ T-bar stiffeners 

(Ostapenko & Moore, 1982). Meanwhile, the shear stresses are constant in the web, while they vary 

linearly in the flanges (Ostapenko & Moore, 1982).  

 

2.4.1 Buckling failure of stiffened plate 
 

The smallest structural unit of the stiffened plate structure is a rectangular plate bounded by 

longitudinal and transverse stiffeners. This rectangular plate is idealised as simply supported along its 

four sides (Yao & Fujikubo, 2016). This is because when this plate buckles under loading and develops 

lateral deflection, the stiffeners along its perimeter weakly restrain against rotation of the plate 

(Nguyen, 2011). 

The stiffened plates are mainly affected by (Bai & Jin, 2016): 

1. S�ffener slenderness and spacing 

2. Plate geometry 

3. Material yield stress 
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4. Others: residual stresses, ini�al deforma�ons, boundary condi�ons, types of loadings imposed 

on the plates 

The stiffened plates are subjected to combined loads from the tower base, longitudinal and transverse 

bending of the bottom pontoon, torsional buckling of the pontoon and the hydrostatic pressure from 

wave loads. In general, the possible failure modes of the stiffened plate under such loads are (Bai & 

Jin, 2016): 

1. Buckling of plates due to lateral deflec�on.  

2. Yielding/collapse of plates when the ul�mate strength reached/exceeded. 

3. Collapse of s�ffeners with plates via beam-column mode buckling, due to combined axial stress 

and bending stress from lateral load. 

4. Tripping of s�ffeners due to buckling and loss of rota�onal restraint provided by pla�ng. This 

occurs when there is a large web height-to-thickness ra�o and/or the flange has insufficient 

s�ffness to resist the loads and inevitably twists sideways under tripping failure. 

5. Grillage buckling where there is bending of transverse girders and longitudinal s�ffeners.  

In general, there are essentially two ways the stiffened plates can fail: overall buckling and local 

buckling (Jang, 2007). In overall buckling, both the stiffeners and the plate buckle. In local buckling, 

either the stiffeners buckle before the plate or the plate buckles between the stiffeners (Jang, 2007).  

 

Figure 2.9 Overall buckling of stiffened panel (Jang, 2007) 
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Figure 2.10 Local buckling of stiffened panel (Jang, 2007) 

The Recommended Practice for Structural Design of Offshore Ships, DNV-RP-C102, highlights two 

possible failure modes of the stiffened plates (DNV, 2002): 

1. Plate buckling 

2. Panel buckling 

a. Plate-induced failure 

b. S�ffener-induced failure 

Stiffened panels which are not symmetric in geometry about the plane of the plate, should be checked 

for both stiffener-induced failure and plate-induced failure (DNV, 2002).  

2.4.1.1 Plate buckling 
 

Plate buckling is defined as the ¨local buckling of plate panels between stiffeners¨ (DNV, 2002). The 

plate undergoes buckling when the in-plane load acting on the plate exceeds its allowable value.  The 

plate could experience either in-plane loading, distributed lateral loads or a combination of both (DNV, 

2002). Plate buckling causes ultimate collapse of the stiffened plate before significant yielding of the 

stiffeners (Nguyen, 2011). In general, there are 4 buckling modes of a simply supported rectangular 

plate (Yao & Fujikubo, 2016): 

1. Longitudinal thrust 

2. Transverse thrust 
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3. Bending moment 

4. Shear force 

 

Figure 2.11 Four buckling modes of idealised stiffened panel (Yao & Fujikubo, 2016) 

 

2.4.1.2 Panel buckling 

 

While stiffened plates refer to the plates between stiffeners, stiffened panel refers to the plate 

between girders (longitudinal stiffeners).  

 

Figure 2.12 Isometric view of stiffened panel and stiffened plate; Stiffened panel (Yu et al., 2018) 

Panel buckling is defined as the buckling of stiffened panels between the girders. There are two 

possible failures under this buckling mode, plate-induced failure and stiffener-induced failure. 
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Plate-induced failure occurs due to yielding in compression at the connection between the plate and 

the stiffener, causing deflection to occur away from the plate (DNV, 2002). The characteristic material 

resistance of the plate has to be used in the check for plate-induced failure (DNV, 2002). 

Stiffener-induced failure causes deflection towards the plate. It occurs due to torsional buckling of the 

stiffener or yielding in compression in the top of the stiffener (DNV, 2002). 

 

Figure 2.13 Plate-induced failure and stiffener-induced failure (DNV, 2002) 

 

2.4.2 Analytical method of solving buckling problem 
 

In general, there are two analytical methods to solve buckling problems. The stiffened panel is treated 

as either a discrete beam or an orthotropic plate. The method of treating the stiffened panel as a 

discrete beam is more accurate as it considers both the plate and stiffener as a combined problem 

resisting the loads (Jang, 2007). This would capture the load transfer at the connection between the 

stiffener and the plate. On the other hand, treating the stiffened panel as separate entities comprising 

the orthotropic plate and the stiffener, is less accurate, but easier to execute. This method is valid 

when the stiffeners are very closed spaced (Jang, 2007).  

 

Figure 2.14 Analytical methods to solve buckling problems of stiffened panel 

The addition of stiffeners to a plate increases the in-plane load the plate can withstand without 

buckling. However, this poses more challenges in the stress analysis of the overall stiffened plate, as 

the number of variables and buckling modes increase (Laftah, 2007). As a result, much of engineering 

applications relies on simplified equations when designing these plates (Bleich & Ramsey, 1951).  
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The complexity in determining the ultimate strength of stiffened panels is further exacerbated by the 

lack of experimental research on the ultimate strength of stiffened panels, partly due to the challenges 

in experimental study of their buckling behaviour (Laftah, 2007). Furthermore, inelastic buckling 

governs the structural design criteria required to prevent the ultimate limit state yielding of the 

stiffened panels (Laftah, 2007).  

2.4.3 Beam-column idealisation of stiffened plate 
 

Under the environmental loads, the ship hull girders are subjected to bending, shear and torsion. There 

are several literature discussing efficient methods to determine the ultimate strength of ship hull 

girders. The most common approach, by theory, has been to consider the individual components of 

the hull girders. However, Ostapenko (1981) highlights that each of the components attain ultimate 

strength at different levels of deformation. For instance, at a certain applied load on the structure, 

some segments have just reached their ultimate strength, while other segments are already in the 

post-ultimate stress range of reduced capacity (Ostapenko, 1981). There is a real danger of 

overestimating of the ultimate strength of the structure. Hence, the behaviour of individual 

components is not sufficient to accurately estimate the ultimate strength of the ship hull girder 

(Ostapenko, 1981).  

To overcome this, Ostapenko (1981) proposed a method that provided reasonable accuracy when 

compared to laboratory testing results of a structure under moment and shear loads. While the 

pontoon of focus in this thesis is subjected to moment, shear and torsion loads, torsion is deemed as 

relatively insignificant to the failure of the pontoon. Furthermore, the floating wind turbine can 

generate the moment on its support several times higher than when compared to the same turbine 

on land (Jonkman, 2007). As such, moment and shear loads are more critical to the failure of the 

pontoon, and Ostapenko’s method is of interest for further study in this thesis. The analytical method, 

sought to determine the ultimate strength of longitudinally and transversely stiffened box girders 

under the combined action of bending, shear and torsion.   

Ostapenko (1981) treats the ship cross section as a box section (Figure 2.15). The overall non-linear 

behaviour of the box section is accounted for by analysing the compatibility of deformations between 

the individual components.  
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Figure 2.15 Box cross section of ship (Ostapenko, 1981) 

The compression flange of the girders is idealised as a beam-column consisting of the T-bar profile and 

a plate strip of the stiffened plate. The width of the hull plate is taken as the centre-to-centre spacing 

of the adjacent girders. The beam-column experiences a combination of axial compressive force P and 

bending moment M, with lateral load applied as a line load q.  

 

Figure 2.16 Beam-column idealisation (Ostapenko, 1981) 

Furthermore, the hull plate is studied via the redistribution of shear and axial forces in the plate 

between girders. Lateral loading on the plate was not considered as it was deemed to have negligible 

effect on the buckling and post-buckling behaviour (Rutledge & Ostapenko, 1968). 

The hull plate is assumed to be very flexible as compared to the longitudinal girders, which are 

relatively larger (Ostapenko, 1981). As such, there is negligible interaction between the longitudinal 

girders through the plate (Ostapenko, 1981). Thus, there is valid assumption in idealising the beam-

column to comprise of the girder and a portion of the hull plate. 

The plate buckling stress can be determined as follows: 
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Figure 2.17 Reference buckling stresses for plate under pure buckling (Ostapenko & Moore, 1982) 

In summary, Ostapenko’s method involves decomposing the hull cross section into a compression 

flange comprising of the idealised beam-column, while the tension flange encompasses the hull plate 

between the beam-columns. Furthermore, the transverse girders are treated as web stiffeners, 

stiffening the web of the longitudinal girders. The tension flange and web stiffeners are assumed to 

deform in a bi-linear and elastic-plastic behaviour (Ostapenko & Moore, 1982).  

 

Figure 2.18 Ostapenko’s decomposition of the hull cross section under compression 
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Figure 2.19 Ostapenko’s decomposition of the hull cross section under compression and tension (Ostapenko & Moore, 1982) 

2.4.4 Empirical formula for buckling mode of stiffened plate 
 

As discussed previously, plate buckling can be a possible mode of failure of the stiffened plate. There 

are two general methods used in the buckling analysis of the structure: the energy method and the 

equilibrium method. The energy method, which is more commonly used, will be discussed. 

The energy method entails assuming a shape function for the buckling deformation, which includes 

some unknown coefficients (Wang et al., 2016). By applying the principle of minimum potential energy, 

these unknown coefficients in the shape function can be identified, allowing for the determination of 

the critical Euler buckling stress. Consequently, the accuracy of the assumed shape function directly 

impacts the precision of the buckling analysis (Wang et al., 2016). 

A shape function for the buckling mode of the plate between stiffeners has been derived by Fujikubo 

and Yao (1999), using the energy method to determine the critical Euler stress (Wang et al., 2016): 

𝑤𝑤(𝑥𝑥,𝑦𝑦) = 𝑊𝑊1𝑠𝑠𝑠𝑠𝑠𝑠
𝑚𝑚𝑚𝑚𝑥𝑥
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𝑏𝑏
� 

Equation 2-1 

Where: 

• a = length of the s�ffened plate 

• b = width of the s�ffened plate 

• m = half wave number in the longitudinal direc�on during buckling deforma�on 
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• 𝑊𝑊1 and 𝑊𝑊2 are unknown coefficients to be determined via the boundary and loading 

conditions of the plate 

• 𝑤𝑤(𝑥𝑥,𝑦𝑦) refers to the deflection of the plate in the x (lateral) and y (vertical) axis directions 

The first term of Error! Reference source not found. refers to the buckling mode of a plate simply 

supported on all edges, while the second term corresponds to the deflection when the plate edges 

along its length are clamped (Wang et al., 2016).  

2.4.4.1 Plate aspect ratio  
 

The plate aspect ratio is defined as a/b, where a is length of the stiffened plate and b is the width of 

the stiffened plate. Wang et al. (2016) points out that the plate aspect ratio is a dominant factor in 

static buckling analysis, influencing the buckling load and the precision of various approaches to 

determine the critical buckling stress (Euler stress). Wang et al. (2016) summarised, from existing 

studies on the relationship between Euler stress and plate aspect ratio, that the Euler stress decreases 

with the increase in the plate aspect ratio. This is an important point of consideration when 

determining the optimal detailed design for the pontoon.  

 

2.5 Structural modelling concept of pontoon 
 

Accounting for the various characteristics of floaters, designing a floating structure for a wind turbine 

is complex due to the numerous variables involved, such as aerodynamics, hydrostatics, 

hydrodynamics, mooring lines, control systems, and structural response (Vittori, 2015).  

There is no single design methodology, as it varies depending on the design stage and specific 

requirements. Typically, the methodology involves multiple steps and iterations to refine the initial 

model for functionality, where these factors should be modelled simultaneously. One such 

methodology is illustrated in a flowchart developed by Wayman et al. (2006), in a study investigating 

the impact of integrating a wind turbine with a floating structure on the system's dynamics to identify 

the most cost-effective floating structures that ensure optimal operational performance of the wind 

turbine. The flowchart begins with a static design process develops two cost-effective structures that 

ensure stability and acceptable steady-state operation. These structures then undergo static and 

dynamic analyses to evaluate their performance under different wind speeds and sea states, assessing 

response amplitude operators, natural frequencies, and motion standard deviations (Wayman et al., 

2006). 

Equation 2-1

Highlight

The first term of Equation 2-1 refers to the buckling mode of a plate simply supported on all edges, while the second term corresponds to the deflection when the plate edges along its length are clamped (Wang et al., 2016).
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Figure 2.20 Flowchart developed by Wayman et al. (2006) 

However, this approach requires time-consuming time domain simulations, which are impractical for 

an iterative design process (Vittori, 2015). Therefore, an initial simplified analysis is recommended. 

This involves a static analysis considering only static wind loads to assess the floating stability and static 

inclination, enabling adjustments to dimensions, mass distribution, and water ballast (Vittori, 2015). 

In the static analysis stage, the steady-state operating point of the turbine shall be evaluated at various 

representative wind speeds. Furthermore, the initial criteria governing the design of floating platforms 

is the performance of the floating wind turbine under static performance (Wayman et al., 2006). 

Hence, this thesis will focus on the static analysis of the pontoon structure.  

Different elements and assumptions are considered in the structural modelling of the offshore wind 

turbine (OWT) (Alvaro, 2018). In this thesis, the hull will not be considered as rigid body. Instead, it will 

be modelled as FEM elements. This is to analyse the internal stresses in the hull structure.  

 

2.5.1 Column-pontoon connection 
 

The floating wind turbine experiences a combination of wind and wave loads. This thesis concentrates 

on the horizontal pontoon that links the central column and the side column of the floating wind 

turbine, emphasizing the importance of considering fatigue loads primarily from wind and wave 

impacts. Specifically, the central column, which supports the wind turbine, endures aerodynamic and 
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wave loads directly. It is thus imperative to sufficiently strengthen the connection between the 

cylindrical column and the rectangular pontoon, while ensuring a smooth structural transition between 

the two to prevent sharp corners, and minimise stress concentrations (Tvare, 2014). 

For instance, in the FE model of central column and pontoon studied by Tvare (2014), the free end of 

the pontoon had to be improved by adding an end transverse stiffener. This is to reduce the hot spot 

stress concentration.  

 

Figure 2.21 Addition of end transverse stiffener to free end of model (Tvare, 2014) 

 

2.6 Machine learning  
 

The advancement of machine learning (ML) and artificial intelligence has significantly impacted various 

science and engineering fields, including offshore renewable energy (Masoumi, 2023). These 

technologies have transformed discovery, ideation, implementation, and result presentation 

processes (Masoumi, 2023). As global efforts to increase renewable energy generation intensify (Kirby 

& Briol, 2023), the need to expand capacity and create efficient, eco-friendly infrastructures has 

become critical (Masoumi, 2023). A typical offshore wind facility requires over £1 billion in capital 

investment (WindEurope, 2022), with costs rising recently (FT, 2023) due to supply chain inflation and 

increasing interest rates (Kirby & Briol, 2023). Consequently, policymakers, energy companies, and 

investors must ensure that future wind farms are designed to maximize energy production while 

minimizing construction costs (Kirby & Briol, 2023). This urgency underscores the importance of 

machine learning (ML), which provides tools to make the design, optimization, development, 

implementation, and maintenance processes more cost-effective and efficient (Masoumi, 2023). 
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Machine learning is a subset of artificial intelligence (AI) (IBM, n.d.) that enables computers to learn 

from experience (Brown, 2021), using computational methods that enable machine learning 

algorithms to derive information directly from data without depending on a pre-established model 

equation (MATLAB & Simulink, n.d.). Machine learning deploys the method of enabling computers to 

“learn to program themselves through experience”, starting with data that is gathered and used as 

training data (Brown, 2021). Training data is essentially information that the ML model will be trained 

on, and the accuracy of the ML model improves with the size of the training data set (Brown, 2021). 

Traditional programming involves providing explicit, detailed instructions for a computer to follow. 

(Brown, 2021). However, this method can be impractical or impossible to execute manually for certain 

tasks, like training a computer to recognize several design variables involved in the design of a pontoon. 

Given the numerous components that constitute an offshore wind turbine and its support structure, 

machine learning significantly aids in this area with its capacity to learn from accumulated experience. 

 

Figure 2.22 Difference between standard computing approach and ML approach (Prasanna, 2015) 

There are three branches of machine learning: 

1. Supervised ML 

2. Unsupervised ML 

3. Reinforcement learning  

The following sections will detail each of these three branches.  

2.6.1 Supervised ML 
 

Supervised ML models are trained using labelled datasets, enabling them to improve accuracy over 

time (Brown, 2021). For instance, an algorithm would be trained with a set of design parameters of 

the pontoon, which are all manually named by humans. The ML model would then independently learn 

to identify the different variables. The algorithm essentially captures a known set of input and output 
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and trains the model to predict, with reasonable accuracy, the target output in response to new data 

input. Supervised ML are best when there is known input data for the unknown output to be estimated 

(MATLAB & Simulink, n.d.). To date, supervised ML models are by far the most commonly used (Brown, 

2021).  

 

2.6.2 Unsupervised ML 
 

Unsupervised ML is best for data composing of unlabelled input data, as it identifies patterns and 

makes inferences from the data (MATLAB & Simulink, n.d.). A common technique used is clustering. 

For example, to find the optimal hull plate thickness of the pontoon, the ML model can predict the 

number of clusters of failure points on the hull plate which are directly impacted by the plate thickness. 

The hull plate thickness is a single variable that can only accommodate a single thickness value per trial 

simulation, so the ML model employs clustering algorithms to attain the best optimal hull plate 

thickness that has less failure points.  

 

Figure 2.23 Types of ML models under supervised and unsupervised learning (MATLAB & Simulink, n.d.)  
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2.6.3 Reinforcement ML 
 

Reinforcement ML adopts a trial-and-error approach that rewards the model for taking the best course 

of action, allowing the model to gather learned experience in deciding which actions to take (Brown, 

2021).  

 

Figure 2.24 Branches of machine learning (Khandelwal, 2022) 

 

2.6.4 Choice of ML model 
 

There is no perfect ML model or one that is appropriate for all design problems. A large part of selecting 

the right ML model requires trial-and-error, and factors such as the size and data type also govern the 

selection process (MATLAB & Simulink, n.d.). The following Figure 2.25 below shows a useful decision 

tree to choose the branch of ML system appropriate for the problem.  
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Figure 2.25 Decision tree to select appropriate ML model for the problem (Malone, 2021) 

The main problem this thesis aims to tackle is determining the optimal pontoon design amid the 

complex loading scenarios the wind turbine experiences. To determine the optimal pontoon design, 

there is an aim to determine which design parameters to adjust for different loading scenarios. The 

ML system should also be passive, as it will receive training input data from the FEM simulations, for 

instance. The input data would encompass a representative set of loading scenarios at different mean 

wind speeds, with their respective outputs. Since the design variables involved in designing a pontoon 

are interdependent in a complex manner, it is practically impossible for a human to decide based on 

the training input data, which makes supervised ML the best option.   

Among the models of supervised ML, Gaussian Process Regression (GPR), also known as Kriging, is 

selected as the best option for this design problem. GPR models are non-parametric in nature, which 

means that the data does not have to fit a normal distribution (Grant, 2021). GPR models utilise kernel-

based learning methods to process uncertainty in measurements to give predictions of reasonable 

accuracy (Yadav et al., 2023). In this case, the design parameters of the pontoon, such as girder depth 

and girder web thickness, are modelled in a random Gaussian process, with covariances used in each 

of the input variables (MATLAB & Simulink, n.d.). The uncertainty of the predicted output is also 

modelled. 

2.6.4.1 Kriging surrogate model 
 

Kriging surrogate model has been a widely used technique. Kriging model consists of a linear regression 

model and a random function. 
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Ren & Xing (2023) studied the use of the active learning Kriging approach to assess wind turbine 

structures' cumulative fatigue damage. The active learning approach involves training machine 

learning (ML) models with a small initial dataset and then iteratively updating the models with “new 

enrichment samples” (Ren & Xing, 2023). The Kriging model is initially used to estimate fatigue damage 

at different wind-wave conditions, and the active learning approach is employed to update the model 

and reduce prediction errors.  

Presently, there exists the AK-DA approach, which focuses on one location of the wind turbine 

structure at a time. To address this limitation, the AK-DA approach is extended to consider multiple 

locations, resulting in the AK-MDAmax approach (Ren & Xing, 2023). The extended approach aims to 

estimate the maximum cumulative fatigue damage, considering different locations in wind turbine 

structures. The efficiency and accuracy of the AK-MDAmax approach are demonstrated using a 15 MW 

floating wind turbine from the International Energy Agency (IEA) project, delivering promising accuracy 

with an absolute error less than 1% (Ren & Xing, 2023). As such, there is great interest to apply Kriging 

model to optimise the pontoon design.  

 

2.6.4.2 Framework of ML model 
 

For every machine learning model, it is crucial to establish a robust framework. The proposed 

framework is outlined as follows: 

• Data Collec�on: Describe the data required for the model, including design parameters, 

environmental condi�ons, material proper�es, and performance metrics. Outline the sources 

of this data (e.g., exis�ng design databases, experimental results, simula�on outputs). 

• Model Selec�on: Jus�fy the choice of machine learning algorithms (e.g., regression models, 

neural networks, gene�c algorithms) suitable for op�mizing pontoon design. 

• Model Training and Valida�on: Explain the training process, including data spli�ng, cross-

valida�on techniques, and performance metrics for model evalua�on (e.g. accuracy, error and 

precision) 

• Op�miza�on Framework: Develop the framework for op�miza�on, integra�ng the machine 

learning model with design constraints and objec�ves (e.g., minimizing girder flange width 

while maximizing girder spacing so that overall, less girders are used). 
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2.7 Concluding remarks on literature review 
 

The literature review has provided a comprehensive overview of the current trends and challenges in 

the floating offshore wind market, highlighting the critical role of semi-submersible support structures 

in advancing this technology. The principles for the design and analysis of semi-submersible platforms 

were explored, emphasizing the importance of robust structural integrity and stability. The review also 

delved into the specifics of stiffened plate design and the structural modelling concepts of pontoons, 

underscoring their significance in enhancing the durability and performance of floating platforms. 

Furthermore, the integration of machine learning techniques was examined, illustrating their potential 

to significantly increase the efficiency of the design process and optimize pontoon designs. Collectively, 

these insights underscore the multifaceted approach required to address the complexities of floating 

offshore wind technology and pave the way for more innovative and efficient solutions in the field. 

The literature review also highlights several gaps in this arena: 

1. There is a lack of a comprehensive framework in structural analysis to design for the pontoon 

based on both global and local forces. This includes a framework to establish a sound FEM 

model of the pontoon, complete with internal details such as s�ffeners and girders.  

2. Much of literature propose empirical or es�mated equa�ons to describe the behaviour of 

s�ffened plates, par�cularly for es�mates of ul�mate strength and buckling strength. Such are 

insufficient to fully describe the true behaviour of the s�ffened plates. 

3. There is limited literature studying the poten�al of incorpora�ng ML models in the design of 

semi-submersible structures. 

4. There is limited literature related to the buckling of s�ffened plates using Gaussian Process 

Regression (GPR) Machine Learning (ML) models.  

In lieu of this literature review, the significance of this thesis becomes evident, and the subsequent 

chapters will now proceed to address these identified gaps and explore innovative solutions to 

enhance the design and efficiency of semi-submersible structures in the floating offshore wind market. 
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3. Methodology 
 

This chapter details the methods used to conduct the thesis in achieving the main aim of determining 

the optimum design of the pontoon in an efficient way while incorporating Artificial Intelligence (AI). 

First, the reference wind turbine system properties are described, along with the loading conditions 

used for the OPENFAST simulations of the wind turbine. The load cases used in the analysis are 

explained. Following which, the semi-submersible platform design is discussed, with particular focus 

on the pontoon. This is supported by hand calculations with design codes and FEM modelling. The FEM 

model is studied in detail to achieve the optimum model for design. Finally, machine learning models 

are explored, and the best one is selected for this design problem.  

3.1 IEA 15 MW reference wind turbine  
 

In 2020, the International Energy Agency (IEA) Task 37 developed the IEA 15 MW reference offshore 

wind turbine. To date, it is the largest reference wind turbine available publicly in the wind energy 

sector (Allen et al., 2020). Such reference wind turbines are highly useful as benchmarks in exploration 

and pursuit of new technologies and innovations (Allen et al., 2020), especially in the context of this 

thesis. 

The IEA 15MW reference wind turbine is studied with a floating semi-submersible support. It is 

mounted on the Volturn US-S steel semi-submersible platform developed by the University of Maine 

(Papi & Bianchini, 2022).  
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Figure 3.1 IEA 15 MW Wind turbine on semi-submersible (Allen et al., 2020) 

The IEA 15MW OWT uses a tri-column floater that is of semi-submersible type (Papi & Bianchini, 2022). 

The 3 main columns are connected to the main column via 3 radial pontoons of rectangular cross 

section. The centre column is connected to the wind turbine tower through a transition piece. 

3.1.1 System properties 
 

As referenced from IEA, the wind turbine has the following system characteristics: 

Parameter  Value 

Turbine ra�ng 15 MW 

Hub height  150 m 

Pla�orm type Semisubmersible 

Cut-in wind speed 3 m/s 

Rated wind speed 10.59 m/s 

Cut-out wind speed 25 m/s 

Table 3.1 System characteristics of the IEA 15MW wind turbine (Gaertner et al., 2020) 

There are three representative wind speeds that capture the turbine performance throughout its 

operational spectrum: (a) the cut-in wind speed at 3m/s, (b) the rated wind speed at 10.59m/s, where 

the turbine first achieves its rated power and (c) the cut-out wind speed at 25m/s which is the highest 

sustained wind speed during the turbine’s operation. When wind speeds exceed the rated wind speed, 



 
 

37 
 

the wind turbine adjusts its blade angles (feathers its blades) to maintain a constant rated power 

output (Wayman et al., 2006). 

Of critical concern is the loads at the base of the wind turbine tower, at the rated wind speed of 10.59 

m/s. This is because at the rated wind speed, the power output and thrust of the wind turbine are 

maximum, resulting in significant tower base loads which may lead to significant structural yielding in 

the semi-submersible.   

 

Figure 3.2 Power and thrust curve of IEA 15MW wind turbine (Gaertner et al., 2020) 

 

3.1.2 Layout and specifications of the 15 MW steel semi-submersible platform 
 

The layout of the semi-submersible is such that three 12.5 m diameter columns are radially spaced 

equidistant from the centre column, at a distance of 51.75m from the vertical axis of the centre 

column.  

 

Figure 3.3 Plan view of IEA 15MW wind turbine (Allen et al., 2020) 
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Figure 3.4 15MW steel semi-submersible platform (Sandua-Fernández et al., 2022; Allen et al., 2020) 

 

The global dimensions of the 15 MW steel semi-submersible are as shown: 

 

Figure 3.5 Global dimensions of semi-submersible platform 

3.2 Loading conditions in OPENFAST 
 

OPENFAST was used to generate the global response analysis results for representative wind and wave 

conditions. In OPENFAST, turbulent wind conditions from mean horizontal wind speeds of 3m/s to 

25m/s, with increments of 1m/s, were run with binary TurbSim. 3m/s and 25m/s are the cut-in and 

cut-off wind speeds of the wind turbine respectively.  

3.2.1 Wave conditions 
 

The wave conditions are as follows: 

Wave condi�on  Value Defini�on 

Wave model 
JONSWAP/Pierson-Moskowitz 
spectrum (irregular) 

This wave model assumes a 
deep sea and a fully developed 
sea state (Bai and Jin, 2016) 
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Wave condi�on  Value Defini�on 
Wave Stretching Model No stretching  Model for stretching incident 

wave kinema�cs to 
instantaneous free surface 

WaveTMax 4000 seconds Analysis �me for incident wave 
calcula�ons. First 600 seconds 
are “removed” as this is noise 
in data, and to remove the 
transient effect caused by the 
start-up of the wind turbine. 

WaveDT 0.25 seconds Time step for incident wave 
calcula�ons 

WaveHs 2 metres Significant wave height of 
incident waves 

WaveTp 10 seconds Peak spectral period of 
incident waves 

Table 3.2 Wave conditions in OPENFAST simulations 

3.2.2 Initial conditions of wind turbine 
 

The initial conditions must be input so that negative damping of the wind turbine will not occur. 

Negative damping will cause the control system of the turbine to stall, resulting in errors in OPENFAST 

analysis.  

The initial conditions were referenced from the technical report for the NREL offshore 5MW wind 

turbine. A linearization analysis was conducted, based on the blade-pitch sensitivity for the wind 

turbine producing 5MW of power at each wind speed, at a constant rotor speed of 12.1 rpm (Jonkman 

et al., 2009). A series of FAST simulations were executed at given steady and uniform wind speeds with 

pitch and torque control enabled (Jonkman, 2014). Each simulation was conducted long enough to 

ensure all transient behaviour had died out, then the steady-state values were recorded.  

The initial conditions of the wind turbine are as follows: 
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Mean horizontal wind speed 
(m/s) 

Blade pitch angle (deg) 
Same for all 3 blades Rotor speed (rpm) 

3 (cut-in wind speed) to 111 
1 
 

7.552 12 
13 
14 8.70 

12.1 

15 10.45 
16 12.06 
17 13.54 
18 14.92 
19 16.23 
20 17.47 
21 18.70 
22 19.94 
23 21.18 
24 22.35 

25 (cut-off wind speed) 23.47 
Table 3.3 Initial conditions of the wind turbine 

3.2.3 Parked load case 
 

Offshore wind turbines are elaborate structures whose dynamics can change greatly due to variations 

in operating conditions such as rotor speed and pitch angle, as well as changes in environmental 

conditions like wind speed, wave height, and wave period (Shirzadeh et al., 2014). In particular, during 

parked conditions, the turbine is subjected to significant forces, making it a critical area of study to 

ensure the safe operation of the turbine (Sakib & Griffith, 2022). 

A parked wind turbine has its blades feathered and put parallel to the wind direction to keep the 

aerodynamic loads to a minimum (Jiang et al., 2013). During parked conditions when aerodynamic 

damping forces are reduced, the response to wave actions with frequencies near the structural 

resonance frequencies can be significantly amplified. (Shirzadeh et al., 2014).  

Furthermore, wind turbines are designed to withstand environmental events with a return period of 

50 years (Jiang et al., 2013). Hence, the wind turbine is considered parked in the simulations, so as to 

correspond to the maximum significant wave height Hs and peak wave period Tp with a probability of 

occurrence being 50 years at the site where the turbine is to be located.  

 

                                                            
1 10.59 m/s is the rated wind speed. 11m/s was chosen to represent the rated wind speed as it was an integer. 
2 7.56 rpm is the maximum rotor speed of IEA 15MW wind turbine. 
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3.3 Semi-submersible platform design  
 

With reference from the design methodology of Wang et al. (2023) for steel semi-submersible platform 

design, a flowchart showing the design process of determining the detailed design of the semi-

submersible is developed.  

 

Figure 3.6 Flowchart of semi-submersible platform design 

 

3.3.1 Material properties of semi-submersible 
 

The material properties of the semi-submersible are not explicitly mentioned in the documents under 

IEA or U of Maine. It is only mentioned that the semi-submersible is made of steel. A numerical study 

and analysis (Wang et al., 2023) of the Technical University of Denmark (DTU) 10 MW reference wind 

turbine shows the following material properties of the steel semi-submersible platform. As a 

reference, this set of material properties will be used for this thesis. From DNV-OS-C101, Section 4, 

Table D1, S235 steel is classified as Normal strength steel (DNV, 2011).  

Parameter Value 
Density 7850 kg/𝑚𝑚3 

Yield strength 235 MPa 
Young’s modulus 2.11× 105 MPa 

Poisson’s ra�o 0.3 
Table 3.4 Material properties of semi-submersible platform 

3.3.2 Load transfer in the pontoon 
 

It is essential to identify the load path in the pontoon. The loads are first transferred to the blades of 

the turbine, then to the turbine tower, through the transition piece to the central column and then 

transferred to the horizontal pontoons. Finally, the loads are transferred from the horizontal pontoons 

to the side columns.  
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Figure 3.7 Load path direction, image modified from (Allen et al., 2020) 

In terms of the detailed design in the pontoon, it comprises of a framework of girders and stiffeners. 

The loads are transferred from the hull plate to the webs of the longitudinal girders, and through beam 

action transfer the loads to the transverse girders (Bai & Jin, 2016).  

 

Figure 3.8 Load path in bottom part of pontoon cross section 
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3.3.3 Load effects on stiffener design 
 

Since the detailed internal design of the semi-submersible support structure is unavailable, a design is 

proposed. The load effects on the pontoon first need to be considered. The loads acting on the cross 

section of the hull are affected by the motions and accelerations in heave and pitch (Li et al., 2023). 

When heave and pitch motion resonance occur, the structural loads effects increase. In addition, 

critical wave periods induce major splitting or prying force on the hull columns. Hence, the girder and 

stiffener layout in the pontoon should account for these two factors (Li et al., 2023): 

1. Heave and pitch mo�on resonance cause an increase in structural load effect on the cross 

sec�on of the hull. 

2. Cri�cal wave periods result in major spli�ng or prying effects on the hull columns. 

 

3.3.4 Naming of girders and stiffeners in pontoon 
 

The typical cross section of a ship hull (Ostapenko, 1981) comprises of a longitudinal girder, 

longitudinal stiffener, transverse rib and longitudinal bulkhead.  

 

Figure 3.9 Typical cross section of ship hull (Ostapenko, 1981) 

However, such terms can be confusing, especially for a structural engineer when looking at the 

longitudinal stiffener and longitudinal girder. To ease the confusion and to align with structural 

engineering terms, the following naming convention is proposed for the pontoon.  
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Figure 3.10 Naming of girders and stiffeners in pontoon 

3.3.5 Preliminary design of pontoon – hull thickness  
 

In the early stage of the preliminary design of the pontoon, a uniform hull plate thickness of 30 mm 

was considered. This was referenced from similar studies done by Ivanov et al. (2023) where a 

simplified model of the column and pontoon were developed with no reinforcement, bar the 

bulkheads. In another study on semi-submersible hulls of floating wind turbines by Li et al. (2024), a 

plate thickness of 50mm was assumed for the hull structure. 

Eventually, a hull thickness of 50 mm was used after verifying with hand calculations for bending stress, 

since it is assumed that the main bending resistance is provided by the hull. The tower base forces and 

moments from OPENFAST Turbsim simulations at 11m/s mean wind speed were resolved and applied 

at the hull cross section. Such was chosen because 11m/s is close to the turbine’s rated wind speed of 

10.59m/s. The hull thickness was determined via verifying the hull cross section as a box cross section 

subjected to bending as per DNV-OS-C101, DNV-ST-0119 and AISC 9th Edition. An additional shear 

stress check was performed to further validate the chosen hull thickness.  

Detailed calculations be found in the Appendix B – Detailed calculation for hull plate thickness. 

3.3.6 Preliminary design of pontoon – girder and stiffener layout in pontoon 
 

As there is no publicly available information on the girder and stiffener layout in the pontoon from IEA 

or other relevant sources, it must be proposed in this thesis. The stiffeners in the pontoon do not 

provide bending stiffness but help to prevent buckling of the hull structure.  
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3.3.6.1 Girder section profile and layout 
 

The girder layout in the horizontal pontoons were based on literature from Park and Choung (2023). 

They studied the structural design of a substructure supporting a 10MW offshore wind turbine. It can 

be observed that in the pontoon cross section, there is use of T-profile girders for both the longitudinal 

and the transverse girders.  

 

Figure 3.11 Stiffener design in Park and Choung’s study (2023) 

A T-beam has a cross section with a T shape. The top flange of the T-beam serves as a compression 

member resisting compressive forces, while the web withstands shear stress (Wikipedia, 2023). One 

drawback of the T-beam in comparison to the I-beam is the absence of a bottom flange to resist tensile 

forces (Benmusa, 2020). Yet, in ship hull design, T-beams are favoured as they can be welded to the 

hull plate, giving the role of tension flange to the hull plate. 

 

Figure 3.12 Cross section of T-beam 

It is also noted from Park and Choung’s study (2023) that longitudinal girders tend to be smaller in size 

than the transverse girders. Furthermore, Bai and Jin (2016) highlighted that the main frame system in 

hull girders typically comprise of “relatively closely spaced” longitudinal girders along with “more 

widely spaced” heavier transverse girders. However, there also exist literature that study hull 

frameworks where the longitudinal girders are larger in size as compared to the transverse girders. In 

a study of a pontoon under boat attack, the cross section of the pontoon had larger longitudinal girders 
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termed “stiffeners”, along with smaller transverse girders (Li et al., 2022). Hence, this thesis will cover 

both configurations before concluding which is optimal in the context of the thesis. 

 

Figure 3.13 Cross section of pontoon (Li et al., 2022) 

 

3.3.6.2 Type of stiffener 
 

As per DNV-RP-C201, Section 7.1 (2010), there are 2 types of stiffeners classified based on their 

structural purpose: continuous stiffener and simple supported stiffener (sniped stiffener).  

The continuous stiffener, connected to the hull frame and the girders, contributes its full moment 

capacity to the global strength of the hull structure (Hacihamud, 2022) (DNV, 2010). 

 

Figure 3.14 Continuous stiffener (DNVGL-PS, n.d.) 

Sniped stiffeners are sniped at the intersection with the hull frame and the girders. This makes the 

intersection point a simple support. Sniped stiffeners do not contribute to the global strength of the 

hull structure, as they only prevent buckling of the plate between the girder spans (Hacihamud, 2022). 

In this thesis, the stiffener is treated as continuous.  
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Figure 3.15 Sniped stiffener (DNVGL-PS, n.d.) 

 

3.3.7 Proposed designs for pontoon 
  

This section will cover three proposed designs for the pontoon. Design 1 considers a larger longitudinal 

girder, and relatively smaller transverse girder. Design 2 swaps the girder profile sizes in Design 1 for 

the longitudinal and transverse girders, while considering relatively widely spaced transverse girders. 

Meanwhile, Design 3 upsizes the longitudinal girder in Design 2, while keeping the transverse girders 

closely spaced as in Design 1 and spacing the longitudinal girders even closer than in Design 1. 

Design 
Longitudinal girder 

size 

Longitudinal 

girder 

centre-

centre 

spacing on 

top/botom 

face of hull 

Longitudinal 

girder 

centre-

centre 

spacing on 

side face of 

hull 

Transverse girder 

size 

Transverse 

girder 

centre-

centre 

spacing 

1 Tbar885x200x14x35 2.5 m 1.75 m Tbar425x120x12x25 0.9 m 

2 Tbar425x120x12x25 2.5 m 1.75 m Tbar885x200x14x35 2.25m 

3 Tbar625x150x12x25 1.5625 m 1.75 m Tbar885x200x14x35 0.9 m 

Table 3.5 Summary of proposed layouts for pontoon 
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Design 
Longitudinal girder 

size 

Longitudinal 

girder 

centre-

centre 

spacing on 

top/botom 

face of hull 

Longitudinal 

girder 

centre-

centre 

spacing on 

side face of 

hull 

Transverse girder 

size 

Transverse 

girder 

centre-

centre 

spacing 

1 Bigger  Wider x3 Smaller  x 

2 Smaller  x x Bigger  Wider  

3 Smaller  Narrower  x Bigger  x 

Table 3.6 Summary of comments for proposed layouts for pontoon 

3.3.7.1 Section profile of girders  
 

The section profiles of the girders were referenced from SESAM’s semi-pontoon workshop (DNV GL, 

2015). The section properties of were obtained from SESAM GeniE’s section profile database, and 

appended in Appendix C – Section profile properties of girders. 

3.3.7.2 Design 1  
 

For Design 1, the transverse stiffeners were spaced at 0.9m centre-to-centre spacing, as referenced 

from Gaspar et al. (2014)’s study on stiffened plates. The longitudinal stiffeners were spaced at 2.5m 

centre-to-centre spacing for the bottom face of the pontoon, and 1.75m centre-to-centre spacing for 

the side face of the pontoon. These dimensions were considered based on the 40.5m length of the 

pontoon, its 12.5m width and 7m height.  

 

Figure 3.16 Stiffener and plate dimensions, and location with respect to hull (Design 1) 

                                                            
3 “x” indicates no comment. 
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3.3.7.3 Design 2  
 

In the Recommended Practice for Structural Design of Offshore Ships, DNV-RP-C102, section 6.2 

highlights that stiffeners are usually oriented longitudinally (i.e. along the pontoon length), because 

under compressive forces, the longitudinal direction is the most dominant direction (DNV, 2002). 

Larger girders, placed in the transverse direction and spaced at wider intervals, would then support 

the stiffeners (DNV, 2002). This concept forms the basis of Design 2. 

 

Figure 3.17 Design 2 layout 

 

3.3.7.4 Design 3 
 

Design 3 is a variation of both Designs 1 and 2. Design 3 is proposed to study the relationship of 

transverse girder size, its spacing and longitudinal girder size and its corresponding spacing.  
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Figure 3.18 Design 3 layout 

 

3.3.8 Verify stiffener layout as per DNV-RP-C201 
 

The next step would be to verify the stiffener layout proposed. Beginning with Design 1, the procedure 

to verify the stiffener layout, with the basis of DNV-RP-C201 as follows: 

1) Analyse one por�on of the s�ffened panel as idealised, as per DNV-RP-C201 

2) By tributary area, distribute the applied loads at rated wind speed (use 11m/s)  

3) Check hull plate thickness: Use Roark’s theory of stress and strain to check if the hull thickness 

of 50mm OK? 

4) Check s�ffened plate 50mm thickness OK for shear stress as per DNV-RP-C201, sec�on 7.6 

5) Check s�ffener axial capacity as per DNV-RP-C201, Sec�on 7.2 

6) Check general buckling of s�ffeners as per DNV-RP-C201, Clause 7.5.1 

7) Shear check for s�ffener, as per DNV-RP-C201, Sec�on 7.8 

8) Check s�ffener spacing as per DNV-RP-C201, equa�on 7.13 

Detailed calculations can be found in Appendix D – Detailed calculation for stiffener layout. 

3.3.8.1 Idealised stiffened panel under consideration 
 

The figure below shows the idealised stiffened panel under consideration, as referenced from DNV. 
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Figure 3.19 Idealised stiffened panel (DNVGL-PS, n.d.) 

Where: 

• S1 and s2 refer to the centre-centre spacing between longitudinal s�ffeners 

• Lt is centre-centre spacing between transverse s�ffeners 

3.3.8.2 Assumptions of boundary conditions of stiffened plates 
 

The boundary conditions of the loaded edges of the stiffened plates are assumed as follows (Bai & Jin, 

2016): 

- Boundary edges maintained straight due to the presence of suppor�ng structures.  

- Due to yielding, the boundary condi�ons of the plates are assumed as simply supported. 

These assumptions are made to simplify the problem and lead to conservative but sufficient results. 

Furthermore, the boundary conditions do not have significantly impact the ultimate strength (Bai & 

Jin, 2016).  

The actual restraints on the stiffened plates are complex. To simplify the problem and create a 

calculation model that is close to the actual boundary conditions, the plate is assumed to be simply 

supported on all sides. This avoids any out-of-plane displacement of the plate (Wang et al., 2016).  
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3.3.8.3 Distribute load by tributary area 
 

At mean wind speed of 11m/s (close to rated wind speed of 10.59m/s), the forces transferred from 

the tower base to the pontoon are: 

Force / moment type 
*axis orienta�on as per 

ANSYS model 
Value 

Fx (kN) 5.64 x 103 
Fy (kN) -7.77 x 102 
Fz (kN) -2.43 x 104 

Mx (kNm) 1.16 x 105 
My (kNm) 6.72 x 105 
Mz (kNm) 2.49 x 104 

Table 3.7 Force and moment at mean wind speed of 11m/s 

These loads are distributed to the idealised stiffened panel by area, as a simple estimate. The area 

ratio between the actual full stiffened panel of the pontoon to the idealised stiffened panel is used as 

the load factor. This load factor is applied to all the aforementioned loads transferred from tower base 

to pontoon.  

 

Figure 3.20 Idealised stiffened panel 

 

Area of en�re top or 

botom face of hull 

(𝑚𝑚2) 

Area of idealised 

s�ffened panel 

(𝑚𝑚2) 

Scale factor 

40.5 x 12.5 = 506.25 9 
506.25÷9 = 

56.25 

Table 3.8 Scale factor of loads based on area ratio 
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Loads on idealised s�ffened panel 

Force / moment type 

*axis orienta�on as per 

ANSYS model 

Value 

Fx (kN) 100.27 

Fy (kN) -13.81 

Fz (kN) -432 

Mx (kNm) 2062.22 

My (kNm) 11946.67 

Mz (kNm) 442.67 

Table 3.9 Load distribution to idealised stiffened panel 

 

3.3.8.4 Check hull plate thickness with Roark’s theory of stress 
 

Assume the idealised stiffened panel as simply supported all sides, the Roark’s theory of stress was 

incorporated to validate the stress check at centre of the plate. The downward force Fz was applied as 

a pressure load onto this plate. Detailed calculations can be found in the Appendix D – Detailed 

calculation for stiffener layout. 

3.4 FEM modelling 
 

This section deals with the FEM modelling of the pontoon, and the methodology involved.  

3.4.1 FEM Software: Ansys 
 

The FEM software used in this thesis is Ansys Mechanical, known for its FEA solvers designed to tackle 

structural engineering challenges. In Ansys Mechanical, static analysis focuses on examining how a 

structure or component responds to static loads, reaching equilibrium without accounting for time-

dependent effects (ELEATION, 2023). The suite's FEA solvers allow for the customization and 

automation of solutions to structural mechanics problems, enabling the parameterization of multiple 

design scenarios for comprehensive analysis (Ansys, 2024). 

3.4.2 Constitution of the FEM model  
 

The ANSYS software was used to develop the finite element model of the pontoon. The wind turbine 

was not included in this model. Nevertheless, the weight of the wind turbine (i.e. the tower, blades 
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and nacelle) and the environmental loads that acted on the wind turbine were equivalently applied as 

tower base loads to the pontoon. 

 

3.4.3 Material properties of steel in ANSYS 
 

The figure below shows the material properties of S235 steel used in the Ansys model.  

 

Figure 3.21 Material properties in Ansys model 

3.4.4 Choice of element type in FEM  
 

The shell element is chosen to simplify the FEM of the 3D structure of the pontoon. Shell elements are 

2D approximations of the 3D geometry, storing the thickness of a body as a physical property (Ferris, 

2020). In the Ansys FEM, the thickness of each element was defined as a physical section property, as 

shown in the figure below.  

The aim is to reduce the computational cost when performing FEA in Ansys, while ensuring all elements 

are as well shaped as possible to enhance convergence and accuracy (Vedvik, 2021). Hence, the shell 

element is chosen. The nodes of the shell element have both displacement and rotational degrees of 

freedom (Vedvik, 2021). Another benefit of the shell element is that they avoid issues of shear locking 

(Roehm, 2017). Shear locking occurs in first-order 3D elements that experience bending. Due to the 

numerical formulation of these elements, parasitic shear may result, leading to shear strains that do 
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not actually exist, and as such, these elements would showcase overly stiff behaviour in bending modes 

(Vedvik, 2021).  

Shell elements are applicable to the geometry of the bottom pontoon, since the hull and stiffeners are 

thin-walled with a length far greater than its thickness, rendering the shear deformation as negligible 

(Ferris, 2020). Furthermore, since the shell element has to sustain transverse and plane loading, the 

stress state must allow for transverse shear stress and plane stress. Hence, it is sufficient to enforce 

the classical stress assumption that 𝜎𝜎33 = 0, where the “3” direction is normal to the mid-surface of 

the shell element (SesamX, 2020).  

Modelling the beam-column as shell element and beam element give more or less same result, as 

verified by the study done by (Li et al., 2017) on steel beam-columns under axial compression. Hence, 

it is a sound assumption to model the pontoon as a shell element.  

3.4.5 Mesh size and mesh order  
 

Mesh size refers to the characteristic length of the edge of the element, while mesh order details the 

shape function used to compute the element displacements (Ferris, 2020).  

The hexahedral element (aka brick element) was chosen for the mesh size because they generally lead 

to more accurate results at lower element counts than tetrahedral elements (Ferris, 2020). 

Furthermore, the geometry of the stiffeners and the hull faces are regular in rectangle shape, so the 

hexahedral element is more appropriate to model the element displacements. Hence, during the 

meshing process, tetrahedral elements were avoided as much as possible. 

For the mesh order, first-order and second-order elements are commonly used. First-order elements 

only have corner nodes and linear displacement between the nodes. On the other hand, second-order 

elements have additional mid-side nodes between the corners, and displacements are calculated 

quadratically.  For the preliminary FEM, it is sufficient to consider first-order elements. 

In general, a smaller mesh size leads to a higher number of elements in the FEM, leading to longer run 

times and more accurate results (Ferris, 2020). The figure below shows the difference between first-

order and second-order tetra and hex elements.  
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Figure 3.22 1st and 2nd order tetra and hex elements (Albino et al., 2019) 

 

3.4.5.1 Quadrilaterial face mesh  
 

In the Ansys model, an all-quadrilateral face mesh was opted, as much as possible, with some 

inevitable triangle meshing created.  

 

Figure 3.23 Quadrilateral face mesh 

 

Figure 3.24 Quadrilateral mesh element size imposed on all elements 

 

3.4.5.2 Supressed contact analysis  
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It is important to ensure that all the mesh elements have proper and continuous meshing across all 

faces of the pontoon.  “Contacts” was suppressed in the FEM, as contact analysis is not utilised in the 

FEM.  

 

Figure 3.25 Contacts suppressed in ANSYS FEM 

 

Figure 3.26 Contact analysis between two adjacent connecting surface (Kim, n.d.) 

The penalty method is used in contact analysis, where an opposing contact force is applied 

proportional to the penetration, when penetration between two surfaces in contact reaches the 

“penalty”. The figure below illustrates this.  

 

Figure 3.27 Contact analysis (Kim, n.d.) 
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Moreover, in this FEM, as all the elements are modelled as shell elements, using contact analysis on a 

2D line element is not appropriate. Further, as the FEM comprises of several surfaces in contact, the 

contact analysis would not be time-efficient on the computation as the penalty method would have to 

be applied on all surfaces in contact. Hence, meshing without contact analysis was executed. 

3.4.5.3 Poor meshing, good meshing 
Previously, when the structure was modelled in entire length instead of by parts, the meshing that was 

automatically generated in ANSYS was irregular. Figure 3.28 below shows poor meshing between the 

transverse stiffener (small one) and the longitudinal stiffener, because the web of the longitudinal 

stiffener was not divided at the flange edge of the transverse stiffener. When the mesh is distorted 

and/or curved, the quadrilateral element is not planar, so the mesh is bad. Poor meshing prevents 

stress from distributing accurately across elements. 

 

Figure 3.28 Poor mesh 

On the contrary, when the longitudinal stiffener is divided at flange edge of transverse stiffener, there 

is good and continuous mesh, as shown in Figure 3.29. 

 

Figure 3.29 Good mesh 
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Figure 3.30 Isometric view of bottom face of pontoon, showing good contact between mesh elements 

 

3.4.5.4 Thickness definition in Ansys 
 

n DesignModeler, the elements are modelled as thin surfaces with zero thickness. The thicknesses of 

all elements were then specified in Ansys Mechanical. This is to ease the modelling process of such an 

intricate structure like that of the pontoon.  

 

Figure 3.31 Thickness not defined in DesignModeler 

 

Figure 3.32 Thickness defined in Ansys Mechanical 
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3.4.6 Boundary conditions of FEM model 
 

The end of the pontoon which is connected to the side column is constrained in all 6 DOF (degrees of 

freedom). This end of the pontoon is of particular interest, since it will receive the wind turbine tower 

base loads transferred from the other end of the pontoon, which is connected to the central column. 

The loaded end of the pontoon has all 6 DOF free.  

   

Figure 3.33 Boundary conditions of FEM model 

These boundary conditions assumed are conservative. In reality, the fixed end of the pontoon would 

experience some displacement under the dynamic wind and wave induced loads from the wind 

turbine. The free end of the pontoon would also be partially rigid, since it is connected to the central 

column which provides some form of rigid constraint. However, in a similar FE model of a pontoon 

connected to the central column, Marin (2013) found that stresses in the specified area of interest are 

almost unaffected by the choice of boundary condition. Hence, the assumed boundary conditions are 

chosen to simplify the FE model.  

 

3.4.7 Transfer structural loads from OPENFAST simulations to ANSYS FEM model 
 

The tower base moments and forces were transferred from the OPENFAST simulations to the ANSYS 

FEM. The Table 3.10 lists the definitions of the tower base loads as per NREL, while the Figure 3.34 

shows what the tower base moments and forces refer to (Yilmaz, 2014).  
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Name Defini�on 
"TwrBsFxt" Tower base Fore-a� shear (pla�orm) 
"TwrBsFyt" Tower base side-to-side shear force 
"TwrBsFzt" Tower base axial force 

"TwrBsMxt" 

Tower base roll (or side-to-side) moment (i.e., 
the moment caused by side-to-side forces) 

(pla�orm) 
 

"TwrBsMyt" 
Tower base pitching (or fore-a�) moment (i.e., 
the moment caused by fore-a� forces), about Y 

axis 

"TwrBsMzt" Tower base yaw (or torsional) moment about Z 
axis 

Table 3.10 Load definitions (Jonkman, 2007) 

 

Figure 3.34 Visual definition of forces and moments (Yilmaz, 2014) 

The Figure 3.35 below indicates where the tower base is located. There is a lever arm distance of 28m 

from the tower base to the top face of the horizontal pontoon.  
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Figure 3.35 Lever arm distance from tower base to pontoon (Allen et al., 2020) 

Since there is a lever arm of 28m, the "TwrBsFxt" and "TwrBsFyt" additionally contribute to My and 

Mx respectively. Similarly, "TwrBsFzt", with a lever arm of 5m (radius of the tower), provides an 

additional contribution to Mx and My.  

3.4.7.1 Loads applied on FEM model of pontoon 
 

First, the FEM model needs to be checked if it is sound. The first load case considered was at the 

turbulent wind speed of 25m/s. Once the FEM model is OK, the loads corresponding to rated wind 

speed will be considered since that is the most severe load case from a structural point of view.  

The pontoon is idealised as a cantilever beam. Static loads were applied on the FEM model of the 

pontoon – gravity, tower base loads and 0.1G acceleration in the x and y directions as an approximation 

to account for wave loads (Ivanov et al., 2023). “G” refers to the gravitational acceleration of 9.81 

m/𝑠𝑠2. The loads are applied in the positive direction for y direction and applied in the negative 

direction (downwards) in the x and z directions, while moment was applied in the positive direction 

for all directions. These directions are considered to induce the maximum loading effect on the 

pontoon.  

The tower base loads are resolved by the moment arm of the tower and applied at the face of the end 

plate, which is located at the free end of the pontoon. The 0.1G acceleration was applied on the entire 

pontoon body.  
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Figure 3.36 Pontoon idealised as cantilever beam 

 

Figure 3.37 Tower base loads applied on face at free end of pontoon 

 

Figure 3.38 0.1 G acceleration applied on entire body 

 

3.4.8 Need for constraint on free end of idealized cantilever to control 
deformation 

 

The pontoon is idealised as a cantilever beam, with the left end restrained as a fixed support on the 

outer edges, while the right end of the beam is free. When the actual forces and moments are 

transferred from the tower base to the free end (under load case of 25m/s turbulent wind from 

OPENFAST Turbsim simulations), there is a significant local deformation of 2.14 m, using Design 2 as 
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an example. The local deformation is significant in the hull plate itself, which is nearest to the free edge 

of the beam.  

 

Figure 3.39 Significant local deformation in hull plate (Design 2) 

 

Figure 3.40 Significant local deformation in hull plate (Design 2) 

 

Hence, a transverse stiffener was added at the free end of the model to ‘control’ the deformation. 

Figure 3.41 and Figure 3.42 show the transverse stiffener added at the free end. With the same loads 

applied on the outer edge of the end transverse stiffener, the total deformation was controlled and no 

longer localized, with a maximum at the end as 0.45 m.  
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Figure 3.41 Deformation controlled with addition of end transverse stiffener (Design 2) 

 

Figure 3.42 Close up of controlled deformation (Design 2) 

However, the most critical von Mises stress was at the corner, where the boundary condition was 

applied. The von Mises yield stress was used to check for yielding in the pontoon as it was assumed 

that the onset of yielding represents the ultimate strength of the pontoon components. Figure 3.43 

shows this, with the maximum as labelled.  

 

Figure 3.43 Localized maximum von Mises stress at end transverse stiffener (Design 2) 
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Thus, the other alternative is to model an end plate instead of an end transverse stiffener and apply 

the forces onto the entire end plate, instead of on the outer edge of the plate. This would follow the 

actual condition more.  

 

Figure 3.44 End plate modelled at free end of beam (Design 2) 

However, when the end plate is modelled as a single piece and not subdivided at the intersections with 

the adjacent stiffeners and hull plate, and the force is applied at the 4 edges of the end plate, the total 

deformation and von Mises stress were significant at 0.275 m and 1.0226 × 105 MPa respectively. 

 

Figure 3.45 Localised high deformation and significant von Mises stress (Design 2) 

 

After the nodes were merged, the deformation was more uniform across the beam. However, the 

maximum stress was at the free end, not at the fixed support as expected.  

 

Figure 3.46 Uniform deformation across the beam and location of maximum von Mises stress (Design 2) 
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After trial and error, an end plate thickness of minimum 0.4m was needed to properly transfer the 

loads at the free end throughout the beam. In summary, an end plate thickness of minimum 0.4m was 

needed for Designs 1 and 2, and 0.6m for Design 3, to properly transfer the loads at the free end 

throughout the beam.  

 

Figure 3.47 0.4m thickness end plate modelled (Design 2 at 11m/s mean wind speed) 

It is noted that the change in end plate thickness adjusts the location of the von Mises stress, because 

thicknesses lower than 0.4m is too thin and will suscept the plate to local buckling. For end plate 

thicknesses 0.4m and above, the von Mises stress magnitude and location does not change. Figures 

below illustrate this with end plate thicknesses of 0.2m, 0.3m, 0.4m, 0.5m and 1m. 
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Figure 3.48 Varying end plate thicknesses showing shift in location of maximum von Mises stress (Design 2) 

 

3.4.9 Mesh convergence study  
 

It is necessary to validate the mesh convergence of the FE analysis to ensure reliability of the results. 

This is performed through mesh refinement, where the element size is halved in each FE analysis until 

the results converge. For this FE analysis which is non-linear, mesh convergence is achieved with a 

convergence error of 5% on the total strain (DNVGL-RP-F112 Appendix A1.1, 2018). Four different 

mesh sizes were studied: coarse, intermediate, fine, and very fine. 

3.4.9.1 Stress singularity in mesh convergence study 
  

In the mesh convergence study, it is important to check for stress singularity, which occurs when the 

stress increases to infinity as the mesh size reduces to zero (Stevens, 2019). Stress singularity is an 

artificial by-product of the FEM model, and give wrong results to the mesh convergence study. Stress 

singularities typically show up in sharp corners of the model, at locations of point load applied and at 

locations that have been idealised (Stevens, 2019). For example, in this FEM, the corners of the 
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horizontal pontoon are idealised as sharp corners, when in reality, they would be welded at the sharp 

joints or chamfered.  

 

Figure 3.49 Three ways to model the sharp corner in a general FEM model (Bozkurt et al., 2019) 

 

Figure 3.50 Three ways to model the sharp corner in the FEM model of this thesis 

Since the FEM modelling is an iterative process as part of design optimization of hull layout, it is 

imperative to reduce any complexities in the modelling as much as possible.  To reduce complication 

in the modelling of the FEM model, it is opted to idealise the corners as sharp corners. As a result, 

there is stress singularity observed in the models (all 3 designs). This is deduced from the increase in 

von Mises stress as the mesh size decreases, leading to a null in mesh convergence. Regardless of the 

mesh refinement, the stress diverges, as shown in Table 3.11, using Design 3 as an example. 

mesh size 
(m) 

mesh 
quantity 
(no. of 
nodes) 

mesh 
quantity 
(no. of 

elements) 

total 
deformation 

(m) 

equivalent von Mises 
stress (MPa) 

total convergence 
error on Von Mises 

stress (%) 

1 12449 16505 0.28017 411.22 - 

0.5 78213 28020 0.28728 581.95 29.34 

0.25 222821 77832 0.28891 945.3 38.44 

0.125 656983 224902 0.28957 1215.5 22.23 
Table 3.11 Mesh results diverge with mesh refinement (Design 3) 
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In the model design 3, with a mesh size of 0.5m, very high von Mises stress is observed at the sharp 

corners of the pontoon, at the location where fixed support is imposed. The sharp corners induce a 

numerical singularity. 

 

Figure 3.51 Design 3, at mesh size 0.5m, stress singularity observed at sharp corners 

 

3.4.9.2 Resolve stress singularity 
 

To resolve the stress singularity, the membrane and bending stress was obtained at the same location 

across all mesh sizes considered. The location chosen was a web plate of a girder that was near to the 

corner of highest stress singularity. Then, the membrane and bending stress was checked for 

convergence with mesh refinement.  

As a start, the Figure 3.52 below shows for Design 3, at a mesh size of 0.5m, the membrane and bending 

stress (equivalent von Mises stress). The accompanying Figure 3.53 shows the stress path along the 

marked web plate.  



 
 

71 
 

 

Figure 3.52 Observe linearised stress on the web plate of girder marked ¨x¨, located near the point of highest stress 
singularity 

 

Figure 3.53 Linearised stress path along web plate of longitudinal girder (Design 3) 
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3.4.9.3 Mesh convergence results 
 

The linearised stress was observed for all three designs. It can be seen that at a mesh size of 0.125m, 

all three designs achieved mesh convergence, with a convergence error of less than 5%.  

Design 1 

mesh size (m) 
mesh 

quan�ty (no. 
of nodes) 

mesh 
quan�ty (no. 
of elements) 

membrane + bending 
stress (von Mises stress) 

(MPa) 

convergence error 
on membrane + 

bending stress (%) 
1 79678 29286 242.81 - 

0.5 123863 42231 252.18 3.72 
0.25 86643 88141 266.82 5.49 

0.125 250127 251934 265.25 0.59 

Design 2 

mesh size (m) 
mesh 

quan�ty (no. 
of nodes) 

mesh 
quan�ty (no. 
of elements) 

membrane + bending 
stress (von Mises stress) 

(MPa) 

convergence error 
on membrane + 

bending stress (%) 
1 6551 9144 237.09 - 

0.5 17020 17468 261.27 9.25 
0.25 49101 49676 280.65 6.91 

0.125 165802 166680 281.32 0.24 

Design 3 

mesh size (m) 
mesh 

quan�ty (no. 
of nodes) 

mesh 
quan�ty (no. 
of elements) 

membrane + bending 
stress (von Mises stress) 

(MPa) 

convergence error 
on membrane + 

bending stress (%) 
1 12449 16505 213.18 - 

0.5 78213 28020 222.69 4.27 
0.25 222821 77832 257.15 13.40 

0.125 656983 224902 249.42 3.10 
0.0625 802129 818416 240.02 3.92 

Table 3.12 Mesh convergence results 

Figures below show the mesh convergence for all three designs.  
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Figure 3.54 Mesh convergence plots for all designs 

Hence, it can be concluded that a mesh size of 0.125 m is the optimum for the pontoon FEM model. 

3.5 Machine learning models on Matlab 
 

In the attaining the optimum design of the pontoon, there are mutliple variables to consider, such as 

the stiffener profile, stiffener spacing, girder profile, girder spacing and hull thickness. It is a time-

consuming process to verify each component of the pontoon against the design codes and run the FEA 

simulations. Amidst this, design changes almost always occur even in the mature stages of the project, 

due to a variety of reasons. This leads to a potential time delay in the relevant project stage. Often, in 

large scale projects such as offshore wind turbines, there are several phases that are interdependent 

and incur huge monetary losses should any phase experience a delay. It is thus prudent to adopt 

machine learning models to optimise the design of the pontoon.  

Since there are multiple variables involved, there is great interest to study the use of multi-output 

regression models. The primary aim of multi-output regression is to estimate multiple real valued 

output variables. This is done by training the model and optimising it to the specific target, which is 

the output to be predicted. Typically, a simple approach would be to use a combination of several 
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single output regression models (Sadoughi, 2017). However, such an approach comes with the 

following drawbacks (Karkera, 2017):  

• Not �me-efficient because training mul�ple single-output models may consume a significant 

amount of �me. This is especially pronounced for large sets of data.  

• Each single-output model is trained and op�mised for a specific single target. Since the model 

focuses on a single target, the single-output model is incapable of capturing the 

interdependencies and correla�ons among mul�ple targets.  

In lieu of these drawbacks, it is imperative to consider multi-output regression models that can account 

for both the relationships between input parameters and its respective targets, and the 

interdependencies between output targets (Sadoughi, 2017). Presently, several regression methods 

abound for this purpose, such as multi-target Support Vector Machine (SVM) and Random Forest 

(Sadoughi, 2017). This thesis seeks to simplify the design process as much as possible in order to 

achieve its overall aim of being cost and time-efficient. Hence, a multi-output regression method 

incorporating the Gaussian Process Regression (GPR) model is considered.  

In the approach adopted from Mohammadkazem Sadoughi (2017), the Matlab code implements 

Gaussian Process Regression (GPR) using the Gaussian Processes for Machine Learning (GPML) toolbox. 

The multivariate GP model is trained with the MSRM function developed by Sadoughi (2017). Further 

details on the Matlab code and its functionality are provided in Appendix G – Supporting Matlab codes 

for ML models.  

In this thesis henceforth, Sadoughi’s approach will be called the MSRM function. 

3.5.1 MSRM function to predict the stress in web of transverse girder 
 

First, the MSRM function was used to train a simple multi-input, single output model. The aim is to 

train the model to predict the Von Mises stress in the web of the transverse girder, based on existing 

input from various design parameters of the transverse girder. There are three learning data sets to 

train the model, each set representing each of the three designs. The input data comes from the FEA 

simulations performed at a mesh size of 0.125m, which was the common mesh convergent size among 

all three designs. All simulations were run in an environment of 11 m/s mean wind speed, which was 

close to the rated wind speed of 10.59m/s.  

The transverse girder of focus is the one at the idealised fixed end of the pontoon, with a linearised 

stress path constructed in the mid-depth of the girder. Its maximum membrane and bending linearised 

stress are studied.  
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Figure 3.55 Stress path studied in the web of transverse girder (indicated by red line) 

 

Figure 3.56 Preliminary ML model 

First, check the soundness of the ML model, by using the design parameters for Design 3 as the new 
input. The expected output should be close to the actual value. This is indicated when the covariance 
is of a negligible value (negative or zero). As the covariance represents the uncertainty in the 
prediction, the smaller the uncertainty, the greater the accuracy of the prediction. Details of the 
Matlab code is appended in  
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Appendix E – Matlab code for ML model for von Mises stress of transverse girder. 

Next, the second check of the soundness of the ML model is by removing the input training data for 

Design 3 and train the model using only the data from Designs 1 and 2. Then, the predicted target 

based on Design 3’s input parameters is compared with the actual output for Design 3. Based on this, 

the ML model predicts the output target of Design 3 with an error of 17.5%, as presented in the Table 

3.13 below.  

Target output (MPa) Actual Output (MPa) Uncertainty 
(covariance) 

% error 

61.6522 52.482 0.5643 17.473 
Table 3.13 Results of ML model predicting Design 3 target output 

There are currently no specific guidelines on error tolerance for ML models in optimum design of a 

pontoon for an offshore wind turbine semi-submersible structure. In a study to predict the thrust load 

history of a wind turbine, Noppe et al. (2018) used strain measurements to train a neural network, 

validating the method with both simulated data and actual offshore wind turbine measurements. The 

technique yielded promising results, maintaining a relative error below 15%, with relatively higher 

accuracy in the simulated data (Masoumi, 2023). Although this 15% error threshold pertains to a 

different machine learning model and analysis, and a different component of the wind turbine, it can 

still serve as a rough guideline for error tolerance in the absence of specific literature on machine 

learning for optimal pontoon design. 

Furthermore, the ML model will be further improved when more training data sets are added. Due to 

limited scope of the thesis, only the current data sets from Designs 1, 2 and 3 were used to train the 

ML model. Future study should consider more training input data sets. There are several factors 

affecting the amount of training data required, such as number of features, complexity of the model 

and error tolerance (Stupak, 2024). Stupak (2024) recommends, as a rule of thumb, to have the number 

of training data sets equivalent to ten times the number of features of the ML model. In the case of 

this ML model, there are five training input, so at least 50 training data sets should be included to the 

model.  

3.5.2 MSRM function to predict the column buckling stress in web of longitudinal 
girder 

 

The longitudinal girder is treated as an idealised beam-column. A reference figure from Wang et al. 

(2016) is as shown: 
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Figure 3.57 Idealised stiffened plate (Wang et al., 2016) 

The longitudinal girder is idealised as beam-column with the following boundary conditions: 

• Remote displacement constraint at the base, where the hinge support is located. The base of 

the column is free to rotate on all axes except its own, and it is restrained from displacement 

in all axes. 

• Displacement constraint at the top of the column, where the compressive force is applied. The 

column has displacement constraints in all axes except in the direc�on where the force is 

applied, so that the column can move up and down under the applied load.  

 

Figure 3.58 Remote displacement at the pinned end of the column 

 

Figure 3.59 Displacement constraint at the point of load application 
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Figure 3.60 Beam column modelled in Design 1 with hull plate width 2.5m, equivalent to longitudinal girder c/c spacing 

Normal stress is recorded from the Ansys simulations, via the linearised stress path on the longitudinal 

girder, as indicated below, in red. 

 

Figure 3.61 Design 1, longitudinal girder stress path 

Then, an ANSYS model of only the idealised beam-column is modelled, and the compression force 

applied is equivalent to the normal stress multiplied by the cross section area of the beam-column.  
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Figure 3.62 Compressive force applied on column 

Buckling about the major axis is considered as a start. The first mode of buckling is analysed as it is 

assumed to be the most common mode of buckling for the pontoon under the loads. It is also the most 

conservative assumption.  

 

Figure 3.63 First three buckling modes of column (Salem et al., 2019) 

As in the unit load method, the buckling load of the idealised beam-column is equivalent to the applied 

load multiplied by the load multiplier. Then, the buckling load can be compared with the design 

requirement from the design codes against buckling. This approach is applied for all three designs. 

For design 3, as the flange width of the longitudinal stiffener (0.075m) was too small relative to the full 

length of the girder (40.5m), the length of the girder was modelled as 1.8m instead, which was the 

centre-to-centre spacing of the transverse girder.  
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Figure 3.64 Design 3, longitudinal girder modelled as beam-column in Ansys 

A summary of the results for static and buckling analyses of the longitudinal girder, for all three designs, 

is presented below.  

From Ansys sta�c analysis 
 Design 1 Design 2 Design 3 

Normal stress in 
longitudinal girder 

(MPa) 
134.01 255.59 241.09 

Longitudinal girder 
profile size Tbar 885x200x14x35 Tbar 425x120x12x25 Tbar 625x150x12x25 

Centre-centre spacing 
of longitudinal girder 

(m) 
2.5 2.5 1.5625 

Cross sec�on area 
(𝑚𝑚𝑚𝑚2) 144 390 133100 136 250 

Normal compressive 
force (N) 1.935 × 107 3.402 × 107 3.285× 107 

Applied force (N) 1 1 1 
From Eigenvalue buckling analysis in Ansys 

 Design 1 Design 2 Design 3 
Load mul�plier from 
1st mode of buckling 7.1796 × 106 1.1927× 106 6.3814× 106 

Buckling load (kN) 
when applied force is 

1N 
7179.6 1192.7 6381.4 

Table 3.14 Static and eigenvalue buckling analyses for the longitudinal girder 

The next step would be to train the ML model. A preliminary soundness check of the ML model is 

conducted, by training the ML model based on input from Designs 1 and 2, and then predicting the 

buckling load multiplier for Design 3 based on Design 3’s input. The uncertainty is zero, which indicates 

the ML model is extremely accurate. However, since only 2 training input data was used, and 
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considering the variability and interdependence of the input variables, more training data should be 

used to train the model.  

 

Figure 3.65 ML model to predict the buckling load of longitudinal girder 

Target output 
(buckling load 
mul�plier in kN) 

Actual Output 
(buckling load 
mul�plier in kN) 

Uncertainty 
(covariance) 

% error 

6381.4 6381.4 0 0 
Table 3.15 Results of ML model predicting Design 3 target output 

Hence, the ML model incorporating the MSRM function seems to be valid in the design process of 

obtaining the optimal pontoon detailed design efficiently. However, since only three sets of training 

input data were used, more data should be incorporated. For instance, more variations in the 

longitudinal girder section sizes should be considered, and at other mean wind speeds and at other 

loading conditions such as at SLS (Serviceability Limit State) and ALS (Accidental Limit State).  



 
 

82 
 

4. Conclusion and recommendations for future work 
 

In conclusion, this study has provided valuable insights into optimising the design of the pontoon for a 

15MW offshore wind turbine, addressing key questions and contributing to a deeper understanding of 

using machine learning and the complex loading behaviour of the stiffened panels within the pontoon.       

4.1 Conclusion 
 

It is concluded that a pontoon design with widely spaced, relatively larger transverse girders, and 

relatively smaller longitudinal girders is optimum. This allocates Design 2 as the best option among the 

three proposed designs. The transverse girders should be relatively larger to resist the bending 

moment along the length of the pontoon. The length of the pontoon is the largest dimension of the 

pontoon, compared to its width and height. Furthermore, a hull plate thickness of 50 mm seems to fit 

the design loading scenario of the pontoon at rated wind speed and at ULS. This plate is able to resist 

bending, which is the major force on the pontoon.  

Section 3.4 highlighted the challenges involved in modelling the FEM model of the ponton, with its 

detailed design of the girders and stiffeners. There were several assumptions to be made, such as the 

boundary conditions of the pontoon, the loading conditions, and how the load was to be applied onto 

the pontoon. The mesh convergence study also had to be conducted via a trial-and-error approach, 

with the conclusion that modelling an end plate to the free end of the pontoon helping to control the 

unnaturally high deformation of the pontoon. It was found that a mesh size of 0.125 m is optimum for 

the FEM model, considering the three designs that were proposed.  

The ML model that fit best for the problem statement of the thesis is the Gaussian Process Regression 

(GPR) model, a supervised learning method modified with the MSRM function developed by Sadoughi 

(2017). The model performance was analysed based on the tests for von Mises stress on the transverse 

girder, and buckling load on the longitudinal girder of the pontoon. there was an uncertainty of around 

17% for the ML model trained to predict the von Mises stress, while a startling 0% for buckling load 

prediction. These ML models were trained with the input from FEM analyses of the three proposed 

designs, at mean wind speed of 11m/s.  

Finally, through studying the behaviour of buckling in the stiffened plates and proposing a design 

framework that transfers global loads from OPENFAST to Ansys, and utilizing existing design codes 

from DNV and AISC to support the pontoon layout, this thesis hopes to contribute in furthering interest 

in the field of incorporatng machine learning to optimise design of semi-submersible structure of 
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offshore wind turbines. It is evident that there is much more to be studied to enable the offshore wind 

turbine market to fully embrace using AI.  

4.2 Recommendations for future work  
 

Despite the strengths of this research, there are several limitations that need to be acknowledged. The 

following suggestions are recommended for future research: 

1) Do a small-scale model 1/50th the size actual, of the semi-submersible structure to validate the 

FEM and machine learning model results. Experimental studies on the scaled-down version of 

the pontoon, under the same environmental loads and boundary condi�ons, would serve to 

validate the results obtained in the analysis. A study done by NREL on the semi-submersible 

for OC4 offshore wind turbine looked at three wind turbine configura�ons on a 1/50th scale of 

the model, in a wave basin subjected to load combina�ons of wind and wave (Robertson et al., 

2014). This was done to validate the tools used to model the offshore wind turbine (Robertson 

et al., 2014). Similarly, such an approach should be considered for to further validate the thesis. 

Furthermore, the scaled-down model would also help to further study the buckling behaviour 

of the pontoon, as this is s�ll a complex arena.  

 

Figure 4.1 Scaled-down model of semi-submersible structure by NREL (Robertson et al., 2014) 

 

2) The analysis was conducted at the mean wind speed of 11m/s, which was taken to be 

representa�ve of the rated wind speed of 10.59m/s. A more holis�c approach would be to 

consider all the mean wind speeds within the opera�ng range of the wind turbine. Mean wind 

speeds slightly past the cut-off wind speed should also be considered, to account for severe 

wind speeds. This would enable a more robust design of the semi-submersible. 

3) The current design checks as appended in Appendix B – Detailed calcula�on for hull plate 

thickness and Appendix D – Detailed calcula�on for s�ffener layout need to be further 
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validated by suppor�ng non-linear buckling calcula�ons and FEM so�ware. There are also 

some checks in the design calcula�ons that need further study to consider other mean wind 

speeds and other possible layouts of the girders and s�ffeners. A cost-benefit analysis of the 

girder, s�ffener and hull sizes should also be studied to keep the pontoon both structurally safe 

and cost-friendly. This would ensure the chosen pontoon design layout is op�mum for all 

possible loading and cos�ng scenarios of the wind turbine.  

4) The current FEM model of the pontoon in this thesis should not serve as a final model. The 

pontoon should be modelled with the other components of the semi-submersible structure. 

The complexity of the FEM model would then increase, and this may affect the mesh size that 

would enable mesh convergence. 

5) More input is needed to further validate the ML models, in order to train them to have beter 

accuracy. A compara�ve analysis should be conducted to compare the op�mized designs 

against tradi�onal pontoon designs from exis�ng literature in terms of structural performance, 

material usage, costs and environmental impact. This should be supplemented by a sensi�vity 

analysis, to further understand the influence of different design parameters on the pontoon 

performance.  

6) The s�ffened panel design should be further validated by op�mal capacity curves studied in 

DNV RP-C201 and The Panel Ul�mate Limit State (PULS) code.  The Panel Ul�mate Limit State 

(PULS) code is used for buckling strength assessment of the s�ffened plates. Six limit state 

func�ons are used to iden�fy the cri�cal condi�ons in different loca�ons of the s�ffened panel, 

“where a func�on corresponds to applied loads less than the cri�cal condi�on the 

corresponding point” (Nguyen, 2011).  The minimum of all the defined limit states determines 

the ul�mate strength. To verify the s�ffened panel design, the following procedure should be 

considered (Nguyen, 2011):  

a. Parametric study: For op�mum layout of the s�ffeners, the s�ffened panel will be analysed 

via a parametric study of varying the s�ffener dimension, s�ffener thickness and s�ffener 

spacing. 

b. U�liza�on ra�o: The maximum u�liza�on ra�o is kept at 0.9 for op�mum s�ffener design, 

and to account for con�ngencies such as future increase in weight of structural members.    

c. Buckling assessment: Following which, buckling assessment of the op�mal s�ffened panel 

will be studied, with the respec�ve op�mal capacity curves studied in DNV RP-C201 and 

PULS.  The maximum capacity of the s�ffened plate is determined when the largest 

u�liza�on ra�o obtained for the four interac�on equa�ons is at its minimum. 

d. A comparison of assessments between DNV RP-C201 and PULS should also be considered. 
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7) Ansys was used to model the pontoon. SIMA should be used to cross-validate the FEM model, 

along with modelling the offshore wind turbine and the en�re semi-submersible structure. This 

would complete the design of the wind turbine, and in SIMA there is possibility to run the wind 

and wave simula�ons for various �me periods and design scenarios. Furthermore, under DNV, 

the Platework so�ware module from SESAM can be used to run the plate check of the s�ffened 

panels in the pontoon, to further validate current findings. The stresses can be extracted by FE 

analysis.  

By addressing these areas, future studies can enhance the robustness of the current findings and 

contribute to the advancement of knowledge in utilising machine learning for design optimization of 

support structure for offshore wind turbines. This could yield more comprehensive results and 

potentially uncover new avenues for exploration. 
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Appendix A – OPENFAST Input file 
IEA-15-240-RWT-UMaineSemi.fst 
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Appendix B – Detailed calculation for hull plate thickness 
To check if the provided hull plate thickness is sufficient to resist bending: 
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Appendix C – Section profile properties of girders 
 

The section properties of the girders were referenced from the section profile database in the SESAM 

GeniE software. 

 

Figure A- 1 Section profile of Tbar885x200x14x35 (SESAM GeniE) 

 

 

Figure A- 2 Section profile of Tbar425x120x12x25 (SESAM GeniE) 
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Figure A- 3 Section profile of Tbar625x150x12x25 (SESAM GeniE) 

To clarify, there are no bottom flanges in the T-bar sections. It only comprises of a top flange and a 

web. 



DNV-RP-C201
Example of a stiffened plate panel

Because bending moment drives the design of hull, following calculations
are to derive the hull thickness:
yellow cells indicate input
at rated wind speed 10.59m/s
using the data for turbulent wind at 11m/s,
resolved global forces and moments at the horizontal pontoon;
Fx 5640 kN
Fy -777 kN
Fz -24300 kN
Mx 116000 kNm
My 672000 kNm
Mz 24900 kNm

dimensions of pontoon cross section
length of hull = 40.5 m
width of hull = 12.5 m
surface area of hull face = 506.25 m2
hull plate thickness = 50 mm

dimensions of idealised stiffened panel as per DNVGL-PS, Stipla,Theory Manual
face considered = top/bottom

red cell indicates need to check
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Appendix D – Detailed calculation for stiffener layout



longitudinal stiffener c/c spacing, 
s1 (=s2) = 2.5 m

transverse stiffener c/c spacing, Lt = 0.9 m
surface area of idealised stiffened 
panel = s1 * Lt

= 9 m2

loads applied to idealised stiffened panel
Fx 100.2667 kN
Fy -13.81333 kN
Fz -432 kN
Mx 2062.222 kNm
My 11946.67 kNm
Mz 442.6667 kNm

Check hull plate thickness OK under pressure load
From Roark's Formulas for Stress & Strain (Young & Budynas, 2002)

longer side length, a = c/c spacing between longitudinal stiffeners
= 2.5 m

shorter side length, b = c/c spacing between transverse stiffeners
= 0.9 m

a/b 1 1.2 1.4 1.6 1.8 2
β 0.2874 0.3762 0.453 0.5172 0.5688 0.6102
a/b 3 4 5 infinity
β 0.7134 0.741 0.7476 0.75

aspect ratio, a/b = ok
β = 0.75

pressure load, q = Fz / surface area
= -48 kN/m2
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stress at center of plate, σmax = β*q*b^2/t^2
= -11.664 MPa (negative value indicates stress 

acting downwards)

allowable stress of plate = 235 MPa
material factor, 𝛾_M = 1.15 (ref. DNV-RP-C201, section 2)
design yield stress = 204.35 MPa

stress check OK? OK if σmax < design yield stress
NOT ok if otherwise (need to adjust hull thickness

= ok  and/or stiffener layout)
utilisation ratio = 0.057

Check shear resistance of stiffened panel as per DNV-RP-C201, Section 7.6

cross section of the longitudinal stiffener and full plate width
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using ANSYS to compute the MOI, 
https://courses.ansys.com/index.php/courses/tips-and-tricks-for-structural-simulation-in-ansys-mechanical/lessons/calculating-the-area-moment-of-inertia/

MOI of stiffener with full plate 
width, Is (about major Z axis) = 5.21E-01 m^4

= 5.21E+11 mm^4

polar MOI, Ip = t^3 * s /10.9
where
t = hull plate thickness

= 50 mm

s, stiffener spacing = c/c spacing of longitudinal stiffeners
= 2.5 m

Hence,
polar MOI, Ip = 2.86697E-05 m^4

= 2.87E+07 mm^4

l, stiffener length (=c/c spacing of 
transverse stiffener) = 0.9 m

Young's modulus, E = 211000 MPa

36 E = 7596000 MPa
s*t*l^2 = 1.0125E+11 mm^4
(Ip*Is^3)^1/4 = 4.49E+10 mm^4

𝜏_crs = 3.37E+06 MPa

𝜏_Rds = 𝜏_crs / 𝛾_M
= 2.93E+06 MPa

𝜏

_crl = critical shear stress for the plate panel between 2 stiffeners
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k_l = 45.2037037 l<s
As per DNV–RP-C201, Section 3.6: This Recommended Practice is best suited to rectangular plates and
stiffened panels with stiffener length being larger than the stiffener spacing ( l > s ).

𝜏

_crl = 3.45E+03 MPa
𝜏_Rdl = 𝜏_crl / 𝛾_M

= 3.00E+03 MPa

𝜏_Rdy = 117.98 MPa (eqn 7.45)

𝜏

_Rd, resistance to shear stress = min(𝜏_Rds, 𝜏_Rdl, 𝜏_Rdy)
= 117.98 MPa

shear area = assume only web of stiffener and hull plate 
contribute to shear resistance

stiffener web depth = 885 mm (longitudinal stiffener, design 1)
stiffener web thickness = 14 mm
hull plate thickness = 50 mm
assume load spreading effect of 1:5,
hull plate length considered = 2 (5* hull plate thickness) + stiffener web thickness 

= 514 mm (ref AISC 9th Ed, Eqn K1-9)

shear area = 38090 mm^2

shear force to resist = Fz
= -432 kN

shear stress to resist = -11.34155946 MPa

shear stress utilisation ratio = shear stress to resist /𝜏_Rd
= 0.10

stress check OK? (shear 
resistance of stiffened panel) OK if shear stress < 𝜏_Rd

NOT ok if otherwise (need to adjust hull thickness 
= ok and/or stiffener layout)
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Stiffener axial capacity as per DNV-RP-C201, Section 7.2

axial force to resist, Nsd = Fx + My / half depth of stiffener (depth =920mm)
= 26071.28 kN

As, cross sectional area of 
stiffener = longitudinal stiffener T bar 885x200x14x35

= 19390 mm2

(From Sesam section database)
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s*t, cross sectional area of hull 
plate considered = 0.125 m2

𝜏_tf = 0 (assume no tension field action)

σsd, axial stress in plate and 
stiffener = Nsd / (As + s*t)

= 180.56 MPa
From DNV-RP-C102, Section 6.2: 

allowable axial stress = 204.35 MPa

allowable utilisation ratio = 1/1.15
= 0.87

utilisation ratio = 0.88

Stiffener axial capacity check OK? ok if UF < 1
not ok if otherwise
ok

https://home.hvl.no/ansatte/gste/ftp/MarinLab_files/Litteratur/DNV/DNV_pE13%20of%2036_scatter%20dia
gram.pdf
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Check axial stress of stiffener and stiffened plate
From ANSYS, the MOI properties of the stiffener and plate:

cross sectional area of stiffener 
and plate, A = As + s*t

= 144390 mm2

axial force = Fx
= 100.27 kN

Fx/A = 0.694415587 MPa

Iy, MOI about y axis (minor axis) = 9.03E-03 m4
= 9.03E+09 mm4
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distance from base to neutral axis = 7.06E-02 m
y = total depth - dist from base to 
neutral axis = 849.40 mm

My, Minor axis bending moment = 11946.67 kNm

Minor axis bending stress = My * y /Iy
= 1123.63 MPa

Iz, MOI about z axis (major axis) = 5.21E-01 m4
= 5.21E+11 mm4

z, distance from base to neutral 
axis = 1.25 m
(half the width) = 1250 mm

Mz, Major axis bending moment = 442.67 kNm

Major axis bending stress = Mz * z /Iz
= 1.06 MPa

Total axial stress = Fx /A + minor axis bending stress + major axis bending stress
= 1125.38 MPa

allowable axial stress = 0.66 Fy (from AISC)
= 155.1 MPa

utilisation factor = total axial stress / allowable axial stress
= 7.26

From DNV-RP-C201, Section 2:
axial stress check of stiffener 
and plate OK? = OK if UF < 1/1.15, NOT OK if otherwise

= not ok

109



Check column buckling of stiffeners, as per AISC
Treat the stiffener and plate as a column,

s, c/c spacing between 
longitudinal stiffeners = 2.5 m

Lt, c/c spacing between 
transverse stiffeners = 0.9 m
Fx, axial compression force on 
¨column¨ = 100.27 kN
My, moment on ¨column¨ = 11946.67 kNm
Mz, moment on ¨column¨ = 442.67 kNm

Fx

Fx

My

My
Lt

y

x
z

Seff
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wrt Example on pg 50 of (Chen, 1967) https://core.ac.uk/download/pdf/33362643.pdf

Iy, MOI about y axis = 9.03E+09 mm4
y, distance from base to neutral 
axis = 849.398 mm
A, cross section area = 269390 mm2
Iz, MOI about z axis = 5.21E+11 mm4
z, distance from base to neutral 
axis = 1250 mm
section modulus about y-y axis, 
Sy = Iy /y

= 1.06E+07 mm3
section modulus about z-z axis, 
Sz = Iz /z

= 4.17E+08 mm3

for a quick estimate of the required section modulus, consider moment alone,
Sreqm, required section modulus, 
y axis = My/Fb
Fb, allowable bending stress = 204.35 MPa (as per DNV-RP-C102, 
Sreqm, y axis = 5.85E+07 mm3 Section 6.2, Fb = Fy /𝛾M )

Sreqm, required section modulus, 
z axis = Mz/Fb
Fb, allowable bending stress = 204.35 MPa (as per DNV-RP-C102, 
Sreqm, z axis = 2.17E+06 mm3 Section 6.2, Fb = Fy /𝛾M )

Due to additional presence of axial force, assume that twice the value of Sreqm is reasonable:
Sreq, y axis = 2 * Sreqm,y
required section modulus 
considering both moment and 
axial force = 1.17E+08 mm3

Sreq, z axis = 2 * Sreqm,z
required section modulus 
considering both moment and 
axial force = 4.33E+06 mm3
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is provided section modulus 
sufficient? (y axis) = OK if Sreq < Sy, NOT ok if otherwise

= not ok

is provided section modulus 
sufficient? (z axis) = OK if Sreq < Sz, NOT ok if otherwise

= ok

ry, radius of gyration about y axis = √(Iy/A)
= 183.10 mm

rz, radius of gyration about z axis = √(Iz/A)
= 1390.50 mm

Ky, effective length factor about 
y axis = 0.8 (assume pin-fixed and sidesway buckling 

prevented) bigger K is more conservative
Kz, effective length factor about z 
axis = 0.8 (assume pin-fixed and sidesway buckling 

prevented)
ℓy, length about y axis (= c/c 
spacing between longitudinal 
stiffeners) = 2.5 m
ℓz, length about z axis (= c/c 
spacing between transverse 
stiffeners) = 0.9 m

Ky * ℓy, effective length about y 
axis = 2 m
Kz * ℓz, effective length about z 
axis = 0.72 m
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Ky * ℓy / ry, effective slenderness 
ratio about y axis = 10.92

Kz * ℓz / rz, effective slenderness 
ratio about z axis = 0.52

Fy, yield stress = 235 MPa
= 33 ksi

E, Young's Modulus = 211000 MPa

Cc, effective slenderness limit = 131.7

is the column stocky or slender? slender if Kl/r > Cc, stocky if otherwise
about y axis = stocky use equation E2-1
about z axis = stocky use equation E2-1

Kl/r/Cc, y axis = 0.0829
Kl/r/Cc, z axis = 0.0039
Fay, allowable stress about y axis 
(if axial force alone existed) = 137.95 MPa

From AISC 9th Edition
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Faz, allowable stress about z axis 
(if axial force alone existed) = 140.87 MPa

Cm, Reduction factor = 1 (conservatively assume same moment at
 top and bottom of column)

check Column for combined compression and bending as per AISC 9th Ed, Section H1:

fa, computed axial stress = Fx / A
= 0.372 MPa

fa/Fay = 0.0027 (since fa/Fa < 0.15, use equation H1-3)
fa/Faz = 0.0026 (since fa/Fa < 0.15, use equation H1-3)

fby, bending stress about y axis = My*y/Iy
= 1123.63 MPa

fbz, bending stress about z axis = Mz*z/Iz
= 1.06 MPa

Same allowable bending stress as per DNV-RP-C201, section 2, Fb = Fy /𝛾M ,
fby/Fb = 5.50
fbz/Fb = 0.01

check the column for combined bending and compression as per equation H1-3:
overall utilization ratio = Max (fa/Fay, fa/Faz) + fby/Fb + fbz/Fb

= 5.51
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OK? OK if utilization ratio < 1, NOT ok if otherwise
not ok

Check stiffener spacing as per DNV-RP-C201, Section 7.3

t, hull plate thickness = 50 mm
s, longitudinal stiffener spacing = 2.5 m
l, transverse stiffener spacing = 0.9 m

to check transverse stiffener spacing:
As, shear area = l * t

= 45 m2
Fs, shear force considered = Fx + My / half depth of longitudinal stiffener (depth = 0.92m)

= 26071.28 kN
𝜏Sd, design shear stress = Fs / As

= 0.58 MPa
𝜏Rd, design shear resistance = fy / (√3 * ɣM) (Ref DNV-RP-C201, eqn 7.18)

= 117.98 MPa

transverse stiffener spacing OK? OK if 𝜏Sd < 𝜏Rd, NOT ok if otherwise (as per Eqn 7.18)
ok

usage factor 0.0049

to check longitudinal stiffener spacing:
At, transverse area = t * s

= 125000 mm2
y, distance from base of section 
to NA = 849.398 mm
Iy, MOI of section about y-y axis = 9.03E+09 mm4
My = 1.19E+04 kNm
σb1, bending stress from My = My * y / Iy

= 1123.63 MPa
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transverse force in x direction = Fx
= 100.27 kN

σx,Sd, transverse stress = Fx / At + σb1
= 1124.43 MPa

to find σx,R, buckling resistance of plate under transverse compression force
Psd, design lateral pressure = Fz / (s*l)

= 0.192 MPa

2(t/s)^2 * fy = 0.188 MPa
is Psd ≤ 2(t/s)^2 * fy? no, need to calculate kp

ha = 1.75 (eqn 6.11)
kp, reduction factor due to lateral 
load = 0.99997 (can also assume kp =1 for faster 

calculation)

λc = 1.84 (eqn 6.8)
μ = 0.34 (eqn 6.9)

κ = 0.26 (eqn 6.7)
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to find σx,R, buckling resistance of plate under transverse compression force
replace ℓ with s in eqn 6.6:

σx,R = 196.62 MPa

σx,Rd, design buckling resistance 
of plate under transverse 
compression force = σx,R / ɣM (Eqn 6.5)

= 170.97 MPa

Ksp = 1.00

longitudinal stiffener spacing OK? OK if σx,Sd < Ksp * σx, Rd, NOT ok if otherwise,
not ok (as per Eqn 7.19)

utilisation ratio = 6.58
summary of results
description of check result usage factor
Check hull plate thickness OK 
under pressure load ok 0.057
Check shear resistance of 
stiffened panel as per DNV-RP-
C201, Section 7.6 ok 0.10

Stiffener axial capacity as per 
DNV-RP-C201, Section 7.2 ok 0.88
Check axial stress of stiffener and 
stiffened plate not ok 7.26

check Column for combined 
compression and bending as per 
AISC 9th Ed, Section H1: not ok 5.51
to check transverse stiffener 
spacing: ok 0.0049
to check longitudinal stiffener 
spacing: not ok 6.58
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Appendix E – Matlab code for ML model for von Mises stress of 
transverse girder 
 

clc 
clear all 
% This code has sourced from Mohammadkazem Sadoughi, who developed the code 
% at Iowa State University (4/05/2017). The matlab file MRSM.m contains the 
% code for building the multi-variate Gaussian process. The inputs are the 
% training data and based on that the hyperparametrs is tuned and the 
% regression coefficient, trend function and covariance matrix will be 
% defined.  
% url: https://github.com/mksadoughi/Multi-output-Gaussian-Process 
 
%% The original code has been modified for the purpose of this thesis 
 
% for this matlab code to work, it requires all other supporting codes in 
% the folder to be present 
% Also, optimization toolbox must be installed to matlab 
 
% Define a simple input matrix X with 3 samples and five features  
% each sample represent each of the 3 designs 
% the five features are the input parameters 
% i.e.  
% Xdesign no. = [centre-to-centre spacing between transverse stiffeners (m), 
% transverse stiffener flange width (mm), 
% transverse stiffener flange thickness (mm), 
% transverse stiffener full depth (mm), 
% transverse stiffener web thickness (mm)] 
 
% source of data: designs 1, 2 and 3 at mesh size 0.125m, at mean wind  
% speed of 11m/s 
% design 1 
X1 = [0.9, 120, 25, 450, 12] 
 
% design 2 
X2 = [2.25, 200, 35, 920, 14] 
 
% % design 3 
X3 = [0.9, 200, 35, 920, 14] 
 
% input matrix X with 3 samples each containing the 5 input variables 
X = [X1; X2; X3] 
% X = [X1; X2] 
 
% corresponding output matrix with 3 samples and 1 target 
% the 3 samples represent the 3 designs 
% the 1 target represents the output, which is the membrane + bending 
% stress, in MPa, from ANSYS FEM simulation 
% i.e. Y = [design 1's stress value; design 2's; design 3's] 
Y = [35.746; 66.322; 52.482] 
% Y = [35.746; 66.322] 
%% 
% Build a MRSM model over the data, where MGP is the trained model 
MGP = MRSM (X, Y); 
 
%% 
% Predict the response at a new input point "X_" using the trained model. 
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% i.e. a new set of input for  
% centre-to-centre spacing between transverse stiffeners (m), 
% transverse stiffener flange width (mm), 
% transverse stiffener flange thickness (mm), 
% transverse stiffener full depth (mm), 
% transverse stiffener web thickness (mm) 
X_ = [0.9, 200, 35, 920, 14] % input design 3's input variables 
 
% Y_ is the mean value of prediction of output  
% S_ is the covariance matrix summarizing the uncertainty of prediction 
% the smaller the value of S_, the lower the uncertainty, hence  
% more accurate the prediction 
[Y_, S_] = predict_resp(MGP, X_) 
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Appendix F – Matlab code for ML model for buckling load 
multiplier of longitudinal girder 
 

clc 
clear all 
% This code has sourced from Mohammadkazem Sadoughi, who developed the code 
% at Iowa State University (4/05/2017). The matlab file MRSM.m contains the 
% code for building the multi-variate Gaussian process. The inputs are the 
% training data and based on that the hyperparametrs is tuned and the 
% regression coefficient, trend function and covariance matrix will be 
% defined.  
% url: https://github.com/mksadoughi/Multi-output-Gaussian-Process 
 
%% The original code has been modified for the purpose of this thesis 
 
% for this matlab code to work, it requires all other supporting codes in 
% the folder to be present 
% Also, optimization toolbox must be installed to matlab 
 
% Define a simple input matrix X with 3 samples and five features  
% each sample represent each of the 3 designs 
% the five features are the input parameters 
% i.e.  
% Xdesign no. = [centre-to-centre spacing between longitudinal stiffeners (m), 
% longitudinal stiffener flange width (mm), 
% longitudinal stiffener flange thickness (mm), 
% longitudinal stiffener full depth (mm), 
% longitudinal stiffener web thickness (mm)] 
 
% source of data: designs 1, 2 and 3, at mean wind  
% speed of 11m/s 
% design 1 
X1 = [2.5, 200, 35, 920, 14] 
 
% design 2 
X2 = [2.5, 120, 25, 450, 12] 
 
% % design 3 
X3 = [1.5625, 150, 25, 650, 12] 
 
% input matrix X with 3 samples each containing the 5 input variables 
X = [X1; X2; X3] 
% X = [X1; X2] 
 
% corresponding output matrix with 3 samples and 1 target the 3 samples 
% represent the 3 designs the 1 target represents the output, which is the 
% buckling load multiplier, from ANSYS FEM simulation  
% i.e. Y = [design 1's load multiplier; design 2's; design 3's] 
Y = [7.1796e+006; 1.1927e+006; 6.3814e+006] 
 
%% 
% Build a MRSM model over the data, where MGP is the trained model 
MGP = MRSM (X, Y); 
 
%% 
% Predict the response at a new input point "X_" using the trained model. 
% i.e. a new set of input for  
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% centre-to-centre spacing between transverse stiffeners (m), 
% transverse stiffener flange width (mm), 
% transverse stiffener flange thickness (mm), 
% transverse stiffener full depth (mm), 
% transverse stiffener web thickness (mm) 
X_ = [1.5625, 150, 25, 650, 12] % input design 3's input variables 
 
% Y_ is the mean value of prediction of output  
% S_ is the covariance matrix summarizing the uncertainty of prediction 
% the smaller the value of S_, the lower the uncertainty, hence  
% more accurate the prediction 
[Y_, S_] = predict_resp(MGP, X_) 
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Appendix G – Supporting Matlab codes for ML models 
 

The following list of Matlab codes are developed by Mohammadkazem Sadoughi (2017). They need to 

accompany the ML model code in order for the ML model to run. 

 

 

Figure G- 4 List of supporting Matlab codes for ML model to run 

Appendix G.1 Matlab code for covSEard.m 
 

function K= covSEard(hyp, x, z) 
n=size(x,1); 
m=size(z,1); 
for i=1:n 
    for j=1:m 
        K(i,j)=exp(-sum( hyp.*((x(i,:)-z(j,:)).^2) )); 
    end 
end 
% K= A+A'-diag(diag(A)); 
End 
 

Appendix G.2 Matlab code for define_covmatrix.m 
 

function z_mn=define_covmatrix(model,X1,X2) 
% This function uses Non-separable Linear Model of Coregionalization (NLMC) to 
build the covariance among each set of points. 
 
for i=1:model.m   
    L(:,:,i) = model.cov_model(model.hyper.teta(i,:), X1, X2); 
end 
z_mn=[]; 
for i=1:size(X1,1) 
    supplement=[]; 

Sadoughi (2017)
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    for j=1:size(X2,1) 
        
model.cov{i,j}=model.hyper.A*diag(reshape(L(i,j,:),model.m,1))*model.hyper.A';   
        supplement=[supplement, model.cov{i,j}]; 
    end 
    z_mn=[z_mn;supplement];    
end 
 
if isequal(X1,X2)==1 
    z_mn= triu(z_mn)+triu(z_mn)'-diag(diag(z_mn));     
    [V,D]=eig(z_mn); 
    d=diag(D); 
    d(d<=.001)=0.001; 
    z_mn= V*diag(d)*V'; 
end 
 
end 
 
 

Appendix G.3 Matlab code for find_beta.m 
 

function beta=find_beta(model) 
 
zchol=poschol(model.z_mn); 
 
alpha1 = (zchol\(zchol'\model.ymn)); 
alpha2=(zchol\(zchol'\model.fn)); 
alpha3=model.fn'*alpha2; 
alpha3chol=chol(alpha3); 
alpha4=(alpha3chol\(alpha3chol'\model.fn')); 
beta=alpha4*alpha1; 
 
 
end 
 

Appendix G.4 Matlab code for initial_hyper.m 
 

function model=initial_hyper(model) 
 
% This function gives the initial values to all hyperparameters used in this 
algorithm. 
 
model.hyper.teta=ones(model.m,model.d); 
model.hyper.A=[1 0.05 0.03 
0.01;0.05,1,0.02,0.01;0.03,0.02,1,0.04;0.01,0.01,0.04,1]; 
 
model.zigma0=diag(ones(model.m,1)); 
[V, D]=eig(model.zigma0); 
model.hyper.A=V*(D^0.5)*V'; 
 
end 
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Appendix G.5 Matlab code for log_likelihood.m 
 

 function [lml] = log_likelihood(hyper_param, model,i) 

 
% This function estimates the restricted likelihood. 
 
y=model.Y(:,i); 
fn=reshape(model.fn,model.m,model.n,model.p); 
f=reshape(fn(i,:,:), model.n,model.p); 
 
K = model.cov_model(hyper_param, model.X, model.X); 
Kchol = chol(K); 
 
alpha1=y-f*model.beta; 
alpha2 = (Kchol\(Kchol'\alpha1)); 
sigma2=alpha1'*alpha2/model.n; 
 
lml=0.5*model.n*(sigma2)+0.5*log(det(K)); 
 
end 
 

Appendix G.6 Matlab code for max_likelihood.m 
 

function model= max_likelihood(model) 
 
% This function is used when we only want to tune the decay parameters in each 
single response separately. 
 
for i=1:model.m 
    problem.f = @(x) log_likelihood(x,model,i); 
    A = []; 
    b = []; 
    Aeq = []; 
    beq = []; 
    lb= 0.01*ones(1,model.d); 
    ub= 100*ones(1,model.d); 
    x0 = model.hyper.teta(i,:); 
    options = optimset('Display', 'off') ; 
    nonlcon=[]; 
    model.hyper.teta(i,:) = 
fmincon(problem.f,x0,A,b,Aeq,beq,lb,ub,nonlcon,options); 
end 
 
end 
 

Appendix G.7 Matlab code for max_restr_likelihood.m 
 

function model= max_restr_likelihood(model) 
 
% This function is used when we want to tune all hyperparameters simultaneously. 
% To find the global optimum point we use Globalsearch function in Matlab. 
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MLE = @(x) rest_log_likelihood(x,model);      % define the likelihood function 
 
% Set the consitraints used in optimization 
A = []; 
b = []; 
Aeq = []; 
beq = []; 
 
%  Inital sets for parametrs of  z0 
n1=model.m*(model.m-1)/2; 
lb1= zeros(1,n1); 
ub1= model.s*ones(1,n1); 
x01 = 0.1*ones(1,n1); 
 
% Initial sets for parameters of  teta 
n2=model.m*model.d; 
lb2= 0.01*ones(1,n2); 
ub2= 10*ones(1,n2); 
x02 =0.2*ones(1,n2); 
 
% Combining all parameters: 
n=n1+n2; 
lb=[lb1,lb2]; 
ub=[ub1,ub2] ; 
x0 =[x01,x02]; 
 
%% Optimization 
% There are two options for optimization: 1- using direct fmincon function 
% based on a single inital point x0. This is a faster method but can only 
% find the local minima. 2- Using global search which can find the global 
% minima. This method is more accurate but takes more time.  
 
if strcmp(model.optim,'fmincon')     % Option 1: 
    options = optimset('Display', 'off') ; 
    nonlcon=[]; 
    x= fmincon(MLE,x0,A,b,Aeq,beq,lb,ub, nonlcon, options); 
else   % Option 2: 
    opts = optimoptions(@fmincon,'Algorithm','interior-point'); 
    problem = 
createOptimProblem('fmincon','objective',MLE,'x0',x0,'lb',lb,'ub',ub,'options',opt
s); 
    gs = GlobalSearch('NumTrialPoints',300); 
    [x,f] = run(gs,problem); 
end 
         
%% Update hyperparametrs 
% Update the matrix A 
k=1; 
for i=1: model.m 
    for j=i+1:model.m 
        z0(i,j)=x(k); 
        k=k+1; 
    end 
end 
if model.m==1; 
    z0=[]; 
end 
 
z0=[z0;zeros(1,model.m)]; 
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z0=z0+z0'+diag(ones(model.m,1)); 
[V, D]=eig(z0); 
model.hyper.A=V*(D^0.5)*V'; 
 
% Update the hyperparameters teta 
teta=x(n1+1:end); 
teta=reshape(teta,model.m,model.d); 
model.hyper.teta=teta; 
 
end 
 

Appendix G.8 Matlab code for MRSM.m 
 

function model=MRSM(input,output,option) 
 
% This code has been written by Mohammadkazem Sadoughi at Iowa State 
% University (4/05/2017). This file is the main code for building the multi-
variate 
% Gaussian process. The inputs are the training data and based on that the 
% hyperparametrs is tuned and the regression coefficient, trend function and 
% covariance matrix will be defined.  
 
if exist( 'option', 'var' ) 
     
    if isempty(option.s)              % Upper bound for matrix A elements. Setting 
this parameter to a very small value means we do not consider any correlation amng 
the responses 
        model.s=0.6;                
    else 
        model.s=option.s; 
    end 
     
    if isempty(option.degree)         % Degree of polynomial functions: can be 
zero, one, two or....     
        model.degree=2;         
    else 
        model.degree=option.degree; 
    end 
     
    if isempty(option.optim)           %  Optimization method    
        model.optim='fmincon';         
    else 
        model.optim=option.optim; 
    end    
else 
        model.s=0.6;   
        model.degree=0;   
        model.optim='fmincon';   
end 
 
model.X=input; 
model.Y=output;                  % Matrix of (model.n by model.m ) 
 
model.d=size(input,2);           % Dimesntion of input variables 
model.n=size(input,1);           % Number of training points 
model.m=size(output,2);          % Number of responses 
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model.ymn=reshape(output',model.m*model.n,1);             % Reshape the output to 
a vector of (model.m * model.n by 1) 
 
model.cov_model = @(hyp, x, z, i)covSEard(hyp, x, z);     % Define the covariance 
model (hbere we used the SEARD) 
 
[model.fn, model.p]=trend_fun(model,model.X);             % Define the shape of 
trend function and Fn 
 
model=initial_hyper(model);                               % Initialize 
hyperparametrs 
 
model=tune_hyper(model);                                  % Tune hyperparametrs 
end 
 

Appendix G.9 Matlab code for poschol.m 
 

function Mchol=poschol(M) 
M=abs(M); 
M= triu(M)+triu(M)'-diag(diag(M));     
[V,D]=eig(M); 
d=diag(D); 
d(d<=10e-10)=10e-10; 
Mchol= V*diag(d)*V'; 
Mchol=chol(Mchol); 
end 
 

Appendix G.10 Matlab code for predict_resp.m 
 

function [y, s, model]=predict_resp(model,x) 
 
model.x_pred=x; 
model.n0=size(x,1); 
model.z_0n0n=define_covmatrix(model,model.x_pred,model.X); 
z0=model.hyper.A*model.hyper.A'; 
n=size(model.x_pred,1); 
model.z0=repmat(z0,n,1); 
 
%% Prediction at new points 
alpha1=model.ymn-model.fn*model.beta; 
zchol=poschol(model.z_mn); 
alpha2 = (zchol\(zchol'\alpha1)); 
model.f0=trend_fun(model,model.x_pred); 
y=model.f0*model.beta+model.z_0n0n*alpha2; 
y=reshape(y,model.m,model.n0)'; 
 
%% uncertainity in preictoin at new points 
alpha3=(zchol\(zchol'\model.fn)); 
u=model.f0-model.z_0n0n*alpha3; 
alpha4=model.fn'*alpha3; 
alpha4chol=poschol(alpha4); 
alpha5=(alpha4chol\(alpha4chol'\u')); 
alpha6=(zchol\(zchol'\model.z_0n0n')); 
 
for i=1:n 
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    for j=1:model.m 
        for jj=1:model.m    
            alpha7(model.m*(i-1)+1+(j-1),jj)=model.z_0n0n(model.m*(i-1)+1+(j-
1),:)*alpha6(:,model.m*(i-1)+jj); 
            alpha8(model.m*(i-1)+1+(j-1),jj)=u(model.m*(i-1)+1+(j-
1),:)*alpha5(:,model.m*(i-1)+jj); 
        end 
    end 
end 
s=model.z0-alpha7+alpha8; 
 
end 
 

Appendix G.11 Matlab code for rest_log_likelihood.m 
 

function [lml] = rest_log_likelihood(x, model) 
 
% This function calculates the restricted likelihod at each set of hyperparametrs 
 
n1=model.m*(model.m-1)/2; 
n2=model.m*model.d; 
 
k=1; 
 
for i=1: model.m 
    for j=i+1:model.m 
    z0(i,j)=x(k); 
    k=k+1; 
    end 
end 
 
if model.m==1; 
    z0=[]; 
end 
 
z0=[z0;zeros(1,model.m)]; 
z0=z0+z0'+diag(ones(model.m,1)); 
 
[V, D]=eig(z0); 
model.hyper.A=V*(D^0.5)*V'; 
teta=x(n1+1:end); 
teta=reshape(teta,model.m,model.d); 
y=model.ymn; 
f=model.fn; 
 
model.hyper.teta=teta; 
model.z_mn=define_covmatrix(model,model.X,model.X); % update the value of model. 
zmn 
model.beta=find_beta(model); % update beta values 
 
%% Determine the restricted likelihood function 
zmnchol = poschol(model.z_mn); 
alpha1=y-f*model.beta; 
alpha2 = (zmnchol\(zmnchol'\alpha1)); 
sigma2=alpha1'*alpha2; 
alpha3=(zmnchol\(zmnchol'\f)); 
alpha4=f'*alpha3; 
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% RMLE 
lml=0.5*(sigma2)+0.5*log(det(model.z_mn))+0.5*log(det(alpha4)); 
% MLE 
% lml=0.5*(sigma2)+0.5*log(det(model.z_mn)); 
end 
 

Appendix G.12 Matlab code for sq_dist.m 
 
% sq_dist - a function to compute a matrix of all pairwise squared distances 
% between two sets of vectors, stored in the columns of the two matrices, a 
% (of size D by n) and b (of size D by m). If only a single argument is given 
% or the second matrix is empty, the missing matrix is taken to be identical 
% to the first. 
% 
% Usage: C = sq_dist(a, b) 
%    or: C = sq_dist(a)  or equiv.: C = sq_dist(a, []) 
% 
% Where a is of size Dxn, b is of size Dxm (or empty), C is of size nxm. 
% 
% Copyright (c) by Carl Edward Rasmussen and Hannes Nickisch, 2010-12-13. 
 
function C = sq_dist(a, b) 
 
if nargin<1  || nargin>3 || nargout>1, error('Wrong number of arguments.'); end 
bsx = exist('bsxfun','builtin');      % since Matlab R2007a 7.4.0 and Octave 3.0 
if ~bsx, bsx = exist('bsxfun'); end      % bsxfun is not yes "builtin" in Octave 
[D, n] = size(a); 
 
% Computation of a^2 - 2*a*b + b^2 is less stable than (a-b)^2 because numerical 
% precision can be lost when both a and b have very large absolute value and the 
% same sign. For that reason, we subtract the mean from the data beforehand to 
% stabilise the computations. This is OK because the squared error is 
% independent of the mean. 
if nargin==1                                                     % subtract mean 
  mu = mean(a,2); 
  if bsx 
    a = bsxfun(@minus,a,mu); 
  else 
    a = a - repmat(mu,1,size(a,2));   
  end 
  b = a; m = n; 
else 
  [d, m] = size(b); 
  if d ~= D, error('Error: column lengths must agree.'); end 
  mu = (m/(n+m))*mean(b,2) + (n/(n+m))*mean(a,2); 
  if bsx 
    a = bsxfun(@minus,a,mu); b = bsxfun(@minus,b,mu); 
  else 
    a = a - repmat(mu,1,n);  b = b - repmat(mu,1,m); 
  end 
end 
 
if bsx                                               % compute squared distances 
  C = bsxfun(@plus,sum(a.*a,1)',bsxfun(@minus,sum(b.*b,1),2*a'*b)); 
else 
  C = repmat(sum(a.*a,1)',1,m) + repmat(sum(b.*b,1),n,1) - 2*a'*b; 
end 
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C = max(C,0);          % numerical noise can cause C to negative i.e. C > -1e-14 
 

Appendix G.13 Matlab code for trend_fun.m 
 

function [f p]=trend_fun(model,X) 
 
% This file has been written by Mohammadkazem Sadoughi, at Iowa State 
% University (4/05/2017). This file defines different type of trend function 
% based on the degree of polynomials 
 
n=size(X,1); 
model.ss=1; 
f=[]; 
 
 
switch model.degree 
     
    case 0  % f(x)= 1 
        p=1; 
        for i=1:n; 
            for j=1:model.m 
                supplement=[1]; 
                f=[f;supplement]; 
            end 
        end   
         
    case 1  % f(x)= 1,  x        
        p=1+model.d; 
        for i=1:n; 
            for j=1:model.m 
                supplement=[1,X(i,:)]; 
                f=[f;supplement]; 
            end 
        end 
         
    case 2  % f(x)= 1 , x , x2    
        p=1+model.d*(model.d+3)/2; 
        for i=1:n; 
            for j=1:model.m 
                supplement=[1,X(i,:)]; 
                for k=1:model.d 
                    for l=k:model.d  
                        supplement=[supplement,X(i,k)*X(i,l)]; 
                    end 
                end 
                f=[f;supplement]; 
            end 
             
        end 
         
    case 7   % f(x)= 1 , x , y , xy, x2, y2, x2y      
    case 8   % f(x)= 1 , x , y , xy, x2, y2, x2y, xy2 
    case 9   % f(x)= 1 , x , y , xy, x2, y2, x2y, xy2, x3        
    case 10  % f(x)= 1 , x , y , xy, x2, y2, x2y, xy2, x3, y3         
 
    otherwise 
    disp('other value for p') 
end 
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end 
 

Appendix G.14 Matlab code for tune_hyper.m 
 

function model=tune_hyper(model) 
 
% This file has been written by Mohammadkazem Sadoughi, at Iowa State 
% University (4/05/2017). This file tunes the hyperparameters used in 
% covariance metrix of multivariate Gaussian process 
 
model = max_restr_likelihood(model);                  % Using MLE technique to 
tune the matrix A and hyperparametrs teta.  
 
model.z_mn=define_covmatrix(model,model.X,model.X);   % Define the covariance 
matrix between training points 
 
model.beta=find_beta(model);                          % Define the trend function 
coefficients 
end 
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