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Abstract
In the maritime sector, the collision safety is an essential aspect of ship operation. In order to
advance, new options have to be investigated. A recent idea is to fill the cavity in the double hull
structure of a ship. To do so, this thesis provides fundamental research in this field.

Thus, the aim of this thesis is to investigate the potential of using granules as filling ma-
terial based on experiments. Furthermore, the numerical modelling of these granules shall be
investigated and verified.

In order to achieve this, several aspects have to be considered. Starting with the basic idea,
suitable granules have to be determined. Therefore, a list of requirements is developed and
experiments for the mechanical characterization of granules are developed. To describe the be-
haviour of single grains, a statistical approach is applied. The mechanical properties, such as
crushing strength, and Young’s modulus are determined using a single particle test assuming a
Hertzian contact model. Based on this, a three-dimensional model covering the probability of
the parameter distribution in combination with the diameter distribution is developed.

For the numerical modelling of the granules as bulk material, experiments such as oedometer
test, triaxial test, and friction test are performed. This test data is used to calibrate and validate
the numerical models used in this thesis. For the calibration, we use a numerical optimization to
fit the material parameters to the experimental results, comparing these values with parameters
obtained by identification using only experimental data.

One of the main aspect of this thesis is related to examine the potential of the granules used
as filling material. Thus, a simplified side hull structure is designed for experimental testing. In
these tests, reference experiments without granular material are performed. These are compared
with structures containing granules. To do so, aside strain and displacement sensors, a digital
image correlation system is used. In addition, we investigate the influence of the granules to
stiffeners in the side hull structure. In doing so, the energy dissipation in case of a collision shall
be increased.

The second main aspect refers to the numerical modelling of these experiments and the valida-
tion of different material models used for simulation. To do so, a continuum approach is applied,
using the finite element method with explicit time stepping scheme. The granules are modelled
using the Mohr-Coulomb material model and the hypoplastic material model, comparing the
abilities of these in combination with the different material parameter sets. The advantages and
disadvantages are discussed, leading to a recommendation for the application in finite element
simulations.

In the last part of this thesis, we apply the numerical model to a mid-ship structure, comparing
the two granules. Furthermore, we show possible changes in design, using the increase in collision
resistance with granules. This addresses the potential in maritime industry, considering filling
material in the design process of a ship structure.

VII





1 Introduction
Granules are a popular material in modern industry. They combine features such as light-
weight with strength, and are therefore considered in more and more fields of industrial
and engineering applications: in civil engineering – where granules are used as a material
for insulation, levelling, or as a lightweight aggregate for concrete – in the automotive
and aviation industry (as a reinforcement material), in the chemical industry (as active
materials) and in many other fields of application. Taking advantage of the dissipative
behaviour of granules, they are also used for crash absorption purposes.
All the applications above require advanced knowledge about the particles. On a larger

scale, the macroscopic description of the bulk behaviour can be satisfactory. Changing
the point of view to a smaller scale, e.g. the particle size, a better understanding of the
mechanical behaviour and material properties moves into focus. In particular, particle
crushing under high load is a very complex mechanism.
In the maritime sector, the collision behaviour of ships plays an important role with

respect to the ship safety. The improvement of crashworthiness of a vessel is always an
aspect regarding the development, manufacturing, and operation of a ship. A double hull
structure is a widely used design for tankers, bulk carries, container ships, as well as for
many other types of ships. This thesis investigates the potential outcome focusing on the
design of a double hull structure. To put the empty space into a good use, granules are
considered as a filling material for further improvements in crashworthiness. In order to
do so, the description of the granular behaviour will be of particular interest. Therefore,
experimental testing of the granules will be carried out, followed by a numerical study to
describe the mechanical behaviour. In the following, the general idea will be motivated in
more detail, substantiated by a brief overview of the state of the art. Subsequently, the
aim of this thesis will be presented and the content will be outlined.

1.1 Motivation
Precisely in view of the increasing cargo transport by sea, there is also an increased risk
of ship collisions. During the last decades, the amount of cargo transported by ship has
increased significantly, which results in more and larger ships manoeuvring on the seas
and in harbours. Despite improvements in collision avoidance – e.g. traffic segregation
or radar systems – collisions can and will still occur due to human and technical errors.
Today, an additional risk factor is introduced through the installation of offshore wind
turbines. As fixed foundation wind turbines are limited to coastal areas, they are often
found close to estuaries used by ships. Furthermore, floating offshore wind turbines are
under development and will fill the seas further away from the coast.
Apart from the increase in ship traffic, there is also more environmental awareness. The

catastrophic consequences of large oil spills in the last decades, such as Exxon Valdez [1] or
Prestige [2], puts ship safety more and more to the forefront. This has already resulted in

1



1 Introduction

design specifications such as double hull structures for oil tankers, leading to a reduction
of catastrophic ship accidents.
Nevertheless, all these factors contribute to a higher demand in ship collision safety.

Modern engineering tools such as the finite element method (FEM), and its advances in
solving non-linear problems and including contact formulations, urge to investigate the
collision behaviour of ships using simulations. The advantage of this approach cannot be
dismissed: It is cheaper than actual testing, and it can be used in an early design stage
during ship development to find weaknesses and to evaluate design improvements. The
increasing availability of computational power makes this approach even more attractive.
Today, there exist several commercial FEM tools that are used as standard tools in industry.
The numerical methods and material models have already been validated for a wide range
of applications, but there is still room for improvement.
Considering the collision safety of double hull structures, changes in the structural design

can be sufficiently evaluated with numerical methods in a fairly easy manner. Thus, new
designs, such as X-Core structures, are under development. In order to use existing double
hull structures, using granules to fill the empty space between the outer and inner hull
is a recent idea. The filling material is supposed to distribute the local load occurring
during a collision, and to dissipate energy. The feasibility of this idea was already shown
in a previous project, but with a focus on structural changes [3]. Thus, the modelling of
granules as filling material is an open question.
In order to simulate a ship collision, it is necessary to model the granules. To resolve

local behaviour, effects at particle size have to be investigated – and it is especially the
breakage of particles that plays an important role. On continuum level, material models
for soils and granules are known, but they are primarily used for soil modelling. Thus, the
extension of the material models for the proposed use has to be verified. In order to do so,
experimental tests are required to gather data for numerical modelling and verification.
The modelling on particle level is carried out by a project partner at Leibniz University

Hannover, using the discrete element method (DEM). The idea in this joint project is a
coupling of DEM and FEM, as shown in Figure 1.1. Here, the focus lies on the aspects
mentioned before.

Bulbous bowDEM

FEM Coupling

Outer hull

Inner hull

Figure 1.1: Modelling idea of a double hull filled with particles.

1.2 State of the art
With the introduction of double hull structures as a result of the oil tanker accidents in the
1980s and 1990s by the International Maritime Organization [4], experimental and numer-
ical investigations of ship structures became more important. The increasing availability

2



1.2 State of the art

of sophisticated finite element methods for the treatment of non-linear [5, 6] and contact
problems [7, 8] advanced the use of numerical tools leading to contributions to conferences
regarding ship collision, beginning with the first conference on collision and grounding in
1996 [9] and in the early 2000s [10, 11, 12]. Latest results can be found in [13, 14, 15].
Despite the considerable progress in this field, there is still the risk of major uncertainties
when comparing simulations and experiments, especially in the non-linear case. Therefore,
experiments are still necessary to improve and validate the numerical methods [3].
In the 1990s, experimental investigations of double hull structures were performed [16]

in which a scaled, simplified double hull structure was penetrated with a cone. The probe
had the dimensions of 1 m×1 m, used with penetrating cones of different radii. In [17], the
experiment was numerically investigated using a commercial software product. This setup
– a scaled side hull structure penetrated with a cone – can be found in many research
projects [18, 19, 20]. Some of them focus on the design of the structure [21, 22, 23],
while other focus on the numerical simulation [24, 25, 26]. Large-scale experiments using
modified tank barges were carried out in [27, 28]. Here, it makes sense to mention the work
of [29, 20, 26], which provide an introduction to experimental tests – and to the aspect of
numerical simulation – similar to the experiments discussed in this thesis.
In order to improve the collision behaviour, changes in design of the double hull were

investigated [30]. The aim of these changes was to achieve a higher energy dissipation due
to the changed load distribution. Thus, designs such as the X-Core or Y-Core [31], see
Figure 1.2, between the outer an the inner hull were investigated, revealing an improved
collision behaviour [32, 33, 34]. A different approach to investigate ship-ship collisions is

Figure 1.2: Sketch of different hull designs for a ship hull. From left to right: single hull,
double hull, Y-Core, and X-Core.

to consider structural changes of the bulbous bow [35, 36, 37], as was done in a previous
project at the TUHH [38, 39, 3]. Using a more collision-friendly bow, i.e. due to a softer
or foldable structure, the effects on the collision partner could be mitigated.
In the framework of the SideColl [40] and the ELKOS [41] project at the TUHH, exper-

imental tests on side hull structures were performed. Previous work had addressed filled
structures covering foams as absorber for bridges [42], as well as collision and grounding
behaviour [43]. Using an existing side hull structure and filling the void space with granules
showed a better collision resistance [44], and a significant increase in energy dissipation
could be observed [3].

3



1 Introduction

In order to describe granules as crash absorbing material, it is possible to use a character-
ization on particle scale or as a homogeneous material. Single particle tests are necessary,
since its parameters cannot be derived from bulk tests [45]. The characteristics of grains
can be described starting with spherical particles [46], to more complex shapes such as su-
perellipsoids [47], up to complex agglomerate structures [48]. Using spherical particles, the
mechanical behaviour can be described assuming e.g. a linear-elastic or Hertzian contact
law [49, 50, 51]. Since the obtained parameters can vary significantly, the introduction
of a statistical representation is recommended [52, 53, 54]. For the use of a description
based on the bulk behaviour of the granules – as done in this thesis – an overview over
elasto-plastic models can be found in [55]. A common choice for granular material in ge-
omechanics or soil analysis is the Mohr-Coulomb material model [56, 57, 58], see also the
textbooks [59, 60]. The material behaviour is described using five parameters that can be
obtained with laboratory tests [61, 62]. More advanced models, such as the hypoplastic
material model, can cover behaviour such as barotropic and pyknotropy effects [63, 64, 65].
This is a non-linear model, based on the deformation rate and void ratio [66]. It has more
parameters than Mohr-Coulomb – depending on its implementation – resulting in a more
demanding parameter identification [67]. Recent developments include grain crushing for
sand [68, 69, 70], as well as improvements regarding high confining pressures [71].

1.3 Purpose and scope of this thesis
This thesis aims at a better understanding of the interaction between granules and a
surrounding structure, such as double hull structures in ship building. Since the intended
use of granules is a relatively new field of application, it makes sense to start off with a
selection procedure to determine the properties of different granules – looking for a material
that combines several design criteria deducted in this thesis. In order to characterize the
mechanical properties of granules, several tests are performed.
The experimental tests cover a major part of this thesis: from small-scale experiments

to larger experimental setups representing a simplified collision scenario. To understand
the stress response and breakage behaviour of granules, compression tests are performed
for single grains. Based on this, a statistical evaluation is introduced to obtain a particle
parameter representation based on statistical variables. This allows for an easier and more
realistic modelling using particle-based methods.
To describe the bulk behaviour of the granules, experiments for parameter identification

are performed. On the one hand, geotechnical experiments such as oedometer tests and
triaxial tests are carried out. In doing so, material parameters for modelling with finite
elements are obtained. Here the aim is to compare two different material models used in
soil mechanics. In addition to this, a numerical optimization of the obtained parameters is
performed, aiming for an adaption of the obtained parameters to an experimental setting
with higher compression ratios. On the other hand, the parameters for the collision scenario
are determined. This includes material parameters for steel plates and friction coefficients
for different material pairings. It is of particular importance to determine the friction
coefficients for the granules, using a modified friction test.
With all these tasks, it is possible to model and simulate a collision test. In order to

validate the numerical results, experimental tests are performed. To do so, a test rig is
designed, considering preliminary numerical results. This setup is built with the purpose
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1.4 Outline of this thesis

of reuseability and comparability between different tests. Thus, the influence of granules as
filling material can be determined and compared to tests and simulations without granules.
Furthermore, the reuseability of the setup offers the advantage to change the design and
consider stiffeners. This experimental data is used to validate the numerical model and
show the improvements in collision safety gained by using granules.
Finally, a side hull structure of a vessel is investigated using the numerical data obtained

before. Thus, the improvements observed from the experimental tests are transferred to
a realistic scenario, also showing possible design optimizations for the use of granules as
filling material, resulting in ideas for application in the maritime industry.

1.4 Outline of this thesis
The following chapter serves to summarize the basics for the material modelling. The
focus is primarily on the description of the material models, reviewing the underlying
constitutive equations. This is followed by an introduction to the FEM, especially to the
time integration scheme. For the sake of completeness, a brief introduction to the DEM
will give the reader a basic understanding of the work carried out at the project partner
in Hannover – and the motivation for the second section of Chapter 3.
The first section of Chapter 3 addresses the selection of granules, regarding the re-

quirements of this thesis. This is followed by the second section, where the properties of
single grains are determined and a statistical representation is introduced, followed by a
numerical example using the DEM.
Chapter 4 then introduces the experiments carried out for the parameter identification

of the material models. This includes an oedometric test, a triaxial test, friction test, and
a uniaxial compression test for the granules, as well as a tensile test for steel plates. The
parameter identification is obtained using two approaches: on the one hand, in an analytical
manner based on the test data, and, on the other hand, using numerical simulation and
optimization.
After gathering all necessary data, a simplified side hull structure is introduced in Chap-

ter 5. The experimental setup is motivated and the results are explained in detail. This is
followed by the numerical evaluation in the first section of the next chapter. In the second
section of Chapter 6, the application to a side hull structure of a vessel is shown. And in
the last chapter, the main achievements of this work are summarized and an outlook for
further research topics is presented.
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2 Constitutive equations and numerical
implementation

This chapter serves to summarize the constitutive equations describing the material be-
haviour. Two different models are used for the granules: on the one hand, the Mohr-
Coulomb material model, and, on the other hand, the hypoplastic material model. Both
are used in soil mechanics. This is followed by a brief description of the elasto-plastic
material model used for steel parts – also focusing on the rupture mechanism, which is
relevant to cover the behaviour in the double hull experiments.
The derived constitutive equations are approximated by the finite element method. The

governing equations and the numerical implementation are shown in the next section. This
order of appearance was chosen since the focus of this thesis lies on the material models.
To cover the behaviour of the particles, the project partner in Hannover used the DEM.
For the sake of completeness, a brief overview of the implementation will be given. This
will help to understand the efforts in Chapter 3.2 to determine the particle properties and
the presented simulations.

2.1 Constitutive equations
The modelling and simulation of the different experiments is performed using the finite
element suite Abaqus [72]. Thus, the governing equations and the derivation of the material
models are presented in line with the representation used in this software [73]. The Mohr-
Coulomb material model is widely used in soil mechanics [61, 74, 75] and its material
parameters can be derived quite simply. In contrast, the hypoplastic material model is
more complex and follows a different approach [76, 77]. Here, it is implemented using user
subroutines based on the implementation of [78].

2.1.1 Elasto-plastic material behaviour
The elasto-plastic material model provides the constitutive equations for the modelling of
steel with rupture, as well as for the Mohr-Coulomb material – so it will be introduced
here. The idea of elastoplasticity is to decompose strains into two parts,

ε = εe + εp , (2.1)

where εe describes the elastic part and εp describes the plastic part of the strain. Equation
(2.1) is often formulated in incremental form. This allows to classify the elasto-plastic
material either as rate-dependent or rate-independent of the strain rate [6]. The main
aspects of plasticity are represented by a yield function f , which describes the boundary
between admissible and invalid stress states. This function is dependent on stress and
internal variables in general, and it describes the evolution of plastic deformation. The
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2.1 Constitutive equations

second main aspect is the flow rule, which governs the plastic flow. The direction of the
plastic strain is defined through the derivative of the plastic potential. The third aspect is
a hardening law, which defines the evolution of the yield function and the internal variables
[7].
Thus, the material behaviour is dissipative and the plastic deformation is irreversible. In

general, the work is converted to other types of energy such as heat during the deformation
process.
As mentioned before, the Equation (2.1) is often formulated in rate form using:

D = De + Dp = ε̇e + ε̇p . (2.2)

The rate and direction of the plastic flow is defined by the flow rule:

Dp = λ̇r (σ,q) , (2.3)

where r (σ,q) is the plastic flow direction, often assumed as ∂Ψ
∂σ

, with the Cauchy stress
tensor σ. Ψ describes the plastic flow potential. The variable λ̇ is a consistency param-
eter [79], constrained by the Kuhn-Tucker complementarity conditions. The parameter q
describes a set of internal variables.
The evolution of internal variables – often denoted as hardening law – is given by

q̇ = λ̇h (σ,q) , (2.4)

h describes the type of hardening. The plastic parameter λ may be part of the internal
variables q.
The Kuhn-Tucker complementarity conditions for the loading/unloading case are given

by
λ̇ ≥ 0, f (σ,q) ≤ 0, λ̇f (σ,q) = 0 , (2.5)

also known as loading/unloading conditions, with the yield function f (σ,q) as the first
main aspect of plasticity.
In the case of an elastic stress state, f (σ,q) < 0 remains and, thus, λ̇ = 0 is given from

Equation (2.5) resulting in no evolution of the internal variables q̇ = 0 and no change in
the plastic part of the deformation tensor Dp = 0.
Considering the stress state on the yield surface – e.g. f (σ,q) = 0 – three cases can

occur [5]. The first situation is called elastic unloading from a plastic state and is described
by the following condition:

λ̇ḟ = 0, ḟ < 0 ⇒ λ̇ = 0 . (2.6)

Here, q̇ = 0, and Dp = 0 follows as before. Thus, the material response is elastic. The
second case is given by

λ̇ḟ = 0, ḟ = 0 ⇒ λ̇ = 0 , (2.7)

and is called neutral loading. Even if we are in the plastic region, no plastic strains develop.
The last case is given by

λ̇ḟ = 0, ḟ = 0 ⇒ λ̇ > 0 , (2.8)

7



2 Constitutive equations and numerical implementation

referred to as plastic flow. Here, plastic strains arise. Thus the plastic deformation tensor
changes – Dp 6= 0 – as well as the internal variables: q̇ 6= 0. The consistency condition

λ̇ḟ = 0 , (2.9)

is contained in these three cases.
With Equation (2.9) the evolution of f (σ,q) can be written as

ḟ = fσ : σ̇ + fq · q̇
= fσ : C : [D−Dp] + fq · q̇
= fσ : C : D− λ̇ [fσ : C : r + fq · h] ≤ 0

(2.10)

using the chain rule, where C is the elasticity tensor. During plastic loading, i.e. λ̇ > 0,
the plastic flow is called associative if the flow direction r is proportional to the normal
of the yield surface fσ. Otherwise it is called non-associative. During plastic loading, the
stress has to remain on the yield surface. Thus Equation (2.10) can be solved for λ̇:

λ̇ = fσ : C : D
−fq · h + fσ : C : r

. (2.11)

Taking into account that the elastic response is given by

σ̇ = C : De = C : (D−Dp) = C :
(
D− λ̇r

)
(2.12)

it is possible to substitute Equation (2.11) into Equation (2.12) to obtain

σ̇ = C :
(
D− λ̇r

)
= C :

(
D− fσ : C : D

−fq · h + fσ : C : r
r
)

= Cep : D . (2.13)

The tensor Cep is the so-called continuum elasto-plastic tangent modulus. It can be rewrit-
ten with a case distinction to account for elastic as well as elasto-plastic behaviour:

Cep =


C if λ̇ = 0

C− (C : r)⊗ (fσ : C)
−fq · h + fσ : C : r

if λ̇ > 0
. (2.14)

As can be seen, an additional part is added as subtrahend in the case of plastic flow. If
the plastic flow is associative, i.e. r ∼ fσ, the tensor will be symmetric.

2.1.2 Mohr-Coulomb
The material properties of soils can be very different. For example, there are materials
such as wet clay on the one hand – and, on the other hand, dry materials consisting of
well-rounded particles, such as sand. The behaviour of the latter is similar to the granular
material used in the experiments presented later. A simple approach to describe differences
in material behaviour can be expressed using the angle of response [59, 60]. This can be
obtained by pouring the bulk material onto a surface to obtain a cone, see Figure 2.1.
Clearly, the angle of response depends on the particle shape. Often the angle of response
is taken as the angle of internal friction ϕ. This friction angle is related to inter-grain
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2.1 Constitutive equations

45◦35◦
Dry sand

Clay

Figure 2.1: Angle of response for different materials.

interactions such as bonding between particles and cohesion due to Van der Waals’ forces,
capillary forces, and Coulomb forces [80].
A better understanding of the internal friction angle can be derived from an analogy:

Assuming a solid material block resting on an inclined surface with the angle ϕ, the force
when sliding occurs is given by

Ff = µFn = Fn · tanϕ . (2.15)

Here Fn is the normal force and ϕ is the angle of friction. This can be expressed as a yield
condition:

f = Ft − Fn · tanϕ = 0 , (2.16)
giving the force for the onset of sliding for the tangential load Ft, see Figure 2.2.

Fn

Ft

µ

ϕ

Figure 2.2: Analogy of a sliding object on an inclined surface for the friction angle.

In granules, a similar relationship holds. The yielding occurs if a critical combination of
shear stress and normal stress is reached inside the material. The criterion is given by

τ = c− σ · tanϕ , (2.17)

where σ is the normal stress, τ is the shear stress, and c is the cohesion of the material
[81, 82, 83]. The cohesion describes the stress – without any normal pressure – which has
to be reached to shear the granules [84, 61]. The criterion can be expressed in a plot of
Mohr’s circle for different median stresses, see Figure 2.3. The envelope of the Mohr’s
circles can be used to identify the parameters. In an ideal case, this envelope is a straight
line, as assumed in this model, but it can generally also be a curve [85], which is observable
for non-ideal materials due to effects such as grain size dependency or crushing.
Another important aspect of granular materials is the so-called dilatancy [86, 87]. It

describes the effect of volume change due to the influence of shearing. It can be envisioned
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2 Constitutive equations and numerical implementation

ϕ c

σ1 σ1 σ3 σ3 σ

τ

Figure 2.3: Mohr-Coulomb yield criterion obtained using Mohr’s circles.

ψShear

Figure 2.4: Influence of shearing to volume expressed using the dilatancy angle (adapted from
[87, 88]).

due to the representation of particles, as depicted in Figure 2.4. In the case of shear stress,
the dense package shifts and an expansion of the particles in vertical direction can be
observed – leading to an increase in the void ratio. The change is given by the dilation
angle ψ.
The model used in Abaqus is based on the Extended Mohr-Coulomb model [57]. It is

written in terms of the stress invariants, and the yield surface is given by

F = Rmc (Θ,ϕ) q − p tanϕ− c = 0 (2.18)

with
Rmc (Θ,ϕ) = 1√

3 cosϕ
sin

(
Θ + π

3

)
+ 1

3 cos
(
Θ + π

3

)
tanϕ . (2.19)

Θ is the deviatoric polar angle defined as cos (3Θ) =
(
r
q

)3
. The friction angle ϕ is the

slope of the failure line or yield surface in the p − Rmcq stress plane. The equivalent
pressure stress is given by p = −1

3tr (σ) and the von Mises equivalent stress is given by
q =

√
3
2 (σd : σd) with the deviatoric stress tensor σd = σ + pI and r as invariant of

the deviatoric stress tensor [89]. The Mohr-Coulomb yield surface in the principal stress
plane and the deviatoric plane can be seen in Figure 2.5. As can be observed, the yield
surface is an irregular hexagon in the deviatoric plane. Another point to mention is the
rate-independence of this model.
The plastic potential is chosen as a smooth elliptic function in the deviatoric plane and

as a hyperbolic function in the meridional stress plane, see Figure 2.6 [57]:

Ψ =
√

(εc|0 tanψ)2 + (Rmw (Θ, e) q)2 − p tanψ , (2.20)
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σ1

σ2

σ3

σ1 = σ2 = σ3

Θ = 2
3π

Θ = 0

Θ = 4
3π

Mohr-Coulomb
(ϕ = 20◦)

Drucker-Prager

Rankine (ϕ = 90◦)

Tresca (ϕ = 0◦)

Figure 2.5: Yield surface of the Mohr-Coulomb model in the principal (left) and deviatoric
(right) stress plane (adapted from [3, 88]).

where c|0 is the initial cohesion yield stress and ε is a parameter defining the eccentricity,
describing the rate at which the function Ψ approaches the asymptote in the meridional
stress plane. The function Rmw is given by

Rmw (Θ, e) = 4 (1− e2) cos2 Θ + (2e− 1)2

2 (1− e2) cosΘ + (2e− 1)
√

4 (1− e2) cos2 Θ + 5e2 − 4e
Rmc

(
π

3 , ϕ
)

,

(2.21)
with the parameter e describing the out-of-roundness between the extension meridian and
the compression meridian, see Figure 2.6 on the right. Thus, it is ensured that the flow

εc|0

Rmwq ψ dεp

p Θ = 2
3π

Θ = 0

Θ = 4
3π

Menetrey-Willam
(1/2 < e < 1)

Rankine
(e = 1/2)

Mises
(e = 1)

Figure 2.6: Flow potential of the Mohr-Coulomb model in the meridional (left) and the devi-
atoric (right) stress plane (adapted from [88]).

direction is uniquely defined and no numerical issues arise. Further, for high pressures,
the function asymptotically approaches a linear flow potential. Since the identification of
ε and e is challenging [57], the following default values are chosen in Abaqus [73]: ε = 0.1
is chosen for the meridional eccentricity, and the deviatoric eccentricity is calculated as
e = 3−sinϕ

3+sinϕ . In general the flow is non-associative, but can become close to associative
depending on the variables ε and e.
Furthermore, a hardening law can be formulated by modifying the potential flow [57].

Since it is primarily used to limit the load-carrying capacity near the tensile region, it is
not applied here.
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2 Constitutive equations and numerical implementation

Thus, the Mohr-Coulomb material model needs five parameters. In the elastic region,
its behaviour is described with the Young’s modulus E and Poisson’s ratio ν, which can
be identified by compression tests. The friction angle ϕ, dilatancy angle ψ, and cohesion
parameter c can be identified using triaxial compression tests with different confining
pressures [61] using the resulting Mohr’s circles, see Figure 2.3.

2.1.3 Hypoplastic material model
The idea of hypoplasticity, a class of incrementally non-linear models, is described in [64] by
Kolymbas. The first idea of this concept was presented in [63, 66] and a general introduction
can be found in [90, 91, 92].
The main idea is a model with a rate-dependent constitutive equation

σ̊ = h (σ,D) , (2.22)

where σ̊ is the objective stress rate. Based on this equation, two different formulations of
hypoplasticity have been developed. The first was developed by Kolymbas [93], while the
second was developed by Chambon et al. [94]. Here, the approach presented in [76, 77] is
used, with a user subroutine in Abaqus based on the implementation of [78].
The main challenge when developing a material model is the right choice of constraints

for Equation (2.22). The constitutive material model has to fulfil the following specifi-
cations in order to be a good representation for granular behaviour: First, the material
model should be applicable for large deformations. Thus, the choice of the rate of defor-
mation D and the objective stress rate σ̊ have to be chosen properly. This also includes
the objectivity of the material model, such that the results are independent from the point
of observation. Second, the material law has to be homogeneous in terms of stress. This
is motivated by the principle of Goldschneider [95]. He proposes that experiments with
proportional deformation paths and stress-free initial conditions results in proportional
stress paths

h (λσ,D) = λnh (σ,D) . (2.23)
This also includes an asymptotic convergence to this path, if the initial state is not stress-
free.
Another aspect is that the material behaviour is approximately rate- and time-independent,

e.g. the strain rate performing a triaxial compression test is negligible. Thus, the material
model has to have a positive homogeneity of first order in deformation rate

h (σ, λD) = λh (σ,D) . (2.24)

Considering further aspects observed in the triaxial compression test, the stiffness of the
material has to change after changing the load direction, e.g. from loading to unloading,
see Figure 2.7. Thus, the model has to be incrementally non-linear

h (σ,−D) 6= h (σ,D) . (2.25)

With these constraints, a first model can be proposed. It can be expressed as sum of a
linear and a non-linear expression [97]

σ̊ = L (σ,D) + N (σ) ||D|| . (2.26)
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dσl

dσu

dεu
dεl

ε

σ

Figure 2.7: Incremental non-linearity for loading/unloading (adapted from [96, 78]).

Using the Cayley–Hamilton theorem [98] Equation (2.22) can be expressed using a sum of
powers [99]:

σ̊ =α0I + α1σ + α2D + α3σ
2 + α4D2 + α5 (σD + Dσ)

+ α6
(
σD2 + D2σ

)
+ α7

(
σ2D + Dσ2

)
+ α8

(
σ2D2 + D2σ2

)
,

(2.27)

with the coefficients αi being mixed invariants of σ and D.
Thus, a first variant of a hypoplastic constitutive law was proposed by [97, 100]:

σ̊ = C1 (trσ) D + C2
tr (σD)

trσ σ︸ ︷︷ ︸
L(σ,D)

+C3
σ2

trσ ||D||+ C4
σd

2

trσ ||D||︸ ︷︷ ︸
N(σ)||D||

, (2.28)

with the deviatoric stress σd as given in Section 2.1.2. By comparing this with Equation
(2.27), the coefficients ai can be found, i.e. a1 = C2

tr(Tσ)
trT . In total, four parameter Ci

describe the material behaviour.
Considering experimental results, more effects than described before can be observed

in soils. The barotropic behaviour – the pressure-dependent response of the soil, e.g.
change in friction angle – is already included due to the homogeneity in terms of stress, see
Equation (2.23), with 0 < n < 1. Another aspect is the pyknotropy, which describes the
influence of the bulk density on the soil properties. A dense sample has a higher stiffness
and a visible dilatancy compared to a loose sample. To account for this behaviour, the
governing equation has to be extended with an additional state variable. A suitable choice
is the void ratio e, which describes the ratio between the pores and the solid part of a soil.
Thus, Equation (2.22) is modified as follows

σ̊ = h (σ,D, e) . (2.29)

This also mitigates the problem of the so-called ratcheting effect, such that the accumu-
lation of plastic deformation due to cyclic loading is considered more realistically. This
results in the expression from [76]:

σ̊ = fbfe
1

tr (σ̂2)
[
F 2D + a2σ̂tr (σ̂D) + fdaF

(
σ̂ + σ̂d

)
||D||

]
, (2.30)

with the normalized stress σ̂ = σ
trσ and the normalized deviatoric stress σ̂d = σd

trσ .
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The parameters are given as follows:

a =
√

3 (3− sinϕ)
2
√

2 sinϕ
(2.31)

and

F =

√√√√1
8 tan2 κ+ 2− tan2 κ

2 +
√

2 tan κ cos (3ϑ)
− 1

2
√

2
tan κ (2.32)

with angles given by

tan κ =
√

3||σ̂d|| and cos (3ϑ) = −
√

6
tr
(
σ̂d

3)
[
tr
(
σ̂d2

)]3/2 . (2.33)

These are derived as boundary conditions from critical states in experiments, e.g. given
by the critical state surface with σ̊ = 0 and trD = 0 [101, 102, 76, 103]. This can be
compared to the yield surface in elastoplasticity. In the factors fb and fe effects related to
pyknotropy are considered:

fb = hs
n

(
ei0
ec0

)β 1 + ei
ei

(−trσ
hs

)1−n [
3 + a2 − a

√
3
(
ei0 − ed0

ec0 − ed0

)α]−1
, (2.34)

fe = ec
e

β

, (2.35)

and the factor fd accounts for effects related to barotropy:

fd =
(
e− ed
ec − ed

)α
. (2.36)

As can be seen, the additional state variable e has an important role. The range of allowed
values in a solid is limited due to the lower limit ed and an upper limit ei, depending on
the pressure level:

ei
ei0

= ed
ed0

= ec
ec0

= exp
[
−
(−trσ

hs

)n]
, (2.37)

where ed0 and ei0 are the initial experimental values of the minimum and maximum void
ratio. The parameter ec describes the critical void ratio, which is asymptotically reached
in triaxial tests for different initial void ratios, but with the same lateral stress over a long
shear process. The evolution of the void ratio is given by

ė = (1 + e) trD . (2.38)

The granule hardness hs and the exponent n can be determined in oedometric compression
tests. hs represents the stress-dependent stiffness of the granular material. The exponents
α and β are also to be determined using basic geotechnical experiments [104, 67, 105].
Concluding, eight material parameters have to be determined: the angle of internal fric-

tion ϕ (which corresponds to the parameter used for the Mohr-Coulomb material model),
the granule hardness hs (which is the only parameter having a dimension) and the related
exponent n – plus the initial void ratios for three different states ed0, ec0, and ei0 and the
two exponents α and β.
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2.1 Constitutive equations

2.1.4 Damage modelling for elasto-plastic material
In order to simulate steel parts and their rupture behaviour, a damage model has to be
chosen. Here, the ductile damage model from Abaqus is used. The damage behaviour
can be split into two parts – starting with the damage initiation criterion, describing the
onset of damage, followed by the damage evolution, which governs the degeneration of the
material.
The idea of the ductile damage model can be described using a stress-strain curve, see

Figure 2.8 [73]. In the linear elastic region, the behaviour is described by the Young’s

EdE0 E0

σy

σd

σ

D = 0

D = 1
ε0 εp0 εpf

ε

σe

σ

σ̃, σ̄

Dσ̄

Figure 2.8: Damage modelling in Abaqus (adapted from [88, 106]).

modulus E0 until the yield stress σy is reached. If the material starts to yield, the plastic
deformation is described using stress-strain values as tabular input, e.g. from tension
tests. Here, the stress-strain relationship is described using a power law in the plastic
regime [107, 106]:

σ̃ (εp) = C · (ε0 + εp)n , (2.39)
where C and n are material-dependent parameters. The initial state ε0 is given at the yield
stress σy with ε0 = n

√
σy/C. Staying in the plastic region – without damage – the Young’s

modulus does not change. Thus, unloading in the plastic region results in a parallel path
to the linear elastic path. In total, the material response is described as a combination of
the elastic part σe and the response in the plastic regime, see Equation (2.39) [73].
The strain εp0 – measured in the plastic regime – determines the onset of damage. The

evolution of the damage is driven by the damage variable D, which decreases the Young’s
modulus and the stress:

Ed = (1−D)E0 and σ = (1−D) σ̄ , (2.40)

where σ̄ describes the stress-strain curve, in the elastic and the plastic regime, in the
absence of damage. The damage variable increases with developing plastic strain, until
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the stiffness of a finite element is fully degenerated at εpf . In order to describe the evolution
of the damage variable, several options are available, i.e. linear, exponential, polynomial,
or user-defined curves can be specified. Here, a polynomial curve is chosen [108, 106]:

D = f (ūp) = 1(
ūpf
)m · (ūp)m . (2.41)

Thus, the failure point is defined by the effective plastic displacement ūpf and the shape
of the curve by the exponent m. The term ūpf is introduced as normalized plastic dis-
placement, taking the strain and the element geometry into consideration. Thus, the mesh
dependency shall be reduced [73]. Using shell elements, ūpf is a characteristic length in
the reference surface. Aspect ratios close to unity are recommended for elements, see [88].
This mitigates a mesh dependency, which may occur anyway.
Ductile damage is mainly described by two phenomena [109]: firstly, failure due to the

growth of small voids or inclusions in the crystalline structure of metals, see Figure 2.9
and, secondly, shearing due to localisation of shear stress. The model used here assumes

Figure 2.9: Schematic crack growth mechanism using the ductile damage model (from [22]).

that the equivalent plastic strain ε̄pD is a function of stress triaxiality η and strain rate:

ε̄pD (η, ε̇p) with η = −p
q

, (2.42)

with p and q defined in Section 2.1.2. The damage initiation occurs when the following
condition is fulfilled:

ωD =
∫ dε̄p
ε̄pD (η, ε̇p) = 1 . (2.43)

It is tracked by calculating the increment ∆ωD at each time step and accumulating it over
the simulation. To sum up, the following parameters are used to model steel until rupture:
the Young’s modulus E and Poisson ratio ν in the elastic region, and the factor C and
exponent n to describe the behaviour in the plastic regime. For the damage initiation, the
equivalent plastic strain ε̄pD drives the onset of damage, while the evolution is regulated
by the amount of plastic deformation ūpf and an exponent m for the shape of the damage
path.
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2.2 Numerical implementation
In order to simulate the experiments, a numerical method has to be chosen. Since the
focus in this thesis is on the material behaviour, the constitutive equations were already
introduced in the previous section. Using a continuous approach for numerical modelling,
the FEM will be introduced in more detail, followed by a very brief overview of the DEM.
Further details on the coupling with DEM can be found in [110, 111, 112].

2.2.1 Finite element method
To describe the behaviour of a deformable body, its kinematic relations have to be con-
sidered in spatial and temporal discretization – beginning with the governing equations of
kinematics, where the motion of a deformable body is described. This is followed by the
description of the equilibrium conditions, where effects of external forces on a body are
included. This is followed by transforming the equilibrium equations into a weak form.
By linearising the weak form, the representation used in the FEM is obtained. As the last
aspect, the constitutive equations have to be considered to describe the material response
to a load. For a closer and more detailed insight into the derivation of the FEM, please
refer to [5, 6], on which this section is based.

Kinematics

In order to describe the kinematic relations of a deformable structure, a body Ω in the
three-dimensional space is considered. The domain of its initial configuration at the time
t = 0 is denoted by Ω0, as depicted in Figure 2.10. To describe the motion of the body,

Ω

X

Y

Z

x

y

z

ϕ
Ω0 Γ

Figure 2.10: Reference configuration Ω0 and current configuration Ω of a deformable body.

a reference configuration is needed. Here, the initial configuration acts as the reference
configuration. The domain of the current configuration of the body in Figure 2.10 is
denoted by Ω. Its boundary is given by Γ . The motion of the body is described by

x = ϕ (X, t) , (2.44)

where x defines the location of the particle or material point X at the time t. Thus, the
function ϕ maps points in the reference configuration X to the corresponding points in the
current configuration x at time t. In agreement with the common nomenclature, lowercase
variables refer to the current configuration and capital letters are used for the reference
configuration.
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To describe the local deformation, the deformation gradient is introduced:

F = ∂x
∂X

. (2.45)

Considering an infinitesimal line element dX in the reference configuration, the correspond-
ing element dx is given by:

dx = FdX , (2.46)
and since F is regular, dX can be determined using the inverse of F. Thus, the determinant
of the deformation gradient F will be denoted as J and is called Jacobian:

J = det (F) 6= 0 . (2.47)

The fact that F is regular implies that J 6= 0, which holds since the mapping function ϕ
has to be invertible. Also, J > 0 has to be fulfilled to avoid self-penetration of the body.
A useful application of the Jacobian determinant is the relation of integrals in the two
configurations: ∫

Ω
(·) dΩ =

∫
Ω0

(·) J dΩ0 . (2.48)

Balance equations

Every physical system has to fulfil the balance equations that arise from conservation
laws. Four fundamental equations are considered here. The conservation of mass, balance
of linear and angular momentum, as well as the conservation of energy. These equations
are often expressed as differential equations.
The first law is given by the conservation of mass. It is assumed that the mass of a body

does not change over time, since there is no flow over its boundary and no mass to energy
conversion.

Dm
Dt = D

Dt

∫
Ω
ρ (x, t) dΩ = D

Dt

∫
Ω0
ρ0 (X) dΩ0 = 0 , (2.49)

with ρ (x, t) as the density of the body and ρ0 (X) as the density in the reference configu-
ration. Since there is no change in mass over time, the following applies:∫

Ω
ρ (x, t) dΩ =

∫
Ω0
ρ0 (X) dΩ0 = const. (2.50)

Applying Equation (2.48) to transform the left-hand side of the equation above to the
reference domain leads to: ∫

Ω0
[ρ (x, t) J − ρ0 (X)] dΩ0 = 0 . (2.51)

Since this has to hold for any arbitrary subdomain of the body, it can be expressed as:

ρJ = ρ0 . (2.52)

The balance of linear momentum is given by Newton’s second law of motion. It states
that the change in linear momentum relates to the sum of forces acting on the body. Thus

Dp (t)
Dt = D

Dt

∫
Ω
ρv (x, t) dΩ =

∫
Ω
ρb (x, t) dΩ +

∫
Γ

t (x, t) dΓ = f (t) , (2.53)
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2.2 Numerical implementation

where p (t) is the linear momentum and f (t) is the sum of external forces – with the
body forces ρb and the surface tractions t integrated over the body Ω and surface Γ ,
respectively, while v (x, t) is the velocity. Using Cauchy’s theorem – t = σn – and Gauss’s
divergence theorem, leads to:

D
Dt

∫
Ω
ρv (x, t) dΩ =

∫
Ω
ρb (x, t) dΩ +

∫
Γ
σ (x, t) n (x, t) dΓ

=
∫
Ω
ρb (x, t) dΩ +

∫
Ω

divσ (x, t) dΩ ,
(2.54)

with the outer surface normal n and the Cauchy stress tensor σ. As before, this must hold
for an arbitrary subdomain of the body, resulting in the differential form for the balance
of linear momentum in the current configuration:

ρ
Dv
Dt = divσ + ρb , (2.55)

which is also called momentum equation.
The conservation of angular momentum – which means that the change of angular

momentum is equal to the total moment of the body and traction forces with respect to
the same observation point – is given by

D
Dt

∫
Ω

x (t)× ρv (x, t) dΩ =
∫
Ω

x (t)× ρb (x, t) dΩ +
∫
Γ

x (t)× t (x, t) dΓ , (2.56)

where x (t) is the vector to the origin used as observation point. This conservation law
leads to the following condition for the Cauchy stress tensor:

σ = σT . (2.57)

Thus, the Cauchy stress tensor is symmetric, which implies a reduction to six dependent
variables in the three-dimensional space.

Weak form of equilibrium

In order to analyse the mechanical equilibrium using FEM, it is necessary to discretize
Equation (2.55). From the physical point of view, the momentum equation has to be
fulfilled in the entire body. Discretizing the domain and introducing an approximate
solution will result in a remaining residual r:

divσ + ρb− ρDv
Dt = r , (2.58)

which is the strong form of equilibrium. The residual will be weighted with a test function
η. To do so, Equation (2.58) has to be multiplied with the test function and integrated
over the domain. This leads to∫

Ω
ρ

Dv
Dt · η dΩ =

∫
Ω

divσ · η dΩ +
∫
Ω
ρb · η dΩ . (2.59)

Using the product rule, the first term of the right-hand side can be expanded, which gives∫
Ω
ρ

Dv
Dt · η dΩ =

∫
Ω

div (ση) dΩ −
∫
Ω
σ · gradη dΩ +

∫
Ω
ρb · η dΩ , (2.60)
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2 Constitutive equations and numerical implementation

taking into account the symmetry of the stress tensor from Equation (2.57). Using the
Gauss’s divergence theorem, the first term of the right-hand side can be written as∫

Ω
div (ση) dΩ =

∫
Γ

(ση) · n dΓ =
∫
Γ

(σn) · η dΓ =
∫
Γ

t̄ · η dΓ , (2.61)

taking into account the symmetry of the stress tensor and Cauchy’s theorem, where t̄ are
the tractions on the boundary. Thus, the weak form of the linear momentum equation is
obtained:∫

Ω
ρ

Dv
Dt · η dΩ +

∫
Ω
σ · gradη dΩ =

∫
Ω
ρb · η dΩ +

∫
Γ

t̄ · η dΓ , (2.62)

which is also known as the principle of virtual work. Since the Cauchy stress tensor is
symmetric, the following relation holds:

σ · gradη = σ · sym (gradη) = σ · ε (η) , (2.63)

where ε (η) represent the virtual strain. Thus, Equation (2.62) can be written as
∫
Ω
ρ

Dv
Dt · η dΩ +

∫
Ω
σ · ε (η) dΩ =

∫
Ω
ρb · η dΩ +

∫
Γ

t̄ · η dΓ . (2.64)

Spatial discretization

For the sake of simplicity, the linear case is considered in order to discretize the body, thus
assuming Ω0 ≈ Ω. The domain Ω is divided into non-overlapping finite elements Ωe. The
domain thus consists of ne finite elements:

Ω =
ne⋃
e=1

Ωe . (2.65)

For each element, the displacement is approximated using

uexact ≈ uappr = NUe , (2.66)

with N defining the matrix of shape functions inside an element in the element local ξ-
coordinate system. Therefore, the approximated displacement uappr is given by a matrix-
vector multiplication with the vector Ue, which contains the coefficients for the shape
functions. The same ansatz can be chosen for the velocity v and acceleration a, as well as
for the test function η.
For the discretization of the weak form, it is common to apply the Voigt notation, writing

σ as a vector. This simplifies the algorithmic implementation and takes advantage of the
symmetry of σ. Substituting these into the first term of the weak form of Equation (2.64)
leads to: ∫

Ω
ρ

Dv
Dt · η dΩ =

ne⋃
e=1

HT
e

[∫
Ωe
ρNTN det J dξ

]
︸ ︷︷ ︸

M

DVe

Dt , (2.67)
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2.2 Numerical implementation

with the Jacobian matrix J, relating to the element local coordinate system, using Equation
(2.48). The second term of the left-hand side of Equation (2.64) is given by

∫
Ω
σ · ε (η) dΩ =

ne⋃
e=1

HT
e

[∫
Ωe

BTCB det J dξ
]

︸ ︷︷ ︸
K

Ue , (2.68)

with the elasticity tensor C for the linear elastic material behaviour from Section 2.1.1.
The strain is expressed with ε(uappr) = BUe and ε(η) = BHe respectively. The matrix
B is called strain-displacement matrix. The right-hand side of Equation (2.64) can be
expressed as

∫
Ω
ρb · η dΩ +

∫
Γ

t̄ · η dΓ =
ne⋃
e=1

HT
e

[∫
Ωe

NTρb det J dξ +
∫
Γe

NT t̄ dΓ
]

︸ ︷︷ ︸
f

. (2.69)

To obtain a better physical interpretation, the time-independent terms of the equations
above can be summarized as mass matrix M, stiffness matrix K, and load vector f . For
further details, the reader is referred to the textbooks mentioned in the introduction of
this chapter. It is also possible to include damping effects to obtain the standard FEM
representation:

Mü + Cu̇ + Ku = f , (2.70)

where ü = a, u̇ = v, and with the damping matrix C. For the non-linear case, a detailed
introduction is given in the textbooks mentioned at the beginning of this section.

Time integration

There are different approaches to solve the equation of motion in the temporal domain.
In this thesis, the explicit time integration method is used. For details other methods,
such as implicit time integration or modal analysis, the interested reader is referred to the
textbooks [7, 5, 6].
The equation of motion (2.70) will be evaluated at distinct time points ti to obtain the

displacement at the next time step ui+1 at time ti+1:

Müi + Cu̇i + Kui = fi . (2.71)

For the sake of simplicity, it is assumed that the time increment ∆t will be constant over
the solution, ti+1 = ti + ∆t, allowing to express the velocity and acceleration as central
differences:

u̇i = 1
2∆t (ui+1 − ui−1) (2.72)

üi = 1
∆t2 (ui+1 − 2ui + ui−1) . (2.73)

Inserting these into Equation (2.71) and rearranging terms leads to:( 1
∆t2 M + 1

2∆tC
)

ui+1 = fi −
(

K− 2
∆t2 M

)
ui −

( 1
∆t2 M− 1

2∆tC
)

ui−1 . (2.74)
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2 Constitutive equations and numerical implementation

Thus, the new displacement can be calculated based on data from previous time steps,
followed by the calculation of the velocity and acceleration. The damping matrix C is
often represented using a combination of M and K – called Rayleigh damping – as a
mathematical approach. This results in a simplification in the numerical solution process
and is therefore favourable in FEM. In a non-linear system, the stiffness of the system
has to be evaluated in every time increment which is included in the internal load vector.
The internal load vector fa is assembled in such a way that the contributions from the
individual elements are taken into account, so that it is not necessary to calculate a global
stiffness matrix K. This leads to

Müi = fi − fa,i (2.75)

in correspondence with Equation (2.71). Using a diagonal lumped mass matrix, the inver-
sion of M is computationally efficient to obtain the new acceleration

üi = M−1
lumped (fi − fa,i) . (2.76)

The new velocity and displacement can then be calculated using a central difference scheme
with variable time step size ∆ti and half steps for the velocity from the previous increment
for improved performance. Thus, the velocity is given by

u̇i+ 1
2

= u̇i− 1
2

+ ∆ti+1 + ∆ti
2 üi (2.77)

and the displacement is given by

ui+1 = ui + ∆ti+1u̇i+ 1
2

. (2.78)

For the start of the central difference method, the mean velocity u̇0− 1
2
needs to be defined.

This is obtained inserting the initial conditions u̇0 and ü0 into a backward step:

u̇0− 1
2

= u̇0 −
∆t0
2 ü0 . (2.79)

The time step size ∆t is determined using

∆t ≤ 2
ωmax

(√
1 + ζ2 − ζ

)
, (2.80)

where ωmax is the highest eigenvalue in the system and ζ is an artificial damping factor to
control high frequency oscillations.

Constitutive equations

In order to solve a problem in continuum mechanics, the material response of the body to
its loads has to be known. The constitutive equations take part of this. Since the material
behaviour can vary from simple to complex – also depending on the scale of interest –
constitutive equations are an approximation to real physical behaviour. Thus, the stress
inside the body can depend on various contributing factors such as strain, deformation rate,
stress, etc. The constitutive equations used in this thesis have already been introduced in
Section 2.1.
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2.2 Numerical implementation

2.2.2 Discrete element method
In order to provide an overview of the work done in the underlying project, a brief intro-
duction on the concept of the discrete element method will be given. The interested reader
is referred to [113, 114, 50, 115] for a general overview of the DEM. The method used in
Chapter 3.2.3 is described in detail in [110, 74, 58].
The behaviour of the granules is modelled at grain scale, each of them is represented by a

particle. The particles are assumed to be rigid elements and can interact with surrounding
particles, while the translational and rotational degrees of freedom are assigned to the
centre of their mass. The interaction of particles is governed by their distance to their
neighbour particles. An overlap results in contact forces, such as normal and tangential
forces and torque in the case of frictional contact. The balance of linear momentum for a
particle i is given by

miẍi =
N i
C∑

j=1
fij + gi , (2.81)

where mi is the mass of a particle, ẍi its acceleration, gi the gravitational force, and fij the
force exerted on particle i by particle j, with the amount of contacts N i

C for the considered
particle. The balance of angular momentum is given by

N i
C∑

j=1
mij = Jiω̇i (2.82)

in the case of spherical particles. The moment is given by mij due to the inertia tensor Ji
and the rotational velocity ωi.
The choice of a contact model to calculate fi has a high impact on the accuracy and

computational cost. The force acting on a particle can be divided into a normal and a
tangential part:

fi = fni + f ti . (2.83)

Simple methods such as a linear relation between the penetration depth and force are not
able to cover the material behaviour exactly [116]. Thus, more advanced methods such as
the Hertzian contact law are more suitable, which is also be used in this DEM implementa-
tion and in the characterization of particles – see Section 3.2, Equation (3.1). Additionally,
a model for rolling resistance has to be chosen and crushing and damping has to be con-
sidered. The governing equations are integrated in the time domain using an explicit time
integration method, with a global-local framework to increase the computational efficiency
[111].
In the concurrent work by the project partner, a DEM framework based on the work

of [74] is used. For more details regarding the DEM implementation, please refer to [116,
111, 112].
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3 Selection of granules and description
of single grains

The main emphasis of this chapter is on the granules. The first section deals with the
choice of granules. After applying the given requirements, the focus will be on the second
section. There, a reduced amount of granules are investigated in detail. In doing so,
particle parameters are determined using a single particle compression test. Thereafter, a
statistical model is derived to represent the variety of the observed parameter distribution.
The chapter concludes with a numerical example showing the capabilities of the DEM from
the project partner.

3.1 Selection of granules
The material used inside a double hull structure has to fulfil mechanical, environmental,
and economical requirements. The work of Schöttelndreyer [3] contains a list of require-
ments – including the following points, in order of importance: toxicity; fire, explosion,
and health protection; pumpability; hydrophobicity; and bulk density. For a detailed dis-
cussion about these parameters, see [3]. Considering further aspects, the following list is
obtained:

1. toxicity

2. price per m3

3. fire, explosion, and health protection

4. pumpability

5. chemical interaction (e.g. hydrophobicity)

6. bulk density

7. buoyancy

8. recyclability and environmental friendliness of production process

An additional factor to be taken into account is the price per volume. Comparing the
filling of the structure with other approaches to increase the collision safety, it has to be
economically worthwhile. The costs for installation – as well as the maintenance costs – are
dependent on the purpose of use. On the one hand, it would be possible to fill the entire
structure. In this case, an enormous amount of granules would be needed – and the price,
and other aspects such as the bulk density, would become critical. On the other hand, it is
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3.1 Selection of granules

possible to fill only the important parts of the structure, reducing the importance of this
aspect.
Additional environmental aspects are considered in the last two points. The buoyancy

is coupled with point 4 and 5. In the case of an accident, the particles create an uplift and
can be collected from the surface if they are discharged from the double hull.
Although this was already discussed in [3], it makes sense to consider the aspect of

pumpability here too, as it is one of the main reasons for choosing granules as filling
material. This is due to two factors. First, the material should be applicable to existing
ships. Secondly, the material has to be removable for inspection purposes.
In view of this catalogue of requirements, the most promising granules can be found in

geoengineering. More specifically, they are expanded granules made of clay and glass, as
well as perlite and diatomaceous earth. Due to the exclusion of organic materials, Advanced
Pore Morphology foam [117] is considered as an additional example for a material that is
already used as crash absorber in other application fields [118, 119].
To reduce the expenses for the experiments, a uniaxial compression test is used to break

down the selection to one granular material of primary interest. The setup is shown in
Figure 3.1. The particles of interest are subjected to a uniaxial compression load in a
cylinder with a diameter of 181 mm. The diameter/height ratio is 1, so the particles are
filled into the cylinder up to a height of 181 mm. Two forces are measured. First, the

Cylinder

Load cell

Granules

Supporting
stamp

Upper stamp

Strain gauges

Housing

Figure 3.1: Sketch of uniaxial compression test.

applied force at the upper stamp – which can be interpreted as the force applied to the
structure of a ship by the bulbous bow of a colliding ship. Secondly, the force is measured
at the supporting stamp at the bottom. As can be seen in the Figure 3.1, part of the
applied force can be transmitted to the housing via the aluminium cylinder. Thus, the
two measured forces may not be equal. The difference can be interpreted as an indicator
of how well the granules can distribute and dissipate the load. The less force is transferred
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3 Selection of granules and description of single grains
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Figure 3.2: Force-displacement curves for different granules.

directly to the lower stamp, the more load is distributed to neighbouring particles and to
frictional contact with the aluminium cylinder.
Figure 3.2 shows the resulting force-displacement curves for some selected granules. Two

curves are shown for each of the granular materials. The solid line is the applied force on
the top, while the dashed line represents the force at the lower stamp. Besides the difference
in force, the general behaviour of the granules is a selection criterion. For example, the
granule Technoperl is too soft. Materials are recommended that create a constant force
plateau within a short displacement period, allowing the particles to carry and distribute
a large part of the load. The granules show a good compressibility and are able to hold
the plateau for a long time. This is important because the force acting on the lower stamp
should not increase too rapidly, as this could potentially lead to an early rupture of the
inner hull. Thus, granules like Danamol and APM Foam are considered too stiff. At the
end, Poraver and Leca show a good compromise within these requirements. Due to its
chemical advantages, the expanded glass granule Poraver is chosen as the primary material
of interest. A study, with a closer look on the selection procedure, can be found in [120].
In Section 4.4.2, this experiment is used to derive material parameters. For a detailed
discussion about the influence of particle properties, other granules will be investigated in
the following chapters as well,for validation purposes.

3.2 Determination of grain properties

The scope of using DEM to model the granules in the near field of the collision requires
detailed information about the particles. To obtain the parameter of interest – in par-
ticular Young’s modulus, crushing strength, and diameter – single particle tests have to
be performed [45]. The resulting parameters can vary widely, which is why a statistical
representation is derived that can be used to create parameter tuple as input values for
DEM [121]. Then, a possible application of the derived model is presented.
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3.2 Determination of grain properties

3.2.1 Single particle tests
To obtain the grain parameters, the particles are compressed between two flat surfaces, as
shown in Figure 3.3. In doing so, a Hertzian contact can be assumed. This means that
the deformation of the contact area is assumed as a circle. Then, the relation between the
deformation s and the elastic contact force Fel,w−p is given by [46, 122]:

Fel,w-p = 4
3E
∗

√
R∗
(
s

2

)3
(3.1)

with the indices el for elastic, w for wall, and p for particle, as shown in Figure 3.3. E∗ is

Fel,w-p-w

d = 2R1 E1, ν1

E2, ν2

E2, ν2

s

Figure 3.3: Compression of a particle between two plates.

the effective modulus and is described as follows:

E∗ = 2
(

1− ν2
1

E1
+ 1− ν2

2
E2

)−1

≈ 2
(

E1

1− ν2
1

)
(3.2)

with the assumption E2 � E1. The effective radius R∗ is given by:

R∗ =
( 1
R1

+ 1
R2

)−1
≈ R1 = d

2 (3.3)

for R2 →∞. These assumptions, and taking into account that there is a wall on each side
of the particle, lead to:

Fel,w-p-w = 1
3

(
E1

1− ν2
1

)√
ds3 (3.4)

with E1 the Young’s modulus, ν1 the Poisson’s ratio, and d the diameter of the particle.
In doing so, a constant cross-section area of the particle is assumed during the test. To
determine the initial area, radius R1 is used at the beginning of the compression. This
may introduce a small error, and the particles will not be well-rounded, but this can be
neglected compared to the varying parameters. The Poisson’s ratio is set to a constant
value of 0.3. This value is taken from the literature, see [123], because it is difficult to
identify exact values for the expanded glass granules and the direct relation to the effective
Young’s modulus in Equation (3.2).
The single particles are compressed using the Texture Analyser TA.XTPlus. A load cell

with a maximum capacity of 50 N and a sensitivity of 0.001 N is used. The data was
acquired with a sampling rate of 400 Hz and a spatial resolution of 1 µm. Figure 3.4 shows
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3 Selection of granules and description of single grains

Figure 3.4: Loading states (from left to right): start of compression, breakage, and after
unloading for a single particle of Poraver.

a particle under loading. The punch is driven into the particle with a constant velocity
of 50 µm/s. In the first image, the start of the compression is shown. After contact
detection, the initial height is measured to calculate the cross-section area. The probes are
compressed until breakage, as shown in the last image.
To minimize the scatter in the measurement data, the granules are divided into smaller

fractions with respect to their diameter, containing at least 100 particles to be tested.
The following sections serves to exemplarily show the results for Poraver. Other results

can be found in [124, 121], while the results for Poraver are listed in Table 3.1. There, the
material is divided into three fractions with the given diameter ranges. For the estimation
of the crushing strength, the following relation is assumed for the stress:

σ = Fel,w-p-w,crushing
πR2

1
. (3.5)

Figure 3.5 shows the resulting stress-strain curves of four particles. The first thing to
notice is the wide range of results for the crushing stress, which is marked with a square.
Further, a lot of micro-cracks can be observed during the compression. This is due to
the fact that the material is very brittle and consists of multicellular pores. These pores
collapse under compression, especially in the contact areas. Whereas the crushing stress
and force vary widely in a fraction, the crushing strain is approximately at 15 % over all
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Figure 3.5: stress-strain curves of four different particles of Poraver.
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3.2 Determination of grain properties

Table 3.1: Experimental results for crushing stress and Young’s modulus of Poraver and its
fractions.

Fraction Diameter Cr. force Cr. stress Cr. strain E-Modulus Tests
[mm] [mm] [N] [MPa] [%] [MPa] [-]
2.0− 2.5 2.16± 0.15 14.81± 5.19 4.05± 1.45 16.49± 4.12 564.26± 260.60 94
2.5− 3.125 2.68± 0.18 17.88± 5.45 3.19± 0.99 16.01± 4.98 453.79± 158.65 102
3.125− 4.0 3.28± 0.22 21.62± 6.82 2.59± 0.87 14.66± 4.91 364.84± 127.85 106

fractions. Compared to the diameter, there seems to be a negative relation to the crushing
stress. Smaller particles can resist higher stresses than bigger ones. This may be due
to more initial defects in larger particles [52]. The identification of the Young’s modulus
is a bit more challenging. As already mentioned, the material of the particles is very
brittle and it is difficult to read the Young’s modulus from the stress-strain curves. This
is followed by performing a least-square fit to the Hertzian model Equation (3.4). In doing
so, it is necessary to assume an elastic region, which was found to be reasonable up to
2 %. This procedure is described in detail in [121] with all subsequent steps needed to get
reasonable results. The corresponding Young’s modulus for each fraction is shown in Table
3.1. Further – as for the crushing strength – a diameter dependency is observed, as shown
in Figure 3.6. For larger particles, the Young’s modulus decreases. In the next section, the
observed diameter dependency – for both the crushing strength and the Young’s modulus
– will be used to develop a statistical model.
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Figure 3.6: Distribution of the Young’s modulus over the diameter for Poraver.

3.2.2 Statistical representation
In order to describe the parameter distribution, it is necessary to choose a function [52, 125].
For the diameter, a normal distribution is assumed. This leads to a diameter mean value
of µ = 2.73 mm with the standard deviation σ̄ = 0.49 mm for Poraver. For the Young’s
modulus and crushing strength, a logistic distribution is assumed. This choice is based on
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3 Selection of granules and description of single grains

the work in [53, 54], which was extended in [121], as will be outlined here. The cumulative
distribution function (CDF) of the logistic distribution is given by:

FX(x) = 1−
[
1 +

(
x

X50

)S]−1

. (3.6)

The parameter X50 describes the mean value, while the parameter S describes the shape
of the CDF. For bigger values of S, the distribution becomes narrower, see [121]. In the
following, the model will be derived in subsequent steps. First, the crushing strength is
considered and combined with the diameter distribution. Second, a similar approach is
used for the Young’s modulus. Finally, the models are combined to a three-dimensional
representation to cover the parameter distribution of a granular material. Therefore, a
total number of nine parameters are needed to describe the mechanical properties of the
granules.

Crushing strength

Figure 3.7 shows the cumulative distribution of the crushing strength for the different
fractions. Using the variables from the previous section, Equation (3.6) can be rewritten
to

Fσ(xσ) = 1−
[
1 +

(
xσ
σ50

)S]−1

, (3.7)

with the mean breakage stress σ50 and shape parameter S for each fraction. The thick lines
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Figure 3.7: Distribution of the breakage probability depending on the applied stress for Poraver
and the corresponding fits using Equation (3.7).

in Figure 3.7 represent the least square fit for these two parameters to the corresponding
experimental results. The shape factor S was found to be relatively insensitive for a given
granular material. Therefore, it is set to a constant value over all fractions, resulting in
the mean value S = 5.18. As the next step, the observed diameter dependency – see the
previous section – is taken into account. Reconsidering Equation (3.4), the equation can
be stated as:

Fel,w-p-w ∝
√
ds3 =

√
d4ε3 with s = dε . (3.8)
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3.2 Determination of grain properties

Remembering, that the crushing strain is nearly constant over a granular material, it
follows that the elastic contact force is proportional to d2. This linear dependency of the
force and square of the diameter was also found in [53]. Thus, they used the following
ansatz to represent the elastic contact force:

Fel,w-p-w = A+Bd2 . (3.9)

Combined with Equation (3.5), the following model is obtained for the diameter-dependent
mean breaking stress, now denoted as σ̂50:

σ̂50(d) = Fel,w-p-w
A

= A+Bd2

π (d/2)2 . (3.10)

Using a least square fit, where all three fractions are considered, the following values are
obtained for the introduced parameters: A = 8.71 N and B = 1.18 N/mm2. The resulting
CDF is visualized in Figure 3.8. As can be seen, the model fits the experimental results
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Figure 3.8: Distribution of the breakage probability depending on the applied stress for Poraver
and the corresponding fits using the diameter relation given in Equation (3.10).

very well. Inserting the Equation (3.10) into Equation (3.7) leads to the final distribution
function:

Fσ(xσ; d) = 1−

1 +
 xσ

A+Bd2

π(d/2)2

S

−1

(3.11)

with the three material-dependent parameters A, B, and S. With this equation, it is
possible to plot the breakage probability in dependency of the applied stress and diameter,
as shown in Figure 3.9.

Young’s modulus

The same approach can be used to derive the distribution of the Young’s modulus. By
rewriting the logistic distribution function with respect to the Young’s modulus, the fol-
lowing is obtained:

FE(xE) = 1−
[
1 +

(
xE
E50

)S̃]−1

. (3.12)
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3 Selection of granules and description of single grains
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Figure 3.9: Two-dimensional distribution of the breakage probability depending on the applied
stress and diameter for Poraver using Equation (3.11).

Fitting this equation to the experimental results using a least square method leads to the
parameters given in Figure 3.10. As for the crushing strength, the shape parameter S̃ is
set to a constant value for a granular material. Performing the same steps, but with a
different ansatz to model the diameter dependency [54]:

Ê50(d) = Ãe−B̃d + C̃ , (3.13)

which leads to the following equation for the CDF:

FE(xE; d) = 1−
[
1 +

(
xE

Ãe−B̃d + C̃

)S̃]−1

. (3.14)

The following parameters are obtained: S̃ = 4.82, Ã = 1152.6MPa, B̃ = 0.47 mm−1, and
C̃ = 100.7MPa. For detailed information on all the steps, please refer to [121].
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Figure 3.10: Distribution of the Young’s modulus for Poraver.
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3.2 Determination of grain properties

Multidimensional representation

The derived models lack the inclusion of the diameter distribution. Therefore, the aim is
to create a multidimensional distribution. In a first step, the diameter and the crushing
strength distribution are combined. Then, the same is done for the Young’s modulus. As
the last step, all three parameters are considered in one model, in order to approximate
the parameter distribution of a granule with nine parameters in total.
Figure 3.11 shows the kernel density function of the experimental results for the di-

ameter and crushing strength. Representations of kernel density functions are similar to
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Figure 3.11: Kernel density function for diameter and crushing strength for Poraver.

histograms. Here, a normal distribution is used as kernel function [126, 127]. To obtain
the two-dimensional model, it is necessary to combine the probability density functions
(PDF). For the diameter distribution, the PDF of a normal distribution is:

fd(xd) = 1√
2σ̄2π

exp
(
−(xd − µ)2

2σ̄2

)
. (3.15)

To obtain the PDF of the crushing strength distribution, the CDF has to be derived from
Equation (3.11). This results in the following equation:

fσ(xσ; d) =
d2
(
π
4

)S
S
(

d2xσ
A+Bd2

)S−1

(A+Bd2)
[(

π
4

)S (
d2xσ
A+Bd2

)S
+ 1

]2 . (3.16)

These two PDF have to be combined:

fσ,d(xσ, xd) = fd(xd) · fσ(xσ;xd) , (3.17)

resulting in a two-dimensional representation for the crushing strength.Figure 3.12 shows
the resulting contour plot of this model, based on the parameters derived in the previous
section. Thus, the diameter and crushing strength distribution can be described with five
parameters: µ, σ̄, A, B, and S. A good agreement with the experimental data is observed,
as plotted in Figure 3.11 using the kernel density function.
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Figure 3.12: Probability density distribution for the diameter and crushing strength of Poraver.

The same approach is used for the Young’s modulus. The PDF for Equation (3.14) is
given by:

fE(xE; d) =
S̃
(

xE
Ãe−B̃d+C̃

)S̃−1

(
Ãe−B̃d + C̃

) [(
xE

Ãe−B̃d+C̃

)S̃
+ 1

]2 . (3.18)

The multiplication of this Equation with Equation (3.15) leads to the results shown in
Figure 3.13 on the right. This representation is in a good agreement with the experimental
results – using the kernel density representation – on the left. For this two-dimensional
model, six parameters are needed: µ, σ̄, Ã, B̃, C̃, and S̃.
As the last step, all three distributions have to be combined. Thus, it is possible to

get the particle parameters as input values for the DEM. Here, two models are compares.
On the one hand, a multidimensional normal distribution is considered, obtained directly
from the experimental results using a basic statistical approach [128] – and on the other
hand, the approach presented beforehand is combined taking the diameter-dependency of
the particles into account.
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Figure 3.13: Kernel density function (left) and probability density distribution (right) for the
diameter and Young’s modulus of Poraver.
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3.2 Determination of grain properties

Normal distribution The three-dimensional normal distribution is chosen as a reference.
Its PDF is given by:

fX(x) = 1√
(2π)3 det (Σ)

e[−
1
2 (x−µ)TΣ−1(x−µ)] (3.19)

where µ describes the mean vector and Σ represents the covariance matrix. For the
granular material Poraver, the following parameters are obtained: µ = [2.73; 3.25; 456.95]
and

Σ =

 0.24 −0.32 −41.38
−0.32 1.59 103.80
−41.38 103.80 41717.27

 . (3.20)

The entries in the vector/matrix are in the following order: {d;σ;E}. Figure 3.14 shows
the experimental results as dots in the parameter space. For comparison, different bounds
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Figure 3.14: Three-dimensional distribution of the particle properties using a multidimensional
normal distribution for Poraver.

for the normal distribution are plotted. Most of the experimental data is within the 95.4 %
confidence bound. Nevertheless, this model has a big drawback: Due to its definition, there
is no restriction in negative axis direction [129]. Thus, negative values are possible. If it
is used as a model to create particle parameters for the DEM within a 95 % confidence
bound, this can lead to unphysical values. This can be seen in Figure 3.14 due to the
cut sphere of the 95 % confidence bound at a crushing strength of 0 MPa. A possibility
to overcome this is to use other distributions, as shown by the derived model in the next
paragraph.

Combined logistic distribution Combining different margin distributions can be chal-
lenging. The correlation of the parameters can play an important rule and alter the
resulting distribution. There exist different approaches to take this into account [130]. For
the granules under consideration, these steps lead to the following correlation coefficient
matrix for the fraction 2.0 mm to 2.5 mm:

R =

 1.00 −0.24 −0.06
−0.24 1.00 0.22
−0.06 0.22 1.00

 . (3.21)
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3 Selection of granules and description of single grains

The values reflect the noisiness and direction of a linear relationship between the three pa-
rameters. Thus, the off-diagonal entries show the dependency for two different parameters
in the following order: {d;σ;E}. Values closer to zero indicate a smaller linear relationship.
Due to the small correlation coefficients, the correlation between the Young’s modulus and
the crushing strength is neglected. Thus, it is assumed that the correlation is only given
due to the derived models taking the diameter-dependency into account. Therefore, the
probability density function is a product of the diameter-dependent distribution of the
crushing strength and Young’s modulus and the diameter distribution:

fd,σ,E(xd, xσ, xE) = fd(xd) · fσ(xσ;xd) · fE(xE;xd) . (3.22)

Figure 3.15 shows the resulting multidimensional contour plot. As for the normal distribu-
tion, the same confidence bounds are introduced. Compared to the normal distribution in
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Figure 3.15: Three-dimensional distribution of the particle properties using the derived repre-
sentation for Poraver.

Figure 3.14, the experimental data is covered more realistically. Only positive values are
obtained, which is physically reasonable. Furthermore, it is a non-symmetric distribution
that represents the tuples at higher stress/Young’s modulus more accurately. To create
this model, the parameters obtained in the previous steps are required, but no additional
effort has to be done. Therefore, the model consists of the parameters µ, σ̄ from the dis-
tribution of the diameter, A, B, S from the distribution of crushing strength dependent
on the diameter, and Ã, B̃, C̃, S̃ from the distribution of Young’s modulus.
Then, this model can be used to derive sample points as input parameters for DEM.

This is described in detail in [121].

3.2.3 Numerical example
The derived representation for the particle parameters is used in the DEM. This section
serves to present the numerical results that were obtained in the scope of the cooperation
with the project partner. A detailed overview over the DEM is given in [110]. The
numerical simulations of the experiments shown in this section are presented in detail
in [116]. Next follow the abilities developed throughout the project, including the results
for a simplified side hull structure filled with particles [111].
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3.2 Determination of grain properties

In order to be able to model this, several tasks have been performed, which will be briefly
shown here. For more details, see the publications related to this project considering the
particle parameters [124, 121, 116] as well as the numerical implementation [131, 110, 111].
The granules used are not perfectly round, and they interact with each other. Therefore

a rolling resistance model is included in the DEM. In addition to this, it is not possible
to assume rigid particles. Thus, aside of elastic and plastic deformations, it is necessary
to include particle failure criteria. The crushing of particles is a major challenge in DEM,
due to problems in mass conservation and reduction in time step size. Figure 3.16 shows
the scheme of splitting particles, see [116]. It is obvious that there is a loss of mass. This is

Figure 3.16: Splitting of particles into several smaller pieces after crushing (from [116]).

addressed using an iterative scheme, which recovers the mass of a particle. Furthermore,
a framework is used to mitigate unstable motions of particles and therefore increase the
computational efficiency. A meshless interpolation is used for numerical homogenization.
This is based on particle dynamics and related stress [132, 133]. To achieve a further
increase in computational efficiency, coarse graining is implemented in [112, 111]. The
applied principle is based on scale-independent contact constitutive laws [134]. To use the
DEM in combination with FEM, a coupling strategy is implemented that is based on the
Arlequin method. An overlapping domain is considered where both models are applied
and combined by means of a weight function. Thus, an interpolation between the DEM
and the FEM is applied [58].
With all this work, a simplified side hull structure can be simulated within reasonable

time using the DEM. The experimental setup is shown in Chapter 5.1. Next follow the
numerical results of using granules as filling material and considering them as particles.
The initial configuration for the double hull can be seen in Figure 3.17. Realistically sized
particles are represented in grey, while the red particles are enlarged using coarse graining.
Due to the fact that there is no crushing, the crushing model is only activated for the
realistically sized particles. Closer to the boundary, FEM is used for the particles. The
material properties are taken from the homogenization method mentioned earlier. The
FEM is coupled with the coarsely grained particles using the Arlequin technique. The
surrounding steel structure is modelled using shell elements with an enhanced strain-based
element formulation [135]. To take into account the interaction between the indenter and
steel parts, a contact model based on the mortar method with friction is used [136].
Figure 3.18 shows the deformed structure after the indentation process. To avoid very

small time steps, the crushing is only allowed up to a minimal radius of the particles.
The error introduced in doing so can be neglected, see [111]. At the end of the simulation,
523601 particles were present, while the simulation started with 300800 particles, see Figure
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3 Selection of granules and description of single grains

Figure 3.17: Model of the simulation using the coupled approach with DEM (from [111]).

0

25

50

75

100

125

150

D
isp

la
ce

m
en

t
in

m
m

Figure 3.18: Deformation of a double hull using particles (from [111]).

3.17. The crushing of the particles can be seen in more detail in Figure 3.19. It can
be seen that most of the particles close to the top surface are crushed. Compared to
experimental data, the DEM performs very well. In Figure 3.20, a comparison is made
between simulation and experiment with and without granules. The simulation without
granules shows the correctness of the used model for the steel structure. An initial elastic
behaviour of up to 20 mm is observed. After this, plasticity initiates for the part which is
in direct contact with the indenter. Fracture occurs after approximately 145 mm, and the
force decreases suddenly. This point is captured very well in the simulation.
The box with granules is also in good agreement with the experimental results. The

increased stiffness of the whole structure is captured, while the rupture of the shell is

0.25

1

2

3

4

4.75

D
ia

m
et

er
in

m
m

Figure 3.19: Grain sizes before and after the crushing of particles (from [111]).
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Figure 3.20: Comparison using DEM for modelling with experimental results from Chapter 5
(from [111]).

almost at the same displacement as for the empty structure. Reasons for this will be
explained in later chapters. Overall, the use of this two-scale model is suitable to reduce
the computational effort without altering the results.
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4 Determination of bulk particle
properties

This chapter focuses on tests to characterize the granules as bulk material. On the one
hand, this is done to determine the material parameters from the test results, using the
analytical description of the material models. Therefore, geomechanic tests are conducted.
This approach is called direct identification [137]. On the other hand, a numerical opti-
mization is performed to adjust the material parameters with respect to compression ratios
for the uniaxial compression used in the previous chapter for the selection of granules. In
this inverse problem, the parameters in the finite element model are adjusted until the
calculated quantities match the measured quantities [137, 138].
In addition to the tests needed to characterize the granules, it is necessary to investigate

the interaction of the granules with the surrounding structure. This mainly results in
friction tests to determine the contact interaction of the particles with the steel structure.
To model the side hull structure, the steel parameters for an elasto-plastic material model

with damage initiation have to be determined. Therefore, tensile tests are performed,
serving as a basis for the parameter identification.
Due to the approach of a direct parameter identification, followed by a numerical correc-

tion, there is a loop within the procedure. This is depicted in Figure 4.1. Thus, the tests

Oedometer test Triaxial test Friction test Tensile test

Selection of granules

Initial material parameters

Uniaxial compression test

Triaxial testUniaxial compression test

Optimized material parameters

Elastic steel parameters

Tensile testDouble hull structure

Damage parameters for steel

Double hull structure

Experiments

Simulations

Figure 4.1: Schematic view of experimental and numerical relations between the different
tests and experiments. The initial material parameters are used as input parameters for an
optimization loop with the performed experiments.
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4.1 Oedometer test

are presented in the order of determining the granular material properties. And therefore,
the numerical results for the triaxial tests with the obtained material parameters will be
presented in a later section.

4.1 Oedometer test
The oedometer test is a standard test in geomechanics, and is easy to set up [61]. There-
fore, its boundary conditions are simple to implement in the FEM, and it can be performed
without great cost. Here, it will be used to get a closer insight in the particle size distri-
bution at different stress levels.
The test is described in detail in DIN 18135, and a sketch of the setup is shown in

Figure 4.2. A cylindrical probe with a diameter of 70 mm and a height between 20 mm

Top plate
F

Granules
Ring

Rigid bottom plate

Figure 4.2: Oedometer test setup.

and 25 mm is confined in a rigid ring. The top plate compresses the probe with a constant
velocity of 0.1 mm/min and the stress-strain curves are determined.
Before examining the particle size distribution at different stress levels, it is helpful to

show the influence of the particle packing. Two different packings are created in order to
do so: a loose package, with a bulk density of 205.2 kg/m3, and a dense packing with a
bulk density of 234.2 kg/m3 [116]. Thus, the relative difference in density is 14 %. The
strain-stress curves for these two configurations are shown in Figure 4.3. As can be seen,
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Figure 4.3: Comparison of the stress-strain response for a loose and a dense package of
Poraver.

the two packages result in notable difference in the response of the material. The loose
package exhibits almost twice the compression strain. Thus, it will be necessary to take
care of the packing/filling process in the later experiments. Since the dense package is
created due to small vibrations and movements during the pouring, this will be considered
as a realistic boundary situation. These vibrations result in a homogeneous distribution
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4 Determination of bulk particle properties

of the void ratio in the specimen, while the change in void ratio due to the compression
is inhomogeneous. Thus, the two curves cannot be transformed into each other with an
offset. A careful filling process – layer by layer, as for the loose package – is not a realistic
situation.
To identify the breakage behaviour, the oedometer test is performed at different stress

levels with a dense packing. Thereafter, the granules are sieved to obtain the grain size
distribution. Figure 4.4 shows the resulting sieve distributions. Since the particle range is
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Figure 4.4: Sieve distribution for Poraver depending on the applied normal stress in the
oedometer test.

from 2 mm to 4 mm, only a few of the particles pass the 2 mm sieve for low stress levels.
The amount of approximately 8% is in agreement with the data given by the manufacturer
[139]. Up to a stress level of 400 kPa, no change in sieve distribution can be observed.
Particles start to pass the smaller sieves at 600 kPa, which means that some breakage can
be assumed – and even smaller sieves are passed as the stress level is increased further.
This indicates that some of the particles are almost pulverized.
Summarizing, a stress level over 400 kPa leads to crushed particles. Compared to the

results in Chapter 3.2.1 Table 3.1, this is about a magnitude smaller than the crushing
strength for single particles. This indicates that the crushing behaviour due to a different
contact situation inside of a bulk material is different – and that the single particle tests
result cannot be assumed for the bulk behaviour [116].

4.2 Triaxial test
The triaxial compression is a standard test in geomechanics, and it is commonly used for
dry or saturated soils [61]. It is based on DIN 18 137 -D and its successor DIN 17892-8
[140]. The aim of this experiment is to determine the initial material parameters. Next,
the experimental setup will be described, followed by the experimental results and, then,
a numerical simulation based on the final material parameter obtained from Section 4.4.3.

4.2.1 Experimental setup
A cylindrical probe is submerged in a testing device, as shown in Figure 4.5. The probe is
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4.2 Triaxial test
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Figure 4.5: Setup of the triaxial compression test.

surrounded by a rubber membrane, to separate the granules from the cell fluid in the test
chamber. At the top and the bottom, two plates with a filter enclose the probe in axial
direction. The probe has a diameter of 50 mm and a height of approximately 120 mm.
The cell fluid allows to apply different pressures in radial direction, which is necessary to
identify the Mohr-Coulomb material parameters, see Chapter 2.1.2. The pressure inside
the specimen can be regulated using the pore pressure valve. Due to the intended use as a
filling material in an open space, atmospheric pressure is maintained using an open valve.
During the test, the specimen is compressed in axial direction. As granules with large

diameters are used (compared to soils) air can circulate inside the specimen. Thus, the
experiment can be performed with a compression speed of 1 mm/min without having to
introduce artificial pressure states inside the probe. The experiment ends if shearing occurs
or if a maximum strain of 20 % is reached [61].
Depending on the bulk density of the probe, different failure mechanisms can be seen.

For dense specimens, characteristic shear lines are a likely outcome. Loose specimens,
however, often result in a bulge, as shown in Figure 4.6. The conducted experiments only
produced the shape shown in Figure 4.6 on the right. As mentioned before, different radial
pressures have to be examined for each granule. Thus, at least three experiments have to
be conducted.

4.2.2 Experimental results
The preparation of the specimen is an important aspect with regard to the experimental
results. Usually, there are two ways to prepare the cylindrical probe: first, with a loose
packing, for which the soil is poured into the membrane very carefully – and secondly, it
is possible to use a dense packing, where the material is compacted inside the membrane.
In the case of the granules, it is crucial not to damage the particles during the process.
Thus, only a slightly compacted specimen can be obtained.
In total, the tests comprised eight different radial pressure levels with a dense packing

for the identification of the Mohr-Coulomb material model. The results can be seen in
Figure 4.7, where, the shear stress over the effective normal stress is shown. Since there
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4 Determination of bulk particle properties

ϕ

Figure 4.6: Typical failure types during triaxial compression: clear shear line (left) and bulge
(right) (adapted from [61]).

is no pore pressure inside the specimen, due to the open valve, the effective normal stress
equals the normal stress applied in the experiment.
Compared to the ideal behaviour of a Mohr-Coulomb material, as described in Chapter

2.1.2, the envelope of the circles is not a straight line. For small and large pressures,
the absolute value of the maximum shear stress – the radius – is smaller than might be
expected. This has different reasons. For small pressures, the influence of the membrane
becomes more important, while the granules undergo significant crushing if subjected to
larger pressures. Thus, only circles with a pressure between 100 kPa and 400 kPa are
considered for the direct parameter identification of the Mohr-Coulomb material data.
Eventually, this leads to the parameters given in Table 4.1. The parameters for Young’s
modulus and Poisson’s ratio are taken from Section 4.4.2. The parameters ϕ, c, and ψ are
determined using a common procedure based on the literature [61, 141]. The parameters
ϕ and c are obtained using the envelope in the plot of the Mohr’s circles, see Section 2.1.2.
The dilatancy angle ψ is given by the change in volume in the triaxial test, which is zero.
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Figure 4.7: Mohr’s circles for radial pressures from 50 kPa to 600 kPa and the corresponding
envelope for the material Poraver.
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4.2 Triaxial test

Table 4.1: Material parameters for the Mohr-Coulomb material model, determined by experi-
ments.

Material E ν ϕ c ψ
[MPa] [-] [◦] [kPa] [◦]

Poraver 4.18 0.28 20.0 118 0
Danamol 2.72 0.37 31.5 33 0

This experiment, in combination with an oedometer test, is also used for the hypoplastic
model. The identification of the material parameters is shown in [104, 142]. In doing so,
the material parameters obtained for Poraver are given in Table 4.2.
The parameters for the second granular material used in the simplified collision tests are

also given in Table 4.1, for the Mohr Coulomb material model, and in Table 4.2 for the
hypoplastic material model. The corresponding Mohr’s circles are shown in the Appendix,
Figure A.1, where the envelope is fitted in the same range as for Poraver. Compared
to Poraver, the Mohr’s circles for higher pressures are on the envelope, which indicates
that the crushing of particles is not as strong as for Poraver with the considered radial
pressures.

Table 4.2: Experimental results for the hypoplastic material model.

Material hs n ϕ α β ed0 ei0 ec0
[MPa] [-] [◦] [-] [-] [-] [-] [-]

Poraver 6.67 0.95 20.0 0.017 1.4 0.3475 0.7096 0.6170
Danamol 17.26 0.71 37.9 0.112 5.61 2.009 3.160 2.748

4.2.3 Numerical simulation
Using the material parameters obtained directly from the experiments in the section above,
the numerical results will be discussed briefly, based on the two different material models.
In doing so, the optimized parameter sets obtained in Section 4.4.3 will be considered as
well. Thus, the numerical results for the triaxial compression test are in the same section
as the description of the test.
For this purpose, a model consisting of 2400 elements is used, after performing a conver-

gence study regarding mesh and time step size. To show the pure material model response,
only the granules are modelled using eight-noded hexahedral elements with reduced inte-
gration. A geometrically non-linear analysis with an explicit time stepping scheme was
chosen. The surrounding membrane can be neglected, since its already marginal influence
gets smaller with higher radial pressure. Exemplarily, results for a pressure in the middle
range of the parameter estimation will be shown. Thus, Figure 4.8 depicts the experiment
and simulations for 200 kPa. The bilinear behaviour of the Mohr-Coulomb material model
is clearly identifiable, resulting in a kink for each of the two curves [130, 88]. The parame-
ters derived directly from the experiment in this section show a good overall agreement –
considering the limitations of the material model – and match the force at the end of the
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Figure 4.8: Simulation of triaxial compression test with a radial pressure of 200 kPa for
Poraver.

experiment. The optimized parameter set shows a better agreement for the lower com-
pression range – which was to be expected, since the optimization was performed for a
compression ratio in this range.
Looking at the hypoplastic material model, two things stand out. First, both curves

– the initial material parameters as well as the optimized parameter set – underestimate
the force in the triaxial compression test. And, secondly, the general behaviour of the
material model seems to be more suitable to match the loading path [104, 71]. Contrarily
to the Mohr-Coulomb material model, the optimized parameter set performs – even for the
beginning of the compression – inferior compared to the initial parameters. Nonetheless,
the deformation shape using the hypoplastic material model looks more realistic. Figure
4.9 shows the shape of the specimen at the end of the experiment and simulation. Taking
a look at the experiment – shown in the middle – a bulge shape can be observed – compare
Figure 4.6. Using the Mohr-Coulomb material model – shown on the left – a clear shear
line is visible, while the hypoplastic material model results in a bulge shape. Thus, this
material model covers the granular behaviour of this soil better.
Using the material parameters for Danamol, a similar behaviour can be observed. The

bulge shape that occurred in the experiments, see Figure A.2, is covered using the hy-
poplastic material model. This can be seen in Figure A.3 in the Appendix.

4.3 Friction test
After determining the material properties regarding only the granules, it is necessary to
consider their interactions with other structures. Thus, the friction coefficients have to
be determined for all material parings occurring in the simulation. For particle-particle
interaction in the DEM, it is necessary to determine the coefficient for a granule with itself.
This is done by setting up a friction test as shown in Figure 4.10, which is adapted from
[3]. The granular material is attached to a sliding sledge (rotated in the image) before
driving it over a surface while measuring the applied drag force. Different sliding speeds,
normal forces, and connections between the sledge and the actuator were determined in
[120]. A spring is used to determine the static friction coefficient. For the sliding friction
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Figure 4.9: Displacement of Poraver during the triaxial compression. Left: Mohr-Coulomb
material model. Right: Hypoplastic material model. Middle: Compression in the experiment.

coefficient, a rigid connection was found to be the best option. In [116] a sliding speed of
10 mm/s and a normal force of 80 N resulted in the smallest standard deviation regarding
the measurement results. An example can be seen in Figure 4.11. To reduce experimental
errors, the start and end sequence were cut off. Additionally, a low pass filter was applied
to remove the high frequency measurement noise, resulting in the green line.
These steps lead to the static friction coefficients shown in Table 4.3. To determine the

mean value and standard derivation, at least four experiments were conducted. As can be
seen, the friction for the pair granule-granule is greater than 1. In this setup, probe plates
are used as a sliding surface, which may result in an uneven contact zone. This can lead

Sliding sledge (rotated)
Sliding surface

Connector

Actuator

Load cell

Figure 4.10: Setup of the friction test for different material pairings.
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Figure 4.11: Determination of the driving force with an applied normal force of 80N.

Table 4.3: Experimental results for the static friction coefficient of Poraver.

Material partner Friction coefficient
Aluminium 0.704± 0.033
Steel 0.597± 0.015
Granule 1.078± 0.048

to physical locking of granules in the contact area. Table 4.4 shows the sliding friction
coefficients.
Again, at least four experiments were performed for each pairing. The friction coefficients

for steel and aluminium differ only slightly, compared to the static coefficients. Again, the
granule-granule paring has the highest friction coefficient. Due to the uneven contact zone,
stick slip effects occur, resulting in a higher deviation of the results. Thus, the results of
this pair have to be treated with caution, but can be used as an indicator for the range of
this parameter.

Table 4.4: Experimental results for the sliding friction coefficient of Poraver

Material partner Friction coefficient
Aluminium 0.475± 0.036
Steel 0.483± 0.014
Granule 0.873± 0.090

4.4 Uniaxial compression test
In Section 3.1, this test was already briefly introduced. There, the purpose was to determine
granules that meet the requirements. As already mentioned in the introduction of this
chapter, the test is also used for the numerical identification of the material parameters.
Thus an optimization routine serves to adapt the parameters derived in the previous

sections to the planned simulations. As additional measurement data are used, the exper-
iment and identification scheme will be described in more detail.
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4.4 Uniaxial compression test

4.4.1 Experimental setup

A simplified sketch of the experiment is shown in Figure 3.1. A more detailed plot is
shown in Figure 4.12. The aluminium cylinder has an inner diameter of 181 mm and a
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stamp

Upper stamp

Strain gauges
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Figure 4.12: Dimensions of the setup of the uniaxial compression test.

wall thickness of 9 mm. The cylinder is placed on a support plate, and a gap allows for
movement in horizontal direction – enabling free deformation if bulging occurs. Inside the
cylinder, a load cell is installed to measure the force transmitted through the granules
to the support stamp. On this stamp, the granules are poured into the cylinder until a
granule column of 181 mm in height is reached. Then, a stamp is moved into the cylinder
with a constant velocity of 1 mm/s. An additional force sensor is attached to the stamp.
This setting allows to measure the difference in force applied at the top of the granules and
transmitted to the bottom of the granule column. The difference reflects the force that is
transferred, due to friction, to the cylinder wall directly into the housing. In total, it is
possible to apply a force of up to 250 kN at the stamp, resulting in a maximum average
stress of 9.72 N/mm2. Revising the maximum stress before particle crushing – see Section
4.1 – it is exceeded by a factor of approximately 20.
Strain gauges are applied to the outside of the aluminium cylinder at three different

heights in circumferential direction. The thickness of the aluminium cylinder allows small
radial extensions without going into the plastic regime. Thus, the strain can be measured
similar to a soft oedometer in geomechanics [143], providing additional data for validation
and identification purposes. Due to the characteristics of the hydraulic system, the max-
imum stroke length is 100 mm. Thus, an extension is installed, resulting in an unloading
and reloading during the experiment.
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4 Determination of bulk particle properties

4.4.2 Experimental results
Figure 3.2 showed the force-displacement curves of several granules. Based on these results,
several quantities of interest are derived. First, it makes sense to take a closer look at the
dissipated energy, which was one selection criterion in Section 3.1. Next, the focus will be
on the Young’s modulus and Poisson’s ratio – followed by a description of how to estimate
the friction coefficient in order to compare it with the values derived in the previous section.

Dissipated energy

As mentioned in Section 3.1, the ability to carry and distribute load is a main requirement
of the granules. With regard to a collision, the dissipated energy is a favourable quantity.
Figure 4.13 shows the two types of energy that can be identified with the proposed setup.
On the one hand, there is the total amount of energy introduced in the system – the
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Figure 4.13: Categorisation of the energy introduced in the system of the uniaxial compression
test.

crosshatch lines. On the other hand, there is the energy transmitted through the granules
to the supporting stamp, represented by the green area. The difference between these –
marked as an orange area – describes the energy dissipated due to friction at the cylinder
wall. This is an indicator for the friction angle and for how well the granules can distribute
the load. As was observed in unloading/reloading situations, elastic energy is almost non-
existent during compression. Figure 4.14 shows the corresponding curves, derived from
the force-displacement curves in Figure 3.2 by integrating the difference in forces. The
curves are plotted until a maximum load of 100 kN is measured at the supporting stamp,
which can be considered as the load capacity limit. This idea is based on an analogy
to a ship hull, assuming a maximum load capacity for the inner hull before rupture. In
doing so, Poraver and Leca provide the highest energy dissipation. Softer materials, such
as Technoperl, are not able to distribute the load to the surrounding structure. Harder
materials, such as Danamol, show a lower energy dissipation. As mentioned in Chapter 3,
Poraver was chosen over Leca due to its chemical advantages. Another reason is its higher
indentation depth at the same energy dissipation, allowing for larger deformations of the
outer hull before a critical point for the inner hull is reached.
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Figure 4.14: Dissipated energy due to friction in the uniaxial compression test: The curves
are drawn until a force of 100 kN at the supporting plate is reached.

Young’s modulus and Poisson’s ratio

The Young’s modulus of the granules is not constant, but strongly depends on the integrity
of the grains and therefore on the compression. Nevertheless, a linear elastic relation is
assumed for the Young’s modulus, obtained through the following relation:

E = σ

ε
. (4.1)

This assumption is made in order to describe the complex behaviour of these particles with
material models that do not cover crushing. Thus, an elastic behaviour until a certain
point for a bulk of particles has to be assumed. In Section 3.2.1, where single particles
were tested, an elastic region up to 2% was assumed. In this section, this is not possible,
since the measured forces and strains up to 2% are too small and noisy. Thus, an elastic
range up to 10% is assumed. A Young’s modulus of 4.18MPa for Poraver is obtained.
This is two magnitudes smaller than for single particles, see Table 3.1, which emphasizes
the difference in behaviour between single grains and bulk materials. A value of 2.72MPa
is obtained for granules of Danamol.
The formula from [144] serves to determine the Poisson’s ratio – neglecting the strain in

radial direction, since it is very small compared to the compression in axial direction:

σr = E · ν · s
(1 + ν) · (1− 2ν) · h0

, (4.2)

which relates the radial pressure σr and the axial displacement s with the material param-
eters. The radial pressure is assumed as the pressure at the cylinder wall. The pressure
can be computed using Barlow’s formula [145]

σr = pi = σt · 2t
Dm

= EA · εA · 2t
Dm

(4.3)

with σr the pressure in radial direction, t the wall thickness of the cylinder, Dm the mean
diameter of the cylinder, and EA, εA the Young’s modulus of the cylinder and the strain
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on the cylinder, respectively. Inserting this into Equation (4.2) and rearranging leads to

ν = −σr · h0 + E · s
4 · σr · h0

+

√
9 · σ2

r · h2
0 + 2 · σr · E · h0 · s+ E2 · s2

4 · σr · h0
, (4.4)

while neglecting the solution with the negative root during the rearranging procedure. A
Poisson’s ratio of 0.28 is obtained for Poraver, which is close to the value of 0.3 used in
Section 3.2 to estimate the single grain properties. A Poisson’s ratio of 0.37 is obtained
for Danamol.

Friction coefficient

To determine the friction coefficient, it is necessary to relate the normal force acting on the
inside of the aluminium cylinder with the force transmitted through the cylinder. Using
an ansatz based on the dissipated energy, it can be related as follows:

Efric =
∫
Ffricds = µg−a ·

∫
FNds , (4.5)

where Efric is the dissipated energy due to friction, Ffric is the force transferred via the
cylinder, FN is the normal force acting on the inside of the cylinder, µg−a is the friction
coefficient between the granules and the aluminium, and s the displacement of the stamp.
This ansatz leads to an averaged friction coefficient, which is an assumption made in
accordance with the chosen friction model used in finite element simulation.
The normal force FN can be calculated using the Barlow’s formula Equation (4.3). The

inner pressure pi is related to the normal force and the surface area:

pi = FN
π ·Di · h

. (4.6)

Di is the inner diameter of the cylinder and h the height of the granule column. h can be
expressed using the displacement of the stamp s and the initial height of column h0 with
h = h0 − s. Inserting Equation (4.6) into Equation (4.3) leads to the following relation:

FN = 2π · EA · εA · (h0 − s) · t ·
Di

Dm

. (4.7)

By inserting this into Equation (4.5) and by rearranging, the following is obtained:

µg−a =
∫
FRds

2π · EA · t · DiDm

∫
εA(s) · (h0 − s) ds

. (4.8)

This yields a friction coefficient of 0.54 for the material pair of aluminium and Poraver,
and a friction coefficient of 0.52 for the pair of aluminium and Danamol. These values are
slightly higher than the ones obtained with the friction test in Section 4.3.

4.4.3 Numerical simulation and parameter fitting
The uniaxial compression test is used to adapt the derived material parameters, and the
following steps are carried out: to begin with, the model representing the experimental
setup will be introduced, followed by a validation based on the derived material parame-
ters. After this, the optimization procedure is explained in detail. Finally, the results are
discussed and the final material parameters for the later studies are obtained.
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4.4 Uniaxial compression test

Numerical modelling

The model is created and simulated with the finite element software Abaqus [72]. The
investigations are based on a three-dimensional model, since the same elements will be
used for the double hull structure as well. A similar approach was used in [146, 147], with
a rotationally symmetric model. There, a comparison was made to the model presented
here, and the advantages and drawbacks of using a rotationally symmetric formulation
were discussed. The biggest advantage is the reduction in computational cost, while the
reduced complexity does not cover nonsymmetric buckling of the aluminium cylinder.
The model is shown in Figure 4.15. Here – in concordance to the experimental setup,

see Figure 4.12 – all relevant parts that are in contact with the granules are modelled. All

Figure 4.15: Finite element model of the uniaxial compression test: aluminium cylinder (green);
stamps (red), granules (grey).

parts are modelled using eight-noded hexahedral reduced integration continuum elements
with hourglass control [88]. To save computational cost, a mesh study was performed and
a coarse mesh was chosen, still maintaining numerical precision. This was done for the
continuum elements representing the granules, as well as for the aluminium cylinder, which
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gives reliable results with only one element over thickness. Frictional contact is assumed
between the parts, and boundary conditions matching the experimental setup are applied.
Linear elastic behaviour is assumed for the aluminium cylinder, since no plastic defor-

mation occurred during the experiments. The material parameters are taken from the
literature [148]. Thus, EA = 70 GPa, νA = 0.3, and ρA = 2.7 g/cm3 are used in the sim-
ulation. The material data for the steel parts – the pressure plate at the bottom and the
stamp at the top – are also taken from the literature, since they can be assumed as rigid.
In doing so, the simulation is based on ES = 206 GPa, νS = 0.3, and ρS = 7.85 g/cm3.
The granules are modelled as a homogeneous block using one of the proposed material

models. The according implications and challenges are summarized in the following. First,
the simulation might exhibit a tension state, which cannot occur in the experiment due
to single grains. In this setup, however, this situation is unlikely. Second, the material
parameters remain constant over the entire simulation. This implies the absence of grain
damage. The idea of using voids or other geometrical imperfections in the mesh to account
for this was not pursued any further, since it would contradict the aim of creating a simple
mesh for the FEM calculation. The modelling of this complex behaviour is intended to be
performed with DEM as part of the project. There are 3696 elements in total, as shown
in Figure 4.15. The material parameters for the granules were determined in the previous
sections. Since calculations with these parameters leave room for improvement regarding
the simulation quality, the material parameters are fitted to the experimental results using
the preliminary values as initial quantities.

Parameter fitting

A minimization problem is applied to determine the quantities of interest. For this, the
software Matlab [149] is used and coupled with Abaqus. The general procedure is as shown
in the following text. The parameter estimation script creates an input file – based on the
current parameter vector – for Abaqus. Then, the simulation is executed and the results are
compared to the experimental data. Based on the residual vector, the algorithm changes
the parameter vector in order to minimize the residuum. This is depicted in Figure 4.16.

Initial
parameter x0

Current parameter vector xi FEM calculation

Check for stopping criterion
Calculation of new
parameter vector

i = i+ 1

Solution xfinal=xi

Figure 4.16: Optimization procedure to estimate a parameter set for the material models.
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4.4 Uniaxial compression test

The algorithm can solve a non-linear, multi-variant minimization problem considering
constraints:

min
x
f (x) , such that



c (x) ≤ 0
ceq (x) = 0
A · x ≤ b

Aeq · x = beq

blo ≤ x ≤ bhi

. (4.9)

In this case, it makes sense to choose the last inequality that defines the lower and upper
bounds for the parameter vector x. To solve the problem, several algorithms are available
[149]. An overview over different optimization algorithms can be found in [150]. Here, the
Interior-Point algorithm [151, 152, 153] is used, which was found to be the most robust
method with regard to the problem at hand. In order to approximate the gradient of the
function f (x), either a central difference scheme or a forward difference step can be used.
The latter results in less function calls and, as less simulations are executed, minimizes the
computational costs.
The objective function f (x) is the difference between the measurement data and the

simulation results. To obtain more reliable residual results, the data is smoothed using a
low pass filter and interpolated to obtain equidistant data over the displacement. Thus,
the root mean square error is derived based on the forces:

RMSEstamp =
√√√√ 1
n

n∑
i=1

(fstamp,sim,i − fstamp,exp,i)2 (4.10)

and the RSMEpressureplate, respectively. The same is done for the strain gauges applied
at three different heights. Thus, RSMEstrain,1−3 is obtained. In order to normalize the
residuum – thus taking into account the different order of magnitudes for force and strain
– it is scaled with the initial residuum and a weight factor:

Rfinal = RSMEforce,i
RSMEforce,1

+ f · RSMEstrain,i
RSMEstrain,1

. (4.11)

For the optimization, different parameter vectors are examined. In total, the following
parameters are optimized: E, ν, c, ϕ, ψ, and µg−a. A reduced set is used to reduce the
computational effort of calculating the gradient, as shown in Table 4.5.
The boundary values used in the minimization problem are based on physical and numer-

ical considerations [146, 147]. The initial parameters xi shown in Table 4.5 are expressed
using:

xi = blo,i + x̃i (bhi,i − blo,i) , (4.12)
which results in an optimization vector x̃ ∈ [0, 1] for the i quantities to optimize. This
allows for an easier tweaking of the optimization options, such as step size or stopping
criterion.
The interior point algorithm searches for the global minimum inside the design space.

The restrictions are enforced using barrier functions added with penalty terms. Usually,
an inverse or logarithmic barrier function is applied. In the algorithm, the logarithmic
function is used:

P (g (x) , r) = 1
r

∑
i

log (−gi (x)) , (4.13)
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Table 4.5: Parameter sets and initial values for the optimization of the Mohr-Coulomb material
parameters.

Parameter set
Parameter initial small large
E [MPa] 4.18 var var
ν 0.28 var var
ϕ 20 fixed var
ψ 0.1 fixed var
c [kPa] 118 fixed var
µg−a 0.54 var var

where g(x) are the boundary conditions and r the penalty parameter as the internal vari-
able of the interior point algorithm. The problem is solved by using the Karush-Kuhn-
Tucker condition and transferring the problem to a non linear system of equations [150].
Eventually, this will be solved using the Newton-Raphson scheme [149].

Results of parameter estimation

Since the proposed idea uses the FEM to calculate the far field response, with smaller
compression ratios, the parameter identification is performed for different maximum com-
pression levels. Thus, we restrict the compared compression level to 10 %, 20 %, and
30 %. This procedure allows to reduce the simulation time – and it serves as a basis to
discuss the effect on the material parameters with respect to the compression level. The
initial material parameters are given in Table 4.5. In the following, the results for 10 %
will be presented in detail, followed by the two remaining compression ratios and, finally,
a concluding discussion.

10 % compression Figure 4.17 shows a comparison between the experimental results
and the simulations. The initial parameter set for the Mohr-Coulomb material model
underestimates the measured forces. Not only the total force is too low, but also the force
transmitted to the support stamp. Nonetheless, the initial guess using the analytical results
from the previous section are acceptable. Using the proposed minimization algorithm the
residuum can be reduced – leading to the curve shown in green. In this optimization,
only the parameters estimated in this section – the Young’s modulus, Poisson’s ratio, and
Friction coefficient – are changed. The error in residuum can be reduced by 70 %. Due to
the constitutive material behaviour, a further reduction is not possible, since the bending
of the curve due to breakage cannot be covered. Moreover, the path of the measured
strain values cannot be caught very well, regardless which weight factor is chosen to take
this residuum into account, see Equation (4.11). With only these parameters, the strains
measured on the aluminium cylinder are not affected. In total, 10 iterations are performed
during the minimization process with a quick reduction of the residuum during the first
steps. The final parameters are listed in Table 4.6. The coefficient of determination
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Figure 4.17: Force-displacement curves for an optimization up to 10% compression: total
force applied (left) and force transmitted through the granules (right).

Table 4.6: Numerical results for the optimization of the two different parameter sets and three
different optimization ranges.

Compression 10% 20% 30%
Parameter set small large small large small large
E [MPa] 5.09 4.82 4.46 5.08 5.04 4.95
ν 0.25 0.28 0.24 0.20 0.15 0.20
ϕ 20 20.79 20 15.01 20 5.01
ψ 0.1 0.19 0.1 0.21 0.1 0.11
c [kPa] 118 158 118 196 118 211
µg−a 0.66 0.58 0.59 0.70 0.64 0.57

for the model is R2 = 0.99, which indicates that the model is suitable for parameter
identification [154].
Considering a larger parameter set leads to the curves shown in Figure 4.18. The result

in reduction of the residuum is similar to the smaller parameter set, a reduction of 71 %
can be observed. In contrast, the strain values are altered as well, leading to this slight
improvement. The final values are given in Table 4.6. Compared to the initial and smaller
parameter set, the changes in friction angle and dilatancy angle are quite small. Only the
friction coefficient has a significant influence on the simulation results.

20 % and 30 % compression Using a different range for the parameter estimation leads
to a different result. The parameters are shown in Table 4.6. Compared to the initial
parameter, see Table 4.5, the following can be observed. First, the Young’s modulus
is underestimated, using the analytical approach. The friction coefficient ϕ decreases
with higher strain, which corresponds to the results seen in [3]. Contrary, the cohesion
increases. For higher stress levels, the Poisson’s ratio shows a decreasing trend. Looking
at the dilatation angle, the assumption of no dilatancy holds for the numerical parameter
estimation. The friction coefficient is in the same range as the analytical results. Thus,
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Figure 4.18: Force-displacement curves for an optimization up to 10% compression with the
larger parameter set: total force applied (left) and force transmitted through the granules
(right).

according to the values obtained for other material pairings, this experimental method is
suitable.
For the sake of completeness, Figure 4.19 shows an overview of the results of the pa-

rameter estimation up to 20 % and 30 % compression. As can be seen, the parameters
obtained by the optimization are especially suitable to cover the force transmitted though
the granules. The parameters for the initial parameter set were derived up to a compres-
sion of 10%, which is why the simulation results using this set differ significantly for larger
compressions. The crushing of the particles during the experiment cannot be modelled.
As a consequence, all further calculations are based on the obtained values up to 10 %

compression and with six free parameters. This is due to the fact that most of the particles
undergo only small deformations.
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Figure 4.19: Force-displacement curves for an optimization up to 30% compression with the
larger parameter set: total force applied (left) and force transmitted through the granules
(right).
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4.4 Uniaxial compression test

Table 4.7: Fitted results for Mohr-Coulomb material model for Danamol up to 10% compres-
sion and the large optimization set.

Material E ν ϕ c ψ
[MPa] [-] [◦] [kPa] [◦]

Danamol 3.16 0.28 15.1 101 0

For the second material, the material parameters given in Table 4.7 are obtained, and
the corresponding force-displacement curves are shown in Figure A.4. For the parameter
identification, the same boundary conditions and parameter set was used as for Poraver.

Hypoplastic material model The same approach was carried out for the hypoplastic
material model. Since the material model requires more computational effort, only the
estimation for one parameter set with a deformation range of up to 10 % is shown. Three
parameters are optimised: the friction angle ϕ, the hardness hs, and the exponent n.
As can be seen in Figure 4.20, the initial parameters derived from experimental tests

do not yield a satisfactory result for the material Poraver, which will be discussed in the
following. The material behaves too stiff in the uniaxial compression test. During the
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Figure 4.20: Force-displacement curves for an optimization up to 10% compression using the
hypoplastic material model: total force applied (left) and force transmitted through the granules
(right).

optimization process, the initial residuum is reduced by 97 %, resulting in the curve shown
in the same Figure. In total, 12 iterations are performed to find this minimum. The final
parameters used for the optimized simulations are shown in Table 4.8. The main change
in the parameters can be observed for the hardness of the granule. The parameter hs is
decreased by 70 %, resulting in a good agreement for the total force. Compared to the
Mohr-Coulomb parameter estimation – see Figure 4.17 – the force measured at the lower
stamp is not estimated as accurately.
Figure 4.21 shows the compaction or displacement of the granules, with the experimental

results in the middle. In the view from the top, a highly compacted top layer is visible,
while the granules at the bottom of the probe are partially still intact. This behaviour
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4 Determination of bulk particle properties

Table 4.8: Fitted material parameters using the hypoplastic material model with experimental
data up to 10% compression.

Material hs n ϕ α β ed0 ei0 ec0
[MPa] [-] [◦] [-] [-] [-] [-] [-]

Poraver 1.98 1.04 17.5 0.017 1.4 0.3475 0.7096 0.6170
Danamol 21.46 0.36 30.6 0.112 5.61 2.009 3.160 2.748

can be observed in the simulation using the hypoplastic material model. There – see
Figure 4.21 right – the main compaction occurs at the top layer of the granules. Using the
Mohr-Coulomb material model – Figure 4.21 left – a uniform distribution can be observed.
Thus, the hypoplastic material seems to be a promising alternative to the Mohr-Coulomb
material model, if a more realistic state inside the granules is needed. This, of course,
comes with the drawback of higher computational costs.
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Figure 4.21: Displacement of Poraver during the uniaxial compression. Left: Mohr-Coulomb
material model. Right: Hypoplastic material model. Middle: Compaction in the experiment.

For Danamol, the parameters shown in Table 4.8 are obtained after 15 iterations and a
reduction in residuum of 92 %. The change in force-displacement response from the initial
parameter set to the optimized parameter set is shown in Figure A.5. Compared to Poraver,
the initial parameter set does not represent the experiment acceptably. The final parameter
set covers the total force quite well, but the force transmitted to the stamp remains too
high. Furthermore, more stick-slip effects are observed during the computation, resulting
in a rougher curve.
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4.5 Tensile test

4.5 Tensile test
As the last aspect, it is necessary to determine the parameters of the steel parts for the
experimental setup of the double hull structure. A S235 ship building steel is used, with a
minimum yield strength of 235MPa. All steel plates have a thickness of 3 mm and are cut
from a rolled steel plate. As the double hull structure was built and tested several times,
the investigations involved steel plates from different manufacturing batches. Thus, the
tests and parameter identification procedures are carried out separately for each of them.
To obtain stress-strain curves, tension tests according to DIN EN ISO 6892-1 (2017-02)

are performed. Due to the manufacturing process, the material is not perfectly isotropic.
The material parameters in longitudinal and transversal direction to the rolling direction
vary slightly. The tests involve dog bone specimens with a width of b = 20 mm and a
length of L0 = 40 mm. The measured thickness during the test was between t = 2.9 mm
and t = 3.1 mm. At least three tests are performed for each direction. The averaged results
for the direction can be seen in Figure 4.22. The two different batches show a very different
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Figure 4.22: Experimental results from tensile test.

behaviour. Steel batch 1 has a higher yield strength and a visible Lüders expansion. The
second steel batch has a higher fracture strain. For each batch, the longitudinal direction
shows a smaller fracture strain compared to the transversal direction. The experimental
results are given in Table 4.9 and Table 4.10.
As stated in Chapter 2.1.4, an isotropic material model is assumed. Thus, the material

parameters have to be averaged for each batch. To estimate the Young’s modulus, the

Table 4.9: Tensile test results and standard deviation for batch 1.

longitudinal transversal combined
t in mm 2.92± 0.04 2.9± 0.0 2.91± 0.03
Rp0.2 in MPa 337.8± 1.6 314.8± 1.9 326.3± 12.2
Rm in MPa 423.6± 0.5 420.2± 1.3 421.9± 2.0
A in % 32.2± 0.4 34.4± 0.2 33.3± 1.2
Z in % 66.4± 2.1 69.6± 4.0 68.0± 3.5

61



4 Determination of bulk particle properties

Table 4.10: Tensile test results and standard deviation for batch 2.

longitudinal transversal combined
t in mm 3.05± 0.01 3.07± 0.02 3.07± 0.02
Rp0.2 in MPa 275.0± 0.0 261.7± 3.5 268.3± 7.6
Rm in MPa 387.0± 0.0 381.3± 3.1 384.2± 3.7
A in % 39.7± 0.6 42.3.2± 0, 6 41.0± 1.5
Z in % 53.0± 2.0 68.7± 0.6 60.8± 8.7

linear elastic part of the curve is considered. The results are E = 205.92 GPa for batch
1 and for E = 197.28 GPa batch 2. The Poisson’s ratio of ν = 0.3 is taken from the
literature, see [148].
To determine the plastic behaviour of the material, it is necessary to find an expression

for the hardening law, which also represents the material without any damage or necking.
Therefore, Equation (2.39) can be used:

σ̃ (εp) = C · (ε0 + εp)n , (4.14)

which is often applied for construction steel [107]. This has two advantages: First, this
reduces the number of parameters needed to describe the material behaviour – and, sec-
ondly, the extrapolation needed for the simulation can be performed with ease. For the
finite element simulation, the part of the Lüders expansion is assumed to be a constant
line. Then, using an optimization algorithm yields the black curve shown in Figure 4.23.
With regard to the procedure in Figure 4.23, the measurement data between the vertical

lines serves as a data basis for the extrapolation – and the black line is used as extrapolated
data for the simulation. As a consequence, it can be observed that the stress-strain response
underestimates the experimental result for batch 1 and overestimates it for batch 2, as
can be seen in Figure 4.24 with the black line for batch 2. Therefore, an additional
quadratic term is introduced at the beginning of the necking, i.e. from the beginning of
the extrapolation [108]:

σadd = k · (εp − εpadd)
2 . (4.15)

The resulting stress-strain curves are depicted in Figure 4.23 for steel batch 2. Comparing
with the experimental results, see Figure 4.24, the value of k is chosen such that the simu-
lation results are within the bounds given by the longitudinal and transversal experimental
results in combination with an applied damage modelling.
The damage parameters are determined using a parameter optimization. As described

in Section 2.1.4, it is necessary to determine the critical equivalent fracture strain ε̄pD and
the damage evolution based on a generalized displacement given by Equation (2.41)

D = 1(
ūpf
)m · (ūp)m . (4.16)

A detailed study about the influence of the parameters ε̄pD, ū
p
f , and m is given in [108].

This results in the curves given in Figure 4.25 for both steel batches. As can be seen,
both simulations are within the bounds of the corresponding longitudinal and transversal
experimental results.
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Figure 4.23: Extrapolation of the plastic behaviour without the onset of necking for Abaqus
with a quadratic term added after the onset of necking εpadd.
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Figure 4.24: Simulation of tension test for steel batch 2 with damage modelling for the
unmodified plastic curve and the modified plastic curve without damage.
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Figure 4.25: Simulation of tension test for steel batch 1 and batch 2 with damage modelling
for the modified plastic curve including damage initiation and evolution.

63



5 Experimental investigation
In order to evaluate the granules as a filling material, a representative experiment has to
be conducted. As mentioned in Section 1.2, collision tests are still mandatory to obtain
experimental results for the validation of numerical simulations. The setup used here is
similar to the one in [29, 20], where a bulb impact with a ship structure was investigated.
The setup in [20] is adapted to the problem at hand, allowing to perform numerical com-
putations, based on the given results, during the design process of the experimental test.
There, a simplified double-bottom side structure with stiffeners and stringers was investi-
gated, scaled down by a factor of 3. In order to adapt the details to the testing facility
used for this work, the hull thickness was reduced slightly. Further, the inner structure
was simplified and a closed box for the granules was created [106].
The next section focuses on introducing the setup, followed by a discussion of the exper-

imental results. In total, seven experiments are conducted. The purpose of the first four
experiments is to investigate the benefits of using granules. Thus, two empty and two filled
experiments are performed. The last three experiments are carried out with an additional
stiffener. The experiments are also performed with a different granular material.

5.1 Experimental setup
Figure 5.1 shows the simplified side hull structure with its dimensions. The two plates –
later referred to as outer hull and inner hull – are connected by a rectangular box. The
overall dimensions are 1500 mm in width and 1090 mm in depth, like in the experiment in
[20]. The distance between the plates is 280 mm. Based on preliminary numerical results,
a plate thickness of 3 mm was chosen. In doing so, a maximum force of 600 kN was
predicted for a structure without granules [106]. Thus, the setup provides enough safety

750mm

1090mm
1500mm

280mm

700mm Cutout

Figure 5.1: Model of the considered double hull structure with a box to contain the granules
and a small cutout for filling.
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5.1 Experimental setup

margin in the case of higher forces due to granules or stiffener considering the capabilities
of the test rig, which can apply a maximum load of 1200 kN.
The box containing the granules has the dimensions 750 mm× 700 mm and is welded to

the two plates. The box consists of plates with a thickness of 3 mm. To be able to fill the
granules into the double hull, a small hole is introduced at a corner of the box, which is
closed after filling. The particles are filled into the structure by hand, without using any
compaction device. By moving the structure during the filling process, it is ensured that
no cavities are left. Thus, the experiment should be close to the proposed procedures in
ship building.
This structure is welded to a rigid frame, as shown in Figure 5.2 and Figure 5.3. This

frame – shown in orange – is considered and designed as fixed boundary conditions. Thus,
it can be reused for the different experiments. Due to its high stiffness, a zero displacement
boundary condition can be assumed for the finite element simulation later on. The cutouts

Figure 5.2: Experimental setup in the laboratory. The frame is placed on four columns to
allow monitoring the inner hull with a DIC-System.

which can be seen are for a digital image correlation (DIC) system. Further, a DIC system
is used to monitor the displacement of the inner hull, so the frame is placed on four support
beams to obtain a view from the bottom. A load cell is installed on each of these beams
in order to measure the applied force.
The indenter is depicted in blue in Figure 5.2. It is made of S355 from a solid block.

The diameter of the indenter is 270 mm with a half-sphere as the bulbous bow. It is moved
into the side hull structure with a constant velocity of 0.2 mm/s. Due to restrictions in the
test rig – a maximum stroke length of 400 mm – an extension has to be installed during
the experiment. For this, the experiment is stopped, unloaded, and continued. Thus, it is
possible to drive the indenter to at least achieve rupture of the inner hull.

65



5 Experimental investigation

Figure 5.3: View on the experiment at the beginning of the penetration of the outer hull.
Deformations and stresses are measured for comparison.

In addition to the load cells at the beams, the force applied to the indenter is measured.
To verify the rigidity of the frame, its displacement and strain are measured at positions
where the FEM computation predicted maximum values. Several strain and displacement
sensors are attached to the side hull structure to determine the influence of the granules.
As an important measurement quantity, the displacement of the centre of the inner hull
and box should be mentioned. Apart from the applied force, they are the main comparison
values for validation.
As mentioned before, four experiments were performed without a stiffener. The reason

for this was a change in the boundary conditions. For the first two experiments, a horizontal
movement of the frame was allowed. In the case of the filled box, this resulted in too large
movements. Thus, the boundary conditions were changed to constrained movement in
horizontal direction for all the following experiments, see Table 5.1.

Table 5.1: Overview over the experiments

Experiment Box Frame Steel Type
1 empty free Batch 1 –
2 Poraver 2-4 free Batch 1 –
3 empty fixed Batch 2 –
4 Poraver 2-4 fixed Batch 2 –
5 empty fixed Batch 2 Stiffener
6 Poraver 2-4 fixed Batch 2 Stiffener
7 Danamol 30K fixed Batch 2 Stiffener

5.2 Experiments without stiffener
This section serves to discuss the experimental results. The experiments without granules
are designed as reference experiments. As shown in Table 5.1, the first two experiments
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5.2 Experiments without stiffener

are carried out with unconstrained movement of the frame in horizontal direction. The
idea behind this is to simulate the relatively free movement of ships – independent of each
other – during a collision. In the subsequent two experiments, this was changed due to
limitations in the test rig.

5.2.1 Experiment 1
This experiment is supposed to be the reference for the second experiment. Due to the
symmetry of the hull structure, no or only little movement is expected in horizontal di-
rection. Figure 5.4 shows the force-displacement curve. Here, and in all subsequent force-
displacement curves, the calibrated sum of the four load cells at the corners will be shown.
This means that only the applied force is measured, while the gravity loads are neglected.
Further, it was checked that the results are in accordance with the force measured at the
load cell of the indenter. Additional to that, the term displacement will be used for the
movement of the tip of the bulbous bow, if not mentioned otherwise.
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Figure 5.4: Force-displacement curve for the first experiment. The rupture of the two hulls
can be clearly identified.

Having a general look at the plot, the rupture of the outer and inner hull can be clearly
distinguished. It is also possible to make out where the indenter comes into contact with the
inner hull at 280 mm. The unloading/loading path from the installation of the extension
is shown in the plot at approximately 380 mm. The unloading leads to an elastic spring
back, but the path is recovered very well during the continuation of the experiment.
In detail, the outer hull undergoes rupture at a maximum force of 580 kN and a displace-

ment of 190 mm. A rather sudden rupture can be observed, with three cut lines developing
immediately in radial direction. The branches originate in the regions of maximum stress
and propagate up to the radius of the indenter, see Figure 5.5 [106, 155]. The sudden
release of energy due to the immediate crack propagation results in a rapid deformation
and decrease in force. Thus, the indenter can push through the structure easily until it
comes into contact with the inner hull. The loading until rupture of the inner hull shows
the same characteristic as the outer hull. The slope is similar, and the same stiffness is
obtained. The rupture occurs at a total displacement of 435 mm. Originating from the
time of contact with the bulbous bow, the inner hull ruptures after 155 mm and a force of

67



5 Experimental investigation

Figure 5.5: Development of the rupture, from left to right, for the outer hull in the first
experiment.

460 kN. Compared to the outer hull, the crack propagation is slower. An initial cut ap-
pears at around 2/3 of the indenter radius. This crack grows slowly until a flap is formed,
see Figure 5.6. This results in a slower drop in force, until the bulbous bow is driven
through the whole structure. The pattern of black and white paint on the surface of the
inner hull is used as a stochastic pattern to identify facets for the strain calculation with
the DIC.

Figure 5.6: Flap occurring at the inner hull after rupture in the first experiment.

Recalling the setup, a similar rupture behaviour could be expected for the inner and
outer hull. Comparing the measured strain values on the plates, both exhibit the same
stress state. This is shown in Figure 5.7 left, which shows the strain in radial direction at
a radius of 250 mm for the inner and outer hull. The displacement refers to the start of
contact with the plate. As can be seen, both curves show similar behaviour until the strain
gauge detaches due to too large deformations. A maximum strain of 40 % is measured using
the DIC system, which is in the same range as measured in the tensile test in Section 4.5.
The pattern observed with the DIC system – see Figure 5.7 right – can also be observed in
[156, 157, 158], where Nakajima tests were performed. Thus, despite the fact that a sudden
rupture propagation is observed for the outer hull, the rupture can be considered to be
ductile. The inner hull shows a more typical rupture development for a ductile metal sheet
[159, 160]. The location of the rupture initiation, compared to the radius of the indenter
with respect to the size of the box, is similar to the results shown in [16]. There are various
reasons for the different rupture behaviour. On the one hand, uncertainties related to the
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Figure 5.7: Comparison of the measured strain on the outer an inner hull, beginning at the
contact with the indenter for each plate. The location of the strain gauge is marked in the DIC
image on the right side.

steel could be a cause. The welding process of the structure might introduce residual
stresses. Also, the tensile test results in the very first experiment surpass the standards
for S235 significantly. Thus, the tensile strength was much higher than expected. On the
other hand, the indenter was not used before. Thus, no sink holes or scratches could have
led to initial damage on the surface of the plate during the transition through the outer
hull. With regard to the other experiments, the rupture of the outer hull is rather unusual,
which is why the force and displacement of the rupture have to be considered with caution.
As the last aspect, the displacement of the centre of the inner hull is considered. This

is shown in Figure 5.8, where the displacement is plotted over the total displacement of
the indenter. The first maximum, caused by the rupture of the outer hull, is located at
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Figure 5.8: Displacement of the centre of the inner hull for the first experiment.

the same displacement as in the force-displacement plot, Figure 5.4. In the case of the
indentation of the outer hull, the displacement of the inner hull increases almost linearly
until rupture. A maximum displacement of 28 mm is reached, and 26 mm are measured
at the weld of the box to the inner hull. The displacement at the weld of the box to the
outer hull is 27 mm, so the distance between the outer and inner hull is slightly reduced
while the larger displacement at the centre is due to bending of the inner plate.

69



5 Experimental investigation

After rupture of the outer hull, a spring back can be observed. The remaining displace-
ment due to plastic deformation of the side hull structure – remembering that the force
drops to 0 kN after rupture – is approximately 10 mm. After the indenter comes into
contact with the inner hull, the displacement follows the displacement of the bulbous bow
in a linear manner. After rupture of the inner hull at 435 mm, the reference point for the
measurement changes from the outer surface of the inner hull to the head of the bulbous
bow, as can be seen in Figure 5.6.

5.2.2 Experiment 2
The second experiment uses Poraver as filling material in the box. In doing so, approxi-
mately 150 litre are filled into the box without using any advanced compaction mechanism,
as described before. The obtained force-displacement curve is shown in Figure 5.9. The
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Figure 5.9: Force-displacement curve for the second experiment, where Poraver is filled into
the box.

outer hull fractures at a displacement of 135 mm and a force of 460 kN. The rupture
behaviour is similar to the mechanism observed in Experiment 1 for the inner hull. A
crack is initiated at around 2/3 of the indenter radius. This can be seen in Figure 5.10
top left. This is in a good agreement with the experiments for rectangular plates [161]. As
for the inner hull in Experiment 1, compare with Figure 5.6, a flap develops, which can be
seen in the subsequent images in Figure 5.10.
The granules between the outer and inner hull result in a higher stiffness before rupture

of the outer hull, compared to Experiment 1. After rupture, the flap is clamped between the
indenter and the granules. Therefore, it is dragged into the box, instead of being pushed
away. This results in an increase in resistance force, as can be observed in the force-
displacement plot between a total displacement of 135 mm and approximately 250 mm
compared to Experiment 1. Here, the force remains around 200 kN, while the indenter
moves through the box.
Due to the granules, an additional layer is added between the indenter and inner hull. At

approximately 230 mm, we can observe an increase in force. Assuming that the granules
will not show large movement orthogonally to the indentation direction, the granules are
compacted over 80 %. Recalling the results from the uniaxial compression test – see Section
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5.2 Experiments without stiffener

Figure 5.10: Rupture of the outer hull with granules during the indentation process (from top
left to lower right). A metal flap is clamped between the granules and the indenter.

4.4.2 – they can carry a significant load and transfer the movement of the indenter to the
inner hull. At the end of the indentation process, the granules are compressed to a fine
powder, shown in Figure 5.11. Going back to the force-displacement curve, it is possible to
observe a rupture of the flap from the outer hull at a displacement of 360 mm, as depicted
in Figure 5.10 bottom right. Eventually, the inner hull ruptures at a total displacement of
380 mm with an applied force of 410 kN.

Indenter

Outer hull

Inner hull

Figure 5.11: Close view at the clamped flap after the experiment. The granules formed a layer
between the outer and inner hull.

A closer look at the granules reveals the following behaviour. The particles, which are in
direct interaction region with the indenter and flap are highly compressed, as can be seen
in Figure 5.11. Then again, intact particles can be found at the side of the box, see Figure
5.10 top right. This leads to the conclusion that only the particles in the direct path of
the indenter are compressed and that there is no (or only very little) particle movement
orthogonal to the movement of the indenter. Thus, most of the energy is transferred to the
inner hull and not to the side of the box. This can also be seen looking at the deformation
of the side shells of the box. For Experiment 1 and 2, the displacement is similar. An
examination of the granules after the experiment shows that roughly 50 % of the particles
are still intact.
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As mentioned in the description of the experiments, horizontal movement of the frame
is possible. Due to the non-symmetric rupture – as shown in Figure 5.10 – the frame, and
therefore the double hull structure, slides in horizontal direction. In total, a horizontal
movement of 30 mm could be observed. This results in a nonsymmetric contact with the
inner hull.

Comparison with Experiment 1 The improvements in crashworthiness compared to Ex-
periment 1 will be discussed. Therefore, the focus lies on the dissipated energy until the
rupture of the inner hull. Since the elastic energy stored in the system is very small, see the
displacement during the installation of the extension, the total energy introduced into the
system is considered – which is, in case of a collision, relevant for the counterpart. Figure
5.12 shows a plotting of energy over displacement. The vertical lines indicate the rupture
of the outer and inner hulls. Looking at Experiment 1 – without granules – it is possible
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Figure 5.12: Energy dissipation during the experiment. The vertical lines indicate the rupture
of the outer and inner hull, respectively. Experiment 2, filled with granules, can absorb more
energy before rupture of the inner hull.

to observe an energy increase until rupture of the outer hull, followed by the transition
through the box with almost no increase in energy until the bulbous bow undergoes contact
with the inner hull. Then again, an increase in energy can be observed until rupture of
the inner hull. In total, 82 kNm are applied to move the indenter through the structure.
In Experiment 2 the resistance of the outer hull – or total stiffness of the whole structure

– is higher. Thus, at the same displacement, more energy is needed. As stated before, the
rupture of the outer hull occurs at a smaller total displacement. Other than in Experiment
1, the energy still increases due to the granules and the flap, as described before. In contrast
to Experiment 1, there is no clear indication when the inner hull starts to counteract the
bulbous bow. The tear of the flap can be observed as a bend in the curve, at 360 mm. At
the final rupture of the inner hull, at a displacement of 380 mm, an energy of 100 kNm is
applied to the structure. Note that the installation of the extension occurs shortly after
the rupture, see Figure 5.9. Since the unloading path is recovered very well, this has no
effect on the energy calculation. Compared to Experiment 1, the increase in energy after
rupture of the inner hull is larger, due to the flap which interacts with the granules and
the inner hull.
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5.2 Experiments without stiffener

Despite the fact that the inner hull of Experiment 2 ruptures earlier, the structure filled
with granules can absorb more energy. Here, an increase of 22 % can be observed. This
outcome strongly depends on the position of the ruptures. The late rupture of the outer
hull for the first experiment mitigates the potential. Assuming a rupture at a similar
position as observed for the other shells, the plateau would be reached earlier and, thus,
less energy would be needed for the empty double hull.
Figure 5.13 shows the displacement of the centre of the inner hull. The support of
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Figure 5.13: Comparison of the displacement of the centre of the inner hull. The granules
lead to a higher deflection of the inner hull.

the inner hull during the indentation process can be seen. As in a sandwich plate, the
granules transfer the load to the inner hull, resulting in a larger displacement compared
to Experiment 1 until the outer hull ruptures. At rupture of the outer hull – marked
with a light blue vertical line – the increase in displacement is approximately 15 mm.
Thus, considering the conclusions above with regard to the particle movement, the result
is a compaction of 37 % in the granules between the indenter and inner hull. In this
compaction region, the granules start to carry a reasonable amount of load. Thus, we
do not observe a spring back of the inner hull after the rupture for the experiment with
granules.
Continuing the translation through the box, the granules are highly compacted, and a

layer with a thickness of approximately 30 mm of fine granular powder is created between
the indenter and inner hull. This can be seen in Figure 5.11. The additional layer reduces
the difference of 55 mm total indenter displacement for the location of the rupture of
the inner hull. Comparing the local deflection of the inner hull, the difference reduces to
25 mm. In this state, the slopes of the two curves are very similar. This indicates that the
breakage and pulverization of the particles ended, so that they form a non-compressible
powder acting as an additional layer. Compared to the uniaxial compression test in Section
4.4.2, an almost vertical slope can be seen in the high compression region – as shown in
Figure 3.2.
The chosen setup – allowing movement in horizontal direction – results in an nonsym-

metric loading for the Experiment 2. This perhaps leads to a reduced resistance against
penetration. This could be an additional cause for the differences in rupture behaviour of
the inner hull.
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5.2.3 Experiment 3
The horizontal movement for Experiment 2 and, thus, the unsymmetrical loading of the
inner hull, suggest a change in boundary conditions, which is done for all subsequent tests.
Thus, the horizontal movement of the frame on the load cells is hindered. Repeating the
experiment with the same setup as for Experiment 1 and 2 will also allow for a closer look
at the rupture behaviour of the plates, giving a better understanding of the unexpected
rupture behaviour of the outer hull in Experiment 1.
As mentioned in Section 4.5, the same steel grade is used, but the steel plates are

from different manufacturing batches. Thus, the parameter of the steel differs, thus only
allowing for a qualitative comparison to Experiment 1 and 2.
Figure 5.14 shows the force-displacement curve. For Experiment 3, the force increases

while moving into the outer hull up to a displacement of 150 mm. There, at a total force
of 390 kN, the hull ruptures. Compared to Experiment 1, the rupture differs. Here, a
slow crack growth occurs, as shown in Figure 5.15. Nonetheless, the pattern of the rupture
is similar to that in Experiment 1, Figure 5.5. Due to the ongoing crack propagation,
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Figure 5.14: Force-displacement curves of Experiment 3 – without granules – and Experiment
4 – with granules.

Figure 5.15: Rupture behaviour of the outer hull for Experiment 3.
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5.2 Experiments without stiffener

we observe a slower drop in force, since the indenter has to shear the metal sheet. The
contact with the inner hull can be identified due to the increase in resistance force at
a displacement of 280 mm. The unloading path of the extension is recovered very well
during the indentation of the inner hull. Finally, the structure ruptures at a displacement
of 410 mm and a force of 340 kN. Compared to Experiment 1, the crack growth is similar.
It initiates at around 2/3 of the indenter radius and grows slowly. Eventually, a flap is
formed, see Figure 5.16 left, which is similar to Figure 5.6.
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Figure 5.16: Rupture mechanism of the inner hull for Experiment 3 (left) and the strain pattern
immediately before rupture (right).

With regard to the outer and inner hull, the strain pattern is very similar to the one in
Experiment 1. The strain concentration of the inner hull before rupture is also circular,
see Figure 5.16 right, and similar to the pattern obtained in Experiment 1, see Figure 5.7
right. A maximum strain of 40 % is measured using the DIC. Thus, the same statements
regarding the rupture behaviour as in Section 5.2.1 can be made.
The displacement of the centre for the inner hull is similar to Experiment 1 and will be

discussed in detail in the comparison with Experiment 4 in the next section.

5.2.4 Experiment 4
The force-displacement curve is given in Figure 5.14. The increase in stiffness of the
structure can be observed for this experiment compared to Experiment 3. The rupture of
the outer hull is nearly at the same displacement, here 160 mm, but with a higher force
of 520 kN. After rupture of the outer hull, the resistance against indentation is on a high
level. The granules counteract to the indenter and, as in Experiment 2, a flap is clamped
between the indenter and the granules. Thus, the force needed to move through the box
is around 250 kN. The drop in force at a displacement of 300 mm is due to the rupture of
this flap. The process of the growth can be seen in Figure 5.17. Compared to Experiment
2, the flap is a bit smaller, but the development is similar.
After rupture of the flap, the force increases. The unloading path during the compression

of the inner hull can be recovered very well. Compared to Experiment 2, the inner hull
can withstand a much higher force before rupture. A displacement of 470 mm and total
force of 600 kN is reached. Due to the high force – and, thus, a considerable amount of
energy in the system – the crack grows faster than that in Experiment 3. However, as for
the other experiments, a flap is created, see Figure 5.18. Due to the changed boundary
conditions, the inner hull is loaded in its centre.
Figure 5.18 shows the additional layer due to the granules. Its thickness is approximately

20 mm.
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Figure 5.17: Rupture of the outer hull for Experiment 4, from top left to bottom right. Due
to the granules, the outer hull is clamped and torn off.
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Figure 5.18: Rupture pattern of the inner hull in Experiment 4 after breakage (left) and before
(right).

Comparison with Experiment 3 To estimate the improvements, it is necessary to take
a look at the dissipated energy in Figure 5.19. The vertical lines indicate the rupture of
the outer and inner hulls. A plateau is observed in Experiment 3 – as already seen in
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Figure 5.19: Dissipated energy for Experiment 3 – without granules – and Experiment 4 –
with granules.
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5.2 Experiments without stiffener

Experiment 1 – after rupture of the outer hull before the indenter comes into contact with
the inner hull. Until the rupture of the inner hull at 410 mm, an energy of 56 kNm is
induced into the structure.
The improvements due to the filling with granules can also be observed for Experiment

4. The stiffness of the entire structure is increased, leading to a higher energy dissipation
until rupture of the outer hull for Experiment 4. Thereafter, a significant amount of energy
has to be used to move through the granules and the box. The tear of the flap can be
observed as a bend at 300 mm, but the energy increases until the rupture of the inner hull
occurs. In total, 140 kNm is applied. Comparing Experiment 3 and 4, this is an increase
of approximately 150 %. This large increase benefits from the late rupture for Experiment
4. Taking the additional layer into account, the difference in local deflection for the inner
hull is 80 mm.
The behaviour of the inner hull at the centre location can be seen in Figure 5.20. For

Experiment 4, the additional support due to the granular material can be clearly identified.
After rupture of the outer hull and rupture of the flap, the deflection of the centre point
changes only marginally. Thus, the granules transfer a significant amount of load to the
inner hull. And – as for Experiment 2 – the particles appear to be pulverized completely
under the indenter.
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Figure 5.20: Displacement of the centre of the inner hull for Experiment 3 and 4. In Experiment
4, the granules lead to a larger deflection and a higher load transfer to the inner hull.

5.2.5 Conclusion for experiments without stiffener
A closer look at all four experiments provides the basis for a summary. The resulting
displacement, force, and energy for each experiment and the respective outer and inner
hull are shown in Table 5.2.
First, the rupture behaviour of the shells itself is considered. The displacements at which

the ruptures occur are uind for the outer hull and ulocal for the inner hull. Here, only the
relative displacement is considered, meaning the movement of the centre point of the plate,
taking into account the additional displacement introduced due to granules. Two shells
stick out and undergo large displacements: on the one hand, the outer hull in Experiment
1, and on the other hand the inner hull in Experiment 4. All other shells rupture in the
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5 Experimental investigation

Table 5.2: Overview over rupture positions and dissipated energy for Experiments 1 to 4.

Outer hull Inner hull
Exp uind Fu,ind Eu,ind uind ugran ulocal Fu,ind Eu,ind

1 190 mm 580 kN 49 kNm 435 mm – 155 mm 460 kN 82 kNm
2 135 mm 460 kN 28 kNm 380 mm 30 mm 130 mm 410 kN 100 kNm
3 150 mm 390 kN 25 kNm 410 mm – 130 mm 340 kN 56 kNm
4 160 mm 500 kN 35 kNm 470 mm 20 mm 210 mm 600 kN 140 kNm

range of 130 mm to 160 mm. This coincides with a high application of force. Thus, the
results in energy dissipation for these shells have to be treated with caution.
The high force applied in Experiment 4 results in a higher compression of the granules

compared to Experiment 2. Thus, the resulting layer ugran is narrower. However, as this
occurs in a region over 80 % of compression, the load-carrying capacity of the granules is
very high.
The aim of filling the box with granules was to increase the dissipated energy until the

inner hull ruptures. This could be observed here. Considering the rupture behaviour of the
two plates mentioned before, the increase lies between 22 % and 150 %. This discrepancy
can be resolved by assuming an averaged rupture behaviour for the shells. Assuming a
similar rupture behaviour for the outer hulls in Experiment 1, compared to the other
shells, the dissipated energy would be smaller. Thus, the improvement will change to
approximately 60 %. The same assumption can be made for the inner hull of Experiment
4, which will then decrease the introduced energy. In doing so, the increase in energy
compared to Experiment 3 will be reduced to approximately 90 %.
To give a more reliable estimation, more tests would be needed to average over the

repeated experiments. Then, a closer look at the rupture behaviour would be mandatory,
because this is to be seen as the critical event regarding the energy dissipation until rupture.
However a realistic assumption of an increase of 60 % can be noted. Nonetheless, the
primary ideas of the filling with granules can be confirmed. The load transfer from the
outer hull to the inner hull is clearly visible, due to the increase in stiffness of the whole
structure during loading the outer hull. Further, the crushing and compression of the
granules in the near field of the indenter is observed, leading to an increase in energy
dissipation. An aspect not considered before is the additional effort to tear off a flap from
outer hull, which is clamped between the indenter and the granules.

5.3 Experiments with stiffener
In order to examine the influence of granules on webs, stringers, and other reinforcement
structural elements, the influence of stiffeners is investigated. As described in Section 5.1,
the dimensions of the experiment are related to the setup in [20]. There, several beams
are used to obtain a realistic side hull structure. In order to reduce the complexity, a
different approach is chosen: only one stiffener is applied, parallel to the long side of the
side hull structure. Similar experiments are conducted in [29], where one or two stiffeners
are investigated.
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750mm

1090mm
1500mm

280mm
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Figure 5.21: Model of the double hull structure with stiffener (left) and specimen for the
experiment (right).

The changes in the structure can be seen in Figure 5.21.The model is shown on the left
side. A stiffener, with a thickness of 3 mm, is connected to the outer hull. The stiffener
has a depth of 120 mm and is made from the same steel plate as the side hull structure. In
order to go through the box, cut outs were introduced to the box, as can be seen in Figure
5.21 right. All parts were welded together using the weld pattern seen in the image.
The idea to use one stiffener is motivated by looking at the buckling behaviour of a

flat stiffener. Experimental results from [29] can be seen in Figure 5.22, where a single
stiffener was used If the bar is in direct contact with granular material, this may result in

Figure 5.22: Deformation of a single stiffener as can be seen in [29] (from [29]).

an increased resistance against buckling. Thus, the flat stiffener contributes to protecting
the connected outer hull against penetration. The resistance moment of a flat bar is
smaller at the same height, compared to a P-bar or T-beam. Thus, the result will be more
dependent on the influence of the granules.

5.3.1 Experiment 5
To obtain reference data, an experiment without granules is performed. Thus, only the side
hull structure with a stiffener at the outer hull is indented with the bulbous bow. As for
Experiment 3 and 4, no movement in horizontal direction is allowed. The resulting force-
displacement curve is shown in Figure 5.23. For comparison, the curve from Experiment
3 without stiffener is shown as well. Compared to the experiment without a flat bar, an
increase in stiffness can be observed for the outer hull. The flat bar starts to buckle after
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Figure 5.23: Comparison between Experiment 3 and 5, both without granules. The increase
in stiffness for the outer hull is clearly visible for Experiment 5.

40 mm, which can be observed due to the kink in the curve. The rupture of the outer
hull happens at a displacement of 130 mm and a force of 450 kN. The development of the
rupture can be seen in the images in Figure 5.24. The first crack develops parallel to the
stiffener, and another branch in the direction of the camera. At this state, the stiffener
is still intact. At approximately 140 mm, the stiffener ruptures into two pieces. In more
detail, this can be seen in Figure 5.25. In the middle, the structure without the bulbous
bow is shown. The stiffener is pushed away from the camera and then ruptured. In the
left and right image, the bulging of the stiffener can be seen. This is similar to the results
shown in [29].

After the rupture of the outer hull, the loading path is similar to Experiment 3 – which
is logical, since the difference due to the stiffener mainly affects the outer hull. The rupture
of the inner hull occurs at a displacement of 405 mm with a force of 360 kN. Concerning
the rupture pattern, a similar picture as in Experiment 3 is observed, see Figure 5.16.

Figure 5.24: Rupture of the outer hull for Experiment 5.
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Figure 5.25: Rupture of the stiffener in Experiment 5. Shape of the outer hull after removal
of the indenter (middle). The folding of both ends of the stiffener can be seen in the left and
right image.

5.3.2 Experiment 6
The sixth experiment uses Poraver as filling material. Due to the additional bar inside the
box, the filling process uses a second hole in the corner of the box. This way, it is possible
to ensure that no voids remain near the stiffener. The obtained force-displacement curve
for this experiment is shown in Figure 5.26. The outer hull fractures at a displacement of
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Figure 5.26: Force-displacement curve of Experiment 6 with granules and stiffener.

125 mm and a force of 475 kN. The rupture mechanism is similar to the other experiments
with granules, as can be seen in Figure 5.27. A crack is initiated on the left-hand side at
around 2/3 of the indenter radius. This crack then propagates in circular direction and
cuts the stiffener, such that a flap is created, which can be seen in the subsequent images.
This flap ruptures from the outer hull at a displacement of 340 mm and a force of 480 kN.
The flap is clamped between the indenter and the granules, see Figure 5.28. This results
in a nonsymmetric deformation for the inner hull, as can be seen in Figure 5.29 left. In
fact, the flap is dragged with the indenter during the penetration of the inner hull, as can
be seen in the right image of Figure 5.28.
During the transition through the box and the granules, the applied force is at a high

level. After the rupture of the flap, unloading is performed to install the extension. The
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Figure 5.27: Development of a flap due to clamping of the outer hull in Experiment 6.

Figure 5.28: Ripped outer hull after indentation of the inner hull (left). The remaining flap
in the inside of the box can be seen in the right image.

Figure 5.29: Nonsymmetric deformation of the inner hull (left) and shape of the stiffener after
rupture (right).

path is recovered very well for lower forces, but there is a slight mismatch at the end of the
reloading. This is probably caused by repositioning the flap during the unloading process.
The inner hull ruptures at a total displacement of 430 mm and a force of 590 kN. Due

to the granules, an additional layer of approximately 20 mm has built up.
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5.3 Experiments with stiffener

Comparison with Experiment 5 Figure 5.30 shows a plot of the energy over the displace-
ment. As before, the vertical lines indicate the rupture positions of the shells. During the
loading of the outer hull, Experiment 6 – with granules – only requires a very small amount
of additional energy. Further, as in the first four experiments, we observe an increase in
energy after the rupture of the outer hull, while Experiment 5 remains on a plateau. The
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Figure 5.30: Dissipated energy for the experiments with stiffener, with and without granules.

detachment of the flap can be observed as a bend in the curve. Finally, the introduced
energy until rupture of the outer hull is 136 kNm for Experiment 6 and 60 kNm for Exper-
iment 5, respectively. This is a significant increase of 126 %. The rupture position for the
outer hull is nearly the same. Thus, this result is strongly dependent on the displacement
of rupture for the inner shell. However, the advantage during the translation through the
box is clearly visible.
The displacement of the centre of the inner hull is shown in Figure 5.31. During the first

millimetres of the indentation, there is no difference between Experiment 5 and 6. Then,
the inner hull undergoes an additional displacement with the granules. After rupture of
the outer hull, the experiment with granules maintains the loading on the inner hull, while
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Figure 5.31: Displacement of the centre of the inner hull for Experiment 5 and 6.
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Experiment 5 reduces its load. During the loading of the inner hull, the layer of granules
decreases. This seems to happen because the flap – see Figure 5.28 right – is not clamped
during the whole indentation process. Thus, the particles are dragged away.

5.3.3 Experiment 7
As the last aspect, the filling of the structure with a different type of granules will be
investigated. To do so, Danamol is chosen. This material is chosen because its experimental
results – see Section 3.1 – differ significantly from Poraver. Due to its different bulk density
and void ratio, the increase in load carrying capacity is different. Thus, we expect a
higher stiffness for the entire structure, resulting in more energy dissipation. The research
question to be answered is whether the stiffer granules lead to a thicker layer of granules
and therefore result in an earlier rupture of the inner hull.
The force-displacement curve of this experiment can be seen in Figure 5.32. The outer
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Figure 5.32: Force-displacement curve for the box with stiffener and Danamol as filling ma-
terial.

hull ruptures at a displacement of 140 mm and a force of 620 kN. The stiffness of the
structure until there is similar to the experiment with Poraver as filling material. After
the initial rupture of the outer hull, the rupture develops differently from the experiments
before, which can be seen in Figure 5.33. A flap is observed, clamped between the in-
denter and the granules, but the rupture of the flap does not only occur at the surface
of the outer hull far to the indenter. There is also an additional crack growing under the
indenter, covered by the granules in the images. Eventually this smaller flap ruptures at
a displacement of 300 mm and a force of 610 kN. During the transition through the box,
the force rises fast, leading to the conclusion that the granules and flap carry a lot of load.
Eventually, the inner hull ruptures at a displacement of 360 mm and a force of 590 kN.

Due to the flap from the outer hull, the loading is slightly nonsymmetric, as can be seen
in Figure 5.34. The rupture pattern of the inner hull is similar to the other experiments.

Comparison with Experiment 5 and 6 The energy dissipation is shown in Figure 5.35.
Danamol further increases the stiffness of the entire structure penetrating the outer hull.
After rupture, the energy needed to drive through the granules and tear off the plate is
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5.3 Experiments with stiffener

Figure 5.33: Rupture pattern of the outer hull, from top left to bottom right, during the
indentation process.

Figure 5.34: Nonsymmetric deformation of the inner hull with Danamol (left) and the final
shape of the stiffener (right).
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Figure 5.35: Dissipated energy for the experiments with stiffener. Danamol results in a faster
increase, but the inner hull ruptures earlier than with Poraver.

higher. Finally, a rupture energy of 152 kNm for the inner hull is reached. This is an
increase of 153 % compared to the empty box – Experiment 5 – and 12 % compared to
Experiment 6.

85



5 Experimental investigation

0 100 200 300 400 500 600
0

50

100

150

200

Displacement in mm

D
isp

la
ce

m
en

t
in

m
m

Experiment 5
Experiment 6
Experiment 7

Figure 5.36: Displacement of the centre of the inner hull. Experiment 7 shows a thicker layer
of granules using Danamol compared to Experiment 6.

A big difference between the two granules can be observed looking at the displacement
of the centre of the inner hull, see Figure 5.36. While the path of the indentation of the
outer hull is similar to Experiment 6, it seems like the granules can transfer a lot more load
to the inner hull afterwards. The spring back after rupture is smaller and the compaction
of the layer is marginal. Thus, the additional layer between the inner hull and the indenter
has a thickness of approximately 80 mm. This explains the early rupture of the inner hull
in terms of total displacement.

5.3.4 Conclusion of experiments with stiffener
The increase in energy dissipation for the experiments with filled double hulls is more than
factor two. The relevant quantities of the experiment are summed up in Table 5.3. To begin

Table 5.3: Overview over rupture positions and dissipated energy for Experiments 5 to 7.

Outer hull Inner hull
Exp uind Fu,ind Eu,ind uind ugran ulocal Fu,ind Eu,ind

5 130 mm 450 kN 28 kNm 405 mm – 125 mm 360 kN 60 kNm
6 125 mm 475 kN 28 kNm 430 mm 20 mm 170 mm 590 kN 136 kNm
7 140 mm 620 kN 41 kNm 360 mm 80 mm 160 mm 590 kN 152 kNm

with, the rupture behaviour of the shells is considered. The displacement of the centre of
the plate is given by uind for the outer hull and ulocal for the inner hull, respectively. The
rupture position is very similar in all three experiments, resulting in a good comparability
regarding the transition through the box and the granules. The local deflection is in the
same range as for Experiments 1 to 4, see Table 5.2. Based on the small data basis, it
was possible to ascertain a tendency towards earlier rupture for structures with a stiffener,
which was also observed in [29, 26].
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5.3 Experiments with stiffener

The increase in stiffness results in a higher force at this displacement for the box with
granules. Danamol seems to be stiffer than Poraver. Thus, the energy until rupture of the
outer hull increases over the experiments.
Looking at the inner hull, a larger local displacement can be observed before rupture.

Experiment 6 and 7 undergo over 160 mm in displacement, while the reference Experiment
5 ruptures after 125 mm. This was also observed in Experiment 3 and 4, where the same
steel was used. This indicates that the additional layer due to the granules mitigates
effects that lead to rupture. On the one hand, the layer prevents direct contact between
the bulbous bow and the inner hull. Thus, defects on the indenter surface cannot trigger
scratches on the surface of the inner hull. On the other hand, it could act as a lubricating
film, such that the load on the shell is distributed more evenly. Since the granules are
compressed to a fine powder, they cannot harm the steel surface.
The additional layer due to the granules is much thicker for Danamol. This coincides

with the experimental results for the uniaxial compression test in Section 4.4.2. Danamol
undergoes a maximum compression of 70 %, while Poraver is compressed 90 %.
Considering the dissipated energy for the whole structure until rupture of the inner hull,

the difference between the two granules is smaller. The higher force against penetration
in Experiment 7 is reduced due to the lower indentation depth of the indenter. This is
caused by the thicker layer of granules in this experiment. Thus, the higher bulk density
and lower void ratio of Danamol increases the stiffness at the cost of indentation depth.
Depending on the counterpart of the collision, this could be a crucial factor, since it is
forced to decelerate faster.
To sum up, an increase of 126 % in energy dissipation is obtained for the granular

material Poraver, which is in the same region as for Experiment 1 and 2, where no stiffener
were used. Using Danamol as filling material, an improvement of 153 % can be obtained.
As seen before in the experiments, the outcome strongly depends on the rupture behaviour
of the shells. Comparing the results using stiffeners with the results using no stiffener, it
appears that the influence of the granules is higher. Thus, the combination of an increase
in resistance – due to the load transfer – and the prevention of buckling appears to be very
promising, and a positive effect on the buckling behaviour of the flat bar can be assumed.

Based on these two experiments, it cannot be recommended to use Danamol as a filling
material instead of Poraver. The slight improvement in energy dissipation comes at the cost
of a lower indentation depth – which may affect the collision counterpart. Furthermore,
the mechanical properties of Poraver are superior to Danamol. The lower bulk density
and its chemical properties make it more suitable for a ship side hull structure.

87



6 Numerical investigation
After obtaining the experimental results, the modelling of the collision behaviour is the
second main part of this thesis. As stated in the introduction, the focus lies on the FEM.
In doing so, it is possible to compute large structures in reasonable time. For this purpose,
the experiments are modelled and simulated using two different material models for the
granules, as described in Section 2.1. A brief overview over some of the numerical results
for Experiment 1 to 4 is presented in [106].
After determining the potentials and drawbacks of the FEM approach, a more realistic

side hull structure will be evaluated numerically. In doing so, the aim is to investigate the
effects occurring due to more stiffeners. Furthermore, possible changes in the geometry
will be evaluated. Here, the application of granules can be used to reduce the double hull
width without decreasing the energy dissipation compared to the original geometry.

6.1 Simplified side hull structure
The simplified side hull structure from Chapter 5 will be investigated numerically. This is
done using the finite element software Abaqus [72]. An explicit time integration method
is applied – which is a common choice for crash and impact simulations. It can handle
non-linearities due to material models, rupture, and friction, and the small time resolution
is favourable for comparisons with experimental data.
The initial model used for the calculations is shown in Figure 6.1. This model has been

used to design the experimental setup with material data from [29] and to perform a mesh
study. The frame – in orange – was designed in such a way that it can be assumed to be
rigid. Thus, it is omitted in later calculations and replaced with fixed boundary conditions.

Figure 6.1: Finite element model used in computation. The orange frame around the hull
structure can be neglected, since it can be assumed to be rigid.
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A mesh study, performed a priori, results in the shown mesh with a total amount of 18524
elements for the double hull structure and 147000 elements for the granules. Due to the
nonsymmetric rupture of the plates, the symmetry seen in Figure 6.1 cannot be used –
and it is necessary to consider a full model. On the one hand, the computational cost is
reduced due to omitting the frame, but, on the other hand, is increased by using a full
model. Eventually, only the box, in grey, the granules, and the indenter are considered in
the simulation.
The steel parts are modelled using four-noded shell elements with reduced integration,

five integration points through the thickness, and a Reissner-Mindlin formulation. The
material parameters are obtained in Section 4.5. The granules are modelled using contin-
uum elements – here eight-noded hexahedral elements – with reduced integration. The
material models in use are either Mohr-Coulomb or hypoplastic material behaviour, see
Section 2.1. An analytical description is used for the indenter, thus assuming it to be
rigid. In doing so, the computational cost is reduced due to fewer elements and due to a
simplified contact detection.
The contact between the different parts is enforced with a predictor/corrector algorithm,

see [73]. In normal direction, no penetration is allowed, and a frictional contact is assumed
in tangential direction, based on the friction coefficients given in Section 4.3.
To reduce the computational cost, the time span of the indentation is reduced. In the

experiments, the indenter moved with a velocity of 0.2 mm/s, allowing for an adequate
data acquisition and for reaction time in the case of an unexpected event. Here, the
entire indentation process is simulated in a smaller time period. In doing so, a quasi-
static behaviour is observed, as for longer time spans, without introducing any significant
dynamic effects. Testing several time spans, 0.5 s was found to be the optimum.
The following section focuses on comparing the simulations without granules. This will

give an impression of the determined material parameters for the steel. Thus, Experiment
1, 3, and 5 are simulated. This is followed by modelling the granules. The potential of
this method is of particular interest since the use of the DEM is computationally very
expensive. Thus, being able to perform most of the simulation with the FEM is preferable.

6.1.1 Simulations without granules
First, the models without granules are compared with the simulations. As they will be
used for comparisons with simulations including granules, the computations are denoted
as reference configurations. Since different steel parameters are determined, Experiment 1
and 3 are simulated individually.

Experiment 1

In Figure 6.2, the force-displacement curve of the numerical simulation is compared with
the experimental data. Using the parameters for steel from the previous section, a very
good agreement is observed regarding the slope of the curves for both the outer and the
inner hull. Also, the contact with the inner hull is at the same position, and the force
applied after rupture of the outer hull is similar.
The critical aspect is the rupture of the plates. There is a good agreement for the inner

hull, with a mismatch of 12 mm for the location, while the maximum force is underesti-
mated by about 5 %. However, a look at the outer hull reveals that the results are not
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Figure 6.2: Comparison of the force-displacement curve for the first experiment with the
simulation.

quite as good. The maximum force is similar to the inner hull, but the rupture occurs
much earlier than in the experiment. This supports the conclusion made in Chapter 5,
that the behaviour for the very first indentation of the hull is an outlier.
This difference in rupture force and position leads to a shift in the dissipated energy

curve, see Figure 6.3. The shape is similar, and both curves in the simulation are very
similar until rupture of the outer hull. However, the total amount of energy until rupture
of the inner hull is approximately 23 % lower for the simulation. Looking only at the inner
hull – measuring the increase in energy after rupture of the outer hull – both are close to
each other, with an energy of 42 kNm for the simulation and 33 kNm for the experiment,
respectively. This shows that the elasto-plastic deformation of the model is covered quite
well, emphasising the aspect of the rupture mechanism.
Taking a closer look at the rupture behaviour, a flap is observed for both hulls. It

develops quite fast, but not as sudden as for the outer hull in the experiment. This is
shown in Figure 6.4. The calculated strain is in agreement with the measured values and
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Figure 6.3: Comparison of the dissipated energy during the first experiment. The main differ-
ence in the curves is due to the rupture position of the outer hull.

90



6.1 Simplified side hull structure

the pattern on the surface, see Figure 5.7. The final shape of the flap can be seen in Figure
6.5. Compared to the experimental result, see Figure 5.6, the hinge is smaller and located
on the other side – which is not crucial, since this setup is axisymmetric.
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Figure 6.4: Strain distribution of the inner hull in the simulation at the beginning of rupture.
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Figure 6.5: Shape of the inner hull after indentation with the bulbous bow and its strain
pattern for Experiment 1.

Experiment 3

Compared to Simulation 1, the only changes in the model are the material properties of
the steel, especially regarding the rupture behaviour. The force-displacement curve can be
seen in Figure 6.6. The overall agreement compared to Simulation/Experiment 1 is much
better. The slope and the behaviour after rupture are very similar to the experiment.
Looking at the inner hull, the peak force is slightly overestimated and the indentation
depth at rupture is slightly higher, but in a good agreement. The outer hull ruptures
too early – and therefore with a smaller force – compared to the experiment. The error
is approximately 11 % for the peak force and indentation depth. Due to this smaller
mismatch – compared to Simulation/Experiment 1 – the dissipated energy is closer to the
experimental results, see Figure 6.7. Looking only at the simulation, the higher peak force
to penetrate the inner hull could be caused by frictional contact between the indenter and
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Figure 6.6: Comparison of the force-displacement curve for Experiment 3.
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Figure 6.7: Dissipated energy of Simulation 3 compared to Experiment 3.

outer hull. Before the indenter comes into contact with the inner hull at a displacement
around 280 mm, the force required to push through the structure is approximately 30 kN.
This frictional contact remains while pushing through the inner hull, resulting in the higher
total force.

18 kNm are required to push through the outer hull and 54 kNm in total are dissipated
during the indentation process until rupture of the inner hull. A more precise prediction
of the rupture of the outer hull would improve the prediction of the absorbed energy.
Taking into account the other experimental results, it is more likely that the variation in
the experiments is the reason for this mismatch. However, since only a limited amount of
experimental data is available, it is hard to give a final conclusion.
The development of the rupture is similar to Simulation 1, as can be seen in Figure 6.8

compared to Figure 6.5. Both hulls exhibit a flap that is pushed away. The development
starts at the long side of the box, expanding in circular direction. While the hinge is
located on the short side of the box in most of the experiments, see Chapter 5, it appears
on the long side in this case. The measured strain values coincide with the results from
the experiments.
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Figure 6.8: Shape of the inner hull after indentation with the bulbous bow and its strain
pattern for Experiment 3.

Experiment 5

For the simulation of the experiment with a stiffener, the influence of the mesh size at the
stiffener was determined beforehand. In doing so, it could be determined that the same
mesh size as for the plates is suitable. This avoids possible mesh dependencies due to the
rupture criteria. The force-displacement curve is shown in Figure 6.9. Starting with the
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Figure 6.9: Force-displacement curve for the comparison of an empty box with stiffener in
Experiment 5.

outer hull, the increased stiffness is covered very well. The small kink in the curve due
to the buckling of the stiffener is close to the location in the experiment. The rupture
occurs a bit earlier, and therefore with a lower force. In the simulation, the rupture is not
as sudden as in the experiment. Thus, the indenter needs more time and force to push
the sheets away. The final rupture pattern of the outer hull can be seen in Figure 6.10.
Compared to the experimental results in Figure 5.25, the rupture path is similar.
Due to the longer time needed, the behaviour after rupture is shifted slightly. Thus, the

path is similar, but the force in the simulation is higher until the inner hull is reached.
After coming into contact with the inner hull, the slope is matched very well. The rupture
point and breakage force are overestimated by approximately 11 %. After rupture of the
inner hull, the drop in force is more similar to Experiment/Simulation 3. The dissipated
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Figure 6.10: Rupture of the outer hull (left) and folding of the stiffener (right) of Simulation
5. Compare to experiment in Figure 5.25.
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Figure 6.11: Comparison of energy dissipation for Experiment 5 and Simulation 5.

energy is shown in Figure 6.11. Due to the force plateau in the simulation after rupture
of the outer hull, the simulation overestimates the energy dissipation by about 18 %.

Conclusion on simulations without granules

The numerical values obtained by the simulation are shown in Table 6.1, as done for
the experiments in Table 5.2 and 5.3. Comparing these with the experiments, it can be
stated that the total amount of dissipated energy for the simulations without stiffener is
underestimated, while the case with a stiffener shows an overestimation. Compared to the

Table 6.1: Rupture positions and dissipated energy for simulations without granules.

Outer hull Inner hull
Sim uind Fu,ind Eu,ind uind ugran ulocal Fu,ind Eu,ind

1 135 mm 400 kN 22 kNm 425 mm – 145 mm 440 kN 64 kNm
3 130 mm 350 kN 18 kNm 420 mm – 140 mm 380 kN 54 kNm
5 115 mm 360 kN 19 kNm 420 mm – 140 mm 390 kN 79 kNm
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experiments, the indentation depth at rupture is distributed more uniformly between the
simulations and occurs at a local displacement between 130 mm and 145 mm for metal
sheets without stiffener. As seen in the experiment, the stiffener increases the overall
stiffness, while reducing the indentation depth until rupture. This was also observed in
other experiments and simulations [29]. The second batch of steel has a lower maximum
force, which was also observed in experiments. The behaviour between the outer and inner
hull within a simulation is opposite to that in the experiments. There, the outer hull
exhibits a higher maximum force, while in the simulations, it is the inner hull that carries
a higher load. This could be caused by the surface of the indenter in the experiment, which
is damaged due to the transition through the outer hull. These small scratches are not
modelled in the simulation. The difference in peak force for the outer hull and inner hull
is between 30 kN and 40 kN in the simulations. This is mainly caused by the frictional
contact between the indenter and the flaps of the outer hull after its penetration.

6.1.2 Simulation with granules
Using granules as filling material, a total number of four experiments have to be simulated.
The models are the same as in the previous section, with an added block of granules inside
the box. For the friction between the steel and the granules, the values from Table 4.4 are
chosen. For the material properties, the parameters obtained in Chapter 4 are compared,
using two different material models and the initial and fitted parameter sets.

Experiment 2

Figure 6.12 shows the force-displacement curves of the different simulations. First, the
results from the Mohr-Coulomb material model are compared. The orange curve shows
the simulation using the initial material parameters obtained in Section 4.2, while the blue
curve shows the results with the parameters fitted to the uniaxial compression test, see
Section 4.4. With both parameter sets, we are not able to simulate the whole indentation
process. The complex crushing behaviour of the particles cannot be covered using the
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Figure 6.12: Force-displacement curve of Simulation 2 with two different material parameter
sets using the Mohr-Coulomb material model for the granules.
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Mohr-Coulomb material model with hexahedral finite elements. Thus, the simulation
stops due to mesh distortion. However, this happens at a point where the DEM would be
applied for the particles using the coupled approach. Therefore, it is possible to account
for the advantages and disadvantages using the FEM only.
The initial material parameters for Mohr-Coulomb overestimate the peak and position

of the rupture at the outer hull around 13 %. Up to there, the stiffness of the structure is
matched very well. After rupture of the outer hull, the drop in force is more rapid than
in the experiment, with a lower force during the transition through the granules. Still, a
decrease is observed – especially where the force increases again in the experiment, at a
displacement of 200 mm. Using the optimized parameter set, the peak force and rupture
position are similar. Compared to the experiment and the initial parameter set, only the
stiffness is slightly higher. After the sudden rupture, the force level is higher than with
the initial parameters. In fact, it is slightly above the experimental data. As for the other
simulation, no increase in force is observed.
Figure 6.13 shows the model after rupture of the outer hull: the left-hand side shows the

simulation with granules (not displayed here) as well as the indenter – and the right-hand
side shows the simulation without granules for comparison. In both pictures, the indenter
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Figure 6.13: Rupture of the filled box (left) and empty box (right) for the indentation of the
outer hull. The granules are not depicted in this image. Note the deflection of the inner hull
in the left image due to the load transfer of the granules.

moved 250 mm into the structure. The left-hand side shows a displacement of the inner
hull, because of the transmitted force due to the granules. In the left picture, the sheet
under the indenter is fully ruptured in a circular shape. As in the experiment, the initial
flap is clamped between the granules and the indenter. Since no defects on the surface of
the metal plates are modelled, the crack propagation occurs more evenly, leading to the
round shape of the flap, instead of an edge that is attached to the remaining box. Figure
6.14 allows for a closer look, comparing the simulations with and without granules. In the
left picture with granules – again not shown – all elements connecting the flap to the sheet
exhibit the failure criterion. The failure strain corresponds to the values measured using
DIC.
Figure 6.15 shows the displacement of the centroid at the inner hull. Until the rupture of

the outer hull, the displacement is matched well, with an increasing error while approaching
the rupture. The optimized parameter set is closer to the results from the experiment.
The reduction in displacement after rupture of the outer hull is not as strong as in the
experiment, but it can be observed in simulations. The reason for this can be determined
by the modelling using a homogeneous block of granules. Thus, the elements close to
the indenter cannot be pushed away. Thus, a tension state can be observed for some
elements close to the indenter, which does not physically correspond to the behaviour of
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Figure 6.14: Close view on the rupture of the filled box (left) and the empty box (right) for
the outer hull in Simulation 1 and Simulation 2.

0 100 200 300 400 500 600
0

20

40

60

80

100

Displacement in mm

D
isp

la
ce

m
en

t
in

m
m

Experiment 2
Sim. 2 initial
Sim. 2 optimized

Figure 6.15: Displacement of the centroid at the inner hull during the indentation process for
Simulation 2 using the Mohr-Coulomb material model.

the granules. After the drop, again, the optimized parameter set is closer to the experiment,
thus representing the transmitting of the force to the inner hull in a better way.
Taking a look at the dissipated energy, the results are very similar to the experiment,

since the force-displacement curve is matched very well. The plot can be seen in Figure
6.16. Compared to the reference experiment, Experiment 1, the numerical results are more
satisfying. Since the force level after rupture of the outer hull does not drop to zero, the
influence due to mismatch in position and maximum force is smaller for the experiment
and the simulation with granules.

Hypoplastic material model Using the hypoplastic material model leads to the force-
displacement curve shown in Figure 6.17. As before, the initial and the optimized param-
eter set for the material model is shown. Compared to the Mohr-Coulomb material model
in Figure 6.12, this material model has more difficulties to simulate the indentation process
after the rupture.
Taking a look at the simulation with the initial parameter set in Figure 6.17, the peak

force is matched very well, and the position of the rupture for the outer hull is also in a
good agreement. During the loading of the outer hull, the increased stiffness due to the
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Figure 6.16: Dissipated energy over displacement for the two different parameter sets of
granules using the Mohr-Coulomb material model.
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Figure 6.17: Force-displacement curve of Simulation 2 with two different material parameter
sets using the hypoplastic material model for the granules.

granules is slightly too high. This is captured using the optimized parameter set more
accurately, but with the drawback of a lower peak force.
After rupture of the outer hull, both parameter sets underestimate the resistance force

due to the granules. The failure of the simulation shortly after the rupture is caused by
distorted elements.
The displacement of the centre of the inner hull during the loading of the outer hull

is shown in Figure 6.18. Compared to the Mohr-Coulomb results, the initial parameter
set provides a better estimation of the displacement until the outer hull ruptures. After
rupture of the outer hull, the elastic spring back is larger than with the Mohr-Coulomb
material models. The optimized parameter set transfers less load to the inner hull, re-
sulting in a smaller displacement than in the experiment. This – as already shown in the
simulation of the triaxial compression test, Section 4.2 – indicates a behaviour that is too
soft. Apparently, the optimization process governing the material parameters using only
the uniaxial compression data is not as suitable for this material model as it is for the
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Figure 6.18: Displacement of the centroid at the inner hull during the indentation process for
Simulation 2 using the hypoplastic material model.

Mohr-Coulomb model. Maybe the data provided by the uniaxial compression test is not
able to identify the parameters correctly, since the hypoplastic material model has more
variables. The inferior result of the optimized hypoplastic material parameter set for the
triaxial test in Section 4.2.3 supports this explanation.

Experiment 4

The simulation of Experiment 4 is very similar to Experiment 2. Thus, what follows
are a brief overview of the numerical results and a discussion of the differences caused
by the different material data for the steel. The properties of the granules are the same
as for Experiment 2. The force-displacement curve is shown in Figure 6.19. As before,
the results for the two different parameter sets of the granules using the Mohr-Coulomb
material model are depicted. The rupture of the outer hull occurs at the same position as
in the simulation without granules – compare Figure 6.6. Compared to the experimental
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Figure 6.19: Force-displacement curve of Simulation 4 with the two material models and its
parameter sets.
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results, it ruptures too early. For both Mohr-Coulomb curves, the increase in stiffness
while loading the outer hull is covered very well. After rupture, the observed force plateau
is estimated more accurately using the optimized parameter set.
As in the simulation for Experiment 2, the displacement of the centre of the inner

hull is underestimated, see Figure 6.20. During the first 50 mm, both Mohr-Coulomb
parameter sets match the experiment very well. Then, the displacement of the inner
hull is lower compared to the experiments. Thus, the granules reach a higher level of
compaction in the numerical simulation. The optimized Mohr-Coulomb parameter set is
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Figure 6.20: Displacement of the centroid at the inner hull during the indentation process for
Simulation 4.

closer to the experimental result. As shown before, the rupture position differs from the
experiment. Thus, the position in drop of displacement is not matched. However, a kink
at the numerical rupture and the observed drop in displacement is visible, but smaller than
in the experiment.
Figure 6.21 shows the dissipation in energy. Both Mohr-Coulomb parameter sets match

the experimental results during the loading of the outer hull very well, as already seen in
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Figure 6.21: Dissipated energy over the displacement for the two different parameter sets of
granules in Simulation 4.
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Experiment 2. Due to the unmatched indentation depth at rupture, the flattening in the
numerical simulations occurs at an earlier position than in the experiment. The slope after
rupture is covered better using the optimized parameter set. The initial Mohr-Coulomb
parameter lacks of energy dissipation after rupture.

Hypoplastic material model Using the hypoplastic material model, the mismatch re-
garding the hull rupture increases as compared to the Mohr-Coulomb material model,
see Figure 6.19. The initial parameter set shows a slightly better agreement with the
experimental results regarding the overall stiffness of the structure, while the optimized
parameter set is too soft. After rupture in the model, both simulations with hypoplastic
material model have a lower – but similar – force plateau as compared to the Mohr-Coulomb
material model. As seen before, the robustness of this material model regarding element
distortion is inferior compared to the Mohr-Coulomb model.
The soft behaviour of the optimized parameter set can also be seen from the displace-

ment of the centre of the inner hull in Figure 6.20. While the initial parameter set for
the hypoplastic material model performs slightly better than the Mohr-Coulomb material
models, the optimized parameter set underestimates the displacement much more.
Considering the dissipated energy, the hypoplastic material models as well as the Mohr-

Coulomb material model are a very good choice until the rupture of the outer hull. The
main influence on the kink in the curve is related to the rupture behaviour of the steel mod-
elling. After rupture, the lower resistance of the granules using the hypoplastic material
model results in an underestimation of the required energy.

Conclusion on simulations with granules without stiffener

Summarizing, and taking into account the results from Experiment 2, the numerical be-
haviour is similar – regarding the rupture mechanism and pattern as well as the influence of
the two material parameter sets for the Mohr-Coulomb material model. Both sets reflect
the influence during the indentation of the outer hull very well, and the differences are
minor. After rupture, the optimized parameter set performs slightly better, comparing the
force needed to push through the granules and the displacement of the inner hull in this
situation.
The hypoplastic material model using its initial parameter set results in a slightly better

agreement until rupture of the outer hull. Especially the load transferred to the inner hull
is matched more accurately. Considering the optimized parameter set, even the Mohr-
Coulomb model with its initial material parameters performs in a better way. This could
be resolved using additional data for the optimization process, but would make the entire
identification process more expensive – especially considering the disadvantages regarding
the general computation time, compared to the Mohr-Coulomb model, and its higher
sensitivity undergoing mesh distortion.
Overall, the main factor for a good estimation of the dissipated energy is the rupture

position of the outer hull. This was already observed in the previous section without gran-
ules and could also be observed here. With a matching indentation depth at rupture, the
energy dissipation of the optimized Mohr-Coulomb parameter set would be very satisfying
for the simulation, including indentation depths, where the use of the DEM is intended.
Regarding the hypoplastic material model, more effort would have to be invested in pa-
rameter estimation and simulation stability in order to obtain a reasonable advantage over
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the Mohr-Coulomb material model. In fact, it is not possible to compute the whole in-
dentation process, since the FEM used here cannot cover the distortion of elements in the
later state of the experiment. Thus, switching to the DEM is recommended if the indenter
comes into contact with elements of granules.

Experiment 6

The experiment with a stiffener was carried out with two different granules. Here, we will
investigate the numerical results using Poraver. Again, both parameter sets for the Mohr-
Coulomb material model are shown for the simulation of the force-displacement curve, see
Figure 6.22. It is found that the increase in stiffness of the overall structure during the
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Figure 6.22: Force-displacement curve of Simulation 6 with two different material models and
two parameter sets each.

loading of the outer hull is covered very well by both parameter sets. As in the simulation
without granules, the initial rupture position is too early, but the force still increases
afterwards. A drop in force is observed at a displacement of approximately 180 mm for the
optimized parameter set, while the simulation with the initial parameter set is not able to
compute up to this point. The displacement at the drop in force is similar to the numerical
results without granules, seen Figure 6.9.
The rupture pattern for the outer hull is similar to the results without granules, see

Figure 6.23. The left image shows the final deformation of the outer hull at the end of the
calculation with the optimized parameter set. The cut develops parallel to the stiffener,
eventually leading to branches perpendicular to the stiffener, after the stiffener ruptures.
Compared to the simulation without granules – see Figure 6.10 – the buckling of the
stiffener is hindered, as can be seen in the right image of Figure 6.23. Thus, the intended
influence due to the granules on the stiffener can be observed.
The dissipation in energy during the simulation matches the experiment until rupture

of the outer hull, see Figure 6.24. Both Mohr-Coulomb material parameter sets are very
similar. After rupture, the plateau in force results in an overestimation, compared to the
experiment, for both. Comparing the displacement of the centre of the inner hull, the
displacement is underestimated, starting with the rupture of the stiffener. This can be
seen in Figure 6.25.
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Figure 6.23: Rupture of the outer hull (left) and the stiffener (right) in Simulation 6. Compare
to experimental results in Figure 5.27 and Figure 5.28.
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Figure 6.24: Energy dissipation during the indentation process of Simulation 6.
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Figure 6.25: Displacement of the centroid at the inner hull during the indentation process for
Simulation 6.

Hypoplastic material model Taking a look at the hypoplastic material model, the initial
parameter set performs, as seen before, better than the optimized parameter set. Compared
to the Mohr-Coulomb material model, it estimates the stiffness of the structure slightly
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better, see Figure 6.22. The rupture of the outer hull occurs at the same position as for
the other material model, and an increase in force after rupture can be observed as well.
The simulation using this material model fails shortly after the rupture of the outer hull.
Considering the dissipated energy, the initial parameter set is closer to the experiment,

see Figure 6.24. However, all simulations are very close to the experiment until rupture
of the outer hull. The displacement of the centre at the inner hull – see Figure 6.25 – is
matched better by the initial parameter set. Nonetheless, the displacement is underesti-
mated for both, and the Mohr-Coulomb material parameter sets seem to perform better.

Experiment 7

In order to investigate the influence of the chosen method on the modelling of the granules,
the second type granule is simulated in the following. The material parameters for Danamol
are given in Table 4.1 and Table 4.2, based on experiments, and in Table 4.7 and Table
4.8 based on the numerical optimization for the uniaxial compression test.
Figure 6.26 shows the corresponding force-displacement curves. Starting with the Mohr-

Coulomb material model, a good match of the structure’s stiffness is observed for both
simulations. Both parameter sets yield similar results until the rupture of the outer hull.
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Figure 6.26: Force-displacement curve of Simulation 7 with two different material models and
its parameter sets for the granules.

The position and force of this event is underestimated, and an increase in force is observed
in the simulation after this event – due to the interaction with the remaining flap until it
finally ruptures. Compared to the experiment, the drop in force after the initial rupture
is not present, and the increase in force starts directly after the initial rupture. The finial
rupture of the flap occurs earlier than in the experiment and with a higher drop in force.
The rupture mechanism is similar to the rupture behaviour observed in the simulation in
the previous section – see Figure 6.23. The folding of the stiffener is more pronounced
than for Poraver, which is in contrast to the experimental results, but can be explained
by the obtained material parameters used for the simulation. The Young’s moduli for the
initial parameter set and for the optimized parameter set are smaller than for Poraver, see
Chapter 4.
Taking a look at the dissipated energy – shown in Figure 6.27 – the estimation is rea-

sonable. The influence of the different rupture positions compared to the experiment is
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Figure 6.27: Energy dissipation during the indentation process of Simulation 7.

reflected due to a slight mismatch for higher indentation depths. Nonetheless, it is a good
estimation for comparison with the simulations without granules.
Figure 6.28 shows the displacement of the centre of the inner hull. Both Mohr-Coulomb

material sets cover the displacement up to 50 mm displacement very well. After this
point, the displacement is slightly underestimated. At the point of the rupture of the flap,
at approximately 200 mm, a spring back is observed. In the experiment, however, this
was observed at the initiation of the rupture. Altogether, the initial parameter set for
Mohr-Coulomb performs better than the optimized set.
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Figure 6.28: Displacement of the centroid at the inner hull in Simulation 7.

Hypoplastic material model The use of a different material model leads to the force-
displacement behaviour shown in Figure 6.26. Compared to the Mohr-Coulomb material
model, both parameter sets cover a smaller indentation depth. The stiffness of the initial
parameter set matches well with the experiment, while the optimized parameter set is too
soft. The rupture occurs at the same position as in the other material model, before the
rupture in the experiment and at a lower indentation force. The force does not drop after
rupture, but remains almost constant.
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The softer behaviour of the optimized parameter set can also be found in the energy
dissipation plot, see Figure 6.27. The initial parameter set matches the experiment very
well, while the optimized parameters underestimate the dissipated energy. Even more
clearly, the soft behaviour of the optimized parameter set is visible at the displacement
of the inner hull in Figure 6.28. The initial parameter set covers the experimental results
very well, even slightly better than simulations with the Mohr-Coulomb material model,
while the optimized parameter set underestimates the deflection significantly.

Conclusion on simulations with granules and a stiffener

A comparison of the simulations in Experiment 6 and 7 shows a good agreement regarding
the estimation of the stiffness of the double hull structure. Looking at the two different
material models, the Mohr-Coulomb is preferred with regard to numerical stability and
computational time. For both granules – Poraver and Danamol – the force-displacement
curves are very similar for the initial and the optimized parameter set. Differences are
visible in the displacement of the inner hull, where the initial parameter set performs
slightly better. For both granules, the displacement is underestimated with a branch point
that is similar to the experiment.
Using the hypoplastic material model, it is not possible to calculate much further than

the rupture of the outer hull, due to element distortion. Here, the initial parameter set out-
performs the parameters derived by applying an optimization to the uniaxial compression
test. This can be seen in particular at the displacement of the inner hull. The opti-
mized parameter set underestimates the experiment significantly, resulting in a substantial
difference.
At the end, the estimation of the dissipated energy is of major interest. Therefore,

the parameter sets with a better performance, as mentioned in the paragraph before,
are preferable. As remarked in the experiments without a stiffener, the rupture is the
most critical factor. Identifying the rupture parameters for each simulation and each hull
segment separately would result in a better agreement, but would make a comparison
between simulations impractical. Based on this approach, however, it can be stated that
the observed energy dissipation would be covered very well, eliminating the most critical
factor. Especially the Mohr-Coulomb model would lead to very promising results. After
rupture of the outer hull, it is recommended to switch to the DEM, in order to account
for particle crushing.

6.2 Realistic side hull structure
With the information about the modelling of granules obtained in the previous sections,
it is possible to examine the side hull structure of a ship. In order to do so, a part of
a chemical product tanker is modelled. This design was already subjected to an multi-
objective optimization regarding its design variables – such as plate thickness and number
of stiffeners – to identify the competitive optimum [162, 163]. Here, the focus lies on one
structural design, and the collision behaviour with two different granules and their two
parameter sets is investigated. The Mohr-Coulomb material is used for this, since it is of
advantage in terms of efficiency, stability, and results as discussed in the chapter before.
Furthermore, a potential design change using granules is discussed.
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6.2 Realistic side hull structure

Figure 6.29 left shows the cross-section of the midship section. The numbers represent
the plate thickness and the attached profile. The right side of Figure 6.29 shows the finite
element model, where the different sections are represented with different colours.
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Figure 6.29: Panel definition of the midship (left, adapted from [162]) and finite element
model with bulbous bow (right).

As in the simulation for the simplified side hull structure, an explicit time integration is
chosen, using the same finite element solver Abaqus. The entire structure is modelled using
four-noded shell elements with reduced integration, five integration points through the
thickness, and a Reissner-Mindlin formulation. This includes the stiffeners. A rigid body
is assumed for the indenter, and the contact interactions are the same as applied before,
using the friction coefficients obtained in Chapter 4.3. The modelling of the granules with
continuum elements requires more effort in the model creation. The presence of multiple
stiffeners is accounted for with cutouts in the granular blocks in each section of the side
hull structure, resulting in various contact surfaces.

6.2.1 Comparison of materials
In a first step, the potential is evaluated using granules with the hull design shown in
Figure 6.29. The outer and inner hull have a distance of 2m, and the cavity between the
hull is filled with granules. Figure 6.30 shows the resulting force-displacement curves for
Poraver. In addition, the simulation of the empty configuration is depicted.
The vertical lines indicate the rupture of the outer hull and inner hull, respectively.

An improvement in terms of penetration resistance is clearly visible, considering only
the rupture of the outer hull. The empty side hull structure ruptures after 1.36m of
indentation, while the filled structure remains intact until a penetration of 2.48m for the
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Figure 6.30: Force-displacement curve for the double hull structure filled with granules using
Poraver with the Mohr-Coulomb material model.

initial material set and 2.32m for the fitted material set of Poraver. In the further process
of indentation, the inner hull ruptures after 3.4m in the absence of granules, whereas the
filled structure ruptures at 3.4m and 3.2m, respectively. Thus, the presence of granules
does not lead to a significantly lower penetration resistance regarding the penetration
depth. Both material parameter sets for the granules show a similar behaviour.
Considering the resistance force, almost double the force is observed up to the rupture of

the outer hull at around 2.4m – which, as will be shown later on, results in an improvement
in energy dissipation. After the rupture of the outer hull, the resistance force maintains
its level of approximately 60MN until the rupture of the inner hull, which is higher than
in the case without granules.
An interesting fact is the very late rupture of the outer hull for the case with gran-

ules, calling for a closer look at the details. The structure can withstand a 75% higher
indentation depth compared to the empty hull. Comparing the displacements of the two
configurations – see Figure 6.31 – the reason for this behaviour can be identified.
The Figure shows different loading states for the hull with and without granules. For

small indentations up to 1m, the structural behaviour is similar, also visible in the close
force-displacement curves shown before. The following behaviour is observed for higher
indentation depths: the entire structure undergoes a higher deformation if there are gran-
ules present. Comparing e.g. the displacement plots at an indentation depth of 3m, the
structure with a filling shows higher bending of the upper section and a higher deforma-
tion angle from the side section to the ground section. This global deformation results in
smaller local deformations for the outer hull, compared to the empty structure. Thus, the
rupture of the outer hull occurs at a later stage in the simulation. The last image shows
that, for both cases, the inner hull is ruptured at 3.44m indentation depth.
The resulting energy dissipation is shown in Figure 6.33. There, vertical and horizontal

lines indicate the rupture of the outer and inner hull for the simulation with Poraver with
the initial parameter set and, for comparison, the empty structure. The improvements due
to the granules are significant. Considering the rupture of the outer hull, an increase in
dissipated energy of a factor of nearly 5 is observed, due to the higher resistance force and
the late rupture. The outer hull of the empty structure ruptures after an energy input of
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Figure 6.31: Displacement of the double hull structure: simulation without granules in the
top row and simulation with granules in the bottom row using the initial material parameters
for Poraver. Four different indentation depths are shown. From left to right: 1m, 2m, 3m,
and 3.44m, which is the last step before failure of the model with granules.

17MNm, while the filled variant can withstand 82MNm. Compared to the reference con-
figuration, this is approximately the energy needed to indent the entire side hull structure
– the outer and inner hull. The inner hull of the empty structure ruptures at an energy
input of 85MNm, and the filled setup exceeds this with 137MNm. This is an improvement
of 61%, which coincides with the results obtained for the simplified double hull structure.
For the second granular material, the force-displacement curves shown in Figure 6.32 are

obtained. As already seen in Section 6.1.2, the force-displacement curves are similar to the
results using Poraver. This is consistent with the very similar material parameter obtained
for small compression ratios. The influence of the optimization for the material parameter
is small regarding the loading path and energy dissipation, see Figure 6.33. Compared to
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Figure 6.32: Force-displacement curve for the double hull structure filled with granules using
Danamol with the Mohr-Coulomb material model.
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Figure 6.33: Energy dissipation for the double hull with different material models and its
parameter sets using the Mohr-Coulomb material model.

Poraver, the material parameters are more sensitive for the continuum elements, so the
model is not able to calculate the whole indentation process.
Concluding, the presented simulations show an advantage regarding the filling of the

cavity between the double hull structure. Especially the load transfer to the inner hull and
load distribution contributes considerably to collision safety. Due to the support of the
outer hull, the local indentation is mitigated and the rupture of the outer hull is delayed.

6.2.2 Changes in hull design
As the last aspect, the potential of changing the double hull width of a ship will be
investigated. The increase in energy dissipation shown before can be used to reduce the
span between the outer and inner hull, aiming for the same energy dissipation compared to
a void structure. In the following, the width will be reduced up to 30%, which is the limit
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6.2 Realistic side hull structure

so as not having to alter the inner structure and to leave enough space for the granules.
In doing so, hull widths of 1.4m, 1.6m, and 1.8m are simulated in addition to the original
model.
Figure 6.34 shows the force-displacement curves for these variations, as well as the

structure without granules. All four hull widths lead to the same increase in stiffness for
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Figure 6.34: Force-displacement curves for different hull widths using the Mohr-Coulomb
material model.

the side hull section. Small differences can be found for the rupture of the outer hull, which
occurs earlier for the smaller hull widths, but the results are close. After rupture of the
outer hull, the curves are more distinguishable. The narrower hull widths carry more load,
since there is less soft granular material in between, until the engagement of the inner hull.
However, this results in the drawback of an earlier rupture of the inner hull for smaller hull
widths. Thus, the penetration depth is reduced from 3.4m, for a width of 2m, to 3m for a
width of 1.4m. The reduction in hull width does not correlate directly with the reduction
in penetration depth. The reason for this can be found in the overall behaviour of the
structure, which can be seen in Figure 6.35. Compared to the displacement for the width
of 2m, see Figure 6.31, the structure undergoes a stronger deformation before rupture of
the inner hull.
In terms of energy dissipation, the differentiation in the designs is due to the time of

rupture for the inner hull, see Figure 6.36. As worked out before, the 2m hull dissipates
137MNm until rupture. For smaller widths, this is gradually reduced to 116MNm for
1.4m hull width. Thus, the advantage compared to the empty structure is still retained
with an increase of 34% in energy dissipation.
This shows the potential of using granules as a reinforcement material in the design stage

of a ship. A reduction in hull width can be considered without decreasing the penetration
resistance, leading to more space for goods. In doing so, changes in structural behaviour
can be taken into account in the design stage, so as to fulfil all concurrent requirements
for ship safety due to the change in geometry.
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Figure 6.35: Displacement of the double hull structure with a hull width of 1.4m with granules
and initial material parameters for Poraver. Four different indentation depths are shown. From
left to right: 1m, 2m, 3m, and 3.44m, which is the last step before failure of the model with
granules.
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Figure 6.36: Energy dissipation for the double hull with different hull widths using the Mohr-
Coulomb material model.
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7 Conclusions and Outlook
The focus of this thesis was on studying the opportunities of using granules as a filling
material for double hull stuctures. The investigation began with the identification of
suitable materials for application in the ship industry. Based on environmental, economical,
and mechanical requirements, lightweight natural materials, such as expanded glass, were
found to be worth investigating.
In order to describe their mechanical properties, several tests were performed. On the

one hand, tests based on single grains were carried out. To do so, a statistical model was
derived to cover the distribution of diameter, crushing strength, and Young’s modulus using
material-dependent parameters. This leads to a combined three-dimensional distribution
with a total of nine parameters describing a granular material. Eventually, this leads to
a DEM-application, where this model was used to generate grain parameters in a parallel
thesis.
On the other hand, the bulk behaviour of the granules was determined. A uniaxial

compression test was introduced for this purpose, in order to determine the strength of
the granules. This served to identify suitable materials and to optimize and validate
the obtained material parameters. In order to obtain the material parameters, triaxial
compression tests, oedometer tests, and friction tests were performed. For the latter, an
experimental setup was developed. These tests revealed that the grains undergo crushing
and fragmentation when subjected to loads beyond a threshold value.
Based on this work and on knowledge obtained about the granules, a collision scenario

was designed for experimental testing. A simplified side hull structure was designed in
order to confine the granules in a box between the outer and inner hull. A total of seven
experiments were performed. A first series of experiments compared a filled and an empty
structure with two different boundary conditions. Subsequently, a second series of exper-
iments with an added stiffener to the structure and an additional granular material was
carried out. The energy dissipation until rupture of the inner hull was chosen to quantify
the improvements due to the filling of the cavity.
The first set of experiments showed an improvement by 22% to 150%. This spread in

results is caused by the rupture behaviour of the steel plates. This behaviour is strongly
dependent on the rupture initiation, which is driven by defects and abrasion at the indenter
surface, as well as on the plates developed during the indentation. Averaging the rupture
initiation over the experiments, a realistic estimation of 60% increase in energy dissipation
was found to be reasonable using expanded glass granules as filling material.
The second set of experiments considered an additional stiffener on the outer hull through

the box with granules. For the expanded glass granules, an increase in energy dissipation of
126% was obtained. The presence of the granules prevented a buckling of the stiffener, re-
sulting in additional penetration resistance. Furthermore, an additional granular material
was considered in this experimental set: diatomaceous earth. Judging by the characteriz-
ing tests, this material has a higher compression strength, but other disadvantages. This
leads to a slightly higher improvement in energy dissipation, but reduces the indentation
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depth until rupture of the inner hull. This may affect the collision counterpart, and – due
to its higher bulk density and chemical properties – expanded glass is better suited for use
in ship structures.
To sum up, the granules help to mitigate a collision in three ways. First, a load transfer

was observed –from the outer to the inner hull, starting at the beginning of the indentation.
Thus, the inner hull absorbs collision energy due to deformation. Secondly, the local
indentation of the outer hull is distributed to its surrounding structure. In addition, a
change in rupture mechanism is observed. The outer hull is clamped between the indenter
and the granules, so that extra energy is needed to detach the flap. And, thirdly, the
granules are compressed and crushed close to the indenter, leading to an increased energy
dissipation.

For the numerical simulation of the collision scenario, two material models for the gran-
ules were considered: the Mohr-Coulomb material model on the one hand, and the hy-
poplastic material model on the other. Both are used for soil modelling. The obtained
material parameters from the bulk test were fitted and optimized to these material models.
In addition, a series of tension tests was performed for the steel plates, and the parame-
ters were fitted to the experimental results. This includes failure criteria using a ductile
damage model.
For the empty side hull structure, the simulation results were in a good agreement.

The characteristics of the simulation results were basically the same as in the experiment,
while the differences were due to the different rupture behaviour of the steel plates in the
experiment. Comparing the different simulations, the rupture behaviour of the steel plates
was very similar. Thus, the simulation results can be compared with each other.
Considering the simulations of experiments with granules, a good agreement was ob-

served for the indentation of the outer hull. The use of continuum models with its limita-
tions regarding crushing of particles is not reliable enough after rupture of the outer hull
and the transition of the indenter through the granules. In particular, the computation of
the dissipated energy before rupture of the outer hull matches very well – for both mate-
rial models. After rupture of the outer hull, the results are comparable, but not reliable.
The Mohr-Coulomb material model shows advantages over the hypoplastic material model
with regard to robustness and speed of the computation and its parameter determination.
Thus, despite the fact that the hypoplastic material model shows more realistic results for
other experiments, the use of Mohr-Coulomb material model is preferable, as long as no
crushing or large deformations occur. At a later state of the indentation process, switching
to DEM is recommended, at the latest where the indenter comes into contact with elements
of granules.
In the simulation with a stiffener and two different granules, the results from the previous

paragraph can be transferred regarding the structural response and material models. The
simulation of the second granular material under consideration – diatomaceous earth –
resulted in a good agreement with its corresponding experimental results, validating the
methods derived using the expanded glass material for parameter identification with the
preceding tests.

With the obtained material parameters, it was possible to show a practical application:
the midship of a vessel, with its cavity filled with granules. Using expanded glass granules,
an increase in energy dissipation of 61% was observed. The idea of using this additional
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safety margin to reduce the hull width was presented, in connection with calculations based
on changed hull widths. It was shown, that, despite the fact that the width was reduced
by 30%, an increase in energy dissipation could still be retained compared to an empty,
wider hull. This shows the potential of the idea in ship construction.

In order to further investigate the proposed method and to reduce the uncertainties and
limitations encountered in this thesis, the following ideas and research topics were devel-
oped. The rupture mechanism was found to be a very critical factor in the experiments,
and especially defects and abrasion played a major role. Thus, it is recommended to inves-
tigate the influence of these phenomena. This goes along with the aspect of repeatability of
the experiments. More experiments lead to a statistically representative result, eventually
consolidating the estimated improvement in this thesis.
In order to model the entire indentation process, the coupling of particle methods and

continuum methods should be developed further, which can then be validated using results
obtained in this thesis.
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Appendix

A Material parameter identification
A.1 Experimental results for material models
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Figure A.1: Mohr’s circles for radial pressures from 50 kPa to 800 kPa and the corresponding
envelope for Danamol.

Figure A.2: Displacement of Danamol during the triaxial compression for different radial
pressures. From left to right: 100 kPa, 400 kPa, and 800 kPa.
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A.2 Numerical results for material models
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Figure A.3: Displacement of Danamol during the simulation of the triaxial compression for
different radial pressures and the hypoplastic material model. From left to right: 100 kPa,
400 kPa, and 800 kPa.
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Figure A.4: Force-displacement curves for an optimization up to 10% compression using the
Mohr-Coulomb material model for Danamol : total force applied (left) and force transmitted
through the granules (right).
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Figure A.5: Force-displacement curves for an optimization up to 10% compression using the
hypoplastic material model for Danamol : total force applied (left) and force transmitted through
the granules (right).
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