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Preface

In front of you lies my master’s thesis: ”High-strength steel: the ultimate material or expensive alter-
native?” This thesis was written at HSM Offshore Energy in collaboration with Enersea and aimed to
show the potential of utilizing high-strength steels on topsides. The objective of the companies was to
investigate the feasibility of utilizing high-strength steel on offshore topsides and to see if the use of
high-strength steel could make them more appealing to potential clients in the future and to compete
better in the ever-changing offshore market.

During mymaster’s program in Offshore and Dredging Engineering, I didn’t have many courses in struc-
tural engineering. However, while working on my thesis from February to December 2023, I had the
opportunity to explore the world of structural engineering and steel design. Ever since I was a young
boy, I have been fascinated with steel structures and the offshore industry, and I thoroughly enjoyed
diving into this topic for my thesis. My grandfather, who used to work for HSM Offshore Energy for a
major part of his life, played a significant role in my admiration for this industry. He shared many of his
past projects and experiences with me, and it has been an amazing experience to follow in his footsteps
during my graduation period by writing this thesis at HSM Offshore Energy. Although I cannot share
my experiences with him due to COVID-19, I am confident that he would have been proud and overly
enthusiastic to hear about my work. Therefore, I want to express my gratitude to HSM for giving me this
opportunity and to my colleagues who supported me throughout this research. I have gained valuable
knowledge about high-strength steel and steel structures in general, and I want to extend my thanks
to Enersea for providing me with the theoretical background and to Hans Driessen for his support and
expertise during the many brainstorming sessions. Finally, I would like to thank my thesis committee,
consisting of Jeroen Hoving, Andre van der Stap, and Trayana Tankova, for seeing the potential of this
research and for their guidance and thoughts about my project. I have learned a lot throughout this
journey and am excited about the possibilities that lie ahead.

I hope that my insights on high-strength steel on offshore topsides will be helpful to offshore engineers
and anyone interested in the subject. It is my sincere wish that this thesis will inspire you to recognize
the potential of high-strength steel in topsides and that the screening tool constructed in this research
can be expanded into a more accurate tool in the future to quickly estimate the expected weight and
cost reductions for every engineer. I hope you find this thesis informative and enjoyable to read.

Wout Dekkers
Schiedam, January 2024
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Summary

Steel is a widely used material in construction because of its availability, high strength-to-weight ratio,
and recyclability. However, steel manufacturing consumes a lot of energy, and there is an increas-
ing demand for more environmentally friendly building materials. Consequently, high-strength steel is
becoming more popular as it reduces the mass of a structure, requiring less material and easier fabrica-
tion, transport, and welding, leading to a lower carbon footprint. Although high-strength steel has been
available for many years, its use in offshore topsides is limited due to stability and deflection issues.
Recent research, mostly based on the use of steel structures in buildings, suggests that high-strength
steel can significantly reduce costs, weight, and carbon emissions. It is uncertain whether the same
benefits can be expected for offshore topsides. Additionally, engineers need an easy-to-use screening
tool in the early design stage to implement high-strength steel in their designs when the exact loadings
are still unknown.

This research aims to assess the feasibility of utilizing high-strength structural steel in offshore topsides,
and investigates how the use of high-strength steel can be optimized in topside design. First, the sit-
uations where the use of high-strength steel can be advantageous in topsides are analysed and the
components that typically makeup topsides, including their sizes, lengths, and weights, are listed. Sub-
sequently, these insights are applied to compare the feasibility of using high-strength steel to topside
structural components for seven different topsides. It is concluded that specifically beams, columns,
and bracings are worth further investigation in the context of this research.

To evaluate the beams, columns and bracings, situations from an existing topside were assessed to
see if high-strength steel is beneficial. It was concluded that high-strength steel is advantageous for
beams, especially for deck beams and main beams, while for deck stringers and cantilever beams,
it depends on the situation. For columns, it was concluded that high-strength steel shows significant
potential within the typical slenderness range of columns and bracings, but the extent of the benefits
depends on the slenderness value of the columns and bracings.

Two different screening tools were constructed to assess the feasibility of high-strength steel within an
entire topside. For beams, this method mainly relies on determining the ULS/SLS-ratio to find the tran-
sition point of a beam from strength governing towards deflection governing. For columns and bracings,
the method assumed only axial loading and used a loop in which the diameter of a high-strength steel
column was reduced until the same buckling resistance was found. It was concluded that the length of a
particular beam can tell an engineer if it is worth further investigating the potential of high-strength steel,
while columns showed potential in all cases. The methods were tested with a case study in which an
entire topside was assessed for its feasibility of utilizing high-strength steel beams and columns. Only
hot-rolled primary and secondary beams combined with the columns and bracings were considered
for this topside. When S460M steel was used for strength-governing beams and seamless tubulars,
in combination with S690Q steel for welded tubular columns, the highest benefits were found and a
maximum steel weight reduction of 15% was found for the considered components. At the same time,
the material costs were reduced by 10%, the welding costs by 13% and the embodied carbon savings
equalled 14%. When comparing these results with the total topside steel weight, 5% of the topside
steel weight was reduced by using a combination of S460 and S690 steels. It was concluded that high-
strength steel is feasible for offshore topsides and is more environmentally friendly and cost-effective,
providing a promising alternative to conventional steels within certain components on offshore topsides.

This research presents a screening tool that is simple to use and assesses the feasibility of high-strength
steel. Other engineers can easily extend this tool. As more detailed calculations are included in the
screening tool, it is expected that additional cost reductions and embodied carbon savings can be
found. Furthermore, including additional steel components in the assessment, such as plate girders,
may result in finding much higher total weight reductions.
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1
Introduction

1.1. Motivation
Over the past few decades, significant progress has been made in developing various steel grades
worldwide. As of 2022, the steel industry can produce nearly 3500 different steel grades, which can be
used in various engineering applications that require specific material properties [1]. Due to its ability
to be fully recycled, its availability, and its high strength-to-weight ratio, steel remains one of the most
commonly used building materials today. However, the manufacturing of steel is very energy-intensive.
According to the European Union, by the annual global production of approximately 180 million tons of
crude steel [2], the steel industry is responsible for 7% of the global CO2 emissions [3]. Therefore, the
demand for more environmentally friendly building materials is increasing.

Consequently, high-strength steels are becoming increasingly popular in the construction industry. Us-
ing high-strength steel reduces a structure’s mass, requiring less material, easier fabrication, lighter
transport equipment and less welding volume. This leads to a lower carbon footprint in a structure’s
construction and recycling phases, making the project more climate-friendly [4]. Additionally, high-
strength steel could reduce overall project costs as less material is required while also allowing for
smaller weld lengths. Nonetheless, despite being used for years in the automotive industry and other
industries where weight reduction is crucial in combination with an applied tensile force, such as in
the legs of offshore drilling rigs and bridge cables, high-strength steels are not yet widely used in the
construction industry. The main reason is that the increased strength leads to smaller cross-sections,
which result in more susceptibility to stability and deflection issues for the beams and columns [5].

Nevertheless, the European-funded research project ”Stronger steels in the built environment” (STROBE)
recently concluded that designing steel structures with high-strength steel up to 700MPa can be bene-
ficial within the building industry [6]. The study analyzed the performance of multiple high-strength steel
members for the ultimate and serviceability limit states and concluded that some current Eurocode 3
rules regarding high-strength steels are conservative. Amendments were made, which will be included
in the next version of Eurocode 3. According to STROBE, designing structures with high-strength steel
can lead to cost savings between 5 and 14%, weight reduction of 49%, and embodied carbon savings
up to 45%. These results demonstrate that high-strength steel has great potential for use in buildings.

1.2. Companies perspective
This research is being carried out for two companies located in Schiedam that operate in the offshore
industry - HSM Offshore Energy and Enersea. HSM Offshore Energy is an integrated solution provider
for multi-disciplinary offshore projects and has been building offshore structures for over 60 years. En-
ersea, on the other hand, is an offshore engineering company that provides consultancy, production
system design and structural design. Together, they have developed a scalable range of offshore green
hydrogen platforms that are ready to be built. Both companies believe that innovation is vital for the
challenging offshore industry and are investigating ways to build more environmentally friendly and
cost-effective offshore structures. The majority of their offshore projects are located in the southern

1
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North Sea and consist of bottom-founded jacket platforms. These bottom-founded jacket platforms
can weigh several thousand tons and cost millions of Euros to manufacture. As wages are high in
Europe, construction companies in Europe need to find smart ways to reduce costs to compete with
foreign companies. Additionally, European governments require energy projects to have smaller car-
bon footprints, which means the offshore industry needs to continuously seek innovative solutions. This
research demonstrates the companies’ dedication to investigating new possibilities. Their objective for
this research is to evaluate if high-strength steel could be an option for their offshore platforms and to
determine if high-strength steel could make the construction of offshore platformsmore environmentally
friendly and cost-effective. In this way, they can increase their appeal to potential clients to choose for
European fabrication and engineering of quality.

1.3. Problem definition
High-strength steel has proven feasible and cost-efficient in many specific construction applications
where a tensile force is applied. Typically, high-strength steels are defined as having a yield strength
between 460MPa and 690MPa [5]. Figure 1.1 illustrates the differences in weight and costs between
conventional and high-strength steels for a steel component loaded with an axial tensile force only.
The figure demonstrates that despite the higher yield stresses being more expensive, a component de-
signed with high-strength steel may still be cheaper due to the significant weight reduction. Additionally,
using high-strength steel results in decreased welding costs and cross-sectional areas, but it should
be noted that for S700 steel, pre-welding heating must be performed to a greater extent, increasing
these costs [7]. In the case of only a tensile force, only strength is essential, and as the yield stress
increases, the cross-section can be reduced, causing a reduction in weight. However, most structural
components within an offshore platform do not only experience a tensile force but must also be checked
for stability and deflections. In these cases, a reduction in cross-section makes a member more slen-
der and causes less resilience against stability, plasticity, deflection and dynamic problems. Therefore,
increasing the yield strength will not automatically result in an improved design, and the application of
high-strength steel should be analysed carefully.

Figure 1.1: Costs, weights and welding comparison between different steel grades [8]

The results of STROBE [6] show that even when these problems arise, huge benefits can still be found
when using high-strength steel. The research of STROBE focussed on beam-like cross-sections, and
they concluded that some structural components within a building could be beneficially replaced with
high-strength steel, such as heavily loaded columns, long-span roof trusses (when not limited by deflec-
tion), transfer beams and beams with large web openings. The STROBE research only focussed on
beam-like cross-sections such as standard H-beams, I-beams or plate girders. For plate girders, previ-
ous research already proved that they could economically replace fabricated S355 plate girders [9], but
that this is restricted by web buckling, partly caused by conservative design rules for plate girders [10].
However, offshore structures consist of not only beam-like structural components but also many tubular
components. Tubular components allow for lighter structures with better buckling resistance due to the
increase in the radius of gyration [11]. Despite these types of members being more expensive, the cost
increment is tackled by the reduction in weight on the topsides. High-strength steel tubular columns
have also proven beneficial for very stocky columns where buckling is not governing [12], despite that
the current design rules also showed to be too conservative [13][14]. These conclusions show that
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using high-strength steel in steel structures has real potential. Nonetheless, these studies primarily
focused on case studies in buildings rather than how much could be won for typical offshore platform
components. For offshore engineers, it is unclear if they can expect the same benefits offshore.

Furthermore, offshore platforms are designed to accommodate specific equipment, which determines
the size and length of the beams. The process of structural engineering for topsides is heavily based
on experience, with comparable designs often used as a starting point. The selection of members is
not a standard process and varies from engineer to engineer depending on their background experi-
ence [15]. This means that conceptual offshore structures are initially designed by selecting standard
cross-sections and lengths based on experience before knowing the loading on a member. To assess
whether high-strength steel is suitable for such a design approach, a method is required to determine
its feasibility based only on the cross-section and length of a member without knowing the exact loading
on a member. Such a method has not been found in previous literature.

1.4. Research scope and aim
This research aims to investigate whether using high-strength structural steel in offshore platforms is
feasible, even without knowing the exact loading. Typically, fatigue, dynamics, and corrosion limit the
diameter of the substructure’s structural components, which means that it’s not expected that there will
be significant benefits on offshore substructures. Therefore, this research will only focus on the steel
scope of the topside. The purpose of this report is to provide engineers with a comprehensive overview
of the potential advantages of using high-strength steel on offshore topsides. The research answers
the following research question:

Is it feasible to use high-strength structural steel in offshore topsides, and how can the use of
high-strength structural steel in topside design be optimised?

Figure 1.2a shows an example topside built by HSM Offshore Energy. Standard weight ratios can
approximate the weight distribution, and this distribution is shown in a Sankey diagram in figure 1.2b.
As this research only focuses on the structural steel scope of a topside, it can be seen in the Sankey
diagram that this research focuses on weight reduction for 1,250t, or 24%, of the total platform weight.
Assuming the maximum weight reduction percentage concluded by STROBE would result in a weight
reduction of approximately 600 tonnes, a total topside weight reduction of 11%. Though it is a significant
amount, it is not expected, as many steel components can not be replaced with high-strength steel due
to deflection limitations.

(a) Borkum Riffgrund built by HSM Offshore Energy weighing
5250 tonnes in total (b) Sankey diagram of weight [tonnes] distribution based on Borkum Riffgrund

Figure 1.2: Typical weight flowchart for offshore platforms
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Several sub-questions arise from this: Where and when exactly is high-strength steel beneficial? What
are typical members, spans and cross-sections within the design of topsides? How can something be
concluded without knowing the exact loading on structural components? And what will be the effect of
the overall topside weight, costs and embodied carbon savings?

1.5. Research methodology
In order to answer the main research question and its sub-questions, various research methods are
needed. Firstly, a desk study is required to evaluate the situations where high-strength steel can be
advantageous or disadvantageous for structural components. Also, the desk study is necessary to
analyze the previous research done in this area. Additionally, the desk study is essential to investigate
which structural components are commonly used in topsides and what the sizes and lengths of these
components are. Secondly, since the sizes and lengths of structural components can vary significantly,
a comparison study is required to compare the existing literature with the observations from the plat-
forms previously built at HSM. The observations are conducted with different 3D models from platforms
built on HSM and their weight reports. From this comparison, the different ranges of sizes, lengths, and
amounts of components can be concluded. Once the typical ranges are identified, a screening tool will
be constructed to assess the feasibility of using high-strength steel without knowing the exact loads. To
achieve this, a load ratio defined by [16] will be introduced, and small case studies in the form of finite
element analysis or numerical calculations will be used to test the assumptions. The program used for
the finite element analyses is RFEM6, and Python is used for the numerical calculations. Combining
the constructed method with the typical ranges can determine whether high-strength steel is beneficial
for the typical ranges of topside structural components. Lastly, to test the method on a total topside, a
case study will be performed for an existing topside to investigate the effect of utilizing high-strength
steel in an entire topside and to see what the effects are on the total weight, costs and carbon savings.

Nevertheless, this research will have some limitations. The numerous steel components present in a
topsidemake it challenging to make generalizations about all the components. Therefore, only themost
commonly found components can be assessed, while specific structural components, such as a crane
pedestal, are not included in this research. At the same time, the possibility remains that these can
also be replaced with high-strength steel. Thus, the results can probably be less beneficial than when
all components are considered. Moreover, as generalization is required, comparisons with existing
topside examples are assumed to be designed for their full capacity, which is, in reality, seldom the case.
Furthermore, it is worth noting that details such as connections will change when high-strength steel is
used. However, this research only provides generalized conclusions, and no detailed calculations are
performed for these connections. Lastly, it is important to take into consideration other factors such
as transportation, installation, and jacket design when using high-strength steel, which can affect the
cost and weight reduction. These factors are only included as discussion points within the scope of
this research.

1.6. Report outline
This report is organized into several chapters, each with a specific focus. In Chapter 2, the current
state of the art of high-strength steel will be discussed, and this chapter will cover the research that has
already been done on high-strength steel, its benefits, and the disadvantages that should be considered
by performing a literature review. Chapter 3 will discuss typical topside components. Firstly, by diving
into the literature for key figures, and secondly, by assessing multiple existing topsides built at HSM
Offshore Energy. This chapter will conclude by discussing which structural components are worth
further research and will provide typical sizes for these components on topsides. Chapter 4 will focus
on the individual structural components and will explain how to assess the feasibility of high-strength
steel without knowing the exact loads. Chapter 5 will then explain how a generalized screening tool
can be used to assess an entire topside for its feasibility of utilizing high-strength steel, and Chapter
6 will use this methodology to perform a case study to evaluate a topside for the feasibility of high-
strength steel. Finally, Chapter 7 will discuss the assumptions and results of this research and provide
a conclusion by answering the research question.



2
High-strength steel: state-of-the-art

This chapter presents a literature review on the current state-of-the-art of high-strength steel. Section
2.1 explains the methods used to produce high-strength steel and highlights recent research on new
developments. Section 2.2 provides a brief discussion and summary of the most important mechani-
cal properties of steel and their effects. Section 2.3 elaborates on the considerations that should be
considered when designing structures with high-strength steel and summarizes the latest research on
using high-strength steel in structures. Section 2.4 discusses the availability, current costs and environ-
mental impact of high-strength steel. Finally, section 2.5 summarizes the most important conclusions
from the literature review.

2.1. Production processes
High-strength steel has been widely used in the offshore industry for several decades. Pipelines, the
legs of a jack-up, submarines, etc., are all good examples of specific applications that make use of
high-strength steel. Nonetheless, high-strength steel is not yet often used in topside structural steel.
Offshore structures typically require steels with high yield strength, good toughness and ductility prop-
erties, and good weldability. Thanks to modern fabrication processes, high-strength steel can be de-
veloped with these required properties. By adding alloy elements to steel and using heat treatment
processes, nearly 3500 different types of steel can be manufactured, each with their specific material
properties. [1]. Nowadays, weldable high-strength steel is available in three different conditions based
on their heat treatment process: normalized rolled (N), thermomechanical rolled (M) and quenched
and tempered (Q&T) [5]. Figure 2.1 shows the historical development of these heat treatment pro-
cesses and the corresponding steel grades manufactured with these heat treatment processes. As
can be seen from the figure, high-strength steels are already available up to 1200MPa, but welding
these very high-strength steels (700+MPa) requires complicated welding procedures, which drastically
increases the fabrication costs [17]. Therefore, this research focuses only on steel grades up to S690.

Figure 2.1: Historical development of rolled steel products [17]
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Figure 2.2 shows the principles of the different post-heating processes. The oldest process is the nor-
malized rolling process, which involves hot rolling the steel at temperatures between 900◦C and 1200◦C
and then cooling it with air. This process produces steels with moderate yield strength and toughness
requirements, and a maximum yield stress of 460MPa can typically be achieved [18]. Nonetheless,
the increase in strength is achieved through higher alloy percentages, which negatively affects the
weldability for higher yield stresses [19].

It is also possible to manufacture steels up to S500 using thermomechanical rolling (TM or TMCP). This
process involves controlled hot rolling followed by controlled cooling, which results in a fine-grained mi-
crostructure. The fine-grained microstructure increases toughness and yield stress. Additionally, other
alloying elements such as vanadium and niobium can be added to the steel to further increase its
strength. Using the TMCP process, steel tends to have lower alloy contents, which greatly improves
weldability [20]. Furthermore, preheating thicker plates can be reduced significantly due to these low
alloying contents [19].

Finally, quenched and tempered steels have the ability to achieve the highest possible yield stress. In
today’s market, commercially available quenched and tempered steels can have a yield stress of up
to 1100MPa. This heat treatment process aims to produce a microstructure which mainly consists of
martensite. To prevent the formation of softer microstructures, the steel is instantly cooled from 900
degrees to less than 300 degrees within just a few seconds [19]. If the steel is only cooled, the material
would be very strong, but also very brittle. To regain toughness, the steel is heated again but at a lower
temperature and then cooled at a slower rate. Although these quenched and tempered steels are very
strong, they are more challenging to weld due to their higher carbon and other alloying element con-
tents [20].

Figure 2.2: Schematic simplification of steelmaking processes [18]

2.2. Mechanical properties
The combination of the chemical composition of steel and the applied heat treatment process results in
different stress-strain characteristics for steels with varying strength. Figure 2.3 compares the stress-
strain curves of conventional S235 and S355 steel with those of high-strength steels like S460 and
S690. The stress-strain curves can be divided into three stages. The first stage is a linear slope
defined by the Young’s modulus in the elastic range up to the yield stress. The second stage is a
plastic region where strain hardening occurs up to the ultimate tensile stress. Finally, in the third stage,
necking occurs until the material ultimately fractures. Although these curves have been used for many
years for structural steels and realistic models to represent these curves have been constructed over
the years, most experimental data is obtained from test data from structural steels up to 460MPa. Test
data for higher strength steels is relatively limited [21], but recent research performed by Coelho et al.
[22] and Wang et al. [23] aimed to fill this gap in the literature.



2.2. Mechanical properties 7

Figure 2.3: Stress-strain curves for different steel grades [21]

The regulations prescribe minimal required yield strengths for different steel grades, but it is important to
note that the required yield strength reduces with thickness caused by the increase in needed alloying
elements. Table 2.1 illustrates how the minimum required yield strength decreases with an increase in
thickness for normalized and thermomechanically rolled steels. This reduction is essential to maintain
the weldability of the steel [6].

Table 2.1: Minimal required yield strength at room temperature of normalized and thermomechanical rolled weldable fine grain
structural steels (EN10025-4 [24] and EN10025-3 [25])

Steel grade
Minimum required yield strength

[MPa]

≤16 >16
≤40

>40
≤63

>63
≤80

>80
≤100

>100
≤150(N)/120(M)

>150
≤200

>200
≤250

S355N 355 345 335 325 315 295 285 275
S355M 355 345 335 325 370 365 - -
S460N 460 440 430 410 400 380 370 -
S460M 460 440 430 410 400 385 - -

From figure 2.3, it is clear that higher-strength steels have a lower ductility as the straining length
where the fracture occurs decreases. Ductility is important for steel structures to take into account
unexpected plastic strains. According to the method used by the Eurocodes, structures are designed
for ductile failure modes shown in figure 2.4 [26]. As brittle fracture is not allowed to happen in any
circumstance, certain ductility requirements for materials are essential. These are, therefore, typically
included in the material properties requirements. Despite the fact that high-strength steels show lower
ductility, the structural design of structures with high-strength steel is not significantly affected according
to STROBE [6].

Figure 2.4: Brittle fracture and ductile failure [26]
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Nevertheless, the stress-strain curves are affected by temperature and at low temperatures, the ma-
terial can fail abruptly before reaching the yield stress due to brittle fracture. This is an important
consideration for the offshore industry, which operates in very cold water. Fracture toughness is a
measure of a material’s resistance to crack propagation and is used to describe its ability to withstand
brittle fracture at specific temperatures. Figure 2.5 illustrates the variation in typical Charpy-V impact
energy with temperature for different steels. The graph demonstrates that thermomechanically rolled
S460 steel has superior fracture toughness properties compared to non-alloy S355 steel. For quenched
and tempered steels, the fracture toughness is somewhat lower than conventional S355 steel, but it
improves at lower temperatures.

Figure 2.5: Charpy V-temperature transition curves for different steels [27]

As previously discussed, the properties of the material can be modified by adding specific alloys to the
steel and tweaking the production process. To guarantee safe usage, regulations like the Eurocodes
requirematerial certificates that determine theminimum values of typical material properties. Engineers
then use steel that has the necessary properties for their projects. The advantage of these minimum
values is that they guarantee weldability and safety, allowing high-strength steels to be used safely in
steel structures. In conclusion, steel with higher strength can be produced with the required toughness
and ductility requirements. Although ductility is less compared to that of mild-strength steels, it usually
does not limit the design of high-strength steel structures. The biggest disadvantage of high-strength
steel is that it may lead to deflection issues, as the Young’s modulus does not increase with a higher
yield stress.

2.3. Engineering considerations
This section summarises essential factors to consider when using high-strength steel in steel structure
designs. First, the design rules according to Eurocode 3 for beams and columns are discussed in
paragraphs 2.3.1 and 2.3.2, respectively. These paragraphs also cover related literature and recent
findings, highlighting the differences between conventional steel and high-strength steel. Additionally,
the welding of high-strength steel is discussed and compared with conventional steel in paragraph
2.3.3. Furthermore, short discussions of high-strength steel fatigue, corrosion and fire resistance are
discussed in paragraphs 2.3.4, 2.3.5 and 2.3.6, respectively.

2.3.1. Static beam resistance
Statically loaded beams are normally checked for two different limit states: the ultimate limit state and
the serviceability limit state. These limit states verify if a structure can resist internal failure or instability
phenomena (ULS) and that it performs properly throughout its lifetime by not experiencing too much
deflection (SLS). Typically the check for the ULS consists of a rotational capacity via a cross-section
classification, a shear force check and a bending moment resistance check.
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To check if statically loaded beams have enough rotation capacity, the Eurocodes have defined four
different cross-section classes, which are shown in figure 2.6. Class 1 cross-sections have a high
rotation capacity, while local buckling will only occur after huge plastic deformations. These type of
cross-sections can form plastic hinges without reduction of the beam’s resistance and plastic analyses
can be used to calculate the bending moment resistance. Class 2 cross-sections can also develop
plastic moment resistance, but cannot form plastic hinges due to limited rotation capacity, while local
buckling will occur much sooner. Class 3 cross-sections will experience local buckling before they can
develop plastic moment resistance. For this cross-section class the elastic analysis should be used.
Finally, cross-section in class 4 do not have enough resistance and local buckling will occur before even
the yield stress is reached. This last cross-section class is therefore usually not allowed in structural
applications.

Figure 2.6: Cross section behaviour in bending according to Eurocode 3

For higher-strength steels, the susceptibility to local buckling is higher [5]. To determine a cross-
section’s ability to resist local buckling, Eurocode 3 uses a factor ϵ, which can be calculated with equa-
tion 2.1. However, this factor can only be calculated for steel grades up to S460, while the current design
standards prohibit plastic design for high-strength steels greater than S460. Nonetheless, recent re-
search proved that plastic design is also feasible for high-strength steel beams [28]. Another study [29]
suggests changes to the current cross-section classification limits for high-strength steel beams. The
study concludes that the class 1 limits for the flanges should be changed from 9ϵ to 8ϵ, and the web lim-
its should be changed from 72ϵ to 60ϵ, as insufficient rotation capacities occurred with the conventional
limits for class 1. The limits for other classifications are sufficient for beams with high-strength steel
and can be extended for use up to S700 steel. These new limitations will soon be implemented into
the newest version of Eurocode 3 [6], making plastic analysis possible for high-strength steel beams.

ϵ =

√
235

fy
(2.1)

According to Eurocode 3, laterally restrained beams can be assessed by the cross-sectional resistance
and deflection check only. If shear forces are assumed to be neglectable, and that a beam is only
subjected to uniaxially bending, the design bending resistance (Mc,Rd) of the cross-section can be
determined by equation 2.2 or 2.3 depending on the cross-section classification.

Mc,Rd =
Wpl,minfy

γM0
(2.2)

Mc,Rd =
Wel,minfy

γM0
(2.3)

The member needs to satisfy equation 2.4 in order to have sufficient resistance against bending and
equation 2.5 to have sufficient resistance against deflections. In equation 2.4, MEd represents the
design value of the bending moment and in equation 2.5, δ represents the deflection, which can be
calculated with standard deflection formulas or with finite element analysis.
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MEd

Mc,Rd
≤ 1.0 (2.4)

δ

δmax
≤ 1.0 (2.5)

Nonetheless, the shear force cannot always be neglected, and the member should be checked against
it, which is done with equation 2.6 in the case of an elastic analysis. In this equation, τEd is the design
value of the local shear stress. The value of τEd can be determined for I and H beams with equation
2.7. In this equation, VEd is the design value of the shear force and Aw and Af are the area of the web
and flange, respectively.

τEd

fy/(
√
3γM0)

≤ 1.0 (2.6)

τEd =
VEd

Aw
, if Af

Aw
≥ 0.6 (2.7)

The interaction between bending and the shear force is an important factor to check. If the elastic
analysis is used, a criterion for a state of plane stress from Von Mises is used. The equation for the
elastic analysis is shown in equation 2.8.

σvon−mises =
√

σ2 + 3τ2 ≤ fy
γM0

(2.8)

When the plastic analysis is used, and shear and bending are both occurring, the bending resistance
should be reduced to allow for the presence of the shear force. Usually, this is not very significant
for low values of the shear force, and therefore, the bending resistance should only be reduced when
VEd > 0.5Vpl,Rd. The plastic shear resistance, Vpl,Rd, can be calculated with equation 2.9 and, when
necessary, the reduced design moment resistance is obtained from equation 2.10 for I or H sections,
in which ρ = (2VEd/Vpl,Rd − 1)2.

Vpl,Rd =
Av(fy/

√
3)

γM0
(2.9)

My,V,rd =

(
Wpl,y −

ρA2
w

4tw

)
fy
γM0

(2.10)

If beams would be laterally unrestrained, the bending moment resistance can be determined with equa-
tion 2.11. Recent research proved that these current design rules for lateral torsional buckling of beams
are conservative for high-strength steels [30]. This is mainly due to the reduction of residual stresses
that occur with increasing steel strength. The research has concluded that the existing design rules for
lateral torsional buckling have the potential for improvement.

Mcr = C1
π2EIz
(kL)2


√(

k

kw

)2
Iw
Iz

+
(kL)

2
GIt

π2EIz
+ (C2zg)

2 − C2zg

 (2.11)

Hybrid plate girders are another interesting development in the field of high-strength steel. Recent
research [31] has shown that by using high-strength steel flanges (460 MPa) and conventional steel
webs, the costs can be reduced by up to 17%. Nevertheless, another research [6] claimed a somewhat
lesser cost benefit of only 4% for hybrid girders with S460, but 13% cost reductions could be achieved
with flanges of S690. Additionally, these S460 and S690 hybrid plate girders have achieved weight
savings of 21% and 41%, respectively, along with embodied carbon savings of 19% and 36%.

It is evident that using high-strength steel can be advantageous for designing beams, but deflection
becomes a significant issue and affects beam design earlier. Therefore, designing high-strength steel
beams requires a careful approach [5]. According to STROBE’s research [6], it was found that long-
span roof trusses, transfer beams, and beams with large web openings could benefit the most from
using high-strength steel, provided they are not limited by deflection.
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2.3.2. Static column resistance
If a member is subjected to axial compression, such as a column, the member should be verified
according to equation 2.12. In this equation,NEd is the design value of the axial compression force, and
Nc,Rd is the design resistance of the cross-section for compression. Nc,Rd is determined by Afy/λM0

for cross-section class 1, 2 and 3. However, members in compression should also be checked against
buckling according to equation 2.13, in which Nb,Rd is the design buckling resistance. Often, buckling
is the governing failure mechanism for steel members under compression.

NEd

Nc,Rd
≤ 1.0 (2.12)

NEd

Nb,Rd
≤ 1.0 (2.13)

The flexural buckling resistance is calculated by equation 2.14, in which χ represents the buckling re-
duction factor. The buckling reduction factor is calculated with equation 2.15, in which ϕ is a factor
which is calculated with equation 2.16 and depends on two variables: α, which corresponds with the
associated buckling curves that can be determined from figure 2.7, and the non-dimensional slender-
ness coefficient λ.

Nb,Rd =
χAfy
γM1

(2.14)

χ =
1

ϕ+

√
ϕ2 − λ

2
(2.15)

ϕ = 0.5[1 + α(λ− 0.2) + λ
2
] (2.16)

Figure 2.7: Selection of flexural buckling curve [20]

High-strength steel columns can benefit from reduced impact of residual stresses, just as with lateral
torsional buckling of beams. According to Eurocode 3, hot-rolled sections can usemore beneficial buck-
ling curves. Recent research indicates that welded I-sections can also benefit from this theory. Rec-
ommendations were proposed to use more beneficial buckling curves for welded I-sections [32]. For
offshore structures, columns are almost always made from circular-hollow sections. The Eurocodes
require the use of buckling curve c for steels up to 700MPa for these types of cross-sections, but a
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study into the structural performance of cold-formed high-strength steel hollow section columns proved
that conservative results were obtained with these current regulations by about 13 to 18% [13]. Another
study concluded that the current design rules are conservative with 10% for high-strength steel cold-
formed tubular hollow section beam-columns. It states that buckling curve ’a’ would be more suitable
than the current ’c’, leading to higher benefits of using high-strength steel circular columns [33].

The non-dimensional slenderness coefficient can be obtained by using equation 2.17. This coefficient
is dependent on the cross-sectional area of the material, its yield stress, and the Euler’s critical load
(Ncr). In order to calculate the Euler’s critical load, which is also known as the elastic critical load,
equation 2.18 can be used. This equation requires the Young’s modulus, area moment of inertia, and
effective length of the column.

λ =
√
Afy/Ncr (2.17)

Ncr =
π2EI

L2
(2.18)

When columns are made of high-strength steel, two factors affect their slenderness. Firstly, the reduc-
tion in cross-sectional area and area moment of inertia due to the use of less material, and secondly,
the increase in yield stress. Figure 2.8 illustrates the effect of using different yield stresses on the to-
tal buckling resistance. It’s evident that short, stocky columns offer the most significant benefits. The
STROBE study examined the use of high-strength steel columns of rolled sections and welded I sec-
tions in buildings [6]. The research analyzed two case studies, one of a 10-story building and one of
a 20-story building. The study concluded that a reduction of 25% in steel could be achieved for rolled
sections and 25% to 48% for fabricated I sections in a 20-story building. The overall costs were some-
what higher if fabricated I sections were made of S460, but reduced when fabricated I sections were
made of S690. For rolled sections, the costs were reduced in both cases by approximately 10%. It
concluded that the use of high-strength steel becomes more beneficial with increasing building height.

Figure 2.8: Representation of the buckling curves for different steel grades [5]

Nevertheless, rolled and welded I-section columns are typically not utilized in offshore structures, which
instead make use of circular hollow sections. Research has also shown that high-strength steel is con-
siderably economically beneficial for columns made of circular tubes [12]. This is particularly true for
simple columns, especially those which are stocky, but the benefits decrease with eccentricity. The
same research has also investigated the use of columns in frames and concluded that the use of high-
strength steel in frames can lead to significant economic benefits. For unbraced frames, deflection
becomes the governing factor, which reduces the economic advantage of using high-strength steel.
Therefore, the research concluded that there is no benefit in using high-strength steel in sway frames
where the ratio of the applied loads, NEd, to the critical load, Ncr, is less than 10.
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Recent research has also explored the potential of hybrid columns that combine different types of steel
to improve load-bearing capacity and energy absorption in steel structures [34]. An example of this is
shown in figure 2.9, where plates of S355 are welded between tubular hot-rolled S460 or S690 corners.
By using these hybrid columns, it is possible to avoid the brittleness that can occur with higher-strength
steel. According to research, the load-bearing limit increased by 50% and the columns could absorb
10% more energy for high-strength steel, with even better results seen when using ultra-high strength
steel (700+MPa). While these types of columns are currently not used in offshore structures, they
demonstrate the potential of high-strength steel for future steel structures.

Figure 2.9: Example of hybrid compressive member [34]

2.3.3. Weldability
The current production methods for high-strength steel allow for the creation of steel with both high
strength and sufficient toughness, making it highly weldable. However, the welding characteristics may
vary slightly depending on the production route and individual characteristics of the high-strength steel
grades [20]. Although the same welding operations can be performed for high-strength steels, welding
operations should be carried out with greater care by experienced welders as the complexities increase
for higher-strength steels. To ensure good welding, defects in both the weld metal and parent metal
must be minimized. The ability of a steel to be weldable can be expressed in the carbon equivalent
(CE), which can be calculated using equation 2.19 from EN1011-2.

CE = C +
Mn

6
+

Cu+Ni

15
+

Cr +Mo+ V

5
(2.19)

According to Omajene et al. [35], steels with a CE less than 0.4% have excellent weldability properties.
Steels with a CE between 0.41% and 0.45% also have good weldability, but it is recommended to use
low hydrogen electrodes. Steels with CE between 0.42% and 0.52% have fair weldability, and it is
important to control the interpass temperature. Finally, steels with a CE higher than 0.52% have poor
weldability, and post-weld heat treatment is necessary. In all cases, preheating is an essential part of
the welding procedure to minimize the risk of hydrogen cracking. The need for preheating depends on
the plate thickness. Figure 2.10 shows the recommended preheating temperatures for normalized and
thermomechanical rolled steels against varying plate thicknesses.

Figure 2.10: Preheat temperature vs. plate thickness for different normalized and TMCP steels [36]
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As shown in figure 2.10, the preheating temperature required for conventional normalized S355 off-
shore steel is higher compared to high-strength S500 thermomechanical rolled steel. As discussed in
section 2.1, thermomechanical rolled steel has lower alloy content, which results in a lower CE. There-
fore, thermomechanical rolled steel has less chance of experiencing cold cracking, resulting in lower
recommended preheating temperatures. Limits on the heat input are still important, while TM steels are
susceptible to softening in the heat-affected zone (HAZ) [20]. Quenched and tempered steels are not
shown in figure 2.10, but their CE tends to be much higher for thicker plate thicknesses while alloy com-
positions grow to ensure sufficient hardening in the core. Therefore, the susceptibility to cold-cracking
increases, and higher preheat temperatures are required to prevent cold-cracking [19].

If proper welding techniques are applied and the appropriate heat treatments are used, high-strength
welds can be reached, and optimal strength, toughness and durability can be achieved for high-strength
steel. Nevertheless, preheating is a very time-consuming fabrication step, which increases fabrication
costs. According to HSM Offshore Energy [7], extra time of approximately 30% is often required to pre-
heat steel. Furthermore, preheating is also desired to be avoided because of job safety, while welders
are often in closed or small spaces. Reducing the preheat temperatures results in more desired working
conditions, higher efficiency and better end results [19]. As TM steel requires less preheating temper-
ature, economical and working benefits can usually be obtained during fabrication.

Despite quenched and tempered steels requiring a higher preheating temperature for a specific plate
thickness, part of this problem can be reduced because of the advantage of high-strength steel; higher-
strength can result in smaller and thinner structural components. Therefore, the required preheating
temperature will also decrease. Figure 2.11 illustrates the relationship between increased yield strength,
required plate thickness, and welding volume for a tensile-loaded plate. The figure shows that if S690 is
used, a reduction of approximately 48% in thickness and 68% in welding volume can be achieved. This
could potentially lead to a lower required preheating temperature compared to conventional normalized
S355 steel. Nonetheless, it is important to note that the example in figure 2.11 is for a tensile-loaded
plate. When a high-strength steel component subjected to bending is assessed, a much less thickness
reduction can be expected [5].

Figure 2.11: Dimensioning of tension bars with different steel grades and corresponding butt welds [37]

Another important factor, according to welding consultant Bodt [38], is the human factor in welding
quenched and tempered steels. Practise has shown that projects have failed because of discipline,
control, and careful welding practice because humans did not follow proper procedures. Although this
can easily be avoided by following proper welding procedures, the risk for these types of failure is much
lower for normalized and thermomechanical rolled steels. Therefore, thermomechanical rolled steels
are preferred at HSM Offshore.
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2.3.4. Fatigue
Structures, where fatigue is governing do typically not benefit from using high-strength steel [39]. Fa-
tigue consists of two different processes: crack initiation and crack propagation. In the case of un-
welded steel components, their fatigue life is usually determined by crack initiation. The period of
crack initiation generally increases with the tensile strength of the steel [5]. Therefore, high-strength
steel would be beneficial for unwelded components to improve their fatigue life. However, for welded
structures, things are different as they act more like notched samples. Welded structures are typi-
cally governed by crack propagation as they have pre-existing weld features and high tensile residual
stresses [20]. Unfortunately, fatigue crack propagation is independent of material strength. Smaller
joints created using thinner high-strength steel plates result in higher stress variations, negatively im-
pacting the crack propagation and, thus, the structure’s fatigue life. Hence, structures where fatigue is
governing require careful analysis when using high-strength steel [5].

Offshore jackets are highly susceptible to fatigue [40], which means that using high-strength members
on them is not expected to provide significant benefits. On the other hand, topsides are much less af-
fected by fatigue and high-strength steel could be possibly beneficial, but it is still important to consider
fatigue when designing a topside with high-strength steel.

Improving the fatigue resistance of a material can be achieved by designing better welds and reducing
local stress concentrations through good geometry. It is essential to follow good welding practices
to minimize imperfections in the welds. Additionally, ultrasonic impact treatment has been proven to
reduce local residual stresses, which can increase the fatigue properties of the material [5].

2.3.5. Corrosion
When it comes to corrosion, there is no significant difference in the level of protection required for high-
strength steel compared to milder steel. The same methods of protection can be used for both, but
it is important to note that stress corrosion cracking is more likely to occur when using high-strength
steel due to the higher levels of stress in the joint [5]. To reduce the risk of stress corrosion cracking,
ultrasonic impact treatment can be used. Additionally, when connecting mild steel with high-strength
steel, it is important to check and design for galvanic corrosion, which can have a significant impact on
the strength of high-strength steel [5].

2.3.6. Fire resistance
The final engineering consideration that will be discussed in this report is fire resistance. In the event
of an accident, a structure should remain capable of resisting its loads. For steels up to 700MPa,
fire resistance can be assumed to be the same as for conventional steels [20], but different material
properties may occur when high-strength steel structures cool down after reaching temperatures above
500 degrees Celsius. It is important to note that the focus of this report does not include accidental loads
and, thus, fire. Therefore, the fire resistance of high-strength steel will be assumed to be sufficient, but
it is advised to keep in mind that material properties can change after exposure to fire.

2.4. Costs and environmental impact
This section starts with providing information on the availability and prices of various types of steel in
paragraph 2.4.1. Additionally, differentmethods of producing high-strength steel have varying effects on
climate change. Paragraph 2.4.2 explores the impact of climate change on different steel grades based
on research performed by Stroetmann [37]. Finally, paragraph 2.4.3 compares the offshore industry
with the onshore construction industry in terms of potential cost and embodied carbon savings.

2.4.1. Costs of high-strength steels
High-strength steels are on the market for decennia as the interest in high-strength structural steel
is growing rapidly. As an enermous amount of different steels with different properties are available
nowadays, a selection of only two high-strength steel grades is chosen for this research: S460 and
S690. Topsides are mainly fabricated from two start products directly available after the manufacturing
of steel in steel plants: plating and structural shapes. The information within this paragraph is mainly
based on information provided by the purchasing department of HSM Offshore Energy.
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Various types of structural steel plates with different toughness requirements are available. The maxi-
mumavailable thicknesses of the considered steel grades are shown in Table 2.2 according to EN10025.
Figure 2.12 illustrates the differences in prices of different steel grades in 2011 [37]. That year, the price
difference between conventional steel of S355 and high-strength steel of S460 and S690 was approx-
imately 3% and 35%, respectively. However, only a weight reduction of 3% and 27% was required to
create economic benefits. If only a tensile force is applied on a plate, S460 and S690 are 30% and
95% stronger than S355, respectively. Therefore, these weight reductions are quickly expected when
only a tensile force is applied, but this is not often the case for offshore topsides.

Table 2.2: Available structural steel plates according to EN10025-2,3,4 and 6

Steel grade Steel quality Steel type Max. plate thickness [mm]

S355
Non-alloy J/J2/K2 400
Normalised N/NL 250

Thermomechanical M/ML 150

S460
Normalised N/NL 250

Thermomechanical M/ML 150
Q&T Q/QL/QL1 200

S690 Q&T Q/QL/QL1 200

Figure 2.12: Economic efficiency of heavy plates, if only the material price is taken into account (2011) [37]

Nevertheless, several European steel suppliers were asked for prices by HSM Offshore Energy, and it
was found that there were differences in prices compared to the ones showed in figure 2.12. It should
be noted that steel prices fluctuate daily and that different properties, thicknesses, or lengths can result
in different prices. Therefore, multiple prices were assessed, and it was concluded that steel plates of
S355N cost around 1000€/ton, while S355M costs 1350€/ton. Many construction companies prefer
TM steel due to its better welding properties, while N steel is often used only for specific applications.
It is often cheaper to use more expensive S355M steel as it reduces welding time. For high-strength
steel, prices increase, and table 2.3 shows the price differences between S460N, S460M, and S690Q
compared to S355 steel. It can be seen that this price difference is much lower when compared to
S355M.

Table 2.3: Price differences for different high-strength steel grades

Steel grade Price compared
with S355N

Price compared
with S355M

S460N +69% +24%
S460M +46% +7%
S690Q +63% +20%

Until now, only price differences caused by material costs and different welding procedures have been
highlighted. It is worth noting that tools used to process high-strength steel may experience a slight
reduction in their lifetime, which can lead to additional costs. Nevertheless, in most cases, these costs
are negligible [20]. The fabrication costs significantly increase only when plates need to be cold-formed
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into circular hollow sections [7], which is often required to manufacture columns and bracings for off-
shore topsides. Bending high-strength steel requires more controlled processing, but for S460, the
costs do not significantly increase or are even the same. For S690, on the other hand, the costs in-
crease significantly due to the increase in strength and the decrease in ductility, making it harder to
bend the steel plates into the correct form. As a result, higher pressure is required, leading to higher
costs [5]. According to HSM Offshore Energy, this rise in manufacturing costs of cold-formed columns
and bracings is approximately equal to 150€/ton.

Apart from using plating in its original form or cold-formed columns and bracings, offshore topsides are
constructed with various structural shapes. Different standardized structural shapes are available in
various sections. Figure 2.13 provides examples of the different structural shapes that are available.
Among these shapes, H-shape, I-shape, and circular hollow sections are the most commonly used for
topsides [40]. It must be noted that these structural shapes are only widely available as thermomechan-
ically rolled, limiting the strength to S460 steel. S690 will therefore not be considered when assessing
structural shapes such as beams.

Figure 2.13: Examples of different structural shapes [41]

The cost of structural sections is generally higher than that of plating due to the additional manufacturing
processes required to achieve the correct shape and geometry. For circular hollow sections, the price
for S355 is approximately 3000€/ton, while the price for S460 steel is 14% higher. The prices for H-
and I-shape sections are somewhat lower and can be found in table 2.4.

Table 2.4: Price for different steel grades for H- and I-shape sections

Steel grade Price [Euro/ton]
S355N 1250
S355M 1200
S460N 1400
S460M 1300

Nowadays, there is an increasing amount of research being conducted on the use of high-strength
steel in compliance with regulations such as the Eurocodes. As these codes are updated with the
latest findings, high-strength structural steels can be utilized more efficiently. This could lead to a rise
in demand for high-strength steel, which in turn could result in lower costs and greater use of high-
strength steel in the future.

2.4.2. Environmental considerations for high-strength steel
The demand for high-strength steel is increasing as engineers aim to reduce the weight of structures
and lower the total embodied carbon emissions. However, different steel grades are produced using
different methods, which means that reducing weight does not necessarily result in embodied carbon
savings. Stroetmann [37] conducted research on the environmental impact of high-strength steels.
Figure 2.14 illustrates the cumulative energy demand (CED) for different steels, representing the direct
and indirect energy required to produce a steel. The figure shows that there is no difference in steels
for continuous casting, the pusher furnace, and crude steel, but for high-strength steel, more alloys
are required, and it can be seen from the figure that this requires much more energy. Additionally, the
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rolling mill and heat treatment require more energy, but less compared to the increase in alloys. In total,
higher-strength steel has an increased cumulative energy demand.

Figure 2.14: Cumulative energy demand (CED) for heavy plates made of various steel grades [37]

Nevertheless, figure 2.14 only showed the cumulative energy demand for S235, S460 and S690. Again,
based on Stroetmann [37], figure 2.15 shows the total CED, the global warming potential (GWP) and
the acidification potential (AP) of different steel grades. As previously explained, TM steel has a lower
carbon equivalent, resulting in less energy required to produce these steels. This can explain the drop
in the CED when looking at TM steels. It can be concluded that S460M steel has a lower CED than
the conventionally used S355J2 steel, while the GWP and AP are comparable. On the other hand, for
S690Q, the carbon equivalent is higher, resulting in higher energy demand andGWP and AP, explaining
the rise for Q&T steels. From this figure, it can be concluded that S460M steel has an environmental
advantage over S355J2 steel, even without a reduction in mass. However, S690 requires significant
weight reduction to achieve such an advantage. Stroetmann [37] further showed this conclusion with
figure 2.16 in which the required weight savings in percentage are given compared to S235J2 steel. In
general, it concludes that if enough weight savings are achieved, high-strength steel can be beneficially
applied to decrease the impact of environmental and climate change.

Figure 2.15: Relation of CED, GWP and AP of heavy plates for various steel grades compared with S235J2 [37]

Figure 2.16: Required weight savings in [%] compared with S235J2 [37]
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2.4.3. Offshore considerations for high-strength steel
The literature research, such as STROBE [6] and Stroetmann [37], evaluated the environmental impact
of high-strength steel in onshore construction. Offshore structures differ significantly from onshore struc-
tures, especially in terms of transportation and installation. Offshore topsides are usually loaded onto a
barge and transported to the sea, where a heavy lift ship installs the topside on the previously installed
jacket. If high-strength steel is used and the topside’s mass is reduced, the transport and lift condition
may change. Weight reduction can lead to less transport fuel consumption, and in the case of sufficient
weight reduction, even a smaller heavy-lifting ship could be used. This could result in significant cost
reduction as heavy-lifting ships are expensive. Additionally, using less fuel and smaller heavy-lift ships
would reduce the overall embodied carbon emissions of an offshore project.

Furthermore, reducing the topside’s weight by using high-strength steel results in a smaller vertical
force on the jacket. It is possible that a reduction in topside mass could improve the natural frequency
of the structure, resulting in a jacket with smaller member sizes [40].

2.5. Conclusion of the literature review
In this chapter, an extensive literature study was conducted to explore the current state of high-strength
steel. Thanks to modern fabrication processes, there are now 3500 different steels available with
strengths up to 1200MPa. High-strength structural steel with excellent weldability is available in three
conditions based on their heat treatment process: normalized rolled, thermomechanical rolled, and
quenched and tempered. This research focuses on high-strength steels with a yield stress of S460
and S690. It has been concluded that an increase in yield strength typically results in a decrease in
ductility and toughness, which makes welding more challenging. However, the main problem with high-
strength steel is that the Young’s modulus remains the same for increased strength, creating earlier
deflection or stability problems.

In recent decades, more research has been conducted into high-strength steel. Multiple studies in
high-strength steel beams have concluded that different cross-section classification limits are required
for class 1 due to the limited rotation capacity of high-strength steel. Studies have also shown that high-
strength steel for beams is most beneficial when beams are short and heavily loaded and not governed
by deflection. Short and heavy is a vague definition, and it is not known when precisely a beam on a
topside is short, heavily loaded, and not governed by deflection. Moreover, hybrid beams, where webs
are made of conventional steel and flanges of high-strength steel, have proved to be advantageous for
plate girders, and high benefits can be expected for plate girders. Furthermore, columns have been
proven to be beneficially replaced with high-strength steel when they are short and stocky, especially
when the columns are braced. As residual stresses have less impact compared to conventional steel,
research has concluded that more advantageous buckling curves can be used for high-strength steel
than is currently allowed. Also, research has proved that hybrid columns can create much weight re-
duction, but the welding lengths significantly increase, and it is not expected that these columns will
be used on offshore topsides soon. More research is required to determine if columns in topsides are
short and stocky and thus feasible for high-strength steel.

Welding is the most important fabrication element for topside fabrication, but the decrease in toughness
properties makes it harder to weld. Certain heat treatments such as thermomechanical rolling and
quenched and tempering can improve the toughness properties. As TM steels have a lower carbon
equivalent, their toughness properties tend to be better than normalized steels, resulting in excellent
welding properties. Q&T steels tend to be more difficult to weld, but this can be improved by preheating.
Nevertheless, preheating is often not desired, as it increases the fabrication costs and creates a more
challenging work environment. Therefore, it is essential to include the rise in price by preheating when
comparing S460 and S690. For S460, it can be concluded that this steel does not require extra time or
money to weld.

Because of the decreasing sizes by using high-strength steel, fatigue resistance becomes more chal-
lenging. If high-strength steel is applied, it is advised to minimize fatigue, design proper connection
geometries, and perform post-weld treatment if required. Corrosion and fire resistance do not differ
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much from conventional steels.

When it comes to steel plate prices, the conventional 355N steel is the cheapest option. However, due
to its excellent welding properties, TM steel is often preferred. If S460M or S690Q steel plates would
be used, the material costs for plates would increase by 7% and 20%, respectively. When circular
hollow columns are formed from plates, there are no additional fabrication costs for S460M steel, but
for S690Q steel, an additional cost of 150€/ton must be included, mainly because of the extra pre-
heating time. For standard profiles, the costs are the lowest for TM steel. S355M beams cost around
1200€/ton, while S460M beams cost around 1300€/ton. S690Q beams do not exist.

Different production methods are used for different steel types, and their environmental impact also
differs. It can be concluded that TM steel is more environmentally friendly compared to conventional
S355J2 steel without much weight reduction. As weight reduction increases, more environmental ben-
efits can be expected for S460M steel. For S690Q steel, the impact on the environment is much higher,
especially because of the required alloys in Q&T steel. Nevertheless, if weight reduction is achieved,
the environmental impact can still be lower.

Weight reduction for offshore topsides has additional benefits, especially regarding the required trans-
port. As offshore transport requires a lot of fuel, a reduction in weight also reduces the fuel consumption,
indirectly contributing to less carbon dioxide emissions. If enough weight reduction can be achieved,
even smaller crane ships could be used, which would lead to economic benefits. Moreover, the re-
duction of topside weight could also lead to a smaller jacket, which again contributes to economic and
environmental benefits.

Although there has been considerable research conducted on the use of high-strength steel, there
are currently no case studies or methods available that demonstrate the potential for its application
in topsides. As a result, the rest of this research aims to assess the feasibility of implementing high-
strength steel in offshore topsides.



3
Assessment of structural components

in topsides

In the previous chapter, several conclusions were drawn about high-strength steel. To further determine
whether high-strength steel is a viable option for topsides, it is necessary to understand the structural
components that make up a topside, their typical lengths, sizes, and weight distribution. First, this
chapter will begin by examining the literature for standard design rules for topsides in terms of structural
design in section 3.1. Additionally, section 3.1 will define specific definitions that are used throughout
the remainder of this report. Secondly, section 3.2 will assess various existing topsides for their primary
and secondary steel, obtaining weight distributions, typical lengths and structural component sizes
while comparing these values with the literature results. Finally, in section 3.3, the conclusions of
the literature and topside assessment will be discussed to determine which structural components are
worth further research.

3.1. Design of offshre topsides - key figures & structural components
The main purpose of a topside is to provide support for the various functions of a platform, such as
oil and gas processes or electricity transformation. The overall design of the topside depends on the
size of the necessary equipment, floor area, and number of processes. The industry has a long and
remarkable history, which is briefly discussed in Appendix A. Designing topsides requires a lot of ex-
perience, and according to HSM Offshore Energy and Enersea, their structural design relies heavily
on the experiences gained in the past. Even with advanced computer programs, experience is still
crucial, and rules and standards are based on estimations and generalized results. Therefore, past
experiences with designing offshore structures are essential for creating new designs. Engineers often
use a similar design as a starting point and make adjustments to some members if necessary. Member
selection is not a standard process and varies greatly from engineer to engineer, depending on their
background experience [15].

Topsides can generally be divided into two types: modular topsides and integrated deck topsides. Mod-
ular topsides consist of a module support frame with multiple modules on top of the frame, installed
individually. The modular topside type is used when the weight or sizes exceed the maximum available
crane capacity and can weigh from 10,000 tons up to 40,000 tons [40]. Figure 3.1a shows the Britan-
nia topside, an example of a modular topside. The topside has multiple modules, and many offshore
lifting operations were required to install this topside. Figure 3.1b shows an example of an integrated
deck topside, which can weigh up to 10,000 tons [15]. These topsides only require one or a few lifting
operations offshore, while they can be lifted entirely or installed with a float-over operation. As inte-
grated topsides are the most abundant type of topsides in the southern North Sea, and while they are
fabricated as a single unit, this research will only consider integrated offshore topsides.

21
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(a) Example of modular topside [42] (b) Example of integrated topside [Courtesy of HSM Offshore Energy]

Figure 3.1: Modular and integrated topside examples

There are two structural configurations for integrated deck topsides on jacket-type platforms [15]: a
truss-type topside or a portal-frame-type topside. The truss-type topside, shown in figure 3.2a, allows
loadings to distribute through the bracings to the main columns. Using truss-type topsides often results
in the possibility of creating lighter structures, but the bracings obstruct the platform’s layout, so this
configuration is not always suitable. In a portal-frame topside, shown in figure 3.2b, no bracings obstruct
the layout, and the whole deck area can be used, but this requires heavier beams and an increased
topside height. According to HSM Offshore Energy [7], a combination of the two is often used. Heavy
plate girder beams are used where bracings are not preferred because of the layout, while bracings
are used at the far sides, where no equipment is located.

(a) Example of a truss type configuration (b) Example of a portal-frame type configuration

Figure 3.2: Truss type and portal-frame type topside

As preliminary designs of offshore topsides are often created by experience, there are many rules of
thumb and typical numbers for topside members. Many of these typical numbers are summarized
by the European Steel Design Education Programme (ESDEP) [43]. Although this source is relatively
outdated, many of these numbers are still valid and are therefore summarized in this section. According
to ESDEP, the steel structure of a topside consists of the following structural components, which are
also shown in figure 3.3:

• Deck legs (main columns)
• Primary girders (main beams)
• Deck beams
• Deck stringers
• Floors (plating or grating)
• Bracings and secondary columns
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Figure 3.3: Structural components of an offshore platform

Often, a topside consists of multiple decks. There are multiple possible names for the decks, but
for High-voltage offshore substations, the following decks are normally considered: cellar deck, main
deck, and roof deck. Sometimes, there are smaller decks in between, which are called mezzanine
decks. These decks are shown in figure 3.4. As mentioned earlier, the decks’ height and area are
determined by the functionality of the topside. The intermediate height between the decks on platforms
within the North Sea typically differs from approximately 6 to 9 metres. The height of the cellar deck
above the mean sea level (MSL) is determined by the maximum elevation of the wave crests, the ele-
vation because of tides and storm sway, and a minimum air gap of 1.5 metres. In the southern North
Sea, this distance is typically about 10 metres above MSL [44].

Figure 3.4: Different decks on offshore platforms (naming according to HSM)
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Topsides usually consist of circular hollow sections for the columns and bracings. Hollow section
columns are usually lighter than structures with beam columns, caused by an increase in the radius
of gyrations [11]. However, these types of members are more expensive, but this cost increment is
tackled by the reduction in weight on the topsides. For a preliminary design of the deck legs, the deck
leg diameter can be assumed to be equal to the pile diameter [15]. Using that diameter and the height
of the cellar deck, the effective length could be determined from the degree of fixity of the leg into the
deck; with this, the thickness of the deck leg could be calculated. Typically, deck legs have a D/t ratio of
35 to 40, according to Reddy and Swamidas [40]. According to Chakrabarti [15], the column spacings
of the main deck legs for a four-legged platform in the Gulf of Mexico are typically 12x12 metres, and
cantilever beams typically span half the column span. Nonetheless, ESDEP mentions that production
platforms on the North Sea often have a column base of 15x15 metres.

The decks are connected to the deck legs and consist mainly of beams. Floor plates usually span
around 1 metre, and the thickness can vary from 6 to 10mm. The chosen thickness is often deter-
mined by the wheel footprint of the design forklift truck [43]. In general, there are two options for floor
plates: steel plates or grating. Steel plates can handle much heavier loads, and fluids will not leak
through them, while grating can be used if weight reduction is desired. The deck stringers, which
support the flooring, usually have a span of 5 metres, and the member often varies between an IPE
ranging from 240 to 270 or an HEA ranging from 240 to 280. H-beams ranging from 800-1000 are
often used as deck beams to support the major equipment and deck stringers. These deck beams are
connected to the main beams. The height of main beams is typically conventionally chosen and varies
from 1000 to 1200mm and are often built of plate-girders, beams made from plates. This is done while
standard beam sizes do not pass 1000mm. A span of 12 to 15 metres is typical for the main beams.
For a preliminary design, the beam sizes are usually determined by straight beam formulae using the
live loads and the weights of the heaviest equipment. An initial deck load can be assumed to vary
from 24 to 48kN/m2 for the main deck, and for the cellar, roof and mezz deck, initial loading of 14 to
24kN/m2 can be assumed [15]. Nevertheless, this is considered to be very high according to Enersea.

All of the structural components located on the topside of offshore structures require well-designed
connections. These connections, also known as joints, are typically welded instead of bolted. Although
bolting is cheaper, it requires more maintenance as it is susceptible to corrosion and loosening over
time. Additionally, welding is stronger than bolting due to the drilled holes required for the bolts, which
reduces the material strength. Unlike in the building industry, where bolting is common, welding is
preferred for offshore structures as they require very strong connections and are usually installed by
one lifting operation. Typical welding connections on offshore topsides can broadly be divided into
three different types:

• Welded beam-to-beam connection
• Welded beam-to-circular hollow section column connection
• Circular hollow section welded joints

The welded beam-to-beam connection is usually used in the decks to connect beams to each other.
Depending on the desired situation, these connections can be very stiff or flexible. For the connection
of stringers to the deck beam, there are generally two options to create a connection: the stack floor
concept and the flush floor concept. The stack floor concept is the easiest one to fabricate and is
illustrated in figure 3.5a. In this flooring type, a stringer is placed upon the bigger deck beam and directly
welded to the deck beam. However, this concept can sometimes create corners that are inaccessible
for maintenance, which could eventually increase the costs significantly. Additionally, the total height
of the topside will increase when the stack floor concept is applied. Therefore, the flush floor concept
connections are preferred at HSM Offshore Energy [7], of which an example is shown in figure 3.5b.
These connections level the stringers with the deck beam, and the flooring can be placed directly on
both type of beams. It requires some extra prefabrication but is easier to conserve and maintain.
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(a) Example of a stack floor concept [43] (b) Example of a flush floor concept

Figure 3.5: Truss type and portal-frame type topside

Offshore topside columns are typically made up of circular-hollow-tubular legs. To connect these
columns to the main beams and enable them to withstand shear force and bending moment, diaphragm
plates (also known as diamond plates) are used. These plates are welded onto the outer diameter of
the columns to connect the beams to the circular columns. The connections are usually very rigid, as
demonstrated in figure 3.6.

(a) Example of a diamond plate connection (b) Example of a diamond plate connection

Figure 3.6: Examples of a diamond plate connection

The final connection, which is often applied on offshore structures, is the circular hollow to circular
hollow connection. An example of such a connection is shown in 3.7. Essential aspects to check for
these joints are plastification of the chord and the punching shear resistance because of the thin-walled
cross-sections.

Figure 3.7: Example of a circular hollow section connection
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When considering the total weight of a topside, it can be divided into various categories, such as
structural steel weight (50%), mechanical or equipment weight (30%), piping weight (10%), and other
weights (10%). Weight reduction of topsides can be achieved by four different approaches: functional-
ity, sizing, layout compactness, and structural design. Functionality has the highest impact on weight
reduction. Reducing the amount of processes on a topside could drastically decrease the required lay-
out area and, thus, the total weight of the topside. Another option after the functionalities of the topside
are evident is to minimize the sizes of the required equipment. Smaller sizes result in less required
area and a decrease in total weight, but this is often not possible as the equipment is usually already
chosen to be as small as possible. Then, optimizing the topside layout can be applied to reduce weight
by minimizing the required area. Proper bracing design, efficient use of space, and little spare spaces
can help to optimize the layout. Finally, the last option is to reduce weight through structural design.
The structural design can be optimized using different materials, good member sizing, and clever engi-
neering tricks, which is the type of weight reduction that this research focuses on.

According to HSM Offshore Energy [45], the structural scope of the topside typically accounts for about
one-sixth of the total topside cost. Decreasing the weight of these structures while maintaining an ac-
ceptable design for fabrication, installation, andmaintenance could lead to significant economic benefits
for the overall project. From this section, it can be concluded that the structural steel scope of topsides
mainly consists of five structural components: beams, columns, bracings, plating or grating and extra
steel required for connections. Although there are many more steel parts such as pad-eyes, crane
pedestals, pipe supports, equipment supports, etc., these parts are usually smaller in number than
the aforementioned components, and the size of these parts is often more critical than their strength.
Therefore, high-strength steel is not expected to be feasible for these parts, or if feasible, their small
amount will contribute little to reducing costs and weight. Hence, these specific parts will not be con-
sidered. Nonetheless, it is yet to be known how much the five structural components discussed in this
research make up the total topside weight, and further research is required to conclude if it is worth
investigating these components further.

3.2. Comparative research with existing topsides
HSM Offshore Energy has a long-standing experience in constructing topsides. Consequently, this
research was able to utilize several projects with corresponding weight reports and drawings. Seven
topsides, varying in size and functionality, were selected for this study and are shown in table 3.1. All
seven topsides were compared for their general dimensions, deck layout, member sizes and weight
distribution. The only prerequisite was that the topside should have a jacket-type substructure. It
is believed that the deflection becomes more substantial for a topside with a monopile substructure
as compared to the topsides mounted on top of a jacket. Additionally, the jacket-type platforms are
usually heavier and more commonly used, making them more suitable for assessing the feasibility of
high-strength steel.

Table 3.1: General information about the assessed topsides

Topside Functionality
Overall topside
dimensions
(LxWxH) [m]

Topside
weight
[tonnes]

Deck leg
layout
[m]

Number of
deck legs

1 Gas production 40x20x17 2200 18x18 4
2 Wellhead 35x20x20 900 14x14 4

3 High-voltage
substation 41x34x25 2400 23x20 4

4 High-voltage
substation 40x25x20 2500 17x13 4

5 High-voltage
substation 58x32x26 3700 20x14 6

6 High-voltage
substation 35x25.5x15 1200 15x13 4

7 Gas production 61.5x34x15 3200 17x17 6

The offshore industry has been around for several decades, andmany empirical equations are available
to estimate the size of the deck and the topside weight. Most often these equations are usually based on
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the amount of gas or oil production, such as given by Reddy [40]. Figure 3.8 displays the seven topside
weights versus their floor area. Although the r-squared value of the plot is only 0.53, indicating relatively
low accuracy of the trendline, it can be concluded that topside weight increases with an increase in floor
area. Based on the data from these seven topsides, an estimate of the topside weight can be calculated
using the formula: Weight = 5 ·Area+ 650.

Figure 3.8: Topside weight [t] vs. Floor area between deck legs [m2]

Another way to look at it is by looking at how much steel weight a topside contains per floor area. As
discussed in the previous section, 50% of the topside’s weight can be considered to be the steel weight.
According to HSM Offshore Energy, a topside’s steel weight can be estimated at 400kg/m2 per square
meter of floor area, regardless of the topside’s size. Figure 3.9 displays the steel weight of the seven
topsides divided by their floor areas. The figure indicates that 400kg/m2 is approximately the mean,
but the steel weight per floor area generally decreases as the floor area increases. As smaller floor
areas have a higher steel weight and probably shorter beam lengths, high-strength steel could be more
advantageous for smaller floor areas, while deflection will be less significant. It must be noted that the
trendline’s accuracy is low to conclude that this is always the case.

Figure 3.9: Topside steel weight per floor area between deck legs [kg/m2]
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It was observed that the deck layouts of the seven topsides were correlated when considering only
primary and secondary steel. A typical deck layout constructed by HSM is represented in Figure 3.10.
It should be noted that none of the topsides had an exact layout, as shown in the figure. This is because
different equipment, areas, functionalities, and requirements require other layouts. Nonetheless, the
figure represents that a deck typically consists of main columns (shown in red circles), main/primary
beams (shown as blue lines), deck beams (shown as orange lines) and deck stringers (shown in dotted
yellow lines).

Figure 3.10: Typical deck layout (Main beams in blue, deck beams in orange and deck stringers in dotted yellow)

While the literature discussed in the previous section described that the column spacings of the main
deck legs are typically 12x12 metres to 15x15 metres, the topsides from HSM Offshore Energy show a
wider variety. The column spacings of the seven topsides vary from 13 to 23 metres. In most cases, the
topsides are more rectangular than square, but this can be explained by the fact that the construction
hall at HSM is longer than it is wide. The observed diameters of the columns varied from 30 inches to
42 inches, but the typical diameters were not found in the literature. The height of the columns showed
the same range as the literature between the cellar, main and roofdeck, but when mezzanine decks
were included, the height was often smaller, ranging from 3 to 5 metres.

For the main beams, profiles varying from 600 H-beams to 1200mm high plate girders have been seen,
which is a wider range than what is typically mentioned in the literature (that claims a range of 1000
to 1200 H-beams). Moreover, the length of the main beams in the topsides is different from what is
mentioned in the literature, while the main columns have larger spacing, requiring longer main beams
between them. The maximum span observed for a main beam is 23 metres.

The deck beams showed a wide variety of lengths on the different topsides, and no direct range could
be found. The distance between the deck beams varied compared to what was found in the literature.
The literature proclaimed a distance between the deck beams of 5 metres typical, but distances from
3 to 5 metres have been spotted in the seven topsides. The profile for a deck beam varied from 400 to
1000 H-beams and, in some situations, even a plate girder, typically when heavy equipment is located
at that location.

As the deck stringers are located between the deck beams, their span varies from 3 to 5 metres. The
distance between the deck stringers varies from 0.85 to 1.2 metres, comparable with the 1 metre from
the literature, but the deck stringers had a wider range than the literature and varied from IPE180 to
IPE240.

Different values were obtained for the length of cantilever beams as compared to those found in the
literature. The length of cantilever beams assessed in the topsides ranged from 2 to 8 metres. It is
important to note that to minimize the deflection of hanging deck parts, a circular tube tension member
is often welded to the ends of longer cantilever beams. In such cases, these beams behave more like
normal deck beams. The cross-sections varied from 300 H-beams to plate girders of 1200mm.

The thickness of deck plating on the topsides ranged from 8 to 10mm, which differs slightly from the
literature that indicates 6 to 10mm. HSM Offshore Energy prefers not to use 6mm due to the defor-
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mations that occur during welding. As a result, the minimum plate thickness HSM uses in offshore
topsides is 8mm.

In addition, an attempt was made to compare different joints, but it was concluded that each joint dif-
fered too much. As columns and beams differ, the plate thickness, width, and size of the joint also
differ. As a result, no generalized results for joints were assessed.

Despite the significant variations among all seven topsides, correlations were found for the deck lay-
out and the profiles, lengths, and typical dimensions of its structural components. Table 3.2 presents
generalized ranges of typical structural components within a topside based on the assessment made
in this section and the literature discussed in the previous section.

Table 3.2: Generalized ranges of structural components from topside assessment and literature study

Component Profile range
(HSM)

Profile range
(literature)

Length
range
(HSM)

Length
range

(literature)
Other

Main columns
Diameter:
30-42inch

(0.76-1.07m)

Diameter:
Not found 3-9m 6-9m

Spacing deck legs:
Literature: 12-15m
HSM: 13-23m

Main/primary beams 600 H-beam -
1200 plate girders

1000-1200
H-beams/plate girders 13-23m 12-15m

Deck beams 400-1000 H-beams 800-1000 H-beams - - spacing approx. 3-5m
Deck stringers 180-240 IPE 240-270 IPE / 240-280 HEA 3-5m 5m spacing approx. 1m

Deck cantilevers 300 H-beams -
1200 plate girders Not found 2-8m 6-7.5m

Deck plating 8-10mm thickness 6-10mm - -

From the weight reports of the topsides, the structural weight could be divided into four structural com-
ponents: beams, columns and bracings, plating and nodes. By comparing the weight of the seven
topsides, the weight percentage of each component can be obtained as shown in figure 3.11. The fig-
ure reveals that beams make up the majority of the weight percentage (approximately 34%), followed
by columns and bracings (approximately 17%), deck plating (approximately 15%), and nodes (approx-
imately 9%). The remaining 25% of the total steel weight is made up of other structural components.
It’s important to note that the weight of the nodes includes beams and columns as well because these
nodes are constructed separately and then welded to the beams and columns later on. The average
percentages are used to extend figure 1.2b introduced in chapter 1, and the extended Sankey diagram
is shown in figure 3.12. From this diagram, it can be concluded that using high-strength steel for beams,
columns, bracings, plating, and nodes will only affect about 17.9% of the total topside weight.

Figure 3.11: Weight percentage of different structural components for different topsides
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Figure 3.12: Extended Sankey diagram of weight [tonnes] based on Borkum Riffgrund

3.3. Conclusion regarding topside structural components
The previous sections have covered the structural design of topsides and evaluated various topsides
for correlations. As this thesis aims to determine whether high-strength steel is generally feasible on
topsides, it is challenging to include joints in this research. Joint sizes vary widely and are specific
to the type of column or beam used. Moreover, research on the weight of structural components has
shown that only 9% of the steel weight consists of joints, which also partly includes beams and columns.
Using high-strength steel in beams and columns could thus automatically affect the joints. Therefore,
this research will not assess the feasibility of high-strength steel for joints. Nevertheless, it is recom-
mended to investigate the effect of smaller joints due to high-strength steel beams and columns, as
smaller joints can cause fatigue issues but may also have potential benefits due to the smaller welds
required.

Additionally, the deck plating and other structural components (except for beams, columns, and brac-
ings) will not be further discussed. Thinner deck plating would only cause heavy deformations due to
welding. Therefore, reducing plate thickness with high-strength steel will not be beneficial. The other
structural components (except for beams, columns, and bracings) are often not specifically designed
for their function. Most of the time, they are either bought ready-made, or their size is more critical than
their weight. The components that are designed for their strength are very specific; therefore, none of
these other structural components will be considered in this research.

The focus of this research is to examine the feasibility of using high-strength steel in beams, columns,
and bracings. This will only impact approximately 12.1% of the total topside weight and 51% of the steel
weight of a topside. It is suggested that utilizing high-strength steel will have greater benefits for smaller
floor areas. The upcoming chapters will investigate the feasibility of using high-strength steel beams,
columns, and bracings in the design of a topside and explore the potential economic advantages.



4
Feasibility of high-strength steel in

topside beams, columns and bracings

This chapter will assess the feasibility of applying high-strength steel for beams, columns and bracings
in topsides. The typical ranges of these components from table 3.2 will be used to determine the
possibility of integrating high-strength steel in these structural components in topsides. Section 4.1 will
discuss how the feasibility of high-strength steel beams is evaluated and will discuss multiple examples
for different beam types. Section 4.2 assesses the feasibility of high-strength steel in circular hollow
columns and bracings. Lastly, Section 4.3 will shortly summarize the conclusions obtained in this
chapter. All calculations performed to assess members in this chapter are based on Eurocode 3 and
some example calculations can be found in the appendices.

4.1. High-strength steel beams
This section evaluates the feasibility of using high-strength steel for the four different beams in a topside
deck: deck stringers, deck beams, main beams and cantilever beams. As discussed in Chapter 2,
hot-rolled high-strength beams are currently only available in S460, but this aspect is disregarded
in the assessments in this paragraph to determine if S690 could be potentially advantageous. The
first paragraph introduces the methodology used to evaluate the beams within a topside deck without
knowing anything about the loads. The following paragraphs will subsequently discuss the four different
types of beams and assess the feasibility of replacing them with high-strength steel.

4.1.1. Introduction to high-strength steel beams
The previous chapter discussed that preliminary topside designs are often created based on experi-
ence. Only after creating a deck layout and a simplified structural design will the loads be considered.
However, it would be beneficial to assess the feasibility of using high-strength steel in this early design
phase, even when the loadings are not yet precisely known. The lack of precise knowledge of the loads
makes it complicated to determine whether a beam can be replaced with high-strength steel. To solve
this problem, a method has been developed to evaluate the potential of high-strength steel in topside
beams without knowing the exact loads. The method uses the fact that high-strength steel only ben-
efits beams when deflection is not governing and looks for a beam’s transition point from strength- to
deflection-governing. Once this transition point, described in a certain beam length, is known, beams
can be analyzed for their potential to use high-strength steel depending on their length. This way,
preliminary designed decks can be easily evaluated for their potential for high-strength steel without
knowing the exact loads.

If a beam is strength- or deflection governed depends on multiple variables such as the span of the
beam, the cross-section modulus, the cross-section area moment of inertia, the material, the load and
how the beam is supported. The different variables will be checked to see how significant their influ-
ence is for a beam to be strength- or deflection-governed.

31
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As discussed in chapter 2, according to Eurocode standards, a static member that undergoes bending
must be evaluated for both the ultimate limit state (ULS) and serviceability limit state (SLS). The ULS
is checked based on the required cross-section resistance, while the SLS is assessed based on the
maximum allowable deflection. In the simplest case, when the influence of the shear force is neglected,
and a beam is assumed to be laterally restrained, these checks can be performed with equation 2.4
and 2.5. If both equations are less than 1, the limit states are satisfied, and the beam has enough
resistance. The unity check with the highest value is the governing limit state, as that value is the
closest to its limit of 1. Which of the limit states is governed can thus be calculated with equation 4.1.
If equation 4.1 is higher than 1, the unity check for the ULS is higher than the unity check for the SLS;
hence, the ULS is governing.

U.C.ULS

U.C.SLS
=

MEd/Mc,Rd

δ/δmax
> 1 (4.1)

If now a simply-supported beam with cross-section class 1 is assumed, still laterally restrained and with
no shear force influence, the maximum bending moment that occurs in the beam can be calculated with
equation 4.2 and the maximum deflection of the beam can be calculated with equation 4.3. The design
bending resistance can be calculated with equation 2.2, while the maximum allowable deflection equals
L/200. When these four values are obtained, it can be assessed if the beam is strength- or deflection-
governing by filling in these values in equation 4.1.

MEd =
qL2

8
(4.2)

δ =
5qL4

384EI
(4.3)

Nevertheless, the Eurocodes state that different load factors should be used for the load for the ULS
and SLS; it cannot be simply said that both loadings are equal. According to the Eurocode, a distinction
between permanent loading and variable loading should be made. If only one permanent load (G) and
one live load (Q) are considered to act on the beam, equations 4.4 and 4.5 can be used to calculate
the corresponding factorized loads. It must be noted that the values can differ per country or project,
but a factor of 1.35 for the permanent load and 1.5 for the variable load for the ULS are advised by
the Eurocode. For the SLS for both the permanent and variable load, a factor of 1.0 is advised. When
all factors would have been equal to 1.0, the load would cancel out when the unity check of the ULS
and the unity check of the SLS are divided, but this is not the case when the correct factors are used.
To assess a beam without knowing the load, a connection between the permanent and variable load
should be constructed.

qULS = 1.35G+ 1.5Q (4.4)

qSLS = 1.0G+ 1.0Q (4.5)

The variable load is usually defined by the regulations or is defined in the project’s structural basis of
design. For example, a variable floor load of 15kN/m2 is often used in storage areas on topsides.
Based on Honfi [16], a load ratio can be introduced according to equation 4.6 to connect the unknown
permanent load with the variable load. If the permanent load is extremely high, the load ratio would
approach 0, and if the permanent load almost equals 0, the load ratio would approach 1. Let’s for
now consider a load ratio of 0.5; in that case, the permanent load equals the variable load and the
permanent load can be calculated as a function of the load ratio with equation 4.7. The influence of the
load ratio is analysed later on.

λ =
Q

G+Q
(4.6)

G =
Q

λ
−Q (4.7)

When a load ratio of 0.5 is assumed and equation 4.7 is substituted in equations 4.4 and 4.5, the loading
can be defined as a function of the variable loading only. The loads can be substituted in equations 4.2
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and 4.3, and the unity checks can be substituted in equation 4.1, then the final equation 4.8 is obtained.
If this equation is higher than 1, the ultimate limit state will govern independently of the beam’s applied
load. The equation still depends on the cross-sectional modulus, area moment of inertia, span length
and the material yield stress.

U.C.ULS

U.C.SLS
=

(
MEd

Mc,Rd

)
(

δ

δmax

) =

(
2.85γM0QL2

8Welfy

)
(
3000QL3

384EI

) =
1094.4γM0EI

24000WelfyL
(4.8)

If an IPE240 made of S355 steel is selected, the cross-sectional modulus and the area moment of
inertia are equal to 324cm3 and 3892cm4, respectively. Figure 4.1 shows equation 4.8 as a function of
the span of the beam. The blue horizontal line corresponds with the 1-value, the transition line where
a beam goes from ULS governing to SLS governing. It can be seen that for this IPE240, the transition
point is located at a beam span of 4.9 metres. If the beam is longer than 4.9 metres, deflection will be
governing, and high-strength steel can never be beneficial for this situation. If the beam is shorter than
4.9 metres, high-strength steel could be beneficial, and it is worth investigating if the beam could be
replaced with a smaller one to decrease the weight.

Figure 4.1: Ultimate limit state vs. serviceability limit state for an IPE240

Assumptions were made to construct figure 4.1, such as a simply-supported beam with a distributed
load, the choice of an IPE240, S355 steel, and a load ratio of 0.5. These variables must be assessed
for how they influence the transition point. The rest of this paragraph will analyse how much and how
these variables influence the transition point.

The influence of the load ratio
First, the influence of the load ratio is assessed, while the assumption of connecting the variable load
with the permanent load is very important for this method. The limits of the load ratio can be assessed
as the load ratio can only vary between 0 and 1. First, the equation for the permanent load as a function
of the load ratio (equation 4.7) is substituted into equations 4.4 and 4.5, which is shown in equations
4.9 and 4.10.

quls = 1.35

(
Q

λ
−Q

)
+ 1.5Q =

1.35Q

λ
+ 0.15Q (4.9)

qsls = 1.0

(
Q

λ
−Q

)
+ 1.0Q =

Q

λ
(4.10)
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If still a simply-supported IPE240 is assumed with a yield stress of 355MPa, all variables are constant
values except for the permanent and variable loads (quls/qsls). If these loads would be substituted into
equation 4.1, the factor between these loads is the only variable, except for the length. This fraction
can be simplified to equation 4.11. The limits of this fraction can be analysed to see how much this
fraction can differ for when the permanent load is extremely high or extremely low.

quls
qsls

=

1.35Q

λ
+ 0.15Q

Q

λ

= 1.35 + 0.15λ (4.11)

Equations 4.12 and 4.13 show that the fraction between the loads can vary between 1.35 and 1.5.
When a load ratio of 0.5 is assumed, the value would equal 1.425. This means that when a load ratio
of 0.5 is chosen, the ULS/SLS-ratio can only be 5.3% lower or higher when the permanent load is
extremely high or low. This shows that the amount of load has a very low influence on the transition
point of the beam.

lim
λ→0

(
quls
qsls

)
= lim

λ→0
(1.35 + 0.15λ) = 1.35 (4.12)

lim
λ→1

(
quls
qsls

)
= lim

λ→1
(1.35 + 0.15λ) = 1.5 (4.13)

Figure 4.2 shows the ULS/SLS-ratio for load ratios: 0.001, 0.5 and 1. This figure visualizes that the
influence of the load is minimal on the transition point of the beam. As previously shown, an IPE240
with a load ratio of 0.5 has its transition point at 4.9 metres. If the permanent load is infinity high or
approaching zero, the transition point only shifts with 30cm or 6.1%. This shift is assumed to be so
insignificant that a load ratio of 0.5 can be assumed and that the transition point is independent of the
load applied on a beam.

Figure 4.2: The influence of the load ratio on the ULS/SLS-ratio for an IPE240

The influence of the yield stress
High-strength steel increases the beam’s strength; therefore, the beam’s ultimate strength will increase,
and the unity check of the ULS decreases for the same lengths compared with S355 steel. This all,
while the deflection does not change because a higher yield stress does not result in an increased
Youngs modulus as discussed in chapter 2, which means that the SLS becomes governing for shorter
beam spans.
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Figure 4.3 visualizes the influence of the yield stress on the transition point of the beam’s ULS/SLS-
ratio. Where for S355 steel, the transition point is located at 4.92m; for S460 and S690, this transition
point shifts significantly to 3.83m and 2.52m, respectively. For S690, this means that the transition
point almost decreases with 50%. Therefore, the yield stress significantly affects the length where the
transition point occurs.

Figure 4.3: The influence of different yield stresses on the ULS/SLS-ratio for an IPE240

The influence of the cross-section
The cross-section also greatly influences the transition point of the ULS/SLS-ratio. Standard hot-rolled
sections have a specific section modulus and area moment of inertia. When a higher beam is chosen,
the area moment of inertia increases faster than the cross-section modulus. The section modulus
increases slower with increasing beam height due to the definition of the cross-section modulus: W =
I/z. The increase in the area moment of inertia has a very beneficial effect on the deflection resistance
of a beamand results in a lower unity check for the SLS.While the unity check of the ULS also decreases
but is less significant, the transition point will shift to the right if a bigger beam is chosen. This is
presented in figure 4.4.

Figure 4.4: The influence of different IPE’s on the ULS/SLS-ratio
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Nevertheless, it must be noted that in this figure a plastic section modulus is used. When a beam
has a cross-section classification of 3, the elastic section modulus must be used. The elastic modulus
offers less resistance to the bending moment, and therefore, the lines would shift to the right, while a
lower section modulus would result in an earlier strength-governing line. This indicates that the use of
high-strength steel would be somewhat more beneficial for beams, which should be assessed with the
elastic modulus.

The type of cross-section, I- or H-beam, also affects the transition point. Figure 4.5 visualizes the
difference between the same-height IPE’s and HEA’s. The cross-section properties can explain this
difference, as an IPE has thinner flanges compared to an H-beam. Therefore, the area moment of
inertia is lower for an IPE, and the section modulus will, as a result, also be less. As the section
modulus of an IPE is lower, the beam will, compared to an H-beam, be more susceptible to the ultimate
strength. However, I-beams have a notable benefit in that the deflection resistance per weight is much
higher. I-beams are, therefore, often used when low loads are applied, but long spans are required,
while H-beams are often used to resist higher loads.

Figure 4.5: The influence of different type of cross-sections on the ULS/SLS-ratio

The influence of the support type
In the previous examples, a simply supported beam was assumed, but changing the maximum bend-
ing moment and deflection in the beam by changing the support type will significantly influence the
transition point. Figure 4.6 shows the ULS/SLS-ratio for different support types in which the maximum
bending moments and deflections are calculated as a function of the length of a beam with standard
beam equations. The figure shows that a fixed assumption would result in a transition point at a three
times longer length compared with a simply supported assumption. This effect is enormous; therefore,
knowing how a particular beam can be modelled is of great importance. The desire to say something
about at which length a beam becomes deflection governed requires having an equation in which the
bending moment and deflection can be expressed as a function of the beam’s length. In the following
paragraphs, this aspect will extensively be discussed, and where necessary, a finite element model will
be created to assess which assumption would best describe a particular beam.
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Figure 4.6: The influence of different type of supports on the ULS/SLS-ratio

The following paragraphs will show how the method introduced in this paragraph can be applied to
review different beams. Each paragraph will apply this method, but some beams require additional
checks, which will be discussed in the corresponding paragraph. From this paragraph, multiple con-
clusions can be made regarding the different variables affecting the use of high-strength steel. This
paragraph concludes that the transition point of a beam to be strength- or deflection-governed is inde-
pendent of the load on a beam. Of the parameters that affect the ULS/SLS-ratio, the assumed support
type has by far the most considerable influence on the transition point; hence, extensive thought should
be made about the support of a beam. The other parameters, area moment of inertia, section modulus
and yield stress, also affect the transition point but are specific to a chosen beam. Therefore, different
beams with a specific length can be compared with each other.

4.1.2. High-strength steel deck stringers
This paragraph will assess the feasibility of using high-strength steel in the deck stringer. According
to the literature, summarized in table 3.2 of the previous chapter, deck stringers usually range from
IPE240 to IPE270 or HEA240 to HEA280. After reviewing several topsides, it was found that only IPEs
were used, which varied between IPE180 and IPE240. Therefore, this paragraph will first concentrate
on the IPE ranges of 180 up to 270. An example from an existing topside will be used to determine
if high-strength steel could be beneficial for these deck stringers. Later, the potential of high-strength
steel for HEA deck stringers will be discussed using the same method as for IPEs since the literature
suggests that HEAs can also be used, particularly for higher deck loads.

Figure 4.7 shows the ULS/SLS-ratio for all typical IPE deck stringers for a simply-support and fixed
beam assumption. This figure uses a plastic section modulus, while standard IPEs have a cross-
section class 1 for bending. Therefore, the Eurocodes allow a plastic analysis. This figure shows that
for the 3 to 5-meter range (indicated with the red crosses), the fixed assumed deck stringers are heavily
strength-governed. This indicates that high-strength steel could be beneficial for fixed deck stringers,
but a fixed deck stringer support is normally not realistic. In reality, a deck stringer will be more designed
as a simply-supported beam, while the connection can then be constructed easier and thus cheaper.

From figure 4.7, it can also be seen that for a simply-supported deck stringer, the strength-governing
area does not cover the whole deck stringer range of 3 to 5 meters. This indicates that high-strength
steel will not be beneficial for a simply-supported deck stringer or, in the best case, only for the biggest
cross-sections when simply supported is assumed. However, deck stringers are normally welded to
the deck beams, and a welded connection will always transfer somewhat of a moment, while a simply-
supported beam assumes no moment transfer. Therefore, a deck stringer will always be different from
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Figure 4.7: The ULS/SLS-ratio for all typical IPE deck stringers (different supports)

a simply-supported beam. Thus, the question arises before considering whether high-strength steel
could be beneficial: How to model a deck stringer?

A typical example of an existing topside for the deck stringers is selected and shown in figure 4.8a. The
selected deck consists of multiple IPE240 deck stringers with a span of 4.2m. These deck stringers
have a sniped connection (shown in figure 4.8b) to the HEB600 deck beams with a length of 8.5m,
and no equipment is located on this part of the deck. According to the project’s Basis of Structural
Design (BoSD), a variable load of 15kN/m2 should be used. The distance between the deck stringers
is 0.85m; hence, the deck stringers experience a variable load of 12.75kN/m. From figure 4.7, it can
be concluded that for the most conservative assumptions of a simply-supported beam, an IPE240 is
strength governed up to a span length of 4.2 metres.

(a) Example of deck stringers in a topside deck (b) Example sniped connection

Figure 4.8: Example part of a deck for deck stringer assessment
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It is nonetheless uncertain whether a sniped connection, illustrated in figure 4.8b, should be evaluated
as simply supported. At the same time, the top flange and web of the deck stringer are welded to the
deck beam, providing some rigidity to the joint. This connection could result in a bending moment in
the joint, making a simply supported assumption too conservative. A simplified model of the example
deck is constructed, as shown in figure 4.9, to analyse how these deck stringers will react with a finite
element analysis. RFEM is selected for the FEM analysis because it offers a set with all the standard
beams from the Eurocode, which can be easily implemented. Additionally, this program is also used at
Enersea for the global assessment of topsides.

Figure 4.9: RFEM simplified model of example deck

As proved in the previous paragraph, the load does not contribute to the transition point of a beam to
be feasible for using high-strength steel. Therefore, the load can freely be chosen when evaluating
how the deck stringer joints will react. For this reason, a load ratio of 0.5 is assumed, and by equation
4.7, the permanent load is equal to the variable load. In RFEM, two load combinations are created
to distinguish the calculations for the ULS and SLS according to equations 4.4 and 4.5, respectively.
It is assumed that the deck loading is only applied to the deck stringers and that both the unfactored
permanent and variable loads equal 15kN/m. It is first assumed that there is no sniped connection
and that the deck stringers are fully welded to the deck beams; therefore, no releases at the connection
nodes are defined. A fixed nodal support is assumed and applied to the ends of the deck beams.

Figure 4.10 shows the moment diagram of the deck stringers, which is obtained when no sniped con-
nection is assumed. The absolute maximum bending moment can be found at the joint with the deck
beam and is equal to 65.98kNm. The moment diagram shows that the connections on the end are
definitely not rigid connections and that assuming fixed deck stringers is not an option for this situation.
The diagram looks most comparable to the moment diagram of a continuous beam. When the standard
moment equation for a three-span continuous beam at that beam’s location is used (M = 0.1ql2), a
bending moment of 68.4kNm is calculated, an overestimation of only 3.7%.

Figure 4.10: Moment diagram of middle deck stringers modelled in RFEM
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When the maximum deflection is calculated from figure 4.11, a maximum deflection of 7.4mm can be
found. When the maximum deflection for a continuous 3-span beam is calculated, a value of 6.5mm
can be found, which underestimates the deflection with 12.2%. Assuming a continuous three-span for
these deck stringers will thus result in overestimating the bending moment and underestimating the
deflection and can, therefore, not be used to assess deck stringers exactly. Nevertheless, using the
standard equations for a simply supported beam would overestimate the maximum bending moment
at 66.1% and the deflection at 65.4%. Thus, choosing a simply supported assumption would lead to a
very conservative but safer assumption, but continuous beam assumptions would lead to more accu-
rate values but underestimates the deflection.

Figure 4.11: Deflection diagram of middle deck stringers modelled in RFEM

Nevertheless, the effect of a sniped connection should be checked to see if this changes the situation.
The sniped connection is modelled in RFEM as a T-profile connected to the IPE240 on both sides,
which is shown in figure 4.12. The T-profile matches the exact same sizes as the IPE240 except for
the bottom flange. Typically a snipe has a length of 200mm according to HSM but the snipe length
was checked for each 50mm. Table 4.1 shows for different lengths of a snipe connection the bending
moments from the corresponding bending moment diagram and the deflections. Something that can
be seen from the table is the decrease of the negative bending moment in the joint and an increase
in the bending moment within the middle beam. This reduction indicates that the deck stringers are
becoming somewhat more simply supported, although this effect is relatively low even for standard
snipe connections of 200mm. In the table, it can be seen that assuming simply supported would still
overestimate the sniped connection with 66.1% for the bending moment and 59% for the deflection.
Using the continuous beam equations would overestimate the bending moment by 25.9%, while the
deflection would be underestimated at 15.6%.

Figure 4.12: Sniped connections modelled as T-profile connected to the IPE240
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Table 4.1: Effect of different snipe lengths on deck stringers

Snipe
length
[mm]

Mmax
[kNm]

Mmin
[kNm]

M
(middle)
[kNm]

Deflection
left
[mm]

Deflection
middle
[mm]

0 51.49 -65.98 20.69 7.4 2.7
50 50.35 -60.78 24.30 7.3 2.3
100 50.83 -58.16 26.26 7.5 2.6
150 51.21 -56.04 27.85 7.6 2.8
200 51.49 -54.33 29.14 7.7 3

Continuous
3-span beam
assumption

54.72 68.4 17.1 6.5 -

Compared to
snipe of 0mm +6.3% +3.7% -17.4% -12.2% -

Compared to
snipe of 200mm +6.3% +25.9% -41.3 -15.6% -

Simply supported
assumption 85.5 - - 12.24 -

Compared to
snipe of 0mm +66.1% +65.4% -

Compared to
snipe of 200mm +66.1% +59.0% -

Figure 4.13 shows the ULS/SLS-ratio of continuous 3-span IPE240 beam of 355MPa. It can be seen
that when a continuous beam is assumed, the deck stringer range is entirely strength-governing, in-
dicating that high-strength steel could possibly be beneficial for an IPE240. It can be concluded that
the reality would be somewhere in between, and it heavily depends on the design of the joint. For the
assessment of the feasibility of using high-strength steel in deck stringers, an example calculation will
be made for both support assumptions. For the continuous beam, it is assumed that the deck stringers
do not have sniped connections, which would increase the weld length but also increase the accuracy
of the calculation. For a simply supported assumption, a sniped connection of 200mm is assumed. Ap-
pendix B shows all the calculations which have been made to assess the example deck stringer, and
in this paragraph, the results will shortly be summarised with the assumption of a continuous beam.
The simply supported beam assumption is assessed in the same way but only changing the standard
equations.

Figure 4.13: Example of deck stringers in a lay-down area

In the BoSD of the topsides’ project, it was found that for the example deck, the load for the ULS has
to be calculated according to equation 4.14 and the load for the SLS according to 4.15. When the
standard equations of the maximum bending moment and deflection for a continuous 3-span beam are
substituted in equation 4.1, the ULS/SLS-ratio can be calculated. For the example deck, a ULS/SLS-
ratio of 1.76 was found, which indicates that this deck stringer is strength-governed. To determine if
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the IPE240 can be replaced with a smaller high-strength steel IPE, it is assumed that the IPE240 is
designed for a unity check equal to 1, hence for the full capacity of the beam.

quls = 1.3G+ 1.5Q (4.14)

qsls = 1.0G+ 1.0Q (4.15)

By substituting equation 2.2 and the equation for the maximum bending moment of a 3-span continuous
beam into equation 2.4, equation 4.16 is obtained by assuming maximum capacity (MEd/Mc,Rd = 1).
Equation 4.16 can be used to calculate themaximum load for which this beam is designed. The project’s
BoSD shows that γM0 = 1.16 and that for the location of the deck stringer, a variable load (Q) of
12.75kN/m should be used. With this given, a maximum load of 63.6kN/m is obtained, and the
design permanent load can be calculated by rewriting equation 4.14, resulting in a permanent load (G)
of 34.2kN/m.

qULS(max) =
10σyWp

γM0L2
(4.16)

As this beam is designed for strength, it is now known that this beam is designed for a quls of 63.6kN/m.
When looking at whether this beam can be smaller when high-strength steel is used, it is assumed that
the load of 63.6kN/m will stay the same when choosing a smaller beam size, hence neglecting the
reduction of the self-weight of the beam. When equation 4.16 is again rewritten as equation 4.17, the
minimum required plastic section modulus can be calculated for the different yield stresses. If S460
is used, a minimum plastic section modulus of 282.9cm3 is required for the beam to have sufficient
bending resistance, while if S690 is used, only 188.6cm3 would be enough for the beam to resist the
bending moment. Looking at different IPE cross-sections, an IPE 220 would be sufficient for S460 steel,
while an IPE 200 would satisfy for S690 steel. However, as the required moment of inertia does not
change when high-strength steel is used, this could restrict the use of high-strength steel, and therefore,
the minimum required area moment of inertia must be calculated.

Wp,minreq =
γM0qulsL

2

10σy
(4.17)

The required minimum area moment of inertia can be calculated as the permanent load is determined.
Equation 4.5 can be used to determine the load required for the deflection calculation, which equals
46.95kN/m. By substituting the maximum deflection formula of a continuous beam and the deflection
limit of L/200 into equation 2.5 and rewriting this equation, equation 4.18 is obtained to calculate the
minimum required area moment of inertia, which is equal to 2285.8cm4. Looking at the list of IPE
cross-sections again, an IPE220 is the lowest IPE possible to resist the deflection. Therefore, the area
moment of inertia restricts the benefits of S690, and only an IPE220 of S460 steel could be used to
reduce the cross-section.

Ireq =
1.38qslsL

3

E
(4.18)

Nevertheless, only the bending moment resistance and the deflection check are now satisfied but the
cross-section classification and whether the influence of the shear force should be considered is not
yet included in the above calculations. When these are also performed, it can be concluded that the
cross-section class remains a class 1 cross-section class for a standard IPE220 of S460 steel; hence,
a plastic analysis may still be used. The shear force is calculated and is only 34.6% of the plastic
shear resistance. For both calculations is referred to appendix B. It can be concluded that the above
calculation satisfies the Eurocodes for a laterally restrained beam, and a high-strength IPE220 of S460
steel can be used in this example to reduce the overall weight. Compared to an IPE220 of S355 steel,
an IPE240 of S460 steel has 14.7% less weight. When the prices of high-strength steel are used, a
material cost reduction of 6% can be realised. Nonetheless, while it was chosen to assume a fully
welded beam instead of a sniped connection to better approach a continuous beam assumption, the
welding costs increased by 16.7%. This increase in welding costs resulted in a total cost reduction of
only 1.83%.
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When the calculations are performed for a simply supported beam, it is found that the deck stringer
is still slightly strength-governing. However, a reduction of the cross-section by using a smaller beam
is not possible, while the area moment of inertia restricts the use of a smaller beam. Therefore, no
benefits can be found for this example when simply supported would be assumed.

The example in this paragraph shows that it can be beneficial to use high-strength steel for deck
stringers when a continuous beam assumption is allowed. Especially when weight reduction is re-
quired, but using high-strength steel deck stringers will almost not reduce the total costs. Moreover,
only S460 beams could reduce the weight and costs, while S690 had no benefits over S460 because
of the area moment of inertia restriction. When assuming simply supported, no benefits can be found
for this example, and as the reality lies between these two support types, it remains questionable if real
benefits can be achieved with high-strength steel deck stringers.

According to the previous chapter, only a limited selection of IPEs is typically used in topsides for
the deck stringers. Until now, this paragraph has described a method to assess whether a certain
example deck stringer can be replaced by a smaller high-strength steel beam using either a simply-
or a continuous support assumption. This can also be done for all typical deck stringer profiles by
numerically computing the maximum load for the ultimate limit state for different lengths when assuming
that a cross-section is loaded at full capacity. Once the minimum required section modulus and area
moment of inertia are calculated, a suitable high-strength steel beam can be selected if there is enough
capacity for a smaller cross-section. Tables 4.2 and 4.3 demonstrate the feasibility of high-strength steel
for the typical IPEs used on topsides. Table 4.2 shows the possible replacement of beams when simply
supported is assumed, and table 4.3 shows the possible replacement of beams when a continuous
beam is assumed.

IPE 2m 3m 4m 5m 6m
180 - - - - -
200 - - - - -
220 200I 200I - - -
240 220I 220I - - -
270 - - - - -

Table 4.2: Possible replacement of beams with S460 (IPE) -
simply supported and distributed load

IPE 2m 3m 4m 5m 6m
180 - - - - -
200 - - - - -
220 200I 200I 200I - -
240 220I 220I 220I 220I -
270 - - - - -

Table 4.3: Possible replacement of beams with S460 (IPE) -
3-span continuous beam and distributed load

The data presented in the tables suggests that the use of high-strength steel in typical offshore topside
IPEs for weight reduction can only be advantageous in specific situations. For the smallest cross-
sections, such as an IPE180 or 200, the beams are immediately deflection-governing, which means
that they cannot be replaced with a smaller cross-section, as the required minimum area moment of
inertia restricts this. In both support cases, an IPE270 can also not be replaced with a smaller high-
strength steel IPE, while the step to an IPE240 does not have sufficient resistance against bending
when an IPE270 is loaded at its maximum capacity. Moreover, it can be observed that some benefits
could be obtained for an IPE220 or IPE240, especially when a continuous beam is assumed. However,
it has been previously concluded that a continuous beam best approximates the bending moment and
deflection but still has a high level of uncertainty. To conclude, high-strength steel will only be feasi-
ble for IPE deck stringers in specific situations, and no significant advantages are expected. It is only
recommended to consider the use of high-strength steel when weight reduction is crucial, and a con-
ventional steel IP220 or 240 is being used. The use of S690 steel is not beneficial in any of the deck
stringer situations.

Previously, only IPEs were considered, but the same method can be applied to HEA deck stringers.
HEA deck stringers are typically only used at HSM when higher deck loads are present, but they show
benefits when replaced with high-strength steel within the range of deck stringer lengths. Tables 4.4 and
4.5 show the possible replacements for the typical HEA deck stringers. It is noticeable that a HEA240
cannot be replaced with a smaller cross-section, which is caused by the corresponding cross-section
classification. When using conventional S355 steel, a HEA240 falls within cross-section class 2, but
when S460 is used, the cross-section will fall in class 3, thus not allowing a plastic moment resistance
check. The elastic section modulus of an HEA220 of S460 steel does not have enough resistance to
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be used instead of a conventional S355 HEA240. HEA260 and HEA280 have more profitable cross-
section classifications because they already fall within class 3 for conventional S355 steel and can,
therefore, be replaced by a smaller profile, especially when a continuous beam assumption is consid-
ered. Consequently, it is concluded that if a deck would be designed with HEA deck stringers because
of a higher deck load, it is recommended to consider using high-strength steel. In most cases, HEAs
can be replaced with high-strength steel within the typical deck stringer length, except for HEA240s.

HEA 2m 3m 4m 5m
240 - - - -
260 240A 240A 240A -
280 260A 260A 260A -

Table 4.4: Possible HEA S460 replacement - simply
supported and distributed load

HEA 2m 3m 4m 5m 6m 7m 8m
240 - - - - - - -
260 240A 240A 240A 240A 240A - -
280 260A 260A 260A 260A 260A 260A -

Table 4.5: Possible HEA S460 replacement - continuous
beam (3-span) assumption

4.1.3. High-strength steel deck beams
The second type of beam considered in this research is the deck beam. These beams usually have a
very wide range of length, somewhere from 5 to 15 metres, and have a cross-section made of a HEA or
HEB beamwith varying heights ranging from 400 to 1000mm. Deck beams are primarily responsible for
supporting deck stringers and equipment. Unlike deck stringers, which mainly experience distributed
loads, deck beams are subject to many point loads in equipment supports and at the connection points
of deck stringers. Therefore, this paragraph will investigate the impact of point loads on the ULS/SLS-
ratio and analyze the potential for high-strength steel in these typical deck beam ranges.

The graph displayed in Figure 4.14 demonstrates the ULS/SLS-ratio versus length for typical deck
beams that are assumed to be either simply-supported or fixed. The beams that are assumed to be
fixed (highlighted in red) shows a strength governing situation for the entire deck beam range (indicated
by the red crosses). Yet, similar to deck stringers, these beams can’t always be assumed to be fixed. If
they are assumed to be simply-supported (highlighted in green), some beams are only partly strength-
governing within the deck beam range. Again, the assumption of what kind of support significantly
affects the ULS/SLS-ratio. Nonetheless, it is important to keep in mind that the graph in Figure 4.14
only shows the ULS/SLS-ratio for a distributed load. Since deck beams usually experience a lot of
point loads, it is important to check the effect of point loads on the curve shift. The effect of point loads
will be checked with the help of another case example and the detailed calculations are presented in
Appendix C.

Figure 4.14: Different typical deck beams (different supports, distributed load)
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Figure 4.15 shows the chosen example of the same platform deck as the deck stringer example. In
this part of the deck, the only significant weights are the beams’ weights and the two tanks with their
equipment. The tanks are supported by a steel frame, which is, in turn, supported by the deck beam. In
reality, these frames would also dissipate their weight on the deck stringers, but as the centre of gravity
for the deck beams is exactly located above the deck beam, it is assumed that the deck beam will have
to resist the total weight of the tanks. The deck beam has a length of 8.5 metres and has been chosen
as a HEB600 by the designers. It is surrounded by other deck and main beams, with heights varying
from 600 to 1000 and deck stringers in between. These deck stringers are again IPE240, but now they
experience a lower variable load of 5kN/m2 instead of 15kN/m2, while it can now be assumed that
these beams are located between equipment instead of a storage area. The deck stringers span 4.25
metres and are 0.85 metres apart. The deck beam is now fully welded to the adjacent beams.

Figure 4.15: Example situation of a deck beam

Other than for the deck stringers, the example deck beam now experiences a combination of a point
load by the deck beams and the equipment and a variable load in the form of its self-weight. While this
research only considers small deflections, it is considered that superposition can be used and that the
combination of point and variable loads can be plotted by adding the moment and deflection values. To
investigate the effect of the added point load, figure 4.16 shows different support assumptions with a
point load on the middle of the beam. For each support assumption, the point load varies from zero to
infinity, and both situations are plotted. Interesting to see is that for the simply-supported and continuous
beam situation, the ULS/SLS-ratio shifts to the right when a very high point load is added to the beam.
While, for the fixed condition, the ULS/SLS-ratio shifts to the left for very high point loads. This is
explainable, while the factors in the equations for fixed and simply supported are different. While two
unity checks are divided by each other to obtain the ULS/SLS-ratio, this will be affected by the factors,
and therefore, this difference can happen. This will partly be the case because of the difference in
the maximum bending moment; for fixed beams this maximum can be found on the edges, while for
simply supported beams this maximummoment is found in themiddle of the beam. Hence, when a fixed
assumption is made, it should be kept in mind that for heavy point loads, the ULS/SLS-factor decreases.
Nevertheless, fixed connections are expensive to make, and it is most likely that these beams will not
respond as a fixed assumption. From figure 4.16, it can be seen that a simply-supported beam with
a distributed load could be used for conservative design, while this would always result in the lowest
ULS/SLS-ratio.
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Figure 4.16: Effect of point loads on the ULS/SLS-ratio

The example is again modelled in RFEM, which is shown in figure 4.17. From this analysis, the maxi-
mum moment according to the ultimate limit state equals 1273.4kNm with a maximum shear force of
665.9kN . The bending moment diagram is shown in figure 4.18. As a HEA600 has a cross-section
classification 1, the plastic shear force resistance is calculated with equation 2.9. It can be concluded
that the shear force interaction can be neglected while the maximum shear force is less than half the
plastic shear force resistance (2134kN ).

Figure 4.17: RFEM model of example deck beam
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Figure 4.18: Moment diagram of deck beam modelled in RFEM

The maximum deflection is obtained with the serviceability load case and equals 21.7mm. The whole
deflection curve is shown in figure 4.19. The maximum bending moment and deflection can be used to
obtain the ULS/SLS-ratio, using equation 4.1 and a value of 1.53 is obtained. This value is higher than
1, thus indicating that this beam is strength-governing. Strength-governing means possible benefits
for HSS, hence a plastic analysis and cross-section 1 classification is assumed to check if HSS could
be used. Afterwards, the cross-section classification is performed to validate this assumption. The
bending moment is assumed to remain the same, and equation 2.2 is rewritten to obtain the minimum
required section modulus. A minimum required section modulus of 3211cm3 and 2142cm3 for S460
and S690 are obtained, respectively. These required section modulus would lead to a HEA500 for
S460 and a HEA400 for S690, but the deflection must still be checked.

Figure 4.19: Deflection diagram of deck beam modelled in RFEM

For the deflection, an assumption regarding which type of support must be made. As previously dis-
cussed, the simply-supported assumption, with only a distributed load acting on it, is the most conser-
vative one and could be used for a conservative approximation of the required area moment of inertia.
If the equation for the deflection is set equal to the deflection found in RFEM, the distributed SLS load
can be calculated, which equals 94.67kN/m. Using the equation for the SLS unity check and filling in
the calculated load gives the minimum required area moment of inertia, which is equal to 71980cm4.
This area moment of inertia would be satisfied by a HEA500 or higher, which concludes that S460 can
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possibly lead to a cross-section reduction. At the same time, S690 would again not be beneficial to use
as the deflection starts to be governing. The only thing remaining is to check if the cross-section is still
class 1 and if shear force interaction should be included, but when both checks were performed, it was
concluded that the beam is still class 1, and that shear force interaction can be neglected. Hence, the
beam can be replaced with a smaller HEA500 of S460. A total weight reduction of 12.7% can be won
by using S460, while the costs can be reduced by 6.6%.

This paragraph explained how using high-strength steel deck beams can result in significant weight
reduction, even when assuming a conservative simply supported deck beam. However, other support
assumptions are also possible in certain situations. For instance, if the deck beam is connected to other
deck beams on both sides, the continuous beam assumption could be more accurate. Additionally, if
the deck beam is connected to primary columns using very stiff connections, the fixed assumption would
be more appropriate. Tables have been constructed for HEA and HEB beams for all three assumptions,
with an example table for possible replacements for typical HEB deck beams when assuming simply
supported provided in Table 4.6. Other tables for fixed and continuous for both HEA andHEB beams are
shown in appendix D. The tables demonstrate that replacing deck beams with smaller cross-sections
of high-strength steel is possible in many situations, even when simply supported deck beams are
assumed.

Table 4.6: Possible replacement of beams with S460 (HEB) - simply supported and distributed load

HEB 5m 6m 7m 8m 9m 10m 11m 12m 13m 14m 15m
400 360B 360B - - - - - - - - -
450 400B 400B - - - - - - - - -
500 450B 450B 450B - - - - - - - -
550 500B 500B 500B 500B - - - - - - -
600 550B 550B 550B 550B 550B - - - - - -
650 600B 600B 600B 600B 600B 600B - - - - -
700 650B 650B 650B 650B 650B 650B 650B - - - -
800 700B 700B 700B 700B 700B 700B 700B - - - -
900 800B 800B 800B 800B 800B 800B 800B 800B 800B - -
1000 800B 900B 900B 900B 900B 900B 900B 900B 900B 900B 900B

4.1.4. High-strength steel main beams
In chapter 3, it has been concluded that main beams have a typical span of 12 to 15 metres. The typ-
ical range of standard hot-rolled main beams varies between HEB800 and HEB1000. However, main
beams are often specially designed for load and deflection and built up from plating. These so-called
plate girders often experience incredibly high loads, and it would be interesting if these could be re-
placed with high-strength steel. This paragraph will first discuss only standard hot-rolled main beams
and then discuss whether using high-strength plate girders could be beneficial.

The first paragraph of this chapter explained that the area moment of inertia increases faster than
the related section modulus, which results in a shift towards more strength-governing of the ULS/SLS-
curves. As the main beams are usually the heaviest hot-rolled beams available or even more significant
in the form of plate girders, they become dominantly strength-governing for very long spans. Figure
4.20 shows that all typical hot-rolled main beams are strength-governing within the typical main beam
length range (indicated again with the red crosses). All the curves are plotted for a distributed load
except for the blue and orange lines, which are plotted for a point load. It can be concluded that even in
the longest, smallest scenario, a HEB800 of 15 metres, the beam is still strength-governed regardless
of what type of support or load. Using the same approach as in the previous two paragraphs, the
HEB800 could be replaced with a HEB700, causing a weight reduction of 8.2%.



4.1. High-strength steel beams 49

Figure 4.20: Different typical main beams (different supports, distributed load)

Nevertheless, the previously used method assumes a lateral restrained beam. The deck stringer could
be assumed lateral restrained because of the welded deck plating on top of the beams, and the deck
beams could be assumed lateral restrained while they have a deck stringer on both sides. However,
the main beams are typically connected to other beams on only one side, allowing lateral-torsional
buckling to occur. Hence, the lateral-torsional buckling reduction factor can not be neglected for the
main beams. Therefore, the effect of this factor on applying high-strength steel should be investigated.

Figure 4.21 shows the decrease of the bending moment resistance over the length of a beam when
the lateral-torsional reduction factor is included. It can be seen that if a beam is lateral unrestrained,
the bending moment resistance of the beam decreases fast when the length increases.

Figure 4.21: The effect of the lateral torsional buckling resistance
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If the beams were lateral unrestrained, high-strength steel could not benefit HEB1000 main beams
when the main beams are longer than approximately 7 metres. As typical main beams have a length
of 12 to 15 metres, this would result in no benefits for main beams at all. However, in the previous
example of figure 4.17, it is shown that the outer main beams are not entirely unrestrained but are
partly restrained at only one side. If the middle beam is loaded, torsion shall occur on the outer beams.
However, while all the beams interact, the outer main beams will experience some lateral-torsional
resistance. The question arises: Is the resistance against lateral-torsional buckling significant enough
to assume a lateral restrained outer main beam?

In some cases, the deck plating would also contribute to a higher lateral-torsional buckling resistance,
but grating is also often used in the topside deck, which does not contribute to higher lateral-torsional
resistance. Therefore, a deck part without deck plating will be assessed and an example deck is
modelled in RFEM to answer this question. The layout is based on typical numbers from the previously
performed topside analysis and is shown in figure 4.22. The deck is modelled as 15x12 with HEB1000
main beams on the edges and in the middle. The main beams are chosen as HEB600 at 1/4 and 3/4
of the width of the deck, and the deck stringers as IPE200. One massive piece of equipment, weighing
320 tonnes, is positioned on the deck. It is assumed that four supports transfer the equipment load
onto the beams, equally dividing the mass of the equipment.

Figure 4.22: Example typical deck layout

Figure 4.23 shows an illustration of the stresses occurring on the deck when a heavy piece of equipment
is put on it. The right beam of figure 4.22 is assessed for its bending moment, torsional moment and
torsional rotations, which are shown in figure 4.24. The top diagram shows the bendingmoment through
the beamwith a maximum of 2020.75kNm at approximately half the length. The middle diagram shows
the torsional moment that occurred due to the deflection of the beams on which the equipment is located.
The torsional moment only reaches 3.98kNm at its maximum, a value of only 0.2% when compared
with the bending moment. The bottom diagram shows the angular rotation around the beam’s minor
axis. The maximum rotation angle equals 11.7mrad, which is equal to only 0.67◦.

Figure 4.23: RFEM model of deck with heavy equipment
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Figure 4.24: RFEM model of deck with heavy equipment

As the torsional moment and rotation are very small, it is thought that the interaction of the beams at
one side of the main beam still makes the main beam lateral restrained. If the bending moment and
lateral-torsional moment are used to calculate the occurring stresses, values for the longitudinal stress
(σx,Ed = MEd/W ), caused by bending, and the shear stress (τEd = TEd/Wt), caused by torsion, can be
calculated. For the shear stresses, it is assumed that only the St Venant shear stress has a contribution
and that the warping shear stress can be neglected. Moreover, an elastic calculation is assumed, and
in that case, the ultimate resistance of a combination of both loads can be calculated with equation 4.19.
When implementing both stresses (σx,Ed=136MPa and τEd=6MPa) in the equation, a factor of 0.119
can be found, while if only the bending moment stress would be implemented, a value of 0.118 would be
obtained. This difference is so small that it is expected that the occurrence of lateral-torsional buckling
is very unlikely. Therefore it assumed that the lateral-torsional buckling reduction can be neglected
when looking at the feasibility of utilizing high-strength steel main beams in offshore topside decks.(

σx,Ed

fy/γM0

)2

+ 3

(
τEd

fy/γM0

)2

≤ 1 (4.19)

If lateral-torsional buckling is neglected, main beams can also be beneficially replaced with S460. As
previously discussed, a HEB900 of S460 could replace the HEB1000 of S355. Looking at the costs, the
welding costs would decrease by approximately 10%, while the material costs would increase by only
0.7%. The total cost reduction would then be equal to 4.65%. The weight reduction is equal to 7.2%.
Hence, high-strength steel is still cheaper and makes the topside lighter if it is assumed that lateral-
torsional buckling can be neglected. If, in other cases, it could not be neglected, extra measures such
as torsional stiffness could be introduced. However, this automatically requires more welding, resulting
in higher welding costs; Hence, it is probably not worth it. Stiffeners also introduce additional problems
such as corrosion details, painting and engineering. If lateral-torsional buckling is possible for a beam,
high-strength steel would not be beneficial or only for very short main beams.

Nevertheless, until now, only the hot-rolled standard main beams have been assessed. Usually, main
beams experience incredibly high loads and are specifically designed to resist these loads in an optimal
way. These beams are called plate girders and are manufactured from plate material. Plate girders
require a different approach to assess if high-strength steel could benefit them. The STROBE research
[6] performed some case studies with plate girders. The trick with plate girders is to keep the web of
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S355 steel, while this thickness can not be reduced because of the resistance against deflection and
only to change the flanges into higher strength steel. The Eurocodes allow the fabrication of these so-
called hybrid girders, which could be used to reduce the weight. The first example STROBE researched
was a primary IPE500 beam spanning 9 metres. The research replaced this beam with an S460 and an
S690 hybrid plate girder, obtaining 24% and 38% in weight reduction and 11% and 24% of embodied
carbon savings, respectively. However, as welding plate girders is much more expensive than buying a
hot-rolled standard IPE500, the cost increased by 14% and 5%, respectively. This example shows that
the weight of standard beams could be heavily reduced if hybrid plate girders were used; however, often,
the cost is the governing factor, and in that case, it would be more beneficial to keep with the standard
IPE500. Additionally, STROBE performed another case study comparing an S355 plate girder with a
height of 1100mm with hybrid plate girders of S460 and S690 for a beam span of 15 metres. Weight
savings of 21% and 41% were achieved, with embodied carbon savings of 19% and 36%, respectively.
As the S355 plate girder also must be welded, the hybrid plate girders are now cheaper to fabricate, and
cost reductions of 4% and 13% were achieved. The length and height of the example beam are very
comparable with plate girders used in offshore topsides. As shown in the first paragraph of this chapter,
the loading does not directly influence whether high-strength steel could be beneficial; therefore, these
weights, embodied carbon and cost savings are also expected on offshore topsides. Therefore, it is
concluded that hot-rolled main beams can be beneficially replaced with hot-rolled S460 beams and
with hybrid plate girders when lateral-torsional buckling can be neglected; however, for the hybrid plate
girders, this will not result in cost savings. Only when a plate girder must be higher than hot-rolled
standard main beams, the S355 plate girders can be beneficially replaced with hybrid plate girders,
resulting in weight, embodied carbon and cost savings.

4.1.5. High-strength steel cantilever beams
The final type of beam recognised in topside decks is the cantilever beam. Often, these beams enable
the deck to extend out of the area between the main legs. These regions are usually not heavily loaded,
and only the less heavy equipment is located in areas supported by cantilever beams. Where other
beams have a limitation of L/200 for the deflection in the serviceability limit state, the deflection of
cantilever beams is often not allowed to exceed L/150. Hence, cantilever beams are allowed to have
more deflection. Figure 4.25 shows that typical HEB beams, often used for cantilever beams, quickly
drop below the strength-governing range. However, cantilever beams can be pretty massive, and as an
example, it can be seen in figure 4.25 that a HEB700 of more than 6 metres still has the potential to be
replaced by a high-strength steel beam. Therefore, in many cases, the cantilever could be beneficially
replaced with a smaller cross-section.

Figure 4.25: Different typical cantilever beams with different loadings
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4.2. High-strength steel circular hollow columns & bracings
This section will evaluate columns for their feasibility of using high-strength steel. Columns are typi-
cally assessed in two ways: how they react in frames and as a local member. The sway deflections
in frames can cause second-order effects, and require extra design attention. However, the topsides
built at HSM have many bracings, so the frames react more as non-sway frames, and the second-order
effects are neglected. Three checks for columns are necessary: axial compression force, buckling re-
sistance, and the combination of a bending moment and an axial force. For columns in the topside,
the vertical load is typically much higher than the horizontal loads, mainly consisting of the wind load.
Thus, the last check is neglected as the axial forces are assumed to be much higher than the bending
moments in the columns. Therefore, two checks remain for the assessment of columns: an axial force
resistance check and a buckling resistance check. As steel columns are often relatively slender, the
buckling resistance often governs the design of columns. Therefore, this check will be used to assess
if columns can be replaced with high-strength steel. Bracings are typically in compression or tension,
and tension will not form problems when going to higher-strength steels. However, making a column
more slender can cause trouble. It is assumed that bracings are also only loaded by an axial force and
can, therefore, be assessed in the same way as columns.

To determine the buckling resistance of a column, equation 2.13 can be used. If the design load is lower
than the buckling resistance force of the member, the column can be considered safe. The buckling
resistance force is calculated using equation 2.14, which is dependent on several factors, including
the buckling reduction factor (χ), the area, yield stress, and the partial safety factor. The buckling
reduction factor is, in turn, influenced by the non-dimensional slenderness of the column and the corre-
sponding buckling curve defined by the Eurocodes. If high-strength steel is used, the yield stress will
increase, but the cross-sectional area will decrease. As a result, the non-dimensional slenderness will
increase, leading to a decrease in the benefits of using high-strength steel when a column becomes
more slender. This controversy highlights the need for careful consideration of the trade-offs between
material properties and design requirements when using high-strength steel for axially loaded columns.

According to HSM Offshore Energy, columns are typically available in two forms: hot-formed and cold-
formed circular-hollow tubes. During the assessment of topsides, a maximum non-dimensional slen-
derness ratio of approximately 1.3 has been seen. Figure 4.26 shows the buckling resistance in N/m2

of a column as a function of the non-dimensional slenderness for hot-formed columns using buckling
curve a for S355 steel and using buckling curve a0 for S460 and S690 corresponding the Eurocodes.
It can be seen that at high slenderness, the buckling resistance of high-strength steel drastically drops,
and as the cross-sectional area also drops for high-strength steel, it could be the case that high-strength
steel will not show benefits at higher non-dimensional slenderness ratios. Nonetheless, the maximum
concluded non-dimensional slenderness still shows that the columns are relatively stocky and that
high-strength steel could potentially be beneficial in the most cases.

Figure 4.26: Buckling resistance [N/m2] vs. non-dimensional slenderness for hot-formed tubulars
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This drop of the buckling resistance over the slenderness drops faster when the less beneficial buckling
curve c must be used for welded cold-formed columns. Figure 4.27 shows the buckling resistance for
different steel versus the non-dimensional slenderness, and it can be seen that in all three cases, the
buckling resistance quickly drops when the column becomes more slender. However, also here it can
be seen that high-strength steel could potentially be beneficial when considering the non-dimensional
slenderness ratio range of the assessed columns (0.1-1.3). Moreover, the literature showed that for
high-strength steel cold-formed columns, the buckling curves a would be more appropriate, but these
are not yet implemented in the regulations. When this would be allowed benefits for high-strength steel
welded cold-formed columns will increase because of the more favorable buckling curves.

Figure 4.27: Buckling resistance [N/m2] vs. non-dimensional slenderness for welded cold-formed tubulars

To evaluate the feasibility of high-strength steel for columns without any knowledge of the loads, it
is necessary to match the buckling resistance of a high-strength steel column with that of an S355
column. Figure 4.28 is constructed to illustrate this. When the diameter and thickness of an S355
column are known, the buckling resistance in kN can be plotted against the column height, as shown
by the red line. If the same graph is plotted for high-strength S460 steel, the member will have a higher
buckling resistance, especially for shorter lengths, as shown by the blue line. As the length of the
columns is already known, the line can be numerically pulled down until the high-strength steel columns
matches the same resistance as the S355 steel column. This pulling down can be done numerically
by decreasing the diameter or thickness of the column. The green line for S460 and the yellow line
for S690 indicate that the same buckling resistance can be achieved with smaller cross-sections. This
approach would result in a weight reduction of 21% for S460 and 37% for S690. If the material costs
are factored into this example, S460 would reduce costs by 14.7%, while S690 would reduce costs by
25.1%. Both the weight and cost calculations demonstrate that high-strength steel can be a beneficial
choice for offshore topside columns.

Figure 4.28: Example column of high-strength steel
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Nevertheless, it’s important to keep in mind that decreasing the cross-section will lead to different D/t
ratios, which can cause manufacturing problems, especially for cold-formed columns. According to
HSM, the minimumD/t ratio should be around 20. If the ratio is lower, the plate cannot be bent without
damaging the material properties of the plates. For hot-rolled columns, the diameter and thickness are
normally fabricated in standard steps. This is not included in the method described in this section, but
there is a wide variety of hot-rolled columns available. Hence, it is assumed that this will not significantly
change the results in practice.

In conclusion, high-strength steel can have advantages in both hot- and cold-formed columns. How-
ever, the level of those advantages mainly relies on how slender the column in a topside is and how
much the diameter or thickness of a column can be reduced. Based on the maximum non-dimensional
slenderness ratio observed, it can be concluded that the columns and bracings are most often stocky
enough to be replaced with high-strength steel.

4.3. Conclusion of high-strength components in topsides
This chapter evaluated various structural components of a topside to determine their feasibility for us-
ing high-strength steel. The components that were assessed included beams, columns, and bracings.
The assessment was based on examples, and conclusions in the form of typical lengths or slenderness
were discussed.

It was concluded that the loading does not affect whether a beam is strength or deflection governing.
Therefore, it is possible to determine the transition point from strength governing to deflection governing.
If a beam is deflection governing, high-strength steel cannot be used. If a beam is strength-governing,
it could be possible to use high-strength steel if enough resistance against deflection can be found
for a smaller cross-section. The support type plays a crucial role in determining whether a beam is
strength or deflection governing. A simply-supported beam results in a more deflection-governing situ-
ation, while a fixed support would result in a more strength-governing situation.

When it comes to using high-strength steel for small deck stringers in topsides, it is seldom benefi-
cial. However, the stringers are sometimes strength-governing for specific cross-sections and short
lengths. Using HEA beams instead of IPEs or applying a continuous beam assumption instead of a
simply-supported beam can result in more benefits. For deck beams, using high-strength steel often
leads to benefits, but it depends on the length. Assuming a distributed load would lead to the most
conservative results for a simply-supported beam and a continuous beam, but assuming a point load
would result in the most conservative situation for fixed beams. When looking at the main beams, in
almost all typical cases, the main beams can be replaced with a smaller section of high-strength steel
when lateral-torsional buckling can be neglected. Utilizing high-strength steel hybrid plate girders in-
stead of S355 plate girders will result in high benefits in costs, weight and embodied carbon savings.
Regarding the last type of beam, the cantilever beams, benefits were also found, but the extent of the
benefits heavily depends on the cross-section and length. Overall, it can be said that in many cases,
beams can be beneficially replaced with smaller high-strength steel beams.

When considering columns and bracings, it can be concluded that the maximum non-dimensional slen-
derness ratio often offers enough space to reduce the column dimensions with high-strength steel.
However, it depends on the slenderness how much benefits can be achieved, and additional costs and
embodied carbon savings still need to be assessed.



5
Methodology to assess the feasibility

of high-strength steel in topsides

The previous chapter concluded that most of the beams, columns and bracings could be beneficially
replaced with high-strength steel whenmaking certain assumptions for the assessment. However, most
of these conclusions were based on example calculations. This chapter will describe the screening tools
constructed to assess the feasibility of using high-strength steel within an entire topside. The first two
sections will explain how the beams and columns can be assessed. The methods described in these
sections can be applied to multiple different steel structures and only require an inventory of all the steel
beams and columns within an existing structure. Python is used to implement these methods for this
research, but the methods are discussed such that they can be reproduced with other code languages
or Excel. As the first two sections discuss screening tools which can be used when taking an existing
topside as an example, the third section will shortly introduce how the constructed method can be used
when making a preliminary design for a new topside.

5.1. Screening tool for beams in a deck
The method which is elaborated in this paragraph to assess the feasibility of using high-strength steel
for beams within an existing deck is visualized in figure 5.1 and will be discussed below. The first
step to assess the feasibility of using high-strength steel in beams of existing decks is to create an
inventory of all primary and secondary beams within a deck along with their specifications such as beam
type (plate girder or hot-rolled beam), cross-section dimensions (height, width, thickness, etc.), and
length. For the method constructed in this research to work, both the bending moment and deflection
should be calculated as a function of the length. In an ideal scenario, the support assumption that best
approximates a particular beam should also be included in the inventory. However, this information
is often not readily available. In such cases, the findings from the previous chapter can be used to
assume certain support conditions for different types of beams. Where there is doubt about which
support assumption to use, the most conservative one can be assumed. The list below shows which
support types are assumed in this research, but it is important to note that the assumed support type
can drastically affect the results.

• Deck stringer = simply-supported beam
• Deck beam = continuous beam
• Main beam = fixed beam
• Cantilever beam = cantilever beam

When the inventory is constructed, the plate girders and hot-rolled beams should be split from the list
while they require two comparable but slightly different methods to assess the feasibility of high-strength
steel. Let’s start with the hot-rolled beams. These beams have standard dimensions defined by the
Eurocodes or other standards, and come in different ranges, typically with heights up to 1000mm. The
benefit of these beams is that they are rolled and therefore relatively cheap, since they don’t need to be
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Figure 5.1: Visualization of the introduced methodology to assess the potential of high-strength steel beams in topside decks

welded from plates like the plate girders. However, their area moment of inertia and section modulus
also change with the ranges due to the steps in height. The previous chapters concluded that the steps
in area moment of inertia often restrict the use of S690 in beams and that S690 hot-rolled beams are
not readily available on the global steel market. Hence, only S460 beams are being considered from
this point on. It has been seen that if beams can be reduced with high-strength steel, it is usually only
possible in steps of one cross-section smaller when it is assumed that the initial beam is loaded at its
full capacity. Online sources [46] provide databases of all dimensions and cross-section classifications
for S355 and S460 beams, which are directly implemented in the model.

A final database needs to be created that contains all the standard equations for the support assump-
tions discussed earlier. Multiple functions are created, which can be selected when a beam is con-
sidered a deck stringer, deck beam, main beam, or cantilever beam. The ULS/SLS-ratio can then be
determined by obtaining the deflection limits and partial load factors from the basis of design of the
considered topside. A load ratio based on the research of Honfi [16] and introduced in the previous
chapter is used and always considered 0.5 to determine the ULS/SLS-ratio. This means that the vari-
able and permanent load are always assumed to be equal when checking the ULS/SLS-ratio. In the
previous chapter, it was concluded that the assumption of a point load is the most conservative for the
fixed support assumption. On the other hand, the assumption of a distributed load is the most conser-
vative of the other support assumptions. Therefore, this method only assumes a point load for fixed
beams, while a distributed load is assumed in all other cases. When the ULS/SLS-ratio is lower than
1, high-strength steel will not be considered, while deflection will govern the design situation. If the
ULS/SLS-ratio is higher than 1, the replacement of a beam with high-strength steel can be assessed.

If a beam is governed by its strength, it may be possible to replace it with high-strength steel. To as-
sess this possibility, it is assumed that the original beam was designed for its maximum capacity, which
is rarely the case in practice. However, since the loads are unknown, assuming a unity check equal
to one is the most conservative approach. Given the known beam dimensions and yield stress, the
maximum load for the ultimate limit state, including partial load factors, can be calculated. While the
partial load factors are obtained from the basis of design, the maximum load in the serviceability limit
state can be calculated without partial load factors. With the maximum load and partial load factors,
the required section modulus for the beam can be calculated when the steel is changed from S355 to
S460 steel. Using the maxim load of the serviceability limit state, without the partial load factors, the
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required area moment of inertia can be calculated. Once these values are known, it can be checked
if a smaller cross-section of S460 steel would still meet the minimum required area moment of inertia
and section modulus by using the database of S460 beams. The shear force must still be checked if a
smaller cross-section meets these requirements. When the shear force check is also satisfied, it can
be concluded that a smaller beam made of S460 steel can replace the original beam.

When a beam can be replaced with a smaller beam of high-strength steel, the weight reduction, cost
reduction, and embodied carbon savings can be assessed. First, with the smaller cross-section, the
reduction of mass can easily be determined. This reduction in mass is connected to both the reduction
in costs and embodied carbon savings. Two costs are included for the reduction in costs: the material
costs and the welding costs. Other costs are assumed to be equal for both S355 and S460. It must
be noted that the actual welding cost reduction is not viable to calculate, as the thickness of flanges,
webs, etc., changes when smaller beams are used, and it is not viable to look at each weld individually.
Hence, the reduction in weld length will be calculated, and it is assumed that the welding cost reduction
is directly connected to this. Finally, the embodied carbon savings can be approximated. As limited
information is found on the differences between high-strength steel and conventional steel in all life-
cycle stages of an offshore topside, only the first three life-cycle modules are used (A1 to A3) based
on STROBE [6], including material production, transport to workshop and manufacturing. This was
tested, but it was concluded that in that case the embodied carbon savings are directly connected to
the percentages of weight reduction. When more information about offshore transport and installation
would be known, some difference is expected. Nevertheless, with the information which was found for
this research, the embodied carbon savings are equal to the reduction in mass.

When it comes to plate girders, the method discussed earlier is mostly the same, with some minor
changes in the approach. Typically, a plate girder is used as a main beam and, hence, is assumed to
be always fixed in this method. Since plate girders are designed for specific dimensions, the initial area
moment of inertia and section modulus must be calculated from the cross-section dimensions. Once
this is done, the ULS/SLS-ratio can be calculated, and it can be determined whether high-strength steel
can be assessed similarly to the hot-rolled sections. The maximum ultimate limit state and serviceability
limit state loads can then be calculated, and the required area moment of inertia and new minimum
required section modulus can be determined. After this stage, the most significant difference occurs,
as a new plate girder must be designed since no standard section can be selected for this. When
designing a new plate girder, the mass reduction, cost reduction, and embodied carbon savings can
be calculated similarly to the hot-rolled section.

5.2. Screening tool for columns and bracings
The method constructed to assess the feasibility of high-strength steel for columns is totally different
from the assessment of the beams. As it is assumed that the vertical load is much higher on offshore
columns than the horizontal load and because of the many bracings included in offshore topsides, it is
assumed that the frames of columns and bracings are stiff enough such that no second-order effects
need to be considered. Figure 5.2 on the next page shows the method introduced to assess columns.

Just as with the beams, the first step is to construct an inventory of all the columns and bracings within a
topside. This inventory should include the length, diameter, and thickness of each column or bracing. It
is also important to differentiate between hot-rolled columns (seamless tubulars, TUS) and cold-formed
columns (welded tubulars, TUW) since the Eurocodes require different buckling curves for each type.
Additionally, S690 welded tubulars can be made from S690 plates by bending them to the correct ra-
dius, but S690 seamless tubulars are not yet available in large numbers. Therefore, this method will
assess TUW columns for both S460 and S690 steel, while TUS columns will only be evaluated for S460.

The trick of this method is to introduce a factor β before the diameter. First, this factor β will be assumed
to be equal to 1, and the areamoment of inertia and cross-sectional area of the columnwill be calculated
with the diameter, factor β and thickness. With the area moment of inertia, the Euler’s critical load
can be calculated, and together with the yield stress and cross-sectional area, the non-dimensional
slenderness can be determined. Then, with the right corresponding buckling curve, the factor ϕ can
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Figure 5.2: Visualization of the introduced methodology to assess the potential of high-strength steel columns and bracings

be determined for both a TUW or a TUS column and with this factor, the buckling reduction factor and
buckling resistance load can be calculated. It is assumed that this buckling resistance load must remain
the samewhen a smaller, higher-strength column is used. Therefore, the calculation is performed again,
but now with reducing the factor β in small steps of 0.001. The calculation is run until the same buckling
resistance load is found for higher-strength steel. Hence, the diameter of the column is reduced until
the same buckling factor is concluded. With the reduced diameter, the new area of the column can
be calculated, assuming that the thickness remains the same. With the new cross-sectional area for a
column of high-strength steel, themass reduction, cost reduction, and carbon savings can be calculated
similarly to those for beams. Nevertheless, distinctions must be made between applying S460 steel for
both TUW and TUS, or applying S460 only for the TUS and S690 for the TUW.

5.3. Methodology for preliminary design
The methods described in the previous two sections can easily be combined when the total mass reduc-
tion, cost reduction and carbon savings are added. In this way, the total effect of utilising high-strength
steel on topsides can be assessed. The methods above can be extended with additional applications,
design rules or components when more information is available by any engineer; in this way, the model
can become more accurate in the future, resulting in an easy-to-use screening tool for the feasibility of
high-strength steel within topsides.

Nevertheless, the previously discussed methods used an existing topside, but in many cases, it would
be desired to say something about whether high-strength steel can be beneficial within an early design
phase. One tool that engineers can use to determine the feasibility of high-strength steel beams is
the length at which a beam becomes deflection governing. If an engineer draws a preliminary layout,
the lengths can be checked with tables such as shown in figure 5.1 for IPE’s. If the length is smaller
than the lengths shown in the table, high-strength steel can possibly be beneficial, and it is interesting
to check if a smaller high-strength steel cross-section could be used. Some more example tables are
added in appendix D, but can also be constructed and calculated by setting the ULS/SLS-ratio equal
to one and determining the corresponding length.
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Table 5.1: Maximum length for IPEs (S355) to be strength-governing

IPE
Lmax [m]
(Simply-supported -
distributed load)

Lmax [m]
(Fixed -
point load)

180 3.65 8.47
200 4.06 9.43
220 4.48 10.4
240 4.90 11.36
270 5.52 12.81
300 6.13 14.23
330 6.75 15.66
360 7.36 17.09
400 8.16 18.94

For columns, it is advised to always check the feasibility of high-strength steel when horizontal forces
and deflection are assumed to be negligible. Hence, when only small horizontal forces are expected
or when sufficient bracings are present, benefits can be expected, and the method of section 5.2 can
be used to assess the potential benefits.



6
Case study: feasibility of

high-strength steel in topsides

This chapter will use the methodology constructed in the previous chapter to assess an entire topside
for its feasibility of high-strength steel. The first section, section 6.1, will discuss the case topside and
will give some basic information about the considered topside. Section 6.2 will elaborate on how all
types of beams are assessed and will discuss the results. Section 6.3 will explain how the columns and
bracings of the topside are assessed and will also discuss the results. Finally, section 6.4 will discuss
the final results of the assessment of this case study.

6.1. Case introduction and assumptions
This case study examines the topside of an offshore gas production platform located in the southern
North Sea. The entire platform was constructed by HSM Offshore Energy and weighs 7500 tonnes,
including topside, jacket and piles. The topside accounts for 40% of this weight, weighing 3000 tonnes,
and can be seen in figure 6.1.

Figure 6.1: Considered topside for the case study

The goal of this case study is to evaluate the potential weight and cost savings that can be achieved by
using high-strength steel beams, columns, and bracings instead of conventional steel ones. According
to chapter 3, the weight of the steel scope accounts for 50% of the topside weight. For the case topside,
this translates to a steel weight of around 1500 tonnes. Out of this total weight, the beam scope should
weigh approximately 510 tonnes, while the column and bracing scope should weigh around 255 tonnes.
The remaining 735 tonnes of steel consists of stairs, railings, joints, deck plating, wall sheets, pipe
supports and other such steel components. Figure 6.2 depicts the topside without most of the steel
components that are not considered. Note that the helideck is also not included in the figure; despite
the helideck consisting of beams and columns, most of these are constructed with aluminium parts.

61



6.1. Case introduction and assumptions 62

Figure 6.2: Steel scope of the considered topside

Of the steel shown in figure 6.2, some components are also excluded from this case study. Although
the joints are still shown, they will not be considered for this research for reasons discussed in chapter
3. When decreasing the beams and columns, it is assumed that the joints decrease with the cross-
sectional area reduction of the beams and columns. In reality, the plates of the joint could possibly also
be reduced, leading to more economic and weight benefits, but this is not taken into account. Further-
more, only fully cylindrical columns and bracings are being assessed, while components such as cones
and lifting cylindrical parts require different design calculations. Finally, plate girders are not consid-
ered for this case study. Although plate girders are much used in the considered topside, their design
checks require a new design for each plate girder, which is not yet included in the models described in
the previous chapter. Moreover, the research of STROBE has already proved that high-strength steel
plate girders are beneficial for lengths typically seen on offshore topsides.

Part lists were generated for all the considered beams and columns using the traceability database
of HSM Offshore Energy. These part lists contain information about lengths, diameters, thicknesses,
cross-section types, and materials. The total weight of the considered beams is 359 tonnes, which is
29.6% lower than expected. This reduction can be explained by the exclusion of heavy plate girders,
plate stiffeners, pipe supports, stairs beams, and other such components. The columns considered
have a total weight of 143 tonnes, which is 44% lower than the total approximated column and bracing
weight. This reduction can be explained by the exclusion of heavy column parts in the joints and lifting
points. As a result, this case study can only affect 33.5% of the total topside steel weight and only 6.7%
of the total platform weight.

This case study examines the potential benefits of using high-strength structural steel in the form of
weight reduction, cost reduction, and embodied carbon savings. All three factors are linked to the
reduction of cross-sectional area, which can be achieved by using high-strength steel. The mass re-
duction is proportional to the reduction of the area as the density and length of the components remain
the same. Similarly, the embodied carbon savings are measured by the carbon equivalent per kg steel
(kgCO2e/kg), which is an almost identical value regardless of the material’s yield strength during steel
manufacturing, transport to shop, and fabrication of steel parts. However, no values of other stages,
including offshore transport and installation, were found in the literature and it is challenging to make
estimations about these stages. When assessing the embodied carbon savings, the percentage is
proportional to the weight reduction. The cost reduction can be classified into two categories: material
costs and welding costs. The reduction in material costs is directly related to the mass and type of ma-
terial. The values described in Chapter 2 are used to estimate material costs. In contrast, estimating
the reduction in welding costs is challenging as welding details vary in all components. A simplified es-
timation is made by calculating the circumference of each part and determining how much it is reduced
when high-strength steel is used to determine the welding length reduction. For beams, welding cost
reduction is equal to the welding length reduction because there is no significant difference in welding
between S355 and S460 steel. For columns, the welding length decreases when using high-strength
steel, but the welding speed of S690Q steel also decreases by approximately 30%, according to HSM.
Table 6.1 shows an approximation of the costs per cubic meter of welding. For columns, it is assumed
that V-welds with the plate thickness of a column are used to weld the columns. As discussed in the
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previous chapter, the thickness of the column remains the same as other factors often limit the thick-
ness, and the method used to assess columns, therefore, only decreases the diameter of the column.
Comparing the welding costs per steel type gives an estimation of the welding cost reduction of the
columns.

Table 6.1: Values used to estimate welding cost reduction for columns

Welding
costs

S355/
S460 S690

Welding speed 50 cc/h 35 cc/h
Assembly factor 2 2
Real speed 25 cc/h 17.5 cc/h
Salary 30 €/h 30 €/h

Overhead factor 3 3
Costs welder 90 €/h 90 €/h

Total welding costs 3.6 €/cc 5.14 €/cc

6.2. Case study: high-strength steel beams
All the standard HEA, HEB, and IPE beams are inventoried from the part lists with their corresponding
length. The topside under consideration is composed of 2344 standard beams, excluding the plate
girder beams. However, it is impossible to look at each beam individually and determine what type of
support can be assumed. Hence, assumptions need to be made. To assess the most conservative
situation, it is first assumed that all beams on the topside can be considered to be simply supported.

In order to evaluate all the beams, a numerical calculation, which is discussed in the previous chapter,
of the ULS/SLS-ratio is performed for each beam. If this ratio is greater than 1, the maximum capacity is
computed to determine if a smaller cross-section of high-strength steel can replace the cross-section of
conventional steel. The results obtained are shown in Table 6.2, where the calculations are divided into
different cross-sections encountered on the topside while assuming simply supported beams. It can be
concluded that for all S355 H-beams higher than 240mm, a reduction in weight can be achieved. When
all weight reductions are summed, a total weight reduction of 7.47% is achieved. This low percentage
can partly be explained while of the 2344 beams, 1892 are deck stringers, contributing to 81% of the
number of standard beams and 36% of the total weight. Unfortunately, in Chapter 4, it was already
concluded that these deck stringers could not be replaced with smaller ones when simply supported
would be considered. If a continuous beam assumption would only be applied for the deck stringers,
the weight reduction would immediately increase to 11.24%, which is equal to 40 tonnes.

Table 6.2: Weight reductions caused by using S460 steel in topside beams (all beams assumed to be simply-supported)

Initial cross-
section

Original weight
S355M [kg]

Weight when replaced
by smaller S460M
cross-section [kg]

Weight reduction
[%]

Welding length
reduction [%]

HEA100 54 54 0.00% 0.00%
HEA180 156 156 0.00% 0.00%
HEA260 140 124 11.43% 7.87%
HEA300 21,603 19,286 10.73% 6.29%
HEA400 81,083 75,134 7.34% 3.42%
HEA600 82,389 77,069 6.46% 4.21%
HEA800 10,303 9,358 9.17% 7.24%
HEA1000 20,785 19,209 7.58% 6.32%
HEB160 165 165 0.00% 0.00%
HEB180 1,822 1,822 0.00% 0.00%
HEB200 451 451 0.00% 0.00%
HEB240 5,282 4,907 7.12% 6.60%
HEB300 3,615 3,189 11.76% 6.69%
IPE240 105,786 96,377 8.89% 6.79%
IPE270 21,662 21,662 0.00% 0.00%
IPE330 3,448 2,965 14.00% 7.70%
Total 358,743 331,928 7.47% 7.70%
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The cost calculations took into account both the material costs and the estimated cost reduction due to
welding. With regard to the material costs only, a 1.93% reduction was observed when all beams were
assumed to be simply supported. This reduction can be explained by the fact that while the weight of
the material decreases, the costs per kilogram slightly increase, resulting in only a small percentage
reduction. On the other hand, the welding costs reduction is estimated by the reduction in weld length.
The reduction in the weld length of all the beams combined resulted in a total weld reduction of 7.70%.
It is difficult to determine the actual cost reduction by combining these percentages, as the welding
costs depend on various welding details. However, welding is a labor-intensive and expensive fabrica-
tion process, and a reduction in weld length can result in significant cost savings. Therefore, the total
cost reduction for beams will be higher than when only considering the material cost reduction. Would
a continuous beam assumption be allowed for the deck stringers, the material cost reduction would
increase to 6.34% and the reduction of welding cost would also further increase.

A secondary calculation was performed to determine if the results would vary significantly by imple-
menting alternative support assumptions. For this calculation, each deck was manually assessed, and
the connections marked with yellow in figure 6.3 were considered as simply supported beams, while
the ones marked with red were assumed to be fixed connections. Despite this, Table 6.3 revealed that
the results were almost identical and that the weight reduction only increases by 0.1%. This can be
explained by the fact that the larger beams, which were typically marked as fixed beams, could already
be replaced by a smaller cross-section for the simply supported assumption, resulting in no significant
changes.

Figure 6.3: Type of assumed supports: simply supported: circled with yellow - fixed: circled with red

Table 6.3: Weight reductions caused by using S460 steel in topside beams (different support assumptions)

Initial cross-
section

Original weight
S355M [kg]

Weight when replaced
by smaller S460M
cross-section [kg]

Weight reduction
[%]

HEA100 54 54 0.00%
HEA180 156 156 0.00%
HEA260 140 124 11.43%
HEA300 21,603 19,286 10.73%
HEA400 81,083 74,941 7.57%
HEA600 82,389 76,926 6.63%
HEA800 10,303 9,358 9.17%
HEA1000 20,785 19,209 7.58%
HEB160 165 165 0.00%
HEB180 1,822 1,822 0.00%
HEB200 451 451 0.00%
HEB240 5,282 4,907 7.12%
HEB300 3,615 3,189 11.76%
IPE240 105,786 96,377 8.89%
IPE270 21,662 21,662 0.00%
IPE330 3,448 2,965 14.00%
Total 358,743 331,593 7.57%
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6.3. Case study: high-strength steel columns & bracings
The columns and bracings of the considered topside were assessed for their feasibility, as described
in the previous chapter. For both the columns and the bracings, only axial compression was assumed
and the effective length is assumed to be equal to the length of the columns. The buckling resistance
force was first calculated for the same cross-section but with a higher yield strength, after which the
cross-section was reduced until the same buckling resistance of an S355 member was found. Never-
theless, the topside contained two different columns and bracing types: hot-formed seamless tubular
(TUS) and cold-formed welded tubular (TUW).

Both S460 and S690 steel plates can be used to make cold-formed welded tubulars. Table 6.4 shows
the results of replacing all cold-formed (TUW) columns and bracings with either S460M or S690Q steel.
The table compares the original material costs, welding costs, and the total weight of S355 columns and
bracings with those of high-strength steel. The results show that high-strength steel can significantly
reduce the weight of columns and bracings, especially when using S690 steel, which leads to a weight
reduction of 42.14% and almost 30% in material cost reduction. Although the welding speed decreases
for S690 steel, the welding cost reductions are almost equal to S460 steel, with a decrease of nearly
20%. This leads to significant overall cost reductions when applying S690. It is important to note
that the D/t ratio was not checked, and if this ratio drops below approximately 20, the columns and
bracings cannot be fabricated, while the material properties would be damaged. For S460 steel, both
the preheating and D/t ratio would form less of a problem, and already stunning weight and material
cost reductions of 20.91% and 16.85%, respectively, could be achieved. Additionally, the welding costs
would even decrease by 20.68%.

Table 6.4: Weight and cost reduction for using S460M or S690Q for welded cold-formed tubular (axial loaded)

Welded
cold-formed
tubulars

S355M S460M S690Q

Material costs
[€/t] 1350 1450 1620

Cold forming
costs [€/t] 600 600 750

welded tubular
costs [€/t] 1950 2050 2370

Total column
& bracing mass [t] 101.83 80.54 58.92

Total column
& bracing costs €198,568.50 €165,107.00 €139,640.40

Weight reduction
compared to S355M - -20.91% -42.14%

Material cost reduction
compared to S355M - -16.85% -29.68%

Welding cost reduction
compared to S355M - -20.68% -18.08%

According to HSM, seamless columns and bracings are only widely available in S355 or S460 but not in
S690. Therefore, S690 is not included in assessing seamless hot-formed columns and bracings. Table
6.5 shows the comparison between S355M and S460M hot-formed tubulars. Using high-strength steel
for these columns results in a weight reduction of 18.02%, while material cost reductions of 6.54% can
be achieved. Additionally, the welding cost reduction is again very high, at 18.69%, which could lead
to significant total cost reductions.

Table 6.5: Weight and cost reduction for using S460M or S690Q for hot-formed tubulars (axial loaded)

Hot-formed
tubulars S355M S460M

Tubular section costs
[€/t] 3000 3420

Total column
& bracing mass [t] 41.51 34.03

Total column
& bracing costs €124,530.00 €116,382.60

Weight reduction
compared to S355M - -18.02%

Material cost reduction
compared to S355M - -6.54%

Welding cost reduction
compared to S355M - -18.69%
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Finally, table 6.6 presents the weight, material costs and welding cost reductions when both types of
columns and bracings are combined. For the S690 comparison, it is assumed that S460 hot-formed
columns would be applied to achieve the highest possible benefits. In total, 20.07% of weight reductions
could be achieved when only applying S460 for both types of columns and bracings, while a material
cost reduction of 12.88% could be achieved and a welding cost reduction of 20.3%. When using
S690 for cold-formed columns and bracings, and S460 for hot-formed columns and bracings, a weight
reduction of 35.15% was achieved in combination with a material cost reduction of 20.76% and a
welding cost reduction of 17.26%. As previously discussed, the carbon savings are assumed to be
equal to the weight reduction. Thus, columns and bracings show high potential to be replaced with
high-strength steel for weight reduction, cost reduction and carbon savings.

Table 6.6: Total weight and cost reduction for using S460M or S690Q for axial loaded columns and bracings

Columns &
Bracings S355M S460M S690Q

Mass TUW [t] 101.83 80.54 58.92
Costs TUW €198,568.50 €165,107.00 €139,640.40
Mass TUS [t] 41.51 34.03 34.03
Costs TUS €124,530.00 €116,382.60 €116,382.60

Total mass [t] 134.34 114.57 92.95
Total costs €323,098.50 €281,489.60 €256,023.00

Weight reduction - -20.07% -35.15%
Material cost reduction - -12.88% -20.76%
Welding cost reduction - -20.30% -17.26%

6.4. Conclusions of high-strength steel in a case topside
The case study performed in this chapter has considered a topside with a total steel weight of 1500
tonnes. Of these 1500 tonnes, 503 tonnes of steel beams, columns, and bracings were assessed.
After performing the case study, it can be concluded that the weight, embodied carbon and costs can
be reduced when high-strength steel is utilized for both the beams and the columns and bracings. If
S460M is used for the beams and both types of columns, a total weight reduction of the considered
components of 11% is realized. As embodied carbon savings are assumed proportional to the mass
reduction, the same value was found for the embodied carbon savings. Material cost reductions of 7%
can be achieved, while the total welding length can also be reduced by 7%. When this percentage of
weight reduction is compared with the total steel weight of the topside, 3% of weight reduction can be
found, while this leads to 1.56% of the total weight reduction of a topside.

In the case of using S690 for the cold-rolled columns and bracings and S460 for the beams and hot-
rolled columns and bracings, a weight and embodied carbon savings of 15% were achieved when the
beams and columns were combined. This weight reduction equals 68.54 tonnes, and for the entire
steel weight, this amount equals 5% of the steel scope, while it equals 2% of the total topside weight.
The total material costs, in this case, would be decreased by 10%, while the welding length would be
reduced by 13%.

These results show that in all cases, weight reduction, cost reduction and embodied carbon savings are
achievable when using high-strength steel. The achievable benefits are somewhat lower for beams,
which can be explained by the deflection, which governs the weight reduction in many beams and the
higher costs for S460 steel at the same time. For columns, the reductions are much higher. As this case
study did not include all components of a topside, it is expected that high-strength steel could further
decrease the weight, costs and embodied carbon. Furthermore, this case study did not include further
benefits such as easier erection of parts, installation, transport, etc. Therefore, the overall potential of
utilizing high-strength steel is even expected to be higher than concluded in this chapter.



7
Conclusions & recommendations

This chapter concludes the research that has been performed and described in the previous chapters.
The conclusions found within this research are described in section 7.1. Furthermore, section 7.2 dis-
cusses the limitations of the constructed screening tools, which were used to derive the conclusions.
Finally, section 7.3 provides some recommendations for the industry and section 7.4 gives recommen-
dations for further research.

7.1. Conclusions
The popularity of high-strength steel in steel structure design has increased in recent decades as a way
to reduce the climate footprint of steel structures. Still, it was unknown if benefits could be achieved for
offshore topsides because of deflection and stability problems arising when using high-strength steel.
This research aimed to answer the question: is it feasible to use high-strength structural steel in offshore
topsides, and how can the use of high-strength steel in topside design be optimised? It was concluded
that high-strength steel is feasible for topsides in almost all considered cases and can reduce weight,
costs and embodied carbon. The design of topsides can be optimized by considering S460M steel
for strength-governing beams and seamless tubular columns and using S690Q only for welded tubular
columns. Two simple-to-use screening tools have been constructed for engineers to assess the feasi-
bility of high-strength steel beams and columns in an early design phase. These screening tools can
easily be expanded when more detailed information is available.

The research started with a study that was conducted to compare seven existing topsides with the
literature, aiming to summarise their key figures, typical lengths, cross-section type, diameter, and
thicknesses. It was concluded that, among all structural components in a topside, only the primary and
secondary beams, columns, and bracings were attractive for initial research. This is mainly because
other components contribute less to the overall structural weight and are often governed by factors
other than strength.

The first screening tool for beams, uses the ULS/SLS-ratio to determine whether a beam is governed by
deflection or strength. Using high-strength steel may be advantageous if the ULS/SLS-ratio is greater
than 1. Further investigation could lead to weight and cost savings, as well as embodied carbon sav-
ings. Two key conclusions were drawn concerning the ULS/SLS-ratio. First, the ULS/SLS-ratio was
found to be independent of the applied load on a beam, resulting in a transition length where the beam
goes from strength- to deflection-governing, that was dependent only on the beam’s dimensions, ma-
terial, and support type. This makes it possible to assess existing or preliminary deck layouts for their
feasibility to high-strength steel without knowing any load that acts on the deck. Second, the support
type has a significant impact on this transition length. Therefore, the kind of support assumption that
could be used for a specific beam must be known, even though the loads do not need to be known.
This was carefully evaluated for all example beams.

After assessing typical beams like deck stringers, deck beams, main beams, and cantilever beams, it
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was concluded that deck stringers could benefit from using high-strength steel only in certain cases or
not at all. The other three beams showed that high-strength steel could replace a beam with a smaller
one for most typical lengths and cross-sections, resulting in weight and cost reductions and embodied
carbon savings. Nevertheless, the reductions are relatively small, especially the cost reductions, be-
cause the material costs increase despite the cross-section only becoming slightly smaller.

The second screening tool was constructed for columns and bracings, which were assessed by assum-
ing axially loaded columns and numerically adjusting the cross-section of a column such that the buck-
ling resistance of a high-strength steel column matches the buckling resistance of a conventional S355
steel column. The assessed slenderness ratio for typical topside columns proved relatively stocky,
resulting in high-cost reductions, weight reductions and embodied carbon savings when using high-
strength steel columns.

A study was conducted to assess the impact of using high-strength steel in primary and secondary
beams, columns, and bracings in an entire integrated topside. The study found that the utilization of
high-strength steel in these three components resulted in weight and cost reductions, as well as embod-
ied carbon savings. However, the reduction in weight and cost is minimal for beams, as many beams
cannot be replaced by high-strength steel because of the deflection limits. Columns and bracings con-
tributed significantly to a topside’s weight and cost reduction. Overall, the study found that replacing
beams and columns with high-strength steel can only lead to a maximum weight reduction of 4.57%
for the entire topside steel weight. Yet, for the considered components, the weight decreased by 15%,
the material costs decreased by 10%, the welding length by 13%, and the embodied carbon savings
by 15%.

Despite the modest reductions in the overall steel weight of the case topside, savings were achieved
in terms of overall weight, costs, and embodied carbon. This was achieved by assessing only 33.5%
of the steel weight of the case topside. Including all components in the assessment for high-strength
steel can further increase these savings. Thus, high-strength steel can also play a part in reducing the
carbon footprint of offshore platforms and will hopefully gain popularity in this industry as well. Moreover,
the costs and weight would decrease simultaneously. Therefore, there is no need to wait to implement
high-strength steel in offshore topsides.

7.2. Limitations
Two screening tools were developed for this research to assess the feasibility of using high-strength
steel in the design of offshore topsides. Other engineers can use these screening tools to evaluate the
feasibility of preliminary design scenarios, but the screening tools have some limitations.

Both screening methods assume full capacity, meaning the initial S355 beams and columns are be-
lieved to be loaded to their maximum ultimate capacity. In reality, designers usually incorporate some
reserve capacity to ensure safety. When considering hot-rolled beams, if a beam was designed with
some reserve capacity, a strength-governing beam experiences a lower design load. This lower load
can result in less required minimum area moment of inertia and section modulus. Consequently, this
can lead to smaller beams of high-strength steel compared to what was previously thought. This as-
sumption has a lesser impact on plate girders and columns, as they are designed with variable dimen-
sions instead of in steps of different heights like hot-rolled beams. Additionally, support assumptions
are required for beams as equations are needed for the bending moment and deflection as a function
of the beam length. Assuming simply-supported, continuous or fixed significantly affects the results,
and careful thought should be given when considering a particular support type.

For columns, no horizontal forces are included, as it is assumed that the vertical forces are much
higher. In reality, the structure should also be checked as to how it reacts in a frame. Moreover,
usually, columns can have a higher thickness at the joints. For the constructed screening tools, only
the column between the joints is considered with a constant thickness. The joint itself can probably
also become smaller when applying high-strength steel, but at the joints, other considerations, such
as punching shear, can govern the design of the column. Therefore, these short parts of the columns
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are not assessed with this method. Nevertheless, if these column parts in the joint could decrease, the
diamond plates within a joint could possibly also decrease, resulting in additional welding, costs and
material reduction.

Another assumption made is that the loading and the cross-sectional area remain the same when
changing a component to high-strength steel for both the beams and columns. When a component be-
comes lighter because of the application of high-strength steel, the loading would also decrease. For
beams, the self-weight would decrease, while for columns, the vertical load would decrease because of
the weight reduction of the beams and columns on top of the column. This effect is not included in the
models and could lead to more benefits of using high-strength steel. Nevertheless, the self-weight is
relatively low for beams compared to the deck loading. At the same time, the reduced vertical loading
is likely more significant for columns, especially the columns at the bottom of the topside. Changing the
cross-sectional area over the length of the beam could reduce the deflections, making a beam more
strength-governing and could increase the potential of using high-strength steel. For columns, chang-
ing the diameter or thickness over length can also change the buckling characteristics of a column and
could lead to more beneficial results.

The calculations performed did not take into consideration the effects of vibrations, dynamics, and
fatigue on the structure. These are critical factors that can significantly impact the behaviour and per-
formance of the structure over time. When the mass of a structure is reduced by applying high-strength
steel, the vibrations, dynamics, and fatigue can become more severe and even start governing specific
structural components. Therefore, it is imperative to consider these factors in the design as it could
lead to fewer benefits of using high-strength steel.

Finally, there was limited information available to perform cost and embodied carbon calculations. For
the cost analysis, only material and welding costs were taken into consideration. The material prices
were obtained from a single steel manufacturer in September 2023. However, prices change frequently
and it is possible that other manufacturers may offer more affordable materials, or that prices may de-
crease over time when demand increases. The welding costs were estimated by calculating the reduc-
tion in welding length, as detailed information about all welding details was not available. If welding
details were included, different results could be obtained. Regarding embodied carbon savings, it was
assumed that it was proportional to the mass. However, offshore transport and lifting operations should
also be taken into account. It could be the case that the embodied carbon savings would increase for
high-strength steel, but it is expected that the manufacturing of steel is the highest contributor. There-
fore, less mass results in more embodied carbon savings.

7.3. Recommendations for the industry
The research conducted has produced some insightful conclusions that have led to two specific recom-
mendations for the industry:

First, it is advised to consider high-strength steel in the earliest design stage. When drawing the pre-
liminary deck layout, the feasibility of high-strength steel can already be assessed with the screening
tools within this report. It is especially advised to start implementing S460M beams for beams that are
strength-governing and for seamless tubular columns while using S690Q steel for cold-formed tubu-
lars. Implementing this in the topside design will result in cost and weight reduction while reducing the
climate footprint of a topside at the same time. Furthermore, it is advised to start implementing hybrid
plate girders instead of S355 plate girders.

Secondly, it was challenging to find cost estimates for materials and welding in the literature and to
better understand this, it is recommended that companies develop more sophisticated cost models
that consider factors such as material properties, welding techniques, and other relevant parameters.
By integrating these cost models into the screening tools, companies can more accurately estimate the
cost savings associated with using high-strength steel. Ideally, thesemodels should be able to calculate
both material and welding costs as a function of the total weight and the material’s yield stress.
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7.4. Recommendations for further research
Additionally, to the recommendations for the industry, the research conducted has produced some in-
sightful conclusions that have led to three recommendations for further research:

To ensure the structural integrity and safety of a topside, it is highly recommended to investigate the
effects of high-strength steel on its joints. In order to achieve this, it is suggested that a detailed finite
element analysis be performed on the joints. This analysis will provide answers to important questions,
such as whether the thicknesses of diamond plates and columns can be reduced in the joint. Addition-
ally, it can help determine what type of support conditions can be assumed in different situations. By
conducting this analysis, a better understanding of the behaviour and performance of the joints made
of high-strength steel can be gained. This can enable engineers to make more informed decisions
regarding the topside’s design and gives more insight into how to model the joints within the screening
tools constructed.

The research study primarily concentrated on the construction phase of a topside. The study found
that using high-strength steel in the construction phase of a topside could lead to cost savings and a
reduction in embodied carbon. However, it is recommended that further research should be conducted
to determine the effect of utilizing high-strength steel on the costs and embodied carbon savings within
other stages of topside design. For instance, it would be interesting to examine the impact of weight
reduction on offshore transport costs and carbon savings. If the weight of the topside could be reduced,
this could potentially reduce the amount of fuel needed to transport it, thus lowering the carbon footprint.
Additionally, it would be worthwhile to investigate the impact of weight reduction on lifting situations. If
the topside is lighter, it may be easier and more cost-effective to lift it into place, which could also result
in carbon savings. Therefore, further research in these areas could provide valuable insights into the
potential benefits of using high-strength steel in topside design.

To optimize the performance of an offshore structure, it is essential to conduct a detailed analysis of
the impact of weight reduction on various aspects, including vibrations, fatigue, and dynamics. This
analysis can provide valuable insights into potential risks and challenges that may arise due to the
changes in the structure’s characteristics. Moreover, it is worth exploring how much the changes in the
topside weight can impact the jacket design, as this can influence the offshore platform’s overall costs
and carbon savings. By conducting a comprehensive assessment of these factors, it is possible to
develop an optimized design that can withstand the harsh offshore environment and operate efficiently
over an extended period.
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A
Additional information about the

offshore industry

This appendix will describe some additional background information about offshore engineering and
consists of two sections. The first section, section A.1, briefly discusses the fascinating history of the
offshore industry and its future perspective. The second section, section A.2, describes the different
types of offshore platforms, discusses their presence in the world’s seas and oceans and explains why
this research only focuses on the southern North Sea.

A.1. Short history and future persepective of the offshore industry

(a) Piers into the ocean at Summerland in 1901 [47] (b) Platforms on Lake Caddo in 1911 [48]

Figure A.1: Offshore piers and on-lake platforms

The offshore industry is categorized as a relatively new industry. Offshore exploration started at the
end of the 19th century when the demand for oil and gas rose. In different locations worldwide, such
as California and the Caspian Sea, companies started building wooden piers into the oceans and seas
to support wooden derricks [15]. An example of these piers in Summerland, California, is shown in
figure A.1a. At the same time, oil was produced in multiple inland lakes, initially in North America,
for example, Lake Caddo, shown in figure A.1b. Soon, other countries, such as Lake Maracaibo in
Venezuela, followed these methods. In these lakes, simple wooden platforms on initial wooden piles
were constructed to support all drilling equipment. However, in Lake Maracaibo, a teredo worm worked
up the piles from the inside, and after a few months, the platform collapsed, leading to new material
usage on Lake Maracaibo, such as concrete piles from 1927 and steel piles from 1934 onwards [49].

The real start of the offshore age coincides with the construction of a wooden offshore platformwith steel
piles by Kerr-McGee in 1947, shown in figure A.2. The wooden platform only supported the drilling der-
rick, and a floating vessel supported the other equipment [50]. In the following decades, the offshore oil
and gas industries expanded and grew rapidly, and many companies invested in new offshore projects
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Figure A.2: Kerr-McGee’s Kermac Rig No.16 is considered to be the world’s first offshore platform, located 10 miles from the
shore [48].

and research and development. At first, the pioneering offshore developments were focused around
the Gulf of Mexico, but when the Groningen gas field in the Netherlands was discovered in 1959, Eu-
ropean countries also developed an interest in the offshore industry. However, the North Sea differs
considerably from the Gulf of Mexico in weather conditions and water depths; therefore, the North Sea
quickly became another powerhouse for new offshore developments [49].

The first bottom-founded offshore structures were comparable with the Kerr-McGee structure but were
optimized. The steel piles were replaced with a framed steel structure, giving rise to the jacket-type
structures; this is still the most installed offshore structure type today [49]. As companies tried to ex-
pand their drilling to deeper waters each year, bottom-founded structures became very expensive to
construct. Alternatives for the jackets, such as the guyed tower, the compliant tower and gravity-based
structures, arose, but as the water depth kept increasing, floating offshore structures were designed,
with the first being a converted semi-submersible on the Argyle field in the North Sea in 1975 [15].
Nowadays, water depths of around 3500m can be reached [51], emphasizing the huge developments
this industry has experienced in the last century. There are now more than 12,000 offshore structures
globally installed [52], but this number is rapidly rising.

Figure A.3: The world’s biggest oil disaster: Piper Alpha [53]

The offshore industry is constantly changing. Some severe accidents in the 20th century, such as the
Piper Alpha disaster on the 6th of July 1988 (figure A.3), costing the lives of 167 men [53], triggered
the world to be very careful with offshore structures. Rules and standards were created worldwide, and
nowadays, all offshore structures must be designed according to the proper standards [15]. Moreover,
while the public eye is heavily focussing on the problem of climate change, the offshore industry needs
to adapt in the future. In 2015, The Paris Agreement was signed by 196 countries with the primary
goal to hold [54] ”the increase in the global average temperature to well below 2°C above pre-industrial
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levels” and pursue efforts ”to limit the temperature increase to 1.5°C above pre-industrial levels.” More
recently, in November 2022, the world nations again agreed that global warming should be limited to
1.5°C, which would require a reduction of greenhouse gas emissions of 45% within eight years only
[55]. This triggers a massive energy transition from the conventional oil and gas industry to the renew-
able energy industry, such as the wind industry. In the Netherlands alone, 75% of the country’s energy
should be produced by wind farms within seven years, with most of this energy produced by offshore
wind turbines [56]; a huge undertaking in which multiple offshore companies are already actively par-
ticipating.

Just as with oil at the beginning of the 20th century, offshore companies started pioneering wind energy
in shallow waters at the end of the 20th century. The world’s first offshore wind farm, Vindeby, was built
in 1991 in Denmark in waters with a depth of only 4 metres. During this first stage in the wind energy
industry, offshore substations were not yet required, while the wind turbines were directly connected
to an onshore installation [57]. However, the wind industry has been rapidly growing for the past two
decades, from a total installed capacity of 0.06GW at the beginning of the century to 36GW at the
beginning of 2020, a total rise of 412%. The industry is expected to grow to a 154 GW installed capacity
in 2030 [58]. As with oil, companies are looking to expand their wind industry to deeper waters, and
nowadays, the maximum reached water depth is 58.6 metres [59]. This water depth expansion often
results in longer distances from shore, introducing the need for an offshore substation from which
the electricity can be transported to shore. An offshore substation is comparable with an oil or gas
platform, except for the equipment. While water depths are not yet deep enough to make floating
offshore platforms economically attractive, the Kerr McGee concept of a bottom-founded platform is still
an essential part of the offshore industry 80 years later. Moreover, as new industries such as offshore
hydrogen, tidal and wave energy are rising in shallow waters, bottom-founded offshore platforms are
expected to remain a crucial working horse in the industry. Therefore, it remains of great importance
to improve these structures by, for example, reducing the carbon dioxide emissions and weight. High-
strength steel could play an essential role in this optimization.

A.2. Type of offshore platforms and North Sea perspective
An offshore platform usually consists of a substructure and a superstructure. The superstructure, or
topside, is designed for the specific function of the platform, while the substructure’s goal is to withstand
all environmental loads and give carrying capacity for the superstructure. Because the design of the
substructure heavily depends on the water-depth, bathymetry and location, classification of offshore
platforms is typically performed by looking at the substructure type.

Figure A.4: Classification of offshore structures

There aremultiple ways to categorize different offshore structures. First, structures can be distinguished
by the way they resist direct actions. Secondly, structures can be distinguished by the duration of their
stay at one location and finally between the types of foundations [49]. Figure A.4 shows how offshore
structures can be classified. A structure can be considered bottom-founded when the actions acting on
the structures are entirely or predominantly transferred into the seabed. However, floating structures
transfer actions through buoyancy or (partly) mooring lines. Furthermore, the structure can be assigned
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a permanent or temporary structure. Permanent structures are often platforms which stay their entire
lifetime at one location to perform a process. This process can be oil or gas related or, for example,
be an offshore substation. However, some floating platforms can be considered permanent but can
be moved during certain events, e.g., a floating platform when an iceberg is nearing or when a well
has dried out. Temporary structures are structures which are only at location for a certain amount of
time, for example, a drilling jack-up. Finally, offshore structures can be divided into different structure
types. Most of the permanent structure types are shown in figure A.5 and these structures will shortly
be explained in more detail. Temporary structures will not be discussed, while this research focuses
on permanent platform types.

Figure A.5: Fixed structures (1,2,10), compliant tower (3), TLP (4,5), SPAR (6), Semisubmersible (7,8), FPSO (9)

Fixed structures are the most commonly used structures in the offshore industry [15]. These struc-
tures consist of jacket-type structures (most dominantly used), monotowers and free-standing and
braced caissons. However, there are only a few actual monotower platforms and the caisson structures
are only used in very shallow waters [49]. Therefore, in this report, fixed structures will, by definition,
refer to jacket structures. Jacket structures consist mainly of tubular members, which are connected
in frames. Usually, a jacket consists of four to eight legs placed at an angle to improve its stability
performance. Piles are hammered into the seabed to fix the structure to the seabed. Actions acting
on the structure are transferred through the piles into the seabed. Jackets can handle huge topside
weights and are designed to stand still in the water. A huge disadvantage is the increased weight when
water depth increases and the need for heavy installation ships [60]. Therefore, jacket structures are
only economically feasible in water depths ranging between 10 to around 400 metres [49].

Compliant towers are slender towers which are fixed to the seabed. However, these structures are
allowed to deflect when actions are acting on the structures. These structures will absorb the energy
through the movement, and therefore they can be installed in much deeper waters ranging from 450m
to 900m [61]. Because they can move, they can be built lighter than fixed structures. However, the
installation of these structures is complicated because of the length of these structures. Guyed towers
are compliant structures that also use anchor lines to ensure the stability of the structure. Compliant
structures are mostly all installed in the Gulf of Mexico [60].

Gravity-based structures are fixed offshore structures that are only kept in place by their weight
[15]. Usually, these types of structures are built with concrete. For transportation, vacuum spaces or
caissons are included in the structure to provide the structure with enough buoyancy to float. While
no piles and anchor lines are required, these platforms are quickly installed. However, building these
structures takes a long time and requires sufficient soil conditions [60].

Single Point Anchor Reservoir (SPAR) are floating offshore structures designed for an optimal nat-
ural period outside of the wave spectrum. The platform consists of a cylindrical buoy with a topside
on top. The buoy can be giant but will not reach the seabed. The platform is kept in place by anchor-
ing lines. SPAR-type platforms are one of the most often used structures out on the ocean [60]. The
advantages of these structures are the best possible stability properties, low maintenance costs and
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the ease of fabricating these platforms. The disadvantages are the installation and the lack of storage
capacity.

Semisubmersible are floating offshore structures with multiple legs interconnected underwater with
horizontal buoyant members. The advantage of semisubmersibles is that they are highly mobile and
have good stability properties. However, they have high maintenance costs, limited topside-weight-
capacity, and the risers must be designed for fatigue [60].

Tension Leg Platform (TLP) are vertically moored platforms which are also compliant to move, but
only in the horizontal direction. The structures have good deep water capability and relatively low
maintenance costs. Disadvantages are high initial costs and the sensitivity for fatigue [60].

Floating Production Storage and Offloading (FPSO) are floating offshore structures which look
like a ship, with a turret mooring system installed at its bow. The advantages of these structures are
the provided storage onboard, the low costs and the mobility to relocate. However, these structures are
limited to smaller oil fields and often involve high maintenance costs. When the seas are very rough,
these structures have poor stability properties [62].

(a)Water depth in the North Sea [63]

(b) Current O&G platforms and pipelines (March 2023). Yellow dots are
floating platforms, purple dots are fixed platforms. Grey area represents

the North Sea [64]

Figure A.6: Waterdepth of southern North Sea vs. bottom-founded and floating platform distribution in the North Sea

All the structures described above have advantages and disadvantages, and water depth is often one
of the first properties determining if a specific structure is suitable. In March 2023, 95% of the offshore
structures in the North Sea are fixed structures [64]. That means that only 5% of the structures operating
in the North Sea are floating structures. The explanation can be found in the bathymetry of the north sea
shown in figure A.6a. The North Sea generally has a mean water depth of 95 metres, but figure A.6a
shows that the southern North Sea, along the coasts of the UK, the Netherlands and Denmark, only has
a mean water depth of 20 to 25 metres. Figure A.6b shows that most offshore platforms are located in
this part of the North Sea and that these structures are all fixed. Floating offshore structures operate only
north of the North Sea near Norway, with much higher water depth. The transition towards renewable
energies is not yet operating in these waters, while the costs and difficulties increase in deeper waters.
Therefore, this report only considered bottom-founded offshore structures, while it is expected that
most platforms in the near future will be built in these shallow waters. However, while gravity-based
structures and compliant towers are also bottom-founded, these structures are not considered because
gravity-based structures mainly consist of concrete, and compliant towers are not built in the North Sea.
Hence only fixed jacket-type platforms were considered in this report.
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Example includes: Example info:
Cross-section classification Deck beams: HEB600
Verification of moment resistance Deck stringers: IPE240
Verification of shear resistance Length deck stringers: 4.2 m

Depth of section h  = 240 mm
Width of flange b = 120 mm
Flange thickness tf = 9.8 mm
Web thickness tw = 6.2 mm
Web height hw = 220.4 mm
Weld thickness aw = 6 mm
Plastic section modulus Wp = 366.6 cm3
Area moment of inertia Iyy = 3892 cm4
Cross-section class = 1 

Initial yield stress fy = 3.55E+08 Pa
Material resistance γM0 = 1.16 (based on BoSD)
Young's modulus E = 2.10E+11 Pa
Cost S355 beam 1.175 €/kg
Cost S460 beam 1.275 €/kg
Welding speed v = 50 cc/h
Assembly factor Fa = 2
Real welding speed v/Fa = 25 cc/h
Welder salary Ws = 30 €/h
Overhead factor Fo = 3
Real welder cost Ws*Fo = 90 €/h
Welding volume (k6) 30 cc/m
Variable load Q = 12.75 kN/m (based on BoSD)
1.4 Determine costs IPE240
Beam has no sniped connection 
Cost IPE240 of 4.2m (IPE240: 31.3 kg/m)
Length flange weld 1x 120 mm
Length web weld 230.2 mm
Length of HEB600 flange weld 142.3 mm
Total weld length 492.5 mm
Total weld cost = weld length x welding volume x (real welder cost/real welding speed)
Total weld cost = 52.19 €
Total costs IPE240 = 207.69 €

1.2 Section properties for initial IPE240 beam

1.3 Other properties

1. Example deck stringers 
1.1 Situation: three span continues beam (laterally restrained) - no snipe

Appendix B

1.175 × 4.2 × 31.3 = €154.5 



1.5 Equations for three span continues beam

1.6 Determine ULS/SLS-ratio
G = Q (as λ = 0.5 is assumed)

(based on BoSD)
(based on BoSD)

(strength governing)

1.7 Calculate maximum possible permanent load
Strength governing
Load is unknown, so it is assumed that beam is designed for it's maximum resistance:

1.8 Determine minimum possible Wp for HSS and minimum Iyy

S460:

S690:

Required I does not change from S355 situation:

When HSS would be used, an IPE220 could be used. 
The required section modulus for S690 would be enough for IPE200, 
but this is restricted by the required area moment of inertia
1.9 Cost calculation for IPE220 (S460)
Beam has no sniped connection 
Cost IPE220 of 4.2m (IPE220: 26.7 kg/m)
Length flange weld 2x 110 mm
Length web weld 201.6 mm
Length of HEB600 flange weld 142.3 mm
Total weld length 563.9 mm
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Total weld cost = weld length x welding volume x (real welder cost/real welding speed)
Total weld cost = 60.9 €
Total costs IPE240 = 203.88 €

1.10 Check cross-section classification
Standard IPE220 of S460 is still class 1 :
https://eurocodeapplied.com/design/en1993/ipe-hea-heb-hem-design-properties

1.11 Check if shear force influence can be neglected as assumed

Av = 2024 mm2

The design shear force is smaller than 0.5 the plastic shear resistance, no correction required
1.12 Conclusion
Deck stringers can be replaced with high-strength steel in a beneficial manner.
Weight percentage reduced: 14.70%
Material cost percentage reduced: 7.46%
Welding cost percentage reduced: -16.69%
Total cost reduction: 1.83%
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Example includes: Example info:
Cross-section classification Deck beams: HEB600
Verification of moment resistance Deck stringers: IPE240
Verification of shear resistance Length deck stringers: 4.2 m

Depth of section h  = 240 mm
Width of flange b = 120 mm
Flange thickness tf = 9.8 mm
Web thickness tw = 6.2 mm
Web height hw = 220.4 mm
Weld thickness aw = 6 mm
Plastic section modulus Wp = 366.6 cm3
Area moment of inertia Iyy = 3892 cm4
Cross-section class = 1 

Initial yield stress fy = 3.55E+08 Pa
Material resistance γM0 = 1.16 (based on BoSD)
Young's modulus E = 2.10E+11 Pa
Cost S355 beam 1.175 €/kg
Cost S460 beam 1.275 €/kg
Welding speed v = 50 cc/h
Assembly factor Fa = 2
Real welding speed v/Fa = 25 cc/h
Welder salary Ws = 30 €/h
Overhead factor Fo = 3
Real welder cost Ws*Fo = 90 €/h
Welding volume (k6) 30 cc/m
Variable load Q = 12.75 kN/m (based on BoSD)
2.4 Determine costs IPE240
Beam has a sniped connection (only top flange and web are welded to HEB600)
Cost IPE240 of 4.2m (IPE240: 31.3 kg/m)
Length flange weld 120 mm
Length web weld 230.2 mm
Length of HEB600 flange weld 142.3 mm
Total weld length 492.5 mm
Total weld cost = weld length x welding volume x (real welder cost/real welding speed)
Total weld cost = 53.2 €
Total costs IPE240 = 207.8 €

2.2 Section properties for initial IPE240 beam

2.3 Other properties

2. Example deck stringers Appendix B

2.1 Situation: simply supported beam - snipe connection

1.175 × 4.2 × 31.3 = €154.5 



2.5 Equations for simply supported beam

2.6 Determine ULS/SLS-ratio
G = Q (as λ = 0.5 is assumed)

(based on BoSD)
(based on BoSD)

(strength governing)

2.7 Calculate maximum possible permanent load
Strength governing
Load is unknown, so it is assumed that beam is designed for it's maximum resistance:

2.8 Determine minimum possible Wp for HSS and minimum Iyy

S460:

S690:

Required I does not change from S355 situation:

When HSS would be used, the area moment of inertia restricts the use of smaller IPE's 
A smaller high-strength IPE cannot be used
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Example includes: Example info:
Cross-section classification Deck beam: HEA600
Verification of moment resistance Deck stringers: IPE240
Verification of shear resistance Length deck beam: 8.5 m

Depth of section h  = 590 mm
Width of flange b = 300 mm
Flange thickness tf = 25 mm
Web thickness tw = 13 mm
Web height hw = 550 mm
Plastic section modulus Wp = 5350 cm3
Area moment of inertia Iyy = 141200 cm4
Cross-section class = 1 

Initial yield stress fy = 3.55E+08 Pa
Material resistance γM0 = 1.16 (based on BoSD)
Young's modulus E = 2.10E+11 Pa
Cost S355 beam 1.175 €/kg
Cost S460 beam 1.275 €/kg
Welding speed v = 50 cc/h
Assembly factor Fa = 2
Real welding speed v/Fa = 25 cc/h
Welder salary Ws = 30 €/h
Overhead factor Fo = 3
Real welder cost Ws*Fo = 90 €/h
Welding volume (H7) 49 cc/m
Welding volume (H13) 169 cc/m
Welding volume (K25) 347 cc/m
Tank weight P = 265 kN

2.4 Determine costs HEA600
Beam has a full connection (flanges and web are welded to HEB1000)
Cost HEA600 of 8.5m (HEA600: 181 kg/m)
Length flange weld (K25) 300 mm
Length flange weld (H13) 300 mm
Length web weld (H7) 540 mm
Length of HEB1000 flange weld (H7) 140.5 mm

2.3 Other properties

2. Example deck beams Appendix 2

2.1 Situation: combination of loads (laterally restrained)

2.2 Section properties for initial HEA600 beam

1.175 × 8.5 × 181 = €1807.74 



Cost H7 weld = 120 €
Cost H13 weld = 185.52 €
Cost K25 weld = 374.76 €
Total weld cost = 680.28 €
Total costs HEB600 = 2488.02 €

2.5 FEA is used to find maximum moment, deflection and shear force

Mmax = 1273.5 kNm
Deflection = 21.7 mm
Vmax = 665.9 kN 

2.6 Determine ULS/SLS-ratio

(strength governing)

2.7 Determine minimum possible Wp for HSS
Strength governing
Load is unknown, so it is assumed that beam is designed for it's maximum resistance:

(S460) HEA500 3949 cm3

(S690) HEA400 2311cm3

However, deflection should still be checked before conclusions can be made
2.8 Determine minimum possible Iyy
Required I does not change from S355 situation
However, we do not know which support, hence we assume simply (most conservative)

Deflection = 21.7 mm

Rewrite to calculate qsls
qsls = 94.67 kN/m

HEA500 86970cm3

When HSS would be used, a HEA500 (S460) could be used. 
S690 will not lead to more benefits while deflection becomes dominant below HEA500
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2.9 Cost calculation for HEA500 (S460)
Beam has a full connection (flanges and web are welded to HEB1000)
Cost HEA500 of 8.5m (S460) (HEA500: 158 kg/m)
K-weld can be lower because flange is now 23mm instead of 25mm, new welding volume = 302 cc/m
Length flange weld (K23) 300 mm
Length flange weld (H13) 300 mm
Length web weld (H7) 444 mm
Length of HEB1000 flange weld (H7) 140.5 mm
Cost H7 weld = 103.12 €
Cost H13 weld = 182.52 €
Cost K23 weld = 326.16 €
Total weld cost = 611.79 €
Total costs HEB600 = 2324.12 €

2.10 Check cross-section classification
Standard HEA500 of S460 is still class 1 :
https://eurocodeapplied.com/design/en1993/ipe-hea-heb-hem-design-properties

2.11 Check if shear force influence can be neglected as assumed

Av = 7472 mm2

The design shear force is smaller than 0.5 the plastic shear resistance, no correction required
2.12 Conclusion
Deck beam can be replaced with high-strength steel in a beneficial manner.
Weight percentage reduced: 12.70%
Material cost percentage reduced: 5.30%
Welding cost percentage reduced: 10%
Total cost reduction: 6.59%
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1.275 × 8.5 × 158 = €1712.33 



D
Extra tables

Table D.1: Possible replacement of beams with S460 (HEB) - simply supported and distributed load

HEB 2m 3m 4m 5m 6m 7m 8m 9m 10m 11m 12m 13m 14m 15m
200 - - - - - - - - - - - - - -
220 200B 200B - - - - - - - - - - - -
240 220B 220B - - - - - - - - - - - -
260 240B 240B 240B - - - - - - - - - - -
280 260B 260B 260B - - - - - - - - - - -
300 280B 280B 280B - - - - - - - - - - -
320 300B 300B 300B 300B - - - - - - - - - -
340 300B 300B 300B 320B - - - - - - - - - -
360 320B 320B 320B 320B 340B - - - - - - - - -
400 360B 360B 360B 360B 360B - - - - - - - - -
450 400B 400B 400B 400B 400B - - - - - - - - -
500 450B 450B 450B 450B 450B 450B - - - - - - - -
550 500B 500B 500B 500B 500B 500B 500B - - - - - - -
600 550B 550B 550B 550B 550B 550B 550B 550B - - - - - -
650 600B 600B 600B 600B 600B 600B 600B 600B 600B - - - - -
700 650B 650B 650B 650B 650B 650B 650B 650B 650B 650B - - - -
800 700B 700B 700B 700B 700B 700B 700B 700B 700B 700B - - - -
900 800B 800B 800B 800B 800B 800B 800B 800B 800B 800B 800B 800B - -
1000 900B 900B 900B 900B 900B 900B 900B 900B 900B 900B 900B 900B 900B 900B

Table D.2: Possible replacement of beams with S460 (HEB) - fixed assumption (point load)

HEB 6m 7m 8m 9m 10m 11m 12m 13m 14m 15m 16m 17m 18m 19m 20m
200 - - - - - - - - - - - - - - -
220 200B 200B - - - - - - - - - - - - -
240 220B 220B 220B - - - - - - - - - - - -
260 240B 240B 240B 240B - - - - - - - - - - -
280 260B 260B 260B 260B 260B - - - - - - - - - -
300 280B 280B 280B 280B 280B 280B - - - - - - - - -
320 300B 300B 300B 300B 300B 300B 300B - - - - - - - -
340 300B 300B 300B 300B 300B 300B 320B 320B - - - - - - -
360 320B 320B 320B 320B 320B 320B 320B 340B 340B - - - - - -
400 360B 360B 360B 360B 360B 360B 360B 360B 360B - - - - - -
450 400B 400B 500A 400B 400B 400B 400B 400B 400B 400B - - - - -
500 450B 450B 450B 450B 450B 450B 450B 450B 450B 450B 450B 450B - - -
550 500B 500B 500B 500B 500B 500B 500B 500B 500B 500B 500B 500B 500B 500B 500B
600 550B 550B 550B 550B 550B 550B 550B 550B 550B 550B 550B 550B 550B 550B 550B
650 600B 600B 600B 600B 600B 600B 600B 600B 600B 600B 600B 600B 600B 600B 600B
700 650B 650B 650B 650B 650B 650B 650B 650B 650B 650B 650B 650B 650B 650B 650B
800 700B 700B 700B 700B 700B 700B 700B 700B 700B 700B 700B 700B 700B 700B 700B
900 800B 800B 800B 800B 800B 800B 800B 800B 800B 800B 800B 800B 800B 800B 800B
1000 900B 900B 900B 900B 900B 900B 900B 900B 900B 900B 900B 900B 900B 900B 900B
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Table D.3: Possible replacement of beams with S460 (HEB) - fixed assumption (distributed load)

HEB 6m 7m 8m 9m 10m 11m 12m 13m 14m 15m 16m 17m 18m 19m 20m
200 - - - - - - - - - - - - - - -
220 200B 200B 200B 200B 200B - - - - - - - - - -
240 220B 220B 220B 220B 220B 220B - - - - - - - - -
260 240B 240B 240B 240B 240B 240B 240B 240B - - - - - - -
280 260B 260B 260B 260B 260B 260B 260B 260B 260B - - - - - -
300 280B 280B 280B 280B 280B 280B 280B 280B 280B 280B - - - - -
320 300B 300B 300B 300B 300B 300B 300B 300B 300B 300B 300B 300B - - -
340 300B 300B 300B 300B 300B 300B 300B 300B 300B 300B 300B 320B 320B 320B -
360 320B 320B 320B 320B 320B 320B 320B 320B 320B 320B 320B 320B 340B 340B 340B
400 360B 360B 360B 360B 360B 360B 360B 360B 360B 360B 360B 360B 360B 360B 360B
450 400B 400B 500A 400B 400B 400B 400B 400B 400B 400B 400B 400B 400B 400B 400B
500 450B 450B 450B 450B 450B 450B 450B 450B 450B 450B 450B 450B 450B 450B 450B
550 500B 500B 500B 500B 500B 500B 500B 500B 500B 500B 500B 500B 500B 500B 500B
600 550B 550B 550B 550B 550B 550B 550B 550B 550B 550B 550B 550B 550B 550B 550B
650 600B 600B 600B 600B 600B 600B 600B 600B 600B 600B 600B 600B 600B 600B 600B
700 650B 650B 650B 650B 650B 650B 650B 650B 650B 650B 650B 650B 650B 650B 650B
800 700B 700B 700B 700B 700B 700B 700B 700B 700B 700B 700B 700B 700B 700B 700B
900 800B 800B 800B 800B 800B 800B 800B 800B 800B 800B 800B 800B 800B 800B 800B
1000 900B 900B 900B 900B 900B 900B 900B 900B 900B 900B 900B 900B 900B 900B 900B

Table D.4: Possible replacement of beams with S460 (HEA) - simply supported and distributed load

HEA 2m 3m 4m 5m 6m 7m 8m 9m 10m 11m 12m 13m 14m 15m
200 - - - - - - - - - - - - - -
220 - - - - - - - - - - - - - -
240 - - - - - - - - - - - - - -
260 240A 240A 240A - - - - - - - - - - -
280 260A 260A 260A - - - - - - - - - - -
300 280A 280A 280A 280A - - - - - - - - - -
320 300A 300A 300A 300A - - - - - - - - - -
340 320A 320A 320A 320A - - - - - - - - - -
360 340A 340A 340A 340A 340A - - - - - - - - -
400 360A 360A 360A 360A - - - - - - - - - -
450 400A 400A 400A 400A 400A - - - - - - - - -
500 450A 450A 450A 450A 450A 450A - - - - - - - -
550 500A 500A 500A 500A 500A 500A 500A - - - - - - -
600 550A 550A 550A 550A 550A 550A 550A 550A - - - - - -
650 600A 600A 600A 600A 600A 600A 600A 600A 600A - - - - -
700 650A 650A 650A 650A 650A 650A 650A 650A 650A 650A - - - -
800 700A 700A 700A 700A 700A 700A 700A 700A 700A 700A - - - -
900 800A 800A 800A 800A 800A 800A 800A 800A 800A 800A 800A - - -
1000 900A 900A 900A 900A 900A 900A 900A 900A 900A 900A 900A 900A 900A 900A

Table D.5: Possible replacement of beams with S460 (HEA) - continuous beam (3-span) assumption

HEA 6m 7m 8m 9m 10m 11m 12m 13m 14m 15m 16m 17m 18m 19m 20m
240 - - - - - - - - - - - - - - -
260 240A - - - - - - - - - - - - - -
280 260A 260A - - - - - - - - - - - - -
300 280A 280A - - - - - - - - - - - - -
320 300A 300A - - - - - - - - - - - - -
340 320A 320A 320A - - - - - - - - - - - -
360 320A 320A 340A 340A - - - - - - - - - - -
400 360A 360A 360A - - - - - - - - - - - -
450 400A 400A 400A 400A - - - - - - - - - - -
500 450A 450A 450A 450A 450A 450A - - - - - - - - -
550 500A 500A 500A 500A 500A 500A 500A 500A - - - - - - -
600 550A 550A 550A 550A 550A 550A 550A 550A 550A - - - - - -
650 600A 600A 600A 600A 600A 600A 600A 600A 600A 600A 600A - - - -
700 650A 650A 650A 650A 650A 650A 650A 650A 650A 650A 650A 650A - - -
800 700A 700A 700A 700A 700A 700A 700A 700A 700A 700A 700A 700A - - -
900 800A 800A 800A 800A 800A 800A 800A 800A 800A 800A 800A 800A 800A 800A -
1000 900A 900A 900A 900A 900A 900A 900A 900A 900A 900A 900A 900A 900A 900A 900A
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Table D.6: Possible replacement of beams with S460 (IPE)

IPE 2m 3m 4m 5m 6m 7m 8m 9m
160 - - - - - - - -
180 - - - - - - - -
200 - - - - - - - -
220 200I 200I - - - - - -
240 220I 220I - - - - - -
270 - - - - - - - -
300 - - - - - - - -
330 300I 300I 300I - - - - -
360 330I 330I 330I 330I - - - -
400 360I 360I 360I 360I - - - -
450 - - - - - - - -
500 450I 450I 450I 450I 450I 450I - -
550 500I 500I 500I 500I 500I 500I - -
600 550I 550I 550I 550I 550I 550I 550I -

Table D.7: Possible replacement of beams with S460 (IPE) - continuous beam (3-span) assumption

IPE 2m 3m 4m 5m 6m 7m 8m 9m 10m 11m 12m 13m
160 - - - - - - - - - - - -
180 - - - - - - - - - - - -
200 - - - - - - - - - - - -
220 200I 200I 200I - - - - - - - - -
240 220I 220I 220I 220I - - - - - - - -
270 - - - - - - - - - - - -
300 - - - - - - - - - - - -
330 300I 300I 300I 300I 300I 300I - - - - - -
360 330I 330I 330I 330I 330I 330I 330I - - - - -
400 360I 360I 360I 360I 360I 360I 360I - - - - -
450 - - - - - - - - - - - -
500 450I 450I 450I 450I 450I 450I 450I 450I 450I - - -
550 500I 500I 500I 500I 500I 500I 500I 500I 500I 500I 500I -
600 550I 550I 550I 550I 550I 550I 550I 550I 550I 550I 550I 550I

Table D.8: Maximum length for HEBs to be strength governing.

HEB
Lmax [m]
(Simply-supported -
distributed load)

Lmax [m]
(Fixed -
point load)

180 3.67 8.52
200 4.09 9.49
220 4.51 10.24
240 4.93 11.45
260 5.36 12.45
280 5.79 13.45
300 6.21 14.41
320 6.61 15.35
340 7.02 16.3
360 7.42 17.23
400 8.23 19.10
450 9.25 21.48
500 10.26 23.83
550 11.16 25.92
600 12.28 28.5
650 13.27 30.8
700 14.23 33.02
800 16.19 37.57
900 18.11 42.04
1000 20.01 46.45
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Table D.9: Maximum length for HEAs to be strength governing.

HEA
Lmax [m]
(Simply-supported -
distributed load)

Lmax [m]
(Fixed -
point load)

180 3.56 8.27
200 3.96 9.20
220 4.39 10.19
240 4.81 11.16
260 5.76 13.37
280 6.22 14.45
300 6.68 15.51
320 6.49 15.08
340 6.90 16.02
360 7.31 16.96
400 8.11 18.83
450 9.14 21.21
500 10.16 23.58
550 11.16 25.92
600 12.17 28.25
650 13.17 30.56
700 14.12 32.77
800 16.08 37.34
900 18.01 41.80
1000 19.92 46.24
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