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Abstract

The objective of the European Green Deal is to reduce net greenhouse gas emissions by at least 55%
by 2030 and to achieve climate neutrality by 2050 [1]. Due to a growing global population and
increased needs for travelling on the one hand, and progressive bans of short-haul flights by the
governments on the other, the need for a more sustainable and fast means of transportation comes in
high demand.

The Hyperloop transportation system has emerged as the fifth mode of transportation, offering an
energy-efficient, fast alternative for freight and passenger transportation. However, to successfully
establish the Hyperloop network, an extensive tube infrastructure would need to be constructed with
requirements of being safe, sustainable, and cost-effective. At the time of this project, various tube
designs and materials have already been examined and evaluated; given its preliminary stage of
development, new design ideas are rapidly emerging. Engineers are faced with two fundamental
challenges: firstly, defining safety limits, and secondly, establishing the balance between the safety,
environmental footprint, and operational efficiency of hyperloop infrastructure.

The Hyperloop Skeleton tube design is the latest addition to the integral designs that holds great
potential in terms of weight efficiency. The aim of this research is to determine the applicability and
efficiency of the newly proposed tube design and to evaluate structural performance to imposed loads.
For the design evaluation, the study uses a numerical approach. Skeleton tube design is initially
disassembled into individual components, which are analysed separately to identify potential
weaknesses of the design as well as to predict their behaviour within the assembly. After that, the study
conducts the analysis of the assembly. The initial design lacked rail support design; thus, a design is
proposed and implemented in the model for the global analysis. Within the assembly, the research
identifies critical sections and design weaknesses. In accordance with this, it proposes and analyses a
new ring-to-stringer connection design. Additionally, a comparison study has been conducted with the
conventional (plain) tube design, currently used at the European Hyperloop Centre (EHC) [2].

Based on numerical results, the skeleton tube design is conditionally satisfactory in terms of ultimate
and serviceability limit states. The design can resist the main load case — vacuum pressure. Nevertheless,
the slender components and thin plates make the tube susceptible to plate rupture or penetration if
exposed to environmental actions; thus, making the hyperloop system vulnerable to accidental and
impact loads. Moreover, the elastic strength capacity of rings, which are primarily in compression and
are therefore critical components, is nearly reached. An initiation of local plastic response is observed,
yet due to integral design, the stresses distribute among components; thus, it does not progress into a
fully plastic response. Based on these findings and considering that dynamic loads are yet to be assessed,
it can be projected that a strength capacity will be exceeded in further research.

The proposed steel bracket design for ring-to-stringer connection provides an alternative to welded
connections. It improves stress concentrations within the ring, and considering that it is a bolted
connection, further contributes to the ease of assembly, maintenance and the demountability aspect.
However, the requirement for 288 such connections per 16-meter-long tube section might significantly
increase the total cost of skeleton tube design.

Based on the comparison study, it is proven that the conventional tube design performs better in terms
of structural performance under the considered loading conditions. However, in a controlled
environment with the absence of external actions, the skeleton tube design could efficiently operate. In
this case, a material efficiency of up to 28% can be achieved if the structure also supports the rails and
the pod, and up to 37.8% if the tube is solely used for vacuum pressure retention.

Emerging technologies, currently in the process of development and yet to demonstrate their
contribution to a more sustainable future significantly depend on the performance and success of their
initial prototypes and real-world applications. Skeleton design offers a cutting-edge design, which is on
the safety — sustainability spectrum drastically leaning to the latter. A secondary protective structure is
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required for consideration of the skeleton design in the hyperloop application. The design can
nonetheless be viable for other applications, which operate in a safe and controlled environment, with
the absence of external loads. This research lays a foundation for any further research on the skeleton

tube design.
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Symbols and abbreviations

Symbol Definition

A Area [mm?]

Arer Reference area of the structure [mm?]

Aotal Total contact area at ring to stringer connection [mm?]
Ajsirip Strip area of the stringer segment [mm?]

0 Function of end distance (e1) and pitch parallel (p1) [-]
b Distance between stringers [mm]

C. Exposure factor

cr Force coefficient

Ccro Force coefficient of cylinders without free-end flow
D Ring diameter [mm]

D Bolt diameter [mm]

Ov Vertical deflection [mm)]

do Deflection at mid span due to permanent actions [mm]
H Horizontal force [kN]

E Young's modulus [MPa]

Fr Frictional force [kN]

F, Force normal to the plane [kN]

Fyra Bolt resistance to shear [kN]

Fira Bearing resistance of the plate [kN]

F, External force acting on the tube [kN]

fub Ultimate tensile strength of the bolt [N/mm?2]

Ju Ultimate tensile strength [N/mm?2]

1, Second moment of Area [mm®*]

k Safety factor [-]

ki Function of edge distance (e>) and pitch perpendicular (p2) [-]
L Length of the tube [mm]

/ Distance between cable supports [mm]

L Critical buckling length [mm]

AL Cable elongation [mm]

M Design bending moment [kN/m]

My ray Design resistance for bending

u Static (us) or kinetic (ux) frictional coefficient

o Snow load shape coefficient

On Stress due to axial force [MPa]

Ner Critical buckling load [kN]

Pstringers Number of stringers

Prings Number of rings

Mo First natural bending frequency

v Kinematic viscosity of the air

P Point load [kN]

Gamm Atmospheric pressure [MPa]

qEd Imposed design load [MPa]

Guube Pressure in the tube [MPa]

qself Self-weight

Gvac Vacuum pressure [MPa]
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Qr

qw

gs
s.pod
qbr
qp(ze)
R.

Sp

Sub

uc

Voiray

v(z)

Ze

Y

A

Rails load [kN]

Wind load [kN/m?]

Snow load [kN/m?]

Static pod load [kN]

Breaking of the pod [kN]

Peak velocity pressure at reference height z. [kN/m?]
Reynolds numbers

Balanced snow load [kN/m?]
Unbalanced snow load [kKN/m?]

Cable tensile force [kN]

Thickness [mm]

Unity check

Design shear force [kN]

Design resistance for shear force [kN]
Peak wind velocity [m/s]

Vertical displacement [mm]
Reference height

Material factor

Partial factor for actions
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1 Introduction

This chapter includes an introduction to the hyperloop technology and outlines the background of this
research. Furthermore, the problem statement, research objectives and questions, and report structure
are described.

1.1. About hyperloop

Hyperloop is a new proposed means of transportation for cargo and people, capable of high-speed and
driverless driving in a capsule-like vehicle travelling through a depressurised tube. Due to the levitation
of the pods, the resistance forces are drastically reduced, and therefore, the hyperloop can theoretically
travel at 1000 km/h, consuming minimal energy [3]. By utilising clean energy sources like solar, wind,
or hydroelectric power, the environmental impact of the hyperloop can be significantly reduced. It holds
the prospect of replacing short-haul flights and establishing an emission-free network due to being
supplied by renewable energy sources producing zero operational emissions [4]. In short, the hyperloop
concept offers a fast and sustainable method of transportation, combining the best of two worlds.

The sustainability aspect of the hyperloop system is closely linked to the tube design, which is the
dominant factor in the determination of the total amount of material used. Since the technology is still
in the early developmental stage, many hyperloop companies and research groups work on their own
unique tube designs. These designs are being closely researched and analysed, especially due to safety
being one of the main design factors. One of the new tube concepts is the hyperloop skeleton tube
design, which, based on the preliminary assessment, proves to be exceptionally weight efficient.

As the Hyperloop concept evolves and progresses towards implementation, tube designs will continue
to be refined based on engineering feasibility, cost-effectiveness, safety considerations and
environmental footprint. By making thoughtful decisions from the start, the hyperloop system has the
potential to overhaul the world’s sustainable transportation needs.

1.2. Problem statement

Hyperloop technology has been actively developed by many companies since the publishing of the
White Paper [5] by Elon Musk. Although many feasibility studies were completed at the request of the
national governments, and promising advances were seen in the development of hyperloop components,
the need for large investments is one of the main drawbacks for large-scale implementation. As the
hyperloop is still under development, and the infrastructure has yet to exist, it gives the opportunity to
research, optimise, and develop hyperloop concepts thoroughly. The tube design is of great importance
for safety and for ensuring a flawless operation. It also has a significant environmental impact,
considering the predicted total length of the infrastructure. By use of known materials and simplistic
design concepts, the safety aspect can be met.

However, new designs are constantly being developed, and based on detailed and thorough risk analysis,
it may become feasible to lower the safety margin. This could lead to material weight savings and,
subsequently, a decreased environmental impact. Passenger and structure safety are two of the main
conditions in hyperloop tube performance assessment; therefore, two main objectives need to be
addressed by engineers: i) identifying acceptable safety limits and ii) establishing the balance between
the safety, environmental impact and operational efficiency of hyperloop infrastructure.



1.3.Research objectives and questions

The main objective of this research is to assess a new hyperloop tube design in terms of ultimate and
serviceability limit states. Moreover, to identify weaknesses and modify the design appropriately to
mitigate potential failure modes. Additionally, the design performance is evaluated in a comparative
study with the existing plain tube design, which serves as the benchmark design.

To accomplish these research objectives, the following research questions were formulated:
Main research question:

What is the structural performance of the hyperloop Skeleton tube design, exposed to external
and internal actions associated to the general, vehicle and environmental load classes?

The main question is then divided into five sub-questions:

1. How do the hyperloop Skeleton tube design additions (rail supports) and improvements
(connection design) affect the structural performance?

2. How does the skeleton tube design compare to the plain tube design in terms of structural
performance and sustainability?

3. Which failure modes is the hyperloop skeleton tube experiencing under considered actions, and
what is the structural response to them?

4. Which imperfections have the most significant effect on the structural performance of the
hyperloop skeleton tube design?

5. How can structural safety be researched and implemented in the hyperloop skeleton design?

1.4. Simplifications and clarifications of this research

The total length of the tube section is 16m, which can be computationally demanding for a detailed FEA
model. Due to the complexity of the design, some details were removed from the model, such as edge
radiuses at stringers, rings and plates; bolt holes on the flanges were removed as well, and the slot holes
in the shims and flanges were modified for a precise fit with the stringers. These changes were
implemented to streamline the model, ease the meshing process, and speed up the computational time.
In the analysis of shorter tube sections, more details are included, while in the analysis of individual
components, all details are retained to ensure an accurate model response under imposed loading. All
connections are modelled as bonded connections, which means that no sliding or separation between
faces or edges is allowed. This modelling decision was made with the understanding that accurate
connection modelling is less critical at the preliminary design analysis. As the analysis progresses
further into details, the connections can be modelled accordingly to reflect specifics. This research does
not investigate structural response to dynamic loadings. Additionally, it does not include the interaction
between the tube and the foundation, although a design solution in the plain tube design is presented.

1.5. Thesis structure

This report assesses and evaluates the new hyperloop Skeleton tube design and thereafter compares it
to the benchmark tube design. Initially, a literature review has been conducted to gather general
information about the hyperloop technology, infrastructure, and existing designs. After that, the plain
tube and skeleton tube design are introduced and described. First, an analytical approach was conducted
to verify the design choices. Following this, Finite Element (FE) models were made and analysed. Based
on FEA results, several issues have been addressed, such as stress concentrations at connections and
initiation of plastic response. Moreover, the report includes a proposed solution for the rails supports
and a ring-to-stringer connection design for the skeleton tube design. Lastly, a comparison study is
conducted between the two designs.
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2 Literature review

In this chapter, general information about the hyperloop infrastructure is gathered and presented. This
includes codes and standards that are applicable to the hyperloop tube structure, the existing designs
and considerations by other research parties, imperfections affecting the structural performance of the
infrastructure, and the safety and sustainability aspects of the hyperloop.

2.1 Codes and standards

No norms or standards exist for the design of the hyperloop infrastructure, but the structure is in
principle an underpressurized steel tube. Therefore, Eurocodes can be used for the plain tube design,
which represents a cylindrical steel structure exposed to the inner pressure. As of January 2023, a
technical report named ‘NPR-CEN-CLC/TR 17912: Hyperloop systems - Standards Inventory and
Roadmap [6] has been published, which presents a set of standards created for different transportation
modes and industries. This report can serve as valuable guidelines for the future development of
standards in the hyperloop sector. The codes and standards used for each load case individually are
presented in Table 1. For the non-linear FEM analysis methods, DNV [7] standards were used.

Table 1: Load cases and corresponding standards

Load case Load type Codes and standards

Self-weight General EN 1991 - Eurocode 1 — Actions on Structures - Part 1-1
Vacuum pressure General /

Snow load Environmental  EN 1991 — Eurocode 1 — Actions on Structures — Part 1-3
Wind load Environmental  EN 1991 — Eurocode 1 — Actions on Structures — Part 1-4
Rails load General /

Static pod load Pod /

Moving pod load Pod EN 1991 — Eurocode 1 — Actions on Structures —

Part 2 — Traffic loads on bridges

Breaking pod load  Pod
Thermal expansion  General EN 1991 - Eurocode 1 — Actions on Structures - Part 1-5
Accidental loads General EN 1991 — Eurocode 1 — Actions on Structures — Part 1-7

2.2 Hyperloop infrastructure

The hyperloop concept is evolving rapidly, and many big parties are involved, making advances in all
hyperloop aspects. Due to the size of the potential hyperloop network, the tube design, size, and
properties are important for future implementation. The tube has two main objectives: i) maintaining a
low-pressure environment and ii) protecting the pods from external conditions [3].

In 2020, an agreement was signed between TATA Steel [8] and Posco [9] for the hyperloop tube
production. Additionally, they will join their efforts in researching and designing new innovative tube
designs [10], which would prove to be safe and weight/cost efficient. Different designs using various
materials have been considered, with many yet to be revealed. All of them have a common objective,
to decrease the total weight, in consideration of producibility and transportability.

The main components of the hyperloop system are the vacuum structures, known as the tubes, from
which almost all the air is removed by vacuum pumps; the pods, designed to carry passengers or freight;
the levitation and guidance system installed within the tube; and the propulsion system [11]. The main
hyperloop systems and components are presented in the following figure:
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Figure 2: Main hyperloop system components based on Hardt Hyperloop [12]

The infrastructure design also consists of support bearings, which may be fixed or moveable. These
bearings should resist potentially significant lateral loads imposed by seismic actions or unbalanced
pressure loads, e.g., wind gusts. Thermal expansion of the tube is another major factor when designing
the connection between adjacent tube segments. The expansion joints allow for longitudinal thermal
expansion of the tube. They are considered weak points due to their decreased thickness and excessive
non-linear deformation. Additionally, these are susceptible to fatigue [11]. Ongoing research on this
matter is performed by many parties, from engineering firms, material manufacturers to universities
and start-ups.

2.3 Designs & materials

The skeleton tube is designed to be made from structural steel. Knowing that the plain tube design is
made from specialized hot-rolled steel PosLoop355 steel, which has 1.7 times better vibration
absorption than general steel, according to Posco [13], the same steel type could be used for the skeleton
design. However, due to its slender design, a higher steel grade could be used as well, such as S460.
Increasing the steel quality will negatively affect the cost but might significantly improve the structural
integrity of the design. Both options, S355 and S460, were considered in this research.

2.4 Imperfections

The hyperloop tube is a slender steel structure that is susceptible to various imperfections. These are
categorised into material, geometrical, and structural imperfections. Material imperfections refer to the
various flaws that can occur during the manufacturing process or over the course of the material use.
These imperfections are incorporated in the material curve.

Geometrical imperfections of members are determined by geometrical tolerances found in product
standards, and according to EN1993-1-1 [14], and these include:

1. Lack of verticality — In the skeleton tube design, the rings, flanges and shims can potentially be
influenced by lack of verticality. Consequently, this can lead to gaps between components and
impact connections. The ring to stringer connection is very sensitive, as it is a critical point in
the load path. A lack of vertical alignment in the rings can result in a lack of fit and generate
eccentricities in the connections.

2. Lack of straightness — This geometric imperfection primarily impacts stringers and plates,
potentially leading to a lack of fit of components. Lack of straightness can cause misalignments
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and complications during construction. Forcefully positioning them in place can induce
unwanted internal stresses. These can negatively influence the structure's ability to withstand
the anticipated loads.

3. Lack of flatness — This imperfection can be seen locally in the skeleton tube design, as for
example at the webs and flanges of the rings and stringers. It can be particularly noticeable at
rings, where the production process involves material bending, leading to bent or curved
surfaces. Components that experience compressive stresses will be sensitive to those
imperfections.

4. Lack of fit — These imperfections are common for complex structures with many connections.
The skeleton tube is an example, featuring 288 ring-to-stringer connections per 16m tube
section. This means that a single lack of fit can cause a cascading effect on the subsequent
connections.

Structural imperfections are introduced due to the fabrication assembly of the structure. Due to the many
connections being present in the skeleton tube design, small imperfections can accumulate and affect
the overall structural integrity of the design. These imperfections are addressed with the help of DNV
[7] standards when evaluating the buckling of the structure. More on that in section 7.2.8.



2.5  Buckling

Since the hyperloop structure is still in an early design stage, not all forces acting on it are identified or
determined. Thus, certain strength and deflection restrictions can be pre-set, but the tube cannot be
solely designed and optimised based on the allowable deflection. Nonetheless, the plain tube can be
designed based on another structural aspect, which is one of the governing failure modes, vacuum
buckling.

In essence, the hyperloop technology works on the principle of vacuum pressure, which causes
compressive forces on the tube wall or, in the case of the Skeleton tube design, on the rings. Once the
compressive stress overcomes the critical buckling load, the component buckles. Critical buckling load
governs the plain tube design; therefore, knowing the vacuum pressure, the design is optimised based
on the out-of-plane buckling resistance. The proposed pressure in the tubes pus. is 100 Pa, which lowers
the drag force of the air on the pod [5]. The vacuum pressure action on the shell of the tube is the
difference between the atmospheric pressure and the pressure within the tube. The critical tube pressure
is calculated using the following equation [15]:

for =1 (1E— v2) (%)3 @1

Where ¢ is the thickness of the tube, and R is the radius. This formula for the critical buckling pressure
is valid for an endless plain traditional tube. Hardt has previously designed a spirally welded tube design
with a wall thickness of 25 mm in order to prevent vacuum buckling, considering the radius of 1.75 m
and a safety factor of 1.2 [16]. The latest design has a radius of 1.25m and a wall thickness of 16mm.

This approach of determining critical buckling pressure cannot be applied to the skeleton tube design
since it is an integral design as opposed to a cylindrical design. Therefore, each component needs to be
verified as an individual element within the assembly. Skeleton tube design is prone to local buckling
due to its thin elements. Local buckling is often characterized by distortions or wrinkles. Local buckling
is particularly relevant in thin-walled elements or sections with geometric irregularities. This buckling
mode is expected in skeleton tube design since the components are well integrated, forming a complex
assembly which could not buckle globally with ease. Another reason is that components are made out
of thin walls; thus, local buckling will be the governing mode.

A buckling of build-up elements can be a potential failure mode as well, considering the connection
between stringers and plates. The interaction between those two components can influence overall
buckling behaviours. Interactive buckling occurs when different modes of buckling interact with each
other, and it can only be present in the skeleton tube design, although the possibility is rather small.

Due to the high speed of the pod, dynamic instabilities are very likely to appear, leading to buckling.
Dynamic loadings, such as wind or seismic forces, can also induce dynamic instabilities. Dynamic
effects may amplify the susceptibility of steel members to buckling, and their consideration is crucial
in certain structural designs.

2.6  Safety

Ensuring the safety of a hyperloop system is a complex and multifaceted task that involves addressing
various technical, operational, and regulatory aspects. The guideway and infrastructure matter includes
the tube structural integrity, track design, tube supports and alignment and connectivity between
segments and components. Regular inspections, maintenance, and monitoring are essential to identify
and address potential issues during the operation. On the other hand, to ensure safety in the design
phase, many scenarios need to be considered and weaknesses identified. This is done in FE analysis, in
which geometrical defects are considered and structural response to them evaluated. Due to the slender



design of the integral design, the operational performance of the design might be proportionally more
affected than the plain tube design.

Therefore, rigorous testing and certification processes are required to validate the safety and reliability
of the design advances from the preliminary stage. Prototypes should undergo extensive testing, both
in controlled environments and atmospheric conditions, to identify and address potential design flaws
and safety concerns. Hyperloop developers and operators should also work closely with regulatory
authorities, engineering experts, and other stakeholders to create safety measures that encompass all
possible considerations and scenarios.

2.7 Fatigue

Fatigue loading is induced by the travelling pod inside of the tube, by thermal expansion and
contraction, by vacuum pressure fluctuations and, to a lesser extent, by external factors. Moving pod is
the main source of fatigue since it also generates vibrations in the structure. The steel plain tube and a
pod with a weight of 100kN is not prone to fatigue, as concluded by Museros et al. [17]. That research
was done on the plain tube design, while other designs, such as an integral design, will have a different
fatigue performance. Engineering details, such as bolted connections used for the rail supports, might
prove to be critical and should be checked separately. Fatigue can be mitigated by material selection
and treatment, research and testing, and by optimising the structure design in a way to minimise stress
concentrations. The latter is done during the preliminary design stage, where the stress concentrations
are identified by performing a FE analysis of the assembly. Thereafter, the design can be revisited to
mitigate structural weaknesses.

2.8  Sustainability

The European Green Deal aims to cut net greenhouse gas emissions by at least 55% by 2030 and
achieving climate neutrality by 2050. This is achievable by reforming European policies on climate,
energy and transport, among other [1].

The hyperloop system is designed to be highly energy-efficient compared to other transportation modes.
Utilising the low-pressure environment in the tube severely reduces air resistance and, consequently,
the needed energy for transporting pods at high speeds. Nonetheless, achieving sustainability requires
careful planning, design, and operation.

The proposed propulsion concept can be powered by renewable energy sources such as solar, wind, or
hydroelectric power [3]. Using clean energy for hyperloop operations reduces the carbon footprint
associated with the transportation system. It also proves to be efficient in land use, especially in the case
of an elevated tube infrastructure built along the pre-existing highway or railway infrastructures [5].

Minimising noise pollution is a crucial aspect of sustainability, especially in urban and suburban areas.
Hyperloop systems, with their enclosed tubes and streamlined design, have the potential to reduce noise
levels compared to traditional transportation modes. Conducting life cycle assessments of materials
used in hyperloop construction is important for evaluating the overall environmental impact. This can
influence the material and design choices in the preliminary stage. The economic sustainability of
hyperloop systems is essential for their long-term success. Factors such as construction costs,
operational efficiency, and ticket pricing impact the system's affordability and accessibility, ensuring it
remains economically viable. Designing a hyperloop infrastructure which can be easily maintained and
repaired if needed also contributes to sustainability in the long run. E.g., modular construction can offer
cost-effective replacements of damaged components, such as in the skeleton tube design.

However, it is important to note that the hyperloop is still a concept, and large-scale implementation
and real-world performance are yet to be fully realised. The actual sustainability of hyperloop systems
will depend on various factors, including the energy sources used, the materials and manufacturing
processes employed, and the overall environmental lifecycle assessment of the infrastructure and



vehicles. Nonetheless, the core principles of energy efficiency, reduced emissions, and land use
efficiency make the hyperloop a viable option with great potential to reduce global emissions.
Additionally, collaboration between stakeholders, adherence to best practices, and continuous
innovation will contribute to making hyperloop systems more sustainable and environmentally friendly.



3  Preliminary design research — Plain tube design

To understand the main features of hyperloop tube designs, research on already existing designs was
done. Since the hyperloop technology is still in its early stages of development, companies tend to keep
design information confidential, and there are no universal design standards available yet. Therefore,
most of the information gathered in preliminary research is from online published articles, from
meetings and site visits. The European Hyperloop Centre (EHC) [2], located in Groningen, NL, has a
420m long test site with a spirally welded plain tube design. The tubes were manufactured by Mercon
[18] company in Gorinchem and transported to Groningen, NL. The photographs featured in this chapter
were either captured at the Mercon production site or at the EHC.

Figure 3: Plain Tube design assembled for the EHC Figure 4: Plain tube production at Noksel Espaiia [19]

The following information and measurements were gathered from the production site visit. EHC tube
design is an above-ground plain tube design, measuring 2.5m in diameter and supported at every 16m.
Posco steel [9] manufacturer supplied PosLoop355 steel for the tube production [13]. The tube thickness
is governed by the critical buckling pressure and measures 16mm. The tube has a stiffening ring of
20mm thick at a span of 8m to improve the buckling behaviour of the tube. Tube flanges positioned at
the ends of the tube sections serve as the tube supports and as a connection between the tube sections.
The connection between flanges must be sealed to retain vacuum pressure; thus, rubber rings are
attached to the flanges and compressed once the bolts connecting the flanges together are pre-tensioned.
Rail supports are spaced by 1m in the longitudinal direction, with the exception of the first and last,
which are spaced 0.5m from the tube flange. All rail supports are bolted to the tube itself, as it can be
seen in Figure 5, and the inner components are presented in Figure 6.

m
i

Figure 5: Rail support and holes for bolted connections Figure 6: Inner components, where:
1. Levitation rails; 2. Propulsion rig
3. Guidance rails; 4. Safety rails

The weight of all rails per 16m tube section is approximately 6 tonnes. With the assumption that all rails
are of the same weight, one rail imposes a 0.625 kN/m load on the tube. Flanges have two cut-outs
(Figure 7) at the bottom, which slide onto the foundation. A sliding support design is used, as seen in
Figure 8, to allow sliding in the longitudinal direction. The same design is supposed to be used for the
Skeleton tube design.
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Figure 7: Close-up of the support Figure 8: Sliding compact support by DRIE-D [20]

Another hyperloop tube aspect which needs to be addressed is the material expansion and contraction.
Since the tube is made out of steel, it is prone to thermal fluctuations. This is accommodated using
expansion joints, which are positioned at every four tube sections. As seen in Figure 9, the expansion

joint looks like a wrinkled steel plate, which enables the tube to expand freely in the longitudinal
direction.
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Figure 9: Expansion joint from the outside of the tube Figure 10: Expansion joint from the inside of the tube
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4  Skeleton tube design

The skeleton tube design has been showcased by TATA Steel [8] in a video that outlines their
involvement in the development of the hyperloop. The prototype displayed in the video clearly revealed
the shape and the number of components. As seen in Figure 11, the plates are curved inwards, and the
connections are welded. At the kick-off event of the European Hyperloop Centre, TATA Steel presented
the lightweight, integral design, and a small-scale model was placed adjacent to the model of a spirally
welded tube design (Figure 12). This provided a direct comparison of the two designs, from which the
general global dimensions could be extracted.

Figure 12: Integral design presentation at European
Hyperloop Center kick-off event [22]

Figure 11: Front view of the integral tube design [21]

Furthermore, it is observed that the edge flanges are the same in both designs and that the rings in the
integral design are spaced the same as the rail supports in the plain tube design. The reinforcing skeleton
of the integral design is similar to the aircraft fuselage or the structure of the submarine, which supports
the pressure hull. By making certain assumptions about dimensions and by basic extrapolation of these,
namely the ring, stringer and plate cross-sections, a model was constructed in Ansys. The following two
figures show the assembly and its components.

Shim

Stringer

Flange

Figure 13: Model of the skeleton tube design modelled in Figure 14: Components of the Skeleton tube design
Ansys

The cross-section of the skeleton tube design resembles the buckling failure mode of the plain tube
design. Figure 15 represents the cross-section of the first buckling mode of the circular tube exposed to
the inner pressure. Looking at the curved shape of plates in Figure 16, it is noticeable that it follows the
shape of the inward buckling of the plain tube design. With this design decision, the tube skin buckling
failure mode is eliminated.
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of the plates

Figure 15: Buckling shape of the plain tube design — Figure 16: Cross-section of the skeleton tube design
Destructive testing performed by Avishkar Hyperloop
[23]

Each component is presented in detail in the next subsections; additionally, technical drawings are given
in Appendix. B.

4.1 Plates

The Shell of the Skeleton design consists of curved plates and flanges. There are 18 plates in total,
positioned in a circular pattern. The plate bends inwards by roughly 85mm, therefore the spacing
between the plate and ring flange is 15mm. This spacing is also the deflection limit of the curved plates.

Ry
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Figure 18: Side view. The gap between the plate and the
Figure 17: Single plate of the skeleton tube design. ring represents the deflection limit.

Plates are loaded by vacuum pressure, which acts from the inside of the tube, and external loads, such
as wind and snow load, if the tube is to be constructed without the secondary protective structure.
Considering the thickness of the plates, which is only 1 mm, a conclusion is made that they do not
contribute to the structural rigidity of the whole structure. Thus, all loads act normal to the surface of
the plates, directed towards the centre of the tube.

Connections

Plates are connected with flanges to the stringers in the longitudinal direction. The type and execution
of those connections are of great importance since they also influence the plate's behaviour. In this
research, an assumption is made that components are rigidly connected, meaning that the flanges would
be either welded or glued to the stringers using structural adhesives.
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Longitudinal
plate-to-stringer
connection

Figure 19: Plates are connected via plate flanges to the stringers

Considering the plate thickness, welds might prove to be unsuitable, while structural adhesives might
not perform as welds in the actual application. This opens the door to another research topic analysing
the performance of different structural adhesives in hyperloop skeleton tube design applications. In this
research, the connections are set to fully fixed, meaning that connected plate flanges cannot move nor
rotate with respect to stringers. The shims offer a contact surface for the plates in transverse direction.
This connection can be crucial in case of thermal expansion and present a weakness to transverse
loadings. The width of the saddle is 20mm, which presents the threat of detachment. If the edge of the
plate slides off, this creates a gap in the structure and can cause an instant release of vacuum pressure.
Plates serve as a skin of the tube, which needs to be vacuum proof as well. This can be achieved with
structural adhesives, although a certain amount of vacuum loss is expected. Separate research could be
done on the vacuum loss limit, for which the tube can still operate efficiently.

Number and continuity of plates

The plates also need to be connected to each other in the longitudinal direction; therefore, another design
consideration is the number of plates to be used. The design consists of 18 plates in a circular pattern,
which offers different design options, such as two halves of the shell (9 + 9 plates), a shell with a 1-2-1
running order of the plates or even 18 individual plates. One of the factors is the type of connection to
be used; another is the fabrication, transportation and assembly of the structure. Designing and
constructing two halves of the tube shell increases the fabrication speed, where a single sheet of steel
can be bent to form the required shape of one half of the tube shell. In case of a plate failure, replacing
half of the tube shell might will prove to be cost-inefficient; thus, the production of individual plates
presents the best option.

In conclusion, initial savings can be made by producing two halves of the shell, but in the long term, it
could drastically increase the maintenance and repair costs. So, the decision was made to design and
analyse the tube with individual plates.

Response to loading

Looking at the shape of the plate and the direction of the loading, it is evident that the whole component
will be in tension and that plates will deform in the direction of the initially curved shape (Figure 20).
Theoretically speaking, the plate should have some amount of bending resistance along the flange, but
due to its thickness, this is dismissible.
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Pvacuum
Figure 20: Expected plate deformation due to vacuum loading

If the boundary conditions are fixed, and the plate does not take any bending due to 1mm thickness and
it acts as a membrane. In this case, a simplification can be made that the plate is simply supported along
the edge in the longitudinal direction. Looking at a cross-section of the plate, using boundary conditions
as stated before and assigning vacuum pressure loads, the plate can be modelled as a cable structure
with a uniform load along the cable.

4.2  Stringers

Stringers are the longitudinal members, which support plates and connect the rings. The top flanges of
the stringers serve as the longitudinal supports for plates, while the bottom flanges are connected to the
top flanges of the rings. At the ends they are slotted into the shim and flange of the tube.
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Figure 21: Single stringer of the skeleton tube design
Figure 22: Location of the stringers within the Assembly.

The cross-section of the stringer is RHS Il The vacuum pressure load is transferred from the
plate flanges to the top flange of the stringer and thereafter through the webs of the stringer to the rings.
Stringers also offer most of the resistance to the longitudinal loads. The shell takes some amount of the
force, but due to its thickness, it is dismissible. A load pattern in the longitudinal direction of the tube
appears due to the pod acceleration and deceleration, due to thermal expansion and due to wind load in
the longitudinal direction.

4.3 Rings

Rings are positioned between the stringers, and it is the only component group which is predominately
in compression. They are crucial members for generating vacuum pressure resistance, which is the
critical load case for the design. The cross-section is the same as that of the stringers, RHS I
and the diameter of the ring is 2.5m. The rings offer support to the stringers, and they are the final
component in the load path. 16 rings are positioned in a 16m long tube segment, with the first and last
rings spaced 0.5m from the tube flange, while all rings are spaced 1m between each other.
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Figure 24: Location of the rings within the Assembly.
Spacing between the rings is 1m, while spacing between

Fi 23: Single ri the skeleton tube desi
igure ingle ring of the skeleton tube design the ring and flange is 0.5m

The ring-to-stringer connections can prove to be problematic since the connection surface on the ring
has a radius, while the stringer’s flange is flat. Additionally, due to the bending process during the ring
production, the flanges and webs tend to buckle inwards. This creates a gap between connecting
components and can cause structural and assembly issues. Several workarounds have been done to
mitigate this problem, as well as a proposal for a new connection. More on that in chapter 8.

4.4 Shim

Shims serve as a saddle for the plates, i.e., they offer a transversal support to the curved plate. The inner
diameter of the shim is 2.5m, the thickness is 20mm, and curved saddles have the same arch as curved
plates (Figure 26). They also have 18 slotted rectangular holes for stringers to be fixed. Shims are then
bolted to the flanges of the tube.

Plate-to-shim
) connection surface
Shim Flange

i

Figure 26: Curved surface for plate-to-shim connection.

Figure 25: Shim of the skeleton tube design

4.5 Flange

The tube flange is the last component, marking the end of the tube segment. The inner diameter
measures 2.5m, and the thickness is 40mm. It has 36 bolt holes, which serve to connect shim on one
side and to connect to another tube segment on the other. Flanges are also connected to the foundation
on the bottom edge, following the same principle as the flanges of the plain tube design constructed at
European Hyperloop centre.
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Figure 27: Flange of the skeleton tube design Figure 28: Flanges within the assembly

4.6  Rails support

Rail supports are located on the inside of the rings, offering support for the rails and inner components.
In the plain tube design, rail supports are bolted to the tube, which can be seen as pinned connections,
and therefore present dead load only to the structure. On the contrary, in the skeleton tube design, they
also reinforce the structure due to being rigidly connected to the rings.

This design decision has been made after several options were considered. Skeleton tube design is
lightweight, and the thicknesses of components are between 1 and 3mm; thus, bolted connections cannot
be considered. The initial idea for this tube design was to serve only one purpose, and it is to retain
vacuum pressure. Inner components would then be supported by a beam spanning between the pylons.
This idea was scrapped after considering the weight of the rails and the additional weight due to the
pod. Research could be conducted on the minimum required span between pylons to make this approach
feasible, e.g., 8m instead of a 16m span between supports.

Another design factor for rail supports was buckling failure mode. Rings are in compression, and the
webs of the rings can experience local buckling. Resistance of the rings also governs the design since
the load path from the vacuum pressure, as well as from external actions, ends at the rings. With this
consideration, the idea of rigidly connecting supports to the rings emerged. The design process is
showcased in the following figures:

Figure 29: Position of the inner components Figure 30: First version of the ring reinforcement with
flat edges
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Figure 31: Tapered edges to reduce stress concentration Figure 32: Rail support design based on the location of
in the ring the rails

Figure 33: Extended edges to reduce stresses and Figure 34: Front view of the Skeleton tube design with
additionally reinforce rings the final version of the support

The rail supports are not optimised in terms of weight. The design was governed by the location of the
rails within the tube and by stresses in the rings. This justifies the tapered edges and increased length,
which not only additionally reinforces the structure but also reduces stresses in the rings at the location
where the supports end.

Figure 35: Skeleton tube design without rail supports Figure 36: Skeleton tube design with rail supports

Fixed rail supports could also have a positive influence on the fatigue resistance of the structure, but
this aspect necessitates a further researched. Following the assessment and verification of the supports'
impact on the structure, the design optimisation can be conducted. This would be done by reducing the
material at locations which are underutilised.
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5 FEM model

In this chapter, the FEM approach is introduced. Modelling and analysis have been conducted in Ansys
software, and the nonlinear material data was taken from DNV [7] standards. Additionally, this chapter
provides an overview of all load cases acting on the hyperloop tube, as well as ultimate limit states and
serviceability limit states combinations.

5.1 FE analysis type material properties data

Static structural analysis is performed in Ansys software [24], which determines the effect of static loads
acting on the structure. From static analysis, it is possible to extract stresses, strains, deformations and
internal forces/moments in the model. For the stability analysis, to determine the susceptibility to
buckling, the eigenvalue buckling analysis is used. The static structural analysis can be performed using
a linear or nonlinear analysis. The background for nonlinear analysis is that the stiffness of the system
is not constant and changes with the deformation of the element. Therefore, the force vs displacement
relation takes a nonlinear form. In the FEA model, these nonlinearities are introduced with:

Geometrical nonlinearity — The initial deformation of the tube might be linear, but as the deformation
progresses, the cross-section of the component decreases, and the stiffness consequently reduces. In the
skeleton tube design, this is expected to be expressed more vividly at thin plates onto which the vacuum
pressure is acting.

Material nonlinearity — It involves the nonlinear behaviour of a material, which is captured in the
material curve. It depends on the component deformation, rate of deformation, temperature, etc. In
Ansys software, the material nonlinearity is defined with either bilinear or multilinear material data
model. Two steel grades were considered in this research, S355 and S460. Corresponding multilinear
isotropic hardening data is shown in Figure 37 and Figure 38, where true stress is plotted against plastic
strain. This data also defines the transition from elastic to plastic behaviour. In Ansys, initially, the linear
material curve is followed until the stress in the material reaches the first point, which deviates from
the linear curve, as defined in the graphs. Thereafter, the nonlinear material curve is triggered, and the
stress follows the predefined nonlinear stress-strain relationship.

S355NL Stress-strain curves S460NL True stress - plastic strain curves

[Mpa]
Tue Stress

True stress

N - 3 Plastic strain [-]
True plastic strain [-]

Figure 38: True stress - Plastic strain material curve for

Figure 37: True stress - Plastic strain material curve for S460NL

S355NL

Both material curves provide data beyond the ultimate strength of the material. This does not, however,
affect the analysis since the ultimate strength of the material is known, and the results are only read
until that point (f,,s355 = 490MPa; f, s460 = S40MPa).

Contact nonlinearity — The initial applied force needs to be equal to the frictional force to allow for
relative displacement between two surfaces. Following this, an increase in initial displacement occurs
due to the applied force. This is not applicable in the preliminary design of the skeleton tube design
since the plate-to-stringer connection type is not yet determined. If structural adhesive is considered as
one of the connection options, then this nonlinearity would become relevant.

19



5.2 Newton-Raphson solver

A nonlinear problem is solved using a Newton-Raphson solver. This solver can be used in any nonlinear
problem in structural mechanics and Ansys [24] uses this method by default. The solver starts with a
zero initial displacement and an initial estimate of the stiffness, then it applies a force called F, and
calculates the resultant displacement u;. This displacement is then imposed on the system and calculates
the sum of all internal forces generated in the system called F;. This is one iteration, and if this system
is in equilibrium, then F, equals F;. If this is not the case, then the second iteration starts, where the
initial displacement is u;, and the estimate of stiffness is recalculated. The same steps are repeated, and
the force F» is compared to F, once again. This iteration process is repeated until this condition is met,
and that is known as the force-converged solution. In theory, the number of iterations is infinite because
to obtain a zero difference between F, and F, is almost impossible. Therefore, tolerance is defined as
the difference between the forces.

The method is clearly presented in the following steps, given by Ansys guidebook [25].
Step 1: Initial displacement {uo}is assumed, which is either zero or from previous step

Step 2: Stiffness matrix [K] is linearized and evaluated based on the current displacement {u} and other
variable factors such as nonlinear material land contract status.

Step 3: The internal force Fjy, is computed from the element stresses.

n _ (Fext—Fine)

Step 4: The displacement increment is calculated: Au
KTI.

Step 5: Add Au to {u.} to obtain the next approximation.
Step 6: Then the residual force is calculated: Fyg = Foyr — Firp
Step 7: If B < convergance criteria then the solution converged.

Step 8: Else, repeat step 1 through 7.

5.3  Mesh and Element type

The choice of the appropriate element type in the finite element method strongly depends on the
problem being addressed. Hyperloop tube is a long and slender structure with a small height over length
(h/L) ratio; therefore, transverse shear deformation does not significantly affect the structure. Thus, the
2D shell elements are recommended to use. They are generally used for thin-walled structures,
membranes, or plate-like elements. Thin components of the tube indicate that large deformations can
be anticipated once the loads are applied. Consequently, the use of higher-order elements is preferred
for accurate stress estimations [7]. Thin shells do not consider stresses perpendicular to the surface, so
for detail engineering, 3D elements were used to obtain accurate results.

Mesh density varies based on the model being analysed. Stress is expected to change rapidly at
connections, and large elements are likely to lose some of the stress distribution. The mesh has been
selectively refinement until the results did not change significantly. In larger models, such as 16m and
Sm long tube section models, a coarser mesh was used to decrease the analysis time. Mesh at contact
points and surfaces in a Sm model is sufficiently dense to correctly represent the stresses and potential
failure modes. When modelling the detail, special consideration has been taken in transitioning mesh
density and in the generation of mesh along the edges and corners, as these locations are susceptible to
singularities. Mesh type and size is given in the corresponding table of each result section.
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5.4 Contacts

Skeleton tube design consists of mostly thin-walled components, for which welds might not be the most
optimum solution. However, since this is the early evaluation of the design, an assumption has been
made that all components are perfectly bonded. This means that the two surfaces, which are in contact,
can neither slide nor separate from each other. All normal and tangential forces are being transferred
between the surfaces. This decision contributed to the ease of modelling and analysis.

In case if the connections would have been done using structural adhesives instead of welds, then a
small translation would be expected between bodies in contact. This could be modelled with a different
contact type, such as a spring connection, where a translational stiffness can be determined. The results
would not differ significantly in the analysis of the preliminary design, but if the research was solely
focused on the comparison between welded connections and connections using structural adhesives,
then the differences could be potentially identified.

5.5 Load cases

In the design of the hyperloop tube, many load cases need to be considered. The system does not have
unified rules for the infrastructure design yet. Thus, recent reports do not consider the same load
magnitudes or load cases. Structural demands are taken from the methods of Eurocode in order to
comply with the European safety standards. Since the tube is planned to be supported on the piers, the
main anticipated failure mode is buckling. Environmental load cases are region-specific, and for this
research, Groningen, Netherlands, was chosen since that is where the European Hyperloop centre is
located.

5.5.1 Self-weight

Self-weight is classified as a permanent fixed action [26]. It represents the dead load acting on the
structure due to its own mass and is dependent on the material and the cross-section of the components.
The self-weight of the tube components is considered in all assembly analyses and disregarded in detail
analysis. The self-weight of rails is assigned as the area load at the locations of attachment, where the
weight was given at the production site visit. In Ansys, it is calculated using the standard earth gravity
of 9.81 m/s* and material density of 7800 kg/m?® for steel. The self-weight of the cabling is not
considered due to the dismissible effect on the structure, while the propulsion system load is embedded
in the pod load itself [3].

5.5.2 Vacuum pressure

The defining characteristic of the hyperloop system is the near-perfect vacuum environment within the
tube. Vacuum pressure is the critical design parameter which affects the system's efficiency, safety and
energy consumption. The load magnitude exhibited by this pressure is the difference between the
atmospheric pressure and the pressure within the tube. The proposed pressure by Elon Musk's
Hyperloop white paper [5] is 100 Pa inside the tubes. Considering the circular shape of the tube, the
distributed force acts inwards, perpendicular to the tube's surface.

Gatm = 101 325 Pa = atmospheric pressure
Gtupe = 100 Pa = tube pressure

The imposed pressure on the plates is therefore:

ded = Yatm — Jtube = 0.1MPa (5.1)

The plain steel tube that is currently being produced has a thickness of 16mm. Knowing that radius
measures 1250mm, and Young’s modulus is taken as 210GPa:
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P, = E (t>3 = 0.12MP (5.2)

o= 1-v) \R) T '
Therefore, in this research the vacuum pressure of p = 0.12MPa is used for ULS checks, and 0.1MPa
for SLS.
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Figure 39: Vacuum pressure acting normal to the curved surfaces of the plates - 5m model with rail supports.
5.5.3 Snow load

Hyperloop tube structure has a cylindrical shape, and according to NEN EN1991-1-3 [27], it is
considered as a cylindrical roof. The snow load is determined using the following formula for the
fundamental design situation:

S=p;Ceo sy (53)

By taking s as 0.7 kN/m? for the Netherlands, Cy as 1 and p4 as 2 (see section C of Appendices for
derivation), a balanced snow load s5 is obtained as 0.56 kN/m?. The load is assigned to the top plates of
the tube, as seen in Figure 40.
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Figure 40: Snow load acting on the top plates in — Y-axis (ULS).
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5.5.4 Wind load

The hyperloop tube is intended to be supported by piers at the edges of 16m long sections. Wind load
calculation is dependent on the type of hyperloop system, i.e., whether it is constructed on the ground
or above ground. In case it is on the ground, then the wind actions can be calculated with the assumption
that the tube is a longitudinal circular cylinder. According to EN1991-1-4 [28], the wind force acting
on the external surfaces is calculated with the following expression:

Ey = cscc ¢ Qp(ze) 'Aref (5.4)

Reference area is calculated as 40m?, c;c. can be taken as 1, and air density is taken as 1.20kg/m?* [0.0012
kN/m?] and ¢ resulted in 0.42 (see section C of Appendices for detail calculations). Therefore, the
external force acting on the 16m long tube section is:

F, = 10.04 kN

This results in an area pressure of:

kN
Gw = 0251—5 = 0.00025 MPa (5.5)
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Figure 41: Wind load acting on the plates in — Z-axis (ULS).

5.5.5 Rails load

Rails are attached to the rail supports and introduce a dead load to the structure. Along the pod rails, the
load consists of the levitation and propulsion rails. The load from the rails is concentrated at the points
where they connect to the rail supports, meaning that the design of these supports affects how the load
is distributed. By knowing the general location of the inner rails, the supports are designed (see Chapter
4.6), and the loads are assigned, as seen in Figure 42.
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Figure 42: Rails load assigned at connection locations on the rail supports

5.5.6 Static load of the pod

The pod is attached to the rails and represents a vertical load to the rail supports. The magnitude depends
on the size and length of the pod, as well as the weight of the cargo. In this study, it is assumed that the
pod weight is 20 tons, with a length of 16 meters. Pod load is taken from the work of Muserues et al.
[17], who investigated pod weights ranging from 10 to 20 tons and determined that fatigue is not a
design concern for plain tube design. The assumption regarding length is made for the purpose of
simplifying the application of load to the ring supports, ensuring even distribution among all rings in a
single tube section. Therefore, the total pod weight is 196.2kN, which imposes a load of 12.26kN per
ring support.

5.5.7 Moving pod

The pod is attached to the rails, and the rails are supported by the rail supports. As the pod moves along
the rails, that imposes a moving load, which is transferred through the rail supports to the structure.
According to NEN EN1991-1-2 [29], dynamic effects should be taken into account. This consideration
is due to several factors: rapid rate of loading due to the speed of the pod; the passage of successive
loads with approximately uniform spacing, which can excite the structure and, under certain
circumstances, create resonance; and due to the potential wheel load variations resulting from either
track or wheels [29]. Due to the lack of hyperloop infrastructure standards, the NEN EN1991-1-2 [29]
is adopted for this load case. Based on these general design rules, the results from static analysis should
be multiplied by the dynamic factor @.

Additionally, it is determined that dynamic analysis is required for this structure (See section C of
Appendices). But, since dynamic analysis of the structure is outside the scope of this research, only the
static analysis is performed with the use of dynamic factor, which resulted in:

(1)2 = 1.15
The total pod load is therefore:

Fy

od = 196.2kN - &, = 225.63 kN (5.6)
5.5.8 Breaking of the pod

Pod deceleration imposes a longitudinal force on the rails and from the rails to the rail supports. This
force can cause instability of the rings and stringers. In the model, the longitudinal force is applied to
the surfaces to which the rails are attached.
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A maximum suggested permissible deceleration for trains provided by J.P. Powell et al. [30] is set at
2.45 m/s? for forward-faced passengers, which is approximately 0.25g. Considering the pod weight to
be 20000 kg, this imposes the following longitudinal breaking force:

F,=m-a=20000-0.25-9.81 =49 kN (5.7)

The force is transferred from the rails to the ring supports. For simplicity, an assumption is made that
the pod measures 16m; thus, since 16 ring supports are present per 16m tube segment, this imposes the
following longitudinal load per ring support:

F
Flring = % =3062.5 N (5.8)

5.5.9 Thermal expansion

The temperature of the hyperloop tube structure may increase due to environmental conditions, leading
to the expansion of the material. Considering the potential extensive length of the hyperloop network,
this thermal expansion could result in large stresses in the tube. Therefore, the temperature variation
needs to be determined, after which an assessment can be done on the tube expansion. Currently, the
thermal expansion of the structure is mitigated with expansion joints. In this research, the temperature
ranges from 20°C to 80°C is considered. The temperature deviation is otherwise based on extreme
scenarios, where the maximum temperature is taken as 70°C, and -30°C as the minimum temperature.
This Temperature range is in line with the range which was considered for the tube design currently
used at the European Hyperloop Centre.

5.5.10 Foundation settlement

Foundation settlement is another concern which needs to be addressed. Sudden settlement can cause
loss of contact between the tube and support, and consequently, the tube stays elevated above the
foundation. This doubles the bending length of the tube and could have adverse effects on the passing
pod inside the tube. The tube would also have increased compressive stress on the top and tension stress
on the bottom. This scenario could be checked by either doubling the length of the tube and assigning
the same loads or by assigning displacement support and allowing initial displacement that represents
the foundation settlement. To foresee such occurrences, a monitoring system could be implemented at
the supports, detecting any settlements at any part of the infrastructure.

5.5.11 Accidental loads

Hyperloop structure should be checked for accidental loads, such as vehicle impact, hyperloop pod
impact, explosion etc. Considering the pod velocity and high safety measures required for the operation
of the hyperloop system, it is important that the structure can withstand loads by accidental occurrences.
It is a low-probability event, but the system needs to be well isolated from external factors to operate
without disturbances. This load case was not considered in this research; however, the approach is
provided in section Impact load analysis recommendation of Appendices.

5.6 Load combinations

Load combination is defined based on NEN-EN1990, Actions on Structures [26]. Structure
consequence class 2 (CC2) is chosen in case the hyperloop tube is to be used only for cargo
transportation and CC3 in case of passenger transportation. Since this is still preliminary research of
the design, an assumption is made that only cargo will be transported in the initial phases of hyperloop
applications. Therefore, for this structure, CC2 is determined. Load factors are taken from Table NB.4
— Al1.2 (B) from NEN-EN1990 [31], where an unfavourable condition was chosen for permanent
actions.
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Table 2: Load cases and load magnitudes

Load case Load magnitude
gself - Self-weight /

Jvac - Vacuum pressure 0.1 MPa

gr - Rails load 58.860 kN

qw - Wind load 0.375 kN/m?

gs - Snow load 0.56 kN/m?

Js.pod - Static pod load 196.2 kN

qbr - Breaking of the pod 3.06 kN

General combination formula:
1-2qself+ 1-2\|10qvac + 12\|10qr + 15\|lqu + 1-5W0qbr + 15\V0qs + I-S\VOqst.p.

Ten load combinations were formed, but only three most probable and critical are presented in this
research. This is Load Combination 1, which is a scenario of the operating tube but without any external
or internal actions. Load Combination 2 includes the snow load case, and load combination 10 is the
critical combination, in which all load cases are present. All combinations, along with combination
factors and corresponding load magnitudes, are given in section D of Appendices.

ULS combinations

LC1: Vacuum pressure only: 1.2qseir + 1.2W0qvac. + 1.2W0qr

LC2: Snow: 1.2qseif + 1.2Woquac T 1.2y0qr + 1.5y0qs

LC10: Critical combination: 1.2qscir + 1.2Woqvac + 1.2Woq: + 1.5yoqw + 1.5W0qs + 1.5W0qstp.
SLS combinations

LC1: Vacuum pressure only: gseir + WoQvac. T Woqr

LC2: Snow: qseif + WoQvac + Woqr + Woqs

LC10: Critical combination: qseir + Woqvac + Woqr + Woqw + Wogs + Woqstp.
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6  Analytical approach

Initially, an analytical approach has been used to verify the components of the skeleton tube design. The
model was simplified down to simple cases of beams and plates. Only the critical load case was
considered, which is the vacuum pressure. Initial analytical checks gave an indication of whether the
structure has the capacity to withstand the assigned loads.

6.1 Skeleton tube design

Preliminary analytical checks were performed on the components of the skeleton design. The initial
load path has been identified, and each component has been modelled as a statically determinate
structure. One of the known critical load cases on the tube is the vacuum pressure, which is the
difference between the atmospheric pressure outside the tube and the pressure inside the tube. Taking
the inner pressure as 100Pa, the imposed pressure on the plates is therefore 0.1MPa.

Considering the calculated area load, all components were checked in regards to either their strength,
stability or deflection. To obtain the load distribution, the model can be simplified as two simply
supported beams offering support to a longitudinal plate. The a and b in Figure 44 represent the spacing
between two rings and spacing between two stringers, respectively.

T

Figure 44: Simplification of the rings and stringers
assembly

Figure 43: Isometric view of two stringer, two rings and
a plate within the assembly

An assumption is made that the load is distributed as if the plates were flat, and not curved. The area
load is evenly distributed across the plate, where each stringer takes half the area load. Given the plate
thickness, tube length, ring diameter and number of rings and stringers, the area load per plate can be
estimated. A safety factor of k = 1.2 is used.

kN
qga = (Qatm - Qtube) k= 121? (6.1)

kN
Lineload:q = qgq - b = 53.4; (6.2)

The following verifications are related to strength, stability and serviceability. For detailed calculations
see Appendices E.
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6.1.1 Stringer verification

The stringers are simplified as the beams loaded by a uniformly distributed load along the length.

Figure 45: Top view of the stringers within the assembly
Figure 46: Stringer simplification

Bending moment resistance, shear force resistance and a combination of both have been verified.
Lateral torsional buckling is not expected to take place since a rectangular cross-section is assigned,
and moreover, the length of the elements is short. Deflection does not play a vital role when considering
only Im spacing between the rings; nonetheless, the verification was done. With the assumption of
pinned boundary conditions, it resulted in 3.57mm, whereas the deflection limit is 4mm (see section E
of Appendices for detail calculations).

6.1.2 Ring verification

The load path goes from the plates to the stringers, and from the stringers to the rings. Load on the ring
can be expressed as point loads at the location of the stringers, as presented in the following figures.

Figure 47: Cross-section of the Skeleton tube design Figure 48 Simplification of the ring model
Point loads from the stringers represent the shear force to the rings, therefore the check is identical to
the shear resistance check of the stringer. For the stability check, the ring is simplified as a column
laterally supported at the location of the stringers. The applied load in this case is only from the vacuum
pressure, but in a later stage, the critical load affecting the ring stability will be the non-uniform loading,
such as wind or snow load.

Initially the critical buckling length is taken as the distance between two point supports, represented by
stringers, as seen in Figure 49. To recreate a critical situation, an assumption is made that ring-to-stringer
connections in the middle fail, so the supports in the middle are removed. This increases the critical
buckling length to 2.5m.
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Figure 49: Simplification of the ring for the stability verification

For more realistic simplification of the model, the supports could be expressed as springs since the tube
itself experiences global buckling. Ring-to-stringer connections would determine the stiffness of these
springs. But the global instability of the rings is not significant, therefore the initial assumption can be
used. The verification proved that the global stability of the rings is not satisfactory.

6.1.3 Plate verification

Curved plate has been modelled as a cable structure with the uniform load along the cable.

Pvacuum

Figure 50: Plate cross-section

/
AR

Figure 51: Plate simplification as a cable structure

In order to calculate the deflection of the plate, axial cable deformation (strain) needs to be calculated.
An assumption is made for the pinned supports, and in order to calculate the deflection of the plate,
axial cable deformation was calculated. The total vertical deflection due to vacuum pressure resulted in
only 0.6mm, which meets the allowable deflection of 15mm. Detail calculations are given in section E
of Appendices.
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6.1.4 Ring-to-stringer connection verification

The load path travels through the webs of the stringer to the webs of the ring. Since components lay
perpendicular to each other, the area through which the load is transferred is concentrated on four strips.
One of the issues is that the ring has a curved flange, while the stringer has a flat flange. This geometrical
discrepancy leads to a gap between the two surfaces which are in contact. Although a single gap alone
is unlikely to cause unforeseen structural behaviour once the tube operates, it can nonetheless affect the
construction process, especially if the geometrical imperfections would accumulate throughout the
whole length of the tube section. One of the potential issues is a non-uniform load transfer to the ring,
which could cause increased stresses on one side, and consequently, local buckling of the webs.

Vacuum pressure load path

If only the vacuum pressure load is considered, since it is a critical load case, then the stress in the webs
can be calculated. A vacuum pressure of 0.12 MPa is considered in this research, and the vacuum is
retained by the plates of the skeleton tube design. The load is then transferred from the plates to the
stringers, and subsequently to the rings. For clarification, Figure 52 represents forces in previously
described load path.

Fu,1 Fu

7 N
"/ \LF\:I \LF\:?\%

jyf(»“f&f" \ lF web, 1 lF web,2 / \TZ{%%%""~»L.

Figure 52: Visualisation of the load path due to vacuum pressure. Initially, the vacuum exerts its pressure on the curved
plates. The force from the plate is then divided into horizontal and vertical force component. The force is then transferred via
stringer webs to the rings. The bending moment in the plates is neglected due to their thickness.

For the analytical calculation, a simplification of curved plates is made and assumed as if they are flat.
Another assumption is made that the radius will not affect the load path, i.e., the radius is small enough
to transfer the load as if it wasn’t present. The spacing between stringers is 400mm, the width of the
stringer flange is 60mm, and the spacing between rings is 1000mm. The load per ring is therefore
calculated as follows:

Arorar = 460000 mm?
F,=p-A=552kN (6.3)

Two loaded strips are applicable if the stringer does not deform significantly, i.e., if the ring flanges do
not buckle upwards once the load is applied. In case of a larger deformation, then the flanges are less
utilised, and the load transfer into four smaller areas becomes evident. The normal stress in the case of
two strips is therefore calculated as:

Agtripz = 3+ 60 = 180 mm?

__fn = 153.33
ZAstrip,Z . mm2

On (6.4)

O-n
UC =-2=044 0.K.
fy
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In case of large deformation, the load would be distributed to four strips. In the analytical method, it is
difficult to predict the length of a single strip since it depends on the steel grade, load magnitude and
total deformation. An inverse engineering approach can be used to calculate the minimum required area
strip for which the yield stress will not be reached. Therefore:

F
0,=— - A=—=1555mm?
A On
A 2
Astripa = i 38.87 mm (6.5)
strip,4
Astripa =w-1 - 1= w 13mm

The minimum length is, therefore, 13 mm. It should be noted that the analytical approach was performed
considering vacuum pressure only. Due to the slenderness of the structure, it is expected to be sensitive
when exposed to non-uniform loadings, and its structural response might prove to be difficult to predict
and verify analytically.

In the following table, all analytical results are summarised.

Table 3: Summary of analytical results

] Mgy[kNm] VgalkN] o [MPa] 6[mm] P
Unity check
Mpl,Rd,y [kNm] Vpl,Rd,y [kN] ay [Mpa] 6allowed [mm] NCT [kN]
Stringer 0.6 0.37 / 0.89 /
Ring 0.37 / / 0.08
Plate / / 0.2 0.04 /
Connection / / 0.44 / /

6.2  Plain tube design

As mentioned in Chapter 2.5, the buckling resistance of the tube can be verified using the critical
buckling formula. Knowing that the radius of the tube is 1.25m, and that the thickness determined by
the designers is t = 16mm, the critical pressure can be calculated.

3

E (
Po=—— (=) =0121MP .
T (-2 (R) 0 @ (6.6)

The anticipated vacuum pressure for efficient use of the hyperloop system is 1 bar, which imposes
0.1MPa surface pressure. The unity check it therefore:

0.1
UC = 557 = 0-826 O.K. (6.7)
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7 FEM Approach - Skeleton tube design

Skeleton tube design is initially decomposed into single components, which are analysed separately.
Appropriate boundary conditions are assigned at the locations where they are connected to adjacent
components in the assembly. FEM analysis of individual components is conducted to identify potential
weaknesses of the design and to predict their behaviour within the assembly. Thereafter, the whole
skeleton tube design assembly is analysed. For the comparison study, the plain tube design, which is
used at the test site at the European Hyperloop Centre has been modelled using the information gathered
from the production site and test site visit. Additionally, based on identified weaknesses in the assembly,
design modifications are suggested. The proposed ring-to-stringer connection design is also modelled
and analysed.

7.1 Individual components

Skeleton design consists of three unique components: plate, stringer, and ring. For the simplicity of
comparison with the analytical approach, only the vacuum pressure load case has been considered in
all models.

7.1.1 Plate analysis

Initially, a single plate was analysed to determine whether the 1 mm thickness can withstand vacuum
pressure load. Boundary conditions are set as fully fixed at the surfaces, which are in contact with the
stringers and shims, and pressure load is assigned normal to the surface. The setup is presented in Figure
53.

Y Y

000 1000.00 (mm) )\ 0.00 10000 (mm) zl/l\
I ) 7 X [ ] x

500.00 50.00

Figure 53: Single plate model setup. Fully fixed Figure 54: Single plate - mesh [10 mm]
boundary conditions are assigned at the flanges and
edges of the curved surface.

Due to the small thickness of the plates, large deformation were expected once the loads are assigned.
The choice of steel grade can affect the structural response of the plates in terms of deflection. Therefore,
structural steel S355 and S460 have been considered in the analysis. The boundary conditions in the
model of a single plate are not the exact representation of the stringers. Due to forces passing from the
plate to the top flanges of the stringers, the stringer webs tend to buckle. Therefore, the stringers' support
to the plate flanges represents more of a spring support. The stringer web deformation is dismissably
small on the global scale but contributes to the plate deformation shape. This is showcased in more
detail in Chapter 7.2.

The model details are presented in the following table:
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Table 4: Single plate - model settings

Material Structural steel S355
Model type Shell

Mesh Quadratic

Element size 10mm

Analysis type Linear and nonlinear
Loads Vacuum pressure

Equivalent stress and total deformation were obtained from the linear analysis. The highest stress occurs
along the edges where the plate bends, as illustrated in Figure 55. The deformation is of the anticipated
shape, with the maximum deflection in the middle of the plate, Figure 56.

0.00 100000 (mrm) 0.00 100000 (mrm)
[ ] X [ ] X

500.00 500.00

Figure 55: Equivalent Von-Mises Stress [MPa] — Linear Figure 56: Total deformation [mm] — Linear analysis
analysis

Subsequently, a nonlinear analysis was conducted, and the same results were extracted. It was expected
that the deformation will be slightly larger and more uniform, while stresses almost identical since it
exhibits an elastic response.

N

0.00 1000.00 (mm) A 0.00 1000.00 (mm) A
(e — z x —— z x
500.00 500.00
Figure 57: Equivalent Von-Mises Stress [MPa] — Figure 58: Total deformation [mm] — Nonlinear analysis

Nonlinear analysis
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The linear analysis exhibits larger maximum deformation, while the deformation in the nonlinear
analysis is more uniform along the entire plate. Comparing Figure 56 and Figure 58, it is visible that
the plate begins deforming towards the edges, while in the linear model, the maximum deformation is
concentrated in the centre area of the plate. Stress is increased along the plate edges, which is partially
due to modelling and due to the design as well. Moreover, the comparison of stress levels between both
types of analysis and both steel grades did not differ since the plate was not loaded to its yield point.

The difference in deformation between the linear and nonlinear analysis is 15% and 12.5% for S355
and S460 steel, as seen in Graph 1 to Graph 4. This is an indication that a nonlinear analysis is required,
and an even larger discrepancy between the two types of analysis is anticipated in the assembly model.

Single plate - Total deformation vs Vacuum pressure
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Graph 1: Deformation difference between linear and

nonlinear analysis of the single plate — S355

Single plate - Total deformation vs Vacuum pressure
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Graph 3: Deformation difference between linear and

nonlinear analysis of the single plate — 5460
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Graph 2: Stress difference between linear and nonlinear

analysis of the single plate — S355
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Graph 4. Stress difference between linear and nonlinear

analysis of the single plate — S460
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7.1.2  Gradually increased point load analysis

The skin of the skeleton tube design measures lmm in thickness, and it does not offer significant
resistance to any external actions. An analysis was conducted to determine its resistance to the point
load. A circular area of roughly 3000mm? has been gradually loaded until failure. This encompasses a
scenario in which a heavy object is laid on top of the plate. Vacuum pressure is present as well to
consider an unfavourable situation. The setup is identical to the previous analysis, with boundary
conditions set as fully fixed at the surfaces which are connected to the stringers and shims. The load
was gradually increased from 0 to 20 MPa, or until failure. The aim was to identify the load at which
the yield point and ultimate strength is reached.

0.00 100000 (mrm) z’/l\‘
L E— X

500.00

Figure 59: Setup of the impact load analysis. Vacuum pressure is assigned to the curved surface (B) and additional circular
area load (C)

The yield strength was reached at area pressure of 1.87MPa (Figure 60), which is approximately a load
of 5.61kN. The plate deforms vertically by 4.85mm, as seen in Figure 61. This deformation is
satisfactory, since it ensures that the plate will not make contact with the ring, given the 15mm spacing
between them.

Figure 60: Yield strength at p = 1.87 MPa — S§355 Figure 61: Total deformation at p = 1.87 MPa — S355

Ultimate strength is reached at 8.9MPa of area pressure, or a point load of 26.7kN (Figure 62). The
deformation at this stage is 15.5mm, which is 0.5mm more than the maximum allowed deformation.
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This indicates that if the point load would have been assigned directly above the ring, contact could
occur in an unfavourable situation, and potentially causing the plate to rupture prematurely.

Figure 62: Fracture at p = 8.9 MPa S355 Figure 63: Total deformation at p = 8.9 MPa — S355

By increasing the steel grade from S355 to S460, the area pressure at which the yield point is reached
is increased by 8.5%, and the total deformation at that point is 4.36mm. That is 11% less than for S355.
The failure point is reached at the area pressure of 7.93MPa, which translates to 23.79kN. The total
deformation at that point is 11.14mm.

All results are compiled in the following graphs, demonstrating the gradually increasing circular area
pressure, and plate’s corresponding stress (Graph 5) and total deformation (Graph 6). As expected, the
S355 steel grade is more ductile, and therefore the material reaches the yield point sooner, but it is able
to deform plastically more than the S460.

Stress [MPa| vs Area pressure [MPa] Total deformation [mm] vs Area pressure [MPa)
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Graph 5. Point load analysis - Stress [MPa] in the plate Graph 6: Point load analysis - Total deformation [mm]
of the plate
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7.1.3 Thermal effects

If the tube is exposed to the sunlight, or if the internal components heat up while operating, this imposes
a thermal action on the structure. In the case of the skeleton tube design, where many components are
interconnected, thermal expansion can cause many unwanted or unforeseen stresses in individual
components. This can consequently negatively affect connections, cause residual stresses and ultimately
weaken the structure. Linear expansion formula will be used in this application. Thermal expansion is
governed by change in temperature and change in temperature cause a change in the rate of expansion.
Linear expansion formula is given as:

AL= a-Ly-AT (7.1)

Coefficient of thermal expansion for Structural steel is 0.000012 C'. This coefficient of thermal
expansion is defined by default in Ansys software as well. The length of the single plate model is 4m,
and the temperature increase is from the ambient temperature of 22°C to 80°C. Therefore, the
temperature change is 58 °C. This results in thermal expansion of 2.78 mm.

As seen in Figure 64, in order to obtain directional deformation due to thermal condition, the roller
support had to be assigned at the location of the stringers and on one side of the plate, where the plate
is connected to the shim. The other side of the plate is fully fixed.
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Figure 64: Thermal expansion analysis - Setup Figure 65: Thermal expansion - directional deformation
[0x = 2.83mm]

Ansys analysis output an almost identical result, with the directional deformation of 2.83mm per 4m
long plate section. The difference between analytically calculated expansion and FEM result is
0.076mm or 1.65%. This is due to the boundary conditions assigned in the model, where the fixed side
is not an edge, but a strip of the plate, which is connected to the shim. Considering that the length for
the tube section is 16m, the longitudinal tube expansion in the critical scenario will result in ~11.1mm,
meaning that there is a need for expansion joints.
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7.1.4 Ring analysis

The FE analysis of the ring only is done by applying two line loads, as seen in Figure 66. That is the
area where the stringer due to bending transfers the load to the ring webs, and the load magnitude is
governed by the vacuum pressure load case. The setup is done in a way that is comparable to the
simplified analytical approach.

Ansys

2023 R2

Figure 66: Setup of the ring analysis. Figure 67: Normal stress [MPa] at the loaded strip.

Maximum stress is at the location of the support. This stress reading can be dismissed, since it is not of
the essence. Probe is used to read the stress at the relevant location, which is slightly under the applied
load. The normal stress g, results in 172.53 MPa, which is 11% higher than the result obtained from the
analytical approach. The difference can be explained by considering the deformation, which is present
in the FEA model. As the ring web under the load deforms, there will be forces acting in the opposite
direction since the material tends to resist the deformation.
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7.2 Assembly

A single tube section measures 16m in length, but due to the model's size, a shorter Sm long model has
also been analysed. Limitations of each model are stated before the section with results. The three most
probable load combinations are considered and presented. These are LC1, LC2 and LC10, which are
also described in section 5.6. LCl1 is applicable when the tube is under vacuum pressure, but exposed
to environmental actions, nor the pod loads. LC2 is a scenario in which the snow load is the dominant
load case, and LC10 is the critical load combination, which includes all considered load cases.

7.2.1 Linear vs nonlinear analysis

Initially, it had to be determined whether linear analysis is suitable for this model. It is anticipated that
many components of the design will deform when the model is loaded, and these deformations will
affect the global structural response of the assembly. Identical model was analysed first using a linear
material and without large deformations, and thereafter using a nonlinear material and with large
deformations turned on. Assembly stresses are given in Figure 68 and Figure 69, where the stress in the
linear analysis reaches 517MPa. This is beyond the 490MPa ultimate strength of S355 steel. On the
contrary, the nonlinear analysis resulted in maximum stress of 336 MPa, which is below the yield
strength. One of the conditions for linear analysis is to stay within the elastic limit, and if the material
in the model experiences a nonlinear stress-strain behaviour, then the nonlinear analysis must be used.
As the structure deforms, the component’s stiffness decreases. Consequently, the stresses decrease as
well, and generally the model deformation increases.
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Figure 69: Equivalent von Mises stress [MPa] of the

Figure 68: Equivalent von Mises stress [MPa] of the assembly due to LC10 — nonlinear analysis

assembly due to LC10 — linear analysis

As mentioned in the individual component analysis, the nonlinear response usually leads to a larger
deformation. Looking at Figure 70, the legend shows larger total deformation compared to deformation
in Figure 71. But after observation of the components, it is noticeable that this is only valid for the plate,
which has a similar response as in the analysis of individual components (see Chapter 7.1). The
nonlinear deformation of the assembly is more uniform compared to the linear response, and besides
the plates, other components exhibit larger deformation.
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Figure 70: Linear analysis: Total deformation [mm] of

Figure 71: Nonlinear analysis: Total deformation [mm]
the Assembly due to LCI10.

of the Assembly due to LC10.

In conclusion, the linear model does not result in correct stresses; additionally, structure is made out of

thin elements which undergo larger deformations under loading. Thus, a nonlinear analysis is needed
for this research.

40



7.2.2  Skeleton design - 16m - SLS

The 16m long section is modelled and analysed to determine the vertical deflection. Since only the
global deflection of the tube is verified in this analysis, a linear analysis is performed. A small influence
on the global vertical deformation might have the longitudinal stiffness of the plates, which, due to
linear analysis, might contribute to less accurate and more conservative results. In the linear analysis,
the plates will not additionally deform due to loss of stiffness, and therefore, they might take additional
forces. It should be noted that due to a coarse mesh and linear analysis, the stresses are not verified;
instead, a S5m long tube section is modelled and analysed for this purpose.

Table 5: Analysis settings — 16m model without rail supports

Settings

Material Structural steel S355 - linear
Model type Shell

Mesh type Quadratic

Analysis type Linear

Table 6: Component mesh sizes — 16m model without rail supports

Component Mesh size [mm]
Plates 80
Stringers 80
Rings 60
Edge flanges 40
Shims 40

Table 7: SLS combination — 16m model without rail supports

Load case Magnitude
Self-weight ~

Vacuum pressure 0.1 MPa
Snow load 0.00056 MPa
Wind load 0.00025 MPa

This design does not have rail supports and has the sole purpose of retaining vacuum pressure and
resisting environmental actions. The general idea for this design is that the rails would be supported
only at pylons and reinforced by a beam on the inside of the tube. Therefore, the structure is not affected
by the moving pod load, but simultaneously, the tube structure does not provide support to the rails.
Consequently, the rails should be sufficiently reinforced at the supports (pylons) to meet strength and
deflection limits.

When determining the total vertical deformation, it is important to consider that each set of components
behaves differently under different loads. Plates will primarily deform due to the vacuum pressure, and
their deformation will not have a significant influence on any other components. Stringers, on the other
hand, will have maximum deformation at the midspan between rings, and their bending will cause
global deformation of the plates. On the contrary, rings will not experience large deformations locally
but will have evident global displacement. This means that due to self-weight, snow load and wind load,
the ring centre axis will move and indicate the global deflection of the tube. Another important ring
behaviour is that they will not have a symmetric deformation due to non-uniform loading. Vacuum
pressure load case induces a symmetric ring deformation, while wind and snow load will induce an
ellipsoidal ring shape.
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Vertical deformation limit can be determined based on EN1990 [31], which states that the total vertical
deflection measured along any track due to rail traffic should not exceed L/600. To determine the
maximum permissible vertical deflection for railway bridges with 3 or more simply supported spans,
the following figure should be used [31]:
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Figure 72: Maximum permissible vertical deflection oy for railway bridges with 3 or more successive simply supported spans

[31]

Taking the speed V7 as 350km/h, which is the highest available from this graph, the deflection limit
results in:

L

8, 1500

The level of comfort can be decreased from very good to either good or acceptable, as per Table 8.

Table 8: Levels of comfort and associated vertical acceleration limits [31].

Limiting value of verticaﬂ
Level of comfort acceleration b,
m/s?
Very good 1,0
Good 1,3
Acceptable 2,0

The vertical deflection limits increase to 3.25mm for a good level of comfort and up to Smm for
acceptable. The hyperloop rails have an additional deflection limit based on the vertical misalignment
between the 1m long rail segments. The allowable vertical displacement is 1.5mm per rail segment for
operational conditions. Since the rails are hanging from the top of the tube, it is possible to mitigate
structure deflection by calibrating the heights of rail segments.

SLS verification

In the serviceability analysis of the 16m long tube section, the critical SLS load combination was used.
Vertical deflection is read from the side of the eight ring, as seen in Figure 74.
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Figure 73: Total vertical deformation [mm] — LC10 - SLS Figure 74: Vertical deformation [mm] - middle ring

Figure 75 represents the vertical deformation of the rings. Observing the dark blue colour scheme of
the top side of the middle rings, it shows a vertical downwards deformation of up to 1.29mm, while the
bottom side of the edge rings experience a vertical upwards deformation of up to 0.47mm.

2¢+03 (mm)

Figure 75: Vertical deformation of the rings [mm]

This analysis provided the general global deformation of the 16m long tube section. The vertical
deflection of the entire tube is 0.72mm (Figure 73). Additionally, the rings deform into an ellipsoid
shape, but this deformation is localised to an individual ring, and it does not influence global deflection.
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7.2.3 Skeleton design - Sm — ULS

The following model is a Sm long variant of the skeleton tube design without rail supports. The purpose
of this model is to verify the strength and stability of the design and to identify weaknesses. A nonlinear
analysis is performed since the plastic response is predicted. A finer mesh compared to a 16m long
model is generated to output more accurate results. A critical ULS load combination (LC10) is used, as
described in Chapter 5.6.

Table 9: Analysis settings — Sm model without rail supports

Settings

Material Structural steel S355 - Nonlinear
Model type Shell

Mesh type Quadratic

Analysis type Nonlinear

Table 10: Mesh size - 5m model without rail supports

Component Mesh size [mm]
Plates 50
Stringers 50
Rings 20
Edge flanges 40
Shims 40

Table 11: ULS combination — 5m model without rail supports

Load case Magnitude
Self-weight ~

Vacuum pressure 0.12 MPa
Snow load 0.00084 MPa
Wind load 0.000375 MPa

O O
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Figure 76: Setup of ULS analysis of the assembly with Figure 77: Meshed assembly with mesh sizes as given in
LCI10 Table 10
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Figure 78 illustrates the total deformation contour of the assembly under Load case 1, and Figure 79
displays deformation resulting from Load case 10. Plates positioned at the top of the tube exhibit larger
deformation due to self-weight for LC1, while for LC10 the deformation is more prominent at the top
left of the model due to the wind and snow load. Observing increased deformation of the plates at the
edges of the tube, this is due to the first ring being spaced only 0.5m from the flange and consequently
being more reinforced.

. .
0.00 1000.00 mrm) 0.00 1000.00 mrm)
[ S—] [ S—]
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Figure 78: Total deformation [mm] of the assembly Figure 79: Total deformation [mm] of the assembly
without rail supports due to LCI. without rail supports due to LCI0.

Graph 7 shows deformations of the critical components within the assembly. Three load combinations
are considered: LC1 (0 <t <3), LC2 (3 <t<4)and LC10 (4 <t <5). The load cases are gradually
applied, and the final time step of each load combination represents the final deformation due to that
specific combination. A linear deformation increase is seen for all components in LC1. Afte that, a
deformation decrease is seen for the plate and stringer, while ring deformation increases as the LC2 is
reached.

Assembly - Total deformation of the components

Total deformation [mm]

LC1 LCc2 LC10

0 0.5 1 L5 2 25 3 3.5 4 4.5
Time step (s)

——Plate - §355 —8—Sringer - $355 —&—Ring - 8355

Graph 7: Total deformation [mm] vs Time step [s] of the individual components in the assembly without
rail supports. The time steps indicate load combinations, also marked with colours.

The snow load is gradually assigned at t = 3s, causing the ring to become non-uniformly stressed and
to change from a circular to an ellipsoidal shape. The analysis with S460 steel grade resulted in marginal
deformation differences. The reason for this is explained in the stress assessment in the next section.
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Strength verification

Equivalent von Mises stresses due to LC10 are presented in Figure 80. Stresses in the ring hoover
between 40MPa and 260MPa (see Chapter 7.2.6 for the stress range in the ring), with stress
concentrations at connections and an increase in compressive stresses spanning from the connection to

the inner flange. The maximum stress of 339 MPa is at the ring to stringer connection, as seen in Figure
81.
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Figure 80: Stress [MPa] of the assembly without rail Figure 81: Maximum stress [MPa] at the stringer to ring

supports due to LC10 connection. Four stress concentrations are expressed in
the ring at each connection because of the load path
through the webs of components (UC = (.96)

The same approach of presenting load combinations 1, 2 and 10 is used for stresses. It should be noted
that Graph 8 represents the stresses of the centre ring, side stringer and side plate. The central ring is
chosen because it has no influence on increased stiffness from either edge of the tube.

Assembly - Stress in the components
500

148.26 447.21

100
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Stress [MPa]
12

12

141.43 142.3

LC10

1 L3 2 2.5 3 35 1 1.5
Time step (s)

—£—Ring - $460 —8—Ring - 8355 —B8—Stringer - $355/8460  —*—Plate - $355/8460

Graph 8: Maximum stress [MPa] vs Time step [s] of the individual components in the assembly. The time steps indicate load
combinations.

Observing the ring stress curve, the peak is at t = 2.2s, where the stress reaches ovm = 350MPa. After
this point, the stress decreases. This is because a plastic response was triggered at that load, and the ring
began to deform plastically. This initiation of plastic deformation caused the ring to deform locally and
distribute the concentrated stresses. Compression stress concentrations can be seen in Figure 82, and
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the contact area with the stringer is in tension since this area of the ring flange is being stretched. When
S460 steel is assigned as the material, the stress in the ring increases up to 6 = 449.2MPa at LC1. Stress
does not significantly change after t = 3s, which signifies the severity of the vacuum pressure load case.

Figure 82: Maximum stress [MPa] in the ring at t = 2.2s. Figure 83: Decreased stress [MPa] at t = 3s due to
Four concentration points can be seen due to compression previous initiation of plastic deformation.
stress.

Although the stresses were beyond the yield strength in the linear analysis, the yield point was not fully
reached in the nonlinear analysis. A nonlinear response is initiated, local plastic deformation initiates
and the stress gets dispersed to other components.

Plate deformation

The plate deformation was expected to be uniform across the cross-section of the plate, with maximum
total deformation in the middle, since the vacuum pressure acts normal to the surface. Nonlinear FEM
analysis proved differently, where the plate deformed in a sinusoidal shape. This shape of the plate is
achieved due to combination of the following factors: deformation of the stringers, plate to stringer
connection type and lateral tensile forces due to plate curvature. The latter is the main reason, and the
following figures describe the structural behaviour. One plate is isolated for the verification (Figure 84)
and the total deformation of a short plate strip is expressed, as seen in Figure 85. Based on the
deformation contour and node results, it can be seen that the total deformation in the middle of the plate
is smaller than at the sides.

©
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Figure 85: Strip of the plate deformation [mm] located

Figure 84: Total deformation [mm] of the single plate between two rings. This is a true scale deformation.

and adjacent components.
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The side view and scaled-up deformation clearly showcase the deformation shape (Figure 86). This
deformation can be explained by deconstructing forces in the plate. The vacuum pressure acts normal
to the surface, meaning that the force is acting perpendicular to the plate in its local coordinate system.
In the global coordinate system, the central part of the plate only has the vertical force component, while
force acting at the side of the plate is decomposed into vertical and horizontal force component. Figure
87 clearly shows force components, where due to horizontal force F, the central part of the plate is
tensioned and subsequently the vertical deformation u; is decreased.
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Figure 87: Horizontal and vertical force components due
Figure 86: Side view of the plate strip with scaled-up to vacuum pressure. Fu forces tension the middle part of

(x78) deformation. The middle of the plate deforms less the plate, causing it to deform vertically less, therefore
than the sides, creating a sinusoidal shape response. UIsu.

7.2.4 Skeleton design - 16m with rail supports - SLS

The same analysis is repeated for the 16m long model with rail supports. As stated before, the 16m long
model is analysed solely for the purpose of verifying vertical deflection. The reading is taken at the side
of the ring, just as at the skeleton tube design without rail supports.

Table 12: Analysis settings — 16m model with rail supports

Settings

Material Structural steel S355 - Nonlinear
Model type Shell AND solid-shell

Mesh type Quadratic

Analysis type Nonlinear

Table 13: Mesh size - 16m model with rail supports

Component Mesh size [mm]
Plates 80
Stringers 80
Rings 60
Edge flanges 40
Shims 40
Rail supports 40
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Table 14: SLS combination — 16m model with rail supports

Load case Magnitude
Self-weight

Vacuum pressure 0.1 MPa
Rails load 58.86 kN
Snow load 0.00056 MPa
Wind load 0.00025 MPa
Static pod load 196.2 kN

This model includes rail supports, and therefore, rails and static pod load cases are additionally assigned.
Vertical deflection is taken from the side of the eight ring (Figure 89), which resulted in 6 =-3.33mm.

0 3e+03 (mm) R.J
[
1.5e+03
Figure 88: Vertical deflection [mm] of the assembly due Figure 89: Vertical deflection of the eight ring [mm] due
to SLS LC10- 16m model with rail supports. to SLS LCI10

Rings indicate the global tube behaviour. It can be seen in Figure 90 that the central rings deflect
downwards while the rings located at the edges of the tube deform upwards. This is due to fixed
boundary conditions and the global bending moment in the tube. The structural response of the ring is
discussed in detail in section 7.2.5.

0 3¢+03 (mm) X
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Figure 90: Vertical deformation of the rings [mm]
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The results cannot be directly compared to the model without rail supports since this model has an
additional objective, which is to support rails and the pod. Rail supports act as a reinforcement of the
rings and not only as a dead load on the tube. This design decision drastically improved the performance
of the structure, especially since rings are the critical components of the assembly. Moreover, the pod
is hanging from the top of the tube, which means that reinforcing rings in the upper part increases their
compression capacity.
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7.2.5 Skeleton design - Sm with rail supports - ULS

Thereafter, a Sm long model with rail supports is analysed for strength. The ULS load combination 10
(LC10) is used in this analysis. The thickness of rail supports is 60mm, and the use of shell elements
proved to cause large stress concentrations at the connections. Therefore, solid-shell elements are used
for these components.

Table 15: Analysis settings — Sm model with rail supports

Settings

Material Structural steel S355
Model type Shell AND solid-shell
Mesh type Quadratic AND linear
Analysis type Nonlinear

Table 16: Mesh size - 5Sm model with rail supports

Component Mesh size [mm]
Plates 50
Stringers 40
Rings 20
Edge flanges 40
Shims 40
Rail supports 20

Table 17: ULS combination — Sm model with rail supports

Load case Magnitude
Self-weight

Vacuum pressure 0.12 MPa
Rails load 26.487 kN
Snow load 0.00084 MPa
Wind load 0.000375 MPa
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Figure 91: Setup of ULS analysis of the assembly with Figure 92: Meshed assembly with mesh sizes as given in
LCI10 Table 16
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Figure 93 and Figure 94 showcase the total deformation of the assembly due to LC1 and LC10. Larger
deformation is expressed at the sides of the tube, which is also indicated by the deformation contours.
This structural response is due to the rail supports reinforcing the rings at the top and the sides. Thus,
the ring is reinforced against horizontal ovalisation on both sides, while only at the top against vertical
ovalisation.
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Figure 93: Total deformation [mm] of the assembly with Figure 94: Total deformation [mm] of the assembly with
rail supports due to LC1 rail supports due to LC10

Graph 9 shows the total deformation of the critical components in the assembly. The deformation is
primarily influenced by the ring’s behaviour. A linear deformation increase is seen for all components
in the LC1 region of the graph. At this stage the rings vertically ovalise. In LC2, the snow load is added
to the top of the tube, which counteracts the vertical ovalisation; thus, the total deformation decreases.
With the inclusion of wind load in LC10, which represents a horizontal force, the ring tends to vertically
ovalise once again. This observation is further explained in the following paragraph.

Assembly with rail holders - Total deformation of the components

Total deformation [mm]

0 0.5 1 L3 2 25 3 335 1 1.3 5
Time step (s)

——Phte —B—Stinger —e—Ring

Graph 9: Total deformation [mm] vs Time step [s] of the individual components in the assembly with rail supports. The time
steps indicate load combinations, also marked with colours.

Ring deformation

The rail supports are fully fixed to the rings, thus, they behave as a reinforcement of the ring. Due to
them, the ring’s stiffness is drastically increased at the side and at the top. Figure 95 showcases the
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loading of the rings due to vacuum pressure, and the stiffness difference in the ring, due to which the
vertical ovalisation happens.

Increased stiffness

Hinges-like behaviour

W

Figure 95: Left: Vacuum pressure load case. Middle: Forces acting on the ring through the stringers. Right: Representation
of increased stiffness due to rail support and the locations of sudden change in stiffness, where the hinge like behaviour is
observed.

Consequently, a large deformation discrepancy is observed between the top/bottom and the sides of the
ring. As seen in Figure 96, the deformation is mirrored across the centreline. For visualisation, Figure
96 and Figure 97 represent a scaled-up deformation for LC1 and LC2, showcasing both the rigid
movement and the bending part of the ring distinctly. Undeformed wireframe indicates the direction of
ring deformation. At the ends of the rail support, where the stiffness decreases, these two locations act
as a hinge. At these locations the ring bends and consequently the bottom side of the ring vertically
deforms.

- I v -
0.00 1000.00 (mm) % 0.00 1000.00 (mm) &
500.00 500.00
Figure 96: Vertical scaled-up deformation of the ring due Figure 97: Vertical scaled-up deformation of the ring due
to LC1. Wireframe shows the undeformed shape of the to LC2. Wireframe shows the undeformed shape of the
ring. ring.

The following two figures show the scaled-up horizontal deformation of the ring due to LC1 and LC2.
It is observed that the total horizontal deformation decreases after the snow load is assigned.
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Figure 99: Horizontal scaled-up deformation due to LC2.

Figure 98: Horizontal scaled-up deformation due to LC1. Wireframe shows the undeformed shape of the ring.

Wireframe shows the undeformed shape of the ring.

In order to understand better the ring behaviour, four control points were chosen on the middle ring
from which the deformation data is taken (Figure 100). Each control point is a node located the outer
flange of the ring and has its own local coordinates, as shown in Figure 101.
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-_— ) [ |
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Figure 100: Nodes locations on the middle ring from Figure 101: Ring nodes and corresponding local axis.
which the deformation data is extracted.

Displacement data of those control points is presented in Table 18. LC1 includes the vacuum pressure,
LC2 adds the snow load and LC10 adds the wind load from the Z direction. An observation is made at
Z, and Z4 (control point 2 and 4), where the node displacement decreases from LC1 to LC2. This is due
to the snow load counter acting the vertical ovalisation. The wind load thereafter increases vertical
ovalisation and the displacement increases again.

Table 18: Node displacement [mm] per load combination — design with rail support

Axis orcifmm] oLc2[fmm] drcio/mm]

Y 0.38 0.2 0.24
71 ~0 ~0 -0.17
Y2 -0.45 -0.55 -0.58
72 1.38 1.29 1.23
Y3 1.27 1.29 1.25
YA ~0 ~0 ~0

Y -0.45 -0.55 -0.51
Z4 -1.45 -1.36 -1.5

54



Strength verification

The strength evaluation of the model resulted in the maximum von Mises stress of 342.56MPa at t =
2.2s. This translates to UC = 0.96; therefore, the structure still exhibits an elastic response. The stress
concentrations are identified at the ring to stringer connections, as shown in Figure 103.
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Figure 102: Maximum stress [MPa] for S355 model Figure 103: Maximum stress in the ring at the ring-to-
stringer connection. (UC = (0.96)

At t = 2.2s the structure is still being gradually loaded by LC1 (0 <t < 3s). Graph 10 gives information
on stresses in individual components in regard to load combinations. Looking at the Ring S355 curve,
as previously stated, the peak is reached at t — 2.2s and then a small dip seen until it increases again up
to 340MPa. For the stress decline, the same explanation can be given as for the design without rail
supports. As the stress approaches the yield point, the nonlinear material data is triggered. This initiates
a nonlinear response, in which the element stiffness falls and the local deformation increases. The
increase in deformation cannot be seen in Graph 9, because the global deformation of components is
more prominent, while this affects the local deformation (at the ring-to-stringer connection in this case).
Stress data also proves the magnitude and severance of the vacuum pressure load case, while snow and
wind load only have a marginal effect on the structure in terms of strength.

Assembly with rail holders - Stress in the components
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30 43224 —
450 - 2372 4219
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Graph 10: Maximum Stress [MPa] versus Time step [s] for critical components. The time steps indicate load combinations.
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The stress rise after t = 2.6s is due to the ring bending at the location of rail support edges. At this
location, the ring’s stiffness is significantly decreased; thus, it acts as a pivot. Figure 104 and more
specifically Figure 105 illustrate the described stress concentration. This response was mitigated to
some extent by increasing the length of the rail supports, as well as with the addition of tapered edges.

sl
000 1000.00 (mm) z

—
Figure 104: Stress [MPa] in the ring at t = 5s. The Figure 105: Stress concentration in the inner flange of
maximum stress is on the outer flange, at the connection the ring next to the tapered end of the rail support for
with the stringer. Inner flange exhibits stress of up to LC10 with UC = 0.88

313MPa

Looking back at Graph 10, it represents stresses of the critical components, and not at specific nodes of
critical location Two stress concentrations were identified in the ring (see Figure 103 and Figure 105).
Therefore, each critical location needs to be assessed separately, to understand the stress behaviour. The
control points were chosen at the stress concentrations, as presented in Figure 106 and Figure 107.

Figure 106: Control point at the ring flange Figure 107: Control point at the ring-to-stringer
connection

Stress build-up at both points due to load combinations is given in Figure 108. It is seen that ring flange
location exhibits a maximum stress of 321MPa at t = 3s, while stress at ring-to-stringer connection
increases up to 340.8MPa.
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Figure 108: Von Mises stress [MPa] at the control points due to different load combinations

Each ring-to-stringer connection represents a critical location in the assembly. For the given loading
conditions, the assembly still deforms elastically; although, at critical locations a nonlinear response is
initiated and a full plastic response is anticipated in case of a sudden unforeseen load increase.
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7.2.6  Stress in the ring

With the addition of the rail supports, the stress in the ring webs has reduced. The following figures
showcase the von Mises stress of the central ring’s web. Figure 109 represents the stress in the design
without rail supports. An increase can be seen towards the inner flange in the centre between the
stringers, where the stress reaches 263MPa. Looking at Figure 110, the stress pattern is different,
because the rail support mostly resists the compressive forces. In both designs local stress
concentrations are seen at the contact location with the stringer.

Figure 109: Equivalent von Mises stress [MPa] in the

8 ; " Figure 110: Equivalent von Mises stress [MPa] in the
design without rail supports.

design with rail supports.

Stress at those locations needs to be verified by identifying the largest absolute principal stress. Since
the rings are in compression, the minimum principal stress is extracted at the contact location. The
minimum principal stress in the design without rail supports results in 386MPa (Figure 111), and with
the addition of rail supports in 355MPa (Figure 112). The minimum principal stress is larger than the
von Mises stress, and it proves that yielding will be initiated in the design without rail supports.

Figure 112: Minimum principal stress [MPa] at the ring-

Figure 111: Minimum principal stress [MPa] at the ring- t0-stringer connection of design with rail supports

to-stringer connection of design without rail supports.

Since the minimum principal stress exceeds the yield point, the equivalent plastic strain needs to be
verified and compared to the maximum gross yielding strain. Knowing from the calibration model that
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the principal plastic strain is roughly esnen ~ 0.05, while the maximum plastic strain in the model is
roughly epiastic ~ 0.01 (Figure 117), it is safe to conclude that the design is structurally within the ULS
conditions.

Unit: mm/mm
Time: 1.7 s
30/01/2024 14:45

0.0092822 Max
0.0082508
0.0072195
0.0061881
0.0051568
0.0041254
0.0030941
0.0020627
0.0010314
0 Min

Figure 113: Maximum equivalent plastic strain [mm/mm]
at ring-to-stringer connection

50.00

Figure 114: Maximum equivalent plastic strain [mm/mm]
in the ring flange at the end of the rail support
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7.2.7 Fatigue verification due to vacuum pressure fluctuations

High stresses are primarily caused by the vacuum pressure load case. Therefore, a cyclic loading appears
whenever the tube depressurises. Upon pressurization of the tube, the stresses increase as presented in
the previous chapter. Given the extensive length of the potential hyperloop system, the closing valves
would need to be incorporated. These valves would serve to isolate tube segments that are pressurized
and in use from those that are depressurised and not in use. Whenever the tube depressurises and
subsequently pressurises again, it imposes a load cycle. While it is not anticipated to pose a fatigue
issue, due to the relatively high stress levels, the detail is nevertheless verified.

To conduct linear elastic fatigue verification, the principal stresses are extracted from the location of
the stress concentration at the edge of the rail support. For accurate stress range Ao, the results are taken
from the same node in the mesh. As seen in Figure 102 and Figure 115, the maximum and minimum
principal stress results in 99.6MPa and -359MPa, respectively. Both figures show the same ring detail,
where compressive stress is exhibited at the top of the flange, while tensile stress at the bottom.

,‘

Figure 102: Maximum principal stress [MPa] in the Figure 115: Minimum principal stress [MPa] in the inner
inner flange of the ring next to the tapered end of the rail flange of the ring next to the tapered end of the rail
support for LC10 (omax = 99.6MPa) support for LC10 (omin = -359.24MPa)

The stress range 4o is therefore 458.8MPa. This detail represents the failure of the base material, given
the detail category 160 (construction detail 3 in Table 8.1 of EN1993-1-9 [32]). With the given stress
range, the detail’s fatigue life results in 34.5-10° cycles. The projected fatigue life may appear
suboptimal initially; it is noteworthy that if the tube becomes depressurised twice per day, the fatigue
lifetime would still be 47 years.

Additionally, according to DNV [7] the low cycle fatigue of base material is verified. This is done
because the stress is just below the yield point, and the nonlinear response was initiated. The maximum
principal strain at the location of the stress concentration is presented in Figure 116.
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Figure 116: Maximum principal elastic strain [MPa] in the inner
flange of the ring next to the tapered end of the rail support for LC10

The number of cycles to failure is calculated using the following equation given in DNV [7] standards:

Ag of _ , _
— =5 @)1 4 g (2N) 0% (7.3)
Where:
Ag is the fully reversible local maximum principal strain range
E is the modulus of elasticity (material constant)
of is the fatigue strength coefficient (material constant)

€hs is the fatigue ductility coefficient (material constant)

Taking of and &' as 175MPa and 0.091 (‘air’ environment), as per Table 5-6 of DNV [7], the number
of cycles to failure results in 515000. Whenever the tube becomes depressurised, it counts for one cycle.
Therefore, it is safe to conclude that this detail is prone to low cycle fatigue.

On the contrary, the low cycle fatigue of welded joints requires data of fully reversible maximum
principal hot spot strain range. A mesh with element size of ¢ x ¢ is recommended by DNV [7]. Since
fatigue verification of connections is outside the scope of this research, only a recommendation is given
on the procedure. The connection should be localised, preferably modelled with solids instead of shell
elements with mid side nodes, such as 20-noded brick elements. The fully reversible maximum principal
hot spot strain range should thereafter be determined and used in verification of the low cycle fatigue
of welded joints. The verification steps are provided in DNV [7], chapter 5.2.5.
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7.2.8 Eigenvalue-buckling analysis

Structure buckling involves sudden loss of stiffness and a deformation change. Local buckling usually
appears in an isolated region, and the structure can still support all the loads. Eigenbuckling analysis is
a linear method that predicts theoretical buckling strength. It is a computationally efficient way of
determining buckling shapes and buckling loads, but it can yield unconservative results since it does
not include any nonlinearity in the analysis. It uses a linear perturbation method, a type of analysis
designed to solve a linear problem based on its prior linear or nonlinear preloaded status. The prior
analysis is the base analysis, and the perturbated analysis uses the effects of the base analysis for future
analysis.

Three different methods are proposed by DNV standards [7] for buckling resistance analysis:

1. Linearized approach: apply the FE method for assessing the buckling eigenvalues (linear
bifurcation analysis) and determine the ultimate capacity using empirical formulas

2. Full non-linear analysis using standard defined equivalent tolerances and/or residual stresses

3. Non-linear analysis that is calibrated against standard formulations or tests.

The first two named approaches are used and compared in this research.

Initially, a linear eigenvalue buckling analysis of the model was performed. Observing the load cases
and the load path in the skeleton tube design, it is evident that rings will be in pure compression.
Therefore, it is expected that buckling will appear in the rings. As seen in Figure 117, local buckling
appeared in the webs of the rings.

R: Eigenvalue Buckling

Total Defarmation

Type: Tatal Defarmation

Load Multiplier (Linear): 4.0541
Unit: mm

1Max
0.88889
Q77778
0.66667
0.53356
044445
032333
022222
011111
0 Min

Figure 117: First buckling mode of the Skeleton tube design with rail supports

First ten buckling modes were extracted, and all of them expressed local buckling in the webs of the
rings. The first ten buckling modes are presented in Table 19, with their buckling factors. Figures of all
buckling modes are given in section FEM results of Appendices.
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Table 19: Buckling shapes and corresponding eigenvalues of the Skeleton tube design

Buckling shape Eigenvalue - A
1 4.054
2 4.061
3 4.077
4 4.085
5 4.196
6 4.201
7 4.220
8 4.224
9 4.238
10 4.243

Determination of buckling resistance by use of linearized buckling values

According to DNV, in order to establish the buckling resistance of the structure using linearized
buckling values, a linear analysis should be performed, and maximum compressive and von Mises
stresses expressed. Then, the eigenvalue buckling analysis should be run, to determine eigenvalues and
eigenmodes. The governing buckling mode is then chosen, and the von Mises stress is taken from the
point in the model where the stress will reach the yield stress first.

Then, the critical buckling stress, ok, needs to be determined. This is done by multiplying the
representative stress, orep, With the eigenvalue, kg, of the governing buckling mode:

Oki = Kg * ORep (7.4)

Representative stress is the stress in the centre of the buckled web of the ring, as seen in Figure 118 and
Figure 119.

1.
ode 22175 8

Figure 118: Node in the model with the highest von Mises stress

Figure 119: Representative stress [orep = 236 MPa]
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So:
oxi = 1054 MPa

The reduced slenderness is calculated as:

_ /fy 355

Then, the k factor needs to be determined. Web buckling of the ring can be considered as the buckling

of the stiffened plate, where the flanges act as stiffeners. Therefore, the following equation can be used
from DNV Table 5-7 Buckling curves [7]:

1

K = W <1.0 (7.6)
Where:
@ =05[1+a(1-02)+2?] (7.7)

And a = 0.3 for strict tolerances and moderate residual stresses. So, this gives factor ¢ = 0.73 and factor
k =0.86. After obtaining all the factors, the buckling resistance Rq can be determined, where the material
factor is taken as 1.15:

R, Kfy 086355

SRep B YMO-Rep - 1.15- 236 -

1.13 (7.8)

Unity check:

1
UC=—-=089<1

Buckling resistance from non-linear analysis using standard defined equivalent tolerances

The buckling resistance of the model can be assessed through a nonlinear analysis, where the initial
imperfections, residual stresses and material non-linearity are taken into account [7]. The determined
equivalent geometrical imperfections are assigned to the nonlinear model, inducing buckling in the
wanted part of the model.

The Ansys workflow is also showcased in Figure 88, where initially, a linear static analysis was
performed, meaning that the linear material has been assigned, and large deflections in the model were
deactivated. Subsequently, eigenvalue buckling analysis was performed, providing buckling modes and
their corresponding eigenvalues. A separate Ansys project was then created for post-buckling analysis.
The model is transferred with a critical buckling shape assigned. To induce the desired buckling shape,
a scaling factor had to be defined for the initially perturbed shape, which was done according to DNV
standards [7].

- T - u - v
= s . R 1
2 @ EngnesringDats 2 @ Enginesring Datz v . 2 @& EnginesringData
3 Geometry v o4 3 [E] ceometry v . 23 |§@ Model v,
4 @ Model v 4 w4 @@ Model v . 4 |@8 setp ¥ .
5 @ sewp v 4 — o5 @& sewp v . 5§ Soluton ¥ .
6 @3 Soluton o 6 @3 Soluton v o— 6 @ Reslts ¥ .
7@ Rests v a 7@ Rests 4 Nonlienar anal Iysis

Assembly -linear analysis Eigenvalue Buckling

Figure 120: Workflow of buckling analysis in Ansys
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In the nonlinear analysis of the model, the magnitude of the initial geometrical imperfection is
determined using Table 20. The web can be seen as a plane plate between two stiffeners, presented by
the ring flanges.

Table 20: Equivalent imperfections based on DNV [7]

Shape Magnitude

bow L/400

A

L
|

=

SECTION A-A

buckling /200
eigenmode -
bow twist | 0.02 rad A "/ / "\

Section A-A

L

Therefore, the s from Table 20 represents the height of the web, which is 200mm. This interpretation is
also visualised in Figure 121.

Figure 121: Interpretation of the ring web as the plane plate between stiffeners

This yields a scaling factor of 0.5. Given that the total deformation of the web from the linear analysis
is Imm, the initial geometrical imperfection of the web before the nonlinear analysis is 0.5mm. The
load magnitudes in the nonlinear post-buckling analysis were gradually increased until the failure. By
increasing the load magnitude, it is possible to determine the load factor at which failure happens in the
model with an initial geometric imperfection.

The ring experienced failure at vacuum pressure of 0.17MPa. Wind and snow loads were increased as
well, but have minimal influence compared to the vacuum pressure. In the next two figures, the final
deformation of the ring is showcased before the failure. For visualisation of the ring behaviour, Figure
123 shows the scaled-up (x36) deformation. The maximum deformation of the ring is seen above the
buckling point. This is due to global ring deformation, where the buckled point act as a hinge.
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Figure 122: Total deformation [mm] of the buckled ring Figure 123: Scaled-up deformation [mm] of the buckled
at the failure point ring at the failure point for visualisation

Looking at the scaled-up deformation of the ring at the failure point in Figure 124, it is evident that the
webs buckle outwards for 2.55mm, while the flange buckles inwards for 1.7mm. This is the last data
set before the failure. Figure 125 shows the stress in the ring at the failure point.

Figure 124: Close-up of the ring deformation (scaled-up) Figure 125: Stress [MPa] at the buckled location
at the buckled location.

Figure 126 and Figure 127 represent the stress and total deformation of the buckled ring as the vacuum
pressure gradually increases. The yield strength is reached at vacuum pressure of 0.082MPa (Figure
126), then a plastic plateau is seen from p = 0.143MPa until failure at p = 0.17MPa. The stress curve
slightly ascends before the failure, indicating the beginning of material’s strain hardening. Although the
ultimate strength of S355 steel is 490MPa, the ring failed at 359MPa. This is due to multiple factors: i)
Initial geometrical imperfection which initiated the buckling, ii) slender components reach yield and
ultimate strength sooner, and iii) a multilinear nonlinear material data has been used instead of bilinear.
This can cause a preliminary failure in the post-buckling analysis; thus, DNV [7] standards suggest
assigning a bilinear material.
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Stress vs Vacuum pressure Total deformation vs Vacuum pressure

348.2

Total deformation [mm]
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Vacuum pressure [MPa] Vacuwum pressure [MPa]
Figure 126: Stress [MPa] vs vacuum pressure [MPa] of Figure 127: Total deformation [mm] vs vacuum pressure
the buckled ring. [MPa] of the buckled ring

Looking at Figure 38 in section 5.1, the nonlinear material data triggers at 320MPa, while the bilinear
isotropic hardening material data has a linear stress-strain curve until the yield strength of 355MPa
(Figure 128).

—T EMooo
1

Strain
Figure 128: Bilinear material model to be used for the post-buckling nonlinear analysis as given in DNV [7]

Using the bilinear material data, it is observed that the stress reached 370MPa before the nonlinear
response.

Stress vs Vacuum pressure
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N
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—=— Multilinear material mode| —&—Bilinear material model

Figure 129: Comparison of stress data using bilinear and multilinear material model. The stress in the model with bilinear
data overshoots beyond the yield point.

This is a computational error due to stress extrapolation from the integration points to the nodes. Stress
and strain values are read at the nodes. As explained in Ansys innovation course [33], in case of the
elastic response, the values at integration points (points between the nodes) are extrapolated to the
nodes. In case of a plastic response at the integration points, these are simply copied to the nodes, as
seen in Figure 130.
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Figure 130: Values projected to the nodes in case of an elastic and plastic response [33]

The problem appears when the stress is just below the yield point. In this case, the extrapolation of
values is permitted, but the extrapolated stress at the node exceeds the yield stress. This can be mitigated
by increasing the mesh density or by using a command code in Ansys, which forces the values from the
integration points to be copied to the nodes.

Lastly, the equivalent plastic strain is checked at the point of failure. As seen in Figure 131, it results in
0.6%. This indicates that the failure happens without large preceding plastic deformation.

Unit: mm/mm :
T
0.006348 Max
0.0056427
0.0049373
0.004232
0.0035267
0.0028213
0.002116
0.0014107
0.00070533
0 Min
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<]

|
"ﬁ ] 100.00 (mm)

Figure 131: Maximum equivalent plastic strain [mm/mm]

Both approaches satisfy the unity check, where the linearized approach yields unity check of 0.89, while
the full non-linear approach results in 0.7. Comparing both approaches, the linearized approach provides
conservative results.
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8 FEM Approach - Detail Engineering

One of the critical points in the design is the connection between the stringer and the ring. This was
identified in the analysis of the assembly, as well as in the assessment of the tube production and
construction. In the initial design, the components would be welded together. In a single tube section,
there are 16 rings and 18 stringers, which sums up to 288 connections. During the construction, aligning
all components and maintaining them in position might prove problematic and result in inaccuracies.
Considering that the structure is prone to imperfections and that the straightness of stringers is of great
importance, as well as that stress concentrations are present at those locations, the connection type needs
to be researched. Initially, a model of welded connection was analysed, and after that, six different
connection designs were modelled. They are compared in terms of complexity, efficiency and
production.

8.1 Ring-to-stringer connection

One ring and stringer were isolated from the assembly analysis to study the structural behaviour.
Assessment of the local stresses is performed to identify reasons for concentrated stresses. A bonded
connection is assigned between the ring and the stringer in the assembly. This does not represent the
weld, but the stresses in the components are accurate nonetheless since the load path goes through the
webs of both components. Figure 132 showcases the stress in the components, and the load path due to
the vacuum pressure. The scaled-up deformation of the model in Figure 133 clearly visualises the
behaviour of both components. Stress concentrations are attributed to the upward buckling of the ring’s
top flange. Additionally, the lack of fillets on the components further causes increased stresses.

£2.397 .
Mode 96801

1244 \

Hode 163994
165.72 .
Hode 168962

Figure 132: Stress [MPa] of the initial ring to stringer Figure 133: Stress contour with a scaled-up deformation
welded connection design. For simplification purposes in for visualisation of component behaviour.

the analysis the two surfaces are simply bonded. The

arrows represent the load path.

Based on those results and considering the ease of construction, several connection designs were
modelled. The general design idea was to increase the surface through which the load would be
transferred and to create a design that also mechanically bonds the two components. The failure should
still happen in the ring or stringer, and if that is not the case, it can be guaranteed by either increasing
the thickness of the connector (bracket) or assigning a higher steel grade.
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Detail A Detail B

——— \
.y

Detail C Detail D

Detail E Detail F

Detail A — It improves the bending stresses in the stringer by increasing the longitudinal area through
which the load travels. On the downside, it does not resolve the issue of geometrical imperfection
between the two contact surfaces. The assembly might prove to be problematic since two individual
parts need to be connected.

Detail B — This detail mechanically connects both components, offers limited support for horizontal
loads, and can be welded or bolted. Due to its smaller size, it might not perform well in case of accidental
loads, and the unreinforced flanges could be weak points.

Detail C—1t works like a sleeve for the ring, where the inner surface of the bracket follows the curvature
of the ring while the top surface is flat. The steel sleeve could either be welded or bolded to the ring,
while the stringer can only be welded to the top surface. It allows some flexibility during assembly and
mitigates geometrical imperfections, but the stringer would not be reinforced, and the performance
would not outweigh manufacturing costs.

Detail D — This detail is an improvement of Detail C, where two reinforced flanges are added for extra
stability of the stringer. It might also ease the assembly process since the components will be
mechanically put in place. This bracket would be welded along the edges of both components, which
would create a stiff connection but would be an expensive and time-consuming installation.



Detail E — 1t is identical detail as Detail D, but instead of a welded connection, it is bolted. This change
improves the assembly time and cost, and performs equally well, since the bracket is primarily in
compression.

Detail F — The last detail is another variant of Detail D, with different flanges. The production aspect
was considered in this design, although it does not improve the detail's performance.

After assessing details in terms of efficiency, production, construction method, and durability, Detail E
was chosen. All connections can either be welded along the edges to the webs of ring and stringer or
bolted. Welds are susceptible to cracks, and considering that component imperfections, such as lack of
straightness, can introduce residual stresses in the welds, the focus is on the bolted connection.

Given that the load is assigned to the top flange of the stringer, there is a possibility that the stringer
webs to buckle. In such case, the force would be transferred through the bolt. The idea of this detail is
that the bolt only serves as a mechanical fixture and not for structural integrity. Due to the slender cross-
sections of components, bolts cannot be pretensioned. To prevent such scenario, slotted holes were
added to the stringer webs. However, after reassessment of the design, slotted holes were added to the
bracket instead. This has been done to not further weaken stringer webs through which the load is
transferred. The connection design with slotted holes in the stringer is given section G of Appendices.

8.2  Steel bracket connection design

Steel bracket consist of the saddle, which is the curved base plate that is in contact with the upper flange
of the ring and bottom flange of the stringer, and two pairs of webs, one parallel to the ring and the other
to the stringer. Webs include bolt holes and reassure the mechanical fixture. The slotted hole in the
bracket also allows some amount of bolt pretension, and this would also prevent potential uplift of the
stringer. However, due to a small bolt size and thin web thickness, pretensioning is not considered in
this research. Bolt normal clearance hole should follow the EN1993-1-8 [34] standards, but for FE
model simplification, the bolt hole was modelled without clearance.

The goal of this connection design is to mitigate stress concentration and prevent local yielding.
Additionally, to ease the installation process and improve maintenance and the component replacement
process in case of failure.

Figure 134: Steel bracket connection design with a Figure 135: Holes in the ring and stringer, which could
slotted hole in the bracket itself. be made on site to reassure perfect fit.
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Figure 136: Cross-section of the bracket connection. The
inner contact surface follows the radius of the ring.

Figure 137: Side view of the steel bracket connection

Although a larger contact area improved overall stress distribution, the four stress concentrations are
still visible (Figure 139). Slightly increased stress is also seen in the web of the ring and at the edges,
but nonetheless, it is not critical.
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Figure 139: Equivalent von Mises stress [MPa] of
Figure 138: Analysis setup of the bracket connection. 226MPa at the ring contact area. The stress of 299MPa
given in stress contour is due to a stress singularity.

Observing the strength performance of the bracket, the critical area is the edge between the bottom webs
and the saddle. This is because of multiple reasons, including structural and analysis related. The load
travels through the bracket, and an increased resistance and, consequently, increased compressive stress
is expected at the edges of components. Additionally, ring webs tend to deform outwards due to
compressive load, and this deformation causes bending stress in the bracket webs, as shown in Figure
140. The two components are also in perfect contact along the inner fillet (maximum stress in Figure
141), which means that mesh density influences the results. Maximum stress is localised, signifying
that the mesh along the rounded corners is not dense enough. Mesh refinement could decrease these
stresses, considering that the total force will be transferred by contact surface.
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Figure 140: Von Mises stress [MPa] in the bracket -
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Figure 141: Von Mises stress [MPa] — bottom surface of
the bracket

Graph 11 displays the peak stresses in components as the load increases. Stringer data is not included
because of the reduced length over which the load is distributed and the boundary conditions that do
not fully match actual conditions. The stringer still serves the purpose of transferring the load to the
bracket in the analysis, but the results of the stringer itself are not reliable. Yield strength is not reached
in any of the components. Moreover, these stresses are attributed to previously discussed stress

concentrations.

Detail - Equivalent von Mises Stress vs Load

Stress [MPa]
I
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—B—Bracket
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—%—Ring

Graph 11: Stress in components in the ring-to-stringer connection design

Observing Figure 142 reveals that the largest deformation occurs in the centre of the bracket. Webs tend
to buckle outwards, whereas the area around the bolt hole stays undeformed. In Figure 143, the ring’s
flange is shown to buckle downwards under the compressive load. The deformations are minor and do

not indicate any unexpected behaviour.
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Figure 142: Total deformation [mm] — Steel bracket Figure 143: Total deformation [mm] - Ring

Longitudinal load

In case of the stopping pod load, a longitudinal load is assigned through the rail support to the ring. In
Chapter 5.5.8, the breaking of the pod load has been determined to be roughly /' = 3000N. If the load
is equally divided among all 18 connectors, then it results in a longitudinal load of F; = 170N per
connection. This load is dismissible small, and it does not affect the design. But considering the shape
of the rail support, through which the force is transferred, the load might not be equally divided. An
assessment was done, to determine whether the resistance capacity of the bolt and the stringer webs is
sufficient in case when only some of the connectors are activated.

The most critical scenario is, if due to lack of ring stiffness, only two bracket connections would have
been activated, which are the closest to the rails. This would result in a longitudinal force of ;= 1530N
per connection. In this analysis the vacuum pressure load case is present as well. This does not
contribute to the resistance in terms of friction, since a frictionless contact is used, but in terms of
mechanical bonding, once the stringer deforms at the edges and clamps the bracket.

Figure 144: Setup - Breaking of the pod and vacuum pressure
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Vacuum pressure load case was considered in the first analysis. Due to compression of stringer against
the connector, a frictional connection is expected between the two surfaces. Steel to steel friction
coefficient depends on the surface treatment and the amount of contact pressure. Verifying frictional
force analytically yields the following:

Fr=u-N (8.1)

Normal force between the surfaces is the point load calculated in chapter 6.1., while the static coefficient
of friction is taken as p = 0.14, which is for coated steel under contact pressure of 20 MPa [35].
Otherwise, the contact pressure between the stringer and the connector is:
_E_ 52N 15.33 MP 8.2
p= Z = 602 = . a ( . )
But based on the conducted tests, the difference between various contact pressures for the coated steel
is minimal.
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Figure 145: The static coefficient of friction at the first onset of sliding [35]
Therefore:
Fr= p-N= 0.16-552kN = 8.83 kN (8.3)

Which means that in order for the ring to slide out from underneath the stringer while the tube is under
vacuum pressure, a longitudinal load of 5.52kN is required per connection. This is in case if bolts would
not be present and if no yielding of the stringer is considered. Comparing this value against £, which
actually exhibits at the connection, it is safe to conclude that the load due to a breaking pod does not
destabilise the structure.

The critical scenario is in the case if the pod it is breaking, and the tube instantly depressurises due to
e.g., plate failure. Therefore, no compression is present between the stringer and the ring. To increase
the severity of the scenario, only two connectors are activated for resistance against the breaking pod
load, which gives F; = 1531.3N. The highest stress is expected at the contact point between the stringer
webs and the bolt. Expected failure mode, if any, is a bolt shear failure, shearing out of plate part, or
hole ovalisation. Figure 147 showcases the maximum von-Mises stress, which is in the web of the
stringer. A section plane is used to present stress inside of the stringer.
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Figure 146: Setup - Breaking of the pod [critical Figure 147: Maximum Equivalent von-Mises stress [ovu
scenario] = 103.5MPa]

Failure modes are also verified analytically to assess which is the critical failure mode. Bolts are loaded
in shear; therefore, the bolt failure is brittle. An assumption is made that the shear face is through the
shank and not the thread. Thus, the shear resistance of the bolt is calculated using the following
equation:

0.6-fup-4A
FV,Rd = - Juw = (84)
Ym2
A bolt class of 8.8 is chosen, which is the preferred class for non-preloaded bolts. Considering bolt M8,
the bolt resistance to shear is:

0.6 - 800 - 50.265 1.5
Fyra = e = 193kN > Fnax = — = 0.75kN (8.5)

Next check is the bearing resistance, where the general expression is:

ki ay-f, t-d
Fora = — - (8.6)
Ym2

Bearing resistance depends on plate properties (steel grade, thickness), bolt properties (strength class,
diameter), the hole diameter and the position of the bolt hole. The factor of 2.5 can be used as a reference
value for ;- ap, since ki needs to be smaller or equal to 2.5, and o, smaller or equal to 1. Fj ey is divided
by 2, since the bolt is clamped on both sides. So:
2.5:355-3-8 1.5
Fopra = ———=——=17.04 kN > F} qux = — = 0.75kN (8.7)
' 1.25 ’ 2

Judging from the analytical approach, a conclusion could be done that the maximum allowed
longitudinal force F; is roughly 17kN. But it should be noted that the detail has a slotted hole, which
weakens the design, and the maximum allowable F7 is therefore less. The bolt and plate resistance are
nonetheless sufficient.

Hole misalignment and a gap between the bracket and the ring

If the decision is made that the bolt holes would not be made on site, but rather at the manufacturer, a
threat of geometrical misalignments exist. Potential scenario is that the bolt hole in the ring is drilled
Smm above the designated location. This creates a gap between the steel bracket and the ring flange,
and consequently the force goes through the bolt, instead of the contact surface. Connection with a Smm
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gap is modelled as seen in Figure 148, and the same load and boundary conditions are assigned as at
the previous analysis. The total deformation proves that a minimal deformation can be expected in such
case. It also indicates that there is no bolt or plate failure.
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Figure 148: Connection details with a Smm gap between
the bracket and the ring Figure 149: Total deformation [mm] of the detail

Looking at the von Mises stresses in Figure 150, it can be seen that the maximum stress of 638MPa
exhibits in the bolt. Since the bolt is non-preloaded, the preferred bolt class is 8.8, with a yield strength
of 640 MPa. That means that the bolt does not plastically deform under such conditions; however, in
case of impact load, or any other unfavourable situation, which would suddenly increase the load, a
plastic response or even failure in the bolt is expected. Observing Figure 151, the increased stress pattern
in the bracket web shows a compression above the bolt, but at the same time, the compressive stress is
exhibited under the bolt. This is due to the bolt acting as a pivot, around which the plate tends to deform.
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Figure 150: Equivalent von Mises stress [MPa] - cross- Figure 151: Stress [MPa] in the bracket. Red arrows
section of the detail show the bending of the bracket web around the bolt.
This induces compressive stress under the bolt

After that, stresses in the ring and webs of the bracket are assessed. The load path goes from the bracket
webs to the bolt. The maximum stress reaches roughly 358MPa at the point of contact and 345MPa in
the area adjacent to the contact point. This indicates that the yield strength is reached, and the bracket
plastically deforms at the bolt hole. Due to exceeding yield strength, the plastic strain had to be verified
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(Figure 153), which resulted in 1.42%. This is still less than the allowable plastic strain of 4.99%,
determined with the calibration model.

1
ime:

13
2770172024 2831

0.014272 Max
0.012688
0.011101
00095149
0.0079291
0.0063432
00047574
0.0031716
0.0015858

0 Min

Figure 152: Maximum stress [MPa] in the bracket at the Figure 153: Equivalent plastic strain [mm/mm]
contact with the bolt

To mitigate the potential gap, the holes could be drilled on-site. If this proves to be a costly process,
then a rubber filling could be placed between the bracket and the ring to establish contact between the
two surfaces and prevent the force from travelling directly through the bolt. The inclusion of a rubber
damper would also require a slight pre-compression of the bracket to the ring, which would ensure that
the load passes through the surface contact rather than the bolt. Rubber also absorbs vibrations;
therefore, the connection’s resistance to fatigue might improve.

Production

The production of brackets might prove to be expensive, especially when considering that the inner
surface needs to be milled with a radius to fit perfectly onto the ring surface. Three options are
considered for bracket manufacturing: a CNC Milling Process, welding the plates and a precision
casting process.

CNC milling is generally used for smaller parts and offers tighter tolerances. A steel block is typically
used, from which the model is milled using a CNC machine. This process is especially accurate, and
although small corner and geometric errors are possible, as presented in Figure 154, this process is
nonetheless more precise compared to casting.
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Figure 154: Illustration of corner and geometric error, as presented in the research paper on machining accuracy [36]

The disadvantages of CNC milling include material waste and slower manufacturing speeds. On the
contrary, precision casting of steel brackets involves melting the steel and pouring it into a mold. In this
case, die casting is the suggested method, which involves inserting the material into the mold under
high pressure. This technique improves the surface quality and dimensional accuracy. Additionally,
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secondary machining would be required due to the small tolerance requirements of the detail. Casting
is a faster process compared to CNC milling, and it produces less material waste. The downsides of
casting are unwelcome geometrical imperfections, which could affect the strength integrity [37].
Considering that the steel bracket consists of three plates with details, a welding process can be utilised.
This process involves producing the flanges and saddle individually, then welding them into a bracket.
Welding can be automated; therefore, it might represent the easiest and most cost-effective production
method.

In conclusion, precision casting and welding are the two preferred methods for bracket production,
particularly because 288 brackets will be required for a 16m long tube section. Given the hyperloop
system's extensive length, mass production of brackets is unavoidable. Casting offers faster and cheaper
production, although it comes with the risk of potential geometrical imperfections. Annealing, a heat
treatment process, should be considered as well to increase ductility and reduce the possibility of a
brittle failure. On the contrary, welding offers a simple and efficient way of producing the brackets. It
is advisable to conduct a cost estimation and comparison to determine the most viable production
process.

It should be noted that the bracket was designed based on the forces present in this connection. For mass
production, the design should be optimised in terms of weight. This optimisation can be achieved by
analysing stress results and reducing material in the bracket areas which are underutilised.

Bracket connection at the bottom of the rings

The steel backet connection design has so far been considered to be located at the top of the tube. During
the operation of the tube, the brackets are in constant compression due to vacuum pressure. However,
should the tube lose its vacuum, there is a concern that the bottom brackets would connect stringers to
the rings solely through the bolts. However, this situation is valid only if the detail is considered on a
local scale. Globally, plates serve as a shell of the tube, providing some degree of additional stiftness to
the stringers, which are continuous and longitudinally connected to the plates.
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9 FEM Approach - Plain tube design

The plain tube design is based on the real structure located at the European Hyperloop Centre in
Groningen. The global dimensions were obtained from the construction site visit, while locations of rail
support connections were determined from the pictures. Global dimensions are identical to the
dimensions of the Skeleton tube design. The length of the tube section is 16m, and the tube diameter is
2.5m. The thickness of the tube wall is 16mm, and the thickness of the flanges and reinforcement ring
is 20mm.

9.1 ULS and SLS verification

Observing figures from the site visit in section 3, it can be seen that the rail supports are bolted to the
tube wall with eight bolts per support. Bolts are then welded onto the tube wall using circular caps.
Those caps are modelled as circular areas, as seen in Figure 155. The rails and pod load is, therefore,
assigned to those areas.

O 0
0 3e+03 (mm) X (4 3e+03 (mm) X
[ S—] [ S—]

1.5e+03 1.5e+03
Figure 155: Plain tube analysis setup - SLS Figure 156: Visualisation of the circular connection

areas and its corresponding rail load

The design is governed by the tube buckling and the total vertical deformation. Equivalent von Mises
stress does not govern the design since the tube thickness is determined to resist buckling. Pod rails
have a small margin of allowable deformation; thus, the total vertical deformation needs to be verified.

Table 21: Analysis settings — Plain tube design

Settings

Material Structural steel S355

Model type Shell

Mesh type Quadratic

Analysis type Linear

Table 22: Mesh size - Plain tube design

Component Mesh size [mm]
Tube 50
Flanges 50
Stiffener 50
Rail support 20
connection
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Table 23: SLS combination — Plain tube design

Load case Magnitude
Self-weight /

Vacuum pressure 0.1 MPa

Rails load 58.86 kN
Snow load 0.00056 MPa
Wind load 0.00025 MPa
Static pod load 196.2 kN

Figure 157 showcases stresses in the tube. An increase can be seen at the location of loaded circular
areas, while the peak is at the edge of the flange. This point is a stress singularity, which could be
eliminated by remodelling the flange. The strength of the plain tube design is, nonetheless, satisfactory.
Maximum vertical deflection is expressed by a blue contour, as seen in Figure 158. This is at the location
where the rail supports are attached to the tube itself. The maximum deflection results in 3.4mm.
However, to mitigate this issue, the rails can be calibrated to take into account the initial deflection.

0 0
0 3¢+03 (mm) X 0 36+03 (mm) X
[ —— [ —

1.5e+03 1.5e+03

Figure 157: Plain tube S355 - Equivalent von Mises Figure 158: Plain tube S355 - Directional deformation
stress [MPa] — ULS — LC10 [mm] y-axis — SLS — LC10
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9.2  Stability analysis

The plain tube is checked in terms of stability. The vacuum pressure load case has been increased by a
safety factor of 1.2. In the analytical verification, the effect of rails and pod load is disregarded. Since
those two load cases are present in the FEA model, it is expected to buckle before the vacuum pressure
load could reach 0.12 MPa. Therefore, the eigenvalue of the first eigenmode was expected to be less
than 1. The first ten buckling modes of the model were extracted, and the results are showcased in Table
24:

Table 24: Buckling shapes and corresponding eigenvalues of the Plain tube design

Eigenmode Eigenvalue - A
1 0.831
2 0.831
3 1.055
4 1.055
5 1.065
6 1.065
7 1.128
8 1.129
9 1.410
10 1.417

The eigenvalues of the first two buckling modes are below 1, which is, as previously stated, due to
additional load cases. Two buckling sections can be seen in Figure 159, where the stiffening ring in the
middle of the tube divides the buckling length.
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Figure 160: Buckling mode 1 [J. = 0.831] — front view

Figure 159: Buckling mode 1 [1. = 0.831] — isometric
view

Steel tube manufacturers provide the tolerances of such deformities, which can be used in the buckling
analysis. Given that the buckling factor is below 1, it is necessary to verify the design with a nonlinear
analysis incorporating initial geometrical imperfection. However, this theoretical buckling shape does
not accurately reflect the real-world geometrical imperfections of the tube. The manufacturer’s tube
tolerances are provided in terms of out-of-roundness (ovality), eccentricity (wall thickness) and tube
straightness reference. A nonlinear analysis with initial geometrical imperfection is nonetheless
performed. The initial imperfection scale factor was calculated using Table 20, where ‘s’ equals to 8m,
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and s/200 results in 40. Vacuum pressure was increased up to 1.2MPa, which is twelve times higher
than the anticipated load. As seen in Figure 162, the first buckling shape is initiated.
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Figure 161: Scaled-up total deformation [mm] of the Figure 162: Stress [MPa] at the buckled location of the
plain tube design with initial geometrical imperfection at plain tube design with initial geometrical imperfection at
vacuum pressure of 1.2MPa. vacuum pressure p = 1.2MPa. The deformation is scaled-

up for visualisation of the buckling.

Moreover, in the analytical approach, the codes do not consider global behaviour of the tube. Due to
bending, the bottom side of the tube will be in tension, while top in compression. Tensioning of the tube
will counteract buckling. This is also indicated with the deformation contour in Figure 161, where the

top of the tube which is in compression tends to buckle more than the bottom. In conclusion, the tube
design satisfies the buckling requirements.
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10 Comparison study

Existing hyperloop test sites opted for the plain tube; thereby, this design can be used as a benchmark
design. The comparison study focuses on critical aspects of hyperloop tube design: ultimate limit states,
serviceability limit states, thermal expansion, sustainability, and production. The skeleton tube design
was analysed for two scenarios, one in which the tube is used solely for retaining the vacuum pressure
and the second in which it also supports the pod. Since the plain tube is designed to support rails and
the pod, the latter version of the skeleton tube design is used for the comparison study.

Ultimate limit state

The plain tube is not designed based on the ultimate limit state but instead based on the critical buckling
pressure. Thus, the plain tube underutilised terms of its strength. Skeleton tube design, on the other
hand, is reaching the yield strength limit, with the ULS unity check of 0.96. An initiation of a nonlinear
material response was observed at ring-to-stringer connection and in the ring flange.

Fatigue limit state

Fatigue limit state of the assembly has not been fully considered in this research. Due to the number of
connections, slenderness of components and potential pod velocity, it is reasonable to anticipate that the
dynamic loads imposed by the moving pod will have a significantly impact on the assembly.
Connections are critical, and they may also be susceptible to fatigue. Therefore, an assessment of fatigue
resistance is recommended for further research on this design.

Serviceability limit state

The hyperloop infrastructure has strict deflection limits. The rails are made out of 1-meter-long
segments. These segments have an absolute tolerance of 1.5mm among each other, although a position
calibration can be done at installation.

Vertical deflection was extracted from both designs for critical SLS load combination. The plain tube
design had a maximum vertical deflection of 3.34mm near the middle of the section at the location of
rail supports. However, this deformation is due to local buckling of the tube, and the global vertical
deflection resulted in 1.8mm. Global vertical deflection of the skeleton tube design, taken at the side of
the central ring, resulted in 3.33mm. As stated before, the effect of initial tube deflection can be
mitigated by calibration height of the rails during installation. However, if possible, this should be
avoided.

Plain tube does not exhibit any local deformations due to the simplicity of design. On the contrary,
skeleton tube design is prone to local deformations. Slender components cause many stress
concentrations, and consequently, increased deformations and a plastic response are a threat.

Stability

Structure buckling is divided into local and global buckling. Plain tube design, as according to the
standards, experiences global buckling. Skeleton tube design, however, in the first 10 buckling shapes
resulted in only local buckling. It is concluded that due to the ring’s slender cross-section and since it
is in full compression, it will buckle locally first. The ring’s web buckling will eventually cause a ring
failure, and this may lead to a progressive collapse of the structure.

Thermal response

The infrastructure’s operational temperature range is supposed to be between 70°C and -30°C. If the
structure’s temperature increases uniformly, then the expansion of both designs is expected to be the
same due to the same expansion coefficient. In case of a non-uniform temperature increase, then the
cross-section of the tube has an influence on the response. In the case of the plain tube design, due to
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its thickness, it will take longer to reach the same temperature compared to the skeleton tube design.
Therefore, the plain tube outperforms the skeleton tube design at lower temperature ranges.

If we assume that the same temperature is reached in both designs, then the longitudinal force of the
plain tube is expected to be higher due to a larger cross-section. Plates of the skeleton tube design would
either buckle locally or deflect inwards due to their thickness. The stress increase at the connections is
expected to be minor and it not anticipated to affect the global performance. Additionally, the width of
the expansion joints for the skeleton tube design could be smaller than for the plain tube.

Impact load resistance

Comparison in impact load resistance heavily favours the plain tube design. The difference in plate
thicknesses is 15mm, which means that the plain tube's ability to withstand impact loads is significantly
greater. This aspect is one of the determinants of design safety. It is concluded that a skeleton tube
design is at a severe disadvantage in resisting environmental and accidental loads. Suggestion on the
approach of impact load analysis is provided in section Impact load analysis recommendation of
Appendices.

Sustainability

Hyperloop tube designs are compared in terms of material minimization and shadow costs. The total
weight of the tube section is calculated by extracting the total volume of the model and multiplying it
with the steel density. All components which were modelled are considered, and a comparison of
different tube variants are given.

Table 25: Weight comparison of tube designs without rail supports

Design Tube [m3] Rail supports [m®]  Brackets [m?] Total weight [t] Welght[‘:e/ft]ic1ency
Skeleton tube design 0.83 0 0 6.45 37.85
Plain tube design 1.14 0 0 8.90 '
Table 26: Weight comparison of tube designs with rail supports
Design Tube [m?3] Rail supports [m?*]  Brackets [m?] Total weight [t] Welght[:/ft]'imency
0
Skeleton tube design 0.83 0.29 0 8.71 28,07
Plain tube design 1.14 0.29 0 11.15 '

Table 27: Weight comparison of tube designs with rail supports and steel brackets in skeleton tube design

Design Tube [m*]  Rail supports [m’]  Brackets [m’] Total weight [t] Welght[;fi]'laency
0
Skeleton tube design 0.83 0.29 0.034 8.97 9431
Plain tube design 1.14 0.29 0 11.15 )

Looking at the weight efficiency to be made with the skeleton tube design, it is evident that the design
is significantly more sustainable in terms of material utilisation. Life cycle stage A is considered in the
shadow cost estimation. Calculation of the shadow cost ‘from cradle to gate’ per kilogram of steel is
given in Table 28.
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Table 28: Shadow cost of BOF steel (Basic oxygen steelmaking). Values used are proposed by CEG Delft [38].

Monetary value / impact

Impact category Unit category equivalent in Steel BOF [kg] Shadow
Euro: cost [€/kg]
Abiotic Depletion kg Sb eq 0.16 1.67E-02 2.67E-03
Global Warming Potential kg CO2 eq 0.05 1.94 9.70E-02
Ozone Layer Depletion kg CFC-11 eq 30 5.66E-08 1.70E-06
Human Toxicity Potential kg 1,4-DB eq 0.09 5.82E-01 5.24E-02
Ecotoxicity Potential, Fresh water kg 1,4-DB eq 0.03 3.91E-01 1.17E-02
Ecotoxcity Potential, Marine water kg 1,4-DB eq 0.0001 3.66E+02 3.66E-02
Ecotoxicity Potential, Terrestrial kg 1,4-DB eq 0.06 4.65E-03 2.79E-04
environment
Photochemical Oxidation Potential kg C2H4 eq 2 1.17E-03 2.34E-03
Acidification Potential kg SO2 eq 4 6.53E-03 2.61E-02
Eutrophication Potential kg PO42- eq 9 1.42E-03 1.28E-02
Total shadow 0.242

cost [€/kg]

Knowing the shadow cost of the steel, a comparison can be done between both designs.

Table 29: Shadow cost calculation of skeleton tube design and plain tube design with rail supports.

. Total weight Shadow cost
Design [ke] Shadow cost [€/kg] Shadow cost [€] difference [%]
Skeleton tube design 8707 0.242 2107 219
Plain tube design 11151 0.242 2698 '

In terms of material use it is shown that the skeleton tube design can save up to 182kg of steel per 16m
long tube segment. This is translated to approximately 590eur (21.9%) savings in the shadow costs at
the production phase (A1-A3) of steel.

Production

The production process of the plain tube design involves bending and spiral welding of the steel sheet.
The welding is performed on the inside and outside. This process offers tight tolerances, is automated
and continuous.

The skeleton tube on another hand requires production of six different components. Plates can be easily
produced by cutting and bending steel sheets. The same elements can be used for stringers and rings
since they have the same profile. Rings would undergo an additional step of bending the hollow profile
and welding it into a ring. Tube flange, shim and rail supports need to be laser cut out of the steel plate.

Upon assessment of fabrication processes involved in each design, it is apparent that the plain tube
design results in a time and cost-efficient fabrication. Additionally, due to its simple design it is also
simpler to achieve strict tolerances.

Maintenance

The maintenance highly depends on the complexity of design. The plain tube is overdesigned in terms
of structural strength; therefore, no global nor local failures are anticipated in the infrastructure itself.
On the contrary, the skeleton design might require many repairs due to local failures of components.
The design has 288 ring-to-stringer connections per 16m tube segment, meaning that a thorough regular
inspection should be executed. Detected failures would necessitate immediate repairs, and consequently
causing disruptions in operation.
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Summary

The comparison study is summarised in Table 30, where the comparison aspects are graded in terms of
performance. The performance grading scale starts with (++) for excellent, (+) for good, (o) for neutral,
(-) for subpar and (--) for bad performance.

Table 30: Summary of a comparison study between the plain tube design and skeleton tube design

Impact Thermal

ULS SLS Stability load expansion

Sustainability Production Maintenance

Plain

tube ++ ++ + ++ - -- 0 +
design

Skeleton

tube - o + -- + ++ - 0
design

Plain tube design showcased a superior performance in terms of Ultimate Limit State (ULS) and
Serviceability Limit State (SLS). Additionally, it is expected to outperform skeleton tube design in terms
of the impact load resistance. While the skeleton tube design is clearly more sustainable, the overall
assessment favours the plain tube design. It is important to highlight that this comparison is conducted
in regards of applicability for hyperloop technology. Given its weight efficiency, the skeleton tube
design might find applicability in other fields with lower safety requirements.
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11 Conclusions and recommendations

This chapter presents the conclusions of this study and answers the research questions accordingly.
Furthermore, it provides recommendations for further research.

11.1 Conclusions

The aim of this research is to provide a preliminary analysis and a foundation for further research on
skeleton hyperloop tube design. The design was not only structurally verified but also modified and
optimised for better structural and operational performance.

A wide range of FEA models were created in Ansys software to answer research questions. Analysis
was initially performed on individual components and, after that, on the whole assembly. Critical
locations were identified and explained. Additionally, a comparative study was conducted with a
spirally welded hyperloop tube, which is currently used at the European Hyperloop Centre in
Groningen, Netherlands.

The main research question is as follows:

What is the structural performance of the hyperloop Skeleton tube design, exposed to external
and internal actions associated to the general, vehicle and environmental load classes?

Note: This research question is initially related to the Skeleton tube design without rail supports. These
were conceptualised to be modelled as dead load, akin to the approach in the plain tube design. The
results proved that hinged connections are not feasible in this design. Therefore, rail supports were
subsequently added to the design and counted as a design modification.

o Ultimate limit state verification of the skeleton tube design without rail supports on the global
scale is conditionally satisfactory. Linear analysis results exceeded the yield point, but nonlinear
analysis showcased that due to an integral design, the stresses distribute among all components
and subsequently, the design exhibits an elastic response with a unity check of 0.96 (see sections
7.2.1 and 7.2.3).

e C(ritical locations of the design in regard to ULS analysis are ring-to-stringer connections. The
structure nearly reached its maximum stress under load combination 1, before the addition of
external loads. This indicates that the magnitude of the vacuum pressure load case overshadows
external load cases (see section 7.2.3).

e Individual components, such as rings, did exhibit local deformations due to their slender cross-
sections. Plates displayed a sinusoidal deformation response, to which attributed the normal-
to-surface load imposed by the vacuum pressure. However, all deformations are within the
limits (see section 7.2.3).

e The structural evaluation of the assembly without rail and vehicle loads proved that the design
has insufficient structural capacity to bear any additional loads. The unity check of rings
resulted in 0.96. Consequently, further analysis was not conducted in which rails and pod loads
would be assigned as dead loads. Instead, those findings influenced the design decision to
incorporate rail supports as a structural reinforcement.
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The following sub-questions were answered considering the skeleton tube design with rail supports.

1.

How do the hyperloop Skeleton tube design additions (rail supports) and improvements
(connection design) affect the structural performance?

Note: Rails support design is designed to be fully fixed to the rings of the skeleton tube design. Therefore,
they act as a reinforcement of the assembly and improve its structural performance.

Stress concentrations appeared in the inner flange of the ring, at the edges of the rail support.
The sudden change in cross-section, and subsequently stiffness, initially caused the ring to
exhibit a plastic response. This response was mitigated by increasing the length of the rail
support, as well as adding a tapered edge (see section 4.6).

Stress range in the rings, which are critical components, reduced from 150MPa - 250MPa to
60MPa - 150MPa. However, stress concentrations at ring-to-flange connections remained (see
section 7.2.6).

Global tube deflection due to inclusion of rail supports, rails load and pod load increased by
2.615mm compared to the tube design without rail supports (see sections 7.2.2 and 7.2.4.).
Serviceability limit state verification resulted in an acceptable vertical deformation, especially
after considering that the height of the rails within the tube can be calibrated; thus, mitigating
tube deformation (see section 7.2.2).

Static vehicle actions were verified, and the results are satisfactory. The structure can support
the rails and the pod; however, the method of attaching rail supports to the tube structure has a
large influence on the structural capacity. In this design, the rail supports are fully fixed to the
rings and therefore act as structure reinforcement.

Steel bracket design reduced stress concentrations at the ring-to-stringer connection from
342MPa to 226MPa (see section 8.2). Furthermore, it is a bolted connection, which contributes
to the ease of assembly, maintenance, and replacement; and the bracket also mechanically bonds
components, so a bolt failure would not necessarily mean a connection failure (considering that
the detail is in compression).

How does the skeleton tube design compare to the plain tube design in terms of structural
performance and sustainability?

The skeleton tube design underperforms in terms of ULS checks. The stresses are close to the
yield point, and the design experiences stress concentrations at connections. SLS performance
is more aligned with the plain tube design, where the vertical deflection is just slightly larger.
The skeleton tube does, however, exhibit many local deformations in the components (see
section 7.2).

Skeleton design offers minimum resistance to impact and accidental loads. Due to the plates
being thin, it is susceptible to plate rupture or penetration if the tube is exposed to environmental
actions. On the contrary, plain tube design offers sufficient isolation and protection against such
loads.

In terms of thermal expansion, the skeleton design will perform better compared to the plain
tube. Thin components will deform locally as the temperature gradient increases; thus, smaller
longitudinal forces are expected. Due to that, the width of the expansion joints could be reduced.
The sustainability aspect is dominated by the skeleton tube design, which proved to have 28%
material efficiency with the rail supports, and up to 37.8% weight efficiency if the tube structure
is used solely for vacuum pressure retention (see section 10).

Production of the plain tube design involves a simple spiral welding process. On the contrary,
the skeleton tube components involve complex manufacturing processes with strict tolerances.
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Therefore, plain tube production is expected to be time and cost efficient compared to the
skeleton tube design.

Due to simplicity and high safety measures, the maintenance of the plain tube design is expected
to be minimal. In contrast, the skeleton tube design is likely to demand regular, thorough
structural inspections and repairs due to a high component utilisation and many critical
locations (connections).

Which failure modes is the hyperloop skeleton tube experiencing under considered
actions, and what is the structural response to them?

Note: This answer is divided into two parts, first, the anticipated failure modes and second, the potential
failure modes.

Anticipated failure modes:

Initiation of plastic deformation at ring-to-stringer connection was observed, which could result
in a connection failure (see section 7.2.5).

Ring components are in full compression, and a combination of geometrical and construction
imperfections as well as unfavourable loading conditions could lead to the local buckling of
ring webs or flanges.

Plate rupture due to impact load: If the impact is between the rings, then the plate failure would
only cause a decrease in the vacuum pressure inside of the tube. If the projectile penetrates the
plate at the location of the ring, then the impact with the ring could cause a ring failure. In the
worst-case scenario, this would lead to a progressive collapse. Such a scenario should be further
researched.

Potential failure modes:

Many connections in the assembly are expected to be welded. The dynamic loads and
vibrational effects initiated by the pod during acceleration and deceleration introduce the
potential for fatigue failure.

Longitudinal plate-to-stringer connections can be susceptible to cracking if welded, or
delamination in case of the use of structural adhesives.

Plates need to be connected to the saddles on the shim at the ends of tube segments. The
complex connection of a curved plate onto a curved surface introduces a risk of separation and
the creation of gaps in the tube.

During tube operation, plates tend to deflect inwards. This introduces a bending stress along
the longitudinal bend between curved surface and plate flanges. This bending stress may lead
to the formation of longitudinal cracks.

Which imperfections have the most significant effect on the structural performance of the
hyperloop skeleton tube design?

Note: The influence of stated imperfections was observed in the results, but it is expected that many
other unidentified, and/or unverified imperfections may impact the structure. These are recommended
for further research.

Based on the stability analysis, the local buckling occurs in the webs of the ring. During ring
manufacturing, both flanges and webs may experience inward buckling (concave shape) as a
result of the bending process. Therefore, this initial geometrical imperfection will worsen the
buckling resistance of the rings.
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Due to a complex design with tight tolerances for geometrical imperfections, stringer
straightness plays a vital role in the assembly. Stringers are the longitudinal components that
bond together all other components into an assembly. Plates are connected to the top flanges,
rings to the bottom flanges and edges are slotted into the shim and tube flange. Therefore, any
misalignments might cause difficulties during construction, decrease the design integrity and
subsequently structural performance.

Steel bracket detail provided a possible solution to mitigate stress concentrations at the ring-to-
stringer connection. However, if the bolt hole in the ring is ill-positioned, it can create a gap
between the bracket and the ring. Such lack of fit causes the force to pass through the bolt,
which can lead to connection failure.

The contact surface at the bottom of the steel bracket is designed to match the ring’s radius for
a perfect fit. If the radiuses differ, either a gap or a four-point contact will be created, both of
which will lead to uneven stress distribution.

How can structural safety be researched and implemented in the hyperloop skeleton
design?

Methods of researching structural safety:

Innovative technologies introduce new specific load cases and combinations. These need to be
thoroughly researched and understood before preliminary designs can be developed and
evaluated further. The skeleton tube design is in the current stage overutilized and it is not
meeting safety requirements. Similar structural systems can be found and researched in aircraft
fuselage or submarine hull design.

Skeleton design requires a further detailed simulation and verification by means of a finite
element approach. Other potential failure modes need to be identified and structural response
to initial imperfections should be assessed. Furthermore, design weaknesses should be
pinpointed and addressed by design modification and improvement.

Once the skeleton design proves to be structurally sound and sustainable, it requires extensive
testing. This involves recreating operational conditions as well as unpredictable scenarios that
lead to a failure (destructive testing).

Methods of implementing structural safety:

Assigning higher safety factors in the preliminary design stage would result in larger cross-
sections and, consequently, higher structural safety.

Due to the moving pod, the hyperloop infrastructure is exposed to fatigue loading. The skeleton
design comprises of up to connections per 16m segment. Therefore, designing fatigue-resistant
connections would significantly contribute to the structure’s safety.

Considering that the plates provide minimal protection against accidental and impact loads, a
secondary protective structure could be designed to protect the skeleton design against those
load cases.
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11.2 Recommendations

Based on the research findings presented in this thesis, several recommendations for further design
evaluation are proposed:

Design verification:

o Skeleton tube design needs to be verified for dynamic loading due to the moving pod. This
could be done by completely modelling the rails and assessing structural response via transient
analysis. Additionally, fatigue limit state verification is required due to the moving pod and
vibrations exhibited on the structure, as well as the eigenfrequency analysis to identify at which
frequencies the system is prone to vibrate.

e Impact load analysis needs to be performed, knowing that the design has a limited resistance
against accidental loads. A recommendation on the approach is given in section Impact load
analysis recommendation in Appendices.

Design improvement / modification.

e The design could be geometrically optimised, such as in number of stringers, rings and cross-
sections. A parametric design approach is advisable.

e The bending section between the plate’s curved surface and flanges is critical and could lead to
longitudinal cracks. A cross-section modification of the stringer is advisable, where the top
flange would be shaped in an arc; thus, eliminating the sudden bending of the plate.

Detail engineering:

o The plate-to-stringer connection might prove problematic in the case of a welded design due to
the thickness of the plate. A connection design using structural adhesives is an option, offering
some level of vibration absorption and potentially being less susceptible to fatigue. The type of
structural adhesive and thickness should be researched. Moreover, the fatigue verification
should be performed for each fatigue prone detail in the assembly.

Final remark:

Emerging technologies, such as the hyplerloop, which are still under development and have not yet
proven to be a necessity for a more sustainable future, significantly depend on the performance and
success of the first prototypes and/or real-world implementations.

Safety is one of the main concerns of hyperloop application, and the infrastructure needs to guarantee
a safe and flawless operational environment. At hyperloop applications, safety of two environments
needs to be maximised. The internal environment, which is inside of the tube and relates to the passenger
safety, and external environment, that encompass tube surrounding. The tube structure divides these
two environments, and by increasing the safety of one, it passively increases the safety of the other.

The allowed margins for error are minimal, and the consequences are not only case-specific, but might
also negatively affect the progress of emerging technology overall. The societal values and
environmental impact are major factors in the implementation of new technologies; however, the
emphasis on sustainability aspect cannot overshadow safety, and vice versa.
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13 Appendices
A. Calibration model

A gross yielding check needs to be performed to determine the plastic strain limit. This is done because
real structures will include elements of inhomogeneity [7], which will not be precisely captured in the
FEM analysis. Gross yielding refers to the occurrence of plastic deformations with strain above 2%,
which are expressed over a zone of Iy, > 20t in the direction of the maximum plastic strain. The
maximum gross yielding strain should be limited to the gross yielding critical strain, which is
determined according to DNV-RP-C208 section 5.1.3.2 [7]. The dimensions and boundary conditions
of the model are given in Figure 163 and Figure 164.

300 mm

i S Py

450 mm Oy

Figure 163: Calibration case CC01, steel plate under
uniaxial load plane strain conditions [7]

0.00 100.00 (rmm) *
[ .
50.00

Figure 164: Calibration model setup

The shell model has an element size of 15mm, which is the minimum prescribed mesh size (t x t), while
stress — strain curves are given in chapter 5.1. The critical strain is found by the application of a
displacement of the edge, which depends on the steel grade given in Table 30.

Table 30: Deformation limits for gross yielding check [7]

Oy (mm)
5235 S275 5355 5420 5460
CCo1 25 24 21 18 18

Two analyses were performed, for steel grades of S355 and S460. Equivalent plastic strain results are
presented in Figure 165 and Figure 166 .
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A: Calibration model - §355 B: Calibration model - S460
Equivalent Plastic Strain

Equivalent Plastic Strain
Type: Equivalent Plastic Strain - Top/Battom

Type: Equivalent Plastic Strain - Top/Battom
Unit: meymim Unit: mm/mm
Time: 15 Time: 1 5
30/01/2024 15:41 30/01/2024 15:43
0.049961 Max . 0.049369 Max
. 0.049961 Min 0.049369 Min

x
oD ARG X 000 100.00 ()
[ . —_— L
100.00 0

Figure 165: Equivalent plastic strain [mm/mm] - Figure 166: quiva/'enzp/astic strain [mm/mm] -
Calibration model [S355] Calibration model [S460]

Therefore, the principal plastic strains are as follows:
85h€ll,$355 = 0.049961 = 4.99 %
Eshelt,sae0 = 0.049369 = 4.93 %

According to the calibration model, the gross yielding strain is roughly 5%. However, as stated before,
if the area is smaller than 20xt, then the critical strain limit will exceed this value due to local yielding.
In simple terms, it means that if the Equivalent von Mises stress surpasses the yield strength in the

nonlinear analysis, then the equivalent plastic strain can be compared to the plastic strain limit to
determine whether the structure is still within the acceptable limits.
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C. Load cases

Self-weight

Self-weight is classified as a permanent fixed action [26]. It represents the dead load acting on the
structure due to its own mass and is dependent on the material and the cross-section of the components.
Self-weight of the tube components is considered in all assembly analyses and disregarded in detail
analysis. Self-weight of rails is assigned as the area load at the locations of attachment, where the weight
was given at the production site visit. In Ansys it is calculated using the standard earth gravity of 9.81
m/s? and material density of 7800 kg/m? for steel. Self-weight of cabling is not considered due to
dismissible effect on the structure, while propulsion system load is embedded in the pod load itself [3].

Vacuum pressure

The defining characteristic of the hyperloop system is the near perfect vacuum environment within the
tube. Vacuum pressure is the critical design parameter which affects the system efficiency, safety and
energy consumption. The load magnitude exhibited by this pressure is the difference between the
atmospheric pressure and the pressure within the tube. The proposed pressure by Elon Musk’s
Hyperloop white paper [5] is 100 Pa inside the tubes. Considering a circular shape of the tube, the
distributed force acts inwards, perpendicular to the tube’s surface.

Gatm = 101 325 Pa = atmospheric pressure
Gtupe = 100 Pa = tube pressure

The imposed pressure on the plates is therefore:

Area load: qgg = Qatm — Qtube = 101.225F = 0.1MPa

The plain steel tube that is currently being produced has a thickness of 16mm. Knowing that radius
measures 1250mm, and Young’s modulus is taken as 210 GPa:

o=y ) -
T 4.(1-v2) \R)]
_ 210000 (16
"~ 4-(1-0.32) \1250

3
) = 0.12 MPa

Therefore, in this research the vacuum pressure of p = 0.12MPa is used for ULS checks, and 0.1MPa
for SLS.
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Figure 167: Vacuum pressure - 5m model with rail supports

Snow load

Hyperloop tube structure has a cylindrical shape, and according to Eurocode 1 - Actions on structures -
Part 1-3: Snow loads; it is considered as a cylindrical roof.

The snow load is determined using the following formula for fundamental design situation:
S =p;Cp-sg

It has a balanced and unbalanced load arrangement since height over breadth > 0.05. The balanced load
arrangement equals to 0.8C., where C. is the exposure coefficient taken as 1 based on Table 7.1 in
EN1991-1-4 [28]. The w4 is the snow load shape coefficient, which is a function of the wind exposure
of the site and of the geometry of the roof.

0,8C

0]

Hy

(i)

Figure 168: Snow load arrangements for cylindrical roofs where (i) Balanced load arrangement and (ii) Unbalanced load
arrangement [27]

107



Snow load shape coefficient pyis taken from Figure 169, where h/b (height over breadth equals 1) and
C.is 1. So, s =2.

Ha

3 |
25 7 1|
2 ,:. 2

/s
15

/ /
1 B
/

0,5

0
005 015 025 035 045 055 065 075 h/b

Figure 169: Snow load shape coefficient for cylindrical roofs as a function of h/b (for roof areas with the slope < 70°)
[27]; where 1: (Ce = 0,8)
2: (Ce=1,0)
3:(Ce=12)

Knowing that the unbalanced load will act only on 142 segment of the cross-section, the I; distance
needs to be calculated. The total breadth, b, of the tube is 2.5m, and at this breadth the B angle is 90°.
Linearly interpolating for 70° the Is results in 0.972m, and 15/4 equals to 0.243m. So, using the equation
above and taking sy as 0.7 kN/m? for the Netherlands, we obtain balanced snow load of s, = 0.56 kN/m?
and unbalanced snow load of sy, = 1.12 kN/m?. The unbalanced snow load is 50% higher than the
balanced, but for simplicity and considering that it is a preliminary design, only the uniform snow load
will be assigned to the model at this stage of the research.

The snow load acting on the tube model is assigned to the top plates, as seen in Figure 170.

7
0.00 1000.00 (mrm)
[ -

500.00

Figure 170: Snow load
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Wind load

The hyperloop tube is intended to be supported by piers at the edges of 16m long sections. Wind load
calculation is dependent on the type of hyperloop system, i.e., whether it is constructed on ground, or
above ground. In case if it is on ground, then the wind actions can be calculated with an assumption that
the tube is a longitudinal circular cylinder. According to EN1991-1-4 [28], the wind force acting on the
external surfaces is calculated with the following expression:

Fy = cscc- Cr e CIp(Ze) 'Aref
where:

CsCq 18 the structural factor

cr is the force coefficient for the structure

gp(ze) is the peak velocity pressure at reference height z.
At 1s the reference area of the structure

The Netherlands is divided into three wind zones, and for this research wind zone 2 is chosen.

North Sea

Figure 171: Wind zones in the Netherlands [39]

The reference height should be taken as ze = h + f, so z. equals to 2.5m. Terrain category 2 is considered
in this research, and the peak wind velocity is taken from Table 31Error! Reference source not found..
Basic wind speed for the Netherlands is 27 m/s.
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Table 31: Peak velocity pressure [39]

Hoogte Gebied 1 Gebied IT Gebied III
m Kust Onbebouwd Bebouwd |Kust Onbebouwd Bebouwd |Onbebouwd Bebouwd
1 0,93 0,71 0,69 0,78 0,60 0,58 0,49 0,48
2 |11 o7 0,69 (093 0,58 0,49 048
3 1,22 0,71 0,69 1,02 0,60 0,58 0,49 0,48
4 1,30 0,71 0,69 1,09 0,60 0,58 0,49 0,48
5 1,37 0,78 0,69 1,14 0,66 0,58 0,54 0,48
6 1,42 0,84 0,69 1,19 0,71 0,58 0,58 0,48
7 1,47 0,89 0,69 1,23 0,75 0,58 0,62 0,48
8 1,51 0,94 0,73 1,26 0,79 0,62 0,65 0,51
9 1,55 0,98 0,77 1,29 0,82 0,65 0,68 0,53
10 1,58 1,02 0,81 1,32 0,85 0,68 0,70 0,56
15 1,71 1,16 0,96 1,43 0,98 0,80 0,80 0,66
20 1,80 1,27 1,07 1,51 1,07 0,90 0,88 0,74

So:
qp(z) = 0.6 kKN/m?

Pressure coefficients of sections depend upon the Reynolds numbers R. defined:

_b- v(Ze)

€ v

where:

b is the diameter
v is the kinematic viscosity of the air (v =15-10-6 m%/s)
v(z.) is the peak wind velocity

2.5-27

= = —45.10°
©T15-10—6

The force coefficient crfor a finite circular cylinder should be determined as follows:

Cr=CroYa
where:

crois the force coefficient of cylinders without free-end flow
. is the end-effect factor

Force coefficient is obtained using Error! Reference source not found., where k/b is the equivalent

surface roughness over diameter of the tube.
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Figure 172: Force
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coefficient cro for circular cylinders without free-end flow and for different
equivalent roughness k/b

Knowing Reynolds number from above, and k/b equals to 0.00002 for bright steel, the cro equals to
0.62. The solidity ratio ¢ is calculated as:

where:

A is the sum of the projected areas of the members
A is the overall envelope area Ac=1-b

A

f A=tb

Figure 173: Definition of solidity ratio ¢ [28]

And the effective slenderness A for circular cylinder is determined from Table 7.16 [28] as I/b = 6.4.
Using ¢ and A, the end-effect factor can be read from Figure 174.

v,

@
10 0,1
0‘5 _.///—/
0,9 T———
08 T Y
0,8 —
095 — pd
0,7 =
19
0.6
1 10 A 70 200

Figure 174: Indicative values of the end-effect factor y; as a function of solidity ratio ¢ versus slenderness A [28]

Therefore, v is 0.675 and the force coefficient cr results in:
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¢ = Cro-Pu = 0620675 = 0.4185

Reference area is calculated as Arerx = dill = 40m?, ¢sc. can be taken as 1, and air density is taken as
1.20kg/m? [0.0012 kN/m?*]. Therefore, the external force acting on the tube is:

F, = 1-04185-0.6-40 = 10.04 kN

This results in an area pressure of:

W kN
qw = = 0'251W = 0.00025 MPa

1000.00 ()

500.00

Figure 175: Wind load acting on the tube considering the design value of loads

Rails load

Rails are attached on the rail supports and introduce a dead load to the structure. Along the pod rails,
the load consists of the levitation and propulsion rails. The load from the rails is concentrated at the
points where they connect to the rail supports, meaning that the design of these supports affects how
the load is distributed. By knowing the general location of the inner rails, the supports is designed (See
chapter 4.6), and the loads are assigned as seen in Figure 176

Figure 176: Rails load
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Static load of the pod

Pod is attached to the rails and represent a vertical load to the rail supports. The magnitude depends on
the size and length of the pod, as well as the weight of the cargo. In this study, it is assumed that the
pod weight is 20 tons, with a length of 16 meters. Pod load is taken from the work of Muserues et al.
[17], who investigated pod weights ranging from 10 to 20 tons and determined that fatigue is not a
design concern for plain tube design. The assumption regarding length is made for the purpose of
simplifying the application of load to the ring supports, ensuring even distribution among all rings in a
single tube section. Therefore, the total pod weight is 196.2kN, which imposes a load of 12.26 kN per
ring support.

Moving pod

Pod is attached to the rails, and rails are supported by the rail supports. As the pod moves along the
rails, that imposes a moving load which is transferred through the rail supports to the structure.
According to NEN EN1991-1-2 [29], dynamic effects should be taken into account. This consideration
is due to several factors: rapid rate of loading due to the speed of the pod; the passage of successive
loads with approximately uniform spacing which can excite the structure and under certain
circumstances create resonance; and due to the potential wheel load variations resulting from either
track or wheels [29].

Following the general design rules in NEN EN1991-1-2 [29], the results from static analysis should be
multiplied by the dynamic factor ®. An additional dynamic analysis is required if the criteria presented
in Figure 177 are met.

o within
limits of
Figure 6.10
(6)

A

For the dynamic Use Tables F1 and F2
analysis use the

eigenforms for
torsion and for
bending

Eigenforms no yes
94— for bending — |
sufficient

A

v Dynamic analysis not
required.

Dynamic analysis required

Calcuiate bridge deck At resonance acceleration

2 e check and fatigue check not
acceleration and ¢'sn efc. in required.

accordance with 6.4.6 (note 4) Use @ with static analysis in

accordance

Figure 177: Flow chart for determining whether a dynamic analysis is required [29]
Where:

V is the Maximum Line Speed at the Site [km/h];
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L is the span length [m];

ng is the first natural bending frequency of the bridge loaded by permanent actions [Hz]. For a simply
supported bridge, subjected to bending only, the natural frequency can be estimated using the following
formula:

Where:

O is the deflection at mid span due to permanent actions [mm] and is calculated, using a short term
modulus for concrete bridges or composite steel and concrete bridges, in accordance with a loading
period appropriate to the natural frequency of the bridge.

nr is the first natural torsional frequency of the bridge loaded by permanent actions [Hz].

Looking at the flow chart conditions, the speed of the pod exceeds 200 km/h, and the tube is a simple
structure, since the tube segments start and end at the flanges i.c., at the pylons. Natural frequencies
were calculated in Ansys with Modal analysis of the model. Ansys outputs all natural frequencies,
meaning that those frequencies can be related to both, bending or torsional vibrations. The first natural
frequency is 22.69 Hz, also shown in Figure 178.

Figure 178: Modal analysis of 16m long model — Mode 1 [22.69 Hz]

Bending natural frequency can be estimated using the previously given equation:

S Ui SO U/ JDP,
n Z| = = = . VA
° Jo, V1145

Where the maximum vertical deflection is taken from the 16m model, as seen in Error! Reference
source not found..
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Figure 179: Vertical deformation of 16m long model [0y = 1.145 mm]

The probe for reading the vertical deformation can be taken from either 8" or 9™ ring at the far right or
far left side. This is due to the total deformation of the ring, which deforms in the shape of an ellipse
due to the non-uniform loading, therefore the global vertical deformation can be accurately determined
only at the left and right edges of the rings (Figure 180).

00 1500.00 300000 (mim)
[ SEE—  SS—

Figure 180: Probe location for reading the vertical deformation

It should be noted that the design of skeleton hyperloop tube and the way the load is applied does not
entirely represent a bridge application. The most similar bridge cross-section in the standards is a closed
box girder; therefore, those standards are only adapted due to structure similarities. This also justifies
why the analytically calculated natural bending frequency is lower than the first natural frequency
obtained from the Modal analysis in Ansys.

Following the flow chart, it is determined that the dynamic analysis is required for this structure. The
results should thereafter be compared with the results of the static analysis multiplied by the dynamic
factor ®. But since dynamic analysis of the structure is outside the scope of his research, only the static
analysis is performed with the use of dynamic factor.

Dynamic factor

Dynamic factor takes into account dynamic magnification of the stresses and vibration effects, but not
the resonance effects [29]. Dynamic factor can be taken as either @, or @3, which depends on the type
of maintenance. Since the hyperloop technology is a high-risk application, carefully maintained track
is a necessity, so @, is chosen:

1.44
by, =—+0.82 with1.00 < @, < 1.67

Ly —0.2
where:

Lo - ‘Determinant’ length (Iength associated with @)

Determinant length is calculated using a formula from DNV standards, Table 8.2 [7]. Case 5.3 is
assumed, which is for main girders with closed frames or boxes. L¢ is calculated as:

Ld) == k . Lm
where:
1
Lm = ;' (Ll +L2+ +LTL)
And the structure should be considered as a three-span continuous beam, so n=3 and k = 1.3.
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So:

Ly =20.8m
1.44
®,=——+0.82=1.15
V20.8 — 0.2

The total pod load is therefore:

F,

od = 196.2kN - @, = 196.2kN - 1.15 = 225.63 kN

And load per ring:

Fpoa  235.44kN
Fring =3¢ =—1¢— = 141kN

Breaking of the pod

Pod deceleration imposes a longitudinal force to the rails, and from the rails to the rail supports. This
force can cause instability of the rings and stringers. In the model the longitudinal force is applied to
the surfaces, to which the rails are attached.

A maximum suggested permissible acceleration for trains provided by J.P. Powell et. al. [30], is set at
2.45 m/s? for forward faced passengers, which is approximately a deceleration of 0.25g. Considering
the pod weight to be 20000 kg, this imposes the following longitudinal breaking force:

F, =m-a=20000-0.25-9.81 =49 kN

The force is transferred from the rails to the ring supports. Since 16 ring supports are present per 16m
tube segment, this imposes the following longitudinal load per ring support:

F,
Flring = % =3062.5 N

Thermal expansion

The temperature of the hyperloop tube structure may increase due to environmental conditions, leading
to the expansion of the material. Considering the potential extensive length of the hyperloop network,
this thermal expansion could result in large stresses in the tube. Therefore, the temperature variation
needs to be determined, after which an assessment can be done on the tube expansion. Currently, thermal
expansion of the structure is mitigated with expansion joints. Thermal actions are determined based on
NEN-EN 1991-1-5 [40]. Hyperloop tube is considered as a bridge with a steel box girder. Table 8.1 [40]
provides the uniform bridge temperatures, where the steel box girder is considered as bridge deck type
1. Temperature deviation is based on extreme scenario, where the maximum temperature is taken as
70°C, and -30°C as the minimum temperature. This Temperature range is in line with the range, which
was considered for the tube design currently used at European Hyperloop centre.

Settlement of Foundation

Foundation settlement is another concern, which needs to be addressed. Sudden settlement can cause
loss of contact between tube and support, and consequently the tube stays elevated above the foundation.
This doubles the bending length of the tube and could have adverse effects on the passing pod inside
the tube. The tube would also have an increased compressive stress on the top, and tension stress on the
bottom. This scenario could be checked by either doubling the length of the tube and assign the same
loads; or by assigning displacement support, and allow initial displacement, that represents the
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foundation settlement. To foresee such occurrences, a monitoring system could be implemented at the
supports, detecting any settlements at any part of the infrastructure.

Accidental loads

Hyperloop structure should be checked for accidental loads, such as vehicle impact, hyperloop pod
impact, explosion etc. Considering the pod velocity, and high safety measures required for the operation
of hyperloop system, it is important that the structure can withstand loads by accidental occurrences. It
is a low probability event, but the system needs to be well isolated from the external factors to operate
without disturbances.
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D. Combinations

Load combination is defined based on NEN-EN1990, Actions on Structures [26]. Structure
consequence class 2 (CC2) is chosen in case if the hyperloop tube is to be used only for cargo
transportation, and CC3 in case of the passenger transportation. Since this is still preliminary research
of the design, an assumption is made that only cargo will be transported in the initial phases of hyperloop
applications. Therefore, for this structure CC2 is determined, and the load factors are taken from Table
NB.4 — A1.2 (B) from NEN-EN1990 [31], where an unfavorable condition was chosen for permanent

actions.

Table 32: Load cases and load magnitudes

Load case Load
gself - Self-weight /
Qvac - Vacuum pressure 0.1 MPa
gr - Rails load 58.860 kN
gw - Wind load 0.000375 MPa
gs - Snow load 0.00056 MPa
s.pod - Static pod load 196.2 kN
gbr - Breaking of the pod 3.0625 kN

Table 33: Table NB.4 — A1.2(B) — Design values of loads (STR/GEO) (group B) [31]

Blijvende en Blijvende Overheersende | Veranderlijke belastingen gelijktijdig
tijdelijke belastingen veranderlijke met de overheersende
ontwerpsituaties Ongunstig | Gunstig belasting Belangrijkste Andere
(indien aanwezig)
(Vgl. 6.10a) 1,35 Gjsup ? | 0,9 Gigjine 1,5 o1 Qka 1,5 w0, Qi (i >1)
(Vgl. 6.10b) 1,2 Giejsup® | 0,9 Gigjinf 1,5 Qi1 1,5 i Qi (i >1)
a  Bij vloeistofdrukken met een fysiek beperkte waarde mag zijn volstaan met 1,2 Gy,sup.
b Deze waarde is berekend met £ = 0,89.

Table 34: Combinations of actions for ultimate limit states [31]

Design situation
Action or effect Fundamental
(persistent/ Accidental® | Seismic? Fatigue®
transient)
General formula for effects of actions (8.4)
Formula for combination of actions (8.12) (8.15) (8.16) (8.17)
Permanent (Gy;) Y601 G,i G G
. . Py 10,4 01

Leading variable (Q,,) Yo1%1 LU ¥y, 0k 2,

2101
Accompanying variable (Qy) Yo,¥0,Q; Yo Qi
Prestressing (Py) vpPy Py Py Py
Accidental (44) - Ag - -
Seismic (Ag,) - - Agquis -
Fatigue [Qfat] = - - Qfat
4 See A.2.6.8 for combinations of actions for accidental design situations.
b pepending on the magnitude of AEd,ULS, the seismic combination of actions covers both the near collapse
(NC) and significant damage (SD) ultimate limit states defined in EN 1998 (all parts).
¢ See 8.3.4.5 for conditions of use for fatigue.
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Table 35: Combinations of actions for serviceability limit states [31]

Combination

Action or effect Characteristic | Frequent Quasi- Seismic?
permanent

General formula for effects of (8.28)
actions
Formula for combination of (8.29) (8.30) (8.31) (8.32)
actions
Permanent [Gd,j) Gy; Gy, Gy; Gy;
Leading variable (Qg) Q1 V11@k1 W2, Q; Uy,
Accompanying variable (Qg ;) wolekJ- lfj’z,leq
Prestressing (Pg) b P, Py I
Seismic (Agq) - - - Aggsis

4 Depending on the magnitude of Agy g5, the seismic combination of actions covers both the damage

limitation (DL) and fully operational (OP) serviceability limit states defined in EN 1998 (all parts).
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Table 36: Table A.2.7 (NDP) — Combination factors for railway bridges [31]

ActionP ¥ L2 o*
Individual LM 71° 0,80 b 0
components SW/0o 0,80 b 0
of traffic SW/2h 0 1,00 0
jonsd. e 8 . ] - -
actions® & & Unloaded traing 1,00 Loo
HSLM Loo A 0

Traction and brakingo
Centrifugal forceso

Interaction forces due to deformation under vertical
traffic loads

Individual components of traffic
actions in design situations
where the traffic loads are
considered as a single (multi-
directional) leading action and
not as groups of loads should
use the same values of | factors
as those adopted for the
associated vertical loads

Nosing forces 1,00 0,80 0
Non-public footpaths loads 0,80 0,50 0
Real trains 1,00 1,00 0
Harizontal earth pressure due to traffic load surcharge
Aerodynamic effects 0,80 b 0
0,80 0,50 0
gril (LM71 + SW/0) Max. vertical 1 with max.
longitudinal
gri2 (LM71 + SW/0) Max. vertical 2 with max.
transverse
grl13 (Braking/traction) Max. longitudinal
grl4 (Centrifugal/nosing) |Max. transverse 0,80 0,80 0
grl5 (Unloaded train) Lateral stability with
“unloaded train”
erle (Sw/2) SW/2 with max.
longitudinal
Main traffic actions | grl7 (SW/2) SW/2 with max. transverse
cgh
(groups of loads) | gr21 (LM71 + SW/0) Max. vertical 1 with max.
longitudinal
gr22 (LM71 + SW/0) Max. vertical 2 with max
transverse
Action? o Yy P,°
gr23 (Braking/traction) Max. longitudinal 0,80 0,70 0
gr24 (Centrifugal /nosing) | Max transverse
gri6 (SW/2) SW/2 with max
longitudinal
gra27 (Swz) SW/2 with max. transverse
gril (LM71 + SW/0) Additional load cases 0,80 0,60 0
Other operating Aerodynamic effects ! 0,80 0,50 0
actions
General maintenance loading for non-public footpaths | 0,80 0,50 0
Wind forcest & i | Fyn. 0,75 0,50 0
W 1,00 0 0
Thermal Ti 0,60m™.n 0,60 0,50
actions
Snow loads Qsnie
Persistent design situations® 0 0 0
Execution! 08 B -
Water actions i i
Construction Qc 1.0 - 1,0
actions!
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General combination formula:

1~2qself+ 1-2\|/0qvac + 12\|/0qr + 15\|/0qw + 1.5W0qbr + 15W0q§ + 1.5W0qst.p.

YGi Qself Qvac qr Qqw Qs Qst or
LC1 1.2 1.5 1.2 15 1.5 1.5 15
LC2 1.2 1.5 1.2 15 1.5 1.5 15
LC3 1.2 1.5 1.2 1.5 1.5 1.5 15
LC4 1.2 1.5 1.2 1.5 1.5 1.5 15
LC5 1.2 1.5 1.2 1.5 1.5 1.5 15
LC6 1.2 1.5 1.2 1.5 1.5 1.5 15
LC7 1.2 1.5 1.2 15 1.5 1.5 15
LC8 1.2 1.5 1.2 1.5 1.5 1.5 15
LC9 1.2 1.5 1.2 1.5 1.5 1.5 15
LC10 1.2 1.5 1.2 1.5 1.5 1.5 15

Yo Qself Qvac qr Qqw Qs Qst Cor
LC1 1 1 1 0 0 0 0
LC2 1 1 1 0 1 0 0
LC3 1 1 1 1 0 0 0
LC4 1 1 1 0.75 1 0 0
LC5 1 1 1 1 0.8 0 0
LC6 1 1 1 0.75 1 0.8 0
LC7 1 1 1 1 0.8 0.8 0
LCs8 1 1 1 0.75 0.8 1 0
LC9 1 1 1 0.75 0.8 0 1
LC10 1 1 1 1 1 1 0
Gkii (self Qvac qr Qqw Qs Qst Cor
LC1 0.1 58.86 0.000251 0.00056 196.2 3.0625
LC2 0.1 58.86 0.000251 0.00056 196.2 3.0625
LC3 0.1 58.86 0.000251 0.00056 196.2 3.0625
LC4 0.1 58.86 0.000251 0.00056 196.2 3.0625
LC5 0.1 58.86 0.000251 0.00056 196.2 3.0625
LC6 0.1 58.86 0.000251 0.00056 196.2 3.0625
LC7 0.1 58.86 0.000251 0.00056 196.2 3.0625
LC8 0.1 58.86 0.000251 0.00056 196.2 3.0625
LC9 0.1 58.86 0.000251 0.00056 196.2 3.0625
LC10 0.1 58.86 0.000251 0.00056 196.2 3.0625
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F Qself Quac [MPa] gr [KN] gw [MPa] gs [MPa] st [kN] Qor [KN]
LC1 0.12 70.632 0 0 0 0
LC2 0.12 70.632 0 0.00084 0 0
LC3 0.12 70.632 0.000375 0 0 0
LC4 0.12 70.632 0.00028 0.00084 0 0
LC5 0.12 70.632 0.000375 0.000672 0 0
LC6 0.12 70.632 0.0003 0.00084 235.44 0
LC7 0.12 70.632 0.000375 0.000672 | 235.44 0
LC8 0.12 70.632 0.00028 0.000672 294.3 0
LC9 0.12 70.632 0.00028 0.000672 0 4.6
LC10 0.12 70.632 0.000375 0.00084 294.3 0

SLS combinations
YGi Qself Qvac qr Qqw Qs Qst or
LC1 1 1 1 1 1 1 1
LC2 1 1 1 1 1 1 1
LC3 1 1 1 1 1 1 1
LC4 1 1 1 1 1 1 1
LC5 1 1 1 1 1 1 1
LC6 1 1 1 1 1 1 1
LC7 1 1 1 1 1 1 1
LC8 1 1 1 1 1 1 1
LC9 1 1 1 1 1 1 1
LC10 1 1 1 1 1 1 1

Yo (self Qvac qr Qqw Qs Qst Cor
LC1 1 1 1 0 0 0 0
LC2 1 1 1 0 1 0 0
LC3 1 1 1 1 0 0 0
LC4 1 1 1 0.75 1 0 0
LC5 1 1 1 1 0.8 0 0
LC6 1 1 1 0.75 1 0.8 0
LC7 1 1 1 1 0.8 0.8 0
LCs8 1 1 1 0.75 0.8 1 0
LC9 1 1 1 0.75 0.8 0 1
LC10 1 1 1 1 1 1 0
Gkii Qself Qvac qr Qqw Qs Qst or
LC1 0.1 58.86 0.000251 0.00056 196.2 3.0625
LC2 0.1 58.86 0.000251 0.00056 196.2 3.0625
LC3 0.1 58.86 0.000251 0.00056 196.2 3.0625
LC4 0.1 58.86 0.000251 0.00056 196.2 3.0625
LC5 0.1 58.86 0.000251 0.00056 196.2 3.0625
LC6 0.1 58.86 0.000251 0.00056 196.2 3.0625
LC7 0.1 58.86 0.000251 0.00056 196.2 3.0625
LC8 0.1 58.86 0.000251 0.00056 196.2 3.0625
LC9 0.1 58.86 0.000251 0.00056 196.2 3.0625
LC10 0.1 58.86 0.000251 0.00056 196.2 3.0625
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F Olself Qvac [MPa] gr [kN] gw [MPa] gs [MPa] gst [KN] gbr [KN]
LC1 0.1 58.86 0 0 0 0
LC2 0.1 58.86 0 0.00056 0 0
LC3 0.1 58.86 0.000251 0 0 0
LC4 0.1 58.86 0.0002 0.00056 0 0
LC5 0.1 58.86 0.00025 0.000448 0 0
LC6 0.1 58.86 0.0002 0.00056 156.96 0
LC7 0.1 58.86 0.00025 0.000448 | 156.96 0
LC8 0.1 58.86 0.0002 0.000448 196.2 0
LC9 0.1 58.86 0.0002 0.000448 0 3.0625
LC10 0.1 58.86 0.00025 0.00056 196.2 0

ULS combinations

LC1: Vacuum pressure only: 1.2qseir + 1.2yoqvac. T 1.2y0qr

LC2: Snow: 1.2qseir + 1.2WoqQvac + 1.2W0qr + 1.5y0q;s

LC3: Wind: 1.2qseir + 1.2W0qvac + 1.2y0qr + 1.5W0qw

LC4: Snow leading: 1.2qscir + 1.2Woqvac T 1.2W0q: + 1.5y0qw + 1.5W0qs

LC5: Wind leading: 1.2qseir + 1.2yoqvac + 1.2y0q: + 1.5Woqw + 1.5y0q;s

LC6: Snow leading with static pod: 1.2qseir + 1.2Woqvac + 1.2Wo0q: + 1.5Woqw + 1.5w0qs + 1.5y0qstp.
LC7: Wind leading with static pod: 1.2qscit + 1.2W0qvac + 1.2W0qr + 1.5Woqw + 1.5W0qs + 1.5W0qstp.
LCS8: Static pod leading: 1.2qscit + 1.2Woqvac T 1.2W0qr + 1.5W0qw + 1.5W0qs + 1.5Woqstp.
LC9: Breaking pod leading: 1.2qseir + 1.2Woqvac + 1.2y0qr + 1.5Woqw + 1.5y0qs + 1.5Woqbrp.
LC10: Critical combination: 1.2qseir + 1.2Woqvac + 1.2W0qr + 1.5W0qw + 1.5y0qs + 1.5W0qstp.
SLS combinations

LC1: Vacuum pressure only: gseir + Woqvac. + Woqr

LC2: Snow: qseir + WoQvac + Woqr + Woqs

LC3: Wind: qeir + Woqvac T Woqr T WoqQw

LC4: Snow leading: qseir + WoqQvac + Wodr + Woqw + Wods

LC5: Wind leading: qseir + Woqvac + Woqr T Woqw + Woqs

LC6: Snow leading with static pod: gseir + Woqvac T Woqr + Woqw + Woqs + Woqstp.

LC7: Wind leading with static pod: qseir + WoqQvac + Woqr + Woqw + Woqs + Woqstp.

LC8: Static pod leading: qseir + Woqvac T Woqr + Woqw + Woqs + Wo(st.p.

LC9: Breaking pod leading: qseit + Woqvac + Woqr + Woqw + Woqs + Woqbrp.

LC10: Critical combination: gseif + Woqvac T Woqr + Woqw T Wods T Woqstp.
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E. Analytical approach
Skeleton tube design

One of the known critical load cases on the tube is the vacuum pressure, which is the difference between
the atmospheric pressure outside the tube and the pressure inside the tube.

Gatm = 101 325 Pa — atmospheric pressure
Gtupe = 100 Pa — tube pressure
The imposed pressure on the plates is therefore:
Area load: qgq = Qatm — Qerupe = 101.225 kN /m?

Considering the calculated area load all components were checked in regards to either their strength,
stability or deflection. To obtain the load distribution, the model can be simplified as two simply
supported beams offering support to a longitudinal plate.

A

N

Figure 181: Isometric view of the components within the Figure 182: Simplification of the skeleton tube design
assembly

An assumption is made that the load is distributed as if the plates were flat, and not curved. The area
load is evenly distributed across the plate, where each stringer takes half the area load per plate. Given
the plate thickness, tube length, ring diameter and number of rings and stringers, the area load per plate
can be estimated. A safety factor of k = 1.2 is used.

Areaload: qgq = (qatm — euve) * K
Line load:q = qgq - b
t = 1 mm — plate thickness
L =16 m — tube length
d = 2.5m —ring diameter
Nstringers = 18 — number of stringers
Nrings = 16 — number of rings

k = 1.5 — Safety factor

mT-d
b= —=044m
nstringers
L
l=a= =1m
nrings
Therefore:

124



Area load: qgq = (Qatm — Qeupe) - kK = 121 kN /m?
Line load:q = qgq - b =53.4 kN/m
Stringer verification

The stringers are simplified as the beams loaded by a uniformly distributed load along the length.

Figure 183: Top view of the stringers within the assembly

Figure 184: Stringer simplification

Bending moment resistance, shear force resistance and a combination of both have been verified.
Lateral torsional buckling is not expected to take place, since a rectangular cross-section is assigned,
and moreover, the length of the elements is short. Deflection does not play a vital role either when
considering only a small segment of the stringer.

Resistance
Vyiray = 89.72 kN
My, ray = 13.60 kNm
Strength checks
q-1?
Mpq = —— = 828 kNm
q-l
Vea = - = 33.125 kN
M
Uuc=—=% = 06 0.K.
My rapt
V
Uc =—% =0370.K.
Rd,pl

Bending and shear

4
Vid =0.3< 0.5 Effect onthe moment resistance is not present
Rd
Deflection
5= 2L _ 3576
3841, 0
Where:

I, = 1.206e6 mm*
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E =210000 MPa

Deflection limit:

L 1000
Oumit = 525 = 555 = 4mm
uc = 0.89

Suimit
Ring verification

The load path goes from the plates to the stringers, and from the stringers to the rings. Load on the ring
can be expressed as point loads at the location of the stringers, as presented in the following figures.

1\
i r P -— P

Figure 185: Cross-section of the Skeleton tube design Figure 186: Simplification of the ring model

Point loads from the stringers represent the shear force to the rings, therefore the check is identical to
the shear resistance check of the stringer. For the stability check, the ring is simplified as a column
laterally supported on the location of the stringers. The applied load in this case is only from the vacuum
pressure, but in a later stage, the critical load affecting the ring stability will be the non-uniform loading,
such as wind or snow load. Critical buckling length is taken as the distance between two point supports,
represented by stringers.

Shear
q-l
Rl - RZ - VEd - = 33125 kN
V
UCc =—L% =037 0.K.
VRd,pl,y
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Stability

=

P M
E> [
a> "
b -
a> L
§> w
& L
i w
7, i
B>i i A i

Figure 187: Simplification of the ring for the stability verification

For more realistic simplification of the model, the supports could be expressed as springs, since the tube
itself experiences global buckling. But the instability of the rings is not significant, therefore the initial
assumption can be used. To recreate a critical situation, an assumption is made that ring to stringer
connections in the middle fail, so supports in the middle are removed. This increases the critical

buckling length to 2.5m.

E =200 GPa — Young's modulus

I = 1.206e6 mm* — Second moment of inertia

E-1
N = ——5— =400 kN

cr

P =33.125 kN

P
UC =—=10.08 0.K.
Ner
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Plate verification

Curved plate has been modelled as a cable structure with the uniform load along the cable.

Figure 188: Plate cross-section

Figure 189: Plate simplification as a cable structure

In order to calculate the deflection of the plate, axial cable deformation (strain) needs to be calculated.
This is done using the following relations: An assumption is made for the pinned supports, and in order
to calculate the deflection of the plate, axial cable deformation had to be calculated.

Tl
Al=—

EA
dz\* dz\*
T=yH2+V2= H2+H2(a> =H 1+<a>
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[> restart;

[> q:=151.84: L:=0.45: EA:=210000: (1/8)*q*L2;
3.842
[> ODE:=-H*diff (z (x) ,x52)=q;
[ & y
ODE = -H| — =(x) | =151.84
L | dv J
[> 2:=rhs(dsolve(ODE,z(x))) ;
__ 18987
T BH

+ _Clx+ €2
[> x:=0: eqli=z=0: x:=L: eqZ:=z=0;
15.37
2= == 4045 _Ci+ _C2=0
eg. = _CI+
[> sol:=solve(leql,eq2},{ €1, C2}); assign(sol): x:='x':
34.16
1= | c1= 222 co=0
sol = | T
[> z:
_ 1898 x° L 34.16x
25H H

[> dsi=(1+(1/2) *diff(z,x) *2) ;
{_ﬂﬁ_ 34.16 )7
. \"5#7 7 )
dr=1+ 5
[> LL:=int (ds,x=0..L);
1= 34 4 gase0
7
[> drL:=n*L/EA;
dL=2143x107°H
[> eq:=LL-dL=0.472;
ag = % + 04500 — 2,143 x 10~ H=0472

[> H:=fsolve (eq,H,0..10000) ;

0.0001348

> evalf(dL) ;

[> x:=L/2; Dy:=((z-0.06)*1000) ;

Horizontal force: 62.89 N/mm

N
_ FH/t _ 6289ﬁ/1mm

uc =02 0.K.
fy 355 N
mm

Deflection: 0.6 mm

P
UC =—=10.08 0.K.
Ner

Ring to stringer connection

The spacing between stringers is 400mm, the width of the stringer flange is 60mm, and the spacing
between rings is 1000mm. The load per ring is therefore calculated as follows:

Avotar = (2200 + 60) - 1000 = 460000 mm?

F=p-A=0.12 - 460000 mm? = 55.2 kN

mm?

Two strips are applicable if the stringer does not deform significantly, i.e., if the ring flanges do not
buckle upwards once the load is applied. In case of a larger deformation, then the flanges are less
utilised, and the load transfer into four smaller areas becomes more evident. The normal stress in the
case of two strips is therefore calculated as:

Agtripz = 3+ 60 = 180 mm?

F
=—=153.33
2A mm?2

o < f, =355MPa

o
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In case of large deformation, the load would be distributed to four strips. In the analytical method, it is

difficult to predict the length of a single strip since it depends on the steel grade, load magnitude and

total deformation. An inverse engineering approach can be used to calculate the minimum required area

strip for which the yield stress will not be reached. Therefore:
F F 55.2 kN

—_ — A:—:—
T2 " o 355 N/mm?

= 155.5 mm?
Astrip = i 38.87 mm?

Astrip _ 38.87 mm?

w 3mm

= 13mm

Astrip =w-1 = 1=

The minimum length is, therefore, 13 mm. It should be noted that the analytical approach was performed
considering vacuum pressure only under ideal conditions. Due to the slenderness of the structure, it is
expected to be sensitive when exposed to non-uniform loadings, and its structural response might prove
to be difficult to predict and verify analytically.
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F. FEM results

Total deformation — Assembly without rails supports

) NG
] N
0 3e+03 (mm) Q 3e+03 (mm)
— —
Figure 190: Total deformation [mm] of the 16m model Figure 191: Total deformation [mm] of the 16m model
without rails support due to LC1 without rails support due to LC10

Total deformation — Assembly with rails supports

Lt -4
0 3e+03 (mm) z 0 3e+03 (mm) z
1.5e+03 1.5e+03
Figure 192: Total deformation [mm] of the 16m model Figure 193: Total deformation [mm] of the 16m model
with rails support due to LC1 with rails support due to LC2
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Figure 194: Total deformation [mm] of the 16m model
with rails support due to LC3

Figure 195: Total deformation [mm] of the 16m model
with rails support due to LC10

Equivalent stress [MPa] — Assembly with rails supports

. .
000 1000.00 (mm) 0.00 1000.00 (mm)
[ S [ S

500.00 500.00

Figure 196: Equivalent Von Mises stress of the Sm model Figure 197: Equivalent Von Mises stress of the Sm model
due to LC1 due to LC10
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Equivalent stress [MPa] - Plates

3 3
000 1000.00 (mm) 000 100000 (mm)
- ) -

500.00 500.00

Figure 198: Equivalent Von Mises stress of the plates due Figure 199: Equivalent Von Mises stress of the plates due
to LCI to LC10

Equivalent stress [MPa] - Side plate (critical)

z z

000 100000 (mrn) V‘/k 000 1000.00 (mm) ’/k
— v — ¢
500.00 500.00
Figure 200: Equivalent Von Mises stress of the critical Figure 201: Equivalent Von Mises stress of the critical
plate due to LCI plate due to LC10

133



Equivalent stress [MPa] - Middle ring

IL.
000 1000.00 (mm) z
[ S|

500.00

Figure 202: Equivalent Von Mises stress of the ring due
to LCI

Equivalent stress [MPa] - Stringer
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0.00 1000.00 (mm)
_—— )

500.00

Figure 204: Equivalent Von Mises stress of the stringer
due to LCI
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Figure 203: Equivalent Von Mises stress of the ring due
to LC10

X

e~
X
0.00 1000.00 (mm)

[ )

500.00

Figure 205: Equivalent Von Mises stress of the stringer
due to LC10
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Total deformation [mm] - Assembly
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Figure 206: Total deformation of the Assembly due to Figure 207: Total deformation of the Assembly due to
LCI LCI0
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Figure 208: Total deformation of the plates due to LC1 Figure 209: Total deformation of the plates due to LC10
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Total deformation [mm] - Side plate (critical)
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Figure 210: Total deformation of the critical plate due to
LCI

Total deformation [mm] - Middle ring

ll.
000 1000.00 () %
)

500.00
Figure 212: Total deformation of the ring due to LC1

Total deformation [mm] — Stringer (critical)

Figure 214: Total deformation of the stringer due to LC1
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Figure 211: Total deformation of the critical plate due to
LCI0
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Figure 213: Total deformation of the ring due to LC10
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Figure 215: Total deformation of the stringer due to
LCI0
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Total strain - Assembly
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Figure 216: Equivalent Total Strain of the Assembly due
to LCI
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Figure 218: Equivalent Total Strain of the ring due to
LCI
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Figure 217: Equivalent Total Strain of the Assembly due
to LC10
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Figure 219: Equivalent Total Strain of the ring due to
LCI0
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Eigenvalue buckling — Skeleton tube design

Model with rail supports

R: Eigenvalue Buckling
Total Deformation

Type: Total Deformation

Load Multiplier (Linear): 4.0541
Unit: mm
30/01/2024 09:41

1Max

088889
077778
0.66667
055556
044445
033333
022222
o1
0 Min

Figure 220: Buckling mode 1 [/ = 4.054]

R: Eigenvalue Buckling
Total Deformation 3

Type: Total Deformation

Load Multiplier (Linear): 4.0771

Init: mm
30/01/2024 09:42

1Max

088889
0.77778
0.66667
055556

Figure 222: Buckling mode 3 [1 = 4.077]

R: Eigenvalue Buckling
Total Deformation 2

Type: Total Deformation

Load Multiplier (Linear): 4.0611
Unit: mm
30/01/2024 02:41

1Max

088889
077778
0.66667
055556
044445
033333
022222
o1
0 Min

Figure 221: Buckling mode 2 [A = 4.061]

R: Eigenvalue Buckling
Total Deformation 4

Type: Total Deformation

Load Multiplier (Linear): 4.0847

Init: mm
30/01/2024 09:42
1Max
0.88889
077778

0.66667
055556

Figure 223: Buckling mode 4 [A = 4.085]

R: Eigenvalue Buckling

Total Deformation 9

Type: Total Deformation

Load Multiplier (Linear): 4.2382

nit: mm

30/01/2024 09:43
1Max
028839
077778
066667
055556
044445
033333
022222
o
0 Min

Figure 224: Buckling mode 5 [1 = 4.196]

R: Eigenvalue Buckling

Total Deformation 10

Type: Total Deformation

Load Multiplier (Linear): 4.2433

Unit: mm

30/01/2024 09:44
1Max
028839
077778
066667
055556
044445
033333
022222
o
0Min

Figure 225: Buckling mode 6 [1 = 4.2]
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Figure 228 Buckling mode 9 [A = 4.238] Figure 229: Buckling mode 10 [A = 4.243]
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G. Steel bracket with a slotted hole in the stringer

—

o .

Figure 231: Visualisation of a slotted hole

Figure 230: Ring — Stringer connection

Figure 232: Front view of the assembly Figure 233: Side view of the assembly
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H. Impact load analysis recommendation

This section provides a recommendation on the impact load analysis. The FE analysis was performed
using an explicit dynamics analysis in Ansys [24].

Special attention must be given to the selection of boundary conditions. In the models used in this
section, fully fixed boundary conditions were applied along the edges of the plate sections. This resulted
in unreliable energy results, since the energy wave deflected from the fixed edge and disturbed energy
data. This can be mitigated in the future by assigning dampers (springs) along the boundaries, or by
simply modelling a larger segment of the tube for this analysis.

Since the energy results are invalid and inconclusive, only the stresses and deformations are provided.
In this preliminary research, the projectile velocity is determined for which the yield and ultimate
strength of the plate is reached.

Skeleton tube design

A sphere with a S0mm diameter made out of S355 steel and weighing approximately 5kg, is used as a
projectile. The projectile's dimensions and mass are determined on the hypothesis that it could either
me thrown by an individual or become airborne and impact the structure as a result of wind action.

Different velocities were assigned to the projectile, with the aim to find the maximum velocity of the
sphere, at which the plate reaches yield point and failure. This analysis was conducted in an explicit
dynamics analysis.

¥
0.000 0.300(m) .
L S—— X z

0150 0.00 100.00 (mm)
[ Se—]

50,00

Figure 234: Setup of the impact load analysis
Figure 235: Setup — side view

Initially, the projectile velocity was found for which the stress in the plate reaches yield point. Figure
236 shows the stress in case of projectile velocity of 25km/h, and the plate deforms by 5.85mm at the
location of an impact. Due to an impact load, the plate transversely tensions and experiences a vertical
deformation adjacent to the impact, as showcased in Figure 237.
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Figure 236: Stress [MPa] at v = 25km/h — S355 Figure 237: Total deformation [mm] at v = 22km/h —
85355

After that, an iterative process was performed to identify the projectile velocity at which the ultimate
strength is reached. A projectile velocity of 115km/h proved to be critical for plate failure. This resulted
in plastic deformation of the plate, with stress levels peaking at 544MPa, as seen in Figure 238. The
plate deformed locally by 19.9mm (Figure 239), which means that if the projectile had struck the plate
at the location of the ring, it would likely have caused damage to the ring as well. In this case, a rupture
of the plate is anticipated. The strongest wing gust ever recorded in the Netherlands [41] is 145km/h;
therefore, a failure is expected if the projectile would have hit the plate at that velocity.

0.00 300.00 (mm) &f 0.00 60.00(mm) [‘LI
— Z —
Figure 238: Ultimate strength reached atv = 115km/h — Figure 239: Total deformation [mm] at v = 115km/h
8355

The aim of the last assessment was to observe the plate behaviour at failure. A projectile velocity of
250km/h was chosen, at which the plate gets fully penetrated. It can be seen that the plate does not
deform significantly in the area surrounding the impact location. This indicates that the velocity was
sufficiently high to prevent the plate to undergo gradual elastic and plastic deformation, leading instead
to an almost instant rupture.
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Figure 240: Stress [MPa] at v = 250km/h Figure 241: Total deformation at v = 250km/h

The following figures show the penetration in four steps.

Figure 242: Full penetration of the plate by the projectile

The following two graphs represent the stress and deformation of the plate for different projectile
velocities. The highlight are 25km/h and 115km/h projectile velocities, which showcase yield limit and
ultimate strength limit.

Impact load - Stress [MPa] in the plate Impact load - Total deformation [mm)] of the plate
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Graph 12: Stress and deformation of the plate due to an impact by a spheric projectile.

Once the projectile hits the plate, if it does not penetrate the surface, it gets deflected. Due to the
slenderness of the plate, a deformation wave is generated, that travels to the plate edges and deflects
back. In the graphs, the second peak in stress and deformation is attributed to that plate’s wave effect.
This response is even more evident, once the vacuum pressure is assigned, meaning that the projectile
hits the tube while the plates are tensioned. Plate’s prestress affects the resistance to the impact load as
well, as it can be seen in Graph 13, where a response comparison is made between unloaded and
prestressed plate. An observation is made, that when vacuum pressure is present, the projectile hitting
the plate at 25km/h causes plastic deformation.
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Impact load - Stress [MPa] in the plate
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Graph 13: Impact load response comparison between unloaded and prestressed plate.

This analysis showed that the plate could resist a Skg heavy projectile with a velocity of up to 115km/h.
However, if the projectile hits the area where the ring is located, it will strike at the ring as well and
potentially weaken the whole structure.

Plain tube design

This chapter presents the resistance to the impacts of the plain tube. The projectile is a sphere made out
of S355 structural steel with a diameter of 50mm and a mass of SkgError! Reference source not
found..
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)

150.00

Figure 243: Setup of the impact load analysis

The yield strength of the skeleton tube plate was reached at the projectile velocity of 25 km/h and
ultimate strength at 115 km/h. Since the wall thickness of the plain tube is 16 times thicker, it exhibits
no stress increase at 25 km/h, while at 115 km/h, the stress increased up to 326.6MPa at the location of
an impact (Figure 244). Using an iterative approach, the yield strength was achieved at the projectile
velocity of 165.2km/h, as seen in Figure 245.
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Figure 244: Stress [MPa] at v = 115km/h (the projectile Figure 245: Yield strength reached at v = 165.6km/h —
velocity, at which the skeleton tube plate ruptures). S§355

Lastly, the ultimate strength of the plate was reached at the projectile velocity of 648 km/h, as showcased
in Figure 246. The total deformation at ultimate strength is presented in Figure 247, where the plate
bends locally by 16.6mm before failure.
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Figure 246: Ultimate strength reached at v = 648km/h — S355
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Figure 247: Total deformation [mm] at ultimate strength (v = 648km/h)
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