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Abstract: Super-high-speed guided systems such as hyperloops and MagLev are highly at risk of
cyber and physical threats from either natural or man-made hazards. This study thus adopts a
nonlinear finite element method to investigate and analyse blast responses of a spatial thin-shell
structure formed as an essential part of the Hyperloop tunnelling system. The thin-shell structure
is a longitudinal cylindrical tube used in hyperloop rail concepts that will have the capability to
carry passenger pods travelling at speeds in excess of 1000 km/h. A robust parametric study
has been carried out on a thin-shell metallic cylinder in accordance with experimental results to
validate the blast simulation modelling approach. In addition, case studies have been conducted
to simulate the effects of varied charge loading (TNT equivalent) of 10 kg, 15 kg and 20 kg. Since
the hyperloop system is in its development stages, potential design modifications to adjust the
thickness of the thin-shell cylinder are also simulated. Our findings demonstrate that thicker walls
of 30 mm yield almost negligible dynamic displacements with lower blast pressures. However,
this modification can cause serious ramifications in terms of infrastructure costs. On this ground,
venting ports for blast mitigation have been proposed to alter and alleviate blast effects on the tube
deformations. The novel insights reveal that increased venting port sizes can significantly increase
the impulse deformations of the hyperloop tube but are key in reducing blast pressures within the
asset infrastructure. These findings will inform hyperloop engineers about potential design solutions
to ensure safety and reliability of future hyperloop rail travels amid the risks and uncertainties of
cyber and physical threats.

Keywords: blast effect; impact loading; hyperloop; thin-shell structure; impulse pressure; dynamic
response

1. Introduction

Transport infrastructures are the critical infrastructures that are vital for modern so-
ciety, green economy and high quality of life. Any disruption to a critical infrastructure
can cause widespread effects on individuals, communities, economy, and the environ-
ment [1–3]. In general, physical infrastructures can be at risk of natural and man-made
hazards. Motivations for man-made attacks include financial gain, espionage and terrorism.
The UK National Infrastructure Commission has highlighted that investment in infrastruc-
ture resilience often occurs after a disruption or a failure. The commission has suggested
that infrastructure operators establish strategies, methods and tools for long-term infras-
tructure resilience, which could require new investments for design modification, retrofit,
renovation or renewal [4]. The projections and modelling of natural and man-made hazards
are often uncertain, implying that the exact nature and magnitude of the increased risk to
critical infrastructures is unclear and unfathomable. For example, estimates for changes in
windstorms, flash-flooding, lightning and terrorist attack events are particularly uncertain.
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The uncertainty and the unknown can make resilience planning and investment decisions
highly challenging, chaotic and indeterministic. Therefore, it is very necessary to develop a
variety of tools, methods, strategies and pragmatic tactics to support the development of
short- and long-term resilience plans, including flexible decision-making frameworks and
alternative design solutions that account for uncertainty, and adaptation options, which can
provide value-added benefits under a wide range of extreme event scenarios [5,6]. These
scenarios should span across various types and ranges of potential tactics that malicious
actors may use or incite to carry out an attack on the infrastructure.

Researching the effects of blast loading on infrastructure is an evolving domain within
civil and mechanical engineering asset management frameworks. Modern-day attacks
from terrorism remain a current and ever-changing threat to society, in particularly to
public transportation, where studies have shown that, between 1970 and 2010, there have
been a total of 3955 attacks on public transport systems recorded in over 82 countries [7,8].
Without any data providing evidence of reduction in the threats from terrorism in the
coming years, continued research into the effects of blast loading and blast mitigation
methods on engineering structures and components of critical infrastructures (especially
thin-shell structures for hyperloop systems) should be developed to prevent fatalities and
create a safer environment for the public. However little research has gone into the domain
of blast loading on thin-shell cylinders, although cylindrical structures are widely used
in the transportation industry such as tunnelling systems, tube systems, pipelines, and
hyperloop systems [9,10]. A clear knowledge gap has therefore been identified, and this
study aims to consolidate further understanding on how cylindrical thin-shell structures,
which form an essential part of modern super-high-speed guided transport (i.e., Hyperloop
systems), react under blast loading conditions. Figure 1 illustrates the hyperloop tunnelling
system where cylindrical shell theory applies. The widely used materials for curved
structures or structural thin shells tend to be steel or other metallic materials. There has
been a plan to adopt composites materials for the thin shells in the future. However, the
scope of this study will be placed on the metallic materials.

Machines 2023, 11, x FOR PEER REVIEW 2 of 22 
 

 

are particularly uncertain. The uncertainty and the unknown can make resilience planning 
and investment decisions highly challenging, chaotic and indeterministic. Therefore, it is 
very necessary to develop a variety of tools, methods, strategies and pragmatic tactics to 
support the development of short- and long-term resilience plans, including flexible deci-
sion-making frameworks and alternative design solutions that account for uncertainty, 
and adaptation options, which can provide value-added benefits under a wide range of 
extreme event scenarios [5,6]. These scenarios should span across various types and 
ranges of potential tactics that malicious actors may use or incite to carry out an aĴack on 
the infrastructure. 

Researching the effects of blast loading on infrastructure is an evolving domain 
within civil and mechanical engineering asset management frameworks. Modern-day at-
tacks from terrorism remain a current and ever-changing threat to society, in particularly 
to public transportation, where studies have shown that, between 1970 and 2010, there 
have been a total of 3955 aĴacks on public transport systems recorded in over 82 countries 
[7,8]. Without any data providing evidence of reduction in the threats from terrorism in 
the coming years, continued research into the effects of blast loading and blast mitigation 
methods on engineering structures and components of critical infrastructures (especially 
thin-shell structures for hyperloop systems) should be developed to prevent fatalities and 
create a safer environment for the public. However liĴle research has gone into the domain 
of blast loading on thin-shell cylinders, although cylindrical structures are widely used in 
the transportation industry such as tunnelling systems, tube systems, pipelines, and hy-
perloop systems [9,10]. A clear knowledge gap has therefore been identified, and this 
study aims to consolidate further understanding on how cylindrical thin-shell structures, 
which form an essential part of modern super-high-speed guided transport (i.e., Hyper-
loop systems), react under blast loading conditions. Figure 1 illustrates the hyperloop tun-
nelling system where cylindrical shell theory applies. The widely used materials for 
curved structures or structural thin shells tend to be steel or other metallic materials. There 
has been a plan to adopt composites materials for the thin shells in the future. However, 
the scope of this study will be placed on the metallic materials. 

 
Figure 1. Hyperloop’s shell structural system. Courtesy: Virgin Hyperloop One. 

The origins of thin-shell structures predate modern day architecture and design, 
where the development of shell analysis was first focused on by Bernoulli and Euler [11]. 
However, as early theories of thin-shell analysis were presented by 2D partial differential 
equations, they are commonly considered as an approximate technique. Accuracy was 
limited to the assumptions made in the analysis and boundary conditions. Improving the 

Figure 1. Hyperloop’s shell structural system. Courtesy: Virgin Hyperloop One.

The origins of thin-shell structures predate modern day architecture and design,
where the development of shell analysis was first focused on by Bernoulli and Euler [11].
However, as early theories of thin-shell analysis were presented by 2D partial differential
equations, they are commonly considered as an approximate technique. Accuracy was
limited to the assumptions made in the analysis and boundary conditions. Improving the
approximations for thin-shell analysis has been a constant development process, where in
the 1950s scientists such as Clough developed Finite Element Analysis [12]. Advancements
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in the understanding of thin-shell structures have allowed engineers and designers to
utilise these theories to develop vehicles in industries such as aerospace. NASA’s Saturn
V rocket, as well as the Airbus A380 and Boeing 787 Dreamliner are all examples of how
thin-shell mechanics can be used in the domain of vehicle design [11]. Shell structures can
be considered to be thin when the following criteria are met [13]:

max
(

h
R

)
< 1

20

h = Cylindrical Thickness
R = Radius o f Curvature

(1)

In general, thin-shell structures have a very high value of spatial stiffness and a
large load-bearing capacity due to the curvature of the surface. This often stems from the
combined arching and membrane stiffening effects. The thinness of shell structures further
helps resist traverse loads through the internal membrane stresses [14]. However, it is to be
noted that having an overly thin shell can cause critical structural instabilities when subject
to external forces such as blast loading.

Simulations of blast waves, as illustrated in Figure 2, can be easily characterised using
a pressure–time function, describing how the blast develops throughout each stage of
detonation [5,15]. The size of the pressure recorded is defined depending on the stand-off
distance to the blast and the size of the charge [16], with two main positive and negative
phases. The arrival time ta of the blast is where ps (peak overpressure) occurs. The blast
then falls back to po at time td, where the pressure then drops below the reference until it
reaches maximum negative pressure pmin. The positive phase of the pulse duration can be
expressed using the Friedlander Equation (2), showing the sudden step change in pressure,
followed by an exponential decay in pressure [17].

P(t) = Ps(1− t−ta
td

)e−
t−ta

θ

P(t) = pressure
θ = decay coe f f icient

(2)
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This study amins to investigate the dynamic response of metallic cylindrical thin-shell
structures when exposed to external blast loading forces, in order to gain new insights
into the resilience of the hyperloop transport systems. Note that metallic materials have
been adopted widely for the design of modular tubes in practice. Whilst some areas of
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design encourage the buckling of thin-shell cylinders [18], increasing the ability of thin-
shell cylinders to withstand buckling from blast loading in an operating environment is a
crucial focus of this research. In this study, simulations of extreme event scenarios will be
conducted using a nonlinear finite element method based on LS-DYNA. The key research
objectives are (i) to gain a better understanding of blast loading effects on cylindrical thin-
shell structures and the effects the charge has on rigid bodies; (ii) to establish an appropriate
case study and simulate how blast loading can affect its structure; and (iii) to design and
simulate blast mitigation techniques to reduce blast impulse, deformation and fatality
rates for the selected case study. The insights derived from this study will help hyperloop
engineers by offering new alternative solutions to enable the resilience-based design of the
hyperloop systems.

2. Materials and Methods
2.1. Case Study

There are multiple types of the hyperloop system at different technological and op-
erational readiness levels. Prior to developing computer simulations of blast effects on
hyperloop thin-shell structures, a suitable case study is required to be selected. In reality,
the hyperloop system concept is still in its infancy and, as of yet, no company has a fully
operational system that is open to public use. This causes difficulties when selecting a
case study, as there are limited information resources on hyperloop infrastructure which
could define definitive specifications on crucial points of analysis. Currently, there is also a
very limited amount of hyperloop research that stretches beyond a concept or into a devel-
oped physical prototype. Having said this, the development of hyperloops is continuing
and global operations by many hyperloop companies will add to the body of research.
Table 1 highlights operating companies undertaking hyperloop system designs, showing
critical research.

Table 1. Hyperloop system design information.

Operating Company and
Manufacturer Dimension/Test Track Operational Data Materials Data

Virgin Hyperloop One

The first hyperloop company to have a
fully operational 500 m development
track. Currently, a test track has been

built in the US for full-scale
operational testing.

Virgin Hyperloop One’s XP-1 pod
has conducted 400 tests and

reached a speed of 387 km/h.
With a capability of reaching
1080 km/h, each pod has a

maximum capacity of
28 passengers [19].

Steel tube

Hyperloop Transportation
Technologies

The pod will have a length of 32 m, but
an internal cabin length of just 15 m. The
tube in which the pod will be operating

in has a diameter of 4 m, resulting in
large infrastructure costs when

construction begins [20].

Operating in a low-pressure
environment of 100 Pa, HTT’s

Quintero 1 Pod once developed
will be able to reach 1220 km/h.

Steel tube

Transpod

With an axial compressor at the front of
the pod to divert mass airflow to the rear,
this design greatly reduces air resistance

and shock fronts to increase efficiency.
Concept design and simulations have

been the prime focus at this stage.

Despite no physical prototypes,
TransPod will be able to operate

at 1000 km/h with either
10 tonnes of freight or carrying up

to 50 passengers [21].

Steel components

Zeleros

Zeleros is a European start-up company
that is currently developing a 3 km span
of track to test their “disruptive levitation
system” on board a hyperloop pod, with

a much safer pressurised working
condition of 100 milibar (10,000 Pa).

Zeleros will be a carbon-negative
mode of transport once complete.
This is still in the design concept

development stage [22].

N/A
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Based on data integrity and systems readiness, the hyperloop system selected for the
case study is Virgin Hyperloop One and its associated concept XP-1 pod. As illustrated in
Figure 3, the structures of the hyperloop system to be analysed include the pod and the
structural steel tube it operates in. The tube is a cylindrical structure made from 20 mm
thin-sheet steel with an internal diameter of 3.3 m [19]. The tube is pressurised to a value
of 100 Pa. The test track spans a distance of 500 m at a varying height off the ground,
depending on surface undulation. Current operational tests have only reached 160 km/h
on the track at this stage [23]. The XP-1 pod is a thin-shell tubular structure 8.7 m in length,
2.4 m width and a height of 2.7 m; however, length of pod will vary when commercially
available to accommodate a higher number of passengers. In this study, the 10 kg explosive
(TNT equivalent) will be placed at varied locations, both within and on the outside of the
structure to analyse where weaknesses are most prominent.
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Figure 3. (a) 1:1 Solidworks design of Virgin Hyperloop One test track (b) Virgin Hyperloop XP-1
Pod. Both models are to be imported into LS-DYNA as a STEP file for blast loading simulations.

2.2. Blast Simulations

The hyperloop structure is to be subject to a uniformly distributed blast load, simulated
within LS-Prepost package [24]. The empirical LOAD_BLAST_ENHANCED pre-post
function will be used to model the far-field charge. TNT blast loading can be carried out
in many forms, such as surface blasts, hemispherical blasts or spherical free air blasts,
each with their own unique pressure wave parameters. The tube and pod formulating
the hyperloop will be simulated using a spherical TNT charge, where the scaling law is
given by Equation (3) [24]. The hyperloop itself will be modelled in Solidworks and then
imported into LS-DYNA as a step file for FEA blast loading analysis.

Z = R
3√W

R = Distance f rom Detonation (m)
W = TNT Charge (kg)

(3)

Prior to modelling the hyperloop thin-shell structures, a parametric study was pro-
duced to validate experimental procedures used to ensure the accurate simulation of blast
loading. The parameters used in the parametric study are aimed to validate how the
thin-shell steel that the hyperloop structures are made from will react under blast loading.
LS-DYNA offers a wide range of modelling techniques to allow the user to create a detailed
simulation for their specific scenario. An experiment conducted by Rushton et al. [25] uses
FEA analysis to investigate a cylinder’s dynamic response to blast loading. The experiment
will be validated with LS-DYNA modelling to demonstrate the most accurate simulation
parameters to be carried forward into the hyperloop case study.

2.3. Blast Experimental Validation

Rushton et al. [25] have conducted numerical and experimental analysis on a steel
pipe to evaluate the effectiveness of its resistance to blast-induced deformation, as well
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as looking at the failure mechanisms under high loading. The pipe, which was used for
gaining experimental values of deformation, had a thickness of 9.5 mm with an outer
diameter of 324 mm and length 800 mm. The material was API05LX-42 mild steel with a
minimum yield stress of 289.6 MPa and minimum tensile stress of 413.7 MPa. Tests were
conducted with a 0.8 kg TNT-equivalent spherical explosive charge (Z = 0.16 m/kg1/3)
placed at the centre of the pipe, where numerical analysis was conducted on ANSYS
AUTODYN. Due to the simplicity of the simulation, no quarter modelling was required,
as computational time and cost were fairly low. The AUTODYN simulation was able
to indicate maximum deflection, pressure and hoop strain (equation) at various points
along the steel tube. Although Rushton et al. [25] used AUTODYN for the simulation,
the parametric study is to be conducted on LS-DYNA, which will be able to accurately
recreate the same parameters and validate results. The shell model is to be developed
in LS-DYNA Prepost utilising the LOAD_BLAST_ENHANCED keyword to simulate the
experiment carried out by Rushton et al. [25]. Once complete, the simulation can provide
crucial validation measures such as mesh convergence accuracy, blast pressure validation
and material studies, and an element formulation can be completed to ensure the hyperloop
case study is accurately validated.

2.4. Materials Modeling and Selection

Suitable material modelling is required to obtain reasonably accurate simulations to
demonstrate how the thin-shell structures will react under blast loading. Previous stud-
ies have identified a variety of appropriate material-modelling approaches for metallic
thin-shell cylinders. They exhibit acceptable correlations between numerical and exper-
imental results. Element formulation within LS-DYNA should be carefully selected in
order to adequately represent all critical parameters. The following information highlights
potentially suitable LS-DYNA material IDs and where they are best suited for simulation
purposes. A parametric study for the hyperloop materials for the tube can be conducted,
with information found below:

• MAT_001: Used for elements such as beams, shells and other solids, MAT_001 is used
to model isentropic elastic properties of materials [26]. A specialisation of this material
allows the modelling of fluids.

• MAT_015: MAT_015 is used for when element strain rates have a large range of
values and the temperature of the model is sufficient to cause material softening [26].
The Johnson/Cook strain and temperature sensitive plasticity is sometimes used for
problems where the strain rates vary over a large range and adiabatic temperature
increases due to plastic heating cause material softening. When used with solid
elements, this model requires an equation-of-state. If thermal effects and damage
are unimportant, the much less expensive *MAT_ SIMPLIFIED_JOHNSON_COOK
model is recommended. The simplified model can be used with beam elements. Solid
elements, when using MAT_015, are required to use an equation of state to help
model the thermal and damage effects of the material. Li et al. [27] use MAT_015 to
model the dynamic response of a metallic square plate with pre-formed circular holes
as it accurately simulates maximum midpoint displacement and local deformation
around the pre-formed holes. Mohotti et al. [28] make use of MAT_015 to account
for strain hardening, strain rates and temperature effects to show the blast reduction
effectiveness of polymer coatings on steel plates.

• MAT_003: Nelson and O’Tool [29] used MAT_003 to simulate the kinematic harden-
ing plasticity of all metallic elements in their composite cylinders. Experiments are
approximated using a bi-linear stress strain curve to show how the metallic elements
within the composite cylinder can predict the failure limit. Cost-effective modelling for
materials is often used for beams and shells [26]. This model is suited for modelling
isotropic and kinematic hardening plasticity with the option of including rate effects.
It is a very cost-effective model and is available for beam (Hughes–Liu), shell, and
solid elements.
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• MAT_024: A simple model that can be used for a diverse range of materials to
simulate elasto-plastic elements with stress/strain features. It is an elasto-plastic
material with an arbitrary stress as a function of strain curve that can also have
strain rate dependency. Failure based on a plastic strain or a minimum time step
size can be defined. Often used in blast loading as failure due to plastic strain
can be set.

2.5. Mesh Convergence

An important validation technique prior to simulating final results is a mesh conver-
gence study for the hyperloop model. LS-DYNA, along with other FE software programs,
creates a series of nodes, which have a certain number of degrees of freedom (DOF). Each
node calculates pre-set parameters at that point on the model. Adding nodes, however,
increases the overall intricacy of the model, which further increases computational analysis
time. A mesh convergence study is used to balance the optimum number of DOFs in order
for the model response to be sufficiently accurate, but not take an excess amount of time to
run. Convergence of a mesh could be considered satisfactory at the point when the results
of analysis remain constant regardless of further mesh refinement.

2.6. Blast Mitigation Design Implementations

In practice, the requirement for explosion-resistant designs is increasingly becoming
a prevalent design parameter. To improve resilience planning, alternative solutions for
design adjustment and retrofit are critical. Thin-shell structures, such as cylinders, typi-
cally have a high structural instability and are sensitive to vibrations, which lead them to
have a load capacity limited by dynamic elastic buckling [30]. Fatality rates if hyperloop
infrastructure was to be targeted by terrorist attacks would prove catastrophic. The
catastrophic damage would also cause significant financial penalty and environmental
impacts. With tubes working at an operating pressure of 100 Pa, any loss in pressurisa-
tion within the pods, as well as blast loading on the occupants, would be fatal [31]. One
such method for reducing pressure fronts from an explosive source is the use of blast
intersections within the hyperloop tube. Blast intersections, as illustrated in Figure 4, are
methods of breaking the propagating wave front into smaller wave fronts, which can
reduce the overall peak pressure. This would help reduce the channelling effect caused
by explosive loads in confined spaces, something the hyperloop tube would suffer from.
However, if intersections are implemented onto the hyperloop tubes, the reduction in
cross sectional area could lead to potential internal transonic flow choking [32], reducing
hyperloop’s operational speed. Choking limitations would concern the hyperloop when
travelling at transonic speeds, where the flow around the capsule reaches Mach 1 and
the capsule is choked. Any further increase in speed creates a large pressure build up
at the front of the pod, preventing any further mass flow in a condition known as the
Krantrowitz limit [33]. Numerical analyses by Oh et al. [34] revealed that blockage ratio
values (Apod/Atube) of 0.25 and 0.36 create a critical Mach number of 0.50 and 0.41, re-
spectively. Overcoming the Krantrowitz limit can be carried out by either increasing the
tube diameter for a smaller blockage ratio or equipping the pod with an axial compressor
for more air to pass around the capsule [35].

Studies conducted by Langdon et al. [36] and Larcher et al. [15] showed that using
venting ports as a pressure release mechanism has proven to be an effective method in
reducing blast impulse. Results from Larcher et al. [15] showed that a 2 m vent length
within a train carriage is an effective size for venting to make a substantial difference on
pressure impulse. It is clear that the vents can suppress the blast effect. In this study, the
vents will be applied to the tube systems where the blast pressure can be released, in order
to assess its attenuation characteristics. As a result, further simulations are carried out on
hyperloop specific pressure release vents of varying dimensions to evaluate what causes
minimum responses to the tube. Incorporated into the design are two RS PRO Electric
Linear Actuators [37], which are used to lift the vent ports with an operating stroke of
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300 mm and a combined maximum load capacity of 8000 N (pull). The venting ports will be
activated if the pressure in the tube reaches a blast condition of 10 MPa, shown by internal
pressure gauges.
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3. Results

The model validation was first investigated. Mesh convergence analysis was presented
to obtain optimal mesh size for the simulations. Then, the parametric study was conducted
to yield new findings of the blast effects on the hyperloop’s thin-shell structure systems.

3.1. Mesh Convergence Assessment

Figure 5 shows the mesh convergence study conducted based upon the parametric
study, simulating the Rushton et al. (2008) experiment. It can be seen from Table 2 that
reducing the element size to produce a finer mesh enables the Von Misses Stress to converge
to a stable result but significantly increases computation time. The optimal mesh size of
20 mm has been adopted.

Table 2. Mesh convergence based upon parametric study, showing how element size alters time to
converge, number of elements and Von Misses Stress.

Simulation No: #1 #2 #3 #4 #5 #6 #7 #8

Element size (mm) 10 12 14 16 18 20 25 30
Time to converge (s) 125 75 50 41 33 27 20 3

Von Misses stress (GPa) 66.5 66.6 66.6 66.6 66.7 67.0 67.5 70.4
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Figure 5. Mesh convergence analysis: (a) mesh density study conducted on the parametric study
using FEM analyses, (b) FEM analysis of blast loading through the parametric study, (c) mesh
convergence graph demonstrating Von Misses vs. time to converge for varying element sizes.
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3.2. Parametric Study

Figure 6a shows the resultant displacement of previous experiment [25] when the
cylinder was exposed to a blast force of 0.8 kg TNT (Z = 0.16 m/kg1/3) and (b) is the
parametric study aimed to validate procedures of that study to carry forward accurate
simulation measures for the case study. The results from a previous study [25] indicated that
the material models chosen can well predict the dynamic responses in a good agreement.
The parametric results also revealed that the localised material points closer to a blast load
(near field) will be much more affected by the impulse, compared to the points further
away from the blast load (far field). The oscillation is reportedly due to the wave-induced
dynamics of the structure.
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Figure 6. LS-DYNA parametric study of resultant displacement at gauge points 80 mm apart.
(a) LS-DYNA simulation of displacement at gauge points; (b) experimental displacement at gauge
points [25]. Near-field responses (Gauge 6) are much amplified by the blast, compared to far-field
responses (Gauges 7–10).

Based on the materials’ properties in Table 3, the comparisons of numerical and exper-
imental results show that the simulations are in good agreement with experimental results.

Table 3. Steel material properties, adopted from [25].

Material Properties API-5LX-42 Mild Steel

Minimum Yield Stress (Pa) 3 × 108

Density 7833
Poisson’s Ratio 0.29

Youngs Modulus (Pa) 2 × 1011

Tangent Modulus (Gpa) 2 × 109

Failure Stress (Pa) 1 × 1021

Table 4 indicates a close replication of the Rushton et al. [25] experiment, where the
LS-DYNA simulation showed similar deflection values as to that of the parametric study.
However, there are still inaccuracies within the study, highlighted at displacement gauge
2, where there is a 30.5% difference in deflection values. This could be due to the blast
wave turbulence in the experiments. Looking at the materials used in the experiment, it
was found that MAT_024 simulated the closest deflection values to API05LX-42 mild steel
from the parametric study. Since the vent will be adopted in a similar range to Location No
1, MAT_024 had a maximum deflection percentage difference of 4.46% for Location No 1,
whereas MAT_001 and MAT_003 had a 93.54% and 53.54% maximum deflection percentage
difference, respectively, as shown in Table 5. As a result, MAT_024 will be carried over to
simulate the steel tube in the case study.
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Table 4. Variation in displacements between experimental results [25] and the LS-DYNA simulations
at various displacement points along the cylinder.

Dynamic Displacement (mm)
Radial Displacement at Gauge Positions

No. 1 No. 2 No. 3 No. 4

Experiments [25] 32.0 10.5 2.5 0.0
This Study (LS Dyna) 31.1 15.1 4.0 1.5

Table 5. Variation in displacements between Rushton et al. [25] and the LS-DYNA simulations using
different material models.

Maximum Displacement (mm)

MAT_001 MAT_003 MAT_024 Experimental
Results [25]

Value
(mm)

%
Difference

Value
(mm)

%
Difference

Value
(mm)

%
Difference

2.1 93.54% 15.1 53.54% 31.05 4.46% 32.5

3.3. Case Study

Using the simulation parameters validated in the parametric study, a fully scaled
model of the hyperloop tube was created to show blast loading effects. Figure 7a depicts
the pressure front from a 20 kg TNT spherical blast moving along the tube (at inner wall,
Z = 0.42 m/kg1/3), where (b) shows pressure gauge readings placed 5 m and 10 m along the
tube. Table 6 shows the deformation of the hyperloop tube, with a varied cylinder thickness
and explosive load. The effects of tube wall thicknesses on the blast responses can be
illustrated in Figure 8. Apparently, the thicker of the wall thickness, the lesser the dynamic
displacement responses. Figure 9 shows displacement at the centre of the hyperloop
tube. Note that the simulation conducted on LS-DYNA was taken at atmospheric pressure
due to model limitations. The real hyperloop tubes are generally at a lower pressure
during operations, but they can resume at atmospheric pressure during maintenance and
during a hyperloop stop at stations. This study adopts the elastoplastic material properties
of steel, and its damage is defined by only yielding characteristics. This study has not
considered fracture mechanics. Due to the extensive time consumption, only optimal vent
dimensions [15,36] are considered in the design modification for this study.
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Figure 7. LS-DYNA simulations of incident pressure within the hyperloop tube with a blast load of
20 kg TNT. (a) Visible cylindrical propagation of pressure front moving outwards from the centre of
the blast. (b) Pressure gauge values placed 5 m/10 m away from the blast (unit in Pa).
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Table 6. Maximum tube displacement regarding TNT explosive charge and tube thickness.

Hyperloop Wall Thickness (mm)
Maximum Dynamic Displacement (mm)

10 kg TNT 15 kg TNT 20 kg TNT 25 kg TNT

14 8.4 17.5 27.5 36.0
16 7.5 13.4 22.0 28.0
18 5.4 11.0 17.4 22.5
20 4.3 9.1 14.2 19.0
22 3.6 7.5 12.1 16.2
24 3.0 6.2 10.3 13.1
26 2.3 5.0 8.8 11.7
28 1.8 4.3 7.5 9.7
30 1.5 3.2 6.3 8.8
32 1.2 3.0 5.5 7.6
34 1.0 2.7 4.8 6.7
36 0.84 2.4 4.1 6.0
38 0.76 2.1 3.6 5.2
40 0.60 1.8 3.2 4.4
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Figure 8. Maximum deflection of hyperloop tube when subject to varying explosive loads of different
thin shell thicknesses. The thickness of the shell increased structural stiffness and stability, thus
reducing the blast responses.
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3.4. Blast Mitigation

Once the initial simulations are complete, venting strategies (as illustrated in Figure 4)
were simulated as a blast mitigating technique on a hyperloop tube with a thickness of
20 mm. Based on results from Langdon et al. [36], which demonstrated that 2 m was an



Machines 2023, 11, 938 13 of 21

effective venting length to reduce blast impulse, our LS-DYNA models were modified
by creating the blast intersections, as shown in Figure 10. Vent ports on the hyperloop
tube are simulated from 500 mm to 2500 mm, all with a width of 800 mm. As venting is a
proven method to reduce blast impulse, vents have been simulated to assess how maximum
displacements are alleviated by these mitigation implementations. The new findings are
portrayed in Figure 11, highlighting the influence of the vents’ length on the maximum
displacements of the hyperloop tube. This relationship between the length of port vent and
the blast wave suppression can help engineers to re-design or retrofit the hyperloop shell
wall to effectively mitigate the blast effects.
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Figure 11. The relationship between hyperloop tube deflection and the length of venting ports for
blast pressure reduction. (a) 6000 mm blast vent deformation. (b) Deflection vs. venting port length
curve. Note that the results are based on 30 mm mesh size.

Vent mechanisms, as shown in Figure 4, were then separately simulated in Solidworks
using blast pressure values calculated by the LS-DYNA case study, as illustrated in Figure 7.
The purpose was to assess the structural integrity of the venting ports by assessing the
dynamic deflection of the venting port mechanism and by assessing whether it can be
reused in multiple blast loading events. This also helps to validate whether the proposed
mitigation mechanism is a viable option for blast reduction, or further development is
required to generate a robust design. Figure 12a shows vent port deflection using a
pressure value of 0.1 × 106 Pa. Each venting mechanism has a different length of vent plate
to determine how vent dimensions can change the blast responses. A maximum deflection
of 28.4 mm can be observed when using a vent plate of 2.5 m, where deflection significantly
decreases to 4.7 mm if the vent plate is 1.2 m.
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Figure 12. FEA simulations of blast effects on the venting ports. Pressure values are obtained from
LS-DYNA simulation results. (a) Venting port 1.2 m in length; (b) Venting port 2.0 m in length;
(c) Venting Port 2.5 m in length; (d) Vent mechanism length vs. deflection graph of 20 kg TNT
explosive. Note that the results are based on 20 mm mesh size.
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4. Discussions

The threats to critical infrastructures such as hyperloop systems exist in the transporta-
tion industry [38–41]. In many countries, such a risk is deemed to be very to extremely
high [42–44]. Our study is thus critical to protect and to improve resilience of the trans-
portation infrastructures.

Figure 5 demonstrates the convergence curve depicting the Von Misses stress vs.
time to converge using the finite element simulations within the parametric study, and
considers mesh convergence analysis. It reveals that a mesh size larger than 25 mm
produces slightly unstable values for stresses, creating inaccurate blast loading results.
This is relatively similar to other studies in the area [45–47]. However, a mesh element
size smaller than 15 mm is an unnecessary value as stress has reached a stable value
where convergence time significantly increases. Due to the large displacement values
when simulating the mesh convergence, it also limits the accuracy of the model as the
program does not timely update the blast pressure load directions as the tube deforms.
This aspect can be resolved by a nonlinear iterative simulation, since it can timely update
the program at each solution step depending on its deformation. Based on our parametric
study, 20 mm element size has been selected as the optimum value for modelling in
the study, and is brought forward for meshing the case study. However, it was found
that simulations using 20 mm mesh size within LS-DYNA for our case studies prove to
be computationally expensive. This is due to the scale of the hyperloop model when
attempting to mesh the 20 m as opposed to the 0.8 m parametric study. Our study
adopts full-scale, real-world dimensions of the hyperloop tunnelling system. As a result,
the mesh element sizes have been increased to 30 mm for the tube model within LS-
DYNA package, as this proves the optimum size between accurate readings and low
convergence cost. This is reasonably a sufficient mesh density number to provide ample
degrees of freedom for blast loading.

MAT_024 (Piecewise linear plasticity) from the materials model catalogue is chosen to
model the steel material in the hyperloop case study. Based on our observations, MAT_024
offers an accurate maximum deformation, with only a 4% percentage difference between
the parametric study and LS-DYNA simulations (as shown in Tables 3 and 4). MAT_024
allows the strain rates of steel (see Appendix A, Figure A1) to be applied, meaning accurate
deformation characteristics are simulated at high blast loading characteristics. The table ID
of each strain rate allows for effective plastic strain vs. yield stress to be interpolated [48].
Although more in-depth failure criteria of composite structures can be modelled with
MAT_MODEFIED_PIECEWISE_LINEAR_PLASTICITY, this is irrelevant for the case study,
as only steel is simulated. However, this will be part of our future study where composites
materials will be considered. Figure 6 highlights the slight discrepancies in deformation
characteristics between experiments conducted by Rushton et al. [25] and the LS-DYNA
simulations, where there is seen to be a maximum deformation difference of 4.6 mm.
Reasons for this could stem from the fact that the Lagrangian LS-DYNA simulation has
numerical issues due to element distortion limits which can occur when modelling large
deformation [35]. Multi-material arbitrary Lagrange–Eulerian (ALE) is another simulation
method that can be used to simulate dynamic deformations more accurately. Zaghoul
et al. [49] uses this for blast effects on passenger trains, where structural parts are modelled
using Lagrangian mesh and the air domain in which the blast waves travel is a Eulerian
mesh. ALE Mapping for increased accuracy is used where pressure from a 1D air domain
is mapped into the 3D domain. Despite yielding accurate results, these computational
techniques are costly and have large computation times, which are not desired for the
full-scale hyperloop case study [50].

Considering the blast mitigation implementation strategies, Figure 11 shows how
hyperloop tube thickness and TNT loading alters the maximum deformation of the thin-
shell structure. Results correlate to initial assumptions, where increasing TNT loading
and reducing shell thickness increases deformation responses. The parametric simulation
and case study use shell element formulation 16 (ELFORM_16) to achieve the accuracy
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of the numerical study. Detailed results can be found in Appendix A. ELFORM_16 is
an ideal shell formulation for non-linear analysis, as sufficient warping stiffness means
that simulations remain stable despite deformations [50]. Although it can be up to three
times more computationally expensive than ELFORM_2 (Belytschko–Tsayshell), traverse
shear correction means that no hourglassing effects can take place [51]. Spherical free air
bust (BLAST_2) was used in the parametric and hyperloop case study to simulate blast
loading TNT. BLAST_2 simulates the blast waves propagating spherically outwards with
no prior contact on surfaces such as the ground before it interacts with the hyperloop
structure [24]. With the charge suspended in air, this offers the most accurate recreation
of an explosion from a terrorist threat. Parametric simulations are conducted by varying
tube thicknesses. As the hyperloop systems are still in their concept design stages,
a standardised thickness for tube infrastructure has yet to be set. Our new findings
demonstrate that 30 mm tube thickness would be the desired dimensions, as there is
negligible deformation at low TNT loads. With an estimated economical infrastructure
cost of USD 4,000,000 per km [52], any thicker would generate large ramifications for
development pricing. Similarly, increasing the size of the venting mechanism will also
substantially increase infrastructure cost.

Another important facet is the deformation of the hyperloop tube when full-scale
venting areas are introduced to the hyperloop tube system. The virtual experiments are
carried out with a tube thickness of 20 mm and 20 kg TNT load. Although the initial
simulation would have some inaccuracy due to a sealed tube not being simulated with
a lower internal pressure value, blast venting is assumed to depressurise the tube. This
means it can be accurately modelled at atmospheric pressure. As displayed in Figure 11,
a positive linear trend between venting length and tube deformation can be observed.
This can be accounted for due to the increased hoop stress, σH (as shown in Equation (4))
and longitudinal stress, σL (as shown in Equation (5)) caused from removing sections of
the cylindrical tube. Reducing thickness (t) of the cylinder wall increases both σH and
σL which accounts for the increased deformation when the hyperloop tube is fitted with
venting ports. From these findings, it could be concluded that venting may not be the
most appropriate method of reducing blast loading implications, where extreme levels of
deformation could cause dangerous amounts of fragmentation. This could be countered by
adding isotropic shell configurations or stiffening hoop plates to increase the rigidity of the
hyperloop tube [14]. Although, in reality, the venting areas could help prevent an increase
in σh and σh due to the decrease in pressure acting on the cylinder surface, the current
simulations are limited by how it can model pressure dissipation. The current model uses
LOAD_BLAST_SEGMENT simulations, meaning blast pressure for a given segment is
calculated regardless of other segments subject to that same blast pressure. Segments are
unaware of venting holes for pressure, calculating results in spite of the pressure load
acting on other segments. Whilst this characteristic is expected for empirical blast models
and acceptable for calculating blast responses [45–47], further development using MM-ALE
simulations will provide further insight into blast loading and pressure dissipation on
hyperloop structures. This will form a part of our future research.

σH =
Pr
t

(4)

σL =
Pr
2t

(5)

P = Pressure
r = Cylindrical Radius
t = Thickness o f Shell

When considering the blast responses of venting mechanism (see details in Appendix A,
Table A2), picking the optimum dimensions would have to be a balance between cost of
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manufacture, deformation caused, and venting area exposed. The venting mechanism that
is 1000 mm in length (as illustrated in Figure 12)) only yields 4 mm of maximum blast de-
formation, with the actuators and venting plate withstanding blast force and not becoming
compromised. Although this ensures the reusability and modularity of the venting mech-
anism, dimensions are below the optimum 2 m venting length found by Larcher et al. [15].
Our results thus provide a new alternative venting mechanism suitable for the hyperloop
tube system.

Future considerations of this study are to not just blast deformations within the
hyperloop model, but also pressure drop values from the various venting strategies.
Although deformation characteristics have proven to be an insightful study into how
hyperloop thin-shell structures react under blast loading, further pressure analyses can
enable fatality models to be built. To determine pressure values that coincide with the ef-
fects of venting, a multi-material ALE simulation method can be adopted in future study.
This would ensure air confined within the tube, as well as air surrounding the tube,
would be modelled to enable pressure variations to be analysed. Multi-material ALE can
simulate wave reflection and resultant superposition within the tube, a phenomenon
that has been highlighted by Zaghloul et al. [49] as a critical factor of deformation in
confined spaces. Other blast loading mitigation design improvements can be simulated
in future studies to compare what methods are the most effective at reducing the failure
of hyperloop infrastructure. Examples could include redesigning the hyperloop tube
by adding composite isotropic shell configurations into the internal thin shell to im-
prove its capacity to withstand pressure loading [14,53–60]. As previously mentioned,
modelling different blasts using the LOAD_BLAST_ENHANCED keyword, such as
hemispherical or surface blasts, could be investigated to see how deformation varies.
This could be conducted both on the inside and outside of the tube to model various
blast loading scenarios.

5. Conclusions

The paper aimed to investigate the blast effects on spatial thin-shell structures for
critical transport infrastructures in which a knowledge gap is well present. Hyperloop
tube systems are among the rapidly growing transport infrastructures to support super-
high-speed travels. This domain of application is emerging and there is a need to
investigate various risk and uncertainty aspects of the systems to ascertain public safety.
The hyperloop tube system has thus been chosen as an appropriate thin shell case
study for blast analyses. A robust parametric study was thus developed, in which
suitable simulation parameters could be translated directly into the future hyperloop
simulations. Validation of the models was conducted using previous experimental
results. Modelling the experiments using LS-DYNA ensures that material non-linearities,
as well as computational measures, are appropriate for the hyperloop simulations. Our
results highlight the importance of tube thickness when considering blast loading effects
on thin-shell structures. It was found that the 40 mm thickness of the tube wall causes
minimal deflection under low TNT blasts. When creating venting areas to reduce blast
pressure impulse, our new findings reveal that this tactic can impose a dramatic effect
on the maximum blast deformation. This mitigation technique can significantly reduce
the blast effects on the hyperloop tube by effectively alleviating the blast impulse and
re-channelling the blast wave. Our future study will consider more alternative blast
mitigation techniques and composite materials to enrich the resilience planning of the
super-high-speed travel system.
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Notations

P(t) Pressure Time Function
Pmax Maximum Peak Pressure (or Ps)
P0 Atmospheric Reference Pressure
td Blast Pressure Positive Phase Duration
Z Scaled Distance
R Distance
W TNT Charge Weight
ALE Arbitrary Lagrange–Eulerian

Appendix A

The following supporting information tabulates the visualisation in Figures 11 and 12,
respectively.

Table A1. Results of vent port length and how it alters maximum tube displacement.

Venting Port Length
(mm)

Maximum Dynamic Displacement of Hyperloop Tube (mm)

10 kg TNT 15 kg TNT 20 kg TNT 25 kg TNT

500 17 30 45 58
1000 30 48 68 92
1500 38 80 115 140
2000 50 100 149 180
2500 68 120 148 215

Table A2. Vent mechanism displacement with varying lengths simulated with a 20 kg TNT load.

Venting Mechanism Lenth
(mm)

Maximum Mechanism Displacement
(mm)

1 1000 3.75
2 1200 4.70
3 1500 8.86
4 2000 18.6
5 2500 28.4
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