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Abstract
The main subject of the thesis is impact simulation of an elastic fuel tank
reinforced with a polymer exoskeleton. Thanks to its light weight and fail-
ure resistance, this type of design shows potential to be used in aerospace
applications. The simulation imitates a drop test from the height of 20 m
on a rigid surface, in accordance with Military Handbook testing guidelines
for fuel tanks. The focus is on establishing the best practices for modelling
and solving this type of problems. The computational methods are tested
on a generic model of a rectangular prismatic tank with rounded edges. The
walls of the tank are made of a combination hyperelastic rubber material or-
thotropic fabrics. The simulation is performed for the 70% and 100% water
filled tank. All calculations are performed using the Altair HyperWorks 13.0
software suite, in particular the RADIOSS solver and OptiStruct Solver and
Optimiser. The criteria for evaluation of model and simulation quality are
suggested. Comparison is made between various fluid (ALE and SPH) and
solid (composite and hyperelastic) modelling approaches. Material parame-
ters are found using the least-squares fit to the experimental measurements.
The final, most robust and accurate model serves as a basis for establish-
ing a design optimisation procedure, aiming at reduction of mass of tank
components while ensuring the structural integrity. Furthermore, the advan-
tages and drawbacks of different modelling approaches are discussed. The
main conclusions from the study are summarised and suggested directions
for future work are given.



Sammanfattning
Huvudämnet för avhandlingen är kollisionssimulering av en elastisk bränsle-
tank förstärkt med ett polymert exoskelett. Denna typ av design visar po-
tential att användas i flygindustrin. Simuleringen immiterar ett falltest fr̊an
20 m höjd p̊a en stel yta, enligt MIL riktlinjer för provning av bränsletankar.
Fokus läggs p̊a att fastställa de bästa riktlinjerna för modellering och lösning
av den här typen av uppgifter. Beräkningsmetoder testas p̊a en generisk mod-
ell av en rektangulär tank med rundade kanter. Väggarna i tanken är gjorda
av en kombination av ortotropisk tyg och hypergummimaterial. Simulerin-
gen utförs med tanken fylld med vatten till 70 % och 100 %. Alla beräkningar
utförs med Altair HyperWorks 13.0 programserie. Framförallt användes RA-
DIOSS lösare och OptiStruct lösare och optimeringsprogramm i projektet.
Kriterier för modellutvärdering och simuleringskvalitet föresl̊as. Jämförelse
görs mellan olika modelleringsmetoder för fluider (ALE och SPH) och fasta
kroppar (komposit och hyperelastiska). Materialparametrar hittas med min-
stakvadratmetoden s̊a att de passar br̊a till experimentella mätdata. Baserat
p̊a många simuleringar, hittas de optimala lösningsparametrarna. Den mest
robusta och exakta modellen fungerar som en bas för att fastställa en de-
signoptimeringsförfarande. Därutöver diskuteras fördelarna och nackdelarna
av olika modelleringsmetoder . De viktigaste slutsatserna fr̊an studien sam-
manfattas och riktlinjer för framtida arbete ges.
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1. Introduction

Aircraft accidents have always captured public attention. Throughout the
history of aviation there have been thousands of fatalities, which causes fear
to flying. Indeed, combination of high altitude and large speed decreases
the chance of surviving the aircraft accident. However, it is not only the
impact itself that can cause mortal victims. According to Kim and Kim
[10], in many cases the crashworthiness of the fuel tank (i.e. preserving its
structural integrity in case of accident) is decisive to the crew and passengers
survivability.

Therefore, fuel tanks are intensively investigated and tested in order to de-
crease their chance of failure in case of crash. Many different designs are
already in use and new ideas appear that offer potential advantages. In the
current project the focus is on the idea of an elastic fuel tank made of a
rubber-like polymer and reinforced with an exoskeleton. The resistance to
large strains of hyperelastic rubber (i.e. exhibiting nonlinear stress-strain
behaviour described in terms of strain energy function) make such a design
more resistant to failure after a sudden impact, whereas the external rein-
forcement ensures that the strains in the material stay within the safe limits.
Moreover, compared to metal construction, an elastic tank can offer signif-
icant weight savings. Another important feature is the potential of using a
self-sealing material which may be particularly useful for the military aircraft
prone to bullet impact.

However, history shows that the aircraft industry is very conservative and it
takes years to introduce new solutions. The most important reason is that
they require alternative methods for computation, investigation and testing
as well as new certification criteria. Therefore, the goal of this project is to
establish a reliable and efficient method for numerical simulation of elastic
fuel tank ground impact.

All the computations will be performed using the Altair Hyperworks 13.0
software, in particular HyperMesh for pre-processing, RADIOSS as a non-
linear solver and OptiStruct for structural optimisation.
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1.1. Detailed goal of the project

The main goal of the project is to establish best practices for modelling and
simulation of elastic fuel tank impact cases necessary for certification. The
ground impact test is performed following the Military Handbook test rules
(Military Test Standards [4]). The focus is on choosing the most appropriate
material model for fluid, tank and exoskeleton and finding optimal material
properties for the selected models. Moreover, due to lack of the experimental
data, appropriate methods need to be developed in order to use objective
criteria for comparison of different models.

After finding the appropriate way of modelling, the numerical simulation
is used in the design optimisation. An appropriate optimisation approach
should be established by a reasonable choice of design variables and setting
up optimisation parameters so that the process is reliable and efficient.

All of the above information should be gathered into a set of guidelines that
would facilitate performing similar simulations in the future. Moreover, the
objective is to present the capabilities of modern engineering software in
design evaluation and optimisation of elastic tanks.

1.2. Previous studies

Along with the development of the Finite Element Method (FEM), it has
become possible to perform impact simulations of increasing complexity.
Among others, Timmel et al. [8] addresses the issue of impact forces in-
side a hyperelastic material, whereas Karagiozova and Mines [9] deals with
the modelling and simulation of the impact of a cylindrical rubber specimen
using the commercial software LS-DYNA.

Another element of utmost importance for this project is the simulation of the
so-called fluid-structure interaction (FSI). Thanks to the rapid development
of Computational Fluid Dynamics (CFD) in the recent decades, it is possible
to accurately model even quite complex FSI problems. Some examples can
be found in Yuan et al. [12] - simulation of the elastic tank under wind
actions as well as Smith and Stojko [13], which focuses on application of FSI
simulation for water-filled flasks used in radioactive materials transport.
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Nevertheless, the main purpose of the current study is to combine the above
approaches: we will perform impact simulations which involve fluid-structure
interaction. An overview of four impact cases solved using different compu-
tational techniques and comparison of the results to analytical solutions or
experiments can be found in Ribet et al. [14]. The importance of the cur-
rent project is reflected on large number of similar studies, involving ground
impact of tanks, e.g. Anghileri et al. [11] or Kim and Kim [10], the latter
being an example of aircraft fuel tank simulation. Furthermore, Potapov et
al. [15] is an example of application of the SPH method for combining FSI
and impact simulation

Finally, the project aims at evaluating and comparing various modelling
methods, in particular concerning fluid modelling. A detailed description of
advantages and disadvantages of Eulerian, Lagrangian, Arbitrary Eulerian-
Lagrangian (ALE) and Smoothed-Particle Hydrodynamics (SPH) modelling
approaches in various aeronautical applications can be found in Hughes et
al. [7]. Moreover, Monaghan et al. [18] shows potential issues with the SPH
approach and suggests possible improvements.
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2. Theory

2.1. Finite Element Method

From the theory of elasticity it is known that in order to perform a structural
analysis, partial differential equations need to be solved. Even though there
exist analytical solutions to some of them, they are found only for the simplest
geometries and load cases. Undoubtedly, this is insufficient to solve most
of the modern engineering problems. Therefore, another approach using a
numerical method is necessary.

A possible solution to the problem could be to divide the analysed object
into a large number of smaller elements. This is the underlying principle of
Finite Element Method (FEM). The description of this method can be found
e.g. in Zienkiewicz and Taylor [16]. If the elements are sufficiently small, the
internal values of field variables (e.g. strain, stress, temperature etc.) can be
accurately approximated with a combination of the magnitudes at the nodes.
This way, instead of searching for a scalar (or vector) field, the aim is to find
a finite set of nodal values. This means that the partial differential equations
are substituted with a set of algebraic equations, which are possible to solve
numerically. An example of such a numerical simulation, that would not by
possible by other means, can be found in the Fig. 1

Figure 1: An example of Finite Element Method application: stress analysis of a
truck hitting an obstacle; performed using RADIOSS solver

10



2.2. Large displacement analysis

In many cases it is sufficient to perform a linear analysis to characterize the
loading of a particular structure. This is the case when the displacements
are small (e.g. in case of plates, they should not exceed the plate thickness).
However, when the structure is weak with respect to the applied loads, one
can expect large displacements and a nonlinear analysis should be performed.
Undoubtedly, this is the case in the current project, where the component
under investigation is made of a rubber-like polymer and is subjected to high
impact loads.

Apart from problems involving impact, a large displacement analysis should
be performed in case of e.g. metal forming, tire analysis as well as computa-
tions involving cables and arches (RADIOSS Theory Manual [1]).

From a computational point of view, the main characteristic of a large dis-
placement analysis is the fact that the stiffness matrix needs to be updated
during the computations (RADIOSS Theory Manual [1]). Since this ma-
trix is highly dependent on the geometry, it is obvious that after significant
deformations a new matrix should be constructed. Then, an appropriate
numerical algorithm is used to compute the solution in a subsequent time
step.

2.3. Contact modeling

Another form of nonlinearity encountered in the analysis is the contact inter-
action. Contact problems are one of the most complicated issues encountered
in the finite element analysis. The main reasons for this difficulty are as fol-
lows (RADIOSS Theory Manual [1]):

• Discontinuities in velocity and displacement encountered when the con-
tact between the bodies starts

• Condition of impermeability: in the ideal case the two bodies in contact
cannot overlap at all

• Impossibility of accurate prediction in advance, which parts of the bod-
ies will be in contact, and necessity of constantly evaluating the possible
appearance of interfaces.
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• Necessity of simultaneous adjustment of normal and tangential veloci-
ties if friction is present between the bodies

Mathematically, one can express the contact condition between the bodies A
and B using the following equation (RADIOSS Theory Manual [1]):

γN = vAN − vBN ≤ 0 (1)

on the contact surface ΓC between the bodies. γN denotes the penetration
rate and vN are velocities normal to the contact surface. The relative veloc-
ities are 0 if the bodies do not move with respect to each other or negative
if they separate.

Moreover, in order to conserve momentum, normal tractions (tN) between
the bodies have to be in balance. Here the condition is opposite than that for
velocities: if there is no relative movement between the bodies, the traction
is negative (compressive) and if the bodies move apart, it is zero:

tN = tAN = −tBN ≤ 0. (2)

The contact equations (1) and (2) can be transformed into one impenetra-
bility condition, namely RADIOSS Theory Manual [1]:

tNγN = 0, (3)

which is very advantageous, because it has a similar form as the Kuhn-
Tucker condition known from optimisation. This makes it possible to solve
the contact interaction as an optimisation problem, equation (3) being a
constraint.

12



2.4. Computational Fluid Dynamics

As in the case of structural mechanics, in order to investigate the motion of
fluids it is necessary to solve nonlinear partial differential equations. Again,
there exist analytical solutions for several simple cases. Another way to
analyse the fluid motion is to perform an experiment. Both approaches were
developed during the last few centuries, but for the rapid development of
the aerospace industry in the recent decades, these methods have become
insufficient.

Fortunately, the breaking of the sound barrier and appearance of more and
more recent aerospace vehicles was accompanied by a rapid development
of computers. This opened the door to one more approach, namely the
Computational Fluid Dynamics (CFD).

The goal of this discipline is to solve the Navier-Stokes equations (which
govern fluid motion) or their simplified form. However, CFD does not aim
at obtaining the analytical solution. From an engineering point of view,
accurate numerical results are completely satisfactory in most cases. There-
fore, similarly to the FEM approach already described, the analysed space
is divided into smaller elements. After that, using Finite Difference, Finite
Volume or Finite Element approaches, the mathematical equations are trans-
formed into a form suitable for numerical treatment. An example of such a
simulation is shown in the Fig. 2.

Figure 2: An example of CFD calculations - velocity field around a rolling ship
(AcuSolve Tutorials [3])
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Recently, also meshless CFD methods are gaining popularity, Lattice-Boltz-
mann, Element-Free Galerkin (EFG) or Smoothed Particle Hydrodynamic
(SPH) to name a few.

Even though the above description may seem straightforward, CFD is a
complicated discipline. Navier-Stokes equations belong to the most difficult
to solve and the numerical procedures are prone to errors. The fluid motion
occurs in a large spectrum of scales, from the microscopic motion up to
large structures having dimensions of kilometres. Thus, there exists a large
variety of numerical methods and solvers, which use a number of simplifying
assumptions and auxiliary models.

In the current project, the main difficulty is the presence of two fluids with
significantly different properties. Moreover, the impact simulation is charac-
terised by rapid changes, which may cause stability issue and decrease the
accuracy of calculations. In addition, the fluid dynamics phenomena are cou-
pled with a moving structure, which complicates the problem even further.

2.5. Arbitrary Lagrangian-Eulerian formulation

According to RADIOSS Theory Manual [1], there are three main formula-
tions used in modelling FSI:

• Lagrangian, where the observer follows material points and mesh nodes
move exactly as the corresponding fluid particles.

• Eulerian, where the fixed points in space are being observed and the
mesh does not move at all.

• Arbitrary Langrangian Eulerian (ALE) being the hybrid of the above,
where the observer follows moving points in space and the mesh move-
ment is optimized to give the most accurate solution.

The first approach is frequently used in structural analysis, where the dis-
placement is relatively small and mesh deformation usually stays within a
reasonable limit. This stems from the natural tendency of solids to preserve
their shape.

On the contrary, the Eulerian approach is widespread in CFD simulation,
since fluid motion is characterised by very large displacements and rotations
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and, most probably, an attempt to keep the initial material volumes within
the same cells would result in extreme mesh distortion. Moreover, very often
the material flows in and out from the investigated fluid domain, which would
result in creation and deletion of elements.

Therefore, it is not surprising that in case of fluid-structure interaction a
trade-off has to be made. In order to make sure that the fluid exactly fol-
lows its boundaries (where the wall boundary condition is imposed), the
external mesh points should exactly follow the deformation of the structure
(Lagrangian approach). Therefore, the boundary of the mesh is moving,
which in consequence leads to the necessity of moving the internal mesh
accordingly (otherwise, the mesh could be highly distorted and the volume
of some elements may become negative). On the other hand, as it was al-
ready mentioned, following exactly the changing shape of material volumes
is unacceptable in most CFD simulation.

Thus, it means that there should be some other mesh motion able to satisfy
the boundary conditions and preserve reasonable shapes of the cells. Since
the approach is somehow independent of the fluid deformation, it was called
Arbitrary Lagranigan-Eulerian. In this method, the mesh movement is gov-
erned by a set of parameters, controlling the acceptable element aspect ratio
and the speed of node motion. A schematic comparison of the three meth-
ods described above can be found in the Fig. 4. In most cases this increases
the accuracy of FSI computations. On the other hand the additional term
corresponding to the force on the element resulting from the transport of
momentum should be added to the conservation of momentum equation.

2.6. Fluid-structure interaction

There are many ways in which fluid can interact with structural elements and
this interaction may involve momentum exchange, energy exchange or both.
Consequently, such an interaction can lead to structural deformation as well
as movement of both fluid and solid-state components. It may induce stresses
within the material or even lead to instability and complete failure (e.g.
aeroelastic divergence or flutter). Therefore, investigation and modelling of
such phenomena is of utmost importance for many branches of science and
engineering.
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Figure 3: Schematic example of Eu-
lerian, Lagrangian and ALE formula-
tions. Material movement and mesh
movement (Donea et al. [17]).

Figure 4: Example of mesh deforma-
tion in a FSI simulation using different
mesh movement formulations (Donea et
al. [17]): (a) - Eulerian approach, (b) -
ALE approach, (c),(d) - Lagrangian ap-
proach.
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However, it is quite probable that fluid and structure are modelled in a
different way. Such a multidomain interaction can be therefore difficult to
simulate and an appropriate model of the interface between the two media
needs to be developed.

The simplest way of modelling fluid-structure interaction is the so-called
practical FSI. The main idea behind it is to first solve the eigenvalue problem
for the structural elements only. This approach is based on the assumption
that the motion of the structure can be modelled with reasonable accuracy
using a superposition of a finite number of eigenmodes. The next step is
the CFD simulation. The fluid acts on the structure by exerting pressure
and friction forces, which in turn lead to the structural deformation. This
also modifies the boundary conditions for the fluid. If such iterations are
performed with an appropriate frequency, it is possible to obtain accurate
results, in particular in cases with small displacements.

The next level of complexity of FSI simulation is to perform the Finite Ele-
ment and CFD analyses sequentially, i.e., one after another. As before, the
fluid exerts forces on the structure and its deformations influence the fluid
boundaries. However, the deformed structure is considered at every time
step, which increases the accuracy of computations.

Finally, it is possible to solve both fluid and solid equations simultaneously.
This approach is facilitated when both media are modelled using the same
numerical method (e.g. Finite Element Method). Solving such a fully coupled
set of equations is more computationally demanding, but in turn it results
with better accuracy and stability. Since the fuel tank impact simulation
will undoubtedly involve large deflections and the fluid-structure interaction
involves abrupt changes, the fully coupled approach is utilized in the current
study. All three approaches are schematically presented in Figure 5.
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Figure 5: Schematic illustration of three possible FSI solution approaches: 1) Prac-
tical FSI, 2) sequential FEM and CFD computations, 3) fully coupled approach.

2.7. Smoothed Particles Hydrodynamics (SPH) approach

In the previous section we show that dealing with fluid mesh deformation can
significantly complicate the simulation and lead to errors, especially in case
of impact or rapid movement of fluid boundaries. Even if the mesh motion
is acceptable, the presence of the additional momentum, mass and energy
transfer terms decreases the accuracy.

Moreover, in case of impact, it may happen that the external structure
breaks. In such a case, the fluid starts to leak, the pressure balance may
be affected, which also influences the conditions inside the fluid domain. Us-
ing typical CFD approach would be difficult, unless the exterior of the tank
is also meshed and belongs to the domain.

Since there is a large number of engineering problems where the issues men-
tioned above become important, there was a need for another computational
approach which would help to avoid them. The solution came from astro-
physics, where the models were constructed using interacting particles.

It turned out that the particle approach can be successfully used to simulate
the fluid motion. Naturally, the ideal approach would be to represent the

18



actual fluid particles by numerical ones, but it is certainly out of reach with
today’s computational capabilities. Instead, small volumes of fluid are mod-
elled as spherical particles, they are given the same properties as these of the
substance. During the simulation, they interact with one another following
the mass, momentum and energy conservation laws in a suitable form.

One of the fundamental concepts of the SPH method is the so-called smooth-
ing length (h). It can be understood as a distance of influence of the particle.
It means that the particles do not behave like billiard balls (which interact
only through impacts), but rather like planets, that can influence one another
also from some distance. Another feature common with gravitational phe-
nomena is that the influence of the particles is more intensive as the distance
between them decreases. However, in case of planets, the influence tends to
0 with increasing distance, but never actually achieves it, whereas for the
smoothed particles it reaches 0 exactly at a distance of 2h.

Another important element of the SPH theory is the smoothing kernel. It is
used to interpolate the values of field properties f(x), where x denotes the
position in any point of the domain. The interpolation is done as follows
(RADIOSS Theory Manual [1]):

f(x) =

∫
Ω

f(s)W (x− s, h)ds, (4)

where W (x − s, h) is the smoothing kernel described in the previous para-
graph. Note that it is a function of relative position and the smoothing
length. For any position x the kernel must have the following properties as
stated in the RADIOSS Theory Manual [1]:

∫
Ω

W (x− s, h)ds = 1,

lim
h→0

W (x− s, h) = δ(x− s)
(5)

where δ is the Dirac delta.

However, in practice the second condition can be satisfied only approximately.
In the non-linear solver RADIOSS employed in the present study, the func-
tion W (x−s, h) is represented by a cubic spline approximation of a Gaussian
kernel (RADIOSS Theory Manual [1]):
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Figure 6 shows the schematic view of the function form of kernel function
used in RADIOSS.

Figure 6: Schematic illustration of the kernel as a function of smoothing length
(RADIOSS Theory Manual [1])

In practice it is only necessary to take into account the properties in a set
of discrete positions (where the surrounding particles are actually located,
and therefore instead of volume integration, the summation is performed
(RADIOSS Theory Manual [1]):

f(x) =
n∑
i=1

mi

ρi
f(xi)W (x− xi, h). (7)

Here n denotes the number of particles within the distance two times larger
than the smoothing length from point x.

By introducing the the above representation of field variables (density, veloc-
ity, energy etc.) into the Navier-Stokes equations, the conservation laws in
SPH form can be obtained. A detailed derivation can be found in Rafiee [5].
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As in the case of classical CFD methods, SPH computations may also become
unstable. In order to avoid it, an artificial viscosity is introduced, which
is controlled by the qa, qb parameters (we consider initial values of 2 and
1 respectively). Choosing the appropriate values for these parameters is
especially important in case of existence of shock waves, but even the sonic
waves may lead to instability unless some artificial diffusion is applied.

Another important factor determining the stability is the value of time step,
which depends (among others) on the maximum velocities, sound velocity,
smoothing length and artificial viscosity parameters. As it is the case for all
explicit numerical computations, the reason behind the time step limitation
is the fact that during one step the information should not be propagated by
a distance longer than the size of the elements. Thus, with decreasing mesh
size, the time step must be diminished as well, which is expressed by the
CFL condition. The details concerning exact computation of the minimum
time step for explicit analysis can be found in the RADIOSS Theory Manual
[1].

One more phenomenon that is characteristic of the SPH approach is the ten-
sile instability. It results from an effective stress with a negative modulus,
which is produced by interaction between the constitutive relation and the
kernel function (RADIOSS Theory Manual [1]). In order to avoid it one
should use appropriate velocity filtering, known as conservative smoothing.
The coefficient controlling this process (αcs) has large influence on the simu-
lation results. This parameter has to be large enough to avoid the instability,
but increasing alpha values lead to larger energy losses, and therefore lower
accuracy.
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3. Method

3.1. Modelling of the fuel tank

The ultimate goal of the project is to establish the best practices for mod-
elling and simulation of elastic fuel tanks used in the aeronautical vehicles.
Therefore, the physical model used in the current study should resemble the
typical fuel tank and the simulation conditions should be as close as possible
to the actual conditions encountered in service. In order to make the model
useful for certification purposes, it should also be possible to reproduce the
test conditions in a realistic manner.

Therefore, the tank was given a very generic shape, namely a rectangular
prism having dimensions 762 × 610 × 762 mm (length × width × height).
In order to avoid stress concentrations, all the edges of the tank are rounded
with a fillet radius of 38 mm. Tank walls are 6 mm thick.

In order to reproduce the effect the tank inlet, in the central part of the top
wall an aluminium plaque was installed. It has dimensions of 271 × 243 mm.
The schematic figure of the tank is shown in the Figure 7.
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Figure 7: General view of the fuel tank

The entire tank is covered with an exoskeleton, in the form of a 30×30 mm
mesh, with filaments connecting both the adjacent mesh points and the mesh
diagonals (a fragment of the mesh is shown in Figure 8). The pattern of the
springs was automatically created using a specially prepared script finding
the nodes of the exoskeleton mesh. The script is not described in more detail
due to confidentiality reasons.
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Figure 8: Magnified view of the exoskeleton surrounding the tank

3.2. Meshing and choice of element type

One of the most crucial areas of finite element analysis is the mesh generation.
The first step is to decide which type of elements should be used in every
component.

Undoubtedly, for the fluid component the volume mesh has to be used. The
choice should be made between a structured, hexahedral mesh or an un-
structured tetrahedral one. Usually the latter is easier to create, requires
less computational time and user intervention. However, thanks to relatively
simple tank geometry it is a straightforward task to generate the hexahedral
mesh. Moreover, since the hexahedral mesh is required for ALE formulation,
this approach will be used to model the fluid components (both water and
air; introduction of air cells in the upper region of the tank is necessary to
properly simulate the pressure distribution inside the tank filled in 70%).

Regarding the surface modelling, there are two possible approaches: shells or
solid elements can be considered. In most cases using solid elements allows
to estimate the through-thickness stresses more accurately. However, since
the elements cannot be too skewed (i.e. the largest dimension of the element
should not be more than 4-5 times larger than the smallest one), such a
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simulation would require much denser mesh. Moreover, the solid elements
have more degrees of freedom, which means that the problem would become
much more computationally expensive.

On the other hand, one can choose the dimensions of the shell elements
independently of the material thickness. They have much fewer degrees of
freedom, which decreases the simulation time. Furthermore, if the surface
is relatively thin (in this model the ratio of thickness to other dimensions is
higher than 100), the difference in accuracy can be negligible compared to
the solid elements. Therefore, the surfaces (of the tank and of the flat impact
surface) are modelled using shell elements.

The last part of geometry, namely the exoskeleton, is modelled using one-
dimensional elements. The next choice is the type of elements. With respect
to the type of 1D elements, one possibility is to use springs, which have
one degree of freedom (extension - contraction in the axis of the elements),
without any stiffness in other directions. The other is to select the beam
elements, having bending stiffness in the direction perpendicular to their
axes. Since it is not obvious which approach is more appropriate in our case,
in the current study both of them are implemented and compared in order
to select the best methodology for solving this type of problems.

The next step is to choose the order of elements. In the RADIOSS solver it is
possible to use the elements of first and second order. The latter are recom-
mended in some classes of problems, e.g. shear-deformable beams and shell
structures, where so-called shear-locking phenomena may occur otherwise.
However, our experience has shown that using the elements of second order
significantly increases the time of simulation without noticeable increment of
accuracy. Therefore, since the model is relatively large and the simulation
time using the available computational resources is on the order of hours,
first-order elements are considered.

Finally, we have to select the element size. It is always the trade-off: us-
ing more elements increases the accuracy, but also the computational effort.
Therefore, the optimal solution would be to perform a sensitivity study that
would reveal how the results change with varying mesh size. However, due
to time restrictions, such a sensitivity study was impossible to perform and
the size of elements was chosen based on our experience simulating similar
problems.

25



All the elements have a target size of 15 mm. If the geometry does not
allow creating elements with exactly this size, small variations are possible.
In other words, the aim is to create all the solid elements being as close as
possible to 15×15×15 mm cubes and the surface elements should resemble
15×15 mm squares. Common nodes are ensured for solid and shell elements
in contact, in order to model the interface between them more accurately.

The situation is different in the case of the exoskeleton. The exoskeleton
nodes are not connected to the tank walls (which reflects the fact that the
external filet is not adhered to the tank). Therefore, the size of exoskeleton
filet is independent of the size of the tank wall elements. In order to simplify
the analysis, each filament connecting 2 nodes of the filet is modelled using
one 1D (spring or beam) element.

Finally, let us also briefly comment on the meshless SPH approach. In gen-
eral, a separate study should be performed to evaluate the optimal number of
SPH particles to model the fluid. However, in order to directly compare the
mesh and meshless approaches, the number of particles should be compara-
ble to the number of 3D elements. Therefore, the SPH elements are located
in the positions of the nodes of the solid elements. The mass of each particle
is chosen so that the total mass for both mesh and meshless approaches is
equal. There is one more advantage of such a location of particles: they are
present also in the nodes of the tank walls, which is beneficial for modelling
of the fluid-wall contact. Otherwise, there would be no force pulling the SPH
particles back to the wall when it moves away.

Figure 9 shows the comparison of mesh and meshless SPH approaches.
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Figure 9: Mesh comparison for SPH approach (left) and ALE approach (right)

3.3. Choice of material model and parameters

One of the most important decisions to make is the choice of the material
model. At this stage it is necessary to decide which physical properties of
the materials are important in the current study and which can be neglected.
The complexity of the model under consideration will also impact the com-
putational time, thus some compromises have to be made.

According to the RADIOSS Theory Manual [1], materials can be modelled
and implemented in the RADIOSS solver using one of the available 82 mate-
rial laws. They describe the physical behaviour of the material and require
specific input parameters, relevant for its type. There is a wide variety of
available materials, including simple linear elastic solids, foams, composite
materials, liquids, gases, or even explosives. Such a formulation is well suited
to multiphysics simulations, since the user does not have to choose the type of
simulation, and thus it is enough to choose the appropriate material model.

In the current simulation, there are 4 main groups of components for which
the appropriate material model has to be chosen:
- Flat impact surface
- Tank walls
- Exoskeleton
- Fluid inside the tank.
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3.4. Modelling of flat impact surface

Regarding the flat surface where the tank is impacting, since the deforma-
tions are small, using the linear elastic model (Material Law 1) is accurate
enough. According to MIL (Military Test Standards [4]), in the drop test
the tank should impact the concrete surface, therefore the material proper-
ties are chosen as follows:
ρ = 2400 kg/m3

E = 40 GPa
ν = 0.2
where ρ is the material density, E is the Young modulus and ν is the Pois-
son ratio. It is important to mention that the surface is modelled as rigid,
which means that the above material properties only influence the through-
thickness deformation, because the positions of the nodes remain unchanged
during the simulation. However, the material characteristics are significant
for calculation of contact forces.

3.5. Modelling of tank walls

The next step is to choose the tank wall material. Again, different complexity
levels can be considered, depending on the accuracy requirements and com-
putational capabilities. Moreover, using more sophisticated models requires
deeper knowledge of material parameters of more material parameters.

When the precise experimental data for the wall material were available, it
turned out that the entire structure has orthotropic properties. Moreover, the
material expresses a particular behaviour: the initial stiffness is relatively low
due to initial straightening of the fibres. When the full strength is achieved,
the stress-strain curve becomes straight, whereas its last part corresponds
to final softening before fracture. The above behaviour is visualised in the
Fig. 10, where examples of material behaviour in three directions are given.
The values of force and strain on the axes are not shown due to confidentiality
reasons.
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Figure 10: Comparison of tank wall material behaviour in 3 directions

The material law that very well describes this behaviour is RADIOSS Law
58. The schematic overview of the idea behind this formulation can be seen
in the Fig. 11.

Figure 11: Schematic description of Law 58 fabrics behaviour (RADIOSS Theory
Manual [1])

As described in the previous paragraph, the material reaches its nominal
modulus after initial stretching (controlled by the parameters Si). In the
initial stage, the modulus has the value of Flexi×E. The final part becomes
a parabola, according to the equations RADIOSS Theory Manual [1]:
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The resulting stress-strain curve is depicted in the Fig. 12.

Figure 12: Typical stress-strain curve of the Law 58 fabric material (RADIOSS
Theory Manual [1])

The shear behaviour is independent from the properties in 0/90 directions.

Another feature of the material that has to be included in the simulation is
viscoelasticy - dependence of the internal forces on the strain rate. In order
to model it correctly, we include an additional material in the tank walls. It
turns out that in RADIOSS quite often this feature is added to the hyper-
elastic material models. The description of this class of materials is usually
based on the strain energy function instead of a direct stress-strain relation
typical of linear elastic materials. Some of the most popular models used in
engineering applications are (Martins et al. [6]):
- Mooney - Rivlin
- Yeoh
- Neo-Hookean
- Ogden
- Humphrey
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Within RADIOSS, the available models are Mooney-Rivlin (Material Law
42) and Ogden (Material Law 82). The hyperelastic behaviour can also be
modelled using the stress-strain curve defined by the user (Material Law 69),
which in case of isotropic and incompressible materials enables to uniquely
define the hyperelastic behaviour.

Since the Mooney-Rivlin model is one of the most widely used in engineering,
Material Law 42 incorporates the viscoelastic behaviour and in its classical
form it requires the smallest number of parameters of all the above mentioned
material models, we will use it in further computations (Martins et al. [6]).

In this model, the strain energy function takes the following form::

Ψ =
µ1

2
(λ2

1 + λ2
2 + λ2

3 − 3) +
µ1

−2
(λ−2

1 + λ−2
2 + λ−2

3 − 3) (9)

where λ1, λ2, λ3 are principal stretches (λ = l0+δl
l0

).

Comparing the above equation (9) with the description in the RADIOSS
Theory Manual [1], it can be stated that the parameters α1 and α2 take the
values 2 and -2, respectively. The values of µ1 and µ2 depend on material
stiffnesses and can be determined by data fitting to the material tensile test
(if isotropy and incompressibility can be assumed).

In order to combine the viscoelastic properties of the matrix and orthotropic,
nonlinear behaviour of fibres, the model is constructed using duplicated ele-
ments, the layers contain one of the above materials and share the common
nodes.

3.6. Material data fit for the tank wall elements

In order to identify the properties of the wall material, several tests have
been performed. The specimen were cut out from the material in 3 directions
(parallel to warp and weft directions and inclined by 45o) and subjected to
a 3-4 tensile tests. The force needed to stretch the material is measured and
plotted as a function of strain. An example of the experimental results is
shown in the Fig. 10.
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The goal of material data fit is to find the material parameters that are
specified in the RADIOSS model for Law 58 and Law 42 materials that
would resemble the true material behaviour as closely and possible. The
parameters used in the fit were as follows:

• fabrics moduli E1 and E2

• initial material softening factors Flex1 and Flex2

• nominal strains (when the material is fully stretched and achieves its
nominal modulus) S1 and S2

• final softening parameters B1 and B2, determining the material soften-
ing in high strain regions

• nominal shear modulus GT

• shear lock angle αT , at which the nominal shear modulus is achieved

• the relative ratio between the thicknesses of rubber and fabrics

The last parameter needs an additional comments. A few different ap-
proaches have been investigated in order to appropriately model the be-
haviour of the rubber. One idea was to give both materials the same thickness
and modify the rubber stiffness parameters (µ1 and µ1). The other approach
was to keep the above parameters constant and modify the relative thick-
nesses of the materials, with a restriction that they have to sum up to the
actual thickness of the specimen (2 mm). This would correspond to finding
the volume fraction of fibres and matrix in a composite material. Since this
method results in only one parameter to fit (instead of two), it was selected
for further use. However, please note that in such a case, the thicknesses do
not have any physical meaning, as they are purely best fit parameters. The
actual volume fractions can be obtained from the material manufacturer.

Since the physical interpretation of the parameters is not obvious, the first fit
is done using the analytical formula given by eq. (8). The resulting depen-
dency between force and strain is plotted and compared to the experimental
results. Several attempts are done until a satisfactory correlation is achieved.

The next step requires creation of the finite element model of a specimen.
It is used to represent the real tensile test. The scheme of the specimen
model is shown in the Figure 13. In the baseline test the speed of extension
is 20 mm/s, however it is not important for the identification of viscoelastic
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properties, because they are initially not taken into account. Until the above
enumerated basic properties are identified, the viscoelastic constants are set
to 0 (which corresponds to a quasi-static extension with negligible strain
rate).

The force is measured in the middle section and the stretch of the specimen
is measured globally, i.e. the total change of length is divided by the initial
length.

Figure 13: Schematic figure of the specimen used in the simulation of experimental
tensile test

The second phase of data fit consists of numerous manual modifications of
parameters in order to obtain good correlation in all 3 directions. This is of
utmost importance, because the next step is to perform a non-linear optimi-
sation. For an efficient optimisation process a good starting point (as close
as possible to the optimum) is needed.

The nonlinear optimisation is simply a least-squares fit. However, the main
difficulty lies in the fact that the dependency between each parameter and
material behaviour is quite complex. In order to fit the material properties in
3 directions simultaneously, in each iteration three simulations are performed
and the objective function is a sum of squares of the differences between the
experimental and simulated force-strain function.
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In a later phase of the project it turned out that it is difficult to obtain
satis- factory correlation in all directions, thus an additional data fit has
been performed taking into account the results in 0o and 90o directions only.

3.7. Equivalent material properties for tank walls

The nonlinear least-squares fit procedure ensures that the values of material
parameters are set so that the simulation represents the real behaviour as
closely as possible. Undoubtedly, the combination of fabrics Material Law
58 and Mooney-Rivlin hyperelastic Law 42 incorporates the most important
features of the material - orthotropy, initial stretching and viscoelasticity.

However, in the current version of OptiStruct, the structural optimisation is
not supported for the Law 58. Therefore, in order to perform it, one choice
is to use HyperStudy and the actual model. A significant disadvantage of
this approach is that the sensitivities are not extracted from the analysis and
therefore numerous simulations need to be performed in order to optimise the
structure. With a time of one run ranging between 2-3 hours, the complete
optimisation time would be in the order of weeks, which is not acceptable
for the current project.

The other solution is to use an equivalent material that exhibits at least
some of the desired features. A natural candidate is the Mooney-Rivlin
material that can represent the viscoelastic behaviour. However, its stress-
strain curve does not resemble that of the fabrics material since it is much
straighter and the initial stretching is not accounted for. Moreover, Law 42 is
used for isotropic materials, thus, if one wishes to substitute the orthotropic
material, some properties averaging needs to be performed.

In the current study, the average of properties in 0o and 90o is taken. The
resulting stress-strain curve can be seen in the Fig. 14. The first part of the
curve corresponds to the initial stretching, then the modulus increases and
drops again. Again, a trade-off has to be made to represent this behaviour
in a correct way. Numerous parameter values have been tried to obtain
the best possible fit and finally the values of 30 and -30 MPa for µ1 and
µ2 respectively are used. The stress-strain curve of equivalent hyperelastic
material compared to the baseline combination (hyperelastic and fabrics) is
shown in the Fig. 14.
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Figure 14: Comparison of stress-strain behaviour of linear elastic and hyperelastic
material

3.8. Exoskeleton modelling using spring and beam ele-
ments

The role of the exoskeleton is to reinforce and ’hold together’ the entire
model. This is realised by preventing excessive strain of the entire structure.
However, the fact that it is not rigidly connected with the walls significantly
changes the way that the load is transmitted. Thus, it is possible that the
rubber stretches to large extent locally, which is acceptable taking into ac-
count its large strain to failure. However, using the rubber only would result
in a too weak structure, with deformations exceeding even the limits of the
rubber. That is why a reinforcement is needed.

Thus, an exoskeleton is surrounding the tank walls. It has larger stiffness
than the rubber, however its strain to fail is lower. However, with an ap-
propriate load transmission scheme, large, abrupt deformations are shared
between a number of members, not causing failure of any of them.

In order to model the exoskeleton in the current study, initially the spring
elements are used. Although the model is relatively simple, it quite well cor-
responds to the reality - the bending stiffness of each member is relatively low
and each of them is mainly resisting the tensile loads. Undoubtedly, soft and
thin members are prone to buckling and therefore weak in compression - this
was reflected in the stress-strain characteristic by reducing the compressive
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strength by a factor of 10. The relationship between the stress and strain in
the spring is shown in the Figure 15.

Figure 15: Stress-strain behaviour of the spring elements originally used to model
the exoskeleton

In the latter stage of the project it turned out, that the combined structural
optimisation with RADIOSS and OptiStruct using Equivalent Static Load
Method does not support the spring elements currently used. One possible
reason of this fact could be the lack of correlation between the dimensions
and stiffness of each element. Therefore, an equivalent model had to be
used in order to perform the optimisation. The most intuitive choice was to
use the beam elements as substitution for the springs. To do this, equivalent
properties, both concerning the geometry and material characteristics had to
be found, representing the spring elements as well as possible. The schematic
comparison between the spring and beam elements is presented in the Fig. 16.
Please note that the main difference between the elements are the additional
degrees of freedom used for the beam elements. Moreover, modelling of the
springs is based on the force-extension characteristics, whereas beams need
cross-section data and material properties as an input.
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Figure 16: Schematic comparison of spring and beam elements indicationg their
degrees of freedom.

In order to find the equivalent properties, a cross-section area of the spring,
A, had to be assumed. Spring initial length L0 was known as well as its
force-extension characteristics (one can read from them the F

∆l
ratio).

From the spring equation one can get:

F

∆l
= K =

EA

L0

. (10)

Therefore, one can obtain the Young modulus (E) of the spring material as
follows:

E =
KL0

A
. (11)

The most important disadvantage of this approach is that one cannot rep-
resent correctly the reduction of stiffness in compression. Piecewise linear
stress-strain characteristic is not available and, obviously, using one element
per member it is not possible to well represent the post-buckling behaviour.
Moreover, the bending characteristics, influenced by the area moment of in-
ertia, are dependent on the initially assumed cross section area.
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3.9. Modelling of the fluid inside the tank

Another crucial decision is the choice of the material model for the fluid inside
the tank. According to RADIOSS Theory Manual [1], there is a variety of
models that can be used. Nevertheless, in fluid mechanics simulation the
most commonly used material laws are 6 and 51.

Due to the characteristics of our problem, the natural first choice is the Multi-
material Law 51, because it supports material mixing, which is an important
factor in case of partially filled tank simulation.

However, using this material model poses an important problem: the only
space integration supported is the classical upwind method, whereas it is not
possible to use less diffusive formulations such as the Taylor-Galerkin and
the Streamline Upwind Petrov Galerkin. According to the RADIOSS Theory
Manual [1], the core of the former method is applying a Taylor development
on velocity vector and putting it in the developed form into Navier-Stokes
equations, which introduces terms with a streamline character. Assumption
of negligible viscous stress is necessary to use this scheme. The other method
is described as an optimal upwinding scheme that acts only in the flow di-
rection. It modifies the momentum conservation term [(u− w)∆]u by using
a weight function that can be controlled with the fac parameter. The nu-
merous tests in the initial phase of the project have shown that the SUPG
method gives more accurate results then the other two and leads to lower
energy losses, therefore it is used for the simulations using Material Law 6
(the only one that supports this space integration method).

The required material properties in both formulations are similar. According
to RADIOSS Theory Manual [1], the pressure is modelled as a polynomial:

p = C0 + C1µ+ C2µ
2 + C3µ

3 + (C4 + C5µ)En (12)

where µ = ρ0
ρ
− 1 is a volumetric strain, ρ0 is the initial density of fluid, ρ

is the density at a given time instant and C0, ..., C5, En are the coefficients
describing material properties.

Perfect gas modelling In our simulations we will model air as a perfect
gas. For perfect gases, the coefficients C0, C1, C2 and C3 are set to 0 and the
following equalities hold (RADIOSS Theory Manual [1]):
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C4 = C5 = γ − 1 (13)

En =
P0

γ − 1
(14)

where γ is the ratio of specific heats and for air is assumed to be equal to 1.4
and En is the initial specific energy.

In order to model the gas behaviour correctly, is necessary to assign some
initial energy to it (so that it can be converted to other forms of energy
during the simulation). Therefore, the initial pressure P0 is taken as in
standard atmospheric conditions (1000 hPa = 0.1 MPa). Using this value
also allows to consider a standard air density (1.22 kg/m3).

Incompressible fluid modelling If an incompressible fluid is to be mod-
elled, the following conditions have to be fulfilled (RADIOSS Theory Manual
[1]):

C0 = C2 = C3 = C4 = C5 = 0 (15)

C1 = ρ0c
2 (16)

where ρ0 is the fluid density and c is the speed of sound in the fluid. The
value of this coefficient for water is 2089 MPa. Note that the value of the
density of water is 1000 kg/m3.

In case of both material models, one of the most important aspects is the
correct modelling of the pressure. For Material Law 51 the pressure balance is
the key factor determining mixing of substances. Moreover, regardless of the
material law under consideration, the value of pressure is the most important
information for the simulation, because it is the largest force acting on the
tank walls.

It is of utmost importance to realise that using the above mentioned values of
coefficients in the pressure equation (12), the initial value of pressure (of both
air and water) would be 1000 MPa. In the experiment such a value would be
close to reality, since the internal pressure would be equal to the atmospheric
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one. However, it is important to note that in the current study the tank
is not surrounded by any medium, which is equivalent to performing the
simulation in vacuum. If this is the case, and the rubber tank is pressurized
with 1 atm. and is placed in a vacuum chamber, the pressure imbalance will
immediately deform the tank.

Therefore, in order to perform the simulation correctly, it is necessary to work
with pressure differences, not absolute pressure values. In order to do this,
one should either shift the pressure by 0.1 MPa by using the Psh parameter,
setting the reference pressure for the material (which has to take the positive
value - Psh = 0.1) or use C0 equal to -0.1. This way, the value of pressure
is shifted, but the perfect gas computations are not affected (as they would
be if En = 0 was used instead).

Since viscous phenomena are modelled as well, a value of 1mm2/s (0.001
mm2/ms) is considered for the kinematic viscosity. The dynamic viscosity
(resistance to spatial velocity variation inside the flow) of air is three or-
ders of magnitude lower than that of water, therefore it is neglected in the
simulation.

3.10. Solution of the contact interaction

In practice, the following steps are required to solve the contact problem
(RADIOSS Theory Manual [1]):

• Possible contact interfaces have to be found at each time step (assess-
ment of geometry).

• It should ve verified whether the bodies are in contact and whether
friction between them is present.

• Knowledge of the two points listed above allows to compute the correct
state of contact.

Since the last step can be formulated as optimisation problem, the solution
methods used in the optimisation theory can be utilised. In the RADIOSS
solver, two possibilities are available:

• Lagrange multiplier method

• Penalty method.
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Since the latter is further developed, it is more widely tested and more ro-
bust, it will be used for solving all contact problems in the present study.
The penalty method transforms the original constrained optimisation prob-
lem into an unconstrained one, simultaneously adding a penalty term that
increases the objective function if the constraints are violated.

The above description of the contact problem may seem relatively straight-
forward, but it is in fact a computationally demanding task. Many different
methods have been developed to model and solve this type of problems ac-
curately and reliably. In the RADIOSS solver there are in total 17 types
of contact models available. In the present study, contact type 7 (described
below) was used to model the interaction between solid surfaces, as well as
between SPH particles and the tank walls, whereas for the ALE approach
interface type 1 was selected to model the fluid-tank interaction.

Contact type 7 This contact type is recommended as default to model
the interaction between solid surfaces, including self-interaction. This for-
mulation is based on master surface-slave nodes approach.

An important feature of the contact interaction is the gap size. It determines
the distance from the master surface where, if the slave node appears, it
becomes in contact with the surface. If the slave node is closer to the surface
than the gap distance, and the penetration occurs, which leads to creation
of a repulsive force. Moreover, viscous damping can be applied to stabilise
the interface. The normal force is calculated as follows RADIOSS Theory
Manual [1]:

F = f(p) + Cvisc
√

2KM
dp

dt
, (17)

where p is the penetration distance, Cvisc is the viscous damping coefficient,
K is the interface stiffness and M corresponds to the inertia of the interface
nodes.

It is also possible to include different forms of friction interaction. In the
present study, we will only consider Coulomb friction with constant friction
coefficient is modelled for simplicity. A schematic figure of the interaction
between the contact surface and the node in contact with it is shown in
Figure 17.
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Figure 17: Schematic illustration of the interaction between the slave node (de-
picted as a circle) and the master surface (thick line) used in contact modelling.
C and Ct denote the damping coefficients in two directions, P denotes the contact
penetration, Ks the contact stiffness and Vn, Vt the velocities normal and tangent
to the master surface respectively (RADIOSS Theory Manual [1]).

The repulsive force for type 7 interface is calculated using the following equa-
tion (RADIOSS Theory Manual [1]):

F = K0
Gap

Gap− P
P + C

dp

dt
(18)

where K0 is the initial interface stiffness, Gap is the desired contact gap size
and C is the viscous dissipation coefficient.

The computation of the initial stiffness depends on the selected option and
the stiffnesses of each element in contact. For shell elements it is calculated
as:

K = 0.5sEt, (19)

whereas for 3D elements the equation is

K = 0.5
sBA2

V
. (20)

Here s is a stiffness scaling factor, E and B are the Young and bulk moduli of
the material respectively, A is element segment area and V is the 3D element
volume.

The default option is to select the minimum between the stiffnesses of the
interacting elements. The reason for this is that the stiffer the contact, the
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more computationally demanding the problem becomes. However, an inap-
propriate stiffness when simulating the interaction between SPH elements
and tank walls may lead to reduction of time step by an order of magnitude.
Therefore, a constant stiffness of 200 N/mm is considered for this particular
interaction, regardless of the wall material properties.

The properties of all the contact interfaces of type 7 are summarised in the
Table 1.

Table 1: Properties of contact interfaces of type 7

Components
Stiffness
factor

Min. stiffness
[N/mm]

Min. gap
[mm]

Friction
coeff.

Tank - impact surface 1.0 0.0 0.0 0.3
Tank - filet 0.7 1000 0.5 0.1
Filet - impact surface 0.7 100 0.2 0.1
Tank - SPH particles - 200 (const.) 0.0 0.0

Contact type 1 This is the recommended contact type between Lagrangian
components (e.g. tank) and ALE fluid. The purpose of this contact is to
ensure the correct mesh movement (the external nodes of the fluid elements
follow the nodes of the tank shells). The interface ensures that the normal
velocity of fluid is the same as the one of the tank, whereas the tangent
velocities are independent (frictionless connection).

3.11. Solver parameters

Before starting the computations, it is necessary to select an adequate method.
In transient numerical simulations two main possibilities are available: ex-
plicit and implicit analysis. The latter has in general better stability proper-
ties and favourable energy conservation properties, since the governing equa-
tions are simultaneously solved at every time step. However, it can lead to
extremely large systems of equations and significantly increase the computa-
tion time.
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On the other hand, the explicit solvers require much less computations per
time step. However, in order to avoid the stability issues and obtain accurate
solutions, the time step needs to be sufficiently small.

In the current study, as in the case of most impact simulations, the explicit
solver is selected. One of the goals of the study is to achieve high resolution in
time, which coincides with the requirement of the explicit solver. Moreover,
since the model consists of relatively large number of elements and the prob-
lem at hand is highly non-linear, it can be expected that much longer time
would be needed to obtain an acceptable solution with an implicit solver.

Time step One of the first parameters of the solver is the time step. In
RADIOSS it is calculated automatically, as an assembly of a several re-
quirements. The minimum time is calculated for every element, node and,
additionally for every part of the contact interface. At every time step the
lowest of all these values is chosen to ensure simulation stability of simulation.
Moreover, one can additionally change the time step by multiplication with
a constant factor, adding mass to the nodes or deleting the elements that
exceed a certain value of time step. Increasing the default time step is not
recommended, while its reduction can in some cases increase the accuracy of
the calculations at the cost of longer computational time.

ALE solver parameters In case of using a classical CFD approach (with
3D mesh), it is particularly important to choose the appropriate mode of
mesh movement. In the initial stage of the project, all possible modes were
tested and it turned out that the ’ALE Standard’ approach resulted in lowest
energy errors and yielded the most desirable mesh motion (with smallest
element distraction).

The use of this approach requires to select 4 different parameters. The move-
ment of mesh nodes depends on the material velocity and parameters describ-
ing node ‘stiffness’, which can be interpreted as a resistance to motion. The
two parameters controlling it are the scale factor at maximum stiffness α and
the nonlinearity factor γ. Extensive testing has shown that the default values
of 0.9 and 0.01 respectively are the optimal ones. Another important factor
is the η parameter, which adds damping to the mesh motion, making it resis-
tant to short-period flow variations. After performing numerous simulations,
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value of η=0.5 was chosen for the current study. Finally, the Lc parameter
is set to 15, following the guidelines from RADIOSS Theory Manual [1] (this
value should be similar to the element size). Two more important parameters
are the ones that determine ALE element closure. The closure is activated
when the element size decreases below a predefined threshold, in order to
avoid further distortion. The ’htest’ and ’hclose’ parameters decide the el-
ement size to activate element closure and resistance to flow, respectively.
Their initial values are set to 5.0 and 0.5.

If the Material Law 51 is selected, the only option for the space integration
is the classical upwind approach. In order to avoid instabilities, all three
integration parameters (η1,η2 and η3) are set to the default value of 1.

By choosing the Material Law 6, it is possible to use the ”SUPG” or the
”TG” space integration methods. The initial phase of the project revealed
that the former gives more accurate results, therefore it is used in all further
simulations. An important parameter is the SUPG integration factor, which
to a great extent affects the total energy variation. The default value of 1 is
used, as suggested in the RADIOSS Theory Manual [1].

SPH solver parameters In the SPH approach, a number of parameters
have to be set before running a simulation.

To begin with, the security coefficient used when searching for neighbours
(αsort) ensures that more particles are found in the vicinity of a particle
than the actual number of neighbours, in order to ensure that even in case
of quick changes, interaction between all the surrounding particles is taken
into account. To be at the safe side, a value of 0.25 for this parameter is
suggested. It corresponds to following the particles within the radius 2h.

Another important parameter is the maximum number of ghost particles
(Maxsph) that are temporarily created in between the subsequent search
actions, in order to avoid performing the search at every iteration. Its default
value is equal to the number of particles times the number of symmetry
conditions imposed.

Furthermore, Lneigh denotes the number of parameters that are actually
taken into account in each smoothing action - this number depends on the
smoothing length h, but Lneigh is used as an additional upper limit.
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Nneigh is the maximum number of particles actually stored (followed) around
each particle and, obviously, it has to be greater or equal to Lneigh. If
Nneigh > Lneigh, more memory is used, but less frequent sorting is re-
quired.

Moreover, the conservative smoothing coefficient (αcs) is used to introduce
additional diffusion in order to stabilise the simulation, but since no instabil-
ity issues occur, it is given a small value of 0.0001 in order to avoid unphysical
damping.

The SPH correction order has the default value of 0, whereas the smoothing
length is set to 15 (the initial distance between the centres of neighbouring
particles).

3.12. Criteria for results evaluation

One of the biggest challenges of the present project lies in the lack of experi-
mental data that could be used for comparison and validation of calculations.
Therefore, some other criteria for evaluation of different methods need to be
established. An initial assessment of the computations can be done in terms
of whether it converges, and whether it produces errors or not. Furthermore,
after the simulation, the results are analysed in terms of their consistency,
according to the following criteria:, whether no obvious inconsistencies are
present. The most significant criteria are:

• Is the pressure distribution correct? Do the values have the correct
order of magnitude? Is the pressure balance between air and water
reasonable?

• Does the density variation indicate proper air-water interaction?

• Is the deformation of the tank typical for this type of impact? Does it
indicate that the pressure and inertia forces are in the correct propor-
tion?

• Are the stress values and stress patterns in the tank computed cor-
rectly?

• Are the contacts modelled correctly? Do they exhibit any unexpected
penetrations?
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However, in engineering analysis, not only qualitative, but also quantitative
criteria are necessary, especially when optimisation is performed. Since an
explicit analysis is carried out, the energy balance can be used as a criterion.
In the ideal case, the total energy of the system should be constant (it may
only be varied by the action of external forces). However, during the compu-
tations, the energy is affected by numerical errors. The natural consequence
of numerical diffusion is a slight loss of the total energy. Any unexpected
increment of total energy is definitely an indication of numerical inaccura-
cies. Therefore, the difference between the initial total energy and the total
energy at posterior time steps may be used as an evaluation criterion for the
computational method.

3.13. Establishing the framework for design optimisa-
tion

If the simulation is robust, it is possible to make the step further, i.e. perform
design optimisation. Since the SPH simulation is the least prone to errors,
this approach will be used for optimisation purposes. We will also consider
the HyperStudy software described in the previous section and use the design
parameters instead of simulation features as variable. In the pre-processing
phase it would even be possible to define the shape of the deformations and
set their magnitudes as parameters by using HyperMorph tool.

However, the main drawback of this approach is that with increasing number
of variables, the optimisation would require an enormous number of com-
putational intensive simulations. However, there exist other optimisation
programs that can perform such a task much more effectively, such as Op-
tiStruct, which allows to reduce the mass of key components while fulfilling
strength and stiffness requirements. In the HyperWorks version 13.0 it be-
came possible to apply the OptiStruct structural optimisation capabilities
to problems solved with RADIOSS. This opened an opportunity to perform
topology, shape and size optimisation. In the current study, the following
optimisation types will be utilized: topology (the density of each element
is a variable), topography (a set of shape variables is chosen and through
their modifications, stiffness of a structure is controlled), free-size (thickness
of each element is varied) and size optimisation (user-defined size parame-
ters are adjusted), taking advantage of the sensitivities calculated inside the

47



solver. This approach allows solving problems with tens or hundreds of de-
sign variables with only several runs, resulting in a total time of simulation
in the order of 1-2 days.

Among the wide variety of available types of optimisation, from the design
point of view the most useful ones are the shape optimisation and the free-size
optimisation of the tank. Yet another possibility would be to optimise the
distribution of diameters of each element of the filet, using the new software
capability of lattice optimisation (originally dedicated to structural optimisa-
tion of lattice structures, gaining popularity thanks to rapid development of
additive manufacturing techniques), but this task is left for further studies.
In the current project, only preliminary attempt to the structural optimi-
sation of the exoskeleton is made, namely the diameters of horizontal and
vertical beams as well as the diameters of the 45o inclined beams are taken
as two design variables and the shape optimisation is performed.

Regarding the size optimisation, it can reach different levels of complexity.
It is possible to optimise the uniform thickness of tank walls or separate the
tank into regions of constant thickness. The latter approach will be applied
in this study. The division is shown in Figure 18, with the total surface
divided into top, lateral and bottom walls, top, lateral and bottom edges,
and top and bottom corners. The thickness of each of these regions may
range from 1 to 20 mm, and their initial value is set to 12 mm.
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Figure 18: Division of the tank surface into different regions represented by differ-
ent colours, for optimisation purposes

A free-size optimisation is similar to a size optimisation, but higher levels of
details can be achieved since the thickness of each element is also variable to
be optimised. The thickness limits are the same as in case of shape optimisa-
tion. Although the geometry obtained from the optimisation procedure may
not be directly applicable to manufacture the actual component due to man-
ufacturing limitations, the optimisation process can reveal general patters
which may guide further designs.

In both cases the objective is to decrease the total mass of the tank. As a
natural constraint the von Mises stress (for a plane stress state, it can be
defined as: σVM =

√
σ2

1 + σ2
2 − σ1σ2 + τ 2

12) is chosen, since the goal of the
design is to avoid failure of the tank. Please note that even though calculating
the von Mises stress has no physical sense for the composite structures, in
all the optimisation runs isotropic materials are used (equivalent Mooney-
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Rivlin material for the walls or linear elastic material for the beams), which
justifies this choice for the constraint. Due to lack of the exact experimental
data regarding the strength of the material, a limiting value of 50 MPa
was assumed, which could correspond approximately to the stress limit of a
typical reinforced rubber material.

Performing the optimisation process using OptiStruct is relatively straight-
forward: in addition to the typical solver input and engine files used in regular
simulations, and additional file controlling the optimisation loops is used. In
that file the design space is defined (tank walls in our case), the type of opti-
misation is chosen, the design variables are selected and then they are related
to the original model parameters. The constraint and objective functions are
also defined in this file. Note that this file is responsible for performing the
outerloops, consisting of simulation runs and optimisation computations.
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4. Results

4.1. Material data fit

After the preliminary analytical parameter fit and manual iterative parame-
ter variation, an acceptable correlation was achieved and the final result of
these two step was used as a starting point for design optimisation. In order
to make sure that the simulation correctly represents the actual tensile test,
the visualisation of the deformation and stress patterns has been prepared.
An example of a set of fully extended specimen can be found in the Figure 19.

Figure 19: Illustration of the result of simulation of material specimen in three
directions - stress distribution inside the material (composite fibre elements) nor-
malized with the maximum value
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However, after performing the nonlinear optimisation phase a number of
times, starting from various points, it turned out that it is not possible to
obtain a good correlation in all directions simultaneously. Therefore, the
manual iterative parameter variation and the non-linear optimisation have
been repeated for the 0o and 90o directions only. Even though tens of itera-
tions have been done in the first phase, the automated optimisation process
still shows quite big potential to improve the correlation, which can be no-
ticed in the Figure 20.

Figure 20: Progress of the nonlinear data fit process - variation of the objective in
subsequent iterations

For the tests in two directions a very good correlation was achieved, with an
error not exceeding 5%. The assembly of experimental and best fit results
for the 0o and 90o directions is shown in the Figures 21 and 22 respectively.
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Figure 21: Data fit results for the material behaviour in 0o direction - comparison
of the best fit curve with the test results

Figure 22: Data fit results for the material behaviour in 90o direction - comparison
of the best fit curve with the test results
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However, in the Fig. 23 the issue with fitting the material properties simul-
taneously is exemplified. Regardless of the choice of parameters determining
the shear behaviour of the material, it is possible to obtain a satisfactory
correlation only for the small strain region. For larger strains, when larger
shear deformation occurs, the fibres rotate and start to take a large portion
of load. Thus, the material becomes stiffer and the only way to obtain a
good fit in that test is to reduce material stiffness in 0o direction, which in
turn deteriorates the correlation in that direction.

Figure 23: Data fit results for the material behaviour in 45o direction indicating
the two approaches that did not lead to finding the satisfactory correlation

It is not straightforward to explain the above shown discrepancy. An attempt
to justify this phenomenon can be found in the Discussion section.

Another step was to find the additional parameters value that would describe
the viscoelastic behaviour of the material. The simulations with two different
extension speeds have been performed and generic values of the appropriate
properties have been established. The resulting force-strain dependence on
the strain rate can be found in the Figure 24. When more accurate exper-
imental results are available, the simulation should be repeated in order to
update the material parameters.
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Figure 24: Data fit results describing the viscoelastic behaviour of the material:
comparison between the basic tensile test (green line) and the tests with larger
extension velocity

4.2. Baseline simulation results

In the Fig. 25 we can observe the density distribution, which indicates the
location of air and water inside the tank. The big strength of the SPH
approach is the fact that it is possible to identify the free surface between
air and water. The motion of fluid also seems to be physically correct.

The maximum strain in the tank wall is shown in the Fig. 26. As we
deal with composite material, strains in each direction have to be presented
separately - here the strains in the fibre direction and in the perpendicular
one are presented. The deformation pattern of the walls is reasonable, which
is another argument in favour of the selected simulation approach. Please
note that there exist regions of large, instantaneous stress concentrations in
the vicinity of the corners and the rest of the structure is less loaded. This
shows large potential for design optimisation.
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Figure 25: Baseline simulation results - density distribution in selected time in-
stants



Figure 26: Baseline simulation results - Maximum strain in the walls in the direc-
tion of fibres (left-hand side) and in the perpendicular direction (right-hand side)
in selected time instants



Another important feature of this methodology is a smooth energy balance
with a very small loss, less than 10% throughout the simulation (see Fig.
27). For an explicit solution of a problem with such high dynamics, it is a sa-
tisfactory result. Please also observe the accurate energy transition between
the internal and kinetic part. The contact energy is an artificially introduced
parameter that indicates the energy stored in the imaginary ’springs’ that
act on the nodes in contact to prevent the penetration. Apart from the
initial moment of impact, the contact energy is relatively low which is an
indication of high quality of the simulation. Total translational energy is the
complete energy present in the system, including both the physical energy
forms as well as artificial numerical components. It is important that both
total energy and total transitional energy do not deviate from the initial total
energy (unless external work is performed on the system).

Figure 27: Variation of kinetic, internal, contact and total energy in time for the
baseline design
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4.3. Comparison between exoskeleton modelling using
spring and beam elements

The Figure 28 shows the comparison between the models with an exoskeleton
made of spring and beam elements. The beam model seems to be slightly
stiffer, as the maximum stress is 15% lower than in the spring exoskeleton.
Moreover, one can notice larger resistance to compression, which is in ac-
cordance with the fact that the tensile and compressive strength is identical
for the beams. To conclude, despite small differences in the behaviour of
both models, the above comparison allows us to accept the beam model as
an equivalent one to perform optimisation.

4.4. Comparison with equivalent wall model

An equivalent to the baseline material is also needed in case of the wall
material. Finding it is not straightforward, because the fabrics law allows
us to model the orthotropic behaviour and non-linear stress-strain relation.
The Fig. 29 shows the comparison of average strains in the baseline and
equivalent models. The average strains instead of maximum ones are used,
because the two models differ in thickness which could bias the comparison.
As in case of the beam model, here the equivalent material is again a bit
stiffer than the baseline one please note the maximum and minimum strain
values for both of them. Again, the conclusion can be drawn that for the
purpose of optimisation, the equivalent model can serve as a substitution for
the composite one.
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Figure 28: Comparison between the stresses in spring (left-hand side) and beam
(right hand side) elements at time instants t = 6 ms and t = 12 ms. Stresses are
normalized due to confidentiality requirements.



Figure 29: Comparison between the average strains in the walls for the baseline
model (left-hand side) and model incorporating the equivalent material (right hand
side) at time instants t = 6 ms and t = 12 ms
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4.5. Meshless and mesh approach for fluid computations

Another important comparison is the one between different fluid models. It is
presented in the Figure 30. Both ALE models cannot correctly represent the
free surface between the two materials, as the density variation is continuous
rather than discrete. One can notice that this effect is stronger in case of
Material Law 6, where large intermediate region occur. Moreover, in the two
ALE approaches, in some places unphysical deformation patterns appear.
This problem may be a result of an erroneous element closure, i.e. flow
prevention inside excessively deformed elements. This effect is combined a
largely simplified model for cavitation - where the pressure drops below the
value of the Pmin, the density starts to decrease. The element shrinks, pulling
the surrounding walls together. Due to ALE closure the flow to and from
the element is blocked and the deformation is sustained. Regarding the Law
6 simulation, another important issue is the density accumulation just above
the water surface. The increment of the density of water by a factor of 5
is definitely not acceptable. Since the pressure distribution (not shown) is
reasonable, the reason for this discrepancy is probably the inaccurate spatial
integration.
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Figure 30: Comparison between the density distribution in SPH simulation (left-
hand side), ALE Material Law 51 (centre) and ALE Material Law 6 (right-hand
side) in the selected time instants.



In the Fig. 31 the total energy plot is presented. It is yet another argument
for using SPH elements. Even though the Law 6 the energy error is relatively
low (not exceeding 15%), the error of the meshless simulation is more than
twice smaller. A large discrepancy in the energy balance for the Material
Law 51 is quite surprising its reason is probably the use of the simplest
possible classical upwind method for the integration in space.

Figure 31: Comparison of the total energy variation for SPH, ALE Law 51 and
ALE Law 6 approaches
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4.6. Analysis of the tank completely filled with water

A big advantage of the simulation methodology used is that the model can be
quickly altered and many different test cases can be analysed with a minimum
effort. One example could be a simulation of the tank completely filled with
water - just two modifications are needed to perform a new analysis. The
results are shown in the Fig. 32. One can see that the deformation pattern
is reasonable and water is incompressible almost in the entire volume. As it
could be expected, the maximum value of strain is larger in that case than for
the baseline simulation. From that fact one can imply that the flat impact
of a completely filled tank will probably be one of the critical load cases.

4.7. Analysis of the 45o impact

Another possibility is to rotate the tank by any angle in the current study
45o was chosen as an example (see Fig. 33). Please note the formation of the
wave in the late phase of the simulation (bottom right figure), which proves
that the interaction between the two fluids is correct. This figure is a good
justification why the SPH method is frequently used for simulation of oceanic
waves or ditching of rigid bodies in water.
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Figure 32: Density distribution and maximum strain pattern (in the fibre di-
rection) of the tank completely filled with water at time instants t = 6 ms and
t = 12 ms
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Figure 33: Density distribution for the 45o impact at selected time instants
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Also the strain pattern and wall deformation seem to be computed correctly.
They are presented in the Fig. 34. Since the impact is not that abrupt and
the deformation is more progressive than in the case of straight impact, the
maximum value of strain is also lower.

Figure 34: Maximum strain pattern (in the fibre direction) for the 45o impact at
selected time instants
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4.8. Results of freesize optimisation of the tank walls

The final thickness distribution resulting from the freesize optimisation is
shown in the Fig. 35. As one could expect, it indicates that the most
loaded regions are these in the vicinity of the bottom corners and edges.
However, since quite restrictive maximum stress constraint has been imposed,
the optimiser suggests increasing thickness of all the walls.

Figure 35: Wall thickness distribution resulting from the freesize optimisation of
the tank

The normalized stress distribution presented in the Fig. 36 shows that the
optimisation led to decrement of the maximum stress by 11% and the stress
concentration are reduced. In order to further decrease it, a combined opti-
misation of walls and exoskeleton is needed, with increased limits for design
variables and carefully chosen design constraint.
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Figure 36: Comparison between the strain pattern for the baseline design (left-
hand side) and the optimised design (right hand side) elements at time instants
t = 6 ms and t = 12 ms



4.9. Results of optimisation of the wall structure divided
into regions

When the structure is in advance divided into regions, the optimisation re-
sults are similar. The final thickness distribution is shown in the Fig. 37.
Here the maximum thickness has not been reached, however the optimisation
has converged, as no improvement was expected from further thickness incre-
ment. The fact that the optimisation has converged does not mean that the
maximum stress requirement is not violated. What can be quite surprising is
that even though the free-size optimisation has many more design variables,
the time used by the optimiser was comparable in these two cases.

Figure 37: Wall thickness distribution in the pre-defined regions resulting from the
freesize optimisation of the tank

In opposition to the freesize optimisation, the maximum stress has been
slightly increased during the optimisation (see Fig. 38). This may be result
of the fact that the division into regions was not ideal and should be improved.
Some indications that could be helpful in this modification can be found in
the results of the freesize optimisation.

71



Figure 38: Comparison between the strain pattern for the baseline design (left-
hand side) and the optimised design (right hand side) elements at time instants
t = 6 ms and t = 12 ms



4.10. Exoskeleton optimisation results

The structural optimisation of the exoskeleton was done in a very simplified
way the cross section of the horizontal and vertical beams formed one design
variable and that of the 45o beams formed the second one. The variation of
cross sections in subsequent optimisation iterations is presented in the Figure
39. It turns out that reinforcement is required for the horizontal beams: here,
as it was the case for the previous optimisation approaches, the maximum
limit of the design variable has been reached and the maximum stresses were
still exceeded. It turned out that the other group of the beams is not directly
responsible for carrying the largest loads.

Figure 39: Evolution of cross section areas of the beams for subsequent iterations
(HV denote horizontal and vertical beams whereas 45 denote the beams inclined
by 45o)

The comparison of the stress distribution indicates that the optimised struc-
ture has the maximum stress decreased by 36% (see Fig. 40). One can notice
that it is much stiffer than the baseline, especially in the circumferential di-
rection. In order to make sure that the optimisation leads to the correct
results, one has to make sure that the complex interaction pattern between
particular members is correctly represented in the simulation.
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Figure 40: Comparison between the stresses in the beams for the baseline design
(left-hand side) and the optimised one (right hand side) at time instants t = 6 ms
and t = 12 ms



5. Discussion

5.1. Assessment of energy balance as a reliable criterion

Energy balance is the only quantitative criterion that was found useful for
evaluating the quality of the model and the simulation process. Note that
the crucial part when computing the energy balance is the determination
of the internal energy, and this value is prone to integration inaccuracies.
This may have an impact in total energy conservation. By choosing various
space integration methods and parameters, it could be possible to reduce the
energy error. However, this might be an effect of two counteracting errors,
which decreases the quality of simulation even further.

Therefore, it is important to thoroughly investigate the energy balance.
There are some symptoms that may indicate that the energy is not com-
puted accurately. One of them is the presence of sudden, unexpected abrupt
changes. They may be small in magnitude, but if they are integrated to-
gether, the energy balance can be seriously affected. Therefore, since the
total energy is the sum of contributions from all the elements, it is expected
to be a smooth function with the exception of the moment of contact with
the ground, when all the elements are affected almost simultaneously.

Nevertheless, as discussed above the main source of error is incorrect com-
putation of the fluid internal energy. This part of simulation is to the largest
extent prone to numerical integration errors that accumulate at every time
step. Although this may decrease the accuracy of the computation, the main
focus of the present study is the behaviour of the tank. Thus, the focus will
be on accurate computation of the stresses within the material, instead of the
fluid parameters. Furthermore, in real conditions, a number of factors (in-
accurate impact angle, uncontrolled fluid motion inside the tank, etc.) may
influence the simulation, causing energy changes larger than 10-20%, which
indicates that the simulation results should be considered as approximate,
and applying an appropriate safety factor is necessary.
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5.2. Difficulties of fitting the data to the experimental
results

Another important issue that needs to be discussed is the difficulty of fitting
the orthotropic material data in three directions simultaneously. This fact
could mean that in the initial stage, i.e. first approximation of the parameters
with use of analytical formulae, an error was made that led to incorrect results
in the later stage of optimisation. However, since the material data fit process
was repeated for a number of times, using different initial parameters, mesh
type and solver options, the probability of going in the completely wrong
direction is quite low.

However, this discrepancy has a physical explanation. The surprisingly low
strength in 45o direction measured in the experiment an be a result of small
fibre length. From the micromechanical investigations of composite materials
one can imply that if the fibres do not exceed the so-called critical length, they
cannot take the entire load that is predicted by the stress-strain behaviour
of pure fibres. The three possible situations are shown in the Figure 41.

Figure 41: Schematic explanation of the idea of critical lenght (lf ) - the stress
distribution in the fibres shorter, equal to and longer than lf

Since in the 45o tests the fibre length is approximately 70 mm, it may happen
that the quite large portion of the load is taken by the matrix only, whereas
the fibres are not loaded completely. Thus, the fact that this possibility
cannot be accounted for in the Law 58 may be the reason for the discrepancy.
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5.3. Determination of failure of the element

The aspect that is very important from the point of view of further applica-
tions of the tank is the introduction of appropriate failure criteria, in order
to make sure that failure (or resistance) of the structure predicted in the
simulation corresponds well to the true behaviour.

First of all, criterion designed for anisotropic materials should be used. It
means that the von Mises stresses or strains should be replaced in that case
by a more appropriate criterion.

Another issue is whether strains or stresses should be applied as a criterion.
Since, in case of composites the failure of the entire part occurs when the
stronger and stiffer material (here: fibres) fails, the strain criterion is natu-
rally chosen. Moreover, since in the baseline model the nodes are shared, the
strains in the middle of the thickness are shared as well.

One more remark has to be made - one of the most beneficial features of
the soft tank is that the designer does not have to worry about buckling -
even though it occurs, the load-carrying capacity is not diminished and in
the further stages of the impact, pressure forces pull the tank walls back to
the initial (or close to the initial) state.

5.4. Possible improvements in exoskeleton modelling

Regarding the exoskeleton modelling, there is no doubt that in reality, all the
members of the structure behave like flexible beams. The fact that they are
prone to buckling is the reason why in the preliminary modelling stage, the
simplified spring model (10 times weaker in compression than in tension) is
accurate. However, the real structure is more complex - in order to represent
its behaviour, more than one beam element per member should be used
and more detailed behaviour of members’ interconnection has to be applied.
When more detailed test results are available, the corresponding simulation
model should be developed and its accuracy as well as computational cost
should be compared with the baseline spring model. This way, the model
that is more suitable for the given simulation should be chosen.
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5.5. Comparison between particle (SPH) and mesh (ALE)
CFD approaches

The first important comment on this comparison is the fact that the SPH
method is very reliable. As long as the physical properties of the materials are
modelled correctly, the termination error does not occur. This is of utmost
importance for optimisation runs, where an erroneous simulation may lead
to a premature termination of the entire process.

Furthermore, we observe that the interaction between air and water is better
represented by the particle simulation. In the ALE approach the density
does not reflect correctly the boundary between two phases, which is re-
flected by a large region of intermediate densities. This is the particularity
of the RADIOSS solver and one of the reasons why in the analysis of Fluid-
Structure Interactions during impacts, SPH method is predominantly used.
The Computational Fluid Dynamics calculations in RADIOSS use the fi-
nite element formulation, which is different from the one used in most fluid
mechanics solvers. Moreover, pressure is not computed using some form of
Navier-Stokes equation, but rather as a polynomial function of the density
variation. Furthermore, in order to correctly represent the boundary be-
tween two immiscible fluids, in classical CFD computations the additional
parameter (species) is introduced along with an appropriate equation.

On the other hand, the SPH simulation accurately represents the free surface,
which is the reason why this method is widely used for modelling the ditching
of bodies in water and oceanic waves. The power of SPH formulation in
simulating the movement of free surface between air and water is particularly
visible in the Figure 33, showing the density distribution during the 45o

impact.

Another important feature of the SPH approach is the accurate computation
of energies. The error at the end of simulation usually does not exceed 10%
, which is approximately 2 times less than in the ALE Law 6 approach.
For ALE Law 51 formulation, there is large, unjustified energy creation that
probably results from incorrect spatial integration. Moreover, in connection
with the discussion in section 5.1, the energy curves of SPH approach are
much more smooth than in case of ALE formulation. This further justifies
the choice of the particle approach in the present study.
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Nevertheless, it should be noted that even though the accurate solution of
fluid dynamics is highly desired, the focus is on the stresses and strains in
the walls, and for their evaluation the CFD study should be sufficient.

Moreover, analysing the pressure variation, one can note that it is similar for
the three types of fluid modelling. This may indicate, that the problem lies
at the side of integration rather than pressure modelling.

One more comment should be made about the SPH approach. Since the tank
is also meant to be used in military applications, the bullet impact test (and
its simulation) will have to be performed an some stage of the development.
For this, a meshless approach is much better suited. If the wall failure and
fluid leakage occur, using the ALE approach would significantly complicate
the modelling of the problem.

The drawback found in case of SPH approach is that in case of large stiffness
of the fluid-structure interface, a particle may escape from the tank and move
away from it. This may result in a decrement of the time step by ten times
or more and longer time needed for performing the search of neighbouring
elements, which significantly extends the computation time. This problem
can be solved by decreasing the interface stiffness or imposing an appropriate
condition of element deletion.

5.6. Complexity of the nonlinear optimisation

Regarding the design optimisation, in particular in case of the exoskeleton op-
timisation, one can notice that due to the low value of the stress constraint,
the beam cross section in the critical areas increases. Consequently, more
load is taken by the exoskeleton and it is more difficult to fulfil the imposed
constraints. In the Fig. 40 it is shown that the stress in the strengthened
members decreases. However, in order to reach the desired value, it is neces-
sary to perform simultaneous optimisation of all the load-carrying structures
and accurately represent the load transmission between the members of the
exoskeleton. Only then the configuration that satisfies the tough safety norms
can be design, manufactured and certified for aerospace applications.

Nonetheless, please note that the optimisation results obtained in the current
study are very useful in a qualitative sense. Even though the final thicknesses
and member diameters have not been found, the free-size optimisation gives
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an indication of the regions that require reinforcement. This information can
be then used to divide the tank surface into parts (taking into account the
manufacturing constraints) and through further optimisation studies, obtain
the numerical values of the parameters of interest.
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6. Conclusions

6.1. Main conclusions from the project

First of all, the present project proved that Computer Aided Engineering
(CAE) software can be very useful in the initial design stages and even dur-
ing the concept definition, when it is not possible to evaluate the actual
components nor perform any experimental testing. Using such programs,
simulations of satisfactory accuracy can be performed, and the resulting
data can be refined along with more precise material parameters and de-
sign specifications. Moreover, the current study has shown that it is possible
to perform the impact simulation of an elastic tank in an accurate and ro-
bust way. Despite the complexity of the problem, which involved performing
a fluid mechanics simulation, fluid-structure interaction and contact analy-
sis, using the non-linear solver RADIOSS, a satisfactory solution has been
achieved.

The experience gained during the numerous simulations has confirmed the
conclusions from other studies (e.g. Hughes et al. [7]) that for the simulations
where abrupt changes are involved, as is the case for impact simulations, the
SPH elements are very well suited to this type of problems. Even though
the ALE formulation increases the accuracy of the results compared to the
traditional Eulerian or Lagrangian approaches, the density and pressure dis-
tributions correspond much better to the reality for the meshless simulation.

Undoubtedly, an accurate finite element analysis of the impact is very use-
ful and, in case of aerospace components, it is an inevitable element of the
certification process. However, another benefit of performing such calcula-
tions is that it can be useful for design optimisation in the further part of
the project. An accurate, reliable and efficient simulation combined with an
effective optimiser can give valuable information for the designer, informing
which areas of the tank should be reinforced and where the weight could be
reduced.

Note that, in order to achieve a meaningful result of any type of optimisa-
tion, all the load-carrying components that interact with one another should
be taken into account. Otherwise, while optimising one component, the de-
sign optimum found can disregard the constraints imposed on the parts not
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included in the design space. Moreover, while reviewing the results, it is
necessary to check whether the components are manufacturable, which is of
particular importance for those made of composite materials.

Finally, using the knowledge gained in the present study, it is possible to
perform impact analysis of other tanks with different shapes. This can be
useful in the design phase of new aerospace vehicles and re-design of the
existing ones. Ultimately, the failure resistance of fuel tanks may be improved
and critical damage in case of accident can be avoided. This may lead to a
significant decrease in mortal victims in such accidents, and may be used to
further improve the safety of air transport.

6.2. Further work

One of the first steps needed to improve the quality and usefulness of the
ana- lysis should be introduction of an appropriate failure criterion. The one
used in the current study either requires computation of von Mises stresses or
strains or does not take into account the interaction between various strain
components, which is a crude approximation. Application of Tsai-Wu, or
max strain criterion would be much more suitable. In order to choose the
right one, additional failure test need to be performed and another correlation
has to be done.

However, in order to analyse thee stress level in the tank walls, it is necessary
to understand correctly the material behaviour. Therefore, by means of per-
forming further experiments, the reason for the discrepancy in material data
fit for 45 degree direction should be searched for and the hypothesis explain-
ing this phenomenon presented in the current study has to be confirmed or
another justification for that phenomenon needs to be found. Furthermore,
correct modelling of the viscoelastic behaviour based on accurate experimen-
tal testing results should be added.

Moreover, another component that requires re-modelling is the exoskeleton.
The model used in the current study was relatively simple, however, numer-
ous papers reveal that nowadays filets with superior properties (damping of
impacts, load distribution between particular fibres) are available. Undoubt-
edly, the components used in the aerospace industry need to take advantage
of this potential, thus an appropriate net type should be found and imple-
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mented to the current model in a way that correctly represents its behaviour.

Another step necessary for introduction of elastic fuel tanks into the aerospace
industry would be to plan the test campaign. The critical test cases have
to be identified and the corresponding simulation cases need to be created.
Only taking all the load cases into account, the results of the computations
can be really useful in the design and optimisation of the tank.

Regarding the design optimisation, obviously, the accuracy can be increased
if the actual materials are used instead of being substituted by the equiva-
lent ones. It will be possible if the later versions of OptiStruct support the
Material Law 58 as well as spring elements. Another possibility is to use
HyperStudy; this option would probably be more time-consuming, but no
compatibility issues shall be encountered.

Moreover, as the results have shown, adjusting properties of one component
without taking into account the remaining ones is not the most effective ap-
proach and the results could be further improved. Thus, a coupled optimisa-
tion problem should be solved, including both the tank walls and exoskeleton
in the design space. Only then the designer can be completely sure that the
elements fulfil the constraints and the actual structure is the lightest possi-
ble one. Undoubtedly, analysis and optimisation should be repeated for each
particular design that is going to be used in a given aircraft.
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