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Preface

In front of you lies my masterôs thesis: òHigh-strength steel: the ultimate material or expensive alter-
native?ò 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 mymasterôs program in Offshore and Dredging Engineering, I didnôt 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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Introduction

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 structureôs mass, requiring less material, easier fabrication, lighter
transport equipment and less welding volume. This leads to a lower carbon footprint in a structureôs
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 òStronger steels in the built environmentò (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.

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
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�W�K�D�W �F�R�Q�V�H�U�Y�D�W�L�Y�H �U�H�V�X�O�W�V �Z�H�U�H �R�E�W�D�L�Q�H�G �Z�L�W�K �W�K�H�V�H �F�X�U�U�H�Q�W �U�H�J�X�O�D�W�L�R�Q�V �E�\ �D�E�R�X�W ���� �W�R ������ �>���� �@�� �$�Q�R�W�K�H�U
�V�W�X�G�\ �F�R�Q�F�O�X�G�H�G �W�K�D�W �W�K�H �F�X�U�U�H�Q�W �G�H�V�L�J�Q �U�X�O�H�V �D�U�H �F�R�Q�V�H�U�Y�D�W�L�Y�H �Z�L�W�K ������ �I�R�U �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O �F�R�O�G��
�I�R�U�P�H�G �W�X�E�X�O�D�U �K�R�O�O�R�Z �V�H�F�W�L�R�Q �E�H�D�P���F�R�O�X�P�Q�V�� �,�W �V�W�D�W�H�V �W�K�D�W �E�X�F�N�O�L�Q�J �F�X�U�Y�H �¶�D�¶ �Z�R�X�O�G �E�H �P�R�U�H �V�X�L�W�D�E�O�H
�W�K�D�Q �W�K�H �F�X�U�U�H�Q�W �¶�F�¶�� �O�H�D�G�L�Q�J �W�R �K�L�J�K�H�U �E�H�Q�H�I�L�W�V �R�I �X�V�L�Q�J �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O �F�L�U�F�X�O�D�U �F�R�O�X�P�Q�V �>���� �@��

�7�K�H �Q�R�Q���G�L�P�H�Q�V�L�R�Q�D�O �V�O�H�Q�G�H�U�Q�H�V�V �F�R�H�I�I�L�F�L�H�Q�W �F�D�Q �E�H �R�E�W�D�L�Q�H�G �E�\ �X�V�L�Q�J �H�T�X�D�W�L�R�Q���������� �7�K�L�V �F�R�H�I�I�L�F�L�H�Q�W
�L�V �G�H�S�H�Q�G�H�Q�W �R�Q �W�K�H �F�U�R�V�V���V�H�F�W�L�R�Q�D�O �D�U�H�D �R�I �W�K�H �P�D�W�H�U�L�D�O�� �L�W�V �\�L�H�O�G �V�W�U�H�V�V�� �D�Q�G �W�K�H �(�X�O�H�U�¶�V �F�U�L�W�L�F�D�O �O�R�D�G
��Ncr ���� �,�Q �R�U�G�H�U �W�R �F�D�O�F�X�O�D�W�H �W�K�H �(�X�O�H�U�¶�V �F�U�L�W�L�F�D�O �O�R�D�G�� �Z�K�L�F�K �L�V �D�O�V�R �N�Q�R�Z�Q �D�V �W�K�H �H�O�D�V�W�L�F �F�U�L�W�L�F�D�O �O�R�D�G��
�H�T�X�D�W�L�R�Q�������� �F�D�Q �E�H �X�V�H�G�� �7�K�L�V �H�T�X�D�W�L�R�Q �U�H�T�X�L�U�H�V �W�K�H �<�R�X�Q�J�¶�V �P�R�G�X�O�X�V�� �D�U�H�D �P�R�P�H�Q�W �R�I �L�Q�H�U�W�L�D�� �D�Q�G
�H�I�I�H�F�W�L�Y�H �O�H�Q�J�W�K �R�I �W�K�H �F�R�O�X�P�Q��
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�:�K�H�Q �F�R�O�X�P�Q�V �D�U�H �P�D�G�H �R�I �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O�� �W�Z�R �I�D�F�W�R�U�V �D�I�I�H�F�W �W�K�H�L�U �V�O�H�Q�G�H�U�Q�H�V�V�� �)�L�U�V�W�O�\�� �W�K�H �U�H�G�X�F��
�W�L�R�Q �L�Q �F�U�R�V�V���V�H�F�W�L�R�Q�D�O �D�U�H�D �D�Q�G �D�U�H�D �P�R�P�H�Q�W �R�I �L�Q�H�U�W�L�D �G�X�H �W�R �W�K�H �X�V�H �R�I �O�H�V�V �P�D�W�H�U�L�D�O�� �D�Q�G �V�H�F�R�Q�G�O�\��
�W�K�H �L�Q�F�U�H�D�V�H �L�Q �\�L�H�O�G �V�W�U�H�V�V�� �)�L�J�X�U�H������ �L�O�O�X�V�W�U�D�W�H�V �W�K�H �H�I�I�H�F�W �R�I �X�V�L�Q�J �G�L�I�I�H�U�H�Q�W �\�L�H�O�G �V�W�U�H�V�V�H�V �R�Q �W�K�H �W�R��
�W�D�O �E�X�F�N�O�L�Q�J �U�H�V�L�V�W�D�Q�F�H�� �,�W�¶�V �H�Y�L�G�H�Q�W �W�K�D�W �V�K�R�U�W�� �V�W�R�F�N�\ �F�R�O�X�P�Q�V �R�I�I�H�U �W�K�H �P�R�V�W �V�L�J�Q�L�I�L�F�D�Q�W �E�H�Q�H�I�L�W�V�� �7�K�H
�6�7�5�2�%�( �V�W�X�G�\ �H�[�D�P�L�Q�H�G �W�K�H �X�V�H �R�I �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O �F�R�O�X�P�Q�V �R�I �U�R�O�O�H�G �V�H�F�W�L�R�Q�V �D�Q�G �Z�H�O�G�H�G �, �V�H�F��
�W�L�R�Q�V �L�Q �E�X�L�O�G�L�Q�J�V �>���@�� �7�K�H �U�H�V�H�D�U�F�K �D�Q�D�O�\�]�H�G �W�Z�R �F�D�V�H �V�W�X�G�L�H�V�� �R�Q�H �R�I �D �������V�W�R�U�\ �E�X�L�O�G�L�Q�J �D�Q�G �R�Q�H �R�I
�D �������V�W�R�U�\ �E�X�L�O�G�L�Q�J�� �7�K�H �V�W�X�G�\ �F�R�Q�F�O�X�G�H�G �W�K�D�W �D �U�H�G�X�F�W�L�R�Q �R�I ������ �L�Q �V�W�H�H�O �F�R�X�O�G �E�H �D�F�K�L�H�Y�H�G �I�R�U �U�R�O�O�H�G
�V�H�F�W�L�R�Q�V �D�Q�G ������ �W�R ������ �I�R�U �I�D�E�U�L�F�D�W�H�G �, �V�H�F�W�L�R�Q�V �L�Q �D �������V�W�R�U�\ �E�X�L�O�G�L�Q�J�� �7�K�H �R�Y�H�U�D�O�O �F�R�V�W�V �Z�H�U�H �V�R�P�H��
�Z�K�D�W �K�L�J�K�H�U �L�I �I�D�E�U�L�F�D�W�H�G �, �V�H�F�W�L�R�Q�V �Z�H�U�H �P�D�G�H �R�I �6�������� �E�X�W �U�H�G�X�F�H�G �Z�K�H�Q �I�D�E�U�L�F�D�W�H�G �, �V�H�F�W�L�R�Q�V �Z�H�U�H
�P�D�G�H �R�I �6�������� �)�R�U �U�R�O�O�H�G �V�H�F�W�L�R�Q�V�� �W�K�H �F�R�V�W�V �Z�H�U�H �U�H�G�X�F�H�G �L�Q �E�R�W�K �F�D�V�H�V �E�\ �D�S�S�U�R�[�L�P�D�W�H�O�\ �������� �,�W
�F�R�Q�F�O�X�G�H�G �W�K�D�W �W�K�H �X�V�H �R�I �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O �E�H�F�R�P�H�V �P�R�U�H �E�H�Q�H�I�L�F�L�D�O �Z�L�W�K �L�Q�F�U�H�D�V�L�Q�J �E�X�L�O�G�L�Q�J �K�H�L�J�K�W��

�)�L�J�X�U�H ���������5�H�S�U�H�V�H�Q�W�D�W�L�R�Q �R�I �W�K�H �E�X�F�N�O�L�Q�J �F�X�U�Y�H�V �I�R�U �G�L�I�I�H�U�H�Q�W �V�W�H�H�O �J�U�D�G�H�V �>���@

�1�H�Y�H�U�W�K�H�O�H�V�V�� �U�R�O�O�H�G �D�Q�G �Z�H�O�G�H�G �,���V�H�F�W�L�R�Q �F�R�O�X�P�Q�V �D�U�H �W�\�S�L�F�D�O�O�\ �Q�R�W �X�W�L�O�L�]�H�G �L�Q �R�I�I�V�K�R�U�H �V�W�U�X�F�W�X�U�H�V�� �Z�K�L�F�K
�L�Q�V�W�H�D�G �P�D�N�H �X�V�H �R�I �F�L�U�F�X�O�D�U �K�R�O�O�R�Z �V�H�F�W�L�R�Q�V�� �5�H�V�H�D�U�F�K �K�D�V �D�O�V�R �V�K�R�Z�Q �W�K�D�W �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O �L�V �F�R�Q��
�V�L�G�H�U�D�E�O�\ �H�F�R�Q�R�P�L�F�D�O�O�\ �E�H�Q�H�I�L�F�L�D�O �I�R�U �F�R�O�X�P�Q�V �P�D�G�H �R�I �F�L�U�F�X�O�D�U �W�X�E�H�V �>���� �@�� �7�K�L�V �L�V �S�D�U�W�L�F�X�O�D�U�O�\ �W�U�X�H �I�R�U
�V�L�P�S�O�H �F�R�O�X�P�Q�V�� �H�V�S�H�F�L�D�O�O�\ �W�K�R�V�H �Z�K�L�F�K �D�U�H �V�W�R�F�N�\�� �E�X�W �W�K�H �E�H�Q�H�I�L�W�V �G�H�F�U�H�D�V�H �Z�L�W�K �H�F�F�H�Q�W�U�L�F�L�W�\�� �7�K�H
�V�D�P�H �U�H�V�H�D�U�F�K �K�D�V �D�O�V�R �L�Q�Y�H�V�W�L�J�D�W�H�G �W�K�H �X�V�H �R�I �F�R�O�X�P�Q�V �L�Q �I�U�D�P�H�V �D�Q�G �F�R�Q�F�O�X�G�H�G �W�K�D�W �W�K�H �X�V�H �R�I �K�L�J�K��
�V�W�U�H�Q�J�W�K �V�W�H�H�O �L�Q �I�U�D�P�H�V �F�D�Q �O�H�D�G �W�R �V�L�J�Q�L�I�L�F�D�Q�W �H�F�R�Q�R�P�L�F �E�H�Q�H�I�L�W�V�� �)�R�U �X�Q�E�U�D�F�H�G �I�U�D�P�H�V�� �G�H�I�O�H�F�W�L�R�Q
�E�H�F�R�P�H�V �W�K�H �J�R�Y�H�U�Q�L�Q�J �I�D�F�W�R�U�� �Z�K�L�F�K �U�H�G�X�F�H�V �W�K�H �H�F�R�Q�R�P�L�F �D�G�Y�D�Q�W�D�J�H �R�I �X�V�L�Q�J �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O��
�7�K�H�U�H�I�R�U�H�� �W�K�H �U�H�V�H�D�U�F�K �F�R�Q�F�O�X�G�H�G �W�K�D�W �W�K�H�U�H �L�V �Q�R �E�H�Q�H�I�L�W �L�Q �X�V�L�Q�J �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O �L�Q �V�Z�D�\ �I�U�D�P�H�V
�Z�K�H�U�H �W�K�H �U�D�W�L�R �R�I �W�K�H �D�S�S�O�L�H�G �O�R�D�G�V��NEd �� �W�R �W�K�H �F�U�L�W�L�F�D�O �O�R�D�G��Ncr �� �L�V �O�H�V�V �W�K�D�Q ������



�������� �)�R�K�M�R�I�I�V�M�R�K �G�S�R�W�M�H�I�V�E�X�M�S�R�W ����

�5�H�F�H�Q�W �U�H�V�H�D�U�F�K �K�D�V �D�O�V�R �H�[�S�O�R�U�H�G �W�K�H �S�R�W�H�Q�W�L�D�O �R�I �K�\�E�U�L�G �F�R�O�X�P�Q�V �W�K�D�W �F�R�P�E�L�Q�H �G�L�I�I�H�U�H�Q�W �W�\�S�H�V �R�I �V�W�H�H�O
�W�R �L�P�S�U�R�Y�H �O�R�D�G���E�H�D�U�L�Q�J �F�D�S�D�F�L�W�\ �D�Q�G �H�Q�H�U�J�\ �D�E�V�R�U�S�W�L�R�Q �L�Q �V�W�H�H�O �V�W�U�X�F�W�X�U�H�V �>���� �@�� �$�Q �H�[�D�P�S�O�H �R�I �W�K�L�V �L�V
�V�K�R�Z�Q �L�Q �I�L�J�X�U�H�������� �Z�K�H�U�H �S�O�D�W�H�V �R�I �6������ �D�U�H �Z�H�O�G�H�G �E�H�W�Z�H�H�Q �W�X�E�X�O�D�U �K�R�W���U�R�O�O�H�G �6������ �R�U �6������ �F�R�U�Q�H�U�V��
�%�\ �X�V�L�Q�J �W�K�H�V�H �K�\�E�U�L�G �F�R�O�X�P�Q�V�� �L�W �L�V �S�R�V�V�L�E�O�H �W�R �D�Y�R�L�G �W�K�H �E�U�L�W�W�O�H�Q�H�V�V �W�K�D�W �F�D�Q �R�F�F�X�U �Z�L�W�K �K�L�J�K�H�U���V�W�U�H�Q�J�W�K
�V�W�H�H�O�� �$�F�F�R�U�G�L�Q�J �W�R �U�H�V�H�D�U�F�K�� �W�K�H �O�R�D�G���E�H�D�U�L�Q�J �O�L�P�L�W �L�Q�F�U�H�D�V�H�G �E�\ ������ �D�Q�G �W�K�H �F�R�O�X�P�Q�V �F�R�X�O�G �D�E�V�R�U�E
������ �P�R�U�H �H�Q�H�U�J�\ �I�R�U �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O�� �Z�L�W�K �H�Y�H�Q �E�H�W�W�H�U �U�H�V�X�O�W�V �V�H�H�Q �Z�K�H�Q �X�V�L�Q�J �X�O�W�U�D���K�L�J�K �V�W�U�H�Q�J�W�K
�V�W�H�H�O ����������MPa���� �:�K�L�O�H �W�K�H�V�H �W�\�S�H�V �R�I �F�R�O�X�P�Q�V �D�U�H �F�X�U�U�H�Q�W�O�\ �Q�R�W �X�V�H�G �L�Q �R�I�I�V�K�R�U�H �V�W�U�X�F�W�X�U�H�V�� �W�K�H�\
�G�H�P�R�Q�V�W�U�D�W�H �W�K�H �S�R�W�H�Q�W�L�D�O �R�I �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O �I�R�U �I�X�W�X�U�H �V�W�H�H�O �V�W�U�X�F�W�X�U�H�V��

�)�L�J�X�U�H ���������(�[�D�P�S�O�H �R�I �K�\�E�U�L�G �F�R�P�S�U�H�V�V�L�Y�H �P�H�P�E�H�U �>���� �@

�������������;�I�P�H�E�F�M�P�M�X�]
�7�K�H �F�X�U�U�H�Q�W �S�U�R�G�X�F�W�L�R�Q �P�H�W�K�R�G�V �I�R�U �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O �D�O�O�R�Z �I�R�U �W�K�H �F�U�H�D�W�L�R�Q �R�I �V�W�H�H�O �Z�L�W�K �E�R�W�K �K�L�J�K
�V�W�U�H�Q�J�W�K �D�Q�G �V�X�I�I�L�F�L�H�Q�W �W�R�X�J�K�Q�H�V�V�� �P�D�N�L�Q�J �L�W �K�L�J�K�O�\ �Z�H�O�G�D�E�O�H�� �+�R�Z�H�Y�H�U�� �W�K�H �Z�H�O�G�L�Q�J �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V �P�D�\
�Y�D�U�\ �V�O�L�J�K�W�O�\ �G�H�S�H�Q�G�L�Q�J �R�Q �W�K�H �S�U�R�G�X�F�W�L�R�Q �U�R�X�W�H �D�Q�G �L�Q�G�L�Y�L�G�X�D�O �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V �R�I �W�K�H �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O
�J�U�D�G�H�V �>���� �@�� �$�O�W�K�R�X�J�K �W�K�H �V�D�P�H �Z�H�O�G�L�Q�J �R�S�H�U�D�W�L�R�Q�V �F�D�Q �E�H �S�H�U�I�R�U�P�H�G �I�R�U �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O�V�� �Z�H�O�G�L�Q�J
�R�S�H�U�D�W�L�R�Q�V �V�K�R�X�O�G �E�H �F�D�U�U�L�H�G �R�X�W �Z�L�W�K �J�U�H�D�W�H�U �F�D�U�H �E�\ �H�[�S�H�U�L�H�Q�F�H�G �Z�H�O�G�H�U�V �D�V �W�K�H �F�R�P�S�O�H�[�L�W�L�H�V �L�Q�F�U�H�D�V�H
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�6�������� �7�R�S�V�L�G�H�V �D�U�H �P�D�L�Q�O�\ �I�D�E�U�L�F�D�W�H�G �I�U�R�P �W�Z�R �V�W�D�U�W �S�U�R�G�X�F�W�V �G�L�U�H�F�W�O�\ �D�Y�D�L�O�D�E�O�H �D�I�W�H�U �W�K�H �P�D�Q�X�I�D�F�W�X�U�L�Q�J
�R�I �V�W�H�H�O �L�Q �V�W�H�H�O �S�O�D�Q�W�V�� �S�O�D�W�L�Q�J �D�Q�G �V�W�U�X�F�W�X�U�D�O �V�K�D�S�H�V�� �7�K�H �L�Q�I�R�U�P�D�W�L�R�Q �Z�L�W�K�L�Q �W�K�L�V �S�D�U�D�J�U�D�S�K �L�V �P�D�L�Q�O�\
�E�D�V�H�G �R�Q �L�Q�I�R�U�P�D�W�L�R�Q �S�U�R�Y�L�G�H�G �E�\ �W�K�H �S�X�U�F�K�D�V�L�Q�J �G�H�S�D�U�W�P�H�Q�W �R�I �+�6�0 �2�I�I�V�K�R�U�H �(�Q�H�U�J�\��
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�F�U�H�D�W�H �H�F�R�Q�R�P�L�F �E�H�Q�H�I�L�W�V�� �,�I �R�Q�O�\ �D �W�H�Q�V�L�O�H �I�R�U�F�H �L�V �D�S�S�O�L�H�G �R�Q �D �S�O�D�W�H�� �6������ �D�Q�G �6������ �D�U�H ������ �D�Q�G
������ �V�W�U�R�Q�J�H�U �W�K�D�Q �6�������� �U�H�V�S�H�F�W�L�Y�H�O�\�� �7�K�H�U�H�I�R�U�H�� �W�K�H�V�H �Z�H�L�J�K�W �U�H�G�X�F�W�L�R�Q�V �D�U�H �T�X�L�F�N�O�\ �H�[�S�H�F�W�H�G �Z�K�H�Q
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�1�H�Y�H�U�W�K�H�O�H�V�V�� �V�H�Y�H�U�D�O �(�X�U�R�S�H�D�Q �V�W�H�H�O �V�X�S�S�O�L�H�U�V �Z�H�U�H �D�V�N�H�G �I�R�U �S�U�L�F�H�V �E�\ �+�6�0 �2�I�I�V�K�R�U�H �(�Q�H�U�J�\�� �D�Q�G �L�W
�Z�D�V �I�R�X�Q�G �W�K�D�W �W�K�H�U�H �Z�H�U�H �G�L�I�I�H�U�H�Q�F�H�V �L�Q �S�U�L�F�H�V �F�R�P�S�D�U�H�G �W�R �W�K�H �R�Q�H�V �V�K�R�Z�H�G �L�Q �I�L�J�X�U�H���������� �,�W �V�K�R�X�O�G
�E�H �Q�R�W�H�G �W�K�D�W �V�W�H�H�O �S�U�L�F�H�V �I�O�X�F�W�X�D�W�H �G�D�L�O�\ �D�Q�G �W�K�D�W �G�L�I�I�H�U�H�Q�W �S�U�R�S�H�U�W�L�H�V�� �W�K�L�F�N�Q�H�V�V�H�V�� �R�U �O�H�Q�J�W�K�V �F�D�Q �U�H�V�X�O�W
�L�Q �G�L�I�I�H�U�H�Q�W �S�U�L�F�H�V�� �7�K�H�U�H�I�R�U�H�� �P�X�O�W�L�S�O�H �S�U�L�F�H�V �Z�H�U�H �D�V�V�H�V�V�H�G�� �D�Q�G �L�W �Z�D�V �F�R�Q�F�O�X�G�H�G �W�K�D�W �V�W�H�H�O �S�O�D�W�H�V �R�I
�6�������1 �F�R�V�W �D�U�R�X�Q�G ���������¼/ ton�� �Z�K�L�O�H �6�������0 �F�R�V�W�V ���������¼/ ton�� �0�D�Q�\ �F�R�Q�V�W�U�X�F�W�L�R�Q �F�R�P�S�D�Q�L�H�V �S�U�H�I�H�U
�7�0 �V�W�H�H�O �G�X�H �W�R �L�W�V �E�H�W�W�H�U �Z�H�O�G�L�Q�J �S�U�R�S�H�U�W�L�H�V�� �Z�K�L�O�H �1 �V�W�H�H�O �L�V �R�I�W�H�Q �X�V�H�G �R�Q�O�\ �I�R�U �V�S�H�F�L�I�L�F �D�S�S�O�L�F�D�W�L�R�Q�V��
�,�W �L�V �R�I�W�H�Q �F�K�H�D�S�H�U �W�R �X�V�H �P�R�U�H �H�[�S�H�Q�V�L�Y�H �6�������0 �V�W�H�H�O �D�V �L�W �U�H�G�X�F�H�V �Z�H�O�G�L�Q�J �W�L�P�H�� �)�R�U �K�L�J�K���V�W�U�H�Q�J�W�K
�V�W�H�H�O�� �S�U�L�F�H�V �L�Q�F�U�H�D�V�H�� �D�Q�G �W�D�E�O�H������ �V�K�R�Z�V �W�K�H �S�U�L�F�H �G�L�I�I�H�U�H�Q�F�H�V �E�H�W�Z�H�H�Q �6�������1�� �6�������0�� �D�Q�G �6�������4
�F�R�P�S�D�U�H�G �W�R �6������ �V�W�H�H�O�� �,�W �F�D�Q �E�H �V�H�H�Q �W�K�D�W �W�K�L�V �S�U�L�F�H �G�L�I�I�H�U�H�Q�F�H �L�V �P�X�F�K �O�R�Z�H�U �Z�K�H�Q �F�R�P�S�D�U�H�G �W�R
�6�������0��

�7�D�E�O�H ���������3�U�L�F�H �G�L�I�I�H�U�H�Q�F�H�V �I�R�U �G�L�I�I�H�U�H�Q�W �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O �J�U�D�G�H�V

�6�W�H�H�O �J�U�D�G�H
�3�U�L�F�H �F�R�P�S�D�U�H�G

�Z�L�W�K �6�������1
�3�U�L�F�H �F�R�P�S�D�U�H�G

�Z�L�W�K �6�������0
�6�������1 �������� ��������
�6�������0 �������� ������
�6�������4 �������� ��������

�8�Q�W�L�O �Q�R�Z�� �R�Q�O�\ �S�U�L�F�H �G�L�I�I�H�U�H�Q�F�H�V �F�D�X�V�H�G �E�\ �P�D�W�H�U�L�D�O �F�R�V�W�V �D�Q�G �G�L�I�I�H�U�H�Q�W �Z�H�O�G�L�Q�J �S�U�R�F�H�G�X�U�H�V �K�D�Y�H �E�H�H�Q
�K�L�J�K�O�L�J�K�W�H�G�� �,�W �L�V �Z�R�U�W�K �Q�R�W�L�Q�J �W�K�D�W �W�R�R�O�V �X�V�H�G �W�R �S�U�R�F�H�V�V �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O �P�D�\ �H�[�S�H�U�L�H�Q�F�H �D �V�O�L�J�K�W
�U�H�G�X�F�W�L�R�Q �L�Q �W�K�H�L�U �O�L�I�H�W�L�P�H�� �Z�K�L�F�K �F�D�Q �O�H�D�G �W�R �D�G�G�L�W�L�R�Q�D�O �F�R�V�W�V�� �1�H�Y�H�U�W�K�H�O�H�V�V�� �L�Q �P�R�V�W �F�D�V�H�V�� �W�K�H�V�H �F�R�V�W�V
�D�U�H �Q�H�J�O�L�J�L�E�O�H �>���� �@�� �7�K�H �I�D�E�U�L�F�D�W�L�R�Q �F�R�V�W�V �V�L�J�Q�L�I�L�F�D�Q�W�O�\ �L�Q�F�U�H�D�V�H �R�Q�O�\ �Z�K�H�Q �S�O�D�W�H�V �Q�H�H�G �W�R �E�H �F�R�O�G���I�R�U�P�H�G
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�L�Q�W�R �F�L�U�F�X�O�D�U �K�R�O�O�R�Z �V�H�F�W�L�R�Q�V �>���@�� �Z�K�L�F�K �L�V �R�I�W�H�Q �U�H�T�X�L�U�H�G �W�R �P�D�Q�X�I�D�F�W�X�U�H �F�R�O�X�P�Q�V �D�Q�G �E�U�D�F�L�Q�J�V �I�R�U �R�I�I��
�V�K�R�U�H �W�R�S�V�L�G�H�V�� �%�H�Q�G�L�Q�J �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O �U�H�T�X�L�U�H�V �P�R�U�H �F�R�Q�W�U�R�O�O�H�G �S�U�R�F�H�V�V�L�Q�J�� �E�X�W �I�R�U �6�������� �W�K�H
�F�R�V�W�V �G�R �Q�R�W �V�L�J�Q�L�I�L�F�D�Q�W�O�\ �L�Q�F�U�H�D�V�H �R�U �D�U�H �H�Y�H�Q �W�K�H �V�D�P�H�� �)�R�U �6�������� �R�Q �W�K�H �R�W�K�H�U �K�D�Q�G�� �W�K�H �F�R�V�W�V �L�Q��
�F�U�H�D�V�H �V�L�J�Q�L�I�L�F�D�Q�W�O�\ �G�X�H �W�R �W�K�H �L�Q�F�U�H�D�V�H �L�Q �V�W�U�H�Q�J�W�K �D�Q�G �W�K�H �G�H�F�U�H�D�V�H �L�Q �G�X�F�W�L�O�L�W�\�� �P�D�N�L�Q�J �L�W �K�D�U�G�H�U �W�R
�E�H�Q�G �W�K�H �V�W�H�H�O �S�O�D�W�H�V �L�Q�W�R �W�K�H �F�R�U�U�H�F�W �I�R�U�P�� �$�V �D �U�H�V�X�O�W�� �K�L�J�K�H�U �S�U�H�V�V�X�U�H �L�V �U�H�T�X�L�U�H�G�� �O�H�D�G�L�Q�J �W�R �K�L�J�K�H�U
�F�R�V�W�V �>���@�� �$�F�F�R�U�G�L�Q�J �W�R �+�6�0 �2�I�I�V�K�R�U�H �(�Q�H�U�J�\�� �W�K�L�V �U�L�V�H �L�Q �P�D�Q�X�I�D�F�W�X�U�L�Q�J �F�R�V�W�V �R�I �F�R�O�G���I�R�U�P�H�G �F�R�O�X�P�Q�V
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�$�S�D�U�W �I�U�R�P �X�V�L�Q�J �S�O�D�W�L�Q�J �L�Q �L�W�V �R�U�L�J�L�Q�D�O �I�R�U�P �R�U �F�R�O�G���I�R�U�P�H�G �F�R�O�X�P�Q�V �D�Q�G �E�U�D�F�L�Q�J�V�� �R�I�I�V�K�R�U�H �W�R�S�V�L�G�H�V �D�U�H
�F�R�Q�V�W�U�X�F�W�H�G �Z�L�W�K �Y�D�U�L�R�X�V �V�W�U�X�F�W�X�U�D�O �V�K�D�S�H�V�� �'�L�I�I�H�U�H�Q�W �V�W�D�Q�G�D�U�G�L�]�H�G �V�W�U�X�F�W�X�U�D�O �V�K�D�S�H�V �D�U�H �D�Y�D�L�O�D�E�O�H �L�Q
�Y�D�U�L�R�X�V �V�H�F�W�L�R�Q�V�� �)�L�J�X�U�H�������� �S�U�R�Y�L�G�H�V �H�[�D�P�S�O�H�V �R�I �W�K�H �G�L�I�I�H�U�H�Q�W �V�W�U�X�F�W�X�U�D�O �V�K�D�S�H�V �W�K�D�W �D�U�H �D�Y�D�L�O�D�E�O�H��
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�7�K�H �F�R�V�W �R�I �V�W�U�X�F�W�X�U�D�O �V�H�F�W�L�R�Q�V �L�V �J�H�Q�H�U�D�O�O�\ �K�L�J�K�H�U �W�K�D�Q �W�K�D�W �R�I �S�O�D�W�L�Q�J �G�X�H �W�R �W�K�H �D�G�G�L�W�L�R�Q�D�O �P�D�Q�X�I�D�F�W�X�U�L�Q�J
�S�U�R�F�H�V�V�H�V �U�H�T�X�L�U�H�G �W�R �D�F�K�L�H�Y�H �W�K�H �F�R�U�U�H�F�W �V�K�D�S�H �D�Q�G �J�H�R�P�H�W�U�\�� �)�R�U �F�L�U�F�X�O�D�U �K�R�O�O�R�Z �V�H�F�W�L�R�Q�V�� �W�K�H �S�U�L�F�H
�I�R�U �6������ �L�V �D�S�S�U�R�[�L�P�D�W�H�O�\ ���������¼/ ton�� �Z�K�L�O�H �W�K�H �S�U�L�F�H �I�R�U �6������ �V�W�H�H�O �L�V ������ �K�L�J�K�H�U�� �7�K�H �S�U�L�F�H�V �I�R�U �+��
�D�Q�G �,���V�K�D�S�H �V�H�F�W�L�R�Q�V �D�U�H �V�R�P�H�Z�K�D�W �O�R�Z�H�U �D�Q�G �F�D�Q �E�H �I�R�X�Q�G �L�Q �W�D�E�O�H��������

�7�D�E�O�H ���������3�U�L�F�H �I�R�U �G�L�I�I�H�U�H�Q�W �V�W�H�H�O �J�U�D�G�H�V �I�R�U �+�� �D�Q�G �,���V�K�D�S�H �V�H�F�W�L�R�Q�V

�6�W�H�H�O �J�U�D�G�H�3�U�L�F�H �>�(�X�U�R���W�R�Q�@
�6�������1 ��������
�6�������0 ��������
�6�������1 ��������
�6�������0 ��������

�1�R�Z�D�G�D�\�V�� �W�K�H�U�H �L�V �D�Q �L�Q�F�U�H�D�V�L�Q�J �D�P�R�X�Q�W �R�I �U�H�V�H�D�U�F�K �E�H�L�Q�J �F�R�Q�G�X�F�W�H�G �R�Q �W�K�H �X�V�H �R�I �K�L�J�K���V�W�U�H�Q�J�W�K
�V�W�H�H�O �L�Q �F�R�P�S�O�L�D�Q�F�H �Z�L�W�K �U�H�J�X�O�D�W�L�R�Q�V �V�X�F�K �D�V �W�K�H �(�X�U�R�F�R�G�H�V�� �$�V �W�K�H�V�H �F�R�G�H�V �D�U�H �X�S�G�D�W�H�G �Z�L�W�K �W�K�H
�O�D�W�H�V�W �I�L�Q�G�L�Q�J�V�� �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�U�X�F�W�X�U�D�O �V�W�H�H�O�V �F�D�Q �E�H �X�W�L�O�L�]�H�G �P�R�U�H �H�I�I�L�F�L�H�Q�W�O�\�� �7�K�L�V �F�R�X�O�G �O�H�D�G �W�R �D �U�L�V�H
�L�Q �G�H�P�D�Q�G �I�R�U �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O�� �Z�K�L�F�K �L�Q �W�X�U�Q �F�R�X�O�G �U�H�V�X�O�W �L�Q �O�R�Z�H�U �F�R�V�W�V �D�Q�G �J�U�H�D�W�H�U �X�V�H �R�I �K�L�J�K��
�V�W�U�H�Q�J�W�K �V�W�H�H�O �L�Q �W�K�H �I�X�W�X�U�H��

�������������)�R�Z�M�V�S�R�Q�I�R�X�E�P �G�S�R�W�M�H�I�V�E�X�M�S�R�W �J�S�V �L�M�K�L���W�X�V�I�R�K�X�L �W�X�I�I�P
�7�K�H �G�H�P�D�Q�G �I�R�U �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O �L�V �L�Q�F�U�H�D�V�L�Q�J �D�V �H�Q�J�L�Q�H�H�U�V �D�L�P �W�R �U�H�G�X�F�H �W�K�H �Z�H�L�J�K�W �R�I �V�W�U�X�F�W�X�U�H�V
�D�Q�G �O�R�Z�H�U �W�K�H �W�R�W�D�O �H�P�E�R�G�L�H�G �F�D�U�E�R�Q �H�P�L�V�V�L�R�Q�V�� �+�R�Z�H�Y�H�U�� �G�L�I�I�H�U�H�Q�W �V�W�H�H�O �J�U�D�G�H�V �D�U�H �S�U�R�G�X�F�H�G �X�V�L�Q�J
�G�L�I�I�H�U�H�Q�W �P�H�W�K�R�G�V�� �Z�K�L�F�K �P�H�D�Q�V �W�K�D�W �U�H�G�X�F�L�Q�J �Z�H�L�J�K�W �G�R�H�V �Q�R�W �Q�H�F�H�V�V�D�U�L�O�\ �U�H�V�X�O�W �L�Q �H�P�E�R�G�L�H�G �F�D�U�E�R�Q
�V�D�Y�L�Q�J�V�� �6�W�U�R�H�W�P�D�Q�Q �>���� �@ �F�R�Q�G�X�F�W�H�G �U�H�V�H�D�U�F�K �R�Q �W�K�H �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O �L�P�S�D�F�W �R�I �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O�V��
�)�L�J�X�U�H�������� �L�O�O�X�V�W�U�D�W�H�V �W�K�H �F�X�P�X�O�D�W�L�Y�H �H�Q�H�U�J�\ �G�H�P�D�Q�G ���&�(�'�� �I�R�U �G�L�I�I�H�U�H�Q�W �V�W�H�H�O�V�� �U�H�S�U�H�V�H�Q�W�L�Q�J �W�K�H �G�L�U�H�F�W
�D�Q�G �L�Q�G�L�U�H�F�W �H�Q�H�U�J�\ �U�H�T�X�L�U�H�G �W�R �S�U�R�G�X�F�H �D �V�W�H�H�O�� �7�K�H �I�L�J�X�U�H �V�K�R�Z�V �W�K�D�W �W�K�H�U�H �L�V �Q�R �G�L�I�I�H�U�H�Q�F�H �L�Q �V�W�H�H�O�V
�I�R�U �F�R�Q�W�L�Q�X�R�X�V �F�D�V�W�L�Q�J�� �W�K�H �S�X�V�K�H�U �I�X�U�Q�D�F�H�� �D�Q�G �F�U�X�G�H �V�W�H�H�O�� �E�X�W �I�R�U �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O�� �P�R�U�H �D�O�O�R�\�V
�D�U�H �U�H�T�X�L�U�H�G�� �D�Q�G �L�W �F�D�Q �E�H �V�H�H�Q �I�U�R�P �W�K�H �I�L�J�X�U�H �W�K�D�W �W�K�L�V �U�H�T�X�L�U�H�V �P�X�F�K �P�R�U�H �H�Q�H�U�J�\�� �$�G�G�L�W�L�R�Q�D�O�O�\�� �W�K�H



�������� �'�S�W�X�W �E�R�H �I�R�Z�M�V�S�R�Q�I�R�X�E�P �M�Q�T�E�G�X ����

�U�R�O�O�L�Q�J �P�L�O�O �D�Q�G �K�H�D�W �W�U�H�D�W�P�H�Q�W �U�H�T�X�L�U�H �P�R�U�H �H�Q�H�U�J�\�� �E�X�W �O�H�V�V �F�R�P�S�D�U�H�G �W�R �W�K�H �L�Q�F�U�H�D�V�H �L�Q �D�O�O�R�\�V�� �,�Q �W�R�W�D�O��
�K�L�J�K�H�U���V�W�U�H�Q�J�W�K �V�W�H�H�O �K�D�V �D�Q �L�Q�F�U�H�D�V�H�G �F�X�P�X�O�D�W�L�Y�H �H�Q�H�U�J�\ �G�H�P�D�Q�G��

�)�L�J�X�U�H �����������&�X�P�X�O�D�W�L�Y�H �H�Q�H�U�J�\ �G�H�P�D�Q�G ���&�(�'�� �I�R�U �K�H�D�Y�\ �S�O�D�W�H�V �P�D�G�H �R�I �Y�D�U�L�R�X�V �V�W�H�H�O �J�U�D�G�H�V �>���� �@

�1�H�Y�H�U�W�K�H�O�H�V�V�� �I�L�J�X�U�H�������� �R�Q�O�\ �V�K�R�Z�H�G �W�K�H �F�X�P�X�O�D�W�L�Y�H �H�Q�H�U�J�\ �G�H�P�D�Q�G �I�R�U �6�������� �6������ �D�Q�G �6�������� �$�J�D�L�Q��
�E�D�V�H�G �R�Q �6�W�U�R�H�W�P�D�Q�Q �>���� �@�� �I�L�J�X�U�H�������� �V�K�R�Z�V �W�K�H �W�R�W�D�O �&�(�'�� �W�K�H �J�O�R�E�D�O �Z�D�U�P�L�Q�J �S�R�W�H�Q�W�L�D�O ���*�:�3�� �D�Q�G
�W�K�H �D�F�L�G�L�I�L�F�D�W�L�R�Q �S�R�W�H�Q�W�L�D�O ���$�3�� �R�I �G�L�I�I�H�U�H�Q�W �V�W�H�H�O �J�U�D�G�H�V�� �$�V �S�U�H�Y�L�R�X�V�O�\ �H�[�S�O�D�L�Q�H�G�� �7�0 �V�W�H�H�O �K�D�V �D �O�R�Z�H�U
�F�D�U�E�R�Q �H�T�X�L�Y�D�O�H�Q�W�� �U�H�V�X�O�W�L�Q�J �L�Q �O�H�V�V �H�Q�H�U�J�\ �U�H�T�X�L�U�H�G �W�R �S�U�R�G�X�F�H �W�K�H�V�H �V�W�H�H�O�V�� �7�K�L�V �F�D�Q �H�[�S�O�D�L�Q �W�K�H �G�U�R�S
�L�Q �W�K�H �&�(�' �Z�K�H�Q �O�R�R�N�L�Q�J �D�W �7�0 �V�W�H�H�O�V�� �,�W �F�D�Q �E�H �F�R�Q�F�O�X�G�H�G �W�K�D�W �6�������0 �V�W�H�H�O �K�D�V �D �O�R�Z�H�U �&�(�' �W�K�D�Q
�W�K�H �F�R�Q�Y�H�Q�W�L�R�Q�D�O�O�\ �X�V�H�G �6�������-�� �V�W�H�H�O�� �Z�K�L�O�H �W�K�H �*�:�3 �D�Q�G �$�3 �D�U�H �F�R�P�S�D�U�D�E�O�H�� �2�Q �W�K�H �R�W�K�H�U �K�D�Q�G�� �I�R�U
�6�������4�� �W�K�H �F�D�U�E�R�Q �H�T�X�L�Y�D�O�H�Q�W �L�V �K�L�J�K�H�U�� �U�H�V�X�O�W�L�Q�J �L�Q �K�L�J�K�H�U �H�Q�H�U�J�\ �G�H�P�D�Q�G �D�Q�G �*�:�3 �D�Q�G �$�3�� �H�[�S�O�D�L�Q�L�Q�J
�W�K�H �U�L�V�H �I�R�U �4�	�7 �V�W�H�H�O�V�� �)�U�R�P �W�K�L�V �I�L�J�X�U�H�� �L�W �F�D�Q �E�H �F�R�Q�F�O�X�G�H�G �W�K�D�W �6�������0 �V�W�H�H�O �K�D�V �D�Q �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O
�D�G�Y�D�Q�W�D�J�H �R�Y�H�U �6�������-�� �V�W�H�H�O�� �H�Y�H�Q �Z�L�W�K�R�X�W �D �U�H�G�X�F�W�L�R�Q �L�Q �P�D�V�V�� �+�R�Z�H�Y�H�U�� �6������ �U�H�T�X�L�U�H�V �V�L�J�Q�L�I�L�F�D�Q�W
�Z�H�L�J�K�W �U�H�G�X�F�W�L�R�Q �W�R �D�F�K�L�H�Y�H �V�X�F�K �D�Q �D�G�Y�D�Q�W�D�J�H�� �6�W�U�R�H�W�P�D�Q�Q �>���� �@ �I�X�U�W�K�H�U �V�K�R�Z�H�G �W�K�L�V �F�R�Q�F�O�X�V�L�R�Q �Z�L�W�K
�I�L�J�X�U�H�������� �L�Q �Z�K�L�F�K �W�K�H �U�H�T�X�L�U�H�G �Z�H�L�J�K�W �V�D�Y�L�Q�J�V �L�Q �S�H�U�F�H�Q�W�D�J�H �D�U�H �J�L�Y�H�Q �F�R�P�S�D�U�H�G �W�R �6�������-�� �V�W�H�H�O�� �,�Q
�J�H�Q�H�U�D�O�� �L�W �F�R�Q�F�O�X�G�H�V �W�K�D�W �L�I �H�Q�R�X�J�K �Z�H�L�J�K�W �V�D�Y�L�Q�J�V �D�U�H �D�F�K�L�H�Y�H�G�� �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O �F�D�Q �E�H �E�H�Q�H�I�L�F�L�D�O�O�\
�D�S�S�O�L�H�G �W�R �G�H�F�U�H�D�V�H �W�K�H �L�P�S�D�F�W �R�I �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O �D�Q�G �F�O�L�P�D�W�H �F�K�D�Q�J�H��

�)�L�J�X�U�H �����������5�H�O�D�W�L�R�Q �R�I �&�(�'�� �*�:�3 �D�Q�G �$�3 �R�I �K�H�D�Y�\ �S�O�D�W�H�V �I�R�U �Y�D�U�L�R�X�V �V�W�H�H�O �J�U�D�G�H�V �F�R�P�S�D�U�H�G �Z�L�W�K �6�������-�� �>���� �@

�)�L�J�X�U�H �����������5�H�T�X�L�U�H�G �Z�H�L�J�K�W �V�D�Y�L�Q�J�V �L�Q �>���@ �F�R�P�S�D�U�H�G �Z�L�W�K �6�������-�� �>���� �@



�������� �'�S�R�G�P�Y�W�M�S�R �S�J �X�L�I �P�M�X�I�V�E�X�Y�V�I �V�I�Z�M�I�[ ����

�������������3�J�J�W�L�S�V�I �G�S�R�W�M�H�I�V�E�X�M�S�R�W �J�S�V �L�M�K�L���W�X�V�I�R�K�X�L �W�X�I�I�P
�7�K�H �O�L�W�H�U�D�W�X�U�H �U�H�V�H�D�U�F�K�� �V�X�F�K �D�V �6�7�5�2�%�( �>���@ �D�Q�G �6�W�U�R�H�W�P�D�Q�Q �>���� �@�� �H�Y�D�O�X�D�W�H�G �W�K�H �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O �L�P�S�D�F�W
�R�I �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O �L�Q �R�Q�V�K�R�U�H �F�R�Q�V�W�U�X�F�W�L�R�Q�� �2�I�I�V�K�R�U�H �V�W�U�X�F�W�X�U�H�V �G�L�I�I�H�U �V�L�J�Q�L�I�L�F�D�Q�W�O�\ �I�U�R�P �R�Q�V�K�R�U�H �V�W�U�X�F��
�W�X�U�H�V�� �H�V�S�H�F�L�D�O�O�\ �L�Q �W�H�U�P�V �R�I �W�U�D�Q�V�S�R�U�W�D�W�L�R�Q �D�Q�G �L�Q�V�W�D�O�O�D�W�L�R�Q�� �2�I�I�V�K�R�U�H �W�R�S�V�L�G�H�V �D�U�H �X�V�X�D�O�O�\ �O�R�D�G�H�G �R�Q�W�R �D
�E�D�U�J�H �D�Q�G �W�U�D�Q�V�S�R�U�W�H�G �W�R �W�K�H �V�H�D�� �Z�K�H�U�H �D �K�H�D�Y�\ �O�L�I�W �V�K�L�S �L�Q�V�W�D�O�O�V �W�K�H �W�R�S�V�L�G�H �R�Q �W�K�H �S�U�H�Y�L�R�X�V�O�\ �L�Q�V�W�D�O�O�H�G
�M�D�F�N�H�W�� �,�I �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O �L�V �X�V�H�G �D�Q�G �W�K�H �W�R�S�V�L�G�H�¶�V �P�D�V�V �L�V �U�H�G�X�F�H�G�� �W�K�H �W�U�D�Q�V�S�R�U�W �D�Q�G �O�L�I�W �F�R�Q�G�L�W�L�R�Q
�P�D�\ �F�K�D�Q�J�H�� �:�H�L�J�K�W �U�H�G�X�F�W�L�R�Q �F�D�Q �O�H�D�G �W�R �O�H�V�V �W�U�D�Q�V�S�R�U�W �I�X�H�O �F�R�Q�V�X�P�S�W�L�R�Q�� �D�Q�G �L�Q �W�K�H �F�D�V�H �R�I �V�X�I�I�L�F�L�H�Q�W
�Z�H�L�J�K�W �U�H�G�X�F�W�L�R�Q�� �H�Y�H�Q �D �V�P�D�O�O�H�U �K�H�D�Y�\���O�L�I�W�L�Q�J �V�K�L�S �F�R�X�O�G �E�H �X�V�H�G�� �7�K�L�V �F�R�X�O�G �U�H�V�X�O�W �L�Q �V�L�J�Q�L�I�L�F�D�Q�W �F�R�V�W
�U�H�G�X�F�W�L�R�Q �D�V �K�H�D�Y�\���O�L�I�W�L�Q�J �V�K�L�S�V �D�U�H �H�[�S�H�Q�V�L�Y�H�� �$�G�G�L�W�L�R�Q�D�O�O�\�� �X�V�L�Q�J �O�H�V�V �I�X�H�O �D�Q�G �V�P�D�O�O�H�U �K�H�D�Y�\���O�L�I�W �V�K�L�S�V
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�7�K�H �R�I�I�V�K�R�U�H �L�Q�G�X�V�W�U�\ �K�D�V �E�H�H�Q �D�U�R�X�Q�G �I�R�U �V�H�Y�H�U�D�O �G�H�F�D�G�H�V�� �D�Q�G �P�D�Q�\ �H�P�S�L�U�L�F�D�O �H�T�X�D�W�L�R�Q�V �D�U�H �D�Y�D�L�O�D�E�O�H
�W�R �H�V�W�L�P�D�W�H �W�K�H �V�L�]�H �R�I �W�K�H �G�H�F�N �D�Q�G �W�K�H �W�R�S�V�L�G�H �Z�H�L�J�K�W�� �0�R�V�W �R�I�W�H�Q �W�K�H�V�H �H�T�X�D�W�L�R�Q�V �D�U�H �X�V�X�D�O�O�\ �E�D�V�H�G �R�Q



�������� �'�S�Q�T�E�V�E�X�M�Z�I �V�I�W�I�E�V�G�L �[�M�X�L �I�\�M�W�X�M�R�K �X�S�T�W�M�H�I�W ����

�W�K�H �D�P�R�X�Q�W �R�I �J�D�V �R�U �R�L�O �S�U�R�G�X�F�W�L�R�Q�� �V�X�F�K �D�V �J�L�Y�H�Q �E�\ �5�H�G�G�\ �>���� �@�� �)�L�J�X�U�H������ �G�L�V�S�O�D�\�V �W�K�H �V�H�Y�H�Q �W�R�S�V�L�G�H
�Z�H�L�J�K�W�V �Y�H�U�V�X�V �W�K�H�L�U �I�O�R�R�U �D�U�H�D�� �$�O�W�K�R�X�J�K �W�K�H �U���V�T�X�D�U�H�G �Y�D�O�X�H �R�I �W�K�H �S�O�R�W �L�V �R�Q�O�\ ���������� �L�Q�G�L�F�D�W�L�Q�J �U�H�O�D�W�L�Y�H�O�\
�O�R�Z �D�F�F�X�U�D�F�\ �R�I �W�K�H �W�U�H�Q�G�O�L�Q�H�� �L�W �F�D�Q �E�H �F�R�Q�F�O�X�G�H�G �W�K�D�W �W�R�S�V�L�G�H �Z�H�L�J�K�W �L�Q�F�U�H�D�V�H�V �Z�L�W�K �D�Q �L�Q�F�U�H�D�V�H �L�Q �I�O�R�R�U
�D�U�H�D�� �%�D�V�H�G �R�Q �W�K�H �G�D�W�D �I�U�R�P �W�K�H�V�H �V�H�Y�H�Q �W�R�S�V�L�G�H�V�� �D�Q �H�V�W�L�P�D�W�H �R�I �W�K�H �W�R�S�V�L�G�H �Z�H�L�J�K�W �F�D�Q �E�H �F�D�O�F�X�O�D�W�H�G
�X�V�L�Q�J �W�K�H �I�R�U�P�X�O�D��Weight = 5 � Area + 650��

�)�L�J�X�U�H ���������7�R�S�V�L�G�H �Z�H�L�J�K�W �>�W�@ �Y�V�� �)�O�R�R�U �D�U�H�D �E�H�W�Z�H�H�Q �G�H�F�N �O�H�J�V �>�P���@

�$�Q�R�W�K�H�U �Z�D�\ �W�R �O�R�R�N �D�W �L�W �L�V �E�\ �O�R�R�N�L�Q�J �D�W �K�R�Z �P�X�F�K �V�W�H�H�O �Z�H�L�J�K�W �D �W�R�S�V�L�G�H �F�R�Q�W�D�L�Q�V �S�H�U �I�O�R�R�U �D�U�H�D�� �$�V
�G�L�V�F�X�V�V�H�G �L�Q �W�K�H �S�U�H�Y�L�R�X�V �V�H�F�W�L�R�Q�� ������ �R�I �W�K�H �W�R�S�V�L�G�H�¶�V �Z�H�L�J�K�W �F�D�Q �E�H �F�R�Q�V�L�G�H�U�H�G �W�R �E�H �W�K�H �V�W�H�H�O �Z�H�L�J�K�W��
�$�F�F�R�U�G�L�Q�J �W�R �+�6�0 �2�I�I�V�K�R�U�H �(�Q�H�U�J�\�� �D �W�R�S�V�L�G�H�¶�V �V�W�H�H�O �Z�H�L�J�K�W �F�D�Q �E�H �H�V�W�L�P�D�W�H�G �D�W ������kg/ m2 �S�H�U �V�T�X�D�U�H
�P�H�W�H�U �R�I �I�O�R�R�U �D�U�H�D�� �U�H�J�D�U�G�O�H�V�V �R�I �W�K�H �W�R�S�V�L�G�H�¶�V �V�L�]�H�� �)�L�J�X�U�H������ �G�L�V�S�O�D�\�V �W�K�H �V�W�H�H�O �Z�H�L�J�K�W �R�I �W�K�H �V�H�Y�H�Q
�W�R�S�V�L�G�H�V �G�L�Y�L�G�H�G �E�\ �W�K�H�L�U �I�O�R�R�U �D�U�H�D�V�� �7�K�H �I�L�J�X�U�H �L�Q�G�L�F�D�W�H�V �W�K�D�W ������kg/ m2 �L�V �D�S�S�U�R�[�L�P�D�W�H�O�\ �W�K�H �P�H�D�Q��
�E�X�W �W�K�H �V�W�H�H�O �Z�H�L�J�K�W �S�H�U �I�O�R�R�U �D�U�H�D �J�H�Q�H�U�D�O�O�\ �G�H�F�U�H�D�V�H�V �D�V �W�K�H �I�O�R�R�U �D�U�H�D �L�Q�F�U�H�D�V�H�V�� �$�V �V�P�D�O�O�H�U �I�O�R�R�U
�D�U�H�D�V �K�D�Y�H �D �K�L�J�K�H�U �V�W�H�H�O �Z�H�L�J�K�W �D�Q�G �S�U�R�E�D�E�O�\ �V�K�R�U�W�H�U �E�H�D�P �O�H�Q�J�W�K�V�� �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O �F�R�X�O�G �E�H �P�R�U�H
�D�G�Y�D�Q�W�D�J�H�R�X�V �I�R�U �V�P�D�O�O�H�U �I�O�R�R�U �D�U�H�D�V�� �Z�K�L�O�H �G�H�I�O�H�F�W�L�R�Q �Z�L�O�O �E�H �O�H�V�V �V�L�J�Q�L�I�L�F�D�Q�W�� �,�W �P�X�V�W �E�H �Q�R�W�H�G �W�K�D�W �W�K�H
�W�U�H�Q�G�O�L�Q�H�¶�V �D�F�F�X�U�D�F�\ �L�V �O�R�Z �W�R �F�R�Q�F�O�X�G�H �W�K�D�W �W�K�L�V �L�V �D�O�Z�D�\�V �W�K�H �F�D�V�H��

�)�L�J�X�U�H ���������7�R�S�V�L�G�H �V�W�H�H�O �Z�H�L�J�K�W �S�H�U �I�O�R�R�U �D�U�H�D �E�H�W�Z�H�H�Q �G�H�F�N �O�H�J�V �>�N�J���P���@



�������� �'�S�Q�T�E�V�E�X�M�Z�I �V�I�W�I�E�V�G�L �[�M�X�L �I�\�M�W�X�M�R�K �X�S�T�W�M�H�I�W ����

�,�W �Z�D�V �R�E�V�H�U�Y�H�G �W�K�D�W �W�K�H �G�H�F�N �O�D�\�R�X�W�V �R�I �W�K�H �V�H�Y�H�Q �W�R�S�V�L�G�H�V �Z�H�U�H �F�R�U�U�H�O�D�W�H�G �Z�K�H�Q �F�R�Q�V�L�G�H�U�L�Q�J �R�Q�O�\
�S�U�L�P�D�U�\ �D�Q�G �V�H�F�R�Q�G�D�U�\ �V�W�H�H�O�� �$ �W�\�S�L�F�D�O �G�H�F�N �O�D�\�R�X�W �F�R�Q�V�W�U�X�F�W�H�G �E�\ �+�6�0 �L�V �U�H�S�U�H�V�H�Q�W�H�G �L�Q �)�L�J�X�U�H����������
�,�W �V�K�R�X�O�G �E�H �Q�R�W�H�G �W�K�D�W �Q�R�Q�H �R�I �W�K�H �W�R�S�V�L�G�H�V �K�D�G �D�Q �H�[�D�F�W �O�D�\�R�X�W�� �D�V �V�K�R�Z�Q �L�Q �W�K�H �I�L�J�X�U�H�� �7�K�L�V �L�V �E�H�F�D�X�V�H
�G�L�I�I�H�U�H�Q�W �H�T�X�L�S�P�H�Q�W�� �D�U�H�D�V�� �I�X�Q�F�W�L�R�Q�D�O�L�W�L�H�V�� �D�Q�G �U�H�T�X�L�U�H�P�H�Q�W�V �U�H�T�X�L�U�H �R�W�K�H�U �O�D�\�R�X�W�V�� �1�R�Q�H�W�K�H�O�H�V�V�� �W�K�H
�I�L�J�X�U�H �U�H�S�U�H�V�H�Q�W�V �W�K�D�W �D �G�H�F�N �W�\�S�L�F�D�O�O�\ �F�R�Q�V�L�V�W�V �R�I �P�D�L�Q �F�R�O�X�P�Q�V ���V�K�R�Z�Q �L�Q �U�H�G �F�L�U�F�O�H�V���� �P�D�L�Q���S�U�L�P�D�U�\
�E�H�D�P�V ���V�K�R�Z�Q �D�V �E�O�X�H �O�L�Q�H�V���� �G�H�F�N �E�H�D�P�V ���V�K�R�Z�Q �D�V �R�U�D�Q�J�H �O�L�Q�H�V�� �D�Q�G �G�H�F�N �V�W�U�L�Q�J�H�U�V ���V�K�R�Z�Q �L�Q �G�R�W�W�H�G
�\�H�O�O�R�Z �O�L�Q�H�V����

�)�L�J�X�U�H �����������7�\�S�L�F�D�O �G�H�F�N �O�D�\�R�X�W ���0�D�L�Q �E�H�D�P�V �L�Q �E�O�X�H�� �G�H�F�N �E�H�D�P�V �L�Q �R�U�D�Q�J�H �D�Q�G �G�H�F�N �V�W�U�L�Q�J�H�U�V �L�Q �G�R�W�W�H�G �\�H�O�O�R�Z��

�:�K�L�O�H �W�K�H �O�L�W�H�U�D�W�X�U�H �G�L�V�F�X�V�V�H�G �L�Q �W�K�H �S�U�H�Y�L�R�X�V �V�H�F�W�L�R�Q �G�H�V�F�U�L�E�H�G �W�K�D�W �W�K�H �F�R�O�X�P�Q �V�S�D�F�L�Q�J�V �R�I �W�K�H �P�D�L�Q
�G�H�F�N �O�H�J�V �D�U�H �W�\�S�L�F�D�O�O�\ �����[���� �P�H�W�U�H�V �W�R �����[���� �P�H�W�U�H�V�� �W�K�H �W�R�S�V�L�G�H�V �I�U�R�P �+�6�0 �2�I�I�V�K�R�U�H �(�Q�H�U�J�\ �V�K�R�Z �D
�Z�L�G�H�U �Y�D�U�L�H�W�\�� �7�K�H �F�R�O�X�P�Q �V�S�D�F�L�Q�J�V �R�I �W�K�H �V�H�Y�H�Q �W�R�S�V�L�G�H�V �Y�D�U�\ �I�U�R�P ���� �W�R ���� �P�H�W�U�H�V�� �,�Q �P�R�V�W �F�D�V�H�V�� �W�K�H
�W�R�S�V�L�G�H�V �D�U�H �P�R�U�H �U�H�F�W�D�Q�J�X�O�D�U �W�K�D�Q �V�T�X�D�U�H�� �E�X�W �W�K�L�V �F�D�Q �E�H �H�[�S�O�D�L�Q�H�G �E�\ �W�K�H �I�D�F�W �W�K�D�W �W�K�H �F�R�Q�V�W�U�X�F�W�L�R�Q
�K�D�O�O �D�W �+�6�0 �L�V �O�R�Q�J�H�U �W�K�D�Q �L�W �L�V �Z�L�G�H�� �7�K�H �R�E�V�H�U�Y�H�G �G�L�D�P�H�W�H�U�V �R�I �W�K�H �F�R�O�X�P�Q�V �Y�D�U�L�H�G �I�U�R�P ���� �L�Q�F�K�H�V �W�R
���� �L�Q�F�K�H�V�� �E�X�W �W�K�H �W�\�S�L�F�D�O �G�L�D�P�H�W�H�U�V �Z�H�U�H �Q�R�W �I�R�X�Q�G �L�Q �W�K�H �O�L�W�H�U�D�W�X�U�H�� �7�K�H �K�H�L�J�K�W �R�I �W�K�H �F�R�O�X�P�Q�V �V�K�R�Z�H�G
�W�K�H �V�D�P�H �U�D�Q�J�H �D�V �W�K�H �O�L�W�H�U�D�W�X�U�H �E�H�W�Z�H�H�Q �W�K�H �F�H�O�O�D�U�� �P�D�L�Q �D�Q�G �U�R�R�I�G�H�F�N�� �E�X�W �Z�K�H�Q �P�H�]�]�D�Q�L�Q�H �G�H�F�N�V
�Z�H�U�H �L�Q�F�O�X�G�H�G�� �W�K�H �K�H�L�J�K�W �Z�D�V �R�I�W�H�Q �V�P�D�O�O�H�U�� �U�D�Q�J�L�Q�J �I�U�R�P �� �W�R �� �P�H�W�U�H�V��

�)�R�U �W�K�H �P�D�L�Q �E�H�D�P�V�� �S�U�R�I�L�O�H�V �Y�D�U�\�L�Q�J �I�U�R�P ������ �+���E�H�D�P�V �W�R ��������mm �K�L�J�K �S�O�D�W�H �J�L�U�G�H�U�V �K�D�Y�H �E�H�H�Q �V�H�H�Q��
�Z�K�L�F�K �L�V �D �Z�L�G�H�U �U�D�Q�J�H �W�K�D�Q �Z�K�D�W �L�V �W�\�S�L�F�D�O�O�\ �P�H�Q�W�L�R�Q�H�G �L�Q �W�K�H �O�L�W�H�U�D�W�X�U�H ���W�K�D�W �F�O�D�L�P�V �D �U�D�Q�J�H �R�I ��������
�W�R �������� �+���E�H�D�P�V���� �0�R�U�H�R�Y�H�U�� �W�K�H �O�H�Q�J�W�K �R�I �W�K�H �P�D�L�Q �E�H�D�P�V �L�Q �W�K�H �W�R�S�V�L�G�H�V �L�V �G�L�I�I�H�U�H�Q�W �I�U�R�P �Z�K�D�W �L�V
�P�H�Q�W�L�R�Q�H�G �L�Q �W�K�H �O�L�W�H�U�D�W�X�U�H�� �Z�K�L�O�H �W�K�H �P�D�L�Q �F�R�O�X�P�Q�V �K�D�Y�H �O�D�U�J�H�U �V�S�D�F�L�Q�J�� �U�H�T�X�L�U�L�Q�J �O�R�Q�J�H�U �P�D�L�Q �E�H�D�P�V
�E�H�W�Z�H�H�Q �W�K�H�P�� �7�K�H �P�D�[�L�P�X�P �V�S�D�Q �R�E�V�H�U�Y�H�G �I�R�U �D �P�D�L�Q �E�H�D�P �L�V ���� �P�H�W�U�H�V��

�7�K�H �G�H�F�N �E�H�D�P�V �V�K�R�Z�H�G �D �Z�L�G�H �Y�D�U�L�H�W�\ �R�I �O�H�Q�J�W�K�V �R�Q �W�K�H �G�L�I�I�H�U�H�Q�W �W�R�S�V�L�G�H�V�� �D�Q�G �Q�R �G�L�U�H�F�W �U�D�Q�J�H �F�R�X�O�G
�E�H �I�R�X�Q�G�� �7�K�H �G�L�V�W�D�Q�F�H �E�H�W�Z�H�H�Q �W�K�H �G�H�F�N �E�H�D�P�V �Y�D�U�L�H�G �F�R�P�S�D�U�H�G �W�R �Z�K�D�W �Z�D�V �I�R�X�Q�G �L�Q �W�K�H �O�L�W�H�U�D�W�X�U�H��
�7�K�H �O�L�W�H�U�D�W�X�U�H �S�U�R�F�O�D�L�P�H�G �D �G�L�V�W�D�Q�F�H �E�H�W�Z�H�H�Q �W�K�H �G�H�F�N �E�H�D�P�V �R�I �� �P�H�W�U�H�V �W�\�S�L�F�D�O�� �E�X�W �G�L�V�W�D�Q�F�H�V �I�U�R�P
�� �W�R �� �P�H�W�U�H�V �K�D�Y�H �E�H�H�Q �V�S�R�W�W�H�G �L�Q �W�K�H �V�H�Y�H�Q �W�R�S�V�L�G�H�V�� �7�K�H �S�U�R�I�L�O�H �I�R�U �D �G�H�F�N �E�H�D�P �Y�D�U�L�H�G �I�U�R�P ������ �W�R
�������� �+���E�H�D�P�V �D�Q�G�� �L�Q �V�R�P�H �V�L�W�X�D�W�L�R�Q�V�� �H�Y�H�Q �D �S�O�D�W�H �J�L�U�G�H�U�� �W�\�S�L�F�D�O�O�\ �Z�K�H�Q �K�H�D�Y�\ �H�T�X�L�S�P�H�Q�W �L�V �O�R�F�D�W�H�G
�D�W �W�K�D�W �O�R�F�D�W�L�R�Q��

�$�V �W�K�H �G�H�F�N �V�W�U�L�Q�J�H�U�V �D�U�H �O�R�F�D�W�H�G �E�H�W�Z�H�H�Q �W�K�H �G�H�F�N �E�H�D�P�V�� �W�K�H�L�U �V�S�D�Q �Y�D�U�L�H�V �I�U�R�P �� �W�R �� �P�H�W�U�H�V�� �7�K�H
�G�L�V�W�D�Q�F�H �E�H�W�Z�H�H�Q �W�K�H �G�H�F�N �V�W�U�L�Q�J�H�U�V �Y�D�U�L�H�V �I�U�R�P �������� �W�R ������ �P�H�W�U�H�V�� �F�R�P�S�D�U�D�E�O�H �Z�L�W�K �W�K�H �� �P�H�W�U�H �I�U�R�P
�W�K�H �O�L�W�H�U�D�W�X�U�H�� �E�X�W �W�K�H �G�H�F�N �V�W�U�L�Q�J�H�U�V �K�D�G �D �Z�L�G�H�U �U�D�Q�J�H �W�K�D�Q �W�K�H �O�L�W�H�U�D�W�X�U�H �D�Q�G �Y�D�U�L�H�G �I�U�R�P �,�3�(������ �W�R
�,�3�(��������

�'�L�I�I�H�U�H�Q�W �Y�D�O�X�H�V �Z�H�U�H �R�E�W�D�L�Q�H�G �I�R�U �W�K�H �O�H�Q�J�W�K �R�I �F�D�Q�W�L�O�H�Y�H�U �E�H�D�P�V �D�V �F�R�P�S�D�U�H�G �W�R �W�K�R�V�H �I�R�X�Q�G �L�Q �W�K�H
�O�L�W�H�U�D�W�X�U�H�� �7�K�H �O�H�Q�J�W�K �R�I �F�D�Q�W�L�O�H�Y�H�U �E�H�D�P�V �D�V�V�H�V�V�H�G �L�Q �W�K�H �W�R�S�V�L�G�H�V �U�D�Q�J�H�G �I�U�R�P �� �W�R �� �P�H�W�U�H�V�� �,�W �L�V
�L�P�S�R�U�W�D�Q�W �W�R �Q�R�W�H �W�K�D�W �W�R �P�L�Q�L�P�L�]�H �W�K�H �G�H�I�O�H�F�W�L�R�Q �R�I �K�D�Q�J�L�Q�J �G�H�F�N �S�D�U�W�V�� �D �F�L�U�F�X�O�D�U �W�X�E�H �W�H�Q�V�L�R�Q �P�H�P�E�H�U
�L�V �R�I�W�H�Q �Z�H�O�G�H�G �W�R �W�K�H �H�Q�G�V �R�I �O�R�Q�J�H�U �F�D�Q�W�L�O�H�Y�H�U �E�H�D�P�V�� �,�Q �V�X�F�K �F�D�V�H�V�� �W�K�H�V�H �E�H�D�P�V �E�H�K�D�Y�H �P�R�U�H �O�L�N�H
�Q�R�U�P�D�O �G�H�F�N �E�H�D�P�V�� �7�K�H �F�U�R�V�V���V�H�F�W�L�R�Q�V �Y�D�U�L�H�G �I�U�R�P ������ �+���E�H�D�P�V �W�R �S�O�D�W�H �J�L�U�G�H�U�V �R�I ��������mm��

�7�K�H �W�K�L�F�N�Q�H�V�V �R�I �G�H�F�N �S�O�D�W�L�Q�J �R�Q �W�K�H �W�R�S�V�L�G�H�V �U�D�Q�J�H�G �I�U�R�P �� �W�R ����mm�� �Z�K�L�F�K �G�L�I�I�H�U�V �V�O�L�J�K�W�O�\ �I�U�R�P �W�K�H
�O�L�W�H�U�D�W�X�U�H �W�K�D�W �L�Q�G�L�F�D�W�H�V �� �W�R ����mm�� �+�6�0 �2�I�I�V�K�R�U�H �(�Q�H�U�J�\ �S�U�H�I�H�U�V �Q�R�W �W�R �X�V�H ��mm �G�X�H �W�R �W�K�H �G�H�I�R�U��



�������� �'�S�Q�T�E�V�E�X�M�Z�I �V�I�W�I�E�V�G�L �[�M�X�L �I�\�M�W�X�M�R�K �X�S�T�W�M�H�I�W ����

�P�D�W�L�R�Q�V �W�K�D�W �R�F�F�X�U �G�X�U�L�Q�J �Z�H�O�G�L�Q�J�� �$�V �D �U�H�V�X�O�W�� �W�K�H �P�L�Q�L�P�X�P �S�O�D�W�H �W�K�L�F�N�Q�H�V�V �+�6�0 �X�V�H�V �L�Q �R�I�I�V�K�R�U�H
�W�R�S�V�L�G�H�V �L�V ��mm��

�,�Q �D�G�G�L�W�L�R�Q�� �D�Q �D�W�W�H�P�S�W �Z�D�V �P�D�G�H �W�R �F�R�P�S�D�U�H �G�L�I�I�H�U�H�Q�W �M�R�L�Q�W�V�� �E�X�W �L�W �Z�D�V �F�R�Q�F�O�X�G�H�G �W�K�D�W �H�D�F�K �M�R�L�Q�W �G�L�I��
�I�H�U�H�G �W�R�R �P�X�F�K�� �$�V �F�R�O�X�P�Q�V �D�Q�G �E�H�D�P�V �G�L�I�I�H�U�� �W�K�H �S�O�D�W�H �W�K�L�F�N�Q�H�V�V�� �Z�L�G�W�K�� �D�Q�G �V�L�]�H �R�I �W�K�H �M�R�L�Q�W �D�O�V�R
�G�L�I�I�H�U�� �$�V �D �U�H�V�X�O�W�� �Q�R �J�H�Q�H�U�D�O�L�]�H�G �U�H�V�X�O�W�V �I�R�U �M�R�L�Q�W�V �Z�H�U�H �D�V�V�H�V�V�H�G��

�'�H�V�S�L�W�H �W�K�H �V�L�J�Q�L�I�L�F�D�Q�W �Y�D�U�L�D�W�L�R�Q�V �D�P�R�Q�J �D�O�O �V�H�Y�H�Q �W�R�S�V�L�G�H�V�� �F�R�U�U�H�O�D�W�L�R�Q�V �Z�H�U�H �I�R�X�Q�G �I�R�U �W�K�H �G�H�F�N �O�D�\��
�R�X�W �D�Q�G �W�K�H �S�U�R�I�L�O�H�V�� �O�H�Q�J�W�K�V�� �D�Q�G �W�\�S�L�F�D�O �G�L�P�H�Q�V�L�R�Q�V �R�I �L�W�V �V�W�U�X�F�W�X�U�D�O �F�R�P�S�R�Q�H�Q�W�V�� �7�D�E�O�H������ �S�U�H�V�H�Q�W�V
�J�H�Q�H�U�D�O�L�]�H�G �U�D�Q�J�H�V �R�I �W�\�S�L�F�D�O �V�W�U�X�F�W�X�U�D�O �F�R�P�S�R�Q�H�Q�W�V �Z�L�W�K�L�Q �D �W�R�S�V�L�G�H �E�D�V�H�G �R�Q �W�K�H �D�V�V�H�V�V�P�H�Q�W �P�D�G�H
�L�Q �W�K�L�V �V�H�F�W�L�R�Q �D�Q�G �W�K�H �O�L�W�H�U�D�W�X�U�H �G�L�V�F�X�V�V�H�G �L�Q �W�K�H �S�U�H�Y�L�R�X�V �V�H�F�W�L�R�Q��

�7�D�E�O�H ���������*�H�Q�H�U�D�O�L�]�H�G �U�D�Q�J�H�V �R�I �V�W�U�X�F�W�X�U�D�O �F�R�P�S�R�Q�H�Q�W�V �I�U�R�P �W�R�S�V�L�G�H �D�V�V�H�V�V�P�H�Q�W �D�Q�G �O�L�W�H�U�D�W�X�U�H �V�W�X�G�\

�&�R�P�S�R�Q�H�Q�W
�3�U�R�I�L�O�H �U�D�Q�J�H

���+�6�0��
�3�U�R�I�L�O�H �U�D�Q�J�H

���O�L�W�H�U�D�W�X�U�H��

�/�H�Q�J�W�K
�U�D�Q�J�H
���+�6�0��

�/�H�Q�J�W�K
�U�D�Q�J�H

���O�L�W�H�U�D�W�X�U�H��
�2�W�K�H�U

�0�D�L�Q �F�R�O�X�P�Q�V
�'�L�D�P�H�W�H�U��
�����������L�Q�F�K

���������������������P��

�'�L�D�P�H�W�H�U��
�1�R�W �I�R�X�Q�G

�������P �������P
�6�S�D�F�L�Q�J �G�H�F�N �O�H�J�V��
�/�L�W�H�U�D�W�X�U�H�� �����������P
�+�6�0�� �����������P

�0�D�L�Q���S�U�L�P�D�U�\ �E�H�D�P�V
������ �+���E�H�D�P ��

�������� �S�O�D�W�H �J�L�U�G�H�U�V
������������������

�+���E�H�D�P�V���S�O�D�W�H �J�L�U�G�H�U�V
�����������P �����������P

�'�H�F�N �E�H�D�P�V ���������������� �+���E�H�D�P�V ���������������� �+���E�H�D�P�V �� �� �V�S�D�F�L�Q�J �D�S�S�U�R�[�� �������P
�'�H�F�N �V�W�U�L�Q�J�H�U�V�������������� �,�3�( �������������� �,�3�( �� �������������� �+�(�$ �������P ���P �V�S�D�F�L�Q�J �D�S�S�U�R�[�� ���P

�'�H�F�N �F�D�Q�W�L�O�H�Y�H�U�V
������ �+���E�H�D�P�V ��

�������� �S�O�D�W�H �J�L�U�G�H�U�V
�1�R�W �I�R�X�Q�G �������P �����������P

�'�H�F�N �S�O�D�W�L�Q�J���������P�P �W�K�L�F�N�Q�H�V�V ���������P�P �� ��

�)�U�R�P �W�K�H �Z�H�L�J�K�W �U�H�S�R�U�W�V �R�I �W�K�H �W�R�S�V�L�G�H�V�� �W�K�H �V�W�U�X�F�W�X�U�D�O �Z�H�L�J�K�W �F�R�X�O�G �E�H �G�L�Y�L�G�H�G �L�Q�W�R �I�R�X�U �V�W�U�X�F�W�X�U�D�O �F�R�P��
�S�R�Q�H�Q�W�V�� �E�H�D�P�V�� �F�R�O�X�P�Q�V �D�Q�G �E�U�D�F�L�Q�J�V�� �S�O�D�W�L�Q�J �D�Q�G �Q�R�G�H�V�� �%�\ �F�R�P�S�D�U�L�Q�J �W�K�H �Z�H�L�J�K�W �R�I �W�K�H �V�H�Y�H�Q
�W�R�S�V�L�G�H�V�� �W�K�H �Z�H�L�J�K�W �S�H�U�F�H�Q�W�D�J�H �R�I �H�D�F�K �F�R�P�S�R�Q�H�Q�W �F�D�Q �E�H �R�E�W�D�L�Q�H�G �D�V �V�K�R�Z�Q �L�Q �I�L�J�X�U�H���������� �7�K�H �I�L�J��
�X�U�H �U�H�Y�H�D�O�V �W�K�D�W �E�H�D�P�V �P�D�N�H �X�S �W�K�H �P�D�M�R�U�L�W�\ �R�I �W�K�H �Z�H�L�J�K�W �S�H�U�F�H�Q�W�D�J�H ���D�S�S�U�R�[�L�P�D�W�H�O�\ ���������� �I�R�O�O�R�Z�H�G
�E�\ �F�R�O�X�P�Q�V �D�Q�G �E�U�D�F�L�Q�J�V ���D�S�S�U�R�[�L�P�D�W�H�O�\ ���������� �G�H�F�N �S�O�D�W�L�Q�J ���D�S�S�U�R�[�L�P�D�W�H�O�\ ���������� �D�Q�G �Q�R�G�H�V ���D�S�S�U�R�[��
�L�P�D�W�H�O�\ �������� �7�K�H �U�H�P�D�L�Q�L�Q�J ������ �R�I �W�K�H �W�R�W�D�O �V�W�H�H�O �Z�H�L�J�K�W �L�V �P�D�G�H �X�S �R�I �R�W�K�H�U �V�W�U�X�F�W�X�U�D�O �F�R�P�S�R�Q�H�Q�W�V��
�,�W�¶�V �L�P�S�R�U�W�D�Q�W �W�R �Q�R�W�H �W�K�D�W �W�K�H �Z�H�L�J�K�W �R�I �W�K�H �Q�R�G�H�V �L�Q�F�O�X�G�H�V �E�H�D�P�V �D�Q�G �F�R�O�X�P�Q�V �D�V �Z�H�O�O �E�H�F�D�X�V�H �W�K�H�V�H
�Q�R�G�H�V �D�U�H �F�R�Q�V�W�U�X�F�W�H�G �V�H�S�D�U�D�W�H�O�\ �D�Q�G �W�K�H�Q �Z�H�O�G�H�G �W�R �W�K�H �E�H�D�P�V �D�Q�G �F�R�O�X�P�Q�V �O�D�W�H�U �R�Q�� �7�K�H �D�Y�H�U�D�J�H
�S�H�U�F�H�Q�W�D�J�H�V �D�U�H �X�V�H�G �W�R �H�[�W�H�Q�G �I�L�J�X�U�H�������E�L�Q�W�U�R�G�X�F�H�G �L�Q �F�K�D�S�W�H�U ���� �D�Q�G �W�K�H �H�[�W�H�Q�G�H�G �6�D�Q�N�H�\ �G�L�D�J�U�D�P
�L�V �V�K�R�Z�Q �L�Q �I�L�J�X�U�H���������� �)�U�R�P �W�K�L�V �G�L�D�J�U�D�P�� �L�W �F�D�Q �E�H �F�R�Q�F�O�X�G�H�G �W�K�D�W �X�V�L�Q�J �K�L�J�K���V�W�U�H�Q�J�W�K �V�W�H�H�O �I�R�U �E�H�D�P�V��
�F�R�O�X�P�Q�V�� �E�U�D�F�L�Q�J�V�� �S�O�D�W�L�Q�J�� �D�Q�G �Q�R�G�H�V �Z�L�O�O �R�Q�O�\ �D�I�I�H�F�W �D�E�R�X�W ���������� �R�I �W�K�H �W�R�W�D�O �W�R�S�V�L�G�H �Z�H�L�J�K�W��

�)�L�J�X�U�H �����������:�H�L�J�K�W �S�H�U�F�H�Q�W�D�J�H �R�I �G�L�I�I�H�U�H�Q�W �V�W�U�X�F�W�X�U�D�O �F�R�P�S�R�Q�H�Q�W�V �I�R�U �G�L�I�I�H�U�H�Q�W �W�R�S�V�L�G�H�V




	Preface
	Summary
	List of Figures
	List of Tables
	Nomenclature
	Introduction
	Motivation
	Companies perspective
	Problem definition
	Research scope and aim
	Research methodology
	Report outline

	High-strength steel: state-of-the-art
	Production processes
	Mechanical properties
	Engineering considerations
	Static beam resistance
	Static column resistance
	Weldability
	Fatigue
	Corrosion
	Fire resistance

	Costs and environmental impact
	Costs of high-strength steels
	Environmental considerations for high-strength steel
	Offshore considerations for high-strength steel

	Conclusion of the literature review

	Assessment of structural components in topsides
	Design of offshre topsides - key figures & structural components
	Comparative research with existing topsides
	Conclusion regarding topside structural components

	Feasibility of high-strength steel in topside beams, columns and bracings
	High-strength steel beams
	Introduction to high-strength steel beams
	High-strength steel deck stringers
	High-strength steel deck beams
	High-strength steel main beams
	High-strength steel cantilever beams

	High-strength steel circular hollow columns & bracings
	Conclusion of high-strength components in topsides

	Methodology to assess the feasibility of high-strength steel in topsides
	Screening tool for beams in a deck
	Screening tool for columns and bracings
	Methodology for preliminary design

	Case study: feasibility of high-strength steel in topsides
	Case introduction and assumptions
	Case study: high-strength steel beams
	Case study: high-strength steel columns & bracings
	Conclusions of high-strength steel in a case topside

	Conclusions & recommendations
	Conclusions
	Limitations
	Recommendations for the industry
	Recommendations for further research

	References
	Additional information about the offshore industry
	Short history and future persepective of the offshore industry
	Type of offshore platforms and North Sea perspective

	Deck stringer calculations
	Deck beam calculations
	Extra tables

