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Abstract 

Offshore wind energy has seen substantial growth globally as part of a shift towards 

net zero. Offshore wind turbines with predominant fixed-bottom monopile support 

structures are near their end of service life, necessitating assessments of their 

remaining life. The sector confronts fatigue challenges, environmental concerns such 

as corrosion from harsh conditions as they expand into deep seas, damage assessment 

challenges, and design optimisation challenges. 

This study aimed to develop a novel corrosion-fatigue damage theory for predicting 

corrosion-fatigue damage and remaining life in monopile-supported horizontal-axis 

offshore wind turbines.  

The research methodology involved experimental investigations, analytical 

estimations, and computational modelling. The experimental work involved the 

fabrication of structural steel plates, mechanical tests, fatigue tests, and corrosion 

characterisation analyses. Analytical methods were applied using the beam theory, 

linear wave theory, and blade element momentum approach. Computational modelling 

involved applying finite element analysis in stress analysis for uniform corrosion and 

soil-structure interaction and assessing residual stress. 

The results showed that the splash zone may accumulate the most damage over time 

owing to monopile thickness reduction and local pits. The fatigue life of materials 

appeared less influenced by thickness effects and more by a combination of stress 

concentration, residual stress, axial misalignment, and angular distortion. An S-N 

curve for corrosion-fatigue assessment applying a corrosion-based fatigue prediction 

model was developed. These results were integrated into a corrosion-fatigue damage 

theory applied to operational loads for predicting the remaining life of offshore wind 

turbines. In conclusion, the developed theory showed great promise for assisting 

engineers and stakeholders with vital information for corrosion-fatigue assessment of 

offshore wind turbines necessary for effective maintenance, decommissioning, and life 

extension. 
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Chapter 1 

Introduction 

Offshore wind energy has witnessed remarkable growth, with installations in 2023 

increasing by 16.1 Gigawatts from the value recorded in 2021, reaching a global 

capacity of 64.3 Gigawatts (Hutchinson, Zhao 2023). In 2022, the United Kingdom 

(UK) led the surge in Europe with a total offshore wind capacity of 14.1 Gigawatts, as 

reported in Figure 1.1. As a front-runner in this domain, the UK aims to amplify its 

capacity to 20-55 Gigawatts by 2050 (James, Ros 2015). This shift towards renewable 

energy sources, particularly offshore wind, is pivotal in diminishing reliance on 

carbon-based energy. A pivotal factor in making offshore wind energy cost-effective 

is enhancing the structural design and durability of offshore wind turbines. More 

offshore wind turbines require larger supporting substructures as installations venture 

into deeper waters, and their associated operational and maintenance costs escalate, as 

evidenced by European offshore wind farm data (Morthorst, Kitzing 2016). 

In the UK, the predominant offshore wind turbine support structures are fixed-bottom 

types, with monopiles being the most popular due to their ease of installation and 

proven track records (Lombardi et al. 2013). With these structures designed to last 

approximately 20 years, it is noteworthy that some are already nearing their 15-year 

mark. In 2021 alone, 196 horizontal-axis offshore wind turbines (HAOWTs) 

commenced operations, 90 of which were founded on monopiles (World Forum 

Offshore Wind e.V. 2021). Innovations in this field are unceasing, with a record 15 

Megawatt HAOWT prototype installed (Vestas 2022). This constant installation 

underscores the need to assess the longevity of existing and new large-diameter 

HAOWT monopiles. However, the wind sector faces challenges such as aerodynamic 

and hydrodynamic effects, soil-structure interaction, and design optimisation. Other 

concerns are related to environmental challenges owing to the rigorous operating 

conditions and high expenses associated with the complete lifecycle of these turbines. 

In addition to the physical asset management issues arising from their remote, deeper 

water locations and performance challenges, especially at the welds of structures such 

as monopiles, present hurdles such as the transient stress fields in welded monopile 

sections (Igwemezie et al. 2018). 
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Figure 1.1: Total offshore wind power capacity as of 2022 (Hutchinson, Zhao 2023). 

 

1.1 Monopiles in offshore wind turbines 

Support structures for offshore wind turbines include jackets, gravity foundations, 

tripods, suction caissons, and monopiles, with some having floating substructures 

(O’Kelly, Arshad 2016). In the UK, monopiles are predominant and are used in 

approximately 96% of the offshore wind turbines (Higgins, Foley 2014). These 

monopiles are typically installed at sea depths of up to 35m but can also be used in 

deeper waters. During the first half of 2017, the UK witnessed the installation of 110 

such foundations, indicating the growth of HAOWTs (Wind Europe 2017). Figure 1.2 

shows a typical monopile design. HAOWT's monopiles are considered economical 

due to their reduced maintenance costs (Oh et al. 2013). With time, their size is 

increased for enhanced power generation, as tower height is directly related to wind 

speed (Lavanya, Kumar 2020). By 2025, a 15% increase in tower height, reaching 

approximately 150 m, is anticipated (Igwemezie et al. 2019). The incorporation of 

high-strength concrete to produce hybrid monopiles has been a research focus 

(Jammes et al. 2013; Chen et al. 2018; Ma, Yang 2020). All of these underscores the 

need for innovation and improvement of offshore structures.
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Figure 1.2: Different loading zones and in-service deterioration mechanisms in 

offshore wind turbines 

Future offshore wind turbines will have larger rotor diameters and hub heights that 

match their increased power capacity. This also implies a greater overturning moment 

for the monopile. Recognising the stresses in these structures and understanding their 

environmental effects are critical. Figure 1.2 illustrates the different loading zones in 

a HAOWT in-service as well as the deterioration mechanism contributing to corrosion 

fatigue damage at the different parts of the support structure and entire wind turbine 

structure. Lateral loads introduce bending stresses in these monopiles, and the 

identification of critical stresses is crucial for assessing potential damage risks. The 

top thrust force on the HAOWTs during operation becomes significant due to its 

design for maximum power production. The loads and bending moments of large 

structures may pose concerns in deeper seas and under varying soil conditions. Past 

studies have mainly explored soil-pile interactions of wind turbine supports using 

numerical methods, accounting for soil profiles and dynamic effects below ground 

(Achmus et al. 2009; Ahmed, Hawlader 2016; Bisoi, Haldar 2014). Thus, the influence 

of soil profiles on stresses in submerged and base weld areas, especially for large-

diameter HAOWT foundations under lateral forces, needs to be investigated.
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Given their newer installation in deep seas, there is a growing need to study the 

mechanical behaviour of these support structures, especially large-diameter monopiles 

in HAOWT (Rejovitzky, Altus 2013; Adedipe et al. 2015). The potential challenges 

of larger loads and bending moments become more pronounced in deeper waters. 

Various experimental and modelling methods have been utilised to examine corrosion-

fatigue using different damage theories (Bergara et al. 2017; Sun, Jahangiri 2019). 

More in-depth research is essential to better understand the fatigue mechanisms of 

these structures, particularly in harsh environments. 

  

1.2 Corrosion-fatigue challenges in monopiles 

Fatigue in HAOWT operation arises from cyclic stresses induced in marine conditions, 

where corrosion plays a significant role. Corrosion-fatigue describes the damage 

caused by repetitive loading in these corrosive surroundings (Suresh 1992). The 

presence of corrosion amplifies fatigue damage, leading to quicker crack growth in 

metals. This can result in fractures, swift deterioration, and system failures, with pitting 

corrosion being the primary concern. Corrosion-fatigue remains a vital issue in 

offshore wind turbine foundations (Dong et al. 2012). Maintenance against corrosion-

fatigue is crucial since 98% of these foundations use structural steel (Ancona, Jim 

2001). The significance of pitting to a structure's lifespan necessitates more research 

on its impact on wind turbine structural steel (Melchers 2010). This type of damage 

has been studied in various sectors, including power generation, aerospace, marine, oil 

and gas, and construction (Larrosa et al. 2018).  

Uniform corrosion, pitting corrosion, and corrosion-fatigue are the major corrosion 

types in offshore wind turbine support structures(Price, Figueira 2017; Okenyi, 

Bodaghi, et al. 2023). A corroded transition piece as part of the HAOWT support 

structure is shown in Figure 1.3. Pitting is notably harmful and evolves over time 

owing to pit amalgamation, which leads to consistent volume loss (Melchers 2018). 

Pitting affects the structural integrity as the material undergoes thickness loss, resulting 

in escalated stresses and potential material failure if the strength limits are reached 

(Dong et al. 2012). Both uniform and pitting corrosion cause local stress, but the long-

term implications are more pronounced with uniform corrosion. 
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Technological advancements in computation, the Internet of Things, and real-time 

monitoring have paved the way for improved HAOWT management. Digital twins 

create digital versions of real-world scenarios using embedded sensors to automate and 

optimise maintenance processes. Digital twin is particularly beneficial in deeper 

marine areas where manual checks are costly and risky (Wang 2020). Digital twins 

can help engineers make informed decisions that prolong the HAOWT lifespan. The 

purpose of the digital twin is to monitor corrosion fatigue and facilitate predictive 

maintenance in the support structure. Structural health in the splash zone which is the 

most susceptible zone of monopiles would be monitored for corrosion fatigue through 

the incorporation of sensors with damage models in data and simulation-driven 

models. However, more research is needed on the effects of corrosion on steel, 

especially the newer S355 thermomechanical rolled steel, as HAOWTs grow in size 

and the thickness effects become more pronounced. 

 

Figure 1.3: Extent of corrosion in splash zone region (ABFAD 2020). 

 

1.3 Importance of corrosion-fatigue assessment in monopiles 

The challenges of corrosion-fatigue in offshore wind turbines and other offshore 

structures have been evident in the past two decades, based on reports of the collapse 

of many wind turbine support structures. These challenges are multifaceted, making 

research in this area intricate and paramount. Notably, aerodynamic forces during 

storms and typhoons are the primary culprits of these collapses, with the most damage 

occurring at the beginning and end of the life stages of the structures (Ma et al. 2019). 
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This underscores the necessity for a holistic methodology that can be applied to various 

welded offshore structures. The key to this is understanding the variations in local 

stresses across the support structure due to load fluctuations. In addition, there is 

insufficient insight into the role of the hub thrust force in influencing the total design 

and operational load which needs to be researched.  

Due to their robust design and increasing diameter, monopile foundations dominate 

the foundation for offshore wind turbines (Igwemezie et al. 2019). Their increasing 

utilisation requires a comprehensive understanding of their mechanical behaviour, 

especially under dynamic loads. A key aspect to consider is the soil-structure 

interaction (SSI), which significantly influences the structure's dynamic properties and 

consequently contributes to fatigue damage in monopiles (Zaaijer 2006). However, 

existing studies have predominantly focused on soil-pile interactions in HAOWT 

support structures, leveraging numerical analyses to grasp the soil profile dynamics in 

the buried region (Achmus et al. 2009; Ahmed, Hawlader 2016; Bisoi, Haldar 2014). 

The stresses generated in monopiles and their response to lateral forces in large-

capacity HAOWT, particularly concerning soil profile variations, need to be 

sufficiently addressed for recent large-diameter monopiles with high power capacity 

and deep-sea conditions. 

As many offshore structures approach their end-of-life, a comprehensive fatigue life 

analysis incorporating corrosion impacts becomes essential to streamline in-service 

inspections, ensure reliability, and optimise operational efficiency. The welding 

quality, particularly in the heat-affected zone (HAZ), significantly affects the fatigue 

resistance of HAOWT monopiles, which are commonly constructed from welded hot-

rolled structural steel plates. Indeed, such plates have demonstrated superior fatigue 

performance compared to normalised offshore steel (Igwemezie et al. 2018; Okenyi, 

Afazov, et al. 2023). However, factors such as manufacturing defects, stress 

concentration at welds, and corrosion pitting significantly affect structural steel 

material fatigue performance in offshore environments (Mehmanparast et al. 2017). 

Thus, there is a pressing need for a holistic fatigue assessment approach, especially for 

structural steel used in offshore applications. Structural steel, renowned for its 

weldability and durability according to British Standards (BS) 10025-2 (British 

Standards Institution 2019a), holds immense promise in the offshore, shipbuilding, 



1.4 Aim of research 

Page | 7  
 

and construction sectors. Its application in HAOWT support structures is noteworthy 

(Igwemezie et al. 2018; Okenyi et al. 2022). Investigations into structural steel 

mechanical attributes, welding dynamics, and subsequent implications such as 

distortion and residual stress are crucial to maximise its potential. Fatigue, a pervasive 

concern across sectors such as aerospace and automotive, significantly undermines the 

structural integrity (Becker et al. 2021; Suryanarayana 2011). In several industries, 

metal components subjected to cyclic loading require meticulous design to avoid 

fatigue-induced failure. In applications such as bridges and wind turbines, components 

endure multidirectional cyclic loads, spawning unique stress scenarios under uniaxial 

loading (Dantas et al. 2021). Given these challenges, there is an evident demand for 

an innovative approach to ascertain and validate the fatigue resistance of offshore 

structural steel in HAOWTs promptly, thereby fostering industrial efficiency and cost-

effectiveness. 

1.4 Aim of research 

This research aims to advance the understanding and development of methodologies 

for evaluating corrosion-fatigue as a material failure mechanism in large-diameter 

monopile-supported HAOWT to enable a novel fatigue damage and remaining life 

prediction pathway.  

1.5 Objectives of research 

To achieve the aim and ensure novelty in all aspects of this research, the research 

objectives and techniques designed for this purpose are: 

1. To conduct an in-depth literature review to develop a digital twins framework. 

This framework assesses corrosion-fatigue in monopile-supported HAOWT by 

examining past and current evaluation methods. 

2. To investigate the effects of uniform corrosion on the evolution of stress within 

different zones of a large-diameter monopile supporting the HAOWT using 

finite element analysis (FEA) and analytical model. 

3. To conduct soil-structure interaction study and its subsequent impact on 

stresses within large-diameter HAOWT monopiles using FEA and the 

developed analytical model.
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4. To establish an endurance life methodology centred on corrosion surface 

morphology-based theory to evaluate fatigue in the structural steel of HAOWT 

monopile weldments. 

5. To examine the factors influencing the material fatigue performance of 

submerged arc butt-welded S355 structural steel using an established fatigue 

testing method. 

6. To develop a novel corrosion-fatigue prediction damage theory by applying 

real wind and wave data from the Westermost Rough wind farm located in the 

North Sea within the stress predictive model, coupled with the corrosion 

surface morphology theory and standard fatigue accumulation technique to 

facilitate the prediction of the remaining lifespan of an HAOWT support 

structure. 

 

1.6 Outline of thesis 

Chapter 1 of this thesis introduces the monopile support structure of a HAOWT and 

provides an overview of the challenges of corrosion-fatigue. A research methodology 

for a corrosion-fatigue monitoring research plan detailing the testing and modelling is 

presented. Furthermore, the justification, aim, and objectives of the research are 

outlined. In Chapter 2, a theoretical background study is conducted to understand the 

underlying theories applicable to corrosion and fatigue in welded structures, as well as 

the factors influencing this material failure mechanism. Chapter 3 provides a further 

extensive review of literature focusing on materials used in HAOWT installation, 

previous work on modelling and soil effects consideration, endurance life approach 

for fatigue assessment, and assessment of digital tools for fatigue assessment in 

HAOWT to develop a novel framework. Chapters 4-8 address the objectives of the 

research in detail. Chapter 4 reports on stress analysis at welds for uniform corrosion 

and soil effects considering soil-structure interaction and develops the analytical 

model using a case study prototype 15 Megawatt offshore wind turbine which is 

verified using FEA. Chapter 5 conducts an experimental investigation of the material 

performance of submerge arc welded S355G10+M structural steel, including 

measurements of tensile properties, macrostructure, hardness, residual stresses, 

angular distortions and axial misalignments. In Chapter 6, a novel corrosion surface 

morphology-based methodology for fatigue assessment is presented. 
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 In Chapter 7, fatigue testing is detailed using uniaxial testing, and the concept of 

machining for fatigue testing is introduced and verified. Chapter 8 combines the 

novelty of previous chapters to develop a novel fatigue theory incorporating corrosion 

considerations and applying real wind and wave load history to determine the fatigue 

damage and predict the remaining life of HAOWT support structures. Chapter 9 

provides vital conclusions from this novel study and provides future recommendations 

based on the research. A schematic depicting the thesis outline is shown in Figure 1.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: Outline of the thesis. 
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1.7 Outline of methods 

The methodology applied in this research incorporates three primary assessment 

methods: experimental investigations, analytical estimations, and computer modelling 

as illustrated in Figure 1.5. The present study focuses on the experimental aspects 

related to the manufacture and production processes of structural steel plates utilised 

in the fabrication of monopiles for offshore wind turbines.  Four primary sets of 

experiments were performed on the welded plates and cut specimens: mechanical tests, 

tests to characterise corroded materials, fatigue tests, and formulation of a concept for 

fatigue testing. Stress versus number of cycles (S-N) curves were created for 

specimens subjected to various conditions, including exposure to both air and 

corrosive environments.  

This study applies analytical methods utilising the Euler-Bernoulli beam theory to 

analyse the HAOWT structure. Linear wave theory was utilised to describe sea waves 

in accordance with Morrison's equation, which accounts for hydrodynamic forces. The 

Blade Element Momentum approach was employed in conjunction with one-

dimensional wave theory to ascertain the loads acting on the HAOWT.  The integration 

of these theoretical frameworks, load scenarios, and empirical data collected from 

wind turbine installations was employed to construct an analytical framework for 

assessing cyclic stresses and estimating fatigue levels. 

The study incorporated computational modelling by utilising FEA as a crucial aspect. 

This approach was employed to assess the stresses resulting from uniform corrosion, 

interactions between the soil and structure, and the impacts of residual stress. The 

contour method was applied to evaluate these residual stresses for the monopile and 

materials in its weld region. The findings derived from this study provide insights into 

the estimated corrosion level in the monopile, fatigue performance of the material, and 

impact of soil profiles at various sites where the monopiles were deployed. In 

summary, experimental investigations, analytical approximations, and computer 

modelling techniques were integrated to assess corrosion-fatigue degradation and 

predict the remaining fatigue life. 
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Figure 1.5: Overview of research methods.
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Chapter 2 

Theoretical background 

This chapter explains the complexities of fatigue and corrosion in offshore structures. 

It explains the phenomena of fatigue and corrosion experienced in offshore structures, 

setting the stage for a more in-depth examination of the numerous loading and 

operational elements that contributed to or accelerated the corrosion-fatigue process. 

The chapter also offers an overview of various fatigue analysis methodologies and 

associated fracture mechanics models. Welded joints have received particular 

attention, as they are crucial sites that frequently display different fatigue behaviours 

compared to other sections of the structure. The chapter summarises the theoretical 

insights and connects them to the study's broader context. Overall, the chapter aims to 

provide a thorough comprehension of the theoretical concepts that are critical to 

fulfilling the study's research objectives. 

 

2.1 Fatigue and corrosion in offshore structures 

The interplay between corrosion and fatigue can have a damaging effect on metallic 

materials. Corrosion-fatigue is a time-dependent electrochemical process that usually 

occurs at specific locations, such as slip steps or the tip of a crack. Two primary 

mechanisms govern this process: anodic slip dissolution and hydrogen embrittlement. 

Anodic slip dissolution influences crack growth rates depending on loading conditions, 

such as frequency and stress waveform. Hydrogen embrittlement, on the other hand, 

is influenced by factors like the rate of protective film rupture, passivation rate, and 

the rate at which the solution is renewed (Suresh 1992). 

However, there can also be instances in which corrosion mitigates fatigue. Some 

corrosion by-products may lead to "oxide-induced crack closure." This is a 

phenomenon in which the elasticity around a crack tip prevents further plastic 

deformation or reduces the stress intensity factor, thereby slowing the crack growth 

(Pippan, Hohenwarter 2017; Wu et al. 2020).
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When evaluating the corrosion-fatigue strength, an increase in the resistance to pitting 

corrosion correlates with a decrease in the likelihood of failure at slip zones (Jaske et 

al. 1981). The rate of pitting corrosion varies based on the marine zone (Mathiesen et 

al., 2016), with monopiles exhibiting high rates. This makes them susceptible to 

becoming stress concentration areas, particularly around geometric discontinuities in 

the weld lines, which serve as initiation points for fatigue cracks. 

Corrosion is generally influenced by chemical, physical, and even biological elements 

like biofouling and plant and animal life. However, when considering the interplay 

between corrosion and fatigue, other specific factors come into play, complicating 

their interactions. Corrosion-fatigue involving pitting follows a sequence of stages, 

including (i) initiation of the pit, (ii) growth of the pit, (iii) transition from pit to crack, 

and (iv) growth of both short and long cracks (Akid and Richardson 2010; Fatoba 

2015). S355 does not form passive film like stainless steel or other high-alloy steels as 

this is associated with materials with higher chromium content which means that 

passive film breakdown is not a relevant stage for S355 steel. 

Mechanical factors influencing corrosion-fatigue have been categorised into several 

groups: peak stress (Zhao et al. 2017), cyclic frequency, stress ratio (Okenyi et al. 

2022), load waveform (Adedipe et al. 2016; Igwemezie, Mehmanparast 2020), and 

residual stress (Xin, Veljkovic 2020). Metallurgical factors include the alloy 

composition, microstructure (Nicolas et al. 2019), welding defects, heat treatment 

processes (Mehmanparast et al. 2017), and defect factors (micro-cracks, stress 

concentrations) based on manufacturing conditions (Serjouei, Afazov 2022; Okenyi, 

Afazov, et al. 2023). Environmental conditions like pH (Kolawole et al. 2019), 

temperature (Atkinson, Chen 1993), and electrochemical potential (Kovalov et al. 

2018) also have an impact. Thus, both material and environmental factors, such as 

temperature and pH, can directly influence pitting, hence the corrosion-fatigue. As 

pitting creates localised stress concentrations, these sites become nucleation points for 

fatigue cracks. 

 

2.2 Fatigue analysis methods and fracture mechanics models 

In engineering, a comprehensive understanding of corrosion-fatigue necessitates a 

thorough investigation into the synergistic impact of mechanical factors and 
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aggressive environmental conditions. Evaluating such complex interactions is 

challenging. Within fatigue analysis, there are key methodologies, such as the stress-

life method, strain-life method, and linear elastic fracture mechanics. These methods 

are integral to two main approaches: total life assessment and the damage tolerance 

approach. Both are crucial for determining the structural integrity and remaining life 

of engineering structures.  

Combining S-N data as a total life approach to predict fatigue life and LEFM as a 

damage tolerant approach to analyse crack propagation in crucial locations enables full 

structural health monitoring. This combination improves damage diagnosis and 

prognosis by revealing fatigue behaviour and fracture risk. S-N data informs 

inspections, whereas LEFM assesses cracks to optimize maintenance decisions and 

actions. 

The stress-life method as a total life fatigue assessment method is proficient at offering 

quantitative damage estimations; however, it has limitations. Factors such as surface 

finish, material thickness, and flaw size can introduce inconsistencies in the method 

(Fatoba 2015). Such limitations particularly affect the precise prediction of when and 

where cracks will be initiated. Despite these challenges, the total life method can still 

estimate material fatigue strength in both air and corrosive environments. In-depth 

reviews have been conducted on these approaches (Fatoba 2015; Larrosa et al. 2018), 

summarising both stress-life and linear elastic fracture mechanics methods and 

drawing important conclusions. 

Fatigue failure primarily results from the cyclical or repetitive loading of materials, 

causing microscopic imperfections to develop into full-fledged cracks. These cyclic 

loads are often significantly lower than the yield strength of the material. The data 

representing these phenomena are typically plotted as an S-N curve, which charts 

stress ranges or amplitudes against the number of cycles to failure (Schijve 2009). The 

fatigue load cycles and their characteristics are presented in Figure 2.1 and are defined 

in Equations 2.1 to 2.4. 
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Figure 2.1: Definition of fatigue load cycles. 

 

Stress range, 𝜎𝑟 = 𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛 = 2𝜎𝑎   (2.1) 

Stress amplitude, 𝜎𝑎 =
𝜎𝑚𝑎𝑥−𝜎𝑚𝑖𝑛

2
       (2.2) 

Mean stress, 𝜎𝑚 =
𝜎𝑚𝑎𝑥+𝜎𝑚𝑖𝑛

2
       (2.3) 

Stress ratio, 𝑅 =
𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
        (2.4) 

The Basquin relation in Equation 2.5 mathematically describes the S-N curve, 

allowing for the determination of a material’s endurance limit. S-N curves can be 

divided into two regions: low-cycle fatigue and high-cycle fatigue. (Ólafsson et al. 

2016; Ming et al. 2014). 

𝜎 𝑟 = 𝜎′ × 𝑁𝑓
𝑏     (2.5) 

where 𝜎′ is the fatigue strength coefficient, and 𝑏 is the fatigue strength exponent. 

The industry often employs the endurance-limit approach for practical applications. 

This approach distinguishes between a high-cycle fatigue region at (106) cycles and a 

low-cycle fatigue region at (103) cycles. In the high-cycle fatigue region, the stress 

amplitude remains constant, marking the endurance limit of the material. Meanwhile, 

in the low-cycle fatigue region, the stress amplitude diminished as the cycle number 

increased. Empirical data suggest that at 103 cycles, a material's fatigue strength is 
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approximately 90% of its Ultimate Tensile Strength (UTS), 𝜎𝑢. These values, 0.9 and 

0.5 are approximations based on extensive empirical research, especially for ferrous 

alloys (Bannantine et al. 1990; Serjouei, Afazov 2022).  

𝜎𝑎
𝑓

= 0.9 × 𝜎𝑢   at 103 cycles    (2.6) 

𝜎𝑎
𝑓

= 0.5 × (𝑓𝑑𝑓𝑠) × 𝜎𝑢   at 106 cycles    (2.7) 

The surface factor, 𝑓𝑠   and the defect factor, 𝑓𝑑  quantifies the level of imperfections 

present on a surface or in the subsurface of a material. For extremely smooth surfaces, 

this factor approaches a value of 1. Similarly, if there are no defects either on the 

surface or in the underlying layers, the defect factor is also set at 1. 

The mechanical factors considered in Section 2.1 and the additional effect on fatigue 

life, are summarised in Figure 2.2. Understanding the complexities of corrosion-

fatigue requires a multifaceted approach of blending mechanical factors with 

environmental considerations. Although the current methods provide valuable 

insights, they have limitations that necessitate ongoing research to refine these 

techniques for more accurate and comprehensive assessments. For more fatigue 

analysis of components that often experience complex loading conditions, the rainflow 

counting technique (Amzallag et al. 1994) allows these stress cycles to be 

deconstructed into simpler cycles. This streamlined approach aids in estimating fatigue 

damage using Miner's rule (Miner 1945), as follows: 

𝐷𝑓 =  ∑
𝑁𝑖

𝑁𝑑𝑖

∞

𝑛=1
< 1     (2.8) 

where D is the damage (<1), n is the number of load cases, N is the calculated number 

of cycles from the S-N curve, and Nd is the allowable number of cycles for the specific 

load case. 
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Figure 2.2: Influence of mechanical factors on S-N curves. 

For the damage tolerance approach, linear elastic fracture mechanics is employed. 

Previously used models and theories for various fatigue life stages and damage 

predictions and several models that focus on crack growth in corrosion fatigue have 

been researched (Okenyi et al. 2022) (Appendix A9). These models become crucial 

once a crack has been initiated, as they can guide estimations of the crack's progression 

over time and help evaluate the potential risks leading to catastrophic failure of 

materials in service. What makes these models unique is their ability to forecast the 

period between crack initiation and the risk of ultimate structural failure based on 

certain assumed loads. Specifically, these models employ fracture mechanics 

methodologies to account for environmental influences on fatigue crack growth rates. 

Pitting corrosion-fatigue in the monopile of a HAOWT is a significant concern 

(Larrosa et al. 2018). This is because pitting corrosion-fatigue is integral to crack 

initiation and propagation, and it consequently affects the overall structural lifespan. 

However, current models using fracture mechanics still fully incorporate a 

comprehensive understanding of how mechanical, metallurgical, and environmental 

factors collectively contribute to pitting corrosion-fatigue. 
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The two predominant methods for assessing fatigue damage in metallic materials that 

are applicable to offshore wind turbine materials are the accumulative fatigue damage 

and fracture mechanics approaches. The former relies on S-N curves, whereas the latter 

utilises crack growth rate curves, plotting crack length against the number of cycles. 

Each approach has a distinct philosophical basis. The fracture mechanics approach is 

particularly adept at accurately modelling crack propagation until the point of fatigue 

failure. 

By reviewing these fatigue life assessment methodologies, it is clear that the total life 

method can be enhanced. Specifically, S-N curves can be refined by incorporating 

variables such as material thickness loss, notch effects, stress concentrations, and 

surface conditions. These factors, including the quality of the remaining surfaces and 

manufacturing or installation-induced notches, are crucial as they can significantly 

impact the rate of corrosion-fatigue damage. 

For damage-tolerant methods, employing a fracture mechanics model is particularly 

beneficial during the operational and wear-out stages. Such models can be used to 

monitor the progression of damage arising from crack growth and corrosion pits. This 

approach would have been invaluable for analysing a 2 Megawatt HAOWT, which 

reportedly experienced failure owing to welding defects (Ma et al. 2019). It is crucial 

to also consider the HAZ at material weldments when focusing on crack initiation 

 

2.3 Fatigue of welded joints 

Welded joints are both permanent and physically simple, requiring fewer components 

and lowering the complexity of the fabrication procedures. Welded connections, 

particularly butt welds, have higher stiffness, allowing for more effective load transfer. 

When properly done, the welded material can outperform the mechanical strength of 

other parts of the material, such as the HAZ and base metal. However, this welding 

method has significant drawbacks. For starters, the permanent nature of connections 

makes disassembly or changes difficult. Second, the heat introduced during welding 

might change the microstructure of the base metal, jeopardising its mechanical 

qualities and producing residual stresses. Finally, the process causes material 

shrinkage, which must be factored into the design estimates. Finally, achieving a high-
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quality, dependable weld requires professional operation (Brockenbrough, Merritt 

1999; Design 1999). 

Arc welding is a fusion welding technique that facilitates the joining of metals through 

the application of intense heat and the introduction of filler metal. This process induces 

the melting and merging of the adjacent base metal. When metallic substances undergo 

solidification and subsequent cooling, they establish a metallurgical interconnection 

with one another. The arc welding system comprises three main components: a power 

source, an electrode, and the workpiece. The process of metal melting is facilitated by 

the generation of intense heat through an electric arc. This arc is created by an electric 

current passing between two electrodes, namely, the applied electrode and the 

workpiece. Within this process, the arc is sustained in a gas that has been heated and 

ionized to form plasma. The plasma serves to conduct the electric current and generate 

the intense heat necessary for melting the metals. The electrode used in this application 

can take the form of a non-consumable current-carrying stick or a stick/wire that not 

only melts but also provides a filler metal to join the workpieces (Singh et al. 2019; 

Singh, Singh 2019; Saidin et al. 2019; Schönmaier et al. 2021). The utilisation of 

submerged arc welding (SAW), which is a prevalent technique in the fabrication of 

monopiles for offshore wind turbines, was examined in the present study. Different 

types of arc welding are commonly employed in structural steels for offshore wind 

turbines (Jacob et al. 2019; Yusof, Jamaluddin 2014). Figure 2.3 depicts a 

representative example of a welded material and its components. 

 

Figure 2.3: Weld zones and grain distributions for a butt-welded joint. 
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The discontinuities in a welded material are affected by various factors, such as the 

welding process utilised, the material employed, the type of weld formed, and the joint 

design. Furthermore, the proper alignment of the joint prior to welding, along with the 

prevailing working circumstances throughout the welding procedure, exerts 

substantial influence. It is important to acknowledge that the design criteria frequently 

vary depending on the specific application. Various fatigue design standards, including 

BS 7608 (British Standards Institution 2014a) and international organisations, such as 

the International Institute of Welding (IIW) (International Institute of Welding 2008) 

and Det Norske Veritas (DNV) (DNV 2016b), have provided recommendations and 

guidelines for assessing the fatigue life of welded structures. These guidelines include 

established S-N curves that consider multiple factors affecting fatigue loading.  

Structures experience a diverse array of stresses throughout their life cycle, making 

fatigue assessment an intricate process that must consider these various stressors. In 

this study, nominal stresses, thickness correction, and stress magnification in welds 

were considered. The nominal stresses can be determined using beam theory. The 

stress is determined by evaluating the applied loads and cross-sectional area of the 

structure. When there is bending stress from misalignment due to the welding process, 

its effect is included, and the expression is given as (International Institute of Welding 

2008):   

Nominal stress, 𝜎𝑛𝑜𝑟𝑚 =
𝐹

𝐴
+  

𝑀𝑦

𝐼
       (2.9) 

where F is the applied load, A is the cross-sectional area, M is the bending moment, I 

is the moment of inertia of the cross-section, and y is the distance to the neutral axis. 

In welded constructions, the influence of plate thickness is considered if the location 

of the crack start is at a weld toe. According to the standards, welded connections with 

a maximum thickness of 25 mm exhibit fatigue resistance. However, owing to the 

detrimental effects of plate thickness on fatigue strength, the fatigue strength is 

decreased if the thickness is larger than 25 mm. The recommended S-N curves 

incorporate the thickness impact lowering of welded joints fatigue resistance (DNV 

2016b): 

log N = 𝑙𝑜𝑔 �̅� −  𝑚 𝑙𝑜𝑔 [𝜎𝑟 [
𝑡

𝑡𝑟𝑒𝑓
]

𝑘𝑖

]       (2.10)
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where �̅� is the intercept of N (number of cycles)-axis by the S-N curve, 𝑚 is the 

negative inverse slope of the S-N curve, 𝑡 is the material thickness and 𝑡𝑟𝑒𝑓 is the 

reference thickness (25 mm). Increase in material thickness can have a detrimental 

effect on fatigue as thicker sections can contain internal defects and residual stresses.  

Arc welding processes can introduce axial misalignment and angular distortion in 

welded structures owing to the temperatures required during the welding process. This 

can lead to fatigue implications in the materials, leading to failure and reduced service 

life of the components where the welded material is used by stress magnification in 

the weld (Braun 2022; De Jesus et al. 2012; Gkatzogiannis et al. 2019; Kanishka, 

Acherjee 2023; Köder, Bohlmann 2014; Li et al. 2021; Ohta et al. 2003). Both axial 

and angular stress magnification factors have been assessed, and their expressions are 

given below (Ólafsson et al. 2016): 

Axial magnification factor, 𝐾𝑚−𝑎𝑥𝑖𝑎𝑙 = 1 + 3 
𝑒

𝑡
      (2.11) 

Angular magnification factor, 𝐾𝑚−𝑎𝑛𝑔 = 1 +  
3

4
𝛼

𝐿

𝑡
     (2.12) 

where 𝑒 is the axial misalignment, 𝑡 is the plate thickness, 𝛼 is the angular distortion, 

and 𝐿 is the distance between the fixing points of the plates. Combining Equations 

2.11 and 2.12, the overall total stress magnification factor is given in Equation 2.13 

as (Ólafsson et al. 2016): 

𝐾𝑚_𝑇 = 1 + (𝐾𝑚−𝑎𝑥𝑖𝑎𝑙 − 1) +  (𝐾𝑚−𝑎𝑛𝑔 − 1)    (2.13) 

The -1 in Equation 2.13 is used to remove the baseline or starting value. By subtracting 

1, we're only looking at the extra stress caused by the angular distortion and axial 

misalignment. For joints subjected to axial loads, it is widely observed that the 

existence of axial and angular misalignments does not cause a substantial reduction in 

fatigue strength unless the total misalignment factor surpasses a threshold value of 1.3 

(Maddox 1985). Furthermore, it can be argued that a majority of butt-welded joints, 

when subjected to axial loading, inevitably undergo secondary bending stresses. As a 

result, the S-N curves for fatigue assessment needs to account for this phenomenon, 

thereby recognising the significance of the secondary bending stresses. Strain gauges 

can strategically be placed at critical points to measure the strain and calculate the 

resulting bending stresses in a structure. 
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2.4 Conclusions on theoretical background 

It was observed that corrosion may either accelerate fatigue, which is more likely, or 

mitigate fatigue based on a multitude of influencing factors, including environmental, 

mechanical, and metallurgical elements. While the total life method serves well in the 

design phases, the fracture mechanics approach offers more detailed insights for in-

service monitoring. A hybrid method combining elements from both approaches could 

offer a comprehensive and accurate framework for assessing both crack initiation and 

propagation, thereby improving the fatigue life assessments of materials. 

While welding offers advantages such as higher stiffness and load-bearing capacity, it 

introduces challenges such as changes in material microstructure, residual stresses, and 

risk of material shrinkage. This chapter highlighted various fatigue design standards 

for welded structures, as well as the impacts of welding defects and distortions on 

fatigue life. 

Overall, this chapter provided an overview of theoretical foundation for further study 

of the multifaceted challenges associated with fatigue and corrosion in offshore 

structures. It not only establishes the key mechanisms and factors influencing these 

phenomena, but it also reviews the existing methodologies and limitations for their 

analysis. This chapter underscores the significance of understanding these intricacies 

for the effective design, assessment, and maintenance of offshore structures.
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Chapter 3 

Review of literature 

This chapter presents a comprehensive analysis of corrosion-fatigue in HAOWT, 

spanning from material science to state-of-the-art computational methods. It begins by 

focusing on how corrosion-fatigue affects various zones in HAOWT, such as the base 

metal, HAZ, and weld zones. The chapter then dives into specialised applications such 

as the use of high-strength steels in HAOWT monopiles and examines the S-N curves 

specific to corrosion in S355 structural steels. The operational factors contributing to 

corrosion-fatigue were also scrutinised, highlighting the importance of real-world 

conditions in assessing material performance. This chapter introduces innovative 

approaches to monitoring and prediction, incorporating condition monitoring systems 

and artificial neural networks to assess fatigue in HAOWT structures. Finally, the 

emerging concept of digital twins is explored as a tool for real-time fatigue assessment 

in HAOWT structures, suggesting a future direction for both research and practical 

applications.  

3.1 Corrosion-fatigue in structural steel for monopiles 

In the fabrication of monopiles for HAOWTs, large plates of structural steel undergo 

both longitudinal and circumferential welding after rolling the plates (Jacob et al. 

2018). A critical by-product of the welding process is the formation of the HAZ, which 

is known for its compromised fatigue resistance. These HAZ locations become 

important in HAOWTs serviceability under the impact of wind and wave loads. 

Empirical studies have underscored that weld zones serve as the typical location for 

the onset and progression of fatigue cracks (Mehmanparast et al. 2017). The intrinsic 

property of the HAZ is that it exhibits less fatigue resistance compared to the base 

metal, thereby amplifying the likelihood of failure in the HAZ (Kang et al. 2013). 

Additionally, research points out that crack initiation and its subsequent propagation 

from the HAZ into the base metal often follow the direction of the pipe thickness 

(Okenyi et al. 2022). One factor exacerbating this issue is the prevalent tensile residual 

stresses within the HAZ (Adedipe et al. 2015). 
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These tensile residual stresses contribute to an increase in the mean stress effects, 

particularly as fatigue cracks initiate and propagate through the welds (Tsay et al. 

1999; Mehmanparast et al. 2016; Xin, Veljkovic 2020; Xu et al. 2021; Okenyi et al. 

2022). Consequently, techniques like post-weld heat treatment have been suggested to 

alleviate tensile residual stresses, thereby potentially prolonging the operational 

lifespan of HAOWT monopile materials. During welding of S355 steels, slag particles 

become trapped within the weld metal and can greatly degrade the mechanical 

characteristics of the weld, including its toughness and resistance to fatigue. Slag 

inclusions provide significant challenges in the welding of thick sections, especially in 

the context of S355 structural applications(Wieczorska, Labuda 2023). 

Further, it is noteworthy that fatigue crack growth in the HAZ is more pronounced 

when compared to the base metal in non-corrosive conditions (Adedipe et al. 2017). 

While existing literature touches upon fatigue crack initiation prompted by 

microstructural defects (Smaili et al. 2019a; Smaili et al. 2019b), the findings suggest 

that a meticulous examination of the weld and HAZ regions is indispensable for 

holistic fatigue assessment. There remains a research gap in understanding how 

environmental factors, such as pitting corrosion, influence fatigue performance in 

HAZ regions, especially as offshore environmental conditions become increasingly 

severe. It becomes abundantly clear that the HAZ is crucial in fatigue studies for 

HAOWTs. Not only because this zone possesses inherently lower fatigue resistance, 

but it also tends to accumulate detrimental residual stresses and shows accelerated 

crack growth under specific conditions. As such, future works could prioritise this 

region, particularly when aggressive corrosive conditions are also considered. 

S355 structural steel is commonly employed in the construction of monopiles owing 

to its advantageous weldability features (Healy, Billingham 1998). Material selection 

guidelines are typically aligned with DNV-OS-B101 (DNV 2009). As the dimensions 

and sizes of HAOWTs enlarge, there is a growing focus on utilising high-yield-

strength steels that demonstrate superior fatigue and corrosion resistance, particularly 

under the low-temperature conditions characteristic of offshore settings. The thermo-

mechanically rolled variants, denoted by M grades, exhibit improved mechanical 

properties, as detailed in Table 3.1; these are produced through addition of de-

oxidizing elements such as aluminium, silicon etc., to make the steel free of any 
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oxygen. The 'G' indicates a hot-rolled production process. S355 is especially prevalent 

in contemporary large offshore wind turbines, adhering to the BS EN10225 standards 

(British Standards Institution 2019a). These steels are acknowledged for their robust 

toughness and weldability (Igwemezie et al. 2018).  

S355 as a type of structural steel, does not possess significant natural resistance to 

corrosion and is deficient in certain alloying elements such as greater levels of 

chromium or nickel, which are known to greatly enhance corrosion resistance 

(Gassama et al. 2015). The pitting resistance of S355 steel is typically lowered as a 

result of its reduced levels of chromium and nickel. This is particularly important in 

marine conditions, where chloride-induced pitting is a prevalent kind of corrosion 

(Heider et al. 2020). The pitting resistance equivalence number for S355G10+M steel 

is determined as 0.1233 from its chemical properties (Okenyi et al. 2024) indicating 

low pitting corrosion resistance but the additional protective coating measures in the 

weld region (Figure 1.2b) and the thermomechanical properties in Table 3.1 improves 

its corrosion resistance. 

Thermomechanical treatments can enhance the microstructure of steel, resulting in 

increased density and uniformity. This improvement can partially reduce corrosion. 

Implementing mitigating measures is crucial for steels such as S355G10+M when 

utilised in severe maritime environments (Igwemezie et al. 2018). Nevertheless, there 

is a noticeable gap in the literature concerning the degradation of these materials due 

to corrosion-fatigue and the impact of the entire manufacturing sequence on the fatigue 

life of the material. 

Table 3.1: Mechanical properties of steel grades in offshore applications to 

EN10225 (Oakley Steel 2021). 

Mechanical properties  EN10225 S355 TMCP Steels 

Hot rolled plate S355G8+M S355G10+M 

Yield, σy (MPa)   

< Ø16 mm 355 355 

Ø16 mm - Ø25 mm 355 355 

Ø25 mm - Ø40 mm 345 345 

Ø40 mm - Ø63 mm 335 335 

Ø63 mm - Ø100 mm 325 325 

Tensile, σUTS (MPa)   
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< Ø40 mm 470–630 470–630 

Ø40 mm < Ø100 mm 470–630 470–630 

Brinell Hardness 285 285 

Elongation ( %) 22 22 

Modulus of elasticity (GPa) 205 205 

Poisson's ratio 0.29 0.29 

Machinability % 55 55 

Charpy V-notch (J) 50@ −40 °C 50@ −40 °C 

* Ø – Plate thickness; σUTS – Ultimate tensile strength 

 

Various methods have been explored to mitigate corrosion in offshore wind turbine 

structures subjected to fluctuating loads and extreme environmental conditions. 

Techniques such as spray metallisation, galvanic anodes, and the application of an 

external current are prevalent in the literature (Masi et al. 2019; Momber 2011; Price, 

Figueira 2017). Additionally, zone-specific approaches, such as cathodic protection in 

submerged areas and specialised coatings in tidal, splash, and atmospheric zones, have 

been suggested. Strategies that focus on diminishing cyclic loading have also been 

studied. For example, integrating a three-dimensional (3-D) pendulum-tuned mass 

damper into a HAOWT support structure has been shown to lower vibration 

frequencies and substantially improve fatigue life (Mohammadi et al. 2018; Sun, 

Jahangiri 2019). 

In a comprehensive examination of structural steels, multiple test setups and loading 

conditions were employed to evaluate their fatigue behaviour in air and under 

corrosive conditions. The primary steel variant under investigation was S355, although 

additional steels with comparable yields and UTS were also considered. The reported 

experiments were conducted under a variety of load-controlled fatigue loading 

conditions, such as rotational-bending, axial, and bending fatigue tests. These were 

conducted under varying stress ratios (R ratios), including R = -1, 0, 0.1, and 0.5, at 

different frequencies. The fatigue properties demonstrated sensitivity to several 

factors. The surface roughness, welding methodology, specimen thickness, and 

environmental context of the tests (either air or corrosive conditions) were observed to 

have a consequential impact. The mechanical properties were concurrently evaluated 

and are summarised in Table 3.2. 
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Table 3.2: Mechanical properties of fatigue-tested structural steel. 

Structural 

Steel 

σy 

(MPa) 

UTS 

(MPa) 

t (mm) R H 

(Hv) 

E (%) Ref. 

S355N, S355M 378, 

442 

560, 524 10 -1, 0 160-

280 

36, 33.5 (Sonsino 2009) 

SPV490 579 628 20 -1, 0, 

0.5 

207 40 (Ohta et al. 2003) 

SM50B 413 541 9 0 - 25 (Pedersen 2019) 

SM50B 364 526 40 0 - 35 (Pedersen 2019) 

S355J2 416.15  548.15 20, 25 0.5 270 28.5, 30.5, 33.5 (Ólafsson et al. 2016) 

S355J2+N 469 566 15 0.1 - - (Gkatzogiannis et al. 

2019) 

S355J2+N 469 566 15 0.1 - - (Gkatzogiannis et al. 

2021) 

A106B 360.6 540.6 6.5 0.05 435 - (Daavari, Sadough 

Vanini 2015) 

316SS 248.3 495.6 7 0.1 100 -

110 

42.7 (Fereidooni et al. 

2018) 

15KhSND 400 565 12 0 - - (Knysh et al. 2018) 

S355J0, S355J2 382, 

386 

554, 556 3 -1 - 16.8 (Klusák, Seitl 2019) 

S355J2 434 550 16 0.1 200 -

400 

- (Weich et al. 2009) 

S355NL 378 555 10 -1, 0, 

0.1 

- - (Madia et al. 2018) 

S355 355-

550 

470-630 5-10 0.1-

0.2 

- - (Nazzal et al. 2021) 

16Mn 390 591 8 0.1 - 24.4 (Wang et al. 2009) 

S460G2+M 460 598.09 10 0.1 150-

203 

17 (Saidin et al. 2019) 

S355J2, S460 434, 

460 

550 30 0.1 - 31 (Ummenhofer, 

Weidner 2013) 

S355J2 434 550 16 0.1 200-

350 

31 (Weich 2009) 

S355 320-

350 

500-510 5 0.1 - - (Corigliano et al. 2017) 

S355 425 557 10 -1 - 14 (Corigliano et al. 2020) 
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Q460-20 481 623 10 0.1 140-

250 

35.6 (Tong et al. 2021) 

S355 400 510-680 5 0.1 340 22 (Leitner et al. 2014) 

S355J2 + N 388 535 20 0.1 - 34 (Schiller et al. 2022) 

S355J2 386 537 4 0.1 - 31 (Schaumann et al. 

2010) 

S355 - 580 6, 10 -1 165-

240 

- (Čern, Sís 2016) 

S355 360 534 6 0.1 200-

400 

- (Sorger et al. 2018) 

S355J2+N 355 490 5 0 - - (Köder, Bohlmann 

2014) 

S355J2+N 386 537 4 0.1 - 31 (Schaumann, Steppeler 

2013) 

S355J2+N 434 544 10 0 
 

29 (Braun 2022) 

S355GS+10 486 380 12 0.1 178-

198 

28.1 (Anandavijayan et al. 

2021) 

- Information not reported, * H – Hardness; σy -Tensile yield strength; R – Stress ratio; E – Elongation; 

t– Thickness. 

The average UTS for the S355 steel was 546 MPa, and the mean yield strength was 

412 MPa. Observations regarding hardness revealed variability across the material 

from the base to the weld zone, including the HAZ. Notably, the maximum hardness 

values were predominantly located in the weld region and often corresponded to the 

UTS of the material. For the S355 steel grades, the elongation was observed to fall 

within the range of 16.6% to 36%. 

Welding techniques also warrant specific attention. According to Table 3.2, metal 

active gas (MAG) and SAW have emerged as the most prevalent welding methods. 

Arc welding techniques have found extensive applications in offshore structures, 

particularly in offshore wind turbines (Jacob et al. 2019; Yusof, Jamaluddin 2014). 

This multifaceted approach provided a nuanced understanding of structural steel 

behaviour under various conditions, providing the groundwork for optimising material 

selection for great fatigue performance in offshore applications. 

S-N data reviewed from the literature have also been compared to the design standards 

(British Standards Institution 2014a; DNV 2016b; British Standards Institution 2005b; 

International Institute of Welding 2008) (Appendix A10). The design standards were 

found to be relatively conservative in terms of S-N curve values in both air and
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 corrosive conditions in artificial seawater and salt spray chamber. Welding influenced 

the structural steel fatigue life, as samples with one-sided welds, usually of smaller 

thickness, appeared to have better fatigue life than two-sided butt welds, whereas 

samples without a weld had significantly superior fatigue life. This is consistent with 

the well-known fact that the weld zone generates a discontinuity in the material and is 

frequently sensitive to the local pressures from which cracks typically initiate (Jacob, 

Mehmanparast 2021). However, it is important to note that cross weld test measures 

the combined strength of the weld, HAZ, and parent metal, often dominated by the 

stronger parent metal. This can hide the true strength and quality of the weld and HAZ, 

making it difficult to identify specific weaknesses or issues within the weld itself. The 

high frequency mechanical impact (HFMI) treatment and shot peening treated 

specimens demonstrated that both post-weld treatment procedures enhanced the 

fatigue life of the structural steels. The salt spray chamber and artificial seawater 

samples showed comparable fatigue responses in corrosive environments. However, 

when compared to the samples in air, it was observed that corrosion had a negative 

effect on the fatigue life of welded structural steel. In addition, from the collected 

literature on fatigue tests in air and corrosive environments, it was observed that 

corrosion contributed to an approximately 16% reduction in the fatigue performance 

of the S355 structural steel. 

 

3.2 Finite element analysis application to monopile material 

Engineering structures subjected to stresses can have their stress fields predicted using 

FEA, which can then be used in corrosion-fatigue assessments. Multiple scales of 

fatigue research have used FEA, which includes: 

▪ The stress-assisted corrosion model used for pitting evolution research with the 

cellular automation finite element method (Saucedo-Mora, Marrow 2014; Fatoba 

et al. 2018; Cui et al. 2019). The model was able to provide helpful information on 

real-time diagnostics of corrosion-fatigue, such as the ability to associate changes 

in the depth, aspect ratio, and morphology of pits with time under the impact of 

stress. 

▪ Information on the heterogeneous stresses, strains, and plastic states that lead to 

the initiation of cracks was obtained using a crystal plasticity finite element model 
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(Signor et al. 2016; Prithivirajan et al. 2021). This model was also able to provide 

useful information on shape change, rotation, and geometrical dislocations, all of 

which have been used in research on fatigue cracks. This model is helpful at both 

the mesoscopic and microscopic levels of analysis. 

▪ Multiscale fatigue modelling, with the goal of predicting everything from the onset 

of pitting to the progression of long-term crack growth due to fatigue (Anagnostou 

et al. 2010; Ye et al. 2017). This model made use of a combination of macroscale 

and mesoscale approaches. The macroscale technique evaluates the global state of 

stress on the component, whereas the mesoscale approach determines the critical 

damage location and extracts boundary conditions from the larger model. 

The construction sector has widely adopted high-strength steel owing to its notably 

high yield strength and cost-effectiveness (Xin and Veljkovic 2019). Studies on the 

application of FEA in many industries, such as aerospace, nuclear, and oil and gas, 

have been conducted by researchers (Deng 2009; Grbovic, Rasuo 2012; Guo et al. 

2012; Topaç et al. 2012; Fatoba 2015). Finite element models for studying corrosion-

fatigue in full-scale HAOWTs are often not utilised due to their significant 

computational requirements. However, recent progress in desktop computational 

capabilities, when combined with programming tools, has the potential to offer 

substantial benefits in terms of accurately capturing the deformation in all components 

at a faster pace. Figure 3.1 presents a comprehensive examination of several 

applications of FEA pertaining to the assessment of fatigue and corrosion-fatigue in 

steel materials utilised in offshore settings, specifically focusing on monopile support 

structures. 

The examination presented in Figure 3.1 highlights the necessity of exploring the 

utilisation of FEA in the examination of fatigue initiation phenomena at a macroscale 

level, specifically for high-strength weldable steels employed in offshore applications. 

The inclusion of harsh environmental factors, particularly corrosion, would provide a 

valuable addition to the fatigue degradation phases in FEA models.  
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Figure 3.1: Review of FEA in structural steel for offshore applications. 

 

 

Due to brittle martensite formed during rapid welding cooling, the HAZ is generally 

weaker than the parent or weld metal. Welding heat changes the steel microstructure, 

increasing hardness while decreasing toughness. Martensite production in the HAZ 

can weaken it, making it more vulnerable to stress corrosion cracking (Igwemezie et 

al. 2024).  

The fatigue initiation data obtained from FEA studies on S355 (Biswal et al. 2021; 

Xin, Veljkovic 2019) is used to calibrate the material model, analyse local stress 

distributions at critical weld locations, and predict total fatigue damage over the 

operational life of monopile weldments. This data validates the accuracy of the FEA 

models, improves design approaches, and assesses the operational lifetime under 

service loading conditions. 

For fatigue crack growth prediction, residual stress is incorporated by simulating the 

welding process in FEA, which calculates the thermal and mechanical effects to 

generate a residual stress profile. This profile is then superimposed with the applied 

stresses to determine the effective stress intensity factors at the crack tip. This 
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combined stress field is used to predict crack initiation and propagation, accurately 

reflecting the influence of residual stresses on fatigue behaviour (Xin, Veljkovic 

2020). 

There is a scarcity of existing research pertaining to the utilisation of cyclic loading in 

the context of pit-to-crack transition on localised models. Currently, there is a scarcity 

of scholarly research pertaining to the utilisation of cyclic loading in the context of the 

transition from a pit to a fracture in structural steel materials utilised in offshore 

scenarios. FEA has been observed to be vital for conducting fatigue damage 

investigations, revealing that the measured residual stress in welds can be equivalent 

to the yield stress of the material. The influence of additional mechanical parameters, 

such as the mean stress effect, which is characterised by the stress ratio R, can be 

observed in FEA studies. However, there is insufficient experimental data to 

effectively validate these findings in high-strength steels. 

Several suggestions for future research in FEA could involve the incorporation of a 

welding interface that enables precise modelling of material characteristics and the 

capturing of microstructural evolution inside the HAZ. An additional factor to be 

considered is the utilisation of computational fluid dynamics in conjunction with a 

physics-based corrosion model to simulate the interaction between the monopile 

structure and seawater.  

This modelling approach could forecast the distribution of pressure and its impact on 

corrosion and the formation of pits, particularly in the submerged region. The 

utilisation of computational fluid dynamics extends to the estimation of wind-induced 

loads and the comprehensive analysis of flow patterns within HAOWT farms. In 

addition, the integration of these models with a soil-pile model that accounts for 

varying soil conditions across different geographical regions may yield a more 

accurate depiction of the induced stresses in the vicinity of the soil-water boundary. 

The morphology of a pit, particularly its aspect ratio and location, can be effectively 

modelled and studied using FEA. 
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3.3 Operational factors affecting corrosion-fatigue 

Corrosion-fatigue processes in HAOWTs are influenced by varying levels of harsh 

wave conditions, operational factors, and combinations of loads. The support 

structures of the HAOWT are engineered to withstand severe loading events that may 

be encountered over its operational lifespan, including, but not limited to, high wind 

gusts and challenging wave conditions. Design considerations often consider 

infrequent but significant wave loading events that occur approximately every 50 years 

(Arany et al. 2017). The occurrence of intense wave loads induces cyclic loading 

characterised by high velocity and acceleration, resulting in fatigue within the 

different monopile regions. The combination of these effects, along with the various 

corrosion zones outlined in DNVGL-RP-0416 (DNV 2016a), where the expected rates 

of material degradation per annum at different levels of exposure are identified, can 

cause severe corrosion-fatigue damages, especially in the splash zone. The corrosion 

zones and loads acting on the HAOWT are illustrated in Figure 3.2. 

According to the BS EN International Electrotechnical Commission (IEC) 61400-1 

(British Standards Institution 2019b), both regular operation and parked scenarios are 

characterised by significant cyclic loads, making them the primary fatigue load 

scenarios. As shown in Figure 3.2, the bending moments vary with cyclic loads as a 

result of the rotational movement of the blades during operation, the impact of wind 

forces acting upon the tower, and the influence of wave forces. Additional load 

scenarios that impact HAOWT structures include torsional, centrifugal, and 

gyroscopic forces (Igwemezie et al. 2019). The primary influence on HAOWT 

monopile-supported structures is often attributed to the thrust force exerted on the rotor 

(O’Kelly, Arshad 2016; Gentils et al. 2017). The recommendation by DNV-OS-J101 

(DNV 2014) suggests the provision of design guidelines for loading combinations in 

both typical and high wind and wave scenarios. This allows the evaluation of the 

structural performance of offshore wind turbines under the most severe conditions. In 

reality, loading situations are characterised by their complex and stochastic nature, as 

they exhibit variations across time (DNV, Risø 2002). These characteristics 

collectively indicate that the service life of monopile-supported HAOWTs is 

influenced by corrosion zones, loading sequence, and operating states, highlighting the 

importance of their accurate assessment for corrosion-fatigue and fatigue life.  



3.3 Operational factors affecting corrosion-fatigue 

Page | 34  
 

Furthermore, it is imperative to consider the soil-structure interaction, which 

encompasses the natural frequency of the structure, during the design process. In 

the conceptual design phase for a HAOWT, careful consideration must be given to the 

installation site, as it significantly impacts the wind and wave forces required to 

achieve the desired power production capacity of the wind turbine and its structural 

performance. During the preliminary phases of the design process, it is imperative to 

allocate attention to the determination of appropriate dimensions for various 

components, including but not limited to monopile diameter, blade dimensions, wall 

thickness, and embedded length. This is crucial for establishing and maintaining 

structural stability. Subsequently, an estimation of the loading conditions is conducted, 

encompassing the ultimate limit states, serviceability states, and fatigue limit states. In 

the concluding phases, it is imperative to incorporate design evaluations pertaining to 

safety, natural frequency, deflection, corrosion, and fatigue life estimation to 

comprehensively evaluate the long-term performance of the structure. 

 

Figure 3.2: Simplified loads on wind turbine and monopile zones.
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3.4 Condition monitoring and machine learning application to 

fatigue assessment in HAOWT 

The implementation of condition monitoring techniques holds promise for enhancing 

structural reliability and mitigating maintenance expenses. The implementation of a 

preventative maintenance method is of utmost importance in the context of condition 

monitoring. This technique mitigates the risks associated with physical inspections and 

guarantees the long-term functionality of offshore wind structures. In addition to time-

based preventive maintenance, there are two more types of maintenance approaches, 

namely corrective maintenance and predictive maintenance, both of which are 

condition-based in nature. Various condition-monitoring techniques are commonly 

employed in offshore wind turbines, including vibration analysis, strain monitoring, 

acoustic emission, thermography, electric signals, and the shock pulse method 

(Dhillon, 2002). 

 

Figure 3.3: Reported component failure modes in offshore wind turbines (Scheu et 

al. 2019). 

The findings derived from the failure mode analysis are shown in Figure 3.3. The 

monopiles of the offshore wind turbines exhibited the highest number of failure 

scenarios. Research on same components showed that major failures result in 

significantly longer downtimes across all components. The support structure (28.01 

days), drive train (15.47 days), and gearbox (18.38 days) have particularly high 
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downtimes for major failures. Although annual failure rate for support structure is 

relatively low, its high downtime indicated that any major issues in this component are 

particularly disruptive (Faulstich et al. 2011).  

3.4.1 Condition monitoring techniques and applications 

The utilisation of condition monitoring techniques presents potential benefits in the 

evaluation of reliability for offshore wind turbines. This involves the application of 

data acquisition and signal processing tools to monitor various components of the 

turbine. An assessment of the effectiveness of condition-based maintenance of 

offshore wind turbines was conducted (Scheu et al. 2019). The study revealed that the 

signals derived from diverse measurements necessitated intricate analysis to accurately 

determine the remaining lifespan of the components. Additionally, it has been reported 

that the implementation of a real-time damage-calculating system would offer more 

practical and viable options. 

3.4.2 Supervisory control and data acquisition systems 

Supervisory control and data acquisition systems, along with wind turbine condition 

monitoring systems, are utilised as tools for condition monitoring of offshore wind 

turbines. These tools provide a cost-effective means of data sensing and collection. 

Supervisory control and data acquisition systems possess the functionality to collect 

real-time operational metrics, encompassing variables such as thermal readings, 

electrical currents, pressures, and meteorological indicators such as wind speed and 

direction. Data points are logged at consistent 10-minute time segments and employ a 

sampling frequency of 1 Hz, a rate generally considered to be on the lower end of the 

spectrum. These systems hold significance for researchers engaged in the field of 

damage diagnostics and prognostics and for companies involved in operations and 

maintenance. Wind turbine condition monitoring systems are useful for performing 

both diagnosis and prognosis operations. The integration of these systems has the 

potential to be advantageous in higher-capacity offshore wind turbines. The 

implementation of smart monitoring has been proposed and promoted in automated 

monitoring systems to assist engineers in identifying anomalies in collected data and 

overall structural performance (Tchakoua et al. 2014). 
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3.4.3 Structural health monitoring in HAOWT 

Several studies have focused on examining the structural health monitoring 

instruments employed in monopiles (Bang et al. 2012; Devriendt et al. 2014; Zhou et 

al. 2019; Jeong et al. 2020) to conduct static and dynamic analyses. These 

investigations involved the utilisation of accelerometers and wireless sensors to 

measure the strain and deflection resulting from bending. In their study, Ziegler et al. 

(2017) utilised a stochastic extrapolation technique in conjunction with a singular 

strain monitoring measurement to provide predictions regarding strains in various 

regions of the structure. Most of these studies have been conducted on HAOWTs that 

have the same dimensions as those seen in real-world applications. Nevertheless, it is 

possible to conduct laboratory testing on smaller versions of HAOWTs in a faster and 

more comprehensive manner when considering size effects. This can also be done to 

create and verify health monitoring technologies and fatigue evaluation 

methodologies. The utilisation of real-time condition monitoring is prevalent in 

various wind turbine components, including the blade, gearbox, nacelle, and 

drivetrain. However, its application in assessing fatigue damage is rather limited 

despite its potential for identifying significant critical failure positions. The integration 

of FEA and fatigue analyses, along with the incorporation of experimental data 

obtained by real-time condition monitoring, has the potential to provide real-time 

estimates of fatigue damage from these monitoring systems. These calculations can 

then be utilised to estimate the remaining life of these offshore structures. 

3.4.4 Artificial neural networks application and benefits 

Artificial neural network is a common machine learning method that is commonly 

employed as a predictive tool utilising data (Arcos Jiménez et al. 2017). This technique 

has the potential to be utilised for both pattern tracing and data output approximation. 

The utilisation of multi-layer networks for nonlinear generalisation is a crucial aspect 

in the implementation of tools for enhancing dependability, optimising performance, 

and facilitating maintenance in wind power generation (Hertz 2018). A feedforward 

network was employed to evaluate fatigue life using aerodynamic and hydrodynamic 

forces as input variables (Tian et al. 2011). The use of back-propagation and radial 

basis function neural networks has also been observed alongside the growing 

availability of more substantial data. Consequently, this has led to an increased 
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adoption of neuro-fuzzy networks (Ata, Kocyigit 2010). The utilisation of artificial 

neural networks has been documented in various research studies. For instance, the 

application of artificial neural network in wind power forecasting has been explored 

(Lin, Liu 2020). Additionally, researchers have investigated the optimisation of 

support structure design for HAOWTs using artificial neural network (Stieng, 

Muskulus 2020; Ziane et al. 2021).  

Furthermore, there has been a focus on the application of artificial neural network for 

fault detection in the tower structure of HAOWT (Qiu et al. 2020). The diverse range 

of applications where artificial neural networks have proven valuable has been 

highlighted. According to the authors, 38%, 29%, 23%, and 10% of these applications 

involved forecasting tasks, fault detection, control, and design, respectively (Marugán 

et al. 2018). A multi-layer perception and back-propagation artificial neural networks 

were utilised to forecast low-cycle fatigue in 316 L (N) stainless steel. The primary 

inputs for the artificial neural network model were temperature, strain rate, and 

amplitude. The predicted fatigue life results had a strong correlation with the 

experimental results, particularly when comparing the root mean square values 

(Srinivasan et al. 2003). Most time-based forecasts using artificial neural 

networks have demonstrated superior performance compared to frequency-based 

predictions. While frequency-based prediction methods are known for their speed, 

empirical evidence suggests that they tend to yield conservative fatigue life projections 

(Durodola et al. 2017). One restriction of artificial neural networks is their predictive 

capabilities, particularly when attempting to extrapolate beyond the boundaries of the 

current dataset. Artificial neural networks that is employed to forecast the fatigue life 

in the context of low cycle fatigue may not possess the capability to effectively 

extrapolate data to anticipate high cycle fatigue, particularly when data pertaining to 

high cycles is absent. Several studies have utilised artificial neural network for 

predicting fatigue crack growth and corrosion-fatigue (Haque, Sudhakar 2001; Gope 

et al. 2015; Wang et al. 2017; Mortazavi, Ince 2020). Among these studies, the back-

propagation network has been the most commonly employed approach. A comparable 

neural network architecture was also utilised in a single-layer feed-forward artificial 

neural network for the purpose of predicting fracture growth (Huang et al. 2006).  

One of the several benefits associated with the utilisation of artificial neural network in 

HAOWT is their capacity to efficiently carry out rapid computations for real-time 
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monitoring (Marugán et al. 2018). Artificial neural networks techniques have 

predominantly been utilised in various studies to analyse and model the behaviour of 

critical components in wind turbines, including rotors, blades, generators, gearboxes, 

and bearings. However, only a limited number of investigations have focused on tower 

structures and the characterisation of structural steel materials. The potential utilisation 

of this technology could encompass fault diagnostics and prognostics of monopile 

components, as well as the monitoring of loads through the utilisation of strain gauge 

measurements (Ziegler et al. 2017). 

 

3.5 Digital twin application to fatigue in HAOWT 

The concept of digital twin is discussed as an operational representation of a physical 

asset. It comprises three essential elements: (i) a digital model that represents the 

physical asset, (ii) retrieval of a continuously changing dataset, and (iii) dynamic 

updating of the model (Wright & Davidson, 2020). Theories that underlie physical 

systems and the data gathered from them are utilised to construct a model that 

effectively duplicates these physical systems, resulting in precise representations. The 

integration of sensor data into simulations enables the prediction of real-time 

performance, forecasting, and fault detection. The rapid progress and implementation 

of Internet of Things have facilitated the swift transfer of collected data from various 

scales using sensor technology. This capability holds potential advantages for the 

utilisation of digital twins in various applications. The utilisation of historical data 

collected from physical components has the potential to facilitate the anticipation of 

future component failures within engineering systems. Numerous digital twins 

software tools are presently accessible or being developed by technology vendors in 

the industry. This implies a growing expectation for the widespread application of 

digital twin technology across different economic sectors, including engineering. For 

instance, this innovation has been leveraged in the manufacturing sector for the 

refinement of product optimisation in the automotive domain to augment vehicle 

efficacy for asset maintenance in both the oil and gas, renewable energy fields, and 

more areas (Errandonea et al. 2020). Simulation-based and data-driven digital 

twins have the potential to offer advantages in condition monitoring for physical assets 

and their maintenance. The application of digital twins, specifically in industrial 

applications, has been researched (Liu et al. 2021), as illustrated in Figure 3.4, and it 
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was observed that life extension in the end-of-life phase requires deeper research. In 

HAOWT, digital twins can enhance manufacturing by inputting real-time monitoring 

and production control data to ensure quality. Regular inspection intervals, informed 

by predictive maintenance data, minimize downtime. Manufacturer data, including 

material properties and performance metrics, is collected, and integrated into the 

digital twin for virtual evaluation and ongoing performance predictions. This enables 

precise assembly, continuous monitoring, and proactive maintenance throughout the 

turbine's lifecycle. 

According to a review of digital twin applications in HAOWTs, the prominent 

domains are damage prediction and condition monitoring (Sivalingam et al. 2018; 

Johansen, Nejad 2019; Knezevic et al. 2019). It was deduced that the development of 

a digital twin for a simple drivetrain test rig demonstrates the fact that real-time 

condition modelling is case-specific and not easily generalised; however, digital twin 

shows potential for application to HAOWTs, particularly in accounting for unique 

environmental boundary conditions. A significant number of digital twin 

implementations have been observed in the energy industry. The utilisation of digital 

twin technology for the evaluation of fatigue has been extended to various sectors, 

including the aerospace industry (Leser et al. 2020), oil and gas semisubmersible 

drilling rigs with the aid of reduced-basis FEA, and corrosion management techniques 

(Adey et al. 2020; Okenyi et al. 2022), industrial machines (Zhidchenko et al. 2019), 

and general engineering systems (Ekoyuncu et al. 2019). Frameworks for predictive 

maintenance have been put forth in the field of physics, which rely on the use of 

physical phenomena models, such as fatigue models derived from sensor data 

(Georgoulias et al. 2019). These frameworks aim to forecast the remaining lifespan of 

offshore structures. Cloud-based distributed computing systems have the potential to 

provide remote access to high-speed computational capabilities and effective data 

storage, leading to possible cost reductions. The utilisation of cloud-based machine 

learning skills can be applied to digital twin material degradation frameworks, which 

are employed for estimating damage and predicting the remaining life of structural 

steel in offshore wind turbines (Ekoyuncu et al. 2019). The utilisation of digital twin 

frameworks for the purpose of real-time diagnostics and long-term prognostics have 

the potential to enhance the efficiency of inspection scheduling.
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Figure 3.4: Digital twin applications in the engineering industry (Liu et al. 2021). 

 

3.6 Corrosion-fatigue challenges and framework development 

From the comprehensive review of corrosion-fatigue in offshore wind turbines and 

their support structures, the intricacies of the complex loading conditions, including 

high wind gusts, wave events, and torsional forces, that contribute to cyclic loading 

and fatigue are highlighted. Different zones within monopile structures face varying 

degrees of corrosion, adding an additional layer of complexity to fatigue assessment. 

Soil-structure interactions also influence the structural fatigue performance by 

affecting the natural frequency. The commonly used S355 structural steel has its own 

set of variables, with properties such as yield strength and welding methodology 

playing a critical role in fatigue life. There are research gaps when it comes to 

empirical data validating the behaviour of these high-strength steels, particularly 

concerning how pits transition to fractures in corrosive environments. Simulation 

techniques, such as FEA and computational fluid dynamics models, are valuable but 

still in the developmental phases for practical, full-scale applications. The existing 

design standards are conservative and require updating. Finally, the text observes that 

harsh environmental conditions lead to worsened fatigue performance and a reduction 

in the fatigue life of S355 steel. Various corrosion mitigation techniques have been 

mentioned, but their efficacy under fluctuating loads and harsh conditions remains a 

subject for further investigation. The application of condition monitoring and machine 

learning techniques can also be extended to fatigue applications in monopile materials. 
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These corrosion-fatigue challenges are thus summarised as design challenges and 

design/physical challenges, as presented in Figure 3.5. 

 

 

Figure 3.5: Corrosion-fatigue challenges in offshore wind turbines.  

Several frameworks have been proposed in the literature for general condition 

monitoring. However, there is a notable gap in the availability of frameworks that 

integrate condition monitoring specifically for wind power generation with fatigue 

assessments. Digital twins utilised in wind power applications exhibit a greater 

emphasis on predictive capabilities than prescriptive ones. The ability to decrease 

maintenance and repair costs can be realised through the development of data-driven 

and simulation-based digital twins for both current and new HAOWTs. Cloud 

computing is a potential avenue for augmenting the implementation of additional 

digital technologies in highly available and optimised web-based applications. Fatigue 

monitoring in HAOWT can be enhanced by the integration of physics-based FEA, 

fifth-generation (5G)-Internet of Things technologies, and the use of sensors for data 

gathering, data analytics, and machine learning technologies, such as artificial neural 

networks.  

A digital twin framework is provided in Figure 3.6, taking into account the highlighted 

issues of corrosion-fatigue and the literature research to offer a comprehensive 
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overview. The fatigue assessment framework using digital twins for offshore wind 

turbines can be effectively utilised by conducting material characterization testing to 

provide S-N curves, which encompass notch effects, stress concentrations, and surface 

and pitting effects. The considered mechanism of corrosion fatigue of the monopile 

from Figure 3.2 also makes it possible to apply FEA to the splash region which 

represents the most susceptible monopile region to corrosion fatigue damage, serving 

as an exemplary approach to corrosion-fatigue assessment. The datasets will be utilised 

for the algorithm training of artificial neural network models. These models can 

effectively acquire real-world data from operational HAOWT. By incorporating 

rainflow algorithms in conjunction with damage calculations, such as Miner's rule, it 

is feasible to forecast the remaining lifespans of these turbines. Consequently, these 

predictions can be employed to inform maintenance and decommissioning operations. 

 

 

Figure 3.6: Fatigue assessment framework using digital twins for offshore wind 

turbines.
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Chapter 4 

Stress analysis from uniform corrosion and soil 

effects 

There is still room for improvement in understanding the fluctuations of local stresses 

throughout the entire support structure caused by variations in the load, particularly 

the thrust force at the hub, which is the primary contributor to the overall operational 

load. Furthermore, there is a shortage of research on the utilisation of FEA for 

quantifying the extent of uniform corrosion in wind turbine support structures across 

various corrosion zones to better understand the stress variations in towers and 

monopiles. As the size of future HAOWTs is expected to increase, there will be a need 

to mitigate the impact of stresses from wind and environmental effects. The primary 

objective of this chapter is to analyse the stress in various corrosion zones of the 

monopile to identify the support structure component that is most vulnerable to 

damage. This analysis is particularly important for design purposes. Additionally, the 

chapter investigated the impact of different soil profiles on the natural frequency of 

the structure. It also assessed how soil variability affects the lateral deflection response 

of the recently installed 15 Megawatt HAOWT, which is currently the largest prototype 

installed. Therefore, understanding the risks associated with potential mechanical and 

environmental damage is crucial for the life assessment of support structures for large-

diameter HAOWT. 

 

4.1 The 15 Megawatt HAOWT design case study 

The International Energy Agency, while working with National Renewable Energy 

Laboratory, the Technical University of Denmark, and University of Maine, has 

undertaken a collaborative initiative aimed at advancing the offshore wind technology. 

As part of this effort, they developed a conceptual reference model for a high-capacity 

15 Megawatt HAOWT. This model functions as a standard against which research 

projects can be evaluated. It is based on the design of a first installed prototype 

HAOWT machine. It is equipped with a tapered tubular tower that provides support   
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for the rotor-nacelle assembly, which has a total weight of 1017 tons. The rotor-nacelle 

assembly is situated at an elevation of 150 m above ground level, whereas the rotor 

diameter extends over 240 m.  

The monopile structure, which has a uniform cross-section, has a vertical extension 30 

m below the mean sea level at the mudline. The transition piece, which is 15 m in 

length, functions as the connecting component between the monopile and the tower. 

The geometrical specifications of the monopile indicate that the structure has a 

base thickness of 55.34 mm and a base diameter of 10 m. Similarly, the top of the 

tower is characterised by a thickness of 24.00 mm and a diameter of 6.5 m. An 

illustration of the HAOWT is presented in Figure 4.1, with further properties provided 

in Appendix A1. This research provides a comprehensive analysis of large-diameter, 

high-capacity HAOWT in deep sea conditions to enhance our understanding of these 

structures. 

 

Figure 4.1: Adapted 15 Megawatt wind turbine geometry with modelled soil layer.
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4.2 Development of load cases 

In the structural analysis of this support structure, the ultimate limit states -based 

approach is employed, considering specific characteristics such as wind, wave, soil, 

and frequency. Data for this analysis were sourced from an extensive study that 

evaluated the meteorological and ocean characteristics of 23 offshore sites in the 

United States (Stewart et al. 2016). As indicated in Table 4.1, the mean wind speed 

was modelled using a Weibull distribution based on time-series data. This model also 

helped to compute the mean velocity and the corresponding significant wave height 

via a spectral peak period. For the project site, at a height of 10 m, the met-ocean 

characteristics include a 50-year maximum wave height and a 50-year 10-minute 

extreme wind speed. These specific met-ocean conditions were foundational in 

defining the design load cases for both standard operational and extreme conditions 

(Table 4.1). 

In terms of load classification, offshore wind turbines are subject to various forms of 

loads, as categorised by BS EN 61400-3 (British Standards Institution 2019c). These 

include gravitational, aerodynamic, and hydrodynamic (both static and dynamic), 

actuation, ice, and wake loads. The formulas for calculating these environmental 

conditions and loads are detailed in DNV-RP-C205 (DNV 2010). In this chapter, focus 

was placed on analysing inertia and gravitational loads, aerodynamic and 

hydrodynamic loads, and the impact of soil. The analysis revealed that the effects of 

the current and hydrostatic loads are negligible. Moreover, the tilting moment was 

examined and found to be inconsequential (Shittu et al. 2020). The most critical 

loading scenario was identified to be yaw-misaligned parking conditions, coupled with 

excessive wind speeds and extreme coherent gusts that change direction. In this 

context, the maximum bending moments and vertical stresses were examined, with 

shear stress deemed negligible. 
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Table 4.1: Load cases based on wind and wave conditions (Gaertner et al. 2020). 

Load 

case 

number 

Mean 

Wind 

Speed 

(m/s) 

Significa

nt Wave 

height 

(m) 

Spectr

al Peak 

Period 

(s) 

Wind 

load on 

rotor 

(kN) 

Max wind 

load on 

tower 

(kN) 

Wave 

load on 

monopil

e (kN) 

Turbine state 

1 4 1.102 8.515 750 14.514 9.043 Operating 

2 6 1.179 8.31 1229 34.192 9.971 Operating 

3 8 1.316 8.006 1771 62.546 11.605 Operating 

4 10 1.537 7.651 2563 99.722 14.229 Operating 

5 12 1.836 7.441 2021 145.827 18.336 Operating 

6 14 2.188 7.461 1708 200.944 24.546 Operating 

7 16 2.598 7.643 1542 265.141 33.121 Operating 

8 18 3.061 8.047 1417 338.474 44.116 Operating 

9 20 3.617 8.521 1333 420.995 54.650 Operating 

10 22 4.027 8.987 1229 512.744 59.762 Operating 

11 24 4.516 9.452 1188 613.761 60.144 Operating 

12 40 9.686 16.654 625 1759.068 143.341 
Parked (extreme 

1 yr return) 

13 50 11.307 18.505 485 2782.64 124.77 
Parked (extreme 

50 yr return) 

 

4.2.1 Wind load on rotor 

The wind load on the rotor of an HAOWT is determined by the wind speed and the 

turbine's aerodynamic design. One key variable is the thrust force FT, which is 

generated by the lateral forces acting on the rotor. This force is of particular 

importance, as it induces the most substantial bending moment near the monopile's 

base, making its accurate calculation essential for comprehensive structural analysis. 

To evaluate the FT at the hub, a reference to the turbine's power curve is needed, which 

provides essential information such as the angle of attack. This angle, in turn, provides 

the thrust coefficient. In the technical report for the 15 Megawatt HAOWT (Gaertner 

et al. 2020), aerodynamic coefficients are provided as illustrated in Figure 4.1. These 

coefficients define the relationship between both the power and thrust coefficients and 

the wind speed. Notably, at 10.59 m/s, when the rated wind speed and thrust force are 

predicted to be at their highest, the generator produces the most power. 
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Figure 4.2: Aerodynamic coefficients for 15 Megawatt wind turbine (Gaertner et al. 

2020). 

Thus, the mean thrust force operating at the hub can be found in Equation 4.1 (Ishihara, 

Qian 2018): 

𝐹𝑇 =  0.5 𝐶𝑇𝜌𝐴𝑠𝑈𝑤²     (4.1) 

where CT is the coefficient of thrust obtained from the aerodynamic coefficient graph, 

ρ is the mass density of air (1.225 kg/m³), 𝐴𝑠 is the swept area of the blades, and 𝑈𝑤 

is the wind velocity. 

 

4.2.2 Wind load on tower 

The mean wind velocity determines the wind load acting on the wind turbine tower 𝐹𝑤. 

These wind loads are created by minor lift forces and mainly drag forces from the 

wind. Equation 4.2 is the formula commonly used for the estimation of this load in 

accordance with the recommendations provided by DNV-RP-C205 (DNV 2010). 

𝐹𝑤 =  0.5 𝐶𝑐𝜌𝐴𝑝𝑈𝑤
2𝑆𝑖𝑛 ɑ    (4.2) 

where Cc is the shape coefficient based on the Reynolds number Re, 𝐴𝑝 is the area 

projected by the member normal to the direction of the force, 𝑈𝑤 indicates the wind 

velocity averaged over a time interval at a height Z above the mean water level or 

onshore ground, ρ is the density of air, and ɑ is the angle between the axis of the 

exposed tower and the wind direction. 
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The limitation of Equation 4.2 is that it does not account for the structure's dynamic 

behaviour. The BS EN 1991-1-4:2005 standard (British Standards Institution, 2005a) 

was employed to address this limitation. The detailed calculation for the wind load on 

tower calculations according to BS EN 1991-1-4:2005 are provided in Appendix A2. 

In this approach, the basic wind speed Vb was derived from the mean wind speed Vm, 

taking into account the specific conditions and terrain category. This was calculated 

using the terrain roughness factor Cr(Ze). Additionally, the turbulence intensity factor 

Iv(Z) was calculated based on the maximum height Z along the monopile and tower 

from the seabed for the section under consideration. A uniform structural factor CsCd 

of 1.15 was applied to all calculations. It was observed that an increase in the wind 

velocity led to a proportional increase in the force experienced by the wind turbine 

tower.  

4.2.3 Wave load on monopile 

The wave load impacting the monopile was determined using Morrison's equation, as 

outlined in Equation 4.3. This calculation adheres to the linear wave theory and fulfils 

the criteria specified in DNV-OS-J101 (DNV 2014), which requires the monopile's 

diameter to be less than one-fifth of the wavelength. For the studied HAOWT, the 

conditions align with the intermediate wave states. Equations 4.4 and 4.5 provide the 

values for the horizontal flow velocity and horizontal flow acceleration, respectively, 

as recommended by BS EN 61400-3-1:2019+A11 (British Standards Institution 

2019c). 

𝐹𝑤𝑎𝑣𝑒 = 0.5𝐶𝐷𝜌𝐷|𝑈|𝑈 + 𝐶𝑀𝜌𝐴�̇�     (4.3) 

𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑓𝑙𝑜𝑤, 𝑈 =
𝜋𝐻𝑐𝑜𝑠ℎ(𝑘+(𝑧+𝑑)) 

𝑇𝑤𝑠𝑖𝑛ℎ (𝑘𝑑)
cos 𝐴𝑡   (4.4) 

𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑓𝑙𝑜𝑤, �̇� =
2𝜋2𝐻𝑐𝑜𝑠ℎ(𝑘(𝑧+𝑑)) 

𝑇𝑤
2𝑠𝑖𝑛ℎ (𝑘𝑑)

sin 𝐴𝑡   (4.5) 

where ʎ is the wavelength, k is the wavenumber (= 2π/ ʎ),  D is the monopile diameter, 

ρ is the density of water (1029 kg/m³), A is the cross-section area of the monopile in 

the vertical plane, z is the positive height above mean sea level, d is the depth from 

mean sea level to the mudline, 𝑇𝑤 is wave period, and At denotes the wave amplitude.
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 The coefficient of drag CD and inertia CM are selected as 1.2 and 2.0, respectively 

(DNV, Risø 2002). It is assumed that the largest wind load corresponds to the time for 

the largest wave load for this analysis, according to the design code (British Standards 

Institution 2019b).  

Table 4.1 summarises all loads applied to the HAOWT, including the wind force on 

the tower and the wave on the monopile. The maximum values of wind force on tower 

are also summarised in Table 4.1, while calculations as a function of height were 

considered in the analysis (detailed calculations are found in Appendix A2).. A 

Weibull distribution was used to analyse both wind speed over time and wave height 

against frequency. From the distribution analysis of the wave height and frequency, a 

correlating spectral peak period was obtained, forming the basis for the load case 

presented in Table 4.1. 

 

4.3 Analytical model for stress calculations in the monopile 

The analytical model for the HAOWT is first presented, followed by the uniform 

corrosion loss and soil models. To calculate stresses in tubular structures such as joints 

and members, beam theory is employed to estimate the nominal tensile and 

compressive stresses (DNV 2014). Specifically, the Euler–Bernoulli cantilever beam 

model, supplemented with masses that represent the rotor-nacelle assembly and blade, 

has been adapted for use with monopiles (Gupta, Basu 2018). In this model, the soil is 

depicted as a fixed base but subsequently modelled, and both aerodynamic and 

hydrodynamic forces act on the cantilever beam, as demonstrated in Figure 4.3. This 

is done to quantify the bending stresses under tensile and compressive conditions 

within both the tower and the monopile, given specific loading scenarios. 
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Figure 4.3: Beam theory for analytical formulations of 15 Megawatt wind turbine. 

Key parameters, such as the cross-sectional area A of the tower and monopile, along 

with the moment of inertia I, are determined using Equations 4.6 and 4.7 (Appendix 

A3). Subsequently, the total bending moment MT is computed by considering each 

force, direction, and weight that influences the structure around the base 

(compression–tension (C-T)), as outlined in Equation 4.8. The bending stress σb is 

derived from Equation 4.9, while the compressive stress σc is found using Equation 

4.10. Both the bending and compressive stresses act in the vertical y-direction. The 

bending moments create shear stress in the vertical direction, which has a zero value 

at the locations with the maximum stresses owing to bending; hence, it is neglected. 

There is a shear stress due to the lateral forces which do not act in the vertical direction, 

and it is quite small in magnitude; hence, it is neglected. Accounting for all the stresses 

in the vertical y direction, the total stress in the y-direction, σy, is represented by 

Equation 4.11. Maximum tensile and compressive stress values due to bending 

moments are described by Equations 4.12 and 4.13, where positive values indicate 

tension and negative values signify compression. 

𝐴 =
𝜋

4
(𝐷2 − 𝑑2)      (4.6) 

𝐼 =
𝜋

32
(𝐷4 − 𝑑4)      (4.7) 

𝑀𝑇 = (𝑀𝑡ℎ𝑟𝑢𝑠𝑡 + 𝑀𝑤𝑖𝑛𝑑 + 𝑀𝑤𝑎𝑣𝑒) − (𝑀𝐵𝑙𝑎𝑑𝑒−𝑟𝑜𝑡𝑜𝑟 + 𝑀𝑛𝑎𝑐𝑒𝑙𝑙𝑒) (4.8) 
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𝐵𝑒𝑛𝑑𝑛𝑔 𝑠𝑡𝑟𝑒𝑠𝑠, 𝜎𝑏 =  
𝑀𝑦

𝐼
      (4.9) 

Compression stress, 𝜎𝑐 =  
𝐹𝑦

𝐴
     (4.10) 

Total stress (y-direction), 𝜎𝑦 =  𝜎𝑐 + 𝜎𝑏     (4.11) 

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑠𝑠, 𝜎𝑦
𝑡 =  𝜎𝑐 + 𝜎𝑏

𝑡   (4.12) 

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑠𝑠, 𝜎𝑦
𝑐 =  𝜎𝑐 + 𝜎𝑏

𝑐   (4.13) 

 

4.3.1 Material loss due to uniform corrosion model 

A uniform corrosion model was applied to examine its impact on the stress distribution 

in HAOWT support structures. Accurate long-term integrity predictions necessitate 

detailed corrosion modelling over the structure's lifespan (Melchers 2005). Assessing 

the damage due to stress levels is crucial for estimating the remaining operational life 

of wind turbines, especially under harsh and deteriorating conditions. This involves 

accounting for material thickness reduction (Melchers, Beck 2018). 

Table 4.2 illustrates the corrosion zones in offshore wind turbine supports as per the 

DNVGL-RP-0416 guidelines (DNV 2016a). Understanding the effect of material loss 

on stress evolution over time is particularly beneficial for designing high-capacity 

large HAOWTs under marine conditions and providing a vital component for 

subsequent fatigue studies.  

 

Table 4.2: Corrosion rate over time for long-term monopile stress assessment per 

DNVGL-RP-0416 (DNV 2016a). 

Distance from 

mean sea level (m) 
Corrosion Zones 

Corrosion rate 

(mm/yr) 

Average loss 

(mm/yr) 

(-75) - (30) Buried Zone 0.06–0.10 0.08 

(-30) - (-5) Submerged Zone 0.10–0.20 0.15 

(-5) - 0 Tidal Zone 0.05–0.25 0.15 

0 - (+15) Splash Zone 0.20–0.40 0.3 

(+15) - (+28) Atmospheric Zone 0.05–0.075 0.0625 
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This model calculates the HAOWTs bending stresses as a function of thickness loss 

by altering the inner and outer monopile diameters. For example, a similar model was 

employed to predict the remaining lifespan of steel offshore structures reasonably and 

accurately, where structural capacity is largely determined by cross-sectional 

dimensions (Melchers 2005). This approach is indispensable because corrosion 

interacts synergistically with applied stresses and other mechanical damage factors, as 

indicated in Equations 4.14 and 4.15. 

Structural capacity after corrosion loss, 𝑅(𝑡) = 𝜎[𝐴 − 𝑃 ∙ 𝑐(𝑡)]  (4.14) 

𝑅(𝑡) =  𝑘 ∙ 𝜎𝑏 ∙ [𝑑(𝑡)]² = 𝑘 ∙ 𝜎𝑏 ∙ [𝑑𝑜 − 2 ∙ 𝑐(𝑡)]²  (4.15) 

where 𝑅(𝑡) is the structural capacity after corrosion loss, σb is the maximum stress in 

bending, d(t) is the remaining thickness, do is the original thickness, A is the cross-

sectional area under stress, P is the perimeter area exposed to seawater, c(t) is the 

corrosion loss, and k is the bending factor taken as 0.25 for the elastic-plastic material 

response. Equation 4.6 (cross-sectional area) and Equation 4.7 (moment of inertia) 

were adapted in the analytical model to incorporate varying corrosion rates from Table 

4.2 over time.  

 

4.4 Finite element modelling for uniform corrosion and soil effects 

The 15 Megawatt HAOWT support structure, as detailed in Section 4.1, was modelled 

and simulated using ANSYS (ANSYS Inc. 2004) static and modal analyses. The 

research focused on evaluating the structural responses under the load cases for wind 

and waves from 0 to 50 m/s (Section 4.2). For illustrative purposes, we applied loads 

for a specific scenario with a wind speed of 8 m/s, as shown in Figure 4.4. The wind 

and wave forces are modelled in the same direction, and all sea states are regarded to 

be in just one direction according to IEC 61400-1:2019 for ultimate limit state 

conditions (British Standards Institution 2019b). The consideration of different load 

directions can provide a further understanding of how different stresses are distributed 

across the tower structure. However, considering the worst condition enables the 

analysis of the ultimate limit state conditions and allows for comparative analyses of 

the thickness loss due to corrosion.  
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The rotor-nacelle assembly and turbine blades are represented as point masses in the 

model. Gravitational acceleration was applied to these point masses, as well as to the 

entire tower structure. The thrust force is applied as a remote force acting at the centre 

of the rotor because when wind moves over the blades, it creates forces of lift and drag. 

These forces result in a net thrust force acting on the blades, pushing them in the 

direction opposite to the wind flow and transferring them to the rotor. The force on the 

tower was uniformly applied from the splash to the top of the tower, as different wind 

speeds were experienced at different heights on the tower, and these zones were 

exposed to the effect of wind. The wave force was applied to the tidal and submerged 

zones as a uniformly distributed force, as different wave forces are experienced at 

different heights on the monopile. The monopile was constructed from S355 structural 

steel, which is frequently used for such support structures (Igwemezie et al. 2018). In 

modelling the monopile and tower, isotropic elastic material properties were assumed. 

The material properties employed included a Young's modulus of 200 GPa, Poisson's 

ratio of 0.3, and material density of 7850 kg/m³ (Gaertner et al. 2020). Thicknesses 

across the different corrosion zones were adjusted using shell elements to reflect the 

actual material degradation due to corrosion. Stresses in the four zones: atmospheric, 

splash, tidal, and submerged zones of the support structure were determined. It is 

crucial to note that corrosion-induced thickness loss not only changes the stress 

distribution but also affects other dynamic properties of the wind turbine, such as its 

natural frequency. 
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Figure 4.4: Finite element model for stress analysis. 

The Mohr-Coulomb soil model for nonlinear analysis was applied to the soil geometry 

to effectively capture the elastoplastic behaviour of the soil. Specifically, two types of 

non-linearities were considered and applied between the soil geometry and the 

monopile wall in the buried region in soil modelling: material non-linearity through 

the Mohr-Coulomb model and contact non-linearity by incorporating frictional 

contacts in the soil-structure interaction (Oh et al. 2018). Structural loads from the 

HAOWT lead to soil deformation, a phenomenon modelled by considering the soil's 

shear strength and its dependency on effective normal stresses, as indicated in 

Equation 4.14. Equation 4.15 defines the Mohr-Coulomb yield surface in 3-D space 

(Oh et al. 2018). 

𝑆ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑠𝑜𝑖𝑙 𝜏𝑓 = 𝑐 + tan ∅    (4.14) 

(𝜎1
′ + 𝜎3

′) sin ∅ + 2𝑐 cos ∅ −  (𝜎1
′ − 𝜎3

′) = 0   (4.15) 

where c is cohesion, σ1 is the effective nominal stress, 𝜎1
′ is the first principal stress, 

𝜎3
′ is the third principal stress, and ∅ is the internal friction angle. 

Soil conditions under both drained and undrained scenarios were explored, revealing 

varying degrees of effective stress change (Stromblad 2014). This implies that changes 
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in stress between the soil particles, which are dependent on the soil profile, are directly 

correlated with stress variations in the HAOWT tower and monopile under loading.  

 

The Mohr-Coulomb soil model was used to model the soil-structure interactions to 

offer an accurate depiction of dense sand characteristics, as documented in previous 

studies (Achmus et al. 2009; Depina et al. 2015; Yu et al. 2022). This type of soil is 

predominantly found throughout the North Sea region, which hosts the majority of 

Europe's offshore wind turbines (Wind Europe, Wood Mackenzie 2020). The Mohr-

Coulomb soil model utilises 3-D continuum elements (Oh et al. 2018). A soil model 

with a diameter of 120 m and depth of 65 m was modelled for monopile embedment, 

which met the minimum dimensions specified by the American Petroleum Institute 

(American Petroleum Institute 2007) to generate minimum boundary effects. For 

uniformity and comparison, soil layers were not extended beyond the specified 65m 

depth. This method for representing soil is more accurate, although it requires high 

computational power (Martinez-Luengo et al. 2017). The natural frequencies of the 

HAOWT were analysed, focusing on the first bending mode shape, as it is the 

dominant one owing to lateral loads in the x-direction. 

A comparison between different soil properties was also conducted to understand their 

effect. Three geographically distinct soil parameters were used to represent offshore 

conditions, each transitioning from loose to stiff materials, such as clay and sand. 

These parameters were based on site test data for the North Sea, East China Sea, and 

Irish Sea, as presented in Table 4.3 (Augustesen et al. 2009; Martinez-Luengo et al. 

2017; Oh et al. 2018) where Model 0 is the FEA model where the fixed boundary 

conditions were used and no soil was modelled. In the FEA model, for cohesive layers 

in clay, an initial cohesion value of 10 KPa and 20 KPa was used for medium and hard 

cohesive clay respectively, while 22 KPa was applied for sand. The dilatancy angle for 

sands was taken as 5˚ as a non-cohesive soil. Also, γ’ represents the submerged unit 

weight of soil, Es is the Young’s modulus, v is the Poisson's ratio (minimum value of 

0.28 and 0.4 was used for sands and clay respectively. Where not specified), ∅ is the 

internal friction angle, and Ψ is the angle of dilatancy. Additionally, the residual 

cohesion is given as 0.8 times the initial cohesion, and the residual friction angle δ was 

obtained from previous research recommendations (Singh, Goel 2011; Raj 1981) 

based on the plasticity level of soil from experimental works. 
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Table 4.3: Soil parameters applied in the finite element model. 

FEA 

Model  
Location Soil type 

Soil parameters 

Depth (m) 
γ’ 

(kN/m³) 

Es 

(Mpa) 
v 

∅ 

(˚) 

Ψ 

(˚) 

δ 

(˚) 

 

 

 

Model 

1 

North 

Sea 

Sand 0.0 – 4.5 10 130 0.28 45.4 15.4 45.4 

Sand 4.5 – 6.5 10 114.3 0.28 40.7 10.7 40.7 

Silty sand 6.5 – 11.9 10 100 0.28 38 8 38 

Silty sand 11.9 – 14.0 10 104.5 0.28 36.6 6.6 36.6 

Silty sand 14.0 – 18.2 7 4.5 0.28 27 0 27 

Sand 18.2 – 65.0 10 168.8 0.28 38.7 8.7 38.7 

 

 

 

 

 

Model 

2 

East 

China 

Sea 

Lean clay 0.0 - 12.0 8.19  30.8 0.4 26 0 21 

Silty sand 12.0 - 26.3 9.19 73.4 0.36 33 3 33 

Poorly- 

graded sand 
26.3 - 27.5 10.19 104* 0.35 35 5 35 

Lean clay 27.5 - 30.3 9.19 135 0.35 20* 0 15 

Poorly- 

graded sand 
30.3 - 39.0 10.19 104* 0.35 35 5 35 

Lean clay 39.0 - 42.0 9.19 135 0.35 20* 0 0 

Weathered 

soil 
42.0 - 46.0 9.19 79.8 0.33 30 0 20 

Weathered 

rock 
46.0 - 65.0 11.19  94.32 0.31 32 2 21 

 

 

Model 

3 Irish Sea 

Sand 0.0 - 2.4 11 22.7 0.28* 42 12 42 

Sand 2.4 - 5.4 11 33.3 0.28* 42 12 42 

Sand 5.4 - 8.0 11 44.3 0.28* 42 12 42 

Clay 8.0 – 11.0 10 300 0.4* 20* 0 15 

Clay 11.0 - 13.0 10 230 0.4* 20* 0 15 

Clay 13.0 - 65.0 10 320 0.4* 20* 0 15 

*  Where not given, standard values across literature have been adapted.
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The tower and monopile were modelled using 4-node SHELL181 elements to account 

for their thickness. Convergence analyses were performed to identify the optimal 

element size given the large scale of the model. A coarse mesh could overestimate the 

stress by making the model overly stiff, whereas a finer mesh could prolong the 

computational time and potentially cause convergence problems (Yeter et al. 2019). 

Element ranging in size from 10 to 4,000 mm were tested, and stress outcomes were 

specifically examined in the tension and compression zones of the splash region. As 

illustrated in Figure 4.5, an element size of 150 mm was found to be optimal for 

achieving accurate stress predictions without compromising computational efficiency. 

The model, when meshed with this optimal 150 mm element size, resulted in 275,246 

nodes and 381,193 elements. All FEA computations were carried out using a 4-core 

parallel distributed memory system on an Intel Core i7-10510U CPU with 16 GB 

RAM. The use of shell elements also allows the incorporation of material loss due to 

corrosion by changing the element thickness value of the shell element. Solid elements 

were used to successfully capture soil effects. Displacements and rotations are 

considered using 3-D SOLID186 quadratic elements in both the soil and pile domains. 

Fixed support was applied to the sides and bottom of the soil layer on the symmetrical 

model. The soil-structure interaction interface was modelled using a friction contact 

between the soil and the monopile. Contact friction coefficient values of tan (tan (2/3) 

δ) were used between sand and pile layers, while undrained shear strength of clay was 

used as friction coefficient between pile and clay (Jung et al. 2015).  

 

Figure 4.5: Results from mesh sensitivity analysis with stresses at the splash zone.
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4.5 Results and discussion of stress analyses of large offshore wind 

turbine monopile 

4.5.1 Effect of wind and wave forces on wind turbine 

Figure 4.6 displays the calculated forces exerted on the 15 Megawatt HAOWT, as 

outlined in Section 4.2. During its operation, the HAOWT will experience the highest 

thrust force (2.563 MN) at a wind speed of 10.59 m/s. Previous research studies on 5 

– 6 Megawatt capacity HAOWTs have reported a thrust force of 2 MN (Gentils et al. 

2017), 1.42 MN (Arshad, O’Kelly 2016) and 1.63 MN (Arany et al. 2017). These 

values show that the thrust force experienced by HAOWTs increases as their power 

capacity increases. The wind force of the rotor decreased as the wind turbine 

approached its cut-out speed or when it was out of operation. In addition, the wind 

force acting on the tower increased with rising wind speeds. A similar relationship was 

observed between the wave force and mean wind velocity, corroborating a theory that 

directly relates wind speed to wave height (Michel 1999).  

The wind force on tower, thrust force at hub and wave force on monopile were taken 

to act unidirectionally in the tangential x direction for ULS conditions according to 

IEC 61400-3 standard (British Standards Institution 2019c). The HAOWT will 

experience a tower force of 1.76 MN based on an extreme wind speed of 40 m/s 

recorded in a year (Section 4.2). Over a 50-year return period, a peak wind force of 

2.78 MN was measured at an average wind speed of 50 m/s. Therefore, it was 

concluded that the thrust force typically exhibited the highest magnitude during the 

HAOWT's operation. Special attention was recommended for wind forces acting on 

the tower when the turbine was parked, particularly in the case of wind gusts, as they 

could lead to higher cyclic loads and potential fatigue damage (Karimirad, Moan 

2012). These observations are particularly relevant for damage monitoring in the 

context of anticipated climatic changes, which could result in more frequent high wind 

and wave forces. 
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Figure 4.6: Effect of wind velocity on forces acting on wind turbine for normal and 

parked conditions. 

 

4.5.2 Effect of wind velocity on stresses in the vertical direction at 

different monopile zones 

The relationship between the mean wind velocity and normal vertical direction stresses 

in the support structure was examined. In the absence of wind and wave loads, the 

support structure material experienced compression due to the HAOWTs self-weight, 

which was significantly contributed to by the mass of the rotor-nacelle assembly. The 

thrust force was identified as having the most significant impact on bending stresses 

owing to both its high magnitude and its elevation above the mud line, which generated 

a larger bending moment. Figures 4.7 and 4.8 display the predicted stress values for 

both tension and compression across different zones in the support structure, as 

calculated through analytical and FEA models (data in Appendix A4).  

A strong correlation between the results from both models was observed, lending 

credence to the methodologies employed for stress prediction. The highest bending 

stress was observed in the submerged zone near the mudline, as this area was subjected 

to the greatest bending moment. Accordingly, this suggests that the HAZ of the weld 

above the mud line is the most susceptible to potential fatigue crack initiation (Jacob 

0

0.5

1

1.5

2

2.5

3

4 8 12 16 20 24 28 32 36 40 44 48

F
o
rc

es
 o

n
 W

in
d
 T

u
rb

in
e 

(M
N

)

Mean Velocity (m/s)

Thrust Force

Wind Force on Tower

Wave Force on Monopile

Operating 

Conditions
Parked Conditions



4.5 Results and discussion of stress analyses of large offshore wind turbine monopile 

Page | 61  
 

et al. 2019). Figure 4.7 revealed that the maximum tensile stresses were observed in 

all zones for both operating conditions and all mean wind speeds. Specifically, at the 

rated speed of the wind turbine (10.59 m/s), the tensile stresses in the vertical direction 

reached values of 76.74 MPa and 67.5 MPa in the submerged and atmospheric zones, 

respectively. In the parked condition, the submerged zone similarly exhibited the 

highest tensile stress in the vertical direction. 

 

Figure 4.7: Wind velocity effects on tensile stress in the vertical direction. 

In Figure 4.8, the compressive stresses in the vertical direction generally exhibited a 

higher absolute magnitude than the tensile stresses. This increase in compressive stress 

was attributed to the additional weight that contributed to the compressive bending 

stresses. The strategic placement of the tower-top masses on the wind turbine 

significantly reduced the overall bending effects during wind force exposure. This 

feature enhanced the high-capacity performance of the large wind turbine by reducing 

the tensile stresses.  Regarding the operating conditions, the splash zone registered 

marginally greater stress levels than the submerged zone under maximum power 

production. Also, when the HAOWT was in parked conditions, higher stresses were 

observed in the submerged zone. These stress distributions were specific to the 

transition piece region of the HAOWT and could differ if the geometry of this 

transition piece was accounted for.  

Comparative analysis between Figure 4.7 (predicted stresses) and Figure 4.6 

(generated forces) revealed analogous patterns. Specifically, thrust forces dominated 

during operational states, whereas parked conditions led to elevated stresses, 

indicating the predominant influence of wind and wave effects in this state. The FEA 
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results closely aligned with the analytical findings across all considered wind speeds. 

The maximum observed compressive stress was approximately 107 MPa, which is less 

than one-third of the yield stress of the S355 steel. During the transition from parked 

to operational states, the zone experiencing the highest stresses shifted from the 

submerged to the splash zone, specifically in the transition piece region. This suggests 

that the lowest weld in this region is the most susceptible to fatigue damage when the 

HAOWT is not in operation. The main failure mechanism could be fatigue at the weld 

HAZ owing to the lower fatigue strength. In addition, there will be a higher stress 

concentration at the weld toe if not machined, or if pits are developed in the HAZ. 

 

Figure 4.8: Wind velocity effects on compressive stress in the vertical direction. 

 

4.5.3 Effects of long-term corrosion loss rate on the evolution of 

stresses 

The impact of uniform corrosion on the stress fields in HAOWTs with large diameters 

was evaluated across four different zones: atmospheric, splash, tidal, and submerged. 

Stress predictions were made in terms of tensile and compressive stresses in the 

vertical direction at varying mean wind velocities. The corrosion rates in these zones 

were also assessed based on the exposure time and thickness loss. From 2184 

simulation runs using FEA and analytical calculations, a consistent correlation was 

observed, with an average difference of 3.64% between the two methods. The FEA 
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computational time was approximately 4 hours for all cases, whereas the analytical 

model executed in Excel took merely one second (Appendix A5). 

The results of the long-term corrosion loss rate on the evolution of stresses for the 

splash zone are presented in Figures 4.9 and 4.10. The results for all zones are 

presented in Appendix A6. The location of the maximum tensile stress shifted from 

the submerged to the splash zone over time, attributable to a higher corrosion rate in 

this region (DNV 2016a). The maximum bending stress was observed in the splash 

zone, particularly for compressive bending stresses. Notably, extreme stress values 

were identified at wind speeds of 10.59 m/s and 24 m/s; the latter being the cut-out 

speed at which a wind turbine ceases operation (British Standards Institution 2019b). 

A similar pattern in corrosion loss over increasing exposure days was observed 

elsewhere (Melchers 2005). Despite the similar trend, there is a tiny discrepancy in the 

corrosion loss values between the analytical and FEA predicted results at 50 m/s mean 

wind velocity in the atmospheric zone tensile zone (Appendix A6; Figure A6-7). This 

could be due to the FEA findings being obtained at boundary conditions where the 

wave load was applied or the fact that the distribution of the applied loads in the FEA 

(based on nodal distribution) differs slightly from the load distribution of the analytical 

solutions. 

Overall, all results demonstrated an increase in both tensile and compressive stresses 

over time, correlating directly with the corrosion rates. For instance, stresses increased 

from 76 MPa to 81 MPa in the submerged zone and from 74 MPa to 87 MPa in the 

splash zone over 20 years at a wind speed of 10 m/s. This suggests a heightened stress 

level in the splash zone beyond the seventh year of operation, underscoring the need 

for corrosion monitoring (Figure 4.10). The highest compressive stress observed was 

124 MPa in the splash zone after 20 years, as predicted by the analytical model. Given 

that the typical yield stress for structural steel used in towers and monopiles is above 

355 MPa, the risk of permanent deformation is minimal. However, the risk could 

become significant at wind speeds exceeding 50 m/s, where the maximum compressive 

stresses were noted to be 82 MPa, or in cases where the corrosion rates are higher than 

the specified by the standard (See Table 4.2).  

This suggests that it is important to consider corrosion throughout the design process 

and that the loss of material caused by corrosion should be monitored during service 
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to prevent any potential hazards of failures, such as the initiation and propagation of 

fatigue cracks. An additional remark may be made regarding the presence of 

compressive stresses with the highest magnitudes. Notably, these compressive stresses 

can cause permanent deformations if they surpass the yield stress of the material. The 

exposure of support structures, such as towers and monopiles, to corrosive conditions 

leads to the formation of pits. The coalescence of these pits is the primary reason for 

employing the uniform thickness loss model. When analysing a tapered tubular 

section, it is important to note that the thickness of the steel tower might vary. This 

variation in thickness resulted in different degrees of thickness loss across different 

zones, with the most severe loss occurring in the splash zone.  

Figure 4.9: Effect of uniform corrosion on tensile stress at the splash zone. 
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Figure 4.10: Effect of uniform corrosion on compressive stress at the splash zone. 

 

4.6 Results and discussion of soil-structure interaction of large 

diameter offshore wind turbine monopile 

4.6.1 Effect of soil profiles on lateral response of monopile 

The 15 Megawatt HAOWTs monopile with a buried depth of 45 m was considered 

across three distinct soil profiles: medium to dense sand, silty sand transitioning to 

lean clay and rock, and sand transitioning to clay. Figure 4.11 illustrates the 

deformations observed throughout the support structure of the 15 Megawatt HAOWT 

(details found in Appendix A7). Based on the wind load of 1771 kN, wave load of 62.5 

kN on tower and a 11.6 kN thrust force values for a wind speed of 10.59 m/s which is 

the maximum power production speed for the 15 Megawatt HAOWT (Table 4.1), the 

estimated deformations at the tower-top section were 1.99 m under fixed support 

conditions, 2.64 m in the North Sea, 2.8 m in the East China Sea, and 2.65 m in the 

Irish Sea. This observation showed that soil profile variations could significantly affect 

the deformation of large-diameter HAOWT structures. Moreover, the study found that 

omitting soil modelling could lead to an underestimation of deformation, a factor 

crucial to the design process.  
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Findings from Model 1 (North Sea) and Model 3 (Irish Sea) (from Table 4.3) indicated 

comparable levels of tower deformation, suggesting that the initial three layers of sand 

likely had a similar range of stiffness. Model 2, representing conditions in the East 

China Sea, exhibited the most deformation due to low soil shear strength in the 

majority of its soil layers. This deformation was primarily observed in soil layers 

composed of silty sand and lean clay. These deformations could be used to assess the 

associated risks as well as the suitability of soils for large-diameter HAOWTs. When 

examining this tapering tubular structure, it was found that the buried and submerged 

sections had a larger diameter of 10m. As the thickness decreased towards the upper 

portion, an increase in the lateral response was observed. This finding showed a 

correlation between the diameter of the support structure and its deformation. 

 

Figure 4.11: Deformations based on different soil profiles in monopiles. 

Additionally, Figure 4.12 illustrates the maximum deformations in the foundation for 

all soil models under the load-dominant X-axis. Based on this data, Model 2 (East 
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the design standard (DNV 2018), and was within the range of values reported in a 

comparable study on a 5 Megawatt offshore wind turbine (Gentils et al. 2017). The 

lateral reactions of the soil model in the North Sea and East China Sea showed notable 

similarities. 

 

Figure 4.12: Deformation in soil profiles: a) model 1- North Sea, b) model 2-East 

China Sea, c) model 3- Irish Sea. 

4.6.2 Effect of soil on natural frequency in monopile 

The natural frequency for the HAOWT was found to be between the 1P and the 3P 

regions, which correspond to a frequency band of 0.10 Hz to 0.38 Hz (Gaertner et al. 

2020) (“1P” is the frequency of one complete rotor rotation, while “3P” is the blade 

passing frequency per rotation). This range encompasses all possible wind speeds. The 

dominant mode shape was found to be the first bending mode shape, which acted in 

the lateral (x) direction of the loads. Model 0, which assumed rigid soil or fixed 

boundary conditions, yielded a natural frequency of 0.16887 Hz (see Table 4.4). This 

was consistent with the reported natural frequency of 0.17 Hz (Gaertner et al. 2020). 

Models incorporating various soil conditions produced natural frequencies close to this 

value. The maximum percentage difference was only 11.7% when compared with the 

rigid soil model. Consequently, it was demonstrated that all soil profiles stayed within 
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the recommended frequency band of 0.1 - 0.38 Hz. These findings indicate that soil 

conditions should be considered in the modal (frequency) analysis during the design 

stage. 

 

Table 4.4: Soil variation with natural frequency in the support structure. 

Model Soil Profile Location 
Natural Frequency At The 

Bending Mode (Hz) 

Model 0 - 0.16887 

Model 1 North Sea 0.1552 

Model 2 East China Sea 0.15117 

Model 3 Irish Sea 0.15412 

 

4.6.3 Effect of soil profiles on stresses evolution 

Figures 4.13 illustrates the changes in stresses in the vertical direction of both the tower 

and monopile zones (detailed in Appendix A8). These predicted stresses were analysed 

and compared across the support structures in the vertical y -direction (Figure 4.4). 

Applying a peak power production velocity of 10 m/s in the models offered insights 

into the maximum stresses the structures could experience, thereby proving useful for 

industrial-proof analyses. In both the tension and compression scenarios, a gradual rise 

in stress was observed, peaking in the splash region before subsequently declining 

along the length of the support structures. A maximum variation of 9.5% in the stress 

levels in the support structure was noted for all soil models. 

The highest bending stress in compression was recorded in the splash zone, registering 

at 148.64 MPa. This zone corresponded to the section where the shell wall thickness 

and bending stiffness began to decrease. This area, located in the transition piece, was 

found to be more vulnerable to damage under peak operational conditions than other 

regions of the sub-structure. Tensile and compressive stress results in the vertical 

direction correlated with the maximum and minimum principal stresses, respectively, 

indicating that stresses in the vertical direction were the dominant factors. Soil 
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modelling showed that tensile stresses were lower and compressive stresses were 

higher compared to the fixed support condition (Model 0).  

Thus, in fatigue or structural analyses of HAOWT, the use of a fixed support condition 

will be a conservative approach. For proof analyses, soil modelling resulted in higher 

compressive stresses, making it more useful for assessing permanent deformations. 

Among the three soil models examined, Model 1 (North Sea) yielded the lowest stress 

levels, a positive observation considering the high concentration of offshore wind 

farms in this region (Sánchez et al. 2019). Moreover, these stress levels were 

significantly lower than the yield stress of offshore S355 steel. 

 

 

 

Figure 4.13: Soil effects on tensile and compressive stresses in the vertical direction. 
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4.6.4 Conclusions 

In the analysis of high-capacity HAOWTs, it was observed that increasing rotor 

diameters and hub heights influence the overturning moment in the monopile, reducing 

induced tensile stresses. The combined effects of the HAOWT's weight and wind and 

wave loads result in compressive stresses, beneficially neutralizing some tensile 

stresses. These stresses, at their peak, were observed to remain below the risk levels of 

permanent deformation for material S355. The analytical calculations closely 

correlated with FEA results, validating their accuracy for predicting stresses in varying 

conditions, including corrosion effects. Moreover, the research showcased a capability 

to predict nominal stresses, which could be integrated with S-N curves for 

comprehensive fatigue characterisation. For soil-structure interaction, reduced support 

structure thickness heightened deformation, yet all monitored deformations stayed 

within design guidance limits. Soil profiles from various regions met frequency 

requirements of design codes. Additionally, the importance of considering soil effects 

in HAOWT assessments was underscored, with the North Sea's medium to dense sand 

profile being deemed ideal for 15 Megawatt large-diameter HAOWT installations. 
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Chapter 5 

Experimental investigation of material 

performance of submerged arc welded 

S355G10+M structural steel 

This chapter explores the performance characteristics of S355G10 +M structural steel, 

specifically designed for offshore wind turbines. Emphasis was placed on tensile tests, 

hardness assessments, distortion measurements, and residual stress analysis. To 

achieve this, a combination of experimental procedures, finite element modelling 

tools, and macrographs was employed. The unique contribution of this chapter lies in 

its focus on understanding the performance and manufacturing processes of the 

specialised S355G10+M steel grade. This is particularly relevant for large-size and 

high-capacity offshore wind turbines, especially as they are increasingly being 

deployed in offshore construction projects located in deep seas, where G10 refers to 

depths up to 100 m below sea level. The insights garnered from this chapter are vital 

for comprehending the factors that influence the fatigue performance of offshore 

structures. 

 

5.1 Manufacturing of specimens 

5.1.1 Submerged arc welding for producing butt-welded plates 

S355G10+M rolled plates (1000 mm × 200 mm) with four distinct thicknesses of 6, 

10, 15, and 20 mm were butt-welded using a single-wire submerge arc welding (SAW) 

process as applied to fabrication of plates in HAOWT monopiles (Igwemezie et al. 

2018; DNV 2009). Table 5.1 presents the chemical compositions of both the base 

metal and weld material, with the latter employing an EN ISO 14171-A: S3Si (IABCO 

2.4/3.2 mm) solid wire electrode and EN ISO 14174: SA FB 155 AC H5 flux (detailed 

in Appendix B1). The mechanical properties of weld material and base metal are 

outlined in Table 5.2 (details of manufacturer's specification in Appendix B2). The 

UTS for the weld material is slightly greater than the base metal as per specification. 
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Table 5.1: Chemical composition of S355G10+M and weld material. 

Base metal – Element (wt%) 

C Si Mn P S N Al Cu Cr Ni 

0.07 0.25 1.37 0.014 0.003 0.005 0.048 0.03 0.04 0.04 

V Ti Nb Mo B EV1* EV2* EV3* EV4* Nb+V 

0.004 0.014 0.03 0.001 0.0003 0.15 0.33 0.11 0.05 0.03 

Weld material - Element (wt%) 

C Si Mn P S Cr Ni Mo Cu N 

0.11 0.3 1.75 0.007 0.005 0.03 0.02 <0.01 0.01 0.004 

* EV1=C+Mn/20+Mo/15+Ni/60+Cr/20+V/10+Cu/20+Si/30+5xB 

*EV2=C+Mn/6+Mo/5+Ni/15+Cr/5+V/5+Cu/15 

* EV3=V+Nb+Ti 

* EV4=Cr+Cu+Mo+Ni 

Table 5.2: Mechanical properties of S355G10+M and welding material. 

Material 
Yield stress 

(MPa) 
UTS (MPa) 

Elongation 

(%) 

Base Metal 422 - 510.5 483 - 559 27 - 30.5 

Weld material (As-

welded) 
501 590 29 

 

The SAW was conducted on the hot-rolled plates at the Advanced Manufacturing 

Research Centre at Sheffield to industry standards and specifications. Prior to welding, 

the edges of the steel plates were cleaned to eliminate contaminants such as dirt and 

rust. Double V-grooves were machined into the edges, as depicted in Figure 5.1. The 

plates were then clamped and aligned using fixtures to minimise gaps. The SAW setup 

included a power source, wire feeder, welding torch, and flux delivery system. 

Welding settings, including wire feed speed and voltage, were adapted based on the 

material thickness and are detailed in Table 5.3. The flux shielded the molten weld 

pool as an arc melted the electrode, flux, and base metal, thereby creating a molten 

weld pool that moved steadily along the joint. The multipass welding sequence varied 

with the material thickness, as shown in Figure 5.2. The dwell time which is the period 

the heat source or weld pool is maintained at a specific location for successive layers, 

using the length of weld and travel speed, was approximately 2 min. After each pass, 

the slag layer formed by the solidified flux was brushed off. Welding was carefully 

done following the BS EN 1011 standard for steel arc welding (British Standards 
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Institution 2001). Before starting the main weld, test runs were done to get the best 

welding quality. These tests made sure the welding settings were right to avoid defects 

and ensure good weld strength. Post-welding inspections were performed through 

visual analysis and dye penetration inspection, adhering to the BS EN ISO 3452 

standards (British Standards Institution 2015). These nondestructive testing methods 

verified the absence of leaks, joint flaws, and cracks. Key SAW process steps are 

illustrated in Figure 5.3. There was no application of post-weld heat treatment to the 

welded plates. This is also the case for the production of monopiles and towers. 

Table 5.3: Welding parameters for butt-welded S355G10+M structural steel. 

Parameters 
Values based on thickness 

6 mm 10 mm 15 mm 20 mm 

Weld passes 2 3 6 12 

Current (A) 390 393.3 396.6 400 

Arc voltage (V) 26.5 27.6 27.75 28 

Wire feed rate (m/min) 1.7 1.7 1.7 1.7 

Wire stick-out (mm) 25 25 25 25 

Travel speed (mm/min) 390 383.3 363.3 383.1 

Preheat/inter-pass (°C) 21 - 36 21 – 70 21 - 90 21-133 

Heat input (kJ/mm) 1.590 1.666 1.824 1.749 

Current polarity DC+ DC+ DC+ DC+ 

 

 

 

 

 

Figure 5.1: Weld details for butt weld specimens of various thicknesses. 
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Figure 5.2: Deposition sequence used in the SAW process. 

 

Figure 5.3: SAW steps: a) After Dye penetration inspection, b) Plate clamping, c) 

Welding setup, d) SAW process. 
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5.1.2 Water jet cutting and wire electro-discharge machining of butt-

welded plates 

For the preparation of samples for material testing, four welded plates with thicknesses 

6mm, 10 mm, 15 mm, and 20 mm were waterjet cut. Plates with dimensions 330 mm 

× 200 mm were originally cut from larger SAW plates measuring 1000 mm × 200 mm. 

The waterjet cutting was conducted on the 87000 Psi Dynamic Waterjet XD machine 

employing a high-precision technique. This method combined a high-pressure water 

jet with a garnet abrasive, facilitating a cold-cutting process that preserved the integrity 

of the material. Unlike traditional cutting methods, such as cropping, laser cutting, or 

plasma cutting, this approach mitigated issues related to the HAZ, stress generation, 

and structural alterations. Figure 5.4a shows an example of a dog-bone sample, while 

Figure 5.4b illustrates the sequence of the process, from which additional specimens 

were derived for tensile and fatigue testing.  The end of the plate was cut with wire 

electro-discharge machining (WEDM) needed to obtain the residual stresses using the 

contour method. Figure 5.5 visually describes the faces of the specimens prepared 

using WEDM, specifically referring to specimens located along and across the weld. 

The Sodick AQ750L WEDM system was employed with a wire diameter of 0.25 mm. 

To prevent breakage of the wire, the feed rate was controlled using a variable circuit 

for the different sections of the plates. The average speed of the wire was recorded to 

be 1.4 mm/min for all plates. 

 

Figure 5.4: a) Tensile and fatigue test specimen dimensions, b) Waterjet cutting 

sequence.
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Figure 5.5: Direction of cut from wire electrodischarge machining. 

 

5.2 Tensile testing 

Tensile properties of the butt-welded S355G10+M using SAW were assessed using 

across-weld specimens. Static tensile testing was conducted to extract mechanical 

attributes, verify the manufacturer's reported yield and UTS, and set a targeted load 

level for subsequent fatigue testing. The tests complied with the American Society for 

Testing Materials E8 standard (American Society for Testing Materials 2022). The 

dimensions of the specimens are depicted in Figure 5.4a and a 400kN uniaxial servo-

hydraulic system served as the testing equipment (Figure 5.6). Prior to initiating the 

test sequences, the accuracy of the equipment was verified and calibrated. The stress-

strain curve was plotted up to the point of material failure.  Both the welded and plain 

specimens of each material thickness were tested to confirm the manufacturer's data. 

The static tensile tests were conducted at a displacement rate of 2 mm/min. 
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Figure 5.6: Tensile testing equipment. 

 

5.3 Hardness and weld macrograph testing 

The Brinell hardness was assessed through cross-sectional measurements taken from 

various regions of the material, specifically focusing on the base metal, HAZ, and 

welded material. These measurements were conducted using a 100kN universal testing 

machine (Figure 5.7), conforming to EN ISO 6506-1 standards (British Standards 

Institution 2014b). It was ensured that surfaces of selected specimens were free of 

imperfections and smooth from polishing to ensure proper indentation. A 20 kN force 

was applied to the steel cross-section and maintained for 15 s using a 10 mm diameter 

spherical indenter. For each material thickness, two samples were examined to gather 

comprehensive data for different regions of the specimen. The diameter of the 

spherical indentation was measured on a macroscopic scale, from which hardness 
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values were derived. These values were then used to generate contour plots using 

MATLAB (The MathWorks Inc. 2022). 

Multiple factors were found to influence the structural properties of S355 steels, such 

as its chemical composition, thermal treatments, and cooling rates. It was observed 

that the use of controlled rolling and cooling techniques could refine the microstructure 

of thermo-mechanically controlled steel, optimising its strength, ductility, and 

toughness for various engineering applications. For the welded samples, the surface 

was prepared by sanding with silicon carbide sheets of multiple grades of 60, 120, 240, 

320, 400, 600, and 800 grit sizes. Subsequently, the samples were etched in a 12M 

hydrochloric acid solution. The study primarily focused on macrographs of the HAZ, 

as previous fatigue tests have suggested that it is a likely point of failure (Adedipe et 

al. 2016; Mehmanparast et al. 2017; Okenyi et al. 2022). 

 

 

Figure 5.7: Hardness testing of S355G10+M structural steel specimens.
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5.4 Weld-induced angular distortion and axial misalignment 

measurements 

Distortion in both the longitudinal and transverse directions is a common issue during 

the welding of plates, significantly affecting material performance. To measure this 

distortion, a 3-D scan of the welded plates was initially performed using the 

GoScann50 optical scanner (Figure 5.8). The optical scanner, with a 0.5 mm resolution 

and 0.1 mm accuracy, was calibrated using a calibration plate. Its performance was 

validated by comparing scanned dimensions with actual plate dimensions and 

referenced the ISO 10360-8:2013 (International Organisation for Standardisation 

2013) standards for tolerances using optical sensors. The results showed consistent 

accuracy in capturing surfaces, edges, and geometry against the real steel plates and 

CAD designs. Subsequently, the generated mesh was prepared using VXElements 

software (Creaform Inc. 2021) and imported into GOM Inspect software (ZEISS 

Group 2021). Using this software, the distortion angles in the transverse direction were 

extracted. To better visualise the extent of the distortion, the scanned meshes were 

aligned with the nominal computer-aided design models for plates of 6, 10, 15, and 20 

mm in thickness. Contour plots depicting the distortions were generated from this 

alignment. Additionally, the boundaries of the plates were delineated to obtain 

accurate values for angular and longitudinal distortions, as well as axial 

misalignments. These values were sourced from cross-sectional analyses conducted 

across plates. 

 

Figure 5.8: 3-D scanning of welded plates.
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5.5 The contour method 

The contour method was applied to evaluate residual stresses in materials (Prime 

2001). Plates of S355G10+M were cut transversely and longitudinally across the weld 

using WEDM. Measurements were taken using a high-precision Coordinate 

Measuring Machine equipped with Nikon non-contact laser scanners. These scanners 

demonstrated a single point spacing of 22 μm and an accuracy of 1.8 μm. The acquired 

mesh data from the Coordinate Measuring Machine were imported into the GOM 

software for alignment. Data smoothing was applied but showed negligible 

differences, confirming the precision of the Coordinate Measuring Machine 

measurements. Thus, the opposite of the measured profile was applied as nodal 

displacement boundary conditions in a FEA model of the cut parts. A static analysis 

was executed on the S355G10+M structural steel. The material was assumed to 

possess isotropic elastic properties. For the analysis, the following material parameters 

were utilized: a Young's modulus (E) of 200 GPa, a Poisson's ratio (ν) of 0.3, and a 

material density (ρ) of 7850 kg/m³. To ensure the accuracy and convergence of the 

results, an element size of 1 mm was employed. Furthermore, the chosen element for 

modelling was the 3-D structural solid element, specifically SOLID185.  

The nodal displacements were mapped in ANSYS Mechanical, as shown in Figure 5.9, 

both longitudinally and transversely across the weld. Subsequently, an elastic stress 

analysis was conducted. The back-calculated stresses derived from the FEA provided 

an estimate of the residual stress components acting perpendicular to the plane of the 

cut. The CMM laser scanner was calibrated using ISO 10360-2:2009 [(International 

Organisation for Standardisation 2010) in a controlled environment. A CAD model of 

the specimens was created for accurate representation. After scanning the structural 

steel, point cloud data was compared with the CAD model. Deviations were analysed 

using GOM software to identify discrepancies. The scanner's performance was 

assessed in accordance with ISO 10360-8:2013 (International Organisation for 

Standardisation 2013). This evaluation encompassed various metrics: the maximum 

probing form error, using 25 representative points in translatory scanning mode; the 

maximum probing size error, using all measured points in the same mode; and the 

maximum probing dispersion value, considering 95% of the measured points in 

translatory scanning mode. All these checks ensured the accuracy of the 

measurements.
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Figure 5.9: Displacement across and along the weld for welded specimens (values in 

mm). 

 

5.6 Results and discussion of material performance of submerged 

arc welded S355G10+M structural steel 

5.6.1 Tensile tests results 

Fractured specimens were primarily observed in the base metal near the HAZ, as 

illustrated in Figure 5.10. This suggests that the welded section comprised a stronger 

welded material, corroborated by the data in Table 5.2. Similar observations regarding 

fractures in the base metal were made in previous studies on S355 material (Jacob et 

al. 2018; Ólafsson et al. 2016). The 0.2% offset method was used to calculate the yield 

stress which ranged from 361.4 – 438.9 MPa. It should be noted that weld mechanical 

strength alone cannot be tested unless with digital image correlation or making 

specimens from the weld section only. Figure 5.11 presents the stress-strain 

relationships for the 6 mm thick plain and welded specimens, while Table 5.4 compiles 

all the tensile test results for the plain and welded specimens. The experimentally 
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determined tensile strengths were either close to or slightly below the manufacturer's 

specifications. However, these exceeded the minimum required strength levels. In line 

with other reported results (British Standards Institution 2019a; Igwemezie et al. 

2018), the yield strength of the plain specimens was found to decrease as the plate 

thickness increased. This trend was also observed for the welded specimens. Despite 

their lower yield strengths, the welded specimens exhibited higher ultimate strengths, 

leading to failure in the base metal. The ductility, measured as the amount of plastic 

deformation that occurs before fracture, was greater in the plain specimens than in the 

welded specimens (Figure 5.11). The elongation before fracture in the welded 

specimens (Table 5.4) was lower than that in the plain specimen, indicating that the 

welded specimens were more brittle. 

There are differences observed in conducting static tensile tests on plain base material 

and welded specimens as observed in Figure 5.10. Failure occurred in the region of 

the plain specimen that had the lowest tensile strength, whereas for the welded 

specimen, tensile failure occurred in the base material owing to the strong weld quality 

and the fact that the localised increase in stress exceeded the strength of the adjacent 

base material, leading to failure in the base material region. There is a more uniform 

stress distribution in plain specimens over their cross-section, while the opposite is 

true for welded specimens. The plain specimens provided the S355G10+M inherent 

properties, while the welded specimens provided an understanding of the joint 

properties. 

 

Figure 5.10: An exemplar of tensile failure in the S355G10+M specimens observed 

for all thicknesses. 



5.6 Results and discussion of material performance of submerged arc welded S355G10+M structural 

steel 

Page | 83  
 

 

Figure 5.11: An exemplar of a stress-strain relationship for plain and welded 

specimens of 6 mm thickness also observed for all thicknesses. 

 

Table 5.4: Summary of the tensile test results for butt-welded S355G10+M.  

Material condition 
Yield stress 

(MPa) 
UTS (MPa) 

Elongation 

(%) 

6 mm plain samples (Manufacturer specification) 455 515 30.2 

6 mm plain samples (6 – P) 447.3 493.7 22.7 

6 mm welded samples (6- W) 436 505.1 19.7 

10 mm plain samples (Manufacturer specification) 510.5 559 28.5 

10 mm plain samples (6 – P) 438.9 515.4 25.4 

10 mm welded samples (6- W) 432.6 552.6 16.6 

15 mm samples (Manufacturer specification) 422 483 30.5 

15 mm plain samples (6 – P) 363 469.6 27.3 

15 mm welded samples (6- W) 338.6 519.4 20.1 

20 mm samples (Manufacturer specification) 467.8 535 27 

20 mm plain samples (6 – P) 362.8 520.9 26.5 

20 mm welded samples (6- W) 361.4 524.8 20.3 
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5.6.2 Hardness and macrograph tests results 

The hardness test results are depicted in Figures 5.12 - 5.15, illustrating the variations 

in hardness values for welded specimens ranging from 6 mm to 20 mm in thickness. 

A noticeable trend was the increase in hardness with increasing specimen thickness, 

peaking at 207 HB in the welded material for the 20 mm specimens. Subsequently, the 

hardness values decreased minimally from the HAZ to the base metal. These results 

aligned well with the existing literature on S355 steels (Sonsino 2009; Tong et al. 

2021; Ummenhofer, Weidner 2013; Weich et al. 2009). The lower value of hardness 

at 6 mm could be due to the fact that a high force is applied to a mall thickness with 

an indenter, resulting in a larger indenter diameter. This is also visible for the base 

metal from the obtained results. By increasing the thickness, the results start to be more 

consistent Thus, this data implied that offshore wind turbine monopiles with 

thicknesses ranging from 65 to 90 mm are likely to exhibit consistent hardness values. 

Furthermore, it was noted that the HAZ width expanded as the specimen thickness 

increased. This was attributed to the need for additional weld passes and, consequently, 

more heat energy input, leading to an enlarged HAZ.  

In reviewing the hardness contour plots (measurements detailed in Appendix B3) 

presented in Figures 5.12- 5.15. It was observed that hardness could be directly linked 

to yield and UTS and could serve as an indicative parameter for potential failure points 

in static tensile tests. The hardness value observed in the HAZ has a negligeable 

reduction showing that hardness value obtained is satisfactory, it indicates effective 

SAW process and a proper control of welding parameters. This indicates that the HAZ 

retains its mechanical integrity with controlled martensite formation, balancing 

toughness, and hardness to prevent cracking. Other contributing factors affecting 

material properties are elongation (Table 5.4) and microstructural changes. Also, the 

good hardness value suggests a well-formed interconnected dendritic structure, 

resulting from controlled cooling during welding, indicating uniform solidification. 

This contributes to consistent mechanical properties across the weld. 
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Figure 5.12: Hardness results for 6 mm welded specimens. 

 

 

Figure 5.13: Hardness results for 10 mm welded specimens. 
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Figure 5.14: Hardness results for 15 mm welded specimens. 

 

Figure 5.15: Hardness results for 20 mm welded specimens. 
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structures that served as indicators of weld quality and integrity. Columnar grains were 

observed in the welded material, which is a characteristic typically associated with the 

transition from the liquidus to the solidification phase of the material. Also, the linear 

elongated streaks in the weld material indicated slag inclusions. In addition, the HAZ 

exhibited smaller equiaxed grains. Apart from some etching pores, the weld quality 

was notably high, as evidenced by the absence of common flaws, such as porosity, hot 

cracking, or keyholes. The grain size and composition of the steel, shown in Figure 

5.16, are vital for its strength. Fine grains, especially in the weld metal, increase yield 

and tensile strength, offering better resistance to impact and static loads in offshore 

settings. Elements like manganese, nickel, and chromium, as seen in Table 5.1, provide 

corrosion resistance, strength, and toughness which are essential attributes for marine 

environments. Thus, managing and optimizing the microstructure of S355G10+M 

steel is crucial for its performance in offshore applications. 

 

 

Figure 5.16: Macrostructure highlighting weld passes and grain morphology. 

 

5.6.3 Distortion results - angular distortion and axial misalignment  

Figure 5.17 illustrates the distortion seen from the top view (in the vertical direction) 

of the S355G10+M steel plates. The distortion resulted from several factors, including 

the plate's length, which caused longitudinal shrinkage and thermal expansion during 

welding. Other factors, such as clamping, high heat input, and a large volume of 

welded material, also contributed for the distortion generation. Despite efforts to 

minimise these factors, distortion primarily stems from residual stress, causing both 

longitudinal and transverse distortions. This issue is especially relevant in large-scale 

manufacturing, where many plates are typically rolled and welded. Plates with 
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thicknesses of 6 and 10 mm exhibited slight uniform bending, while those with 

thicknesses of 15 and 20 mm displayed a butterfly shape. Thinner plates demonstrated 

higher levels of distortion, which was attributed to their lower stiffness. In the context 

of offshore wind turbines, axial misalignment in welds is particularly critical owing to 

the monopile shape and is covered by comprehensive guidelines. The shipbuilding 

standard (International Association of Classification Societies 2013) suggests that the 

maximum distortion in flat welded plates should not exceed 5 mm, allowing for an 

upper limit of 10 mm. All distortions measured in this study were within these 

guidelines. 

 

Figure 5.17: Distortion shapes of welded plates and weld parameters. 

Figure 5.18 presents the angular distortion values, defined as the angles from the weld's 

centre to its ends in the lateral direction. The highest average angular distortion was 

observed in the 15 mm plates, linked to their butterfly shape. While factors such as 

travel speed and heat input affect distortion (Adamczuk et al. 2017), the thickness of 

the material also plays a role. Higher angular distortion values were noted towards the 

end of each plate. This was likely due to a redistribution of residual stresses after 

unclamping and because each weld pass had the capacity to introduce additional 

distortion. These values exceeded the maximum recommended 1˚ limit in the B90 

quality set by BS EN ISO 5817:2023 (British Standards Institution 2023). Figure 5.19 

revealed the axial misalignment measurements for each plate thickness (measured data 

are detailed in Appendix B4). On average, the misalignment worsened with increased 

thickness, particularly in the second half of the plates. The highest misalignment value 

of 0.65 mm was recorded for the 20 mm plates, which remained below the 3 mm limit 
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suggested by design standards (British Standards Institution 2023; DNV 2016b; DNV 

2015; International Association of Classification Societies 2013). Both angular 

distortion and axial misalignment can alter the structural geometry, resulting in uneven 

load distribution and potentially decreasing the fatigue life of the structure.   

 

 

Figure 5.18: Angular distortion along the plate. 

 

Figure 5.19: Axial weld misalignment along the plate. 
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5.6.4 Residual stress results 

In Figures 5.20 and 5.21, the residual stresses across and along the welded specimens 

are presented for each material thickness. Figure 5.20 shows that the welded region 

had high tensile residual stresses, whereas the base metal region exhibited the most 

significant compressive residual stresses across the weld. In Figure 5.21, the highest 

tensile residual stresses were predominantly found near the weld. A comparative 

analysis of measurements across and along the weld indicated that the average peak 

average tensile residual stresses across the weld at 580 MPa were notably higher than 

those along the weld at 350 MPa averagely. These figures are aligned with the residual 

stress data for comparable steel materials (Jacob et al. 2018). For all residual stress 

results, as the thickness of the specimens increased, the maximum value of the residual 

stress also increased. This trend was attributed to the higher heat input required for 

welding thicker materials, leading to more significant temperature gradients and 

uneven cooling rates. Such differential cooling rates created a non-uniform stress 

distribution, resulting in increased residual stresses in thicker specimens. Multiple 

welding passes, often necessary for thicker materials, add more heat and subsequent 

cooling cycles, further accumulating residual stresses. 

In HAOWT monopile applications, the tensile residual stress values along the weld 

are especially pertinent for fatigue assessment. This is because the stress direction in 

the vertical direction is in line with the lateral loading stresses exerted by wind and 

wave on the HAOWTs (Section 4.5). Residual stresses across the weld are relevant 

when hoop stresses have critical implications for material performance, as found in 

pressure vessels. The measurements indicated that these residual stresses could both 

contribute to the material yield strength and affect fatigue performance by increasing 

the mean stress levels. Elevated tensile residual stresses were found to speed up crack 

initiation and growth under both atmospheric and underwater conditions, as well as 

under corrosion-fatigue loads (Jacob et al. 2018). These results underscored the 

necessity for a comprehensive understanding and effective management of residual 

stresses in welded structures like offshore monopiles. Implementing appropriate 

welding procedures, stress-relief treatments, and regular inspection and maintenance 

could mitigate the negative impact of high residual stresses on structural integrity and 

lifespan. 
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Figure 5.20: Residual stress results across the weld for: a) 6 mm, b)10 mm, c)15 

mm, and d) 20 mm. 
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Figure 5.21: Residual stress results along the weld for a) 6 mm, b)10 mm, c)15 mm, 

and d) 20 mm. 

 

5.6.5 Conclusions 

The submerged arc welding of S355G10+M sheets displayed high-quality welds for 

offshore wind turbine monopiles. Fractures in the static tensile test specimens occurred 

in the base material, showcasing the superior strength of the welded section. Hardness 

experiments established consistency as material thickness increased, with the 

transition region between the HAZ and base material highlighted as a potential 

vulnerability under cyclic loading. Distortion measurements identified increased axial 

misalignment and angular distortion along the plate, while an evaluation of residual 

stresses indicated prominent tensile stresses in the weld area, negatively affecting 

fatigue strength. Moreover, stress concentrations at weld toes and other welding-

induced vulnerabilities, such as distortions and microcracks, significantly impacted the 

steel's fatigue life and posed potential corrosion risks in marine settings. Nonetheless, 

the fatigue strength of the welded S355G10+M specimens exceeded established code 

recommendations, affirming their appropriateness for marine structures like offshore 

wind turbine supports. 
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Chapter 6 

Fatigue testing  

This chapter gives an analysis of a series of uniaxial fatigue tests conducted on welded 

S355G10+M structural steel specimens that are widely employed in the 

manufacturing of monopile support structures utilised in HAOWT installations. The 

fatigue life and strength were evaluated using an Instron servo-hydraulic testing 

system. The fatigue results obtained were subjected to a comparative analysis with 

established design codes and relevant studies. The impact of the specimen thickness 

on the fatigue life was also assessed. Stress concentrations related to fatigue were also 

considered. The detailed observation of the fracture contributed to the comprehension 

of the failure mechanism induced by cyclic stress.  

 

6.1 Fatigue testing of S355G10+M structural steel 

Uniaxial fatigue tests were conducted on welded dog-bone specimens using a 250 kN 

Instron servo-hydraulic testing system (Figure 6.1). The stress range values utilised in 

uniaxial fatigue testing ranged from 150 to 300 MPa. The uniaxial fatigue tests were 

conducted at 10 Hz frequency, with a stress ratio of R = 0.5, using dog-bone specimens 

that were obtained with minimal levels of misalignment and distortion in accordance 

with the standards outlined in BS EN ISO 5817:2023 (British Standards Institution 

2023). The plain specimens were also subjected to testing for calibration purposes, and 

each thickness was evaluated separately.  The relationship between the number of 

cycles to failure obtained from uniaxial fatigue testing and the applied stress range was 

analysed using a logarithmic scale on both axes and is presented subsequently in the 

discussions (calibration data in Appendix D1).  
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Figure 6.1: Uniaxial fatigue testing machine applied to specimens at Advanced 

Materials Research Laboratory, Strathclyde.  

 

6.2 Machining for fatigue testing concept 

Machining for fatigue testing complements the research aim and objectives by 

introducing a novel and efficient fatigue testing technique which aligns with the goal 

of developing innovative methodologies, supports the comprehensive evaluation of 

S355G10+M fatigue performance in monopile weldments under simulated in-service 

loads as experienced in installed conditions (parked or operating).Traditional methods 

for fatigue assessment, such as uniaxial or rotating-bending loading tests, are often 

expensive and time-consuming, especially at low frequencies (Parareda et al. 2023). 

These tests aimed to establish S-N curves, which could be influenced by various 

factors like surface morphology and manufacturing defects (Sanaei, Fatemi 2020). 
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Although ultrasonic fatigue testing systems present an alternative, they also have 

limitations concerning specimen size, monitoring, and costs (Ebara 2006; Peng et al. 

2012).  

In contrast to these established methods, this study introduced a novel approach to 

fatigue testing that employed machining processes to induce cyclic stresses. The 

method was demonstrated using welded samples, specifically imitating the in-service 

loading conditions found in wind turbine monopile structures. This innovative 

technique holds the promise of providing a more efficient and cost-effective way of 

assessing fatigue life, potentially reducing product and process development lead 

times. Fatigue testing on unique specimen shapes necessitated the extensive 

development of specialised jigs to replicate in-service loads, a process that consumed 

significant time and resources. To address this, a novel concept that employs 

machining processes for fatigue testing was introduced. The underlying principle was 

that cutting forces generated during machining processes, such as milling, are cyclic 

in nature and serve as loading conditions to induce stress fields in the test component 

which in this case is a welded specimen of structural steel S355G10+M.  

Figure 6.2 depicts a clamped sample of S355G10+M attached to a specially fabricated 

fixture. A block of raw, unmachined sacrificial material was affixed to the top of the 

fixture. This block underwent machining, transferring the cutting forces to the welded 

specimen through a bending moment. The type of cutting tool (e.g. end mill, ball end 

mill, drill, and grinding wheel), cutting parameters (depth of cut, feed rate, and spindle 

speed), and type of cutting operation (up milling, down milling, drilling, and grinding) 

allow for the induction of cutting forces along the three axes of the Cartesian 

coordinate system. The variety of cutting tools and machining operations grants 

flexibility to emulate in-service loads. However, this adaptability needs to be 

harmonised with the dimensions of the raw material block and the design of the fixture, 

which is capable of directing the distribution of induced forces through purposefully 

designed fixture supports. By inducing cutting forces, the test components can be 

subjected to various types of loads, including combinations of bending, tension, 

compression, and torsion.
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Figure 6.2: Setup for fatigue testing concept using machining. 

 

6.3 Results and discussion of fatigue test and cyclic of fatigue 

loading using machining 

6.3.1 Fatigue strength assessment 

In Figure 6.3, the fatigue behaviour of the S355G10+M specimens was analysed across 

four different thicknesses. The range of cycles to failure was observed to be between 

104 and 106, with fatigue stress values ranging from 120 to 234 MPa. These results 

were aligned with the design codes specified by FAT Class 90 in air, as per the 

International Institute of Welding (International Institute of Welding 2008), and Class 

D in air (DNV 2016b). 

Fatigue strengths for specimens of different thicknesses (6 mm, 10 mm, 15 mm, and 

20 mm) were recorded as 128.2 Mpa, 125.7 Mpa, 104.5 MPa, and 95.8 MPa at 2 × 106 
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cycles. Notably, the 20 mm specimen closely aligned with the requirements of the IIW-

FAT 90 code (International Institute of Welding 2008). The impact of the thickness on 

the fatigue life of butt-welded S355G10+M specimens under uniaxial fatigue was 

found to be minimal. Factors such as stress concentrations, residual stresses, and 

distortions such as axial misalignment and angular deviation could have also 

influenced the fatigue life (Pedersen 2019). 

Three key stages resulting from cyclic loading were identified in the fractured 

specimens: crack initiation, crack propagation, and final fracture (Figure 6.3). Fatigue 

cracks tended to propagate along planes where the shear stress was the highest. The 

existence of stable fatigue crack growth region was observed from the subtle transition 

between crack propagation and aggressive final fracture, suggesting that the nominal 

stresses were high. Moreover, the macroscopic shape of the fractured surface, as 

shown in Figure 6.4, reinforced the understanding that failures occurred due to tensile 

stresses from cyclic loading. 

 

Figure 6.3: S-N curve for S355G10+M structural steel. 
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The presence of stress concentration significantly impacts fatigue because it involves 

the occurrence of localised stresses resulting from welding in areas such as notches, 

pits, weld joints, and sharp geometric transitions. FEA was employed to investigate 

this phenomenon. A two-dimensional plane stress finite element analysis was 

conducted. Quadratic 8-node elements were used to build the mesh. Modelled notches 

were divided into 1 µm sections for finer meshing, and corners were rounded to 

prevent stress singularities at sharp notches. The material characteristics used were a 

Young's modulus of 200 GPa, a Poisson's ratio of 0.3, and a material density of 7850 

kg/m³. A nominal stress of 1 MPa was applied to the welded geometry, and the results 

are depicted in Figure 6.4, which illustrates the stress concentration factor due to the 

weld. The location of the maximum stress concentration factor values corresponded 

with the location of the fracture from the fatigue tests, indicating that these locations 

were sites where cracks initiated and propagated under cyclic loading. This highlights 

the influence of local stresses, particularly in cases where welds are not machined, as 

found during the installation of monopiles of wind turbines. 

While both pits (Table 7.2) and welds (Figure 6.4) introduced stress concentrations, 

they did so through distinct mechanisms. Nevertheless, it could be argued that their 

combined effects were more pronounced. When a pit is formed near or within a weld 

zone, the collective impact of the weld's geometrical discontinuity and the pit could 

have amplified the overall stress concentration factor, potentially increasing the risk 

of fatigue crack initiation and propagation. Imperfect welds often lead to 

microstructural changes and vulnerability to corrosion. Thus, in environments 

conducive to corrosion, a welded area might have been more susceptible to pitting, 

further influencing the stress concentration factor. 
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Figure 6.4: Influence of stress concentration on fractured welded S355G10+M 

specimens. 

In addition to the impact of residual stresses and stress concentration factor on the 

fatigue strength of S355G10+M, misalignment in the butt-welded joint under axial 

loading can introduce extra bending stresses. These bending stresses, when 

factored into the SN curve, can contribute to the obtained fatigue strength values. This 

would also have resulted in elevated stress levels on one of the surfaces located within 

the welded material, thereby resulting in increased stress in the specimen. The 

presence of slight geometric imperfections increased the stresses measured during 

fatigue testing. The stress magnification factors for misalignment and angular 

distortion have been previously determined based on both global and local stress 

effects (DNV 2016b; International Institute of Welding 2008) (axial misalignment 

=1.15 for butt weld). The values of the axial misalignment factors for 6, 10, 15, and 

20 mm were 1.18, 1.11, 1.11, and 1.10, respectively, and were in the same range as the 

recommended value. Considering the total secondary bending effects, overall total 

stress magnification factor from the combination of angular distortion and axial 

misalignments given in Equation 2.13 gave combined values of 1.09, 1.08, 1.06, and 

1.06 for 6, 10, 15, and 20 mm, respectively. This clearly indicated that although there 

was no substantial reduction in fatigue strength since values were less than 1.3 

(Maddox 1985), an increase in thickness led to a decrease in the effect on secondary 
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bending stresses. In conclusion, apart from the influence of the stress concentration 

factor effect on fatigue life, the material performance of S355G10+M structural steel 

in offshore wind turbine support structures can be affected by axial misalignment, 

distortion, and residual stress. 

 

6.3.2 Verification of fatigue testing using milling 

Figure 6.5 illustrates the fatigue testing setup using a milling machine tool. A high-

sample-rate strain gauge was interfaced with the InstruNET data acquisition system 

(GW instruments Inc 2016). For each test, the system recorded at a sample rate of 

1666.7 samples per second. A two-flute cutting tool with a 10 mm diameter was 

utilised. The milling parameters were chosen as follows: radial depth of cut of 5 mm, 

axial depth of cut of 4 mm, feed rate of 0.075 mm per tooth, and spindle speed of 500 

rpm. These conditions were selected to produce cyclic stresses in the axial direction at 

the weld toe, which is a critical area for fatigue crack initiation in offshore monopile 

structures. Preliminary trials revealed that stresses of approximately 50 MPa were 

measured at the weld toe, where the strain gauge was installed. 

However, the milling process introduces self-excited vibrations, commonly known as 

chatter. This phenomenon restricts the ability to increase cutting forces. To overcome 

this limitation and induce higher stresses at the weld toe, a 5 mm hole was drilled into 

the 10 mm thick welded sample. This modification enhanced the stress levels at the 

weld toe without altering the cutting forces, effectively increasing bending stresses 

while achieving stable milling conditions. 
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Figure 6.5: Fatigue testing using a milling machine tool 

The results from the machining process are presented in Figures 6.6 and 6.7, showing 

stress-time data for both drilled and non-drilled specimens (brief data detailed in 

Appendix D2). The peak stress values recorded were 211 MPa for the drilled 

specimens and 59 MPa for the non-drilled ones under conditions of cyclic tension. In 

monopile applications for wind turbines, bending stresses are primarily induced by 

wind loads, and the stress ratio is approximately zero. The conducted test indicated 

that the minimum stress approached zero during certain cycles, while the maximum 

average stress was around 200 MPa. This was particularly true for the drilled 

specimens, which had a reduced cross-sectional area and consequently experienced 

elevated stress levels. Unlike conventional fatigue testing setups, where the cyclic 

loading is monotonic and the mean stress remains constant, this methodology allows 

for variations in the mean stress. 

This fatigue testing concept enabled the simulation of cyclic loading conditions, 

replicating the varying wind speeds and weather changes experienced by offshore 
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wind turbine monopiles. By altering the depth of cut and feed rate, the induced stresses 

can be tailored to mimic varying wind load conditions. To expedite the testing process, 

the spindle speed could be increased, thus achieving a greater number of cycles in a 

reduced timeframe. For subsequent fatigue analysis, the rainflow counting method 

(Amzallag et al. 1994) can be applied to the measured stress cycles, and fatigue 

damage can be calculated.  

 

 

Figure 6.6: Stress-time data for a drilled specimen  

 

 

Figure 6.7: Stress-time data for a non-drilled specimen 
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6.3.3 Conclusions 

The study analysed the fatigue behaviour of S355G10+M specimens across different 

thicknesses, with findings consistent with established design codes. Stress 

concentrations resulting from welding in areas like notches and pits greatly influenced 

fatigue, with the stress concentration factor directly correlating to fracture locations in 

fatigue tests. The effects of pits and welds were found to be compounded when present 

simultaneously. Fatigue strength was further influenced by factors like residual 

stresses, misalignment in the butt-welded joint, and slight geometric imperfections. 

Axial misalignment, distortion, and residual stress also played crucial roles in affecting 

the material performance of S355G10+M structural steel in offshore wind turbine 

support structures. Using a milling machine tool for fatigue testing enabled the 

simulation of varied cyclic loading conditions particular to offshore wind turbine 

monopiles, offering a more dynamic testing approach that accounts for varying wind 

conditions. 
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Chapter 7 

Corrosion surface morphology-based 

methodology for fatigue assessment 

This chapter assesses fatigue at the weld under corrosive conditions using a unique 

corrosion-based fatigue model for fatigue life evaluation of offshore welded structures. 

The original contribution of this study is a corrosion factor concept that accounts for 

the effects of corrosion pits on welded S355 steel fatigue performance. Image analysis 

techniques were employed to characterise the corrosion pit surface roughness, size, 

and aspect ratio. The corrosion factor was calculated utilising the pit size, aspect ratio, 

and surface roughness using notch and surface fatigue theories. Critical pit fatigue S-

N curves were predicted and compared to fatigue standards. The novel corrosion 

characterisation approach and corrosion-based fatigue model for fatigue S-N curve 

prediction showed promise in estimating offshore structural life. Hence, it could 

subsequently be applied in the prediction of corrosion-fatigue in HAOWT when 

coupled with fatigue damage assessments.  

 

7.1 X-ray computed tomography 

The corrosion characteristics of welded S355J2+N steel samples that were pre-

corroded were performed. This grade of steel has the same mechanical and chemical 

properties as S355G10+M (details reported in Appendix C1), with the minor 

difference being that S355J2+N has wider applications in offshore structures, whereas 

S355G10+M is specific to offshore wind turbines (Igwemezie et al. 2019). Thus, the 

use of S355J2+N structural steel helps the corrosion-fatigue model to have broader 

applications in offshore welded structures. To mimic the corrosive conditions of a 

realistic offshore setting, salt spray chamber conditions were applied to lab-scale dog-

bone-shaped welded specimens. Although corrosion typically evolves over time, the 

focus of this study was on the impact of specific corrosive environments. The 

specimens were assessed under salt spray chamber conditions and compared with the 

same structural steel tested under both salt spray chamber and artificial seawater 

corrosive conditions for validation in accordance with the standard (DNV 2016a).
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Excess weld metal can provide reinforcement to a weld joint and can induce stress 

concentrations if not well machined. However, Figure 7.1 depicts a sample in which 

excess welded material was well machined off prior to the corrosion. It was the 

intention that only stress concentration factors from pits to be analysed. 

 

Figure 7.1: Pre-corroded S355J2+N structural steel specimen. 

 

The S355J2+N sample was subjected to X-ray computed tomography scanning to 

characterise its pre-corroded surface. A Zeiss Xradia 520 Versa was employed for the 

scans, utilising an X-ray energy level of 160 keV and an exposure duration of 13 s. A 

total of 3601 projections were collected, encompassing a 360-degree rotation of each 

sample. These projections were captured on a 2k × 2k pixel charge-coupled device 

detector. Reconstruction of the scans was performed using the Feldkamp, Davis, and 

Kress filtered back projection algorithm (Feldkamp et al. 1984). The reconstructed 

volumes had dimensions of 2k × 2k × 2k with a voxel size of 12.63 µm. Following the 

completion of the scanning process, 3-D renderings were produced by applying a 

constant threshold to the reconstructed volumes, as shown in Figure 7.2a - 7.2c. This 

approach facilitated a detailed examination of both the structure of the specimen and 

corrosion-induced defects. This study focused on the HAZ to identify areas most 

susceptible to fatigue-prone crack initiation regions in welds, as found in previous 

studies (International Institute of Welding 2008; Köder, Bohlmann 2014; Kolios et al. 

2019; Sorger et al. 2018). For corrosion characterisation, Avizo 3-D software (Thermo 

Fisher Scientific 1995) was used. This allowed for the visualisation of corroded 

surfaces based on a segmentation process. A consistent threshold masking value of 

47,000 was applied across all scans. The generated 3-D surfaces were left unsmoothed 

to offer a realistic view of the actual surface, as depicted in Figure 7.2d.
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Figure 7.2: a-c) Corroded specimens obtained from 3-D CT scanning of a corroded 

sample, d) Segmented surface in Avizo. 

The GOM Inspect software (ZEISS Group 2021) was utilised to analyse the pre-

corroded 3-D surface. The software aligned this corroded model to its uncorroded 

counterpart using the uncorroded edges as reference points. Following the alignment, 

a surface deviation contour map was generated. The pit depth (a) was determined based 

on the calculated surface deviation values. Additionally, the pit diameter (D) was 

identified and characterised by a circular shape at the surface. This methodology was 

applied to analyse several pits that were critical in terms of their large diameter and 

great aspect ratio (a/D). 

 

7.2 Surface roughness estimation using a python code 

An evaluation of the surface roughness of the corroded samples was carried out using 

Python code (Python Software Foundation 2022) developed by Klingaa et al. (2019). 

This tool employs a fitted-ellipse method grounded in a geometry-fitting technique, 

enabling both qualitative and quantitative assessments of the corroded surface of the 

specimen (Klingaa et al. 2019). The effectiveness of this method depends on the 

quality of the computed tomography scans. For this study, high-quality scans were 

used to improve the efficiency of the method. An image stack was manually added to 

the ImageJ software (Ferreira, Rasband 2018). Python code was then executed after
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 setting a threshold value in ImageJ, thereby automating the subsequent image analysis 

and computations. The Python script produced 3-D scatter plots that utilised the 

vertices of meshed surfaces to visualise both the computed tomography scanned 

surface and fitted elliptical surface. The first step involved importing 1178 image 

stacks into ImageJ to establish a segmentation threshold. These image stacks were 

categorised into two groups: steel elements (pixels with grayscale values above the 

threshold, representing the denser material) and air (pixels with grayscale values below 

the threshold, representing the less dense material). The Renyi Entropy function within 

ImageJ was used to refine the segmentation of the grayscale images into the features 

of interest and the background. Subsequently, these segmented image stacks were 

imported into the Python code, and analyses were conducted based on the established 

segmentation thresholds. Finally, standard ISO 25178-2:2021 guidelines 

(International Organization for Standardisation 2021) were followed to generate 

parameters describing the surface texture. 

 

7.3 Corrosion-based fatigue methodology and model 

In Figure 7.3, a methodology based on corrosion surface morphology is presented for 

evaluating the fatigue life of welded steel in offshore applications exposed to corrosive 

environments. This methodology involves three main components: corrosion 

characterisation, fatigue modelling, and the prediction of S-N curves. Corrosion 

characterisation entailed the identification of the pit size, pit shape (aspect ratio), and 

surface roughness at the corroded pit locations. The identified parameters (size, aspect 

ratio, and surface roughness) were subsequently utilised as inputs in a fatigue model. 

This model followed the endurance limit approach applied in a previous study 

(Serjouei, Afazov 2022). 

The model incorporated a notch theory to consider the effects of pit size and aspect 

ratio, focusing on the notch sensitivity of the material. Additionally, the surface 

roughness resulting from corrosion was integrated into the fatigue model using a 

surface theory. Details on how the corrosion factors were incorporated into the 

Basquin equation are provided below. The fatigue model was developed to predict S-

N curves based on the inputs derived from corrosion characterisation.   
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Figure 7.3: Corrosion-based fatigue methodology. 

This model highlights the significance of surface corrosion and welding-induced 

defects on the fatigue strength of the material. In industrial settings, the endurance 

limit approach is commonly employed. This approach differentiates between a high-

cycle fatigue region at 106 cycles, where the stress amplitude generally remains stable 

at the endurance limit of the material, and a low-cycle fatigue region at 103 cycles, 

where the stress amplitude decreases as the cycle count increases. Equation 6.1 

indicates that, at 103 cycles, the material's fatigue strength is approximately 90% of its 

UTS. The endurance limit approach states that the material can withstand stress levels 

close to its full strength before fatigue is set in at these lower cycles. Equation 6.2 

shows that, at 106 cycles, the material's fatigue strength was approximately equal to 

half its UTS. These approximations for the endurance limit of 0.9 and 0.5 are based on 

empirical observations and experimental data, particularly for ferrous alloys 

(Bannantine et al. 1990), and are given by: 
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𝜎𝑎
𝑓

(𝑁 = 103) = 0.9 × 𝜎𝑢   at 103 cycles     (6.1) 

𝜎𝑎
𝑓

(𝑁 = 106) = 0.5 × 𝜎𝑢   at 106 cycles     (6.2) 

where 𝜎𝑎
𝑓
 is the fatigue stress amplitude, N is the number of cycles, and 𝜎𝑢 is the UTS. 

The mean stress effect, 𝜎𝑚, using the Goodman approach is introduced together 

with a newly defined corrosion factor, 𝑓𝑐  , into Equation 6.2 to obtain Equation 6.3. 

𝜎𝑎
𝑓

= 0.5𝑓𝑐𝜎𝑢(1 −
𝜎𝑚

𝜎𝑢
)   at 106 cycles     (6.3) 

The impact of the pit morphology and surface roughness determines the corrosion 

factor. Considering both the corrosion factor and the effect of mean stress, as 

represented by the stress ratio R which is not applied in low cycle region because there 

is no failure but applied at the high cycle region where there is failure, the fatigue 

model based on the endurance limit is presented in terms of a stress range, 𝜎𝑟
𝑓
 

(Serjouei, Afazov 2022; Okenyi, Afazov, et al. 2023) as: 

𝜎𝑟
𝑓

= 1.8𝜎𝑢   at 103 cycles      (6.4) 

𝜎𝑟
𝑓

=
𝜎𝑢𝑓𝑐

1+0.5𝑓𝑐(
1+𝑅

1−𝑅
)
    at 106 cycles     (6.5) 

The corrosion factor reduced both the endurance limit at 106 cycles and the mean stress 

owing to the pitting and tensile mean stresses, respectively. Equations 6.4 and 6.5 are 

then used to generate two data points that correspond to the S-N curves at 103 and 106 

cycles, respectively. Subsequently, these two data points were incorporated into the 

Basquin equation (Equation 6.6). This integration allowed for the derivation of the 

material fitting constants denoted as A and n. 

𝜎𝑟
𝑓

= 𝐴𝑁𝑓
𝑛       (6.6) 

The corrosion factor 𝑓𝑐 , is defined to represent both the shape of the pit, including its 

size and aspect ratio, as well as the surface roughness at the pit location. To capture 

these characteristics, 𝑓𝑐 , is formulated as the product of a notch factor, 𝑓𝑛 and a surface 

factor, 𝑓𝑠 , as given by: 

 𝑓𝑐 = 𝑓𝑛𝑓𝑠        (6.7) 
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The notch factor, 𝑓𝑛, is determined by considering the pit as a notch on the corroded 

surface, as per the notch theory (Peterson 1945), and it is given by:  

𝑓𝑛 =
1

𝑘𝑓
      (6.8) 

Equation 6.8 shows the relationship between the notch 𝑓𝑛 and the fatigue stress 

concentration factor 𝑘𝑓. Since the fatigue stress concentration factor, 𝑘𝑓, represents 

how much stress is amplified by a pit or notch under cyclic loading. Its inverse would 

be the fraction of the real stress to the amplified stress. Thus, the range of 𝑓𝑛  's validity 

was between 0 and 1. The notch sensitivity of the material, q, and the static stress 

concentration factor, 𝑘𝑠𝑐𝑓, can be used to calculate the fatigue stress concentration, as 

shown in Equation 6.9 (Sines et al. 1959). 

𝑘𝑓 = 1 + (𝑘𝑠𝑐𝑓 − 1)𝑞       (6.9) 

The notch sensitivity, q, is dependent on the diameter of the notch, D, (Peterson 1945) 

and is given by: 

𝑞 =
1

1+
𝐶𝑚

𝐷

        (6.10) 

The static stress concentration, 𝑘𝑠𝑐𝑓, for a notch with an aspect ratio (a/r or a/0.5D) is 

given by (Peterson 1945): 

𝑘𝑠𝑐𝑓 = 1 + 2√
𝑎

0.5𝐷
       (6.11) 

After substituting Equations 6.9 – 6.11 into Equation 6.8 and rearranging, the notch 

factor can be given by: 

𝑓𝑛 = 1 −
2√2𝑎𝐷

𝐷+𝐶𝑚+2√2𝑎𝐷
      (6.12) 

Peterson (1945) established that the notch sensitivity of steel is dependent on its UTS. 

An average UTS value of 546 Mpa was reported for S355 steel in Table 3.2. The 

material constant 𝐶𝑚, was determined to be 1.05 and was obtained through curve 

fitting to the notch sensitivity data, as depicted in Figure 7.4. 
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Figure 7.4: Notch sensitivity factor for fitting material constant. 

Surface factor 𝑓𝑠  is determined to be dependent on the UTS and the average surface 

roughness 𝑅𝑎 (Serjouei, Afazov 2022). The validity range for 𝑓𝑠  differs based on the 

material type, surface finish, and specific 𝑅𝑎 measurements. Typically, 𝑓𝑠  values 

ranged between 0.5 and 1. A value of 1 signifies that surface roughness does not 

detrimentally impact fatigue strength, whereas values less than 1 indicate a decrease 

in fatigue strength due to the surface finish. This relationship is illustrated in Figure 

7.5. After obtaining 𝑓𝑠  values from Figure 7.5 and 𝑓𝑛 values from Equation 6.12, these 

were incorporated into Equation 6.7 to calculate 𝑓𝑐 . Subsequently, 𝑓𝑐  was inserted into 

Equation 6.5 to determine the stress range, given that the UTS and R values of the steel 

material were known. Utilising Equation 6.6, an S-N curve was generated for each 

analysed pit. 

 

Figure 7.5: Fatigue surface factor plotted against UTS and surface roughness 

(Serjouei, Afazov 2022).
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7.4 Results and discussion of corrosion surface morphology-based 

methodology for fatigue assessment 

7.4.1 Pit characterisation in heat-affected zones 

Surface deviations were calculated for both the corroded and uncorroded specimens in 

two HAZs (HAZ 1 and HAZ 2), as depicted in Figure 7.6. For the uncorroded 

specimens, the surface deviations at both HAZ 1 and HAZ 2 were found to be within 

a range of ±40 µm. However, the corroded specimens exhibited significantly higher 

surface deviations, reaching ±400 µm in the HAZs. A demarcation line between the 

weld and HAZ regions revealed different rates of material loss owing to corrosion in 

these zones. 

More pits were observed in the HAZ regions than in the weld areas, as shown in 

Figures 7.6b and 7.6d. This observation suggests that the weld regions possessed 

higher resistance to corrosion than the HAZ regions. Although it was not definitively 

determined, there is a possibility that the heat from welding caused microstructural 

changes and contributed to the HAZ being more susceptible to pitting corrosion. This 

is an area for future research. Ten critical pits in each HAZ were measured and 

analysed. The diameters of these pits were characterised by fitting a circular shape to 

the pit surfaces. Additionally, the depths were recorded by measuring the surface 

deviation from the top of each pit to its centre, as exemplified in Figure 7.7. 

 

Figure 7.6: Surface deviation plot for a) uncorroded HAZ 1, b) corroded HAZ 1, c) 

uncorroded HAZ 2, and d) corroded HAZ 2.
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Figure 7.7: Pit diameter and depth obtained on the actual pit surface. 

7.4.2 Surface roughness and pit depth probability analysis of 

corroded S355 steel 

Surface roughness measurements were conducted on the steel surface to evaluate the 

textures of the corroded samples. These measurements are depicted in Figure 7.8, 

while Figure 7.9 shows the statistical analysis of the probability distribution related to 

random variable depth to further understand the nature of pits i.e., the probability 

density of the depth measurements. The characteristics of the surface texture were 

identified, and the surface properties are listed in Table 7.1, according to ISO 25178-

2:2021 (International Organization for Standardisation 2021).  

 

Figure 7.8: Surface deviation from the corroded sample. 
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Table 7.1: Calculated surface properties for corroded surfaces.  

Property Values 

Voxel size 12.6338 µm 

Sa - arithmetical mean height of the surface compared to the mean plane of the 

surface ≈ Ra 
43.68 µm 

Sq -root mean square height of the corroded surface 57.43 µm 

S40z - Average maximum height 402.81 µm 

Ssk - skewness of the observed surface -0.203 

Sku - measure of the sharpness of the surface roughness 3.648 

Sp - highest peak observed within the sampling area 183.83 µm 

Sv - deepest valley observed within the same sampling area -223.84 µm 

 

 

Figure 7.9: Probability density distribution of variable Z (x, y) for the pre-corroded 

specimen (normal distribution). 

 

Given that Sa is an area-based parameter and Ra is line-based, the corrosion surface in 

this study was assumed to lack directional bias, making Ra similar to Sa. A Ra value of 

43.68 µm was recorded and incorporated into the corrosion-based fatigue model. The 

skewness 𝑆𝑠𝑘  was measured to be -0.203, which is less than zero, indicating that most 
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measurement points lay above the mean plane and that the valleys were deeper than 

the peaks. This was consistent with the expectations for a corroded surface that forms 

pits.  

Kurtosis 𝑆𝑘𝑢 was measured to be 3.648, a value greater than 3, suggesting a sharply 

textured surface. Both skewness and kurtosis values are essential for determining the 

nature of localised corrosion or pit formation. The negative skewness in the probability 

density function indicates the presence of deeper, less frequent pits on the surface. The 

kurtosis value indicated a long tail distribution in statistical terms, which is expected 

when there are less frequent but deep pits. These findings agree with prior studies that 

characterised corrosion (Nugroho et al. 2021; To et al. 2018). Therefore, Figure 7.9 

presents the probability density distribution of variable Z (x, y) for the pre-corroded 

specimen for the salt spray chamber corrosive condition. For comparison, a previous 

study reported a Ra value of 16.5 µm after 80 days in salt spray chamber 

(Gkatzogiannis et al. 2019). A 43.68 µm Ra value obtained in this study for 365 days 

means we have comparable Ra values. While acknowledging that corrosion modifies 

both the surface topology and texture over time, corrosion can be affected by additional 

factors such as salinity, temperature, and oxygen concentration. 

7.4.3 Predicted S-N curves for corrosion-fatigue assessment 

The measured pit properties were applied to the corrosion-based fatigue model 

(Section 6.3) to predict SN curves. Table 7.2 shows the characterisation of pit 

properties along with associated fatigue-related factors. Pits were randomly chosen 

based on their diameter and depth, as measured in Figure 7.7, and were selected from 

both HAZ locations to represent both shallow and deep pits. The corrosion-based 

fatigue model used in this study predicted that cracks would originate from a pit with 

a circular shape at the surface, establishing that the static stress concentration factor at 

the surface is 3. Pits with an aspect ratio less than one were categorised as shallow, 

whereas those with an aspect ratio greater than one were identified as deep pits. For 

the deep pits, the static stress concentration exceeded 3, and the location of the 

maximum stress was at the bottom of the pit when viewed from the surface. In contrast, 

for shallow pits, the maximum stress was located at the circular surface shape of the 

pit, maintaining a static stress concentration factor of 3. 



7.4 Results and discussion of corrosion surface morphology-based methodology for fatigue 

assessment 

Page | 116  
 

Values for the notch sensitivity factor were derived from Figure 7.4 and adapted for 

S355 structural steel, taking into account the pit diameter. The fatigue stress 

concentration factor, 𝑘𝑓 values were calculated by inserting the known notch 

sensitivity factor, q, and static stress concentration factor  𝑘𝑠𝑐𝑓 into Equation 6.9. A 

surface factor of 0.67 was determined by correlating the measured average surface 

roughness, Ra of 43.68 µm from Table 7.1, with the UTS of 546 MPa, as shown in 

Figure 7.5. The notch defect factor 𝑓𝑛 values were acquired by integrating the fatigue 

stress concentration factor, 𝑘𝑓 into Equation 6.8. Consequently, the corrosion factor 𝑓𝑐  

values were computed using Equation 6.7 as a product of the 0.67 surface factor and 

the notch defect factor. 

Table 7.2: Pit measurements and estimated corrosion factors. 

Zone 

Pit 

diameter, 

D (mm) 

Aspect 

ratio, 

a/r 

Pit 

Type 

Static 

SCF, 

Kscf 

Notch 

sensitivity 

factor, q 

Fatigue 

SCF, Kf 

Notch 

defect 

factor 

(fn) 

Corrosion 

factor, fc 

(0.67x fn) 

HAZ 

1 

0.838 1.0853 Deep 3.084 0.66 2.375 0.421 0.282 

1.001 0.2970 Shallow 3 0.67 1.730 0.578 0.387 

0.307 0.7505 Shallow 3 0.515 1.892 0.528 0.354 

0.938 0.8656 Shallow 3 0.66 2.228 0.449 0.301 

0.659 1.0801 Deep 3.079 0.63 2.309 0.433 0.290 

0.291 2.1094 Deep 3.905 0.61 2.772 0.361 0.242 

0.612 1.1267 Deep 3.123 0.65 2.380 0.420 0.281 

0.792 0.7550 Shallow 3 0.64 2.112 0.473 0.317 

0.428 1.4067 Deep 3.372 0.609 2.445 0.409 0.274 

0.315 1.2042 Deep 3.195 0.54 2.185 0.458 0.307 

HAZ 

2 

0.351 1.4131 Deep 3.378 0.58 2.379 0.420 0.281 

0.259 1.7866 Deep 3.673 0.57 2.524 0.396 0.265 

0.323 1.5120 Deep 3.459 0.575 2.414 0.414 0.277 

0.511 1.7226 Deep 3.625 0.65 2.706 0.370 0.248 

0.672 0.9221 Shallow 3 0.62 2.191 0.456 0.306 

0.533 0.9765 Shallow 3 0.585 2.156 0.464 0.311 

1.207 0.8089 Shallow 3 0.69 2.241 0.446 0.299 

0.309 2.1242 Deep 3.915 0.62 2.807 0.356 0.239 

0.175 2.9473 Deep 4.434 0.585 3.009 0.332 0.222 

0.605 1.1816 Deep 3.174 0.63 2.370 0.422 0.283 
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The range of the corrosion factors for the deep pits was identified to be between 0.222 

and 0.307. The minimum corrosion factor was considered to be the most critical defect, 

theoretically indicating where crack initiation should occur. However, in practice, 

other analysed critical pits could also serve as initiation points. Two S-N curves were 

generated using corrosion-based fatigue models, as described in Section 6.3.  

This curve utilised the minimum and maximum corrosion factors (0.222 and 0.307) 

and were then compared with experimental S-N data points collected at stress ratios of 

R=0.5 and R=0.1. The fatigue tests conducted in this chapter were mainly referenced 

from the existing literature and were selected to fit the specific corrosion conditions 

under consideration. The experiments focused on the evaluation of the surface 

roughness and computed tomography scanning of the specimens. The innovation lies 

in the development of a fatigue model to clarify the relationship between pitting 

corrosion and fatigue, aiming to predict the fatigue strength in structural steel. 

Fatigue testing was conducted on specimens of S355J2+N that were subjected to butt 

welding at the Technical University of Denmark (Ólafsson et al. 2016). The 

experiments were conducted in the laboratory at room temperature. The specimens 

were subjected to axial tension-tension fatigue testing. The experiments were 

conducted using stress ratio of R=0.5. For these specimens, the welded material was 

machined to replicate ideal conditions and ensure that the specimens could be 

accommodated within the testing apparatus. The specimens were tested in an artificial 

seawater corrosive environment while using a cooling unit throughout the duration of 

the test. The experiment was carried out at a frequency of 8 Hz (Ólafsson et al. 2016). 

For specimens tested at R=0.1, they remained in the as-welded condition. They were 

subjected to a pre-corrosion process in a salt spray chamber corrosive environment for 

a duration of 10 days, after which they were subsequently evaluated in dry conditions. 

The experiments were carried out at a high frequency of 110 Hz (Gkatzogiannis et al. 

2019), and failure in all fatigue tests occurred by complete rupture. The frequency of 

8 Hz for axial tension-tension fatigue tests balanced realistic operational conditions 

with reasonable testing duration, allowing the artificial seawater environment to 

interact with the material. However, 110 Hz high-frequency testing was developed to 

quickly assess fatigue life after a salt spray chamber pre-corrosion process. Both 



7.4 Results and discussion of corrosion surface morphology-based methodology for fatigue 

assessment 

Page | 118  
 

frequencies collected useful data under different environmental and operational 

conditions, improving fatigue performance understanding.  

Figure 7.10 contains the predicted S-N curves and the outcomes of all fatigue test 

series related to the mean stress range values. To maintain consistency, the fatigue 

strength at 5 × 106 cycles was utilised for both the predicted and experimental data. 

Nonetheless, the projected S-N curve adhered to the guidelines outlined in the fatigue 

design standard (DNV 2016b), wherein the fatigue strength was determined based on 

the measurement obtained at 2 × 106 cycles. 

 

 

Figure 7.10: Predicted and experimental S-N curves compared with fatigue code. 
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−0.273

𝜎𝑟
𝑓 = 7729.6 𝑁𝑓

−0.295
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The predicted mean S-N curves for R values of 0.5 and 0.1, representing the minimum 

corrosion factor (MIN CORROSION FACTOR) value, were natural with the data 

points of curve D in the DNVGL-RP-C203 (DNV 2016b) fatigue design standard 

which was already at mean minus two standard deviations. The rationale for selecting 

the curve from the code (detail category D4) in this study was based on the similarity 

between the background and conditions of the curve for this study. The results were 

generated from fatigue tests on butt-welded specimens under corrosive conditions 

which is the same as the conditions of the material utilised for prediction in this 

research. The outcomes derived from the forecasts with R values of 0.5 and 0.1, 

representing the maximum corrosion factor value (MAX CORROSION FACTOR), 

are depicted in Figure 10 (data detailed in Appendix C2). These results were verified 

through fatigue tests conducted on S355J2+N specimens exposed to corrosive 

conditions.  

The findings obtained in the high-cycle and low-stress range zones provide evidence 

of the impact of the corrosive environment.  At a fatigue life of 2 × 106 cycles and a 

stress ratio (R) of 0.5, the predicted fatigue strength was 107 MPa, whereas the tested 

fatigue strength was 126 MPa. At a fatigue life of 2 × 106 cycles and a stress ratio (R) 

of 0.1, the estimated and experimentally determined fatigue strengths are 126.3 MPa 

and 130 MPa, respectively, as depicted in Figure 7.11. A comparison between the 

predicted and experimental test results show the considerable potential of the proposed 

technique for accurately predicting the fatigue strength of corroded structural steel. 

Furthermore, this methodology can be effectively utilised in the assessment of fatigue 

in welded marine structures. The prediction achieved at R of 0.1 exhibited higher 

accuracy compared to the prediction obtained at R of 0.5. This subtle variation can 

perhaps be attributed to differences in the corrosive environment and test frequency to 

which the specimens were exposed. In this chapter, the strength of the proposed model 

to account for the influence of mean stress, a crucial factor in evaluating the fatigue 

life of maritime structures under cyclic loading conditions, has been demonstrated. 
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Figure 7.11: Comparison of predicted and experimental fatigue strengths. 

 

7.4.4 Conclusions 

The proposed corrosion-based fatigue methodology provided a commendable 

prediction for the S-N curve of corroded S355J2+N welded steel, aligning closely with 

laboratory fatigue tests. Specifically, the model exhibited a minor deviation of 2.8% at 

stress ratio R = 0.1 and a more pronounced 15.1% deviation at R = 0.5 under corrosive 

conditions. Moreover, the corroded surface characterization revealed critical defects, 

especially deep pits in the HAZ, with corrosion factors ranging from 0.222 to 0.307. 

This straightforward characterisation approach, which encompassed measurements of 

pit diameter, depth, and surface roughness, offers practical utility for inspecting large 

HAOWTs. Importantly, the model's ability to account for mean stress effects enhances 

its utility for realistic fatigue assessments under variable wind and wave-induced stress 

fields.
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Chapter 8 

Remaining life prediction of corrosion-fatigue 

in offshore wind turbines support structure  

This chapter provides an in-depth focus on the demonstration of the prediction of the 

remaining life of corrosion-fatigue in the support structures of offshore wind turbines 

considering mechanical and environmental conditions. The 15 Megawatt HAOWT, 

with its detailed description of the already provided in Chapter 4 is utilised for 

corrosion fatigue damage assessment and remaining life demonstrations. An open-

source data from the Westermost Rough offshore wind farm has been incorporated 

into the novel corrosion-fatigue damage theory obtained in this research. Thus, the 

details of its installation site, load parameters including wind and wave data, are 

provided. The theoretical foundations of corrosion-fatigue damage, employing key 

models and theories relevant to the study, were subsequently discussed. This was 

followed by the application of rainflow counting techniques and fatigue damage 

assessment methods to the wind and wave data, laying the groundwork for subsequent 

corrosion-fatigue life predictions. The chapter concludes with discussions on the 

remaining life of HAOWT support structures, specifically analysing their fatigue 

damage based on wind and wave data. Overall, the chapter synthesised theory, 

empirical data, and analytical methods to offer informed predictions about the impact 

of corrosion-fatigue on the remaining life of offshore wind turbine support structures, 

informed by works from Chapters 4 to 7. 

 

8.1 Meteorological data and load parameters  

8.1.1 Installation site 

Open-source data from the Marine Data Exchange provides wind speed and direction 

data in 2014 from the station at the Westermost Rough offshore wind site located at 

the coordinates 53.804480°N, 0.132848°E as illustrated in Figure 8.1. The North Sea 

which has the highest concentration of offshore wind turbines in Europe (Wind 

Europe, Wood Mackenzie 2020). This chapter demonstrates a validation scenario 
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where the considered 15 Megawatt HAOWT in this study is installed in the North Sea 

to determine its corrosion fatigue damage and estimate its remaining life incorporating 

the developed corrosion-fatigue damage theory to conclude this research. 

 

Figure 8.1: Location of installation site and measurements (Courtesy Google maps) 

8.1.2 Wind data 

Open-source data from the Marine Data Exchange provides wind speed and direction 

data for every 10 min from the Westermost rough offshore wind site is presented in 

Figure 8.2 (Appendix E1). A total of 48,379 data points were obtained after processing 

of data to represent 1-year data. The wind data were obtained at different heights. 

Based on the HAOWT under consideration, wind is experienced on the tower and the 

rotor-nacelle-assembly. Additionally, the wind experienced by the rotor-nacelle-

assembly includes the consideration of the blade swept area. Averagely, based on the 

area exposed to wind, the rotor-nacelle-assembly including the blade swept area, 

experiences higher values of wind speed in Figure 8.2. the maximum wind speed 

observed was 30.5 m/s. Subsequently, the wind load on rotor and wind load on tower 

is estimated using Equation 4.1 and 4.2 respectively. 
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Figure 8.2: Wind speed versus time data for 1-year. 

The statistics of wind data across eight different directions (north, northeast, east, 

southeast, south, southwest, west, and northwest directions) were determined to 

provide insight using Weibull distribution (Detailed in Appendix E2). In offshore 

environments, wind direction consistency is crucial for optimizing turbine 

performance and ensuring durability against repeated wind loads. From Table 8.1, 

based on the probability of mean wind speed occurrence, the highest probabilities are 

for the Southwest and West directions, both at 0.23. This suggests that these are the 

dominant wind directions at the site. In contrast, Northeast has the lowest probability 

of occurrence, which might indicate that wind rarely comes from this direction as also 

observed from Figure 8.3. This will serve to optimally orient the HAOWT to harness 

the most energy from these prevailing winds if installed at the location under 

consideration. 

The Southwest direction has the highest scale parameter (11.92), which, combined 

with its high probability, suggests this direction not only occurs frequently but also 

often brings higher wind speeds. Northeast direction has the lowest scale parameter, 

indicating that winds from this direction are both infrequent and generally slower. 

With the values of shape parameter usually in the range of less than 2 or greater than 

2, most values are greater than 2, indicating a general consistency in wind speed for 

all directions. However, Southwest direction has the highest shape parameter (2.465), 

suggesting that it has the most consistent wind speeds compared to other directions. 
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The Southwest direction has the highest mean wind speed of 10.59 m/s which 

corresponds to the rated wind speed of the HAOWT which is its design speed at which 

there is maximum power production, reinforcing its importance as a key direction for 

energy production at this site. Northeast has the lowest mean wind speed (Figure 8.3), 

which combined with its low probability of occurrence, indicates it contributes least 

to the potential energy production at the site. 

 

Table 8.1: Weibull distribution for wind data 

Direction 
Probability of 

occurrence 

Scale 

parameter 

Shape 

parameter 

Mean wind 

speed (m/s) 

North 0.11 9.73 1.888 8.61 

Northeast 0.06 6.66 2.319 5.9 

East 0.08 6.66 2.232 5.9 

Southeast 0.08 7.35 1.853 6.51 

South 0.1 9.83 1.836 8.73 

Southwest 0.23 11.92 2.465 10.59 

West 0.23 11.54 2.441 10.25 

Northwest 0.11 8.9 2.219 7.89 

 

 

Figure 8.3: Wind data directional probability based on 1-year wind data. 
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8.1.3 Wave data 

Figure 8.4 illustrates the wave height as a function of time, showcasing data derived 

from genuine average measurements obtained from the North Sea (Bonaduce et al. 

2019; Jörges et al. 2021). The graphical representation underscores the variability and 

randomness of oceanic waves, a crucial parameter for offshore wind turbine 

considerations. The accompanying data shows wave height fluctuating between 0.09 

and 8.4 m (Jörges et al. 2021), mirroring average recorded values from the north sea. 

According to IEC 61400-3 standard (British Standards Institution 2019c) 

recommendations, it is evident that the significant wave height, in conjunction with 

the wave peak spectral period, stands as the paramount wave parameters necessary for 

approximating wave-induced loads on offshore wind turbine support structures. It's 

imperative to understand that the depicted wave data was synthesized employing 

principles from the Pierson-Moskowitz spectrum (Appendix E3) for wave parameters 

modelling. This computational approach, married with actual measurement range, 

serves as an effective method to simulate real-world wave conditions. 

 

 

Figure 8.4: 1-year generated wave data based on recorded wave height in North Sea.

0

1

2

3

4

5

6

7

8

9

10
0 1

0
0

0
0

0
0

2
0

0
0
0
0

0

3
0

0
0
0
0

0

4
0

0
0
0
0

0

5
0

0
0
0
0

0

6
0

0
0
0
0

0

7
0

0
0
0
0

0

8
0

0
0
0
0

0

9
0

0
0
0
0

0

1
0

0
0
0
0

0
0

1
1

0
0
0
0

0
0

1
2

0
0
0

0
0

0

1
3

0
0
0

0
0

0

1
4

0
0
0
0

0
0

1
5

0
0
0
0

0
0

1
6

0
0
0
0

0
0

1
7

0
0
0
0

0
0

1
8

0
0
0
0

0
0

1
9

0
0
0
0

0
0

2
0

0
0
0
0

0
0

2
1

0
0
0
0

0
0

2
2

0
0
0
0

0
0

2
3

0
0
0
0

0
0

2
4

0
0
0

0
0

0

2
5

0
0
0

0
0

0

2
6

0
0
0
0

0
0

2
7

0
0
0
0

0
0

2
8

0
0
0
0

0
0

W
av

e 
h

ei
g

h
t (

m
)

Time (s)



8.2 Corrosion-fatigue damage theory  

Page | 126  
 

8.2 Corrosion-fatigue damage theory  

To facilitate the prediction of the remaining life of the HAOWT support structure with 

respect to the corrosion-fatigue, a novel corrosion-fatigue damage theory was 

developed (Figure 8.5). Wind force (from wind speed versus time) and wave force 

(from wave period-wave height versus time data) are analysed and input into the 

analytical model (Section 4.3). The analytical model already exists for the HAOWT 

based on the beam theory, where cyclic bending stresses in tension and compression 

are obtained in the support structure (tower and monopile) zones as a function of time 

from which stress versus time history data is obtained. Also, from finite element 

modelling, stresses in the HAOWT support structure were predicted to determine the 

most critical zones under the influence of uniform corrosion.  

For material characterisation, the endurance life approach was applied through the 

integration of a corrosion factor into the endurance limit equations in the corrosion 

characterisation study. Experimental tests were conducted on pre-corroded welded 

specimens of S355 structural steel, which is commonly employed in HAOWT support 

structures. Subsequently, we generated a novel S-N curve that encapsulated the effects 

of corrosion, stress concentration. Residual stresses are incorporated into S-N curves 

by adjusting for its influence on mean stress and stress range. This curve was further 

validated through fatigue testing methods under corrosive conditions. 

In the subsequent analytical damage quantification, we employed rainflow cycle 

counting algorithms to dissect the stress-time history, thereby ascertaining both the 

range and frequency of stress cycles. This procedural step was instrumental in 

projecting the operational life cyclic stresses of the HAOWT. The application of 

Miner's rule for fatigue damage facilitated the computation of cumulative damage by 

summing the ratios of actual cycles to the cycles leading to failure, based on the newly 

established S-N curve.  

Finally, the quantified corrosion-fatigue damage values were transferred to the 

analytical worksheets. These values served as key metrics for estimating the remaining 

operational life of the HAOWT support structures, factoring in their expected 

operational years. This comprehensive approach effectively bridges the gap between 

theoretical models and real-world conditions, providing a robust methodology for 

predicting corrosion-fatigue in offshore wind turbines. 
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Figure 8.5: Corrosion-fatigue assessment damage theory. 

 

8.3 Results and discussion of corrosion-fatigue remaining life 

prediction demonstration  

8.3.1 Stress versus time history results 

The stress versus time history obtained from the application of the wind and wave data 

(Section 8.1.2 and 8.1.3) is presented in Figure 8.6. This figure particularly illustrates 

the stress time history in the splash zone of the 15 Megawatt HAOWT subjected to the 

dynamic forces of wind and waves. The splash zone is the region of a marine structure 

that is intermittently submerged and exposed due to wave action, making it particularly 

vulnerable as observed from uniform corrosion effects (Chapter 4). The stress values 

fluctuate between approximately -35.5 MPa and 68 MPa. This considerable range 
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demonstrates the highly variable nature of the loads experienced in the splash zone, 

with both tension (positive stress) and compression (negative stress) observed. It is 

evident that the majority of the stress values lie in the positive range, indicating that 

tensile cyclic stresses dominate the splash zone's response under the combined effects 

of wind and wave loading.  

 

Figure 8.6: Stress versus time data from wind and wave load application to 15 

megawatt HAOWT. 

8.3.2 Rainflow counting 

The Rainflow cycle counting approach (Amzallag et al. 1994) was utilised to 

determine the overall quantity of stress cycles associated with stress range bins, as well 

as to generate a stress range distribution using rainflow matrices. The Rainflow cycle 

counting algorithm is described in detail in Appendix E4.  The outcomes obtained from 

the rainflow cycle counting method are depicted in Appendix E5, while the rainflow 

matrix histogram representing the stress cycle is displayed in Figure 8.7.  

Most of the cycles are densely concentrated around the lower cycle ranges and closer 

to the zero cycle mean which indicates that most of the stress variations in the HAOWT 

are of low amplitude. Significant peak was observed for stress cycle range of around 

35 Mpa and a cycle mean close to zero. This suggests that this specific stress cycle of 

approximately 35 Mpa occurred a significant number of times (405 times). Thus, this 
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cycle will play a vital role in fatigue damage and remaining life estimation. The data 

points become sparser as we move towards higher cycle mean. This suggests that high 

average stress levels (positive or negative) with varying ranges were less frequent in 

the observed period. 

 

Figure 8.7: 3-D rainflow matrix diagram. 

 

8.3.3 Corrosion-fatigue damage and remaining life prediction 

demonstration 

The loads operating on HAOWT support structures are significantly influenced by the 

directionality of the wind and associated waves, as stated in the IEC 61400-3 standard 

(British Standards Institution 2019c). Hence, unidirectional assumptions regarding the 

movement of winds and waves were applied to calculated fatigue damage of the 15 

megawatt HAOWT if placed in the North Sea. In the context of designing HAOWTs, 

the IEC standard suggests the use of a unidirectional assumption for ultimate limit state 

design. This recommendation, outlined in Appendix A of the IEC standard, is intended 

to address the most severe conditions that may arise. Multidirectional have not been 
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included as the directionality of wave data and yaw angles are not available. 

Regardless, the conditions for ultimate limit state were satisfied. As such, corrosion-

fatigue damage and remaining life have been determined and the results presented 

considering unidirectional wind in Figure 8.8 for the HAOWT. 

The steepness of the curve seems to change around 2,500 cycles. This suggests that 

the rate of cumulative damage accumulation accelerated from this point onwards. This 

could be due to an increase in the amplitude or frequency of cycles or a combination 

of both. In the rainflow matrix diagram, we observed that the most significant cycle 

counts were around lower amplitude cycles. This likely contributed to the earlier, 

gentler slope of the cumulative damage curve and that for steeper section, the S355 

material may have encountered more damaging stress cycles, possibly the ones with 

higher amplitude or mean stresses. 

The accumulated damage from Figure 8.8 is 3.459E-5 which provides a remaining life 

of 99.9965% after one year. This shows that even though there has been some 

accumulation of damage, a substantial portion of the structures fatigue life remains. 

The splash zone is particularly susceptible to corrosion-fatigue due to the simultaneous 

effects of mechanical loading (from waves, currents, etc.) and corrosive elements 

(saltwater). The consistent accumulation of damage even at lower cycle counts will 

have been influenced also by the corrosive environment, which reduces the structures 

fatigue resistance. This demonstration is based on a 1-year wind and wave data with 

the corrosion fatigue model based on the corrosion fatigue of one year corroded 

HAOWT support material. Thus, considering that corrosion will worsen with time 

with its non-linear nature, corrosion-fatigue damage and remaining life will increase 

with time. Consideration of assessment of specimen corroded for up to 20 years 

(design life of HAOWT) will be considered as future work. 
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Figure 8.8: Estimated corrosion-fatigue damage and remaining life based on 1-year 

wind and wave data in 15 MW HAOWT. 

8.3.4 Conclusions 

The Marine Data Exchange has provided wind speed and direction data for the 

Westermost Rough offshore wind site located in the North Sea, a region known for its 

dense concentration of offshore wind turbines. This data is used in a testbed scenario 

for a 15 Megawatt HAOWT, aiming to determine its corrosion fatigue damage and 

estimate its remaining life. The wind patterns highlight the Southwest and West 

directions as dominant, both in terms of frequency and intensity, while the Northeast 

winds are rare and generally slower. The Southwest direction's wind speed matches 

the HAOWT's rated wind speed, indicating its significance for energy production. 

Furthermore, the oceanic waves exhibit a wide range of heights, with the significant 

wave height and wave peak spectral period being critical parameters for assessing 

wave-induced loads on offshore wind turbine support structures. 
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In evaluating the corrosion-fatigue of the HAOWT support structure, the splash zone, 

intermittently submerged due to wave action, is identified as especially vulnerable. 

Stress values in this zone are varied, with tensile cyclic stresses being predominant. 

The stress cycle data showcases the bulk of the stress variations being of low 

amplitude, yet a notable peak at a stress cycle range of around 35 MPa is observed, 

underscoring its importance in fatigue damage assessment. The cumulative damage, 

reveals a minor damage accumulation, translating to a vast remaining life of 99.9965% 

after a year, based on the data which has been recorded every 10 minutes. However, 

the corrosion-fatigue, influenced by both mechanical loads and corrosive factors, will 

exacerbate over time, given the non-linear nature of corrosion as well as the frequency 

of the wind and wave data. Industrial assessments should consider examining 

corrosion effects over the typical 20-year design life of HAOWTs using wind and 

wave data obtained at higher frequency. 
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Chapter 9 

Summary of findings 

9.1 Summary of chapter findings 

This study focused on the prediction and assessment of corrosion-fatigue in HAOWT 

support structures. All the set objectives of the study have been achieved with novelty 

in all parts, and the conclusions based on each set-out object are presented 

subsequently. 

Review of challenges and development of a digital twins framework for fatigue 

assessment in HAOWTs 

• The wind energy sector faces a myriad of challenges as it scales up. These 

challenges include aerodynamic and hydrodynamic effects, complex soil-

structure interactions, and harsh environmental conditions in deeper waters. 

These new operational conditions amplify corrosion-fatigue issues in 

HAOWTs, making the early implementation of mitigating techniques such as 

cathodic protection and vibration reduction crucial. 

• Another significant concern is the role of pitting, which gives rise to crack 

initiation, thereby reducing the overall fatigue life. Current fatigue S-N curves 

need to incorporate the influence of pit size and morphology, especially in the 

weldments of offshore wind turbine support structures. On the machine 

learning front, artificial neural networks, particularly those employing back-

propagation algorithms, have shown efficacy in quickly predicting the 

environmental conditions affecting HAOWTs. However, their performance is 

highly dependent on the data quality used for training. This makes the role of 

fatigue simulations based on FEA crucial, as they can supply high-quality data 

for training these networks, thereby reducing computational costs. 

• The developed framework for corrosion-fatigue assessment highlighted the 

emerging role of digital twin technologies in condition-based and predictive 

maintenance. The concept is promising and requires more practical 

applications, potentially in collaboration with industry stakeholders. A 

comprehensive digital twin would ideally integrate elements such as FEA, 
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material characterisation, artificial neural networks, data analytics, and Internet 

of Things technologies with smart sensors to comprehensively tackle the 

multifaceted challenge of corrosion-fatigue in offshore wind turbines. 

 

Stress analysis from uniform corrosion effects 

• As more high-capacity HAOWTs are expected to be built, the rotor diameter 

and hub height will increase, resulting in an overturning moment in the 

monopile. It was found that the overturning moment counterbalances the 

moments generated due to wind, leading to a reduction in the induced tensile 

stresses. In addition, at the peak production of the analysed HAOWT design, a 

thrust force of 2.563 MN can be experienced. However, when the HOWTs are 

in a parked condition, the dominant forces are due to the wind and wave forces 

acting on the tower and monopile. 

• The overall weight of the entire HAOWT induced compressive stresses, which 

were beneficial to neutralise some of the tensile stresses generated from the 

wind and wave loads. However, the compressive stresses increased, but their 

magnitude remained less than one-third of the yield stress of the material (i.e. 

S355); hence, there was no risk of permanent deformation. The predicted 

stresses for the as-designed HAOWT structure showed that the highest tensile 

stresses were approximately 78 MPa at the submerged zone, which is an 

indication that there might be risks of fatigue crack initiations in the welds. 

• The presented analytical calculations showed a close correlation with the FEA 

results for a range of wind velocities and material losses due to corrosion. This 

shows that the two methods are in agreement with their predictions of the stress 

field, and they can be used for further fatigue analyses considering the transient 

nature of the stress due to the constantly changing wind velocity over time, as 

well as the corrosion impact on the material. The analytical model could be 

used for real-time fatigue damage calculations to estimate the remaining life of 

HAOWT structures due to its capability to conduct fast calculations. 

• This research demonstrates a capability for the prediction of nominal stresses, 

which may be paired with S-N curves that take into consideration the size and 

morphology of the corrosion pits for complete and precise characterisation of 
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fatigue. In addition to the conducted stress analyses under uniform corrosion 

conditions, modal FEA was performed to predict the natural frequency of the 

HAOWT. It was demonstrated that the natural frequency in the bending mode 

was within the standard requirements. 

 

Soil structure interaction 

• From the soil-structure interaction study, it was observed that as support 

structure thickness reduced, deformation increased with the maximum tower 

top deflection value of 2.8 m observed in a silty sand-lean clay soil located in 

East China Sea. In addition, the deformations in all models in the foundation 

were within the allowable displacement of 0.1 m specified in the design 

guidance. All three modelled soil profiles representing soil conditions from the 

North, Irish, and East China Sees, as well as a model representing rigid soil, 

resulted in natural frequencies in the range of 0.15 - 0.17 Hz, which is within 

the requirements of the design codes to be in the range of 0.1 - 0.38 Hz. The 

material loss due to corrosion also contributed to a reduction in the stiffness of 

the tower, but the predicted frequency values were within the band of the 

recommended frequencies. 

• The highest stresses in the vertical direction were compressive and occurred at 

the splash region of the transition piece in all models, where the shell wall 

thickness and bending stiffness reduction began. A maximum percentage 

difference of 9% was observed in both tension and compression in the support 

structure by comparing the three soil models as well as the rigid soil model. It 

was found that the soil profile of medium to dense sand located in the North 

Sea is suitable for the installation of this 15 Megawatt large-diameter HAOWT, 

meeting the design code requirements for proof analyses, deformations at the 

soil, and natural frequency. 

 

S-N curve prediction from corrosion-based fatigue methodology and testing 

• The proposed methodology was applied to a welded S355J2+N steel where a 

predicted S-N curve at stress ratio R = 0.5 for a corroded surface was found to 



 9.1 Conclusions 

Page | 136  
 

be in close correlation with the fatigue-tested S355J2+N butt welded steel 

tested in the laboratory. At R = 0.1, the performance of the predictive model is 

commendable, as it closely aligns with the experimental findings, with a minor 

deviation of only 2.8% under similar salt spray chamber corrosive conditions. 

At R = 0.5, a deviation of 15.1% was observed.  

• The corroded surface has been characterised where critical defects have been 

observed in the HAZ to show the presence of deep pits, which have corrosion 

factors between 0.222 – 0.307. The characterisation of a corroded surface 

consisted of measuring the pit diameter, pit depth, and surface roughness. The 

simplicity of the adopted characterisation method enables its pragmatic 

implementation for the inspection of large HAOWT in practice. The capability 

of the model to consider the mean stress effect provides the advantage of 

conducting more realistic fatigue assessments for a transient stress field 

induced by cyclic wind and wave loads. 

 

Material performance and fatigue testing 

• The SAW process was meticulously carried out on S355G10+M sheets of 

different thicknesses, and the use of a double V-groove and multipass approach 

allowed for maximum weld quality that met the standards required for offshore 

wind turbine monopiles. The weld material and HAZ were distinguished by 

boundaries of heat dissipation caused by the material's melting and subsequent 

solidification. The hardness experiments on S355G10+M steel specimens 

revealed that with increased thicknesses, hardness values will be consistent. In 

the hardness plots, the transition region between the HAZ and base metal 

displayed a slightly reduced hardness that was still greater than the hardness of 

the base metal. This region was identified as a potential weak point owing to 

probable microstructural changes and was the region where the material failed 

under cyclic loading. 

• The static tensile test specimens were fractured in the base metal, indicating 

that the welded section was constructed from a stronger weld material. It was 

found that the welded specimens had lower yield strengths and higher ultimate 

strengths than the plain specimens. Thus, because the plain specimens began 
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to deform plastically at higher stress levels and withstood greater stress levels 

before ultimately breaking, they were more ductile. 

• Distortion measurements revealed an increasing trend of axial misalignment 

and angular distortion along the plate. The direction along the plate had a 

greater influence on these characteristics than the plate thickness. Secondary 

bending stresses due to misalignment and angular distortion undoubtedly 

influenced the load distribution and fatigue strength of the S355G10+M 

specimens. The evaluation of residual stresses in S355G10+M steel showed 

large tensile stresses along and across the weld, resulting in a negative 

contribution to the fatigue strength.  The analysis showed that there was a direct 

link between the thickness of the material and the amount of residual stress 

owing to the different heat inputs and cooling rates. 

• Stress concentrations at the weld toe initiated cracks, indicating their 

significant impact on fatigue life. Even though the stress concentrations can be 

mitigated after welding, the development of corrosion pits in the HAZ could 

be a source of local stress and crack initiation. The findings suggest that the 

fatigue life of the butt-welded S355G10+M specimens is less affected by the 

thickness and more influenced by the stress concentration and tensile residual 

stresses. Despite the axial misalignment and angular distortion of the 

specimens, the SAW of S355G10+M showed a fatigue strength greater than 

the fatigue strength in codes used for the design of HAOWT. This indicates 

that the investigated material and SAW process are suitable for the 

manufacture of welded marine structures, including HAOWT support 

structures (e.g. monopiles). 

• The machining for fatigue testing method showed that cyclic stresses could be 

induced by milling cutting forces to mimic a real application of offshore wind 

turbine monopile structures. The key advantages are that this method can be 

quickly set up in the industry, enabling fast fatigue testing and leading to the 

reduction of lead times for product and process development. Another 

advantage is that the method can mimic different in-service loads by changing 

the cutting tools, machining operations, cutting parameters, and fixture design. 

The utilisation of existing old machine tools and worn cutting tools is also 

sustainable. 
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Corrosion-fatigue damage prediction 

• The rotor-nacelle-assembly, which encompasses a broad area exposed to wind 

due to blade and its height, predominantly experiences elevated wind speeds. 

A noteworthy observation is the wind speed, which peaks at 30.5 m/s. 

Additionally, there's a methodical estimation of wind loads, which 

encompasses both the rotor and the supporting tower. 

• Analysing the site, the Southwest and West directions emerge as dominant 

wind orientations, both showcasing the highest probability. Conversely, winds 

from the Northeast direction are a rarity. Southwest winds are of particular 

interest as they are not only frequent but also clock in higher speeds.  

• The significance of the wave height combined with the wave peak spectral 

period cannot be overstated, especially when deliberating offshore wind 

turbine considerations. It’s pivotal to acknowledge that the wave data is an 

outcome of the Pierson-Moskowitz spectrum application. 

• The splash zone is characterised by stress values between -35.5 MPa and 68 

MPa. The dominance of tensile cyclic stresses in the splash zone’s response 

was observed. Most stress variations in the HAOWT are predominantly of a 

lower amplitude. However, there's a pronounced peak observed for a stress 

cycle range of approximately 35 MPa. It's noteworthy that instances of high 

average stress levels, with a diverse range, were infrequent. 

• To predict the remaining operational life of the HAOWT, a novel corrosion-

fatigue damage theory has been developed. This model critically hinges on the 

data derived from wind and wave forces. In applying this corrosion-fatigue 

model, after a year, the accumulated damage stands at 3.459E-5, translating to 

a promising remaining life of 99.9965%. The damage is predicted based on 

wind and wave data acquisition at 10 minutes interval, which does not capture 

the full history of the cyclic loads and counts.  The splash zone's susceptibility 

to corrosion-fatigue, owed to the synergistic effects of mechanical loads and 

corrosive elements, is evident. The consistency in damage accumulation, even 

at lower cycle counts, is notably influenced by the corrosive environment. 
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Chapter 10 

Conclusions and future work 

10.1 Conclusions 

This research focused on the development of methodologies for evaluating corrosion-

fatigue in large-diameter monopile-supported HAOWT to enable a novel fatigue 

damage and remaining life prediction pathway and the conclusions from study 

objectives are provided below: 

• The digital twins framework for corrosion fatigue in HAOWTs combines FEA, 

material characterisation, AI, data analytics, and IoT with smart sensors to 

improve predictive maintenance and condition-based strategies and showed a 

promising strategy. 

• When considering uniform corrosion, the splash zone region where the shell 

wall thickness and bending stiffness reduction began is susceptible to very high 

stresses. Analytical calculations closely match FEA results, validating their use 

for fatigue damage estimation. 

• From the soil-structure interaction study, all HAOWT models considering soil 

met design code requirements for natural frequency and allowable 

displacement emphasising the importance of soil considerations in wind 

turbine modelling. 

• The developed corrosion-based fatigue methodology for welded S355 

structural steel showed close correlation with experimental findings, the 

predicted S-N curve showed good performance with a minor deviation of 2.8%. 

• The SAW process on S355G10+M sheets demonstrated high weld quality and 

fatigue strength, making it suitable for offshore wind turbine monopile 

structures, with fatigue life influenced by stress concentration, distortions, and 

tensile residual stresses than material thickness. 

• The developed novel corrosion-fatigue damage model effectively predicted the 

corrosion fatigue damage and remaining life of HAOWT considering in-

service parameters.



10.2 Contribution to knowledge 
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10.2 Contribution to knowledge 

Based on the conducted research, novel contribution to knowledge are detailed below: 

• Digital Twins Framework: The development of a digital twins framework that 

integrates Finite Element Analysis (FEA), material characterization, machine 

learning, data analytics, and Internet of Things (IoT) with smart sensors. This 

framework has demonstrated potential in enhancing predictive maintenance 

and condition-based strategies for HAOWTs. 

• Uniform Corrosion Analysis: The study highlighted the splash zone region as 

a critical area susceptible to high stresses due to uniform corrosion, with 

analytical calculations closely matching FEA results. This validates the use of 

these methods for accurate fatigue damage estimation. 

• Corrosion-Based Fatigue Methodology: A corrosion-based fatigue 

methodology was developed for welded S355 structural steel, which showed a 

close correlation with experimental findings. The predicted S-N curve 

demonstrated good performance. 

• Corrosion-Fatigue Damage Model: The novel corrosion-fatigue damage model 

effectively predicted corrosion fatigue damage and the remaining life of 

HAOWTs by considering in-service parameters, thus providing a reliable tool 

for lifecycle assessment and maintenance planning. 

 

10.3 Future work 

Based on the conducted research, various opportunities for future work have been 

identified based on the experimental works and the modelling works as affects 

HAOWTs. They are presented below: 

• Despite the introduction of advanced steel grades in offshore wind turbine 

construction, there is a notable gap in experimental research that quantifies the 

effects of corrosion-fatigue, including pitting, crack initiation, and crack 

propagation. High-quality and reliable data in these areas would substantially 

improve the fidelity of computational models, leading to better fatigue life 

predictions under corrosive conditions. 



10.3 Future work 
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• Computational analyses that consider the dynamic impacts of seawater, wind, 

and soil on HAOWTs can offer more realistic load cases for fatigue analyses. 

Technologies like computational fluid dynamics can provide crucial insights 

into wave loading effects and the varying stiffness of different soil types. 

Incorporating real-time monitoring data from operating wind turbines into 

standard prognostic systems could significantly enhance operation and 

maintenance protocols for HAOWTs 

• The findings of the uniform corrosion study will be useful in future HAOWT 

design, as thickness loss due to corrosion and the resulting stress values could 

aid design engineers in specifying adequate tower and monopile thicknesses, 

particularly in the most corrosion-prone zones, as a means of providing a safe, 

stable, and cost-effective design. FEA could be conducted to predict the risk of 

failure due to buckling under compressive stresses as a future perspective. 

• This corrosion-based fatigue model incorporates pits, stress concentrations, 

and surface roughness as sources of fatigue crack initiation and propagation. 

However, it does not delve into inherent residual stresses and post-welding 

treatment effects that could be improved. This methodology is aimed to be 

applied to the assessment of the remaining life of other offshore assets, where 

the remaining life can be determined by the history of the loads and the 

corrosion topology of the material surface of the structure. 

• In future work on the machining of the testing method, full control of the 

cutting forces should be implemented owing to their variations. Another area 

for exploration is the size of the components that can be tested, where the 

cutting forces should be adequate to induce the required stress field while 

minimising excessive vibrations and chatter. 

• Given that the current model demonstrates corrosion-fatigue damage based on 

1-year material corrosion data, future studies could project the effects of 

corrosion-fatigue over the entire design life (e.g., 20 years) of a HAOWT by 

using wind and wave data obtained at higher data acquisition rates needed at 

industrial scale. 
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Appendix A1: Key parameters of the NREL 15 Megawatt turbine. 
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Appendix A2: Detailed calculation for loads on wind turbine. 

 

Thrust force 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix A2 

Page | 165  
 

Wind force on tower 
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Wave loading on monopile 
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Appendix A3: Analytical model sheet for estimating stress in vertical 

direction. 

 

 

D = 10000 mm

d = 9944.659 mm

M- blade +Rotor = 261362 kG

M-rna = 820888 kG

weight Fy -blade + 

rotor=
2563961.22 N

weight Fy -rna = 8052911.28 N

867001.4171 mm²

2.15554E+13 mm³

Force (N) Distance(mm)
Moments 

(N.mm)

M Thrust = 1771000 169582 3.0033E+11

M wind = 62545.96 97291 6085158994

M wave = 11604.7 500 5802350

M blade-Rotor 2563961.22 12500 32049515250

M rna 8052911.28 5486 44178271282

M total = 2.30193E+11

y = 5000 mm

53.39560644 Mpa

-12.24550767 Mpa - comp.

1845150.66 N - Vtotal

-4.256374103 Mpa

Tension A
compression 

B
41.150 0.000

0.000 -65.641

Total Axial (direct) Stress

σy (compression)

Average Shear Stress

Normal Stress - Y direction

σx (Tension) 

Given Parameter

Cross section Area

Moment of InertiaI I

Bending Moments M

Total Bending Stress (x)
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Appendix A4: Wind velocity on stress in the vertical direction in tension 

and compression from FEA and analytical formulations. 
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Appendix A5: One -year analytical model for uniform corrosion loss 

(repeated for year 0- 20). 
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Appendix A6: Uniform corrosion effects on normal stresses in tension 

and compression for corrosion zones. 

 

Figure A6-1: Effect of uniform corrosion on tensile stress at the submerged zone 

 

Figure A6-2: Effect of uniform corrosion on compressive stress at the submerged 

zone 
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Figure A6-3: Effect of uniform corrosion on tensile the stress at tidal zone 

 

 

Figure A6-4: Effect of uniform corrosion on compressive stress at the tidal zone 
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Figure A6-5: Effect of uniform corrosion on tensile stress at the splash zone 

 

Figure A6-6: Effect of uniform corrosion on compressive stress at the splash zone 
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Figure A6-7: Effect of uniform corrosion on tensile stress at the atmospheric zone 

 

Figure A6-8: Effect of uniform corrosion on compressive stress at the atmospheric 

zone
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Appendix A7: Data for monopile deflection due to soil models. 

 

 

 

 

 

For brevity, only the data from the monopile base and tower top data are 

provided below. 
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Appendix A8: Data for soil effects on stresses in monopiles. 
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Appendix A9: Models in corrosion fatigue studies. 
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Appendix A10: Reviewed S-n curve data for welded structural steel 

compared against fatigue design standards.  

 

 

Figure A10-1: SN data at R= -1 in air for as- welded samples 

 

Figure A10-2: S-N data at R= 0 in air for as- welded samples 
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Figure A10-3: S-N data at R= 0.1 in air for as- welded samples 

 

Figure A10-4: S-N data at R= 0.5 in air for as- welded samples 
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Figure A10-5: S-N data at R= 0.1 in air for high frequency mechanical impact treated 

samples 

 

Figure A10-6: S-N data at R= 0.1 in air for high shot-peened samples 
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Figure A10-7: S-N data at R= 0.1 & 0.5 in different corrosive environments 
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Appendix B1: Properties of flux and solid wire electrode.
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Appendix B2: Mechanical properties of S355G10+M plates. (To avoid 

repetition, only the data for 10mm are provided) 

 

10 mm steel
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Appendix B3: Measurements for Brinell hardness and MATLAB Code 

 

6 mm   10 mm  15 mm  20 mm 
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Appendix B4: Measurements for distortion and misalignments 
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Appendix C: Predicted SN-

curve from corrosion-based 

fatigue model 
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Appendix C1: Mechanical and chemical properties of S355J2+N
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Appendix C2: Predicted S-N curve using corrosion-based fatigue model

 

For brevity, cycles at 107 are provided below. 
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Appendix D: Fatigue testing 

calibration and results 
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Appendix D1: Calibration fatigue test data (shortened) 

 

Parameters 
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Appendix D2: stress-time curve from machining for fatigue testing (only 

3.4-3.6secs shown) 

Non-drilled specimen 
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Drilled specimen 
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Appendix E: Rainflow and 

damage calculations 
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Appendix E1: Wind data (courtesy of Marine Data Exchange) 

(Shortened). 

Wind 
Speed 

Wind 
Direction 

Wind 

Speed 
(Thrust) 

Wind Speed 

(Thrust) 
Direction 

Directio
n 

1.0225 91.3 3.0175 218.05 West 

0.665 91.25 0 0 West 

0.395 95.525 0 0 West 

1.1875 99.55 0.6 23.175 West 

1.7825 109.875 0.3925 52.25 West 

0.795 103.975 0.765 83.375 West 

1.24 88.325 1.3975 84.725 West 

1.8975 108 1.7125 103.375 West 

1.5175 101.725 1.5375 104.3 West 

1.8225 86.85 1.4375 92.55 West 

1.6975 72.175 1.3025 79.675 West 

1.5625 77.7 1.5625 86.125 West 

1.6925 80.1 1.6875 86.325 West 

1.985 72.85 2.07 73.05 West 

2.41 70.35 2.5525 75.175 West 

2.695 90.375 3.01 90.175 West 

2.8025 97.525 3.51 96.5 West 

2.5 96.35 3.4075 98.775 West 

2.33 104.2 3.2 103.45 West 

2.2875 109.025 3.21 108.325 West 

1.965 111.7 2.98 107.55 West 

1.6575 80.175 2.6075 99.275 West 

2.1725 78.6 2.7675 90.25 West 

1.8775 82.45 2.2825 83.55 West 

1.91 68.525 2.325 75.5 West 

2.6725 89.975 2.805 85 West 

2.5625 76.05 2.0925 59.75 West 

2.0475 96.25 3.6325 27.45 West 

2.37 92.575 3.3825 25.025 West 

3.325 74.675 3.3 73.35 West 

7.5325 69.15 11.0825 78.15 West 

7.685 67.725 8.0875 58.925 West 

6.7525 67.625 7.015 58.975 West 

2.555 91.775 4.485 61.575 West 

3.3425 74.05 6.66 97.5 West 

3.0125 70.8 6.375 95.375 West 

3.0475 76.5 5.875 101.95 West 

4.0325 76.625 6.415 103.925 West 

3.8525 80.15 6.345 110.425 West 

     .    .     .      .       .        . 
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Appendix E2: Weibull distribution algorithm 
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Appendix E3: Pierson-Moskowitz spectrum algorithm 
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Appendix E4: Rainflow and damage calculation algorithm.
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Appendix E5: Rainflow algorithm results showing first 55 data 

Rainflow count data 55/11459 

Cycle count Range Mean Start End 

1 0.062 64.664 4 5 

1 1.677 64.5845 3 7 

1 7.231 61.2885 8 9 

1 0.043 58.4725 13 14 

1 3.145 59.1455 11 12 

1 0.227 56.7045 17 18 

1 1.822 56.308 16 19 

1 0.248 56.893 24 26 

1 3.42 56.095 23 27 

1 1.906 57.139 29 30 

1 0.643 57.5145 32 33 

1 3.548 56.689 31 36 

1 0.227 58.3375 42 43 

1 2.39 57.317 40 44 

1 1.067 55.2175 46 47 

1 2.694 55.365 48 49 

1 0.68 53.469 50 51 

1 5.887 55.6565 21 38 

1 2.725 53.3485 54 55 

1 0.958 54.347 57 58 

1 1.579 55.5595 64 65 

1 4.083 54.9345 70 72 

1 6.566 54.38 62 67 

1 4.408 54.588 77 79 

1 1.624 56.537 83 84 

1 3.358 56.716 81 85 

1 7.239 54.9695 73 76 

1 4.884 60.861 86 89 

1 3.008 65.005 91 92 

1 1.081 61.1845 95 96 

1 5.489 60.8645 99 101 

1 6.302 61.241 97 103 

1 8.374 61.784 93 105 

1 10.861 54.6545 108 110 

1 19.667 57.3275 52 90 

1 5.345 46.7505 112 113 

1 0.392 29.611 120 121 

1 13.74 34.847 128 130 

1 30.124 40.637 118 124 

1 0.468 29.641 137 138 

1 0.108 39.816 139 140 

1 1.982 41.875 142 143 

1 3.834 45.456 147 148 

1 14.354 45.348 145 150 

1 4.379 50.3475 153 154 

1 5.808 49.974 152 155 

1 5.807 51.0025 157 158 

1 11.888 49.133 159 161 

1 4.614 48.318 165 166 

1 2.106 48.627 169 170 

1 16.349 51.5845 163 167 

1 0.878 56.025 178 179 

1 9.512 60.094 175 177 

0.5 50.607 41.9255 1 135 

1 6.085 63.1055 182 183 
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