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Abstract

In the Netherlands there are many waterways where bridges or locks are situated within the navigation
way of inland waterway vessels. To protect these civil structures from potential collision risks, protection
structures are placed around them. In this research, a commonly used protection structure, the steel piled
fender structure, is analyzed under impact events, followed by a comparison with the design methodol-
ogy prescribed in the Dutch codes. In the Netherlands, design guidance is provided by the "Richtlijnen
Ontwerp Kunstwerken" [1], abbreviated as ROK. The ROK adopts a design formula for the required en-
ergy absorption capacity of fender structures from the EAU 2012 [2]. By applying the principle of work,
the required energy absorption capacity can be converted into an equivalent static load that incorporates
dynamic effects. This allows the soil-fender structure system to be designed using static analysis.

In this research, a triangular-shaped fender structure with fixed geometrical properties is examined. Addi-
tionally, the bow structure of a CEMT class IV ship is included to capture the interaction between the ship
and the fender structure during impact events. The aim of this study is to obtain a transient response of
the system, investigate the interaction between the ship, soil, and fender structure during dynamic impact
events, and evaluate this against the design methodology prescribed in the Dutch codes.

To determine the transient response, two different models are developed. A simplified dynamic model
based on linear beam theory is constructed. In this model, the problem is reduced to two-dimensional
space, where the fender structure is modeled as a 2D frame partially supported by linear elastic founda-
tions representing the surrounding soil. The ship’s bow structure is simplified as a mass-spring system
attached to the frame structure. Furthermore, a non-linear finite element model (NLFE) is developed in
three-dimensional space. The NLFE model includes the full geometry of the fender structure of interest,
with the ship’s bow structure modeled up to the most frontal bulkhead, and the soil is represented by a
series of non-linear discrete springs.

Before performing NLFE impact simulations that account for the full interaction between the ship, soil,
and fender structure, an extensive sensitivity study was conducted on the individual models, showing
expected behavior. Impact simulations performed during the sensitivity study were used to set up the
impact configuration for the final head-on and oblique impact simulations, in which the ship, soil, and
fender structure behave flexible simultaneously, allowing full interaction.

A comparison between the simplified model and the head-on impact simulation from the NLFE model
revealed different peak responses. The response of the NLFE model was dominated by significant plastic
deformations, resulting in larger peak displacements compared to the simplified model. However, dur-
ing the initial stage of impact loading, dominated by elastic deformations, both models showed good
agreement.

Finally, NLFE simulation results are compared to the design methodology prescribed in the Dutch codes.
The energy absorption observed in the fender-soil system from the NLFE simulations is compared to the
required energy absorption capacity according to the codes. For the head-on impact scenario, significant
crushing of the ship’s bow led to reduced energy absorption by the fender-soil system. In the oblique
impact simulation, the NLFE model predicted higher energy absorption by the fender-soil system com-
pared to the code requirements. There are numerous differences in modelling assumptions between the
NLFE model and the method prescribed in the codes. Moreover, the NLFE model includes simplifications
of the real-world problem that may lead to an overestimation of the absorbed energy by the fender-soil
system. Therefore, extending the NLFE model by removing simplifying assumptions remains highly rec-
ommended.
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1
Introduction

The first chapter of this thesis introduces the entire research project. To begin with, a section with back-
ground information behind the research problem is included. In this section, a general introduction to
fender structures in the Netherlands is provided, the geometry of the fender structure of interest is exam-
ined, and a brief description of the current design methodology is given. Secondly, the problem statement
including the research questions is presented. Thirdly, the research methodology followed during this
research is described. The last section of this chapter outlines the thesis report by presenting a brief
description of what is included in each chapter of this thesis.

1.1 background
The Netherlands is characterized by its many waterways and extensive infrastructure. To connect the
waterways, locks have been constructed. In order to allow the wet infrastructure to cross the dry in-
frastructure, many bridges are present. At locations where ships navigate near civil structures, there
is a potential risk of collision. To avoid direct collisions between civil structures and ships, protection
structures are placed around them. When the skipper does not manage to keep the vessel on the correct
navigation line, the protection structure must stop the vessel from moving or bounce it off in another
direction to avoid collision with the civil structure. One commonly applied type of protection structure
in the Netherlands is a steel-piled fender structure. In figure 1.1 a typical example of such a structure is
shown.

Figure 1.1: Steel-piled fender structure around a movable bridge [3]

In the Netherlands, fender structures are often constructed using steel piles with steel crossbeams. In the
current design methodology a so-called required energy absorption approach is adopted in the "Richtlij-
nen Ontwerp Kunstwerken" [1]. According to the design methodology of this code, the required energy
absorption capacity of the fender structure is first calculated. The EAU 2012 [2] provides an expression to
calculate this required capacity, which is based on the velocity and mass of the reference vessel. Further-

1
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more, four factors are included that account for eccentricities, hydrodynamic mass, ship flexibility, and
waterfront attenuation. Relying on the work and energy principle, a static equivalent load is found itera-
tively. By performing a static structural analysis, the fender structure is designed based on this equivalent
static load, and a soil failure check is performed. The current design methodology provides an efficient
way in designing fender structures without performing dynamic calculations. However, the nature of the
process includes many dynamic effects that are simplified and approached by factors in this methodology.
Furthermore, the codes do not provide solid statements for the coefficients when calculating the required
energy absorption in different design situations.

In this research, a recently constructed (2019) fender structure is used as a case study. Therefore, fixed
geometry and cross-sectional properties are maintained throughout this research. Figure 1.2 provides an
overview of the geometry of the structure of interest. The structure consists of five piles of length 18.8m,
which are connected by triangular-shaped frames in the horizontal plane at three different heights.

Figure 1.2: 3D view: geometry fender structure

For the structure of interest, there are two different impact scenarios possible: head-on or oblique. A head-
on impact can be seen as a extreme impact event for which fender structures are normally not designed to.
This impact scenario is included to gather insights about the structural behavior of the soil and the fender
structure in case of occurrence of such an extreme event. Are fender structures, how they are designed
nowadays, able to withstand the loads during head-on impacts, and what could be the consequence if this
occurs? Those questions form the basis for including this scenario in this research. The oblique impact
scenario can be described as a general impact scenario for the serviceability state of the fender structure.
The soil and fender structure should be able to absorb the impact while maintaining in the elastic regime.
Therefore, no permanent deformations occur and after the impact event all structural elements return to
their initial state. A schematic overview of the two prescribed impact scenarios is presented in figure 1.3.
In the figures, the ship is shown in yellow. The fender structure is recognizable trough the triangular
shaped geometry in blue. Furthermore, the initial contact point during the impact is highlighted in red.

(a) Head-On (b) Oblique

Figure 1.3: Impact scenarios impact analysis
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1.2 problem statement
The main problem of this study is that in the current design method dynamic effects are incorporated into
factors that are used to calculate an upper bound for the required energy absorption capacity of fender
structures. By examining the dynamic process and taking into the account the interaction between the
ship, soil, and fender structure, a better understanding can be obtained with respect to the design of this
type of protection structure. By performing a dynamic analysis, the accuracy of the current design method
can be assessed.

This research solely focuses on the interaction between the ship, soil, and fender structure. Therefore,
hydrodynamic effects caused by the fluid are not considered in this research. Instead, these effects are
simplified by added mass to the ship structure, a common used approach in design methods prescribed
in engineering codes.

A wide range of ships navigate the Dutch waterways, each with different geometries, structures, and load
capacities. However, in this research only one ship structure, classified as CEMT class IV, is included. In
the master’s thesis by B. Meijer, three bow structures for inland waterway vessels are analyzed [4]. The
structural and geometrical data of the CEMT class IV ship used in this research are based on that work.
The corresponding model input files are provided at the beginning of this thesis.

1.2.1 Research Questions

To reach the objective of the research the following main research question is formulated:

What is the transient response of the ship, soil, and fender structure system during head-on and
oblique impact events, and how does this compare to the equivalent static load method used in the

Dutch codes?

Sub-research questions are formulated to break down the complexity of the research. Each sub-research
question forms an integral part in answering the main research question at the end of this thesis.

• How can the behavior of the soil be modeled using force-displacement (P-y) relationships derived
from CPT data?

• How does the ship’s bow structure behave under impact loading, and how is this influenced by the
model input parameters?

• How does the soil-fender structure system behave under impact loading, and how is this influenced
by the model input parameters?

• How is the ship’s initial kinetic energy distributed among the ship, soil, and fender structure during
impact events?

1.3 research methodology
In this section, the research methodology is described. This methodology serves as a guideline that has
been followed throughout the research, with the goal of conducting well-structured research that provides
reliable answers to the research questions.

First, a background study is conducted to obtain a better understanding of the problem at hand. The
background study begins with a review of the current design methodology used in engineering practice,
as prescribed in the Dutch codes. By doing this, knowledge is obtained about the design requirements
that fender structures generally need to fulfill. Furthermore, a study of laterally loaded piles in sandy soils
is conducted. Two different methods for obtaining CPT-based force-displacement relations are studied,
followed by a section that focuses on a material model for structural steels in non-linear finite element
analysis. At the end of the background study, cylinder buckling failure of steel piles is examined.
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Secondly, a detailed impact simulation approach is established. Two different methods are adopted with
the aim of obtaining the transient response of fender structures during an impact with a ship. One is
called the "simplified model", which relies on a linear dynamic model. The second model is called the
"non-linear finite element model". Using these two models, the objective is to study the interaction between
soil, ship, and fender structure during head-on and oblique impact events. To reach this objective, multiple
simulations need to be performed. Therefore, a well-structured simulation approach was required.

Thirdly, the non-linear finite element (NLFE) model and the simplified model are developed. For the
NLFE model, geometries are modeled first in 3D using Ansys SpaceClaim, followed by the definition of
the boundary conditions, material models, and specifying general solver settings for the numeric solver.
The simplified model, is developed based on a system of partial differential equations using the Euler-
Bernoulli beam theory, In the simplified model, the impacting ship is simplified as a mass-spring system.
After defining the boundary conditions, a solving strategy is employed to solve the dynamic system for
the transient response. To do this, modal analysis is adopted in this research.

Finally, transient responses are obtained by running the impact simulations in LS-DYNA or by solving the
simplified model. For the last one, a free vibration analysis is performed first. This results in the natural
frequencies with corresponding mode shapes of the frame structure. Add an extra equation of motion for
the mass-spring system, formulate a system of ordinary differential equations by employing the modal
analysis, and solve for the unknown displacements over time. For the NLFE model, impact simulations
are first performed by including only the flexibility of either the ship structure or the fender-soil system.
These preliminary simulations are used to study the structural behavior of the individual systems under
impact loading, to address possible sensitivities to input parameters, and to set up the final simulation
configuration for the head-on and oblique impacts, in which all systems behave flexibly simultaneously.
In the end, simulation results from the simplified model and the NLFE model are compared, and a
comparison between the NLFE model and the Dutch codes is made. The simulation results, as well as
the comparisons, are used to answer the research questions and formulate the conclusions. In addition,
recommendations for future research are provided.

1.4 thesis outline

This section outlines the thesis report for the remaining chapters.

chapter 2 background The second chapter presents the background study and begins with two
sections that include a study of the design standards/guidelines for the Dutch waterways and fender
structures. A third section covers laterally loaded piles in sandy soils, and a fourth section covers material
models for structural steels. Finally, a section is included on cylinder buckling.

chapter 3 impact simulations approach The third chapter includes a description of the impact
simulation approach. In the first section, the simplified model is described. The second section includes
an overview of the simulations for the NLFE model. The last section includes information about the
solving strategy used for the NLFE model.

chapter 4 development non-linear finite element model The fourth chapter presents the de-
velopment of the non-linear finite element model. The first three sections evaluate the unit system, model
geometries, and boundary conditions, followed by a section on the steel material models. Finally, the last
section describes the general solver settings.

chapter 5 simplified dynamic model The fifth chapter includes the development of the simplified
model. This chapter begins with a section about the schematization of the dynamic model. Element
formulations are given in the second section. The final section describes the modal analysis and the
applicability to this problem.
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chapter 6 results and discussions The sixth chapter provides the results and discussions from
the simplified model in the first section, followed by the sensitivity analysis and simulations results with
discussions in two separate sections. In the last two sections, a comparison between the simplified model
and the NLFE model and a comparison between the NLFE model and Dutch codes is presented.

chapter 7 conclusions and recommendations In the final chapter of this thesis, research ques-
tions are answered and conclusions are presented. Finally, recommendations for future research are in-
cluded at the end of this chapter.



2
Background

In this chapter required background information is gathered to get a better understanding of the problem.
To begin with, a background study to the system of Dutch inland waterways, and current design method-
ology is conducted. Followed by a theoretical background study in modelling the soil behavior related to
laterally loaded piles. Furthermore, a recommended material model for structural steel in non-linear finite
element analysis is studied. Finally, cylinder buckling, a well known failure mechanism of cylindrical piles
is examined.

2.1 the dutch waterways

2.1.1 Reference vessels

In Europe there is a classification system that divides inland vessels into separate classes. This system
was accepted by the Conferénce Européenne des Ministres des Transports (CEMT) for the first in 1954.
Later on in 1992, this system is expanded with the increasing ship sizes ending up with a classification
system started at CEMT class I up to class VII. In 2010, a modified classification system is adopted in The
Netherlands by Rijkswaterstaat (RWS) because the CEMT1992 is no longer representative anymore.

The largest vessel that is able to navigate through the waterway will be the reference vessel for the de-
sign of the waterway itself. Normally, every waterway has three reference vessels: a motor vessel, a
pushed convoys, and a coupled unit. For every type and CEMT class the following properties are defined:
beam, length, draught, and cargo capacity. Furthermore, in the Richtlijnen Ontwerp Kunstwerken [1] the
maximum sailing velocity per CEMT class is described.

Since this research only focuses on motor cargo vessels, only the characteristics for this type of vessel are
provided in table 2.1.

Table 2.1: Characteristics motor vessels

CEMT beam[1] length[1] draught[1] deadweight tonnage[2] sailing velocity[2]

class [m] [m] [m] [ton] [m/s]
I 5.05 38.5 2.5 400 4.1
II 6.6 50 − 55 2.6 650 4.8
III 8.2 67 − 85 2.7 1000 5.1
IV 9.5 80 − 105 3.0 1500 5.3
Va 11.4 110 − 135 3.5 3000 5.5
VIa 17.0 135 4.0 6000 4.5

[1]Recommended values in Waterway Guildines 2020 [5]
[2]Recommended values in Richtlijnen Ontwerp Kunstwerken [1]
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2.1.2 Ship manoeuvres around locks and bridges

In 1994, prototype measurements have been conducted to the ship manoeuvres around a few locks along
the Maasroute in The Netherlands [6]. The goal of this measurements was to investigate the relations
between sailing velocity, angle between navigational channel with respect to fender structure, and the
mass of the ship.

To begin with the relation between sailing velocity and the mass of the ship. Based on the measurements
graphs are developed which show the relation between mass of the ship and the sailing velocity perpen-
dicular to the fender structure. In figure 2.1 two graphs are shown for a funnel with an angle of 1:6 for
both unloaded and loaded ship conditions. To obtain the values of figure 2.1 the measured sailing veloci-
ties are extrapolated as a function of the ship’s mass. Therefore, the graphs show three different lines each
corresponding with a probability of exceedance (p=0.1, p=0.01, and p=0.001). According to the report of
the prototype measurements [6], the results are representative during normal till nautical gushing sailing
conditions. Therefore, the values from these graphs are not representative when designing for extreme
evasive sailing maneuvers of the ship.

(a) unloaded ship (b) loaded ship

Figure 2.1: Sailing velocity perpendicular to the fender structure [6]

In the ROK [1] and the Dutch Waterway Guidelines [7] values are prescribed for inland vessels passing
fender structures. If the distance between the bridge/lock and the fender structure is smaller than the
length of the ship being considered, an impact sailing velocity of 3.0 m/s is prescribed. Note that, no
distinction is made for between different CEMT classes or loading conditions of the ship. Assuming that
the ship is sailing perfectly in the direction of the channel axis, the sailing velocity perpendicular to the
fender structure (v⊥) can be derived filling in (2.1). Doing this, results into a value of v⊥ = 0.5 m/s.

v⊥ = v · sin (θ) (2.1)

Where:
v is the sailing velocity of the ship
θ is the funnel angle of the fender structure

Drawing a horizontal line at the value of v⊥ equal 0.5 m/s and a vertical line at ms equal 1500 tons gives
figure 2.2. From this figure, it can be concluded that the value prescribed in the Dutch standards falls in
between the probability of exceedance range of p = [0.001, 0.01].
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Figure 2.2: Comparison ROK with prototype measurements (modified [6])

2.2 equivalent static load method for the design of fender
structures

In The Netherlands, a large part of the fender structures are in the posses of Rijkswaterstaat (Dutch gov-
ernmental organization). Besides the well known Eurocodes [8, 9, 10, 11] that provides standards for the
design and or renovation of structure, Rijkswaterstaat provides the "Richtlijnen Ontwerpen Kunstwerken"
(ROK) [1] as a supplement to the Eurocodes.

The ROK prescribes the design specifications and practical requirements that fender structures need to
fulfill. However, those are only applicable under loading conditions where a ship needs to berth, moor,
or navigate safely along a civil structure. Therefore, designing for extreme evasive maneuvers is excluded
withing design specifications.

2.2.1 Required energy absorption

A "required energy absorption capacity" methodology is adopted in the codes. Based on the situation
at interest an energy absorption quantity (Ed) can be calculated. This is the point where the ROK refers
to the EAU 2012 [2], in this guideline document an expression is given to calculate the required energy
absorption capacity (2.2). This equation is based on the conventional kinetic energy equation from physics
multiplied with four coefficients.

Ed =
1
2
· G · v2

⊥ · Ce · Cm · Cs · Cc (2.2)

Where:
G = mass of ship
v⊥ = sailing velocity perpendicular to fender structure
Ce = eccentricity coefficient
Cm = virtual mass coefficient
Cs = ship flexibility coefficient
Cc = waterfront structure attenuation coefficient

The fender structure must be designed based on this resulting energy absorption capacity. The next section
explains how this is done in common engineering practice.

2.2.2 Energy capacity design approach

The energy absorption capacity of a structure can be found based on the force-displacement relation.
The energy absorbed by the structure equals the area under the force-displacement curve. Following the
design methodology from the codes, an equivalent static load (F) has to be found iteratively by performing
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a static structural analysis to the soil-fender structure system. The resulting energy absorption capacity of
the soil-fender structure system (E) can be obtained using (2.3).

E =
∫ smax

0
F(s) · ds (2.3)

Where:
F(s) = equivalent static load dependent on the displacement
s = displacement at load application point

2.3 laterally loaded piles in soils

The piles of the fender structure are partly embedded into the soil. Above ground level the pile spans the
water column and reaches into the air. This can simply be schematized in 2D as a monopile embedded in
the soil. In figure 2.3 the soil is represented by the brown/yellow colored layers with on top the fluid in
blue. The monopile is visualized in light blue.

Figure 2.3: Soil layering

Fender structures need to fulfill the purpose of transferring
the horizontal load through the steel structure into the sur-
rounding soil. Therefore, the technique used in modelling
the soil could have large consequences to the response of the
system. A commonly applied method in engineering is to
model the soil as a series of springs. The springs can be mod-
eled as linear, bi-linear, or nonlinear springs dependent on
the expected behavior of the soil. In this section two different
relations are considered:

• Bi-linear curves based on Ménard with Brinch-Hansen
[12, 13].

• Hyperbolic tangent curves based on the API-method
[14].

Figure 2.4 shows the proposed shapes for the P-y relationships for both methods. In both cases, it can be
seen that curves have a clear upper bound that represent the ultimate soil resistance. With the use of this
curves it is assumed that the soil pressure remains constant once it reaches the ultimate soil resistance.

(a) Ménard with Brinch-Hansen (b) API-method

Figure 2.4: Comparison shape P-y curves for both methods

2.3.1 Ménard in combination with Brinch-Hansen

The Brinch-Hansen [13] and Ménard [12] method is a semi-empirical approach combining theoretical
bearing capacity principles proposed by Brinch-Hansen with in-situ soil stiffness measurements obtained
from Ménard Pressuremeter Tests (PMT).

In the research conducted by Brinch-Hansen, relationships were found for the ultimate resistance for
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laterally loaded piles in soil. In this proposed method, the pile is assumed to be rigid, square shaped, and
rotates around a fixed point. Furthermore, the soil is assumed to be uniform over depth. Based on bearing
capacity factors that account for soil properties, pile geometry, and embedment depth, an estimation can
be derived for the lateral load capacity of the pile. Brinch-Hansen only considers passive soil pressures.
The maximum horizontal passive effective soil pressure can be calculated using (2.4).

σ′p = Kq · σ′v + Kc · c (2.4)

Where:
Kq = earth pressure coefficient for overburden pressure
σ′v = effective vertical pressure
Kc = earth pressure coefficient for cohesion
c = cohesion

In the determination of the earth pressure coefficient distinction is made between soil layers at ground
level and at great depth. The Brinch-Hansen method is a so-called ultimate resistance approach, and
therefore can only estimate the response under ultimate loading conditions. As a result, this method can
not be used (solely) to calculate deformations of the soil and pile under working load conditions.

Ménard conducted research to the modulus of horizontal subgrade reaction for different soil types. In
this research, a relation between the pressuremeter modulus and the modulus of subgrade reaction was
found. This relation is given in (2.5).

1
kh

=
1

3Em

[
1.3R0

(
2.65

R
R0

)α

+ αR
]

for R ≥ R0

1
kh

=
2R
Em

4 (2.65)α + 3α

18
for R < R0

(2.5)

Where:
kh = modulus of horizontal subgrade reaction
Em = pressiometer modulus
R0 = reference radius (3.0 meter)
R = pile radius
α = rheological coefficient

When combining Ménard with Brinch-Hansen, bi-linear curves can be obtained for laterally loaded piles.
Special relations are obtained that relates the derived pressuremeter modulus to the point resistance of
Cone Pressure Test (CPT). Full written out mathematical expressions are provided in appendix A.

2.3.2 The API Method

The API-method [14] also propose a set of equations to calculate the ultimate soil resistance. This method
was originally introduced by Reese et al. [15] by performing full-scale tests on laterally loaded piles in
sandy soils in 1974. Later on in 1980, the equations where simplified when researchers realized that some
terms in the formulation of the ultimate soil resistance could be taken as constants. This resulted into a
set of equations presented in (2.6).

Pus(z) = (C1 · z + C2 · D) γ, · z

Pud(z) = C3 · D · γ, · z

Pu(z) = min(Pus(z), Pud(z))

(2.6)

Where:
Pus = ultimate soil resistance at shallow depth
pud = ultimate soil resistance at deep depth
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γ′ = submerged soil unit weight
z = depth below the original seafloor
C1, C2, C3 = coefficients as function of internal friction angle (ϕ′)

In the derivation of the ultimate soil resistance not only passive earth pressures are accounted for. In
contradiction to the method from section 2.3.1, the API-method also takes into account active and neutral
earth pressures in deriving relations for the ultimate soil pressure. Furthermore, distinction is made
between shallow an deep failure of the soil. At shallow depths the soil failure is schematized by a wedge
shaped failure. At great depths, the soil will undergo so-called flow failure. Full written out mathematical
expressions are provided in appendix A.

Once the ultimate soil resistance is known, the non-linear P-y curve can be derived following (2.7).

P = A · Pu · tanh
[

k · z
A · Pu

· y
]

(2.7)

Where,
A = factor to account for static or cyclic loading condition
k = rate of increase with depth of initial modulus of subgrade reaction
y = lateral deflection at depth z

2.3.3 Multi-directional P-y curves

Until this point the P-y method is only defined for uni-directional loading cases. Therefore, when analyz-
ing 2D problems both methods can be efficiently applied. However, loads do not act always in a single
direction. When analyzing 3D problems with non symmetric load conditions, such as eccentricities, an
uni-directional model is not sufficient to obtain a realistic response. In [16], a computational efficient
method without the need of extra soil properties is proposed to transform P-y relations from uni direc-
tional to multi directional. This method is based upon the assumption that the multi-directional P-y curves
can be described using the same mathematical expression as the uni-directional curves. The principle of
this transformation is visualized in figure 2.5. In the multi-directional case the soil is not represented by
springs acting only in one direction. Instead of this, the monopole is now supported by springs in all
directions of the xy-plane. Figure 2.5a shows an example of this. In this figure, eight springs are equally
spaced around the circumference of the pile. Making the assumptions that the pile always moves in the
direction in which one of the springs is oriented, and only springs in compression will be activated. It can
be said that the lateral force is absorbed by N/2 − 1 springs for N being an even integer number repre-
senting the number of springs around the circumference at a given cross section of the pile. The change of
length per spring at a given displacement of the pile can easily be calculated using: uj = x cos θj + y sin θj.
A visualization of this is given in figures 2.5b and 2.5c.

(a) No displacements (b) Angle θj (c) Change of length uj

Figure 2.5: Cross-section view multi-directional spring model
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In literature, two formulas are proposed that transform the modulus of subgrade reaction (2.8) and the
ultimate soil resistance (2.9) from uni-directional (k, Pu) to multi-directional parameters (k̃, P̃u) [17]. This
two formulas are derived with the aim to minimize the difference between external work performed by
the spring(s) in the uni- and multi-directional model and can be applied to both bi-linear and tangent
hyperbolic P-y curves.

k̃ =
4k
N

(2.8)

P̃u = tan
( π

N

)
· Pu (2.9)

2.3.4 A Uni-/Multi-directional comparison

A numerical example, for the tangent hyperbolic case, is included to see what the possible differences are
between the uni- and multi-directional model while applying the method from section 2.3.3. Therefore, a
test case is compiled. In this case the soil layering, soil properties, and pile cross section are kept constant.
The only difference is made in the way the pile is formulated and what directional model is applied. To
begin with, figure 2.6a shows a monopile that is modeled using beam elements. The beam model is used
to simulate the response of the uni-directional model. In figure 2.6b also the soil springs are included.
The model is oriented in the xy-plane and is constrained in the z-direction. Because the assumption of
compression only springs is made, the beam must be supported by springs at both sides of the beam.
Separation between the soil layers with different properties is visualized with the use of different coloring
in green, yellow, brown, and red.

(a) Beam model (b) Beam model with springs

Figure 2.6: Uni-directional soil model

For the multi-directional model, the monopile is modeled with shell elements as shown in figure 2.7a. The
shell model is used for the test case of the multi-directional model and therefore contains springs in all
directions around the circumference of the cross section of the pile as shown in figure 2.7b. In this model
a soil spring is generated at every mesh node of the shell. With the applied mesh size this corresponds to
a value of N = 24 springs around the pile’s circumference.
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(a) Shell model (b) Shell model with springs

Figure 2.7: Multi-directional soil model

Both models are simply supported in the y-direction at the bottom of the pile. At the top of the pile, a
boundary condition with a prescribed motion is used to generate relations between the spring force and
horizontal deflection of the pile. Results from the test case are presented in figure 2.8. In this graph the
relation between the spring force versus the lateral displacement of the pile is shown for both the uni- and
the multi-directional model at a single soil layer in depth. This means that for the uni-directional curve
the data is only extracted from a single spring and for the multi-directional curve all 24 spring forces (in
x-direction) are summed up. For small values of lateral displacement both models almost follow the same
path. When the lateral displacement becomes larger, and the transition from elastic to plastic behavior
occurs, a small gap occurs between the two models. Though, this is assumed to be acceptable during this
research.

Figure 2.8: Force-Displacement curves soil test case

2.4 material model structural steels

In numerical simulations of structural impact events, the selection of an appropriate material model is
crucial to obtaining realistic and reliable results. The material model defines how a material responds to
loading, particularly in non-linear finite element analysis (FEA), where large deformations, plasticity, and
strain-rate effects could play a significant role. If the material model is not chosen properly, the resulting
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behavior can deviate significantly from reality since it highly influences the stress distributions, failure
predictions, and energy dissipation within the system [18].

Steel material properties are generally derived from uniaxial tensile tests. A schematization of an uni-
axial tensile test is presented in figure 2.9. In this figure, a test specimen is showed with corresponding
engineering stress-strain curve.

Figure 2.9: Stress-Strain relationship under uniaxial tensile loading [19]

This research employs the DNV-RP C208 (Determination of structural capacity by non-linear finite element
analysis methods) [20] recommended material model, which provides a true-stress strain relationship for
structural steels ranging from S235 to S460. True stress-strain relations can be directly obtained from
engineering stress-strain relations as described in the code. The next paragraph will elaborate on this in
more detail.

2.4.1 Recommended true stress-strain curve

The recommended true stress-strain curve following the DNV-RP C208 [20] is presented in figure 2.10.
The recommended curve is built up out of two stepwise linear parts, referred to as part 1 and 2, followed
by a third power law curve. It must be noted that this recommended curve does not prescribe an end
point where fracture of the material occurs.

Figure 2.10: Definition true stress-true plastic strain curve [20]

A relation between the stress and strain is provided in the DNV-RP C208 for the third part, as presented
in (2.10).
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for εp > εp,y2 (2.10)

2.5 cylinder buckling
For the design of energy-absorbing pile structures, flexural flexibility of the structure plays an important
role in the energy-absorption capacity [21]. The degree of flexibility of the structure is one of the main
parameters that determine the softness of the impact. The flexibility of a structure can also be expressed
by its slenderness. In the Eurocode 1993-1-1 [10] this is expressed by the D/t ratio, also referred to as
ductility ratio, of the pile. In which "D" denotes the pile diameter and "t" the wall thickness of the cross
section. Piles with a high D/t ratio are more susceptible to local instabilities, like local buckling, in the
cross section.

In the Eurocode a distinction is made between three ductility classes. The D/t ratio characterizes the
profile class of a given tubular section. Limit values for this are shown in table 2.2. Class 1 corresponds to
the pile group with the lowest slenderness ranging up to class 4 which are the pile group with the highest
slenderness. A distinction is made between class 3a and 3b where for the latter one a special Eurocode is
developed for strength and stability of shell structures (part 1-6).

Table 2.2: Ductility classes [10]
Class Limits
1 D/t ≤ 50ε2

2 50ε2 < D/t ≤ 70ε2

3a 70ε2 < D/t ≤ 90ε2

3b D/t > 90ε2

The strain value (ε) must be calculated using (2.11).

ε =

√
235
fy

(2.11)

The ductility class characterizes the behavior of circular tubes under bending or compressive load condi-
tions. Ductility classes 1 and 2 allow the cross section to fully develop the plastic moment. If the cross
section is classified to be 3a, only the full elastic moment can be developed. When the D/t ratio of the
tube is larger then the value given in for class 3b, local buckling can occur before the elastic yield limit is
reached in the cross section of the tube. Therefore, special attention needs to be taken when using tubes
with high D/t ratios.



3
Impact Simulations Approach

This chapter discusses the methods applied to derive the transient response for various impact scenarios.
Two different approaches are utilized. The first method, described in section 3.1, is a combined ana-
lytical/numerical approach. The second method, given in section 3.2, involves non-linear finite element
(NLFE) computer simulations. At the end of this chapter, a framework followed in developing and solving
the non-linear finite element models is provided.

3.1 simplified model

A simplified model is developed in Chapter 5. Using this model, the head-on impact between a ship
and a fender structure is analyzed. In this approach, the ship structure is simplified as a mass-spring
system, while the fender structure is represented as a two-dimensional (2D) frame structure. By applying
Euler’s beam theory, a set of partial differential equations is formulated. A free vibration analysis is then
conducted to numerically obtain the natural frequencies and mode shapes of the system. Subsequently,
the transient response is derived using the modal superposition principle for the frame structure coupled
with the mass-spring system.

3.2 non-linear finite element simulations

The second method employs a model with a higher level of detail to obtain the transient response of
the ship, soil, and fender structure during impact events. In this approach, non-linear finite element
models are developed for the ship structure, fender structure, and non-linear soil springs that represent
the surrounding soil. The development of these models is further described in chapter 4.

This section focuses on the simulation approach used in this research. Non-linear finite element analysis
is characterized by numerous input parameters. To manage complexity, the ship structure model and the
combined model of the fender structure with soil are initially studied independently. This step allows
for a better understanding of the behavior of each model under impact loading conditions. Additionally,
these simulations help address sensitivities in the models to various input parameters. Finally, mesh
convergence studies are conducted at model level to ensure accuracy and reliability.

3.2.1 Ship model

Related to the ship model, a total of five impact simulations are performed. An overview is provided in
table 3.1. The simulations are grouped based on the parameter of interest being investigated. Each group
is identified by an alphabetical letter followed by a simulation number within that group. The first model,
referred to as A1, serves as the reference model. This reference model establishes the base parameters for
the study, with deviations applied to only one parameter at a time.
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Table 3.1: Simulations overview: impacting ship
Simulation Object Material model Static friction coefficient
A1 rigid wall non-linear 0.3
A2 rigid wall bi-linear 0.3
B1 rigid wall non-linear 0.1
B2 rigid wall non-linear 0.5
C1 rigid cylinder non-linear 0.3

The first group of simulations (Group A) consists of two head-on impact simulations between the ship and
a rigid wall, focusing on different steel material models. An elastoplastic-hardening stress-strain curve is
implemented in simulation A1. Simulation A2 adopts another commonly used stress-strain relationship,
represented by a bi-linear curve.

The static friction coefficient exhibits significant variability in real-world scenarios depending on the type
of material between the contacting surfaces. Typically, friction-reducing materials are applied to protection
structures. However, due to variations in material properties and potential changes caused by wear, two
additional simulations are included in Group B. These simulations evaluate lower (0.1) and higher (0.5)
static friction coefficients. The results enable an assessment of the sensitivity of this specific parameter on
the response of the impacting ship.

Finally, Group C investigates the influence of the geometry of the impacting object. In simulation C1, the
rigid wall is replaced with a cylindrical-shaped object that has a narrower width compared to the ship’s
bow structure.

3.2.2 Soil-Fender Structure Model

Similar to the ship model, several simulations are performed to understand the structural behavior of
the fender structure under impact loads and assess sensitivities to input parameters. In this section, a
distinction is made between head-on and oblique impact scenarios.

An overview of the head-on impact simulations is provided in Table 3.2, which includes three simulations.
Simulation D1 is defined as the reference model for the head-on scenario. The same approach is applied
to the oblique impact simulations, with the performed simulations listed in Table 3.3. For the oblique
scenario, five simulations are conducted, with F1 serving as the reference model.

First, group D simulations are performed to examine the effect of the steel material models under impact
loading of the fender structure. Furthermore, simulation E1 is added to evaluate the influence of the soil
model.

Table 3.2: Simulations overview: impacting fender structure (head-on)
Simulation Material model Friction (µ) Soil model
D1 non-linear 0.3 API-method
D2 bi-linear 0.3 API-method
E1 non-linear 0.3 Ménard with Brinch-Hansen

For the oblique impact scenarios, group F serves the purpose to evaluate the structural behavior for
different static friction coefficients. Simulation G1, just as with the head-on impact scenario examines the
effect of the applied soil model. Finally, simulations H1 and H2 are added to examine the effect of the
impact position.
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Table 3.3: Simulations overview: impacting fender structure (oblique)
Simulation Static friction coefficient Soil model Impact position
F1 0.3 API-method middle crossbeam
F2 0.1 API-method middle crossbeam
G1 0.3 Ménard with Brinch-Hansen middle crossbeam
H1 0.3 API-method lower crossbeam
H2 0.3 API-method upper crossbeam

3.2.3 Final impact simulation models

The results gathered and data generated during the reduced-complexity impact simulations are not in-
tended to directly answer the main research question of this thesis. However, results from simulations
A1 to H2 will be used to relate findings from the complex model, where both the ship and fender struc-
ture exhibit flexibility during impact. Additionally, input parameters for the combined model are defined
based on these preliminary simulations.

Finally, two comprehensive simulations are conducted, allowing all structural elements to deform. These
include a head-on impact at the fender structure’s tip and an oblique impact at its side. A detailed
configuration of these simulations, along with their results, is provided in chapter 6.

3.3 the finite element analysis approach
To perform the simulations described in section 3.2, an established finite element (FE) software is required.
The software should be able to account for both material- and geometrical nonlinearities. This because
specifically for the head-on impact scenario, large deformations in combination with plastic material
behavior are expected beforehand performing the analysis. One of the generally used software packages
in engineering to design and/or predict structural behavior under dynamic loading conditions is LS-
DYNA. The FE models in this thesis are developed in LS-DYNA 2024 R2 [22]. This FE software utilizes
a numerical explicit method while solving the model which is an efficient and robust method while
processing transient dynamic processes with a short time duration. Unlike quasi-static analysis, transient
dynamics also takes into account the inertial effects whereas in quasi-static it is assumed that this is
negligible. Furthermore, LS-DYNA provides the option to define a fracture criterion into the material
models. By doing this, the software is able to simulate damage behavior by eliminating elements out of
the model during the analysis.

To begin with, the required geometries are modeled and pre-processed to meet the requirements to per-
form a proper analysis. This has been done using the SpaceClaim module integrated in the ANSYS 2024
R2 software package [23]. Furthermore, the material model that best fits the material behavior of the ele-
ment of interest need to be defined inside the software. Additionally, the geometry needs to be discretized.
This is also referred to as meshing. The last step before running the simulation is to set-up the analysis
by specifying the boundary- and initial conditions. Furthermore, analysis settings for the simulations
must be defined. For example: time step size, hourglass control, contacts, etc. Once this steps have been
completed, simulations can be performed. Data generated during the simulations will then be used for
post-processing.

Detailed information about the geometry, materials, and meshing is given in chapter 4. Simulation con-
figurations and post-processing of model results are included in chapter 6.

3.4 initial kinetic energy
The mass of the ship and its initial sailing velocity (v) determine the initial kinetic energy (Ek,0) introduced
into the non-linear finite element model. The mass of the ship is enlarged by an added mass to account
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for hydrodynamic effects of the surrounding fluid. This added mass varies between head-on and oblique
collision scenarios [24]. Table 3.4 presents the calculation of the initial kinetic energy for both scenarios.
The equivalent total mass (G), also referred to as displacement tonnage, is obtained by multiplying the
mass of the ship by the hydrodynamic mass factor. The final row of the table displays the values of initial
kinetic energy derived using (3.1).

Ek,0 =
1
2
· G · v2 (3.1)

Table 3.4: Initial kinetic energy
Parameter Head-on Oblique Unit
Ship mass 1840 1840 tonne
Hydrodynamic mass factor 1.1 1.5 -
Equivalent total mass 2024 2760 tonne
Initial sailing velocity 3.0 3.0 m/s
Initial kinetic energy 9.11 12.42 MJ
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Development non-linear finite element model

This chapter provides a description of the non-linear finite element (NLFE) models used in this study.
To begin with, a consistent unit system is adopted and applied throughout the impact simulations. The
geometries of the ship structure and fender structure are described, followed by the specification of model
boundary conditions. Additionally, the material model for steel components is outlined. Finally, general
solver settings used to solve the models are discussed.

4.1 consistent units
LS-DYNA [22] recommends using a specific consistent unit system to ensure accuracy: SI Nmm. Through-
out this thesis the SI Nmm unit system is applied.

4.2 geometry modelling
The first step in developing the NLFE model is setting up the model geometries. The geometry of the
fender structure is fully modeled in 3D using surface elements based on the technical drawings. Figure
4.1a shows the upper part of the fender structure. The geometry of the ship structure is extracted from the
model input files from B. Meijer’s thesis work [4]. Similarly to the fender structure, the geometry of the
ship is modeled in 3D using surface elements. Figure 4.1b presents a visualization of both the inner and
outer geometry of the ship’s bow structure. Detailed information about model geometries and element
thicknesses is provided in appendix B.

(a) Fender structure (b) Ship structure

Figure 4.1: Geometries non-linear finite element models
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4.3 boundary conditions
This section outlines the boundary conditions applied to the non-linear finite element models. First,
the boundary conditions related to the fender-soil system are discussed in section 4.3.1, followed by a
description of the boundary conditions for the sailing ship in section 4.3.2.

4.3.1 Soil Structure Interaction

The piles of the fender structure are constrained horizontally by the surrounding soil. As discussed in
chapter 2, the soil can be modeled using a series of springs distributed around the pile’s circumference. In
the finite element model, a spring is attached in the radial direction at every mesh node where the pile is
embedded in the soil. Depending on the position of each spring, a linear or non-linear force-displacement
curve can be assigned. Additionally, the springs are uncoupled and act independently of one another.
Since discrete springs are modeled at every mesh node where soil interacts with the pile, the number of
springs depends on the chosen mesh size for the piles in the fender structure. Vertically, the piles are
simply supported at their base (foot). Figure 4.2 illustrates how soil springs are incorporated into the
LS-DYNA model, with four distinct soil layers represented by different colors.

With the inclusion of soil springs and vertical supports at the base of the piles, the fender structure is
constrained in both horizontal and vertical planes. No additional boundary conditions are required to
maintain structural stability, provided resistance values are not exceeded.

Figure 4.2: Model of soil-structure interaction

The discrete springs are modeled using the *ELEMENT_DISCRETE keyword [25], in combination with
the *MAT_SPRING_INELASTIC keyword [26]. This combination allows for a discrete input of the load-
displacement behavior of the springs. Furthermore, the springs are modeled as compression-only types,
consistent with the transformation from uni- to multi-directional springs.

4.3.2 Sailing Ship

The ship structure is a moving object during the simulations. Since two different impact scenarios are
evaluated, two distinct boundary conditions are formulated.

Scenario 1: head-on impact
In this scenario, a remote point is modeled at the section where the ship structure is no longer explicitly
represented. This remote point is rigidly connected to the outermost edges of the bow structure. The
boundary conditions for the sailing ship are defined at this remote point. For head-on impact simulations,
all rotational degrees of freedom are fixed. Additionally, translations are restricted except for the surging
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motion of the ship. Figure 4.3 illustrates how the remote point is implemented in the simulation software.
This remote point also serves as the location for modeling a point mass that represents the portion of the
ship not included in the model.

Figure 4.3: Head-on impact: remote point attachment

Scenario 2: oblique impact
For the oblique impact scenario, the remote point is positioned at the mid-length of the ship, which is
assumed to represent the ship’s center of mass. Similar to the head-on impact scenario, the boundary
condition is defined at the location of the remote point. For this scenario, yawing, surging, and swaying
motions are permitted, while all other rotational and translational degrees of freedom are fixed. Figure
4.4 illustrates how the remote point is implemented in the simulation software.

Figure 4.4: Oblique impact: remote point attachment

A point mass is attached to the remote point, representing the portion of the ship not included in the
model. Not all rotational degrees of freedom are fixed during the oblique impact. Therefore, a mass
moment of inertia is defined in the direction of the ship’s yawing axis. By doing this, the following
assumptions are made:

• The center of mass is located at the mid-length of the ship;

• The mass of the ship is evenly distributed along its length;

• Hydrodynamic effects may be neglected with respect to yawing motion of the ship.

Under these assumptions, the mass moment of inertia can be approximated using the moment of inertia
formula for a uniform rod, as shown in (4.1):

Iyawing =
1
12

· M · L2 (4.1)

Where:
M = total mass of the ship
L = total length of the ship

4.4 steel material models
The material models for the structural steels in the NLFE model are partly derived based on the method
described in section 2.4 following the DNV-RP C208 [20].
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The DNV-RP C208 does not specify an end point for the true stress-strain curve. Ultimate tensile stress
(σult) and tensile fracture strain criterion (εfr) are taken from idealized material curves specified in the
European standard NEN-EN 10025-2 [27]. This standard describes the technical delivery conditions for
structural steels and can be considered as representing the lower fractile limit of structural steel properties.

In this thesis, a simplification is made at the final part of the material model. Therefore, a modified
true stress-strain curve is adopted as schematized in figure 4.5. The modified material model follows the
recommended curve from the DNV-RP C208 until the ultimate tensile stress is reached. From this point a
linear part is modeled until the tensile fracture strain criterion is reached.

Figure 4.5: Modified true stress-strain curve

4.4.1 Modified true stress-strain curves

In the DNV-RP C208 and the NEN-EN 10025-2, material properties are differentiated based on thickness,
resulting in multiple stress-strain relationships within the same structural steel quality class. The following
paragraphs discuss the material models used for the ship structure and the fender structure.

In shipbuilding, a different material classification system is used. The ship model included in this research
is classified as Grade A steel, which has material properties comparable to structural steel class S235.
Therefore, S235 material properties are adopted. The thickness of the ship’s structural elements ranges
from 8 to 16 mm, allowing for representation by a single material model. Figure 4.6a visualizes the
modified true stress-strain relationship for the ship structure.

For the fender structure, a higher material quality is applied. With element thicknesses ranging from 10 to
20 mm and steel quality S355, two stress-strain curves are obtained. Figure 4.6b compares the two curves.

(a) S235 (b) S355

Figure 4.6: True stress-strain relation

The material models are implemented into the NLFE model using the *MAT_PIECEWISE _LINEAR
_PLASTICITY keyword in LS-DYNA [26]. This material model is commonly used for metallic materials

in explicit analyses and allows for detailed input of stress-strain relationships, including multiple linear
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hardening segments. Numerical derivations of the material properties and the corresponding material
cards are provided in Appendix D.

4.5 general solver settings
In this section, general solver settings are provided. To obtain numerical stable results, time step size
must be chosen carefully. Furthermore, element formulation are provided, hourglass control algorithm is
discussed, and the contact definition is elaborated.

4.5.1 Time Step

As mentioned earlier LS-DYNA employs an explicit time integration scheme for solving the problem.
However, explicit solvers require a stability condition to ensure accurate end numerical stable solutions.
One commonly used criterion for the approximation of the initial time step is the Courant-Friedrichs-
Lewy (CFL) criterion, which defines a upper bound for the allowable time step. This condition is based
on the theory that a stress wave may not travel through an entire finite element within a single time step.
Mathematically, the critical time step is given by (4.2).

∆t ≤ L
c

(4.2)

Where:
L is the characteristic length of the smallest element in the mesh.
c is the wave speed in the material

The wave speed is dependent to the Young’s modulus (E) and the density (ρ) of the material, and can be
calculated using (4.3).

c =

√
E
ρ

(4.3)

From (4.3) it can be seen that an increase in the material density results into a lower wave speed. If
the wave speed becomes smaller the critical time step becomes larger. Artificially increasing the density
(mass) of elements in the model, known as mass scaling, can reduce computational time by increasing
the critical time step. However, adding mass to a dynamic system can alter the physics of the problem.
Therefore, no mass scaling is applied during this research. As a result, no special caution need to be taken
with respect to automatic mass scaling during the simulations.

4.5.2 Finite Element Formulation

The geometry of the ship and fender structure are completely modeled using surface elements. There-
fore, all structural elements are modeled as shell elements in the NLFE model. There are different shell
formulations available in LS-DYNA [25], three commonly used formulations are:

• Hughes-Liu (ELFORM=1)

• Belytschko-Lin-Tsay (ELFORM=2)

• Fully-integrated shell element (ELFORM=16)

Hughes-Liu shell element formulation is proven to be well suited for NLFE analysis. It has been shown
that this formulation type is able to accurately approximate the response when large stains and rotation
effects are involved [28]. Furthermore, the Hughes-Liu formulation can make use of one-point integration
to increase computational efficiency. However, attention should be taken to the development of zero
energy modes in the response.

Belytschko-Lin-Tsay is an extremely effective element formulation compared to the other formulations.
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According to [29], the Hughes-Liu has a processing time more than twice as long compared to this
Belytschko-Lin-Tsay formulation. This formulation type can also make use of one-point integration and is
therefore also sensitive to the development of zero energy modes. However, the increase in computational
efficiency comes with a cost in solution accuracy. Especially, for large deformation responses this element
formulation is less accurate compared to Hughes-Liu or fully integrated elements [30]

Fully-integrated shell elements make use of 2x2 normal integration in LS-DYNA. As a result, the number
of equations to solve for increases when applying fully-integrated elements. Therefore, this formulation
results in the highest computational time for the compared cases. An advantage is that development of
zero energy modes is prohibited. Nonetheless, fully integrated elements tends element to "lock" [28]. This
results in an overestimation of the stiffness matrix and could lead in underestimation of the response
when large deformations occur.

Taking the advantages and disadvantages into comparison leads to the decision to globally make use of
the Hughes-Liu formulation. A computational strategy is described in the next section with respect to
zero energy modes.

4.5.3 Hourglass Control

In finite elements hourglass modes can occur when using under intergrated elements. Hourglass modes
are nonphysical modes of deformation. LS-DYNA has the option to avoid or minimize the amount of
hourglass modes by using hourglass control algorithms. Those algorithms introduce internal nodal forces
to counteract hourglass modes.

There are two different forms of hourglass control: stiffness and viscous forms. Viscous forms are best
applicable to problems that involve high velocity/strain rate while stiffness forms are preferred for lower
rate problems, including crash simulations. As a rule of thumb the hourglass energy should not exceed
10 percent of the internal energy. This must hold for the whole system as for individual parts. In the
analysis performed in this research a stiffness form for shell elements is used which is also referred to
as Flanagan-Belytschko. This has be done using the LS-DYNA keyword *CONTROL_HOURGLASS [25]
with hourglass control type IHQ = 4.

Element formulation may be switched to fully-integrated elements locally in case the condition related to
the allowable hourglass energy cannot be satisfied in the model.

4.5.4 Contact Definition

In LS-DYNA, contact modeling plays a crucial role in accurately capturing interactions between bodies
in impact simulations. The software implements sophisticated contact algorithms that detect and resolve
interactions between elements to prevent penetration and ensure realistic force transmission [22].

Contact modelling makes it possible for unmerged Lagrangian elements to interact. Possible interactions
are segments that: impact, slide, push, or rub against each other. In LS-DYNA it is possible to automati-
cally detect and generate contacts between bodies using the *CONTACT_AUTOMATIC_SINGLE
_SURFACE keyword [25].

This automatic contact algorithm is a penalty-based contact formulation. This means that a finite stiffness
is calculated at both interacting segments that is used to prevent penetration between interacting segments.
In contact formulation between two segments, one is called the master and the other is called the slave
segment. Once the slave segment penetrates the master segment, a "penalty" force based on the calculated
contact stiffness is applied to the slave segment to project it back onto the master segment. In addition,
reaction forces are applied on the master segment to keep equilibrium of forces. In other words, the total
force on the master segment must equal the penalty force applied to the slave segment.
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Alternatively, segments can be tied together to constrain individual translation between segments while al-
lowing for disparate mesh sizes. This type of contact can be defined using the *CONTACT_TIED_NODES
_TO _SURFACE _OFFSET keyword, which enforces compatibility between interacting surfaces by re-

stricting relative movement.
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Development Simplified Dynamic Model

This chapter presents the development of the simplified dynamic model. The purpose of the simplified
model is to derive the transient response of the fender structure at interest during head-on ship impact
conditions without the use computational expensive NLFE simulations.

This chapter describes the simplified model, outlines the modeling assumptions, and explains the solution
strategy. Model results are presented and compared with the NLFE model in chapter 6.

5.1 schematization simplified dynamic model
This section discusses the schematization of the simplified model. To reduce the size and complexity of
the model, several assumptions are made during its construction:

• The transient response of the fender structure can be approximated using a linear model for the
structural elements.

• Structural elements deform only in the direction perpendicular to their axis.

• The soil is represented by a linear elastic foundation.

• The impacting ship is simplified as a mass-spring system at the point of impact.

Based on these assumptions, a two-dimesnional (2D) frame structure is constructed, as shown in figure
5.1. Reflecting the geometry of the actual fender structure, the simplified model includes two different
cross-sections. Cross-sectional properties (ρA and EI) for the piles are subscripted by a letter "p", and
those for the crossbeams with "b". Soil layering is modeled using a stepped linear elastic foundation with
stiffness values kLi, where "i" denotes the index of the soil layer.

Figure 5.1: Simplified dynamic model

27
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5.2 element formulations
To perform a dynamic analysis, the structural elements of the frame structure are formulated using Euler-
Bernoulli beam theory. This results in a set of partial differential equations (PDEs). Beginning with the
piles embedded in the soil (z0 ≤ z < z4). Equation (5.1) presents the PDE for a continuous beam on an
elastic foundation.

EIp
∂4ui(z, t)

∂z4 + ρAp
∂2ui(z, t)

∂t2 + kLiui(z, t) = 0 (5.1)

Where:
E is the Young’s modulus
I is the moment of inertia
ρ is the density
A is the section area
kLi is the stiffness of the linear elastic foundation
u is horizontal displacement pile
t is time
z, x are spatial coordinate

For the piles extending above the soil surface (z4 ≤ z ≤ z7), the elastic foundation term is omitted, leading
to (5.2)

EIp
∂4ui(z, t)

∂z4 + ρAp
∂2ui(z, t)

∂t2 = 0 (5.2)

A similar form of the equation applies to the crossbeams (x0 ≤ x ≤ x2), as shown in (5.3).

EIb
∂4wi(x, t)

∂z4 + ρAb
∂2wi(x, t)

∂t2 = 0 (5.3)

Where:
w is vertical displacement beam

The equation of motion for the mass-spring system is given in (5.4). Note that this equation does not yet
include coupling with the frame structure.

ms
d2x(t)

dt2 + ksx(t) = 0 (5.4)

Where:
ms is the ship’s mass
ks is the spring stiffness
x(t) is the horizontal displacement of the mass

5.3 modal analysis
Modal analysis is widely used technique for studying the dynamic behavior of structures, particularly un-
der the assumption of linear elasticity. Since the system includes Euler-Bernoulli beams whose governing
equations of motion are linear partial differential equations, modal analysis can be employed to obtain
the transient response of the system. Modal analysis is based on the principle that, for linear systems, the
transient response can be expressed as a summation of spatial mode shapes multiplied by time-dependent
modal amplitudes. Equation (5.5) provides a general mathematical expression for the transient response
of the piles. A similar formulation applies to the crossbeams. In this equation, ui(z, t) represents the
transient response, ϕn(z) are the mode shapes obtained from a free vibration analysis, and qn(t) are the
generalized coordinates (modal amplitudes).
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ui(x, t) =
∞

∑
n=1

ϕn(z)qn(t) (5.5)

To perform the modal analysis, the method of separation of variables is applied by assuming a solution
of the form:

u(z, t) = ϕ(z)q(t) (5.6)

Substituting the assumed solution (5.6) into the previously derived PDE (5.2) yield:

EI
ϕ(4)(z)

ϕ(z)
= −ρA

q̈(t)
q(t)

= λ (5.7)

Here, λ is the separation constant introduced in (5.7). This substitution results in two ordinary differential
equations (ODEs), where the spatial component is given in (5.8) and the time-dependent component in
(5.9). By introducing the variable β and rewriting the system, the following two equations are obtained:

ϕ(4)(z)− β4ϕ(z) = 0, with β4 =
ρAω2

EI
(5.8)

q̈(t) + ω2q(t) = 0 (5.9)

The same procedure can be applied to the PDE for a pile on an elastic foundation (5.1). resulting in the
following expression for β:

β4 =
ρAω2

EI
− kLi

EI
(5.10)

5.3.1 Free Vibration Modes

Solving the eigenvalue problem from (5.8) yiels the free vibration modes and corresponding natural fre-
quencies (ω) of the system. The solution to this ODE can be expressed in the following form:

ϕ(z) = C1 cosh(βz) + C2 sinh(βz) + C3 cos(βz) + C4 sin(βz) (5.11)

Here, C1, C2, C3, and C4 are constants determined by the boundary conditions of the corresponding beam
segment. These boundary conditions arise from continuity between beam segments and the support
conditions. Written out boundary conditions are provided in appendix E.

5.3.2 Generalized Coordinates

The mode shapes obrained from the free vibration analysis do not account for external forces acting on the
structure. The coupling between the frame structure and the mass-spring system introduces constraints,
making it a constrained structure [31].

For any one-directional structure subjected to a distributed force (force per unit length), and for which the
normal modes and natural frequencies are known, the deflection at any point and time can be expressed
using (5.5). At this stage, the mode shapes ϕn(z) are known, and the generalized coordinates qn(t) must
be solved to obtain the transient response of the structure. When an external force is present, it can be
shown that (5.12) must be satisfied [31].

q̈n(t) + ω2
nqn(t) =

1
Mn

∫
f (z, t)ϕn(z)dz (5.12)

Where:
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Mn is the modal mass for mode n
f (z, t) is the space and time dependent external force

5.3.3 Coupling with mass-spring system

The coupling between the frame structure and the mass-spring system can be represented as an external
load acting on the frame structure. In general, for concentrated loads on structures (5.12) can be rewritten
into the following form:

q̈n(t) + ω2
nqn(t) =

1
Mn

F(a, t)ϕn(a) (5.13)

To derive an expression for F(a, t), the displacement method is employed. Figure 5.2 illustrates the
method. In figure 5.2a, a zoomed-in view of the system without displacements is shown. Note that
the mass-spring system is coupled at the end of the beam in the frame structure. Therefore, other ele-
ments are omitted in the figures for clarity. Figure 5.2b depicts the case where the mass (ms) undergoes a
positive displacement, with forces acting on the mass and the beam highlighted in red. Figure 5.2c shows
the situation for a positive displacement of the beam’s end.

(a) No displacement (b) Mass displacement (c) Beam displacement

Figure 5.2: Displacement method

In (5.13), the position where the external force acts on the structure is denoted by a. From figure 5.1, it is
known that a = z7. Using the displacement method, an expression for F(z7, t) is obtained.

F(z7, t) = ks · x(t)− ks · u(z7, t) (5.14)

By applying the modal superposition principle, the displacement u(z7, t) can be replaced by the expression
given in (5.15).

u(z7, t) =
∞

∑
i=1

ϕi(z7) · qi(t) (5.15)

Substitution of (5.15) into the previously derived relation for the concentrated force (5.14) yields the fol-
lowing equation for the concentrated load on the frame structure:

F(z7, t) = ks · x(t)− ks ·
∞

∑
i=1

ϕi(z7) · qi(t) (5.16)

The same concentrated force, but with opposite sign, acts on the mass. This results in two coupled
ODEs: one describing the frame structure and the other the mass-spring system, coupled through the
concentrated force function. Coupled equations are given in (5.17).q̈n(t) + ω2

n · qn(t) =
1

Mn
· F(z7, t) · ϕn(z7)

ms · ẍ(t) = −F(z7, t)
(5.17)
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The mass-spring system is included to approximate the impact loading of the ship. However, physi-
cally, this spring coupling is not present. A more realistic approach is to define the spring coupling as
compression-only as expressed in (5.18).

F(z7, t) =

ks · x(t)− ks ·
∞

∑
i=1

ϕi(z7) · qi(t), if x(t) > u(z7, t)

0, if x(t) < u(z7, t)

(5.18)

Combining (5.18) with the previously obtained system of ODEs (5.17) results in the final set of equations.
Two equations with two unknowns (x(t) and qn(t)) that can be solved simultaneously. Transforming
these into a system of first-order ODEs makes the problem compatible with SciPy’s solve_IVP solver,
which employs the RK45 time integration method [32]. Therefore, two auxiliary variables, pn and v, are
introduced as shown in (5.19). 

q̇n = pn

ṗn = −ω2
n · qn(t) +

1
Mn

· ϕn(z7) · F(z7, t)

ẋ = v

v̇ =
1

ms
· (−1) · F(z7, t)

(5.19)
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Results and Discussion

First, the transient response of the head-on impact scenario is obtained using the simplified dynamic
model. Then, the effect of the model input parameters on the structural behavior under impact loading is
studied. By doing this, potential sensitivities of the separate NLFE models are addressed. This is followed
by a presentation of the simulation results for both the head-on and oblique impact scenarios, including
the flexibility of all models simultaneously. Finally, a comparison is made between the simplified and the
NLFE models, as well as a comparison between the NLFE model and the Dutch codes.

During the analysis of the results, references are made to both the global level and the model level. When
analyzing at global level, the unity of the whole system is discussed, which is represented by the enclosing
ellipse in figure 6.1. When analyzing individual parts, this will be referred to as model level. Figure 6.1,
shows the individual models using green tiles.

Figure 6.1: Definitions NLFE simulations

6.1 results simplified model
In this section, the transient response for the head-on impact scenario is derived using the simplified
dynamic model. A description of the simplified model can be found in chapter 5.

6.1.1 Model Input

Values for the spatial coordinates of the frame structure are provided in table 6.1. Pile distances are
equivalent to those in the NLFE model. Crossbeams are positioned at the height of the centerline in the
NLFE model.

Table 6.1: coordinate data [m]
z0 z1 z2 z3 z4 z5 z6 z7
0.0 1.0 4.0 7.0 10.5 16.2 17.2 18.1
x0 x1 x2
0.0 5.9 11.8
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Cross-sectional properties are based on the design of the fender structure of interest. Normalized values
for the Young’s modulus and density of structural steel are used. Stiffness values for the elastic foundation
are based on the modulus of horizontal subgrade reaction from the API-method. Numerical values for
the model input parameters are presented in table 6.2.

Table 6.2: Simplified model: input parameters
Parameter Value Unit
E 2.1 · 1011 Pa
ρ 7850 kg/m3

Ap 4.66 · 10−2 m2

Ab 2.14 · 10−2 m2

Ip 3.21 · 10−3 m4

Ib 3.98 · 10−4 m4

kL1 1.26 · 107 N/m/m
kL2 5.82 · 106 N/m/m
kL3 1.01 · 107 N/m/m
kL4 1.01 · 107 N/m/m

6.1.2 Free Vibration Modes

A free vibration analysis is performed on the structure of interest. The resulting mode shapes and natural
frequencies are provided in figure 6.2. Only the first ten mode shapes found are shown. The mode
shapes are mass-normalized and scaled for visualization purpose to increase readability. Furthermore,
orthogonality is checked, and the resulting mode shapes are found to be perfectly orthogonal.

Figure 6.2: First 10 mode shapes with natural frequencies

Verification of free vibration modes
A free vibration analysis is also performed using numerical finite element software. In this analysis, the
same frame structure with the same properties is used. Resulting natural frequencies are presented in the
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second column of table 6.3. Additionally, the natural frequencies derived using the simplified model are
listed in the third column. The final column presents the absolute relative error between the two analysis.

Table 6.3: Verification free vibration modes
mode numerical simplified model absolute relative error

ωn ωn [%]
1 6.1 6.2 1.6
2 31.4 31.7 0.9
3 39.9 40.5 1.5
4 42.1 46.3 9.1
5 43.1 46.3 6.9
6 62.9 69.2 9.1
7 64.4 70.2 8.3
8 65.2 70.7 7.8
9 66.2 71.1 6.9
10 66.7 71.3 6.5

The values obtained from the simplified model closely match those from the numerical software, especially
for the first three natural frequencies, where the difference is smaller than 2%.For the higher-order modes,
the results start to deviate between 6% and 10%. Based on this, it is concluded that the system of equations
for the simplified model is constructed and solved correctly and can be used to solve for the transient
response.

6.1.3 Transient response

The transient response is derived by solving the system of first-order ODEs for the mass displacement
(x(t)) and the generalized coordinate (q(t)). Before solving this problem, the properties of the mass-spring
system and initial conditions must be specified. The frame structure is initially at rest and therefore has
zero initial conditions throughout. For the mass-spring system, a zero initial displacement is defined.
The initial velocity is nonzero and equals the initial velocity of the sailing ship (v0). The mathematical
expressions are presented in (6.1).

qn(0) = 0, q̇n(0) = 0

x(0) = 0, ẋ(0) = v0
(6.1)

The properties of the mass-spring system are shown in table 6.4, which lists the numerical values for the
mass (ms) and the spring stiffness (ks). The initial velocity of the mass-spring system is provided in the
last row of the table.

Table 6.4: Properties mass-spring system
Parameter Value Unit
ms 2024 · 103 · 3/5 kg
ks 16.0 · 106 N/m
v0 3.0 m/s

To account for the fact that the simplified model is defined only in 2D space, the discrete mass (ms) is
multiplied by a factor 3/5. This factor is based on the ratio of the number of piles included in the fender
structure. In 3D, the structure consists of 5 piles in total, whereas the simplified model includes only 3
piles. Dividing the number of piles in the simplified model by the total number of piles in the 3D case
yields the reduction factor for the discrete mass.

Mass is a linear scalar in the equation for initial kinetic energy. Therefore, scaling down by a factor of 3/5
reduces the initial kinetic energy by a factor of 1 − 3/5 = 2/5. It is assumed that this scalar adjustment
enables meaningful comparison between the simplified model and the detailed NLFE model.
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Displacements
The transient response of the frame structure at discrete moments in time is presented in figure 6.3.
The frame structure is initially at rest, as expected from the initial conditions. The mass-spring system,
however, has a non-zero initial velocity and starts translating from the first time step. This results in lateral
displacements of the frame structure at time steps t = 0.50s and t = 1.00s. At the final two time steps (t =
1.50s and t = 2.00s), the fender structure is vibrating with small displacements around its initial state.

(a) t = 0.00s (b) t = 0.50s (c) t = 1.00s

(d) t = 1.50s (e) t = 2.00s

Figure 6.3: Simplified model: transient response frame structure

The coupled behavior between the frame structure and the mass-spring system is examined in more
detail in Figure 6.4, which shows the lateral displacement of the upper left corner of the frame structure
(u7(z7, t)) and the translation of the discrete mass (x(t)) over time. A second scenario is included in
the graph, in which the spring stiffness (ks) of the mass-spring system is multiplied by a factor 100.
As a result, the spring is tends to behave more like a rigid link that is only activated in compression,
representing an impact scenario where ship deformations are neglected. The compression-only coupling
is clearly reflected in the graph. At the time increment when the spring goes into tension, decoupling
occurs, and the mass begins moving away from the frame structure. From that point onward, the frame
structure continues vibrating in steady-state, as no damping is included in the model.

Figure 6.4: Simplified model: peak displacement frame with mass displacement

Table 6.5 summarizes the peak displacements and impact duration for both scenarios. It can bee seen
that the largest peak displacement occur in the scenario with a high value of ks. Furthermore, the longest
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impact duration is observed for the scenario with a low value of ks. For the scenario where k = 100ks, the
displacement of the frame structure and the discrete mass closely follow the same path until decoupling
occurs. This is consistent with the "rigid link" analogy described above.

Table 6.5: Simplified model: summary results
Parameter 1ks 100ks Unit
Peak displacement frame structure 0.75 0.95 m
Peak displacement discrete mass 1.26 0.96 m
Impact duration 1.33 1.02 s

6.2 sensitivity analysis
In this section, the simulation results of the sensitivity analysis are provided and discussed following
the same structure as prescribed in section 3.2. Therefore, this section begins with simulation results of
the independent models. These simulations are included to first reduce complexity and to gain a better
understanding of the structural behavior under impact loading at model level. Additionally, important
parameters are studied to address possible sensitivities in the models. Based on the knowledge obtained,
a setup is chosen for the final analysis for head-on and oblique impact events.

6.2.1 Mesh Convergence

An important aspect when using (non-linear) finite element methods is selecting an appropriate mesh
size. Mesh size greatly influences the accuracy of model results and should be sufficient small to capture
local deformations and failure modes. Therefore, a mesh convergence study was performed for both the
ship structure and the fender-soil system. The results are provided below.

Mesh convergence: ship structure
Figure 6.5a presents the force displacement graph for mesh sizes: 50, 75, 100, and 150 mm. The force-
displacement relations are obtained using a head-on impact configuration with a rigid fender structure.
Displacements are measured relative to the reference point shown in figure 6.5b. Force is measured by
recording the reaction forces of the rigid fender in the ship’s sailing direction and summing them. During
all four simulations, only the mesh size was varied. All other input parameters were kept the constant to
ensure a proper comparison.

(a) (b)

Figure 6.5: Reaction force versus ship displacement w.r.t. reference point over time

As seen in figure 6.5a, convergences has not yet been reached for the complete simulation. Since this model
involves a head-on impact with a rigid obstacle, all kinetic energy of the ship is converted into internal
energy of the ship structure, leading to large plastic deformations with complex folding patterns. In the
final NLFE simulations of this research, the fender structure is not rigid, so bow crushing is expected to
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be significantly reduced. Focusing on the small displacement range in figure 6.6, mesh sizes of 50 and 75
mm appear nearly converged.

Figure 6.6: Reaction force versus ship displacement w.r.t. reference point over time (zoomed-view)

Another commonly used metric to assess accuracy of numerical simulations is the ratio between the
hourglass energy and peak internal energy. For all four mesh sizes, this ratio ranges between 4 and 7%,
indicating numerically stable results. None exceed the 10% limit prescribed in section 4.5.3.

Mesh convergence: fender-soil system
A mesh convergence study was also conducted for the piles of the fender structure, including the non-
linear soil springs. Only one pile (monopile) was considered, undergoing a forced displacement in a single
direction, for two mesh sizes: 50 and 100 mm. Figure 6.7 compares the forced displacement versus the
peak Von Mises-stress at the overturning point and the total internal energy of the pile. The overturning
point is defined as the cross-section at riverbed level.

(a) (b)

Figure 6.7: Forced displacement versus (a) Von Mises-stress and (b) internal energy

As described in section 4.3.1, the number of soil springs depends on the mesh size applied to the pile.
Therefore, a comparison of the resultant total spring force versus the pile head displacement at different
soil layers is made, as shown in figure 6.8.

It can be concluded that for both mesh sizes almost the same results are obtained within the steel of the
pile. The curves are almost on top of each other for both the Von Mises-stress and the internal energy.
Furthermore, the mesh size of the pile seems to have limited effect to the reaction forces at different soil
layers. Therefore, statement can be made that the mesh is converged for both sizes included in this study.
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(a) Layer 1 (b) Layer 2

(c) Layer 3 (d) Layer 4

Figure 6.8: Forced displacement versus resultant force soil springs

Conclusion
For the ship structure, a mesh size of 75 mm is selected for the detailed model. For the fender structure, a
mesh size of 100 mm is used. While a finer mesh size would improve accuracy, these mesh sizes provide
an optimal balance between accuracy and computational cost.

6.2.2 Sensitivity analysis: ship’s bow structure

Five simulations were performed to study the structural behavior of the ship’s bow during impact loading.
Across these simulations, the following input parameters were varied: steel material model (A1, A2),
static friction coefficient (B1, B2), and obstacle geometry (C3). Table 6.6 summarizes the numerical results
obtained from the non-linear finite element (NLFE) simulations. Visualizations at discrete time steps are
provided in appendix F.

Table 6.6: Summary of results flexible ship
Unit A1 A2 B1 B2 C1

Obstacle - rigid wall rigid wall rigid wall rigid wall rigid fender
Peak internal energy ship MJ 7.80 7.73 8.45 8.08 8.00
Peak indentation ship m 1.17 1.13 1.32 1.08 1.61
Peak impact force MN 12.96 13.00 10.33 14.68 8.40
Impact duration s 0.77 0.77 0.95 0.74 > 1

In the paragraphs below, results are discussed group by group, according to the parameter varied.

Group A
Simulations A1 and A2 employ two steel material models. A1 uses the non-linear model described in
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Chapter 2. A2 uses a simplified but widely applied bilinear model. Ultimate tensile stress and fracture
strain criterion are kept identical as shown in figure 6.9.

Figure 6.9: Steel material models, A1: non-linear and A2: bi-linear

Table 6.6 shows that peak values are nearly identical. The non-linear model (A1) produces a slightly softer
response since a larger indentation depth but a marginally lower peak impact force are observed.

Group B
To assess friction effects, simulation B1 employs a lower static-friction coefficient, while B2 uses a higher
value than the reference case A1 (see Table 6.7).

Table 6.7: Static friction coefficients
Simulation Static friction coefficient
A1 0.3
B1 0.1
B2 0.5

Comparing the results from table 6.6, relations between peak responses and static friction coefficient are
visible. Lowering the static friction coefficient increases bow crushing, prolongs impact duration, and
reduces the peak impact force. As a result, greater amount of the kinetic energy is converted to internal
energy of the ship. The opposite trend is observed for a higher static friction coefficient.

Group C
Simulation C1 replaces the rigid wall (used in A1, A2, B1, B2) with a rigid fender structure whose contact
area covers only part of the bow cross-section (Figure 6.10).

(a) A1 (b) C1

Figure 6.10: Type of impacts, A1: rigid wall and C1: rigid fender structure

Compared to the rigid wall, the smaller contact area (C1) activates fewer stiffeners and plates, reducing
stiffness. Consequently, impact duration increases, peak forces decrease, and indentation depth rises
significantly.
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6.2.3 Sensitivity analysis: soil-fender structure (head-on)

Three simulations were performed to examine the structural behavior of the soil-fender system under
head-on impact. Parameters varied were the steel material model (D1, D2) and the soil model (E1). Key
results are listed in table 6.8, with visualizations in appendix G.

Table 6.8: Summary of results flexible soil-fender structure - Head-on
Unit D1 D2 E1

Peak internal energy fender structure MJ 7.34 7.37 6.88
Peak internal energy soil MJ 1.49 1.40 1.97
Kinetic energy ship at end MJ 0.16 0.09 0.09
Peak displacement fender structure m 2.18 2.14 2.25

Group D
Simulation D1 employs the non-linear steel model. D2 uses a bilinear model. Ultimate tensile stress and
fracture criterion are kept identical for both models. In D1, two stress-strain curves are defined to reflect
plate-thickness variations.

Figure 6.11: Steel material models, D1: non-linear and D2: bi-linear

Table 6.8 shows only minor differences. The non-linear material model (D1) yields a global peak displace-
ment about 40 mm larger than that of the bilinear case (D2).

Group E
Two soil models, introduced in chapter 2, are compared: the API method (D1, reference) and Ménard with
Brinch-Hansen (E1). Their multi-directional P–y curves are shown in figure 6.12. Derivations of the P-y
curves are provided in appendix C.

Figure 6.12: Soil model, D1: API-method and E1: Ménard with Brinch-Hansen

The API-method predicts stiffer behavior and a higher ultimate soil resistance, so less energy is absorbed
by soil springs and more by the fender structure. Conversely, the Ménard with Brinch-Hansen model
yields slightly larger global displacements and greater soil-spring energy absorption. These trends match
findings for laterally loaded piles in literature [21].
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6.2.4 Sensitivity analysis: soil-fender structure (oblique)

Additional simulations assess the structural behavior of the soil-fender structure under oblique impact
loading. Unlike the head-on case, this scenario involves sliding motion between the ship’s hull and the
fender structure. Furthermore, oblique impacts do not result in a point of zero kinetic energy for the ship.
In other words, the ship maintains a positive translational velocity throughout the simulation duration.

Parameters investigated are the static friction coefficient (F1, F2), the soil model (G1), and impact position
(H1, H2). Results are summarized in table 6.9. Visualizations are given in appendix H.

Table 6.9: Summary of results flexible soil-fender structure - Oblique
Unit F1 F2 G1 H1 H2

Peak internal energy fender structure MJ 1.60 1.49 1.57 1.59 1.63
Peak internal energy soil MJ 0.28 0.25 0.31 0.29 0.26
Frictional energy dissipation MJ 2.79 0.99 2.80 2.78 2.81
Kinetic energy ship at end MJ 7.81 9.67 7.81 7.83 7.78
Peak displacement fender structure m 0.90 0.87 0.91 0.88 0.92

Group F
To assess friction effects, simulation F1 (reference) employs a higher static-friction coefficient, while F2
uses a lower value than the reference case (see table 6.10).

Table 6.10: Static friction coefficients
Simulation Static friction coefficient
F1 0.3
F2 0.1

From table 6.9, it can be seen that the simulation with a higher static friction coefficient (F1) results in
higher peak values for internal energy absorption compared to simulation F2. This occurs due to a larger
force component developed by friction in the longitudinal direction of the fender structure. Furthermore,
increased friction leads to greater energy dissipation within the model, which is evident in the reduced
kinetic energy of the ship at the end of the simulation. From these results, it can be concluded that
changes in the static friction coefficient primarily influence both the frictional energy dissipation and
the ship’s remaining kinetic energy. While the static friction coefficient also affects the internal energy
absorption by the soil-fender structure, this influence is notably smaller.

Group G
Similar to the head-on simulations in group E, the effect of the soil model is examined under oblique
impact conditions. The same P-y curves are applied (figure 6.12), as they are not dependent on the type
of impact. The reference model for the oblique simulations (F1) uses the P-y curves from the API-method,
whereas simulation G1 uses the P-y curves based on Ménard with Brinch-Hansen.

The same characteristics are observed as in the head-on simulations of group E. Key results are sum-
marized in table 6.9. However, the oblique impact scenario involves smaller lateral displacements of the
soil-fender structure system, resulting in almost similar responses between the two different P-y relation-
ships.

Group H
The finial result group assess the influence of the vertical impact position as shown in figure 6.13.
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(a) F1 (b) H1 (c) H2

Figure 6.13: Impact positions, F1: middle crossbeam, H1: lower crossbeam and H2: upper crossbeam

From the results provided in table 6.9, a clear trend is visible between the different impact positions. A
higher impact position results into greater internal energy adsorption by the fender structure, along with
a larger global peak displacement. On the other hand, a higher impact position leads to slightly smaller
deformations in the soil, which is reflected in the lower value for the peak internal energy of the soil.

6.2.5 Conclusions sensitivity analysis

A sensitivity analysis has been performed to the following model (input) parameters: steel material model,
static friction coefficient, soil model, impact position, and obstacle geometry. The following conclusions
are drawn:

• The two material models studied were found to have limited influence on the simulation results.
The non-linear material model best describes the material behavior from experimental tests and will
therefore be used in the detailed impact simulations.

• The static friction coefficient has a major influence on the simulation results for both head-on and
oblique impact simulations. A higher static friction coefficient results in higher impact forces and
peak responses. Therefore, neglecting friction in the models will lead to overly optimistic results.

• The soil models studied show different responses for the head-on impact, which is consistent with
the obtained P-y relationships for both methods. Using the API-method results in stiffer behavior
of the soil springs, leading to higher internal energy absorption by the fender structure and lower
absorption by the soil springs. The opposite is observed when using Brinch-Hansen with Ménard.
For the oblique impact, the difference in the response becomes negligible, and almost the same
results are obtained.

• The vertical impact position between the ship and fender structure does influence the contribution
of the internal energy of the fender structure and soil springs. A higher impact position results
in larger values for the fender structure and lower for the soil. However, these differences remain
within a deviation of a few percent.

• Comparing an impact between a rigid wall or rigid fender and a flexible ship structure was found to
have major influence on the simulation results. Reducing the impact area results in a smaller impact
force, but larger crushing depth and longer impact duration are observed.

In conclusion, the NLFE models respond as expected. Furthermore, valuable insights have been gained
regarding the behavior of the individual models under different circumstances, which can be useful for
extrapolating the results obtained from the detailed model, where only one specific impact configuration
is considered.

6.3 results non-linear finite element simulations
In this section, the final simulations results are presented. As discussed in section 3.2, two simulations
were performed: a head-on and an oblique simulation. In these simulations, all models behave flexibly
and interact simultaneously. This setup allows the ship, soil, and fender structure to fully interact with
each other during the impact event.

First, the impact configuration is described by specifying the applied input parameters and position of first
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interaction (impact position). This is followed by a discussion of the simulation results for the head-on
impact. Lastly, the stimulation results for the oblique impact scenario are presented and discussed.

6.3.1 Impact Configuration

The impact configuration for the head-on simulation is described first. Figure 6.14a shows a top view of
the initial state the NLFE model. This figure also indicates the direction of the ship’s initial velocity and the
eccentricity between the ship’s central axis and that of the fender structure. The level of the ship’s upper
deck aligns with the uppermost crossbeam of the fender structure. Therefore, the first contact between
the ship and the fender structure is at the level of the upper most crossbeam of the fender structure. This
location is marked in figure 6.14c.

For the oblique impact, the ship is translated to the side of the fender structure and oriented at an angle
relative to the waterway axis. The ship’s initial velocity again follows the direction of its central axis. A top
view of the initial state is shown in figure 6.14b. As with the head-on impact, the initial impact position is
highlighted in figure 6.14c.

(a) Head-on impact (b) Oblique impact (c) Impact positions

Figure 6.14: Overview impact configurations NLFE model

The model input parameters for the head-on and oblique impact simulations are summarized in table 6.11

and table 6.12, respectively. The input parameters identical for both impact simulations. The non-linear
steel material model described in section 4.4 is used. A static friction coefficient of 0.3 is applied. The non-
linear soil springs are modeled using the force-displacement relationships derived from the API-method.
In the last column of table 6.11, the eccentricity value is specified. In table 6.12 this column provides the
value for the angle.

Table 6.11: Simulations configuration: head-on impact
Material model Static friction coefficient Soil model eccentricity
non-linear 0.3 API-method 50 mm

Table 6.12: Simulations configuration: oblique impact
Material model Static friction coefficient Soil model angle
non-linear 0.3 API-method 15 o

6.3.2 Head-On Impact

In the following paragraphs, the simulation results for the head-on impact are presented and discussed.
Visualization of these simulation results are provided in appendix I.

Global energy balance
During the simulation, various energy components are recorded in LS-DYNA. First, the global energy of
the simulation is evaluated. Figure 6.15 shows the global energies recorded during the head-on impact
simulation. Global means that all energy contributions from the individual models are summed up and
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reported as a single parameter. The total energy primarily consist out of kinetic energy, internal energy,
hourglass energy, and frictional dissipative energy.

No external forces are applied during the simulation. The ship structure, including the point mass, is
assigned an initial velocity, which is applied instantly at the first time step. Since no external forces act on
the bodies during the analysis timeframe, a closed system is at hand. A characteristic of a closed system
is that its total energy remains constant over time. This condition is clearly satisfied in the global energy
balance.

Furthermore, it is observed that the largest portion of the initial kinetic energy is converted into internal
energy. The reported internal energy consists of both elastic and plastic strain energy. Only a small
value of frictional dissipative energy is recorded, which aligns with the expectation for a head-on impact.
Finally, the hourglass energy remains well below the 10% of the peak internal energy. Therefore, from the
perspective of energy balance, it is proven that the numerical simulation accuracy and mesh resolution
are satisfactory.

Figure 6.15: Head-on: global energy balance

Model energy balance
To provide a more detailed view of energy absorption during the simulation, internal energies at model
level are presented in figure 6.16. This figure shows the individual energy contributions of the soil springs,
ship structure, and fender structure.

Focusing first on the internal energy of the fender structure. The structure is initially at rest, as indicated
by the zero initial energy at t = 0.00s. From the moment of interaction between the ship and fender
structure, a smooth increase in internal energy is observed, peaking around t = 1.40s. After reaching
this maximum, the internal energy gradually decreases. This corresponds with the release of the stored
elastic strain energy in the structure that is released during the unloading of the structure. Nevertheless,
a significant amount of internal energy is remains at t = 2.00s, due to the extensive plastic deformation
that has been developed during the impact loading.

The internal energy of the soil follows a similar trend to that of the fender structure, though with a smaller
magnitude. This is consistent with expectations for a coupled system, in which the fender structure’s piles
are directly connected to the soil springs. As a result, an increasing value for the internal energy of the
soil is observed during the loading stage of the fender structure (until t = 1.40s). However, unlike the
fender structure, the internal energy in the soil remains nearly constant during unloading. This behavior is
explained by the characteristics of the P-y curves, which reach a plateau at relatively small displacements
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(< 0.10 m), after which permanent (plastic) deformation occurs. As a result, only a small amount of elastic
energy is stored during the loading, leading to a minimal decay in internal energy for t > 1.40s.

Turning to the ship’s internal energy. It begins at zero at t = 0s, then increases until approximately
t = 0.40s. At this point, instead of a smooth curve, a kink is recorded in the internal energy, after which
the internal energy resumes a smooth increase towards the end of the simulation. This phenomenon
will be examined further in the next paragraph through analysis of the deformation patterns during the
simulation.

In contrast to internal energy, the ship’s kinetic energy does not start at a zero. At t = 0.00s, it matches
the total global energy and begins to decay smoothly until it reaches nearly zero at t = 1.40s. After this
point, a increase is observed. As previously explained, the elastic strain energy stored in the soil-fender
system is partially returned to the system for t > 1.40s, pushing the ship backward (opposite direction of
the initial motion) and causing kinetic energy to reappear toward the end of the simulation.

Figure 6.16: Head-on: model energy balance

Deformations
Deformations of the ship’s bow structure during the head-on impact simulation at discrete moments in
time are shown in figure 6.17. Relative displacements are presented, as the bow structure undergoes
translational motion throughout the simulation. The same approach is used for the displacements of the
fender structure in figure 6.18.

At the start of the simulation (t = 0.00s), both the ship and fender structure are in their undeformed,
initial state. From this point onward, the ship structure and fender structure start interacting, leading to
increasing deformation in both structures. Deformations continue to grow until t = 1.48s, when the ship’s
kinetic energy is nearly zero, and maximum internal deformations are reached in both structures. This
observation aligns with the model-level energy balance shown in figure 6.16. After this preak response,
and up to the end of the simulation (t = 2.00s), elastic energy gradually restored, leading to decreasing
deformations as the structures begin to return toward their initial state.

When analyzing the model-level energy balance (figure 6.16), a kink was noted in the internal energy
curve of the ship structure around t = 0.43s. From the simulation results, it is evident that the majority
of the bow crushing occurs during the first half second of the simulation. While deformation of the ship’s
bow continues after this point, it proceeds at a significantly lower rate, leading to the kink in the internal
energy curve of the ship.

In contrast, the deformation of the fender structure show a more gradual increase until the peak response
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is reached. This corresponds to the smooth internal energy development for both the soil springs and the
fender structure.

(a) t = 0.00 s (b) t = 0.43 s (c) t = 1.48 s (d) t = 2.00 s (e)

Figure 6.17: Head-on: deformations ship structure

(a) t = 0.00 s (b) t = 0.43 s (c) t = 1.48 s (d) t = 2.00 s (e)

Figure 6.18: Head-on: deformations fender structure

Analysis relative energy absorption
To compare the contributions to kinetic energy absorption by the different model parts, a relative energy
absorption metric is introduced. The relative energy absorption at any moment in time can be calculated
by dividing the individual energy quantity by the total energy and multiplying by 100 to obtain a percent-
age. Results for this metric at t = 1.40s are given in table 6.13. At this time step, the ship’s kinetic energy
is zero and, therefore all initial kinetic energy must have been absorbed as internal energy by the ship,
soil, and fender structure, or dissipated through friction. The largest portion of the energy is absorbed by
the fender structure where 69% of the total energy is absorbed by the internal deformation of the fender
structure. The soil springs contribute 15%, while the ship structure accounts for 12%. Small amounts
remain for frictional dissipation and artificial energy.

Table 6.13: Head-on: relative energy absorption at t = 1.40s
Part Relative energy absorption
Fender structure 69%
Soil springs 15%
Ship structure 12%
Frictional dissipation 2%
Artificial energy 2%

6.3.3 Oblique Impact

In the following paragraphs, the simulation results for the oblique impact are presented and discussed.
More detailed visualizations of the simulation results are provided in appendix I.

Global energy balance
Similar to section 6.3.2, global energies are recorded during the impact simulation. Results are presented
in figure 6.19. The conditions for a closed system are also satisfied for the oblique impact simulation.

The recorded total energy remains constant throughout the simulation and equals the initial kinetic energy
of the ship. The kinetic energy shows a smooth decreasing trend towards the end time of the simulation.
However, in contrast to the head-on impact, a large amount of kinetic energy is conserved at the end.
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The internal energy shows a smooth increasing trend until a peak is reached at approximately t = 1.25s,
after which a gradual decrease is observed until the end of the simulation. Similar to the head-on impact,
the internal energy consists of both elastic and plastic strain energies, which are combined into a single
value at every time step. During the oblique impact simulation, frictional dissipative energy is recorded,
showing a smooth increase throughout the simulation. At the end of the simulation, the slope of the
frictional dissipative energy curve becomes zero, implying that no further energy is dissipated by friction
from this point onward. Finally, hourglass energy is reported and remains well below 10% of peak internal
energy.

Figure 6.19: Oblique: global energy balance

Model energy balance
Moving from the global level to the model level, figure 6.20 presents the internal energy development for
the soil springs, ship structure, and the fender structure. Focusing on the internal energy of the fender
structure over time, a smooth increase is observed until t = 1.30s. Beyond this point, a gradual decrease
occurs until the end of the simulation at t = 2.00s, as elastic energy is released and the fender structure
tends to return to its initial shape. The internal energy of the soil follows a similar trend. As with the
head-on impact, the fender structure and soil springs are directly coupled. Therefore, similar behavior in
the development of internal energy between the fender structure and the soil is expected, and the energy
balance confirms this expectation.

The internal energy of the ship increases slightly during the loading stage of the impact. However, the
amount of internal energy developed in the ship’s bow structure remains very low compared to the total
energy involved in the simulation. A more predominant effect is observed for the frictional energy dissi-
pation during the oblique impact simulation. In the model, frictional contact is implemented by defining
a static friction coefficient (µ = 0.3). The frictional energy dissipation increases steadily throughout the
simulation and stabilizes at the end.

Finally, the kinetic energy of the ship is equal to the total global energy at t = 0.00s. The kinetic energy
of the ship decreases from the moment the fender structure and the ship’s bow interact. At the end of the
simulation, at t = 2.00s, the ship still retains a significant portion of its initial kinetic energy. In conclusion,
part of the ship’s initial kinetic energy is dissipated by friction. Furthermore, due to the impact with the
fender structure, this ship’s translational motion and rotation (yawing) are altered, and by the end of the
simulation, the ship is moving away from the fender structure with a remaining amount of kinetic energy.
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Figure 6.20: Oblique: model energy balance

Deformations
A top view of the transient response of the oblique impact simulation is provided in figure 6.21. At the
initial time step (t = 0.00s) the ship structure and fender structure are not in contact. The second time
frame at t = 1.30s, corresponds to the peak internal energy of the fender structure. At this moment, the
maximum global displacement for the fender structure is reached. Finally, at the end of the simulation
(t = 2.00s), contact begins to be lost between the ship structure and the fender structure, after which the
ship starts moving away. This behavior is consistent with the observed frictional dissipative energy in the
global energy balance for this simulation. The sliding motion between the ship’s bow and the crossbeams
of the fender structure takes place along almost half of the length of the fender structure for nearly the
entire simulation time.

(a) t = 0.00 s (b) t = 1.30 s (c) t = 2.00 s

Figure 6.21: Oblique: top-view simulation

Figure 6.22 shows a top view of the resultant displacements of the fender structure. Peak resultant dis-
placement is reached at rightmost pile of the fender structure around t = 1.30s. Furthermore, it can be
seen that the fender structure undergoes a clockwise global rotation at this time step. At the end of the
simulation, the fender structure has partially returned to its initial state. No plastic strain limit is reached
in the steel of the fender structure. However, at the soil springs just below the riverbed, the ultimate
resistance of the soil is reached, resulting in non-zero displacements at the end of the simulation.
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(a) t = 0.00 s (b) t = 1.30 s (c) t = 2.00 s

(d)

Figure 6.22: Oblique: deformations fender structure

As observed in the model-level energy balance, only a small amount of internal energy is developed in
the ship structure. As a result, only minor deformations occur at the ship structure during the impact.
Figure 6.23 presents the Von Mises-stress at the outer bow structure, at the impact position, during the
simulation. The recorded stress concentrations show average values around 230 MPa. Furthermore, at
t = 0.75s, a small region with a peak value around 280 MPa is observed. Therefore, Von Mises-stress
concentrations remain in the elastic regime for almost the entire bow structure.

(a) t = 0.00 s (b) t = 0.75 s (c) t = 1.50 s

(d) t = 2.00 s (e)

Figure 6.23: Oblique: Von Mises-stress ship structure

Relative energy absorption contributions
Energy absorption percentages with respect to the total global energy are reported in table 6.14. Values are
taken at t = 1.3s, when the maximum global displacement occurs for the fender structure. Around 11%
of the initial kinetic energy is dissipated by contact friction between the crossbeam of the fender structure
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and the ship’s bow. The fender structure absorbs approximately 7% of the initial kinetic energy. Around
2% is absorbed by the soil springs and for the ship structure only a small percentage of 0.3% is found.

Summing up all the contributions provided in table 6.14 results into a relative initial kinetic energy absorp-
tion by the soil springs, ship structure, and fender structure of 9%. Adding the contribution of frictional
dissipative energy brings the total to 19.8%. In comparison, for the head-on impact, energy absorption
reaches almost 100% of the initial kinetic energy. At the end of the oblique impact, the ship retains a
large portion of its initial kinetic energy. At t = 1.3s, the ship still contains around 77% of the initial
kinetic energy. Therefore, this provides a logical explanation for the difference in the energy absorption
contributions between the head-on and oblique impact.

Table 6.14: Oblique: relative energy absorption at t = 1.3s
Part Relative energy absorption
Fender structure 7.0%
Soil springs 1.7%
Ship structure 0.3%
Frictional dissipation 10.8%

6.4 comparison simplified model with head-on nlfe model

This section provides a comparison between simplified model and the NLFE model. The simplified model
is developed to obtain a transient response of the fender structure during a head-on impact loading.
Therefore, only a comparison with the head-on impact simulation, from section 6.3, is included.

Figure 6.24 presents the peak global displacements over time for the two models considered. The peak
global displacement takes place at the top of the piles of the fender structure. This holds for both models.
The pieces of the pile above the upper crossbeam are not included in the simplified model, therefore pile
displacement at the upper crossbeam are used for the peak displacement of the NLFE model.

A significant difference is observed in the extreme values shown in the graph. The simplified model
underestimates the response by approximately a factor 2.6 compared to the NLFE model. Furthermore,
the impact duration deviates significantly. For the simplified model, the peak displacement takes place at
t = 0.69s. In the NLFE model this peak value is observed at t = 1.48s.

Figure 6.24: Comparison peak displacements fender structure for NLFE and simplified model
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To study the difference in more depth, a comparison of the full fender structure is provided in figure 6.25

at t = 0.23s. At this time increment, the global peak displacements are equal for both models, as can be
observed in figure 6.24. It can be seen that the response of the fender structure follow the same path in
both models. The crossbeams are slightly bent in both models, but remain almost straight. Examining the
pile displacements within the soil, it is evident that significant displacements occur only in the uppermost
soil layer in both models. In the simplified model, the soil layers are colored and labeled from L1 to L4.
In general, it can be concluded that at t = 0.23s, the same response is obtained for both models.

(a) Simplified model (b) NLFE model

Figure 6.25: Comparison displacements at t = 0.23s

Another comparative plot is presented in figure 6.26, where for both models, the time frame at peak
response is chosen. For the simplified model, the peak response occurs at t = 0.69s, whereas for the NLFE
model, it occurs at t = 1.48s. In contrast to the comparison made earlier, clear differences are visible for
the peak response of the fender structure.

Focusing on the upper part of the piles, where a connection with the (horizontal) crossbeams is present,
the simplified model shows that the upper part of the fender structure behaves more rigidly compared to
the NLFE model. The piles exhibit much larger curvature and tend to become nearly vertical. In the NLFE
model, the upper part of the piles shows only a a small curvature and remains almost straight relative to
the pile sections below the crossbeams.

Furthermore, a significant difference is observed in the pile displacements within the soil. In the simpli-
fied model, the largest displacements still occur only in the uppermost soil laye, with only a very small
displacement observed at the top of the second soil layer. In the NLFE model, displacements have become
significantly larger in the two uppermost soil layers. As a result, the bending point of the piles embedded
in the soil moves downward.

(a) Simplified model (b) NLFE model

Figure 6.26: Comparison displacements at (a) t = 0.69s and (b) t = 1.48s
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The peak response for both models shows clear differences, which can be attributed to assumptions made
during model development. The simplified model relies on the theory of a beam on an elastic foundation,
so no plastic deformations can occur in its response. In contrast, the NLFE model includes plastic material
behavior in both the steel structure and soil springs. From the derivation of the P-y curves for the NLFE
model, it is known that after small displacement values, the soil springs begin to behave plastically,
resulting in larger soil displacements and a different loading of the steel piles of the structure.

As mentioned earlier in this section, a clear difference is observed in the structural behavior at the inter-
sections of the crossbeams with the piles. In the simplified model, the crossbeams are coupled rigidly
to the piles by means of boundary conditions, so no relative rotations can occur at the connecting ele-
ments. In the NLFE model, connections are realized using steel plates. Under small loading conditions
the connecting plates behave elastically and only small deformations occur. However, with increased load-
ing, stress concentrations become larger and plastic deformations develop in the connecting plates. As a
result, relative rotation occurs between the crossbeams and the piles.

Model responses are also affected by the element formulation used. The simplified model relies on 1D
beam elements, which are not able to develop local deformations in the cross-section. In the NLFE model,
structural elements are modeled using shell elements in 3D space which are able to capture local defor-
mations of the cross-section. In the response of the NLFE model, a phenomenon called "ovalisation" is
observed at the piles of the fender structure. Due to the high bending moment at the pile sections em-
bedded into the soil, the cross section tends to deform into an oval shape. As a result, bending resistance
decreases in the loading direction resulting into larger stress levels and curvature of the piles.

In conclusion, a similar response is obtained during the first 0.23 seconds of the analysis, where the
responses are dominated by elastic material and soil behavior. From this point onward, the responses
start to deviate significantly. However, the different behavior observed can be explained by the underlying
model assumptions.

6.5 comparison nlfe model with the dutch codes

In this section, the impact simulations of the NLFE model from section 6.3 are compared with the design
methodology prescribed in the Dutch codes. First, the design formula for the required energy absorption
capacity is restated, and an explanation of the coefficients is provided. This is followed by a comparison
between the energy absorption obtained for the soil-fender system from the NLFE model and the required
energy absorption capacity from the code. At the end of this section, results are discussed and reviewed
in the context of the design methodology outlined in the codes.

6.5.1 Design Provisions Dutch Codes

The "Richtlijnen Ontwerpen Kunstwerken" (ROK) [1] provides design guidance for fender structures dur-
ing impact events. As described in section 2.2, the ROK uses a required energy absorption capacity
approach. To calculate the design value for the required energy absorption capacity, the ROK refers to the
EAU 2012 [2]. This formula is restated in equation (6.2).

Ed =
1
2
· G · v2

⊥ · Ce · Cm · Cs · Cc (6.2)

The following provide a description of the coefficients in accordance with the design guidelines.

Eccentricity factor Ce:
The eccentricity factor accounts for the effect that the point of impact between the ship and the fender
structure is usually aligned with the middle of the ship’s side. As a result, the point of impact does
not coincide with the ship’s center of mass. In the EAU 2012, the formula given in (6.3) is proposed to
calculate the eccentricity factor.
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Ce =
k2 + r2 cos2 α

k2 + r2 (6.3)

Where,
k is the radius of gyration of the ship [m]
r is the distance between the ship’s center of mass and the point of impact [m]
α is the angle between the velocity vector and and distance r [o]

Figure 6.27 shows the definition of the different parameters included in the equation for the eccentricity
factor. The radius of gyration may be approximated by 0.25L for ship’s with a high block factor. For this
research, it is assumed that this is a valid assumption.

Figure 6.27: Schematic overview eccentricity factor parameters

During head-on impact events, under the assumption that the ship’s central axis is aligned with the fender
structure, the eccentricity factor drops out of the equation by setting Ce equal to 1.0.

Virtual mass factor Cm:
The virtual mass factor is similar to the hydrodynamic coefficient reported earlier in this report (section
3.4). For site conditions where the keel clearance is greater than half the draft of the ship, a value of
Cm = 1.1 should be applied for head-on impacts and Cm = 1.5 for oblique impacts. This is in accordance
with the applied value during the non-linear finite element simulation.

Ship flexibility factor Cs:
For the ship flexibility factor, no clear definition is provided in the codes. Only a statement is made that
when designing hard fenders in combination with large vessels, a value between 0.9 < Cs ≤ 1.0 must be
applied. When dealing with soft fenders and small vessels, a factor of Cs = 1.0 is prescribed.

Waterfront attenuation factor Cc:
For open waterfront structures, such as steel piled fender structures, a value of Cc = 1.0 must be applied.

6.5.2 Calculation Required Energy Absorption Capacity

Table 6.15 provides the values applicable for the head-on impact scenario in the second column, while the
third column presents the values for the oblique impact scenario.

The calculation of the required energy absorption capacity for the head-on impact scenario is straightfor-
ward. For the velocity perpendicular to the fender structure (v⊥), the sailing velocity of the ship (= 3.0
m/s) must be used. The coefficients are taken as prescribed in section 6.5.1.

For the oblique impact scenario, some additional values need to be defined. For the calculation of the
eccentricity factor, the length of the ship (L) is 86 m. Additionally, the angle between the velocity vector
perpendicular to the fender structure (v⊥) and the ship’s center of mass is α = 66o. The sailing velocity
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perpendicular to the fender structure can be derived by v⊥ = 3.0 sin(9 + 15). Here, 9 is the angle of the
funnel of the fender structure, and 15 is the angle between the ship’s central axis and the waterway axis.
Both values given in degrees.

Substitution of all variables into (6.2) yields the design value for the required energy absorption capacity
(Ed), which is shown in the last row of the table.

Table 6.15: Calculation required energy absorption capacity
Parameter Head-On Oblique Unit
G 1840 1840 tonne
v⊥ 3.0 1.22 m/s
Ce 1.0 0.35 [-]
Cm 1.1 1.5 [-]
Cs 1.0 1.0 [-]
Cc 1.0 1.0 [-]

Ed 9.11 0.72 MJ

6.5.3 Comparison and Discussions

The results are compared and presented in a bar chart in figure 6.28. The values corresponding to the
NLFE model represent the sum of the internal energy of the fender structure and the soil springs. For the
head-on impact, this results into a value of 7.60 MJ. For the oblique impact, a value of 1.08 MJ is obtained.
Additionally, the values derived according to the design guidelines are presented and labeled as "Codes".

Figure 6.28: Comparison energy absorption between NLFE models and Dutch codes

Discussion head-on impact scenario
In the calculation of the required energy absorption capacity according to the codes, a ship flexibility factor
(Cs) equal 1.0 is used. However, for the head-on impact simulation from section 6.3.2, a relative energy
absorption for the ship was found to be 12%. Furthermore, a total of 4% of the initial kinetic energy is
dissipated by friction and artificial energy. By subtracting these percentages from the value obtained from
the codes, 9.11 − 100−12−4

100 = 7.6 MJ, the same value as presented in the bar chart is found. Based on the
simulation results, a value for the ship flexibility coefficient equal 1.0 − 0.12 = 0.88 can be justified.

The artificial energy dissipation is a numerical artifact inherent to the methodology and cannot be included
in the design guidelines. Furthermore, frictional dissipation is also is not accounted for in the formula
provided in the codes. The contribution from friction was found to be limited (around 2%).
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Discussion oblique impact scenario
As with the head-on impact scenario, a ship flexibility factor (Cs) equal t0 1.0 is used for the oblique
impact scenario. In the NLFE simulation in section 6.3.3, it is observed that the relative energy absorption
of the ship is only 0.3%. Therefore, reducing the ship flexibility factor would be overly optimistic for this
specific impact event. Nevertheless, the NLFE model still achieves an energy absorption that is a factor
1.5 higher than the required energy absorption capacity specified by the codes.

A significant difference between the NLFE model and the design codes is that the NLFE model simulates
a simplifies representation of the dynamic process. As a result, certain model assumptions were made
at the start of this research. The design methodology from the codes also employs a highly schematized
approach to the real dynamic process, relying on model assumptions and simplifications that differ from
those in the NLFE model. Therefore, the gap observed between the energy absorption values does not
necessarily have to be considered remarkable. The following paragraphs elaborate on this.

To begin with, in the NLFE model, it is assumed that the portion of the ship not explicitly modeled can
be represented by a point mass at the ship’s center of mass. Additionally, it is assumed that the yawing
behavior can be represented by a rotational inertia at this point mass. This is a significant simplification
of the real process, especially when combining with the simplification of the hydrodynamic effects, which
are incorporated as added mass to the ship. The influence of these simplification on the energy absorption
capacity in the NLFE simulation results has not been investigated and remains uncertain.

Secondly, the NLFE model includes friction by specifying a static friction coefficient at interacting bodies.
From the sensitivity study in section 6.2.4, it is observed that the static friction coefficient has a significant
effect on the energy absorption of the fender-soil system. This component is not accounted for in the
formula provided in the Dutch codes and therefore contributes to a lower calculated energy absorption
for the fender-soil system when following the codes.

Finally, the NLFE model does not include any form of damping. Which is a significant simplification of
reality, where the steel structure, connections, and surrounding soil would introduce some damping to
the system. Therefore, it is highly probable that including damping in the NLFE model would result in a
lower peak response. In contrast, to the design methodology of the codes, in which the required energy
absorption capacity is converted into an equivalent static load, does not involve the inclusion of damping.
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Conclusions and Recommendations

In the final chapter of this thesis conclusions are provided. Furthermore, limitations are discussed, and
recommendations for future research are presented in the final section.

First, a restatement of the main research question is given below:

What is the transient response of the ship, soil, and fender structure system during head-on and
oblique impact events, and how does this compare to the equivalent static load method used in the

Dutch codes?

7.1 conclusions
The purpose of this thesis is to establish a method to derive the transient response of the fender structure
under head-on and oblique impact loading taking into account the interaction between the ship, soil, and
fender structure and compare this to the current design methodology prescribed in the Dutch codes. To
study this behavior an existing fender structure is used in the analysis with fixed geometrical properties,
CPT data at the construction site is used for the soil model, and a reference vessel of CEMT class IV is
used.

First, the background of the problem is studied to provide the required knowledge to understand the prob-
lem at hand. By doing this, information is gathered about establishment of the current design methodol-
ogy adopted in the Dutch codes. Furthermore, before developing the simulation models studies have been
performed to the implementation of the soil model, and material models for the structural steel. From this
study, it was found that two CPT-based methods are widely used to define properties for the non-linear
springs that represent the soil behavior at laterally loaded piles: API-method and Brinch-Hansen with
Ménard.

A dynamic non-linear finite element model (NLFE) is developed using LS-DYNA which utilizes a numer-
ical explicit solver. A sensitivity study is conducted to study the behavior of the separate models (soil,
ship, and fender) during head-on and oblique impact events. Multiple simulations are performed be-
tween rigid ship and flexible soil-fender system. The same is done for impacts between rigid wall/fender
structure and flexible ship structure. The responses obtained by the two different soil models are in agree-
ment to relations found in literature in studies to laterally loaded monopoles. The API-method results
into a stiffer force-displacement relations compared to the relations obtained with Brinch-Hansen with
Ménard. For the head-on impact this results into a slightly different response between the two applied
methods. However, for the oblique impact scenario almost similar results are obtained for both methods.
Furthermore, sensitivities to model input parameters are addressed for: the static friction coefficient, steel
material model, and impact position. Results obtained are in line with the expected behavior.

Additionally, a simplified dynamic model is developed. A comparison between the simplified model and
the non-linear finite element model is included for the head-on impact. The simplified model relies on
the assumption of a linear model which seems to be inappropriate in analyzing the transient response
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under head-on impact loading. High level of plastic deformations occur in the NLFE model which results
into significantly larger displacements of the soil springs and fender structure. However, the two models
show agreement in the response during the initial stage of the impact loading where the responses are
dominated in the elastic regime.

Contributions to the initial kinetic energy absorption are extracted form the NLFE simulations for both
impact scenarios. Results showed that for the head-on impact also a significant amount of energy is
absorbed by crushing of the ship. For the oblique impact this contribution is found to be very small.
Furthermore, at the head-on impact scenario largest part of the initial kinetic energy is absorbed by the
fender-soil system, a percentage of 84% is observed. For the oblique impact scenario the fender-soil system
only absorbed 9% of the ship’s initial kinetic energy. This as a result of the large amount of kinetic energy
that is conserved by the ship after the impact. From the NLFE simulation it is observed that after the
impact event, the ship still contains 77% of the initial kinetic energy.

With the answers to the sub-research questions known, the main research question can be answered. The
NLFE model developed in this thesis is able to obtain a transient response of the fender structure taking
into account the interaction between the soil, ship, and fender structure. Comparison with the design
formula for the required energy absorption capacity from the Dutch codes resulted into a higher energy
absorption of the fender-soil system for the oblique impact simulation while using the NLFE model. The
model assumptions made in the NLFE model differ from the assumptions made in the design codes
which results into different energy absorption quantities between the two methods. For the head-on
impact, similar results are obtained when a reduced ship flexibility factor (Cs) is used in the calculation
of the required energy absorption capacity. It must be noted that the accuracy of the predicted responses
can still be discussed, since no experimental data was available for the structures at interest.

7.2 limitations

One of the important limitations of the NLFE model is the simplification of the fluid through the use of
added mass applied to the ship’s bow structure. In both the head-on and the oblique impact simulations
the boundary conditions constrain multiple degrees of freedom that, in reality, are not fixed. Therefore,
it remains unknown how much this simplification influences the calculated energy absorption capacity of
the soil-fender system. Further research aimed at improving the boundary conditions for the ship’s bow
structure is therefore highly recommended.

Furthermore, for the boundary conditions of the fender structure, it was assumed that the piles are fixed
in the vertical direction at their base. Due to impact loading, large axial forces develop in the piles as a
result of this boundary condition. A more realistic structural response could be achieved by improving this
assumption, for example, by modelling the pile bases with (non-linear) springs instead of fixed constraints.

The material model applied for the structural steel also introduces some limitations, as a simplified mate-
rial model was used in this research. Strain rate effects were not included, and no mesh size-dependent
fracture criterion was derived using the calibration case described in DNV-RP C208. These simplifications
result in less realistic material behavior and should be addressed in future model development.

Additional simplifications were made in the setup of the model geometries. Connections between plates
or steel profiles were modeled using mesh connections. As a result, local failure in connections (e.g. bolts
or welds) cannot be realistically captured in the NLFE model.

Another major limitation of the method applied in this research is the computational cost of the non-
linear finite element simulations. Even though only a small portion of the ship structure was included in
the model, a large number of nodes and element are required to achieve sufficient mesh resolution and
convergence. This is especially true for the ship structure, which was found to be not been fully converged
even with mesh sizes of 50 mm.
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7.3 recommendations for future research
The final section of this thesis provides recommendations for future research. These recommendations
aim to guide future researchers in contributing to the further development of the design of steel piles
fender structures.

• The first recommendation is to extend the NLFE model by including the fluid during the impact
simulation. This would enable all degrees of freedom of the ship, resulting in a more realistic simu-
lation of the ship’s impact behavior on the fender structure. Currently, it is not well known whether
this will lead to lower of higher energy absorption by the fender-soil system. Furthermore, incorpo-
rating damping effects of the steel structure, connections, and surrounding soil into the model could
provide a more realistic representation of the problem at hand and improve the prediction of the
energy absorption of the soil-fender system.

• Secondly, this thesis considered only a single ship geometry from CEMT class IV. It is highly rec-
ommended to perform impact simulations using various ship geometries from the same and/or
different CEMT classes to study their influence on the energy absorption of the ship during impact
events with fender structures. This would provide better insights into the conditions under which
a reduction of the ship flexibility factor (Cs) is justified, as the code currently does not offer solid
statements on this matter.

• Additionally, fender structures come in different shapes and with varying cross-sectional properties.
Extending this research to include different geometries and cross-sectional configurations would lead
to broader insights into the interaction between the ship, soil, and fender structure during impact
events.

• Finally, extending this research to include different soil layering and types would provide better
insights into the interactions among the ship, soil, and fender structure during impact events. It
is well known that different soil types exhibit different force-displacement behaviors. Since this
problem involves a high level of interaction between the ship, soil, and fender structure, studying
these effect could strengthen and expand the conclusions drawn in this thesis.
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A
Theoretical background P-y curves

This appendix provides the theoretical background to calculate the P-y curves for the soil. This research
includes two types of P-y relationships: Ménard with Brinch-Hansen and the API-method. For the deriva-
tions of the P-y curves used in this research the equations given in this appendix are used.

a.1 ménard with brinch-hansen
Brinch-Hansen uses the following equation to calculate the passive pressure against a pile.

σp = Kq · σ′v + Kc · c (A.1)

Where,
Kq = resultant earth pressure coefficient caused by the vertical overburden pressure
Kc = resultant earth pressure coefficient caused by the cohesion
σ′v = effective vertical pressure
c = cohesion

To calculate the resultant earth pressure coefficients at an arbitrary depth two equations are proposed by
Brinch-Hansen.

Kq =
K0

q + K∞
q · αq · D

B

1 + αq · D
B

(A.2)

Kc =
K0

c + K∞
c · αc · D

B

1 + αc · D
B

(A.3)

Where,
K0

q , K0
c = resultant earth pressure coefficients near the ground surface

K∞
q , K∞

c = resultant earth pressure coefficients at great depth
αq, αc = friction angles
D = average depth at the middle of the layer
B = pile diameter

The yet unknown variables can be derived using the equations below. This are all functions dependent on
the internal friction angle (ϕ) of the soil.

K0
q = e(

π
2 +ϕ)·tan ϕ · cos ϕ · tan

(
π

4
+

ϕ

2

)
− e(−

π
2 +ϕ)·tan ϕ · cos ϕ · tan

(
π

4
− ϕ

2

)
(A.4)

K0
c =

[
e(

π
2 +ϕ)·tan ϕ · cos ϕ · tan

(
π

4
+

ϕ

2

)
− 1
]
· cot ϕ (A.5)

K∞
q = K∞

c · K0 · tan ϕ (A.6)
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K∞
c = Nc · d∞

c (A.7)

d∞
c = 1.58 + 4.09 · tan4 ϕ (A.8)

Nc =

[
eπ·tan ϕ · tan2

(
π

4
+

ϕ

2

)
− 1
]
· cot ϕ (A.9)

K0 = 1 − sin ϕ (A.10)

αq =
K0

q

K∞
q − K0

q
· K0 · sin ϕ

sin
(

π
4 + ϕ

2

) (A.11)

αc =
K0

c

K∞
c − K0

c
· 2 sin

(
π

4
+

ϕ

2

)
(A.12)

The Brinch-Hansen method only derives a ultimate limit state since. To include more information about
the loading trajectory until the limit stage is reached Brinch-Hansen is often combined with the Ménard
method. The Ménard method gives an expression to calculate the modulus of horizontal subgrade re-
action. This stiffness factor in combination with the derived limit state using Brinch-Hansen makes it
possible to obtain a bi-linear force displacement curve for the soil.

1
kh

=
1

3Em

[
1.3R0

(
2.65

R
R0

)α

+ αR
]

for R ≥ R0

1
kh

=
2R
Em

4 (2.65)α + 3α

18
for R < R0

(A.13)

Where,
kh = modulus of horizontal subgrade reaction
Em = pressiometer modulus
R0 = reference radius (3.0 meter)
R = pile radius
α = rheological coefficient

Relations are known to calculate the pressiometer modulus based on the cone resistance (qc) from CPT
data. Since this research only involves sandy soils only the formula related to sand is given.

EM,sand = (0.7 − 1) · qc (A.14)

Ménard also proposed values for the rheological coefficient for sandy soils. For over consolidated soil
α = 1/2 and for normal consolidated soil α = 1/3.

a.2 api-method
The API-method makes a clear distinction between the generation of P-y curves for clay and for sand.
This research only involves sandy soils. Therefore, only the expressions for P-y curves for sandy soils are
given in this appendix.

The API-method starts with the calculating the ultimate soil resistance at shallow and deep depths below
the ground surface.

pus = (C1z + C2D) γ′z (A.15)
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pud = C3Dγ′z (A.16)

Where,
pus = ultimate soil resistance at shallow depth
pud = ultimate soil resistance at deep depths
D = pile diameter
γ′ = effective volume weight
z = depth below ground surface
Ci = coefficients as function of the internal friction angle

The ultimate soil resistance is dependent on some coefficients based on the internal friction angle (ϕ) of
the soil.

C1 =
(tan β)2 tan α

tan (β − ϕ′)
+ Ko ×

[
tan ϕ′ × sin β

cos α × tan (β − ϕ′)
+ tan β ×

(
tan ϕ′ × sin β − tan α

)]
(A.17)

C2 =
tan β

tan (β − ϕ′)
− Ka (A.18)

C3 = Ka ×
[
(tan β)8 − 1

]
+ Ko × tan ϕ′ × (tan β)4 (A.19)

α =
ϕ′

2
(A.20)

β = 45 +
ϕ′

2
(A.21)

Ko = 0.4 (A.22)

Ka =
1 − sin ϕ′

1 + sinϕ′ (A.23)

Figure A.1: Coefficients as function of ϕ′

At every depth of interest the minimum value of the ultimate soil resistance should be applied. The
API-method proposed a tangent hyperbolic curve as function of the lateral displacement as shown below.

p = A × pu tanh
[

k × z
A × pu

y
]

(A.24)
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Where,
pu = min(pus, pud)
k = soil stiffness
y = lateral displacement
A =

(
3.0 − 0.8 z

D
)
≥ 0.9

For the soil stiffness the API prescribes the following values dependent on the ineternal friction angle of
the soil.

Table A.1: Soil stiffness according to API-method
φ, [o] k [kN/m3]
25 5400
30 11000
35 22000
40 45000



B
Model Geometries

This appendix provides the model geometries of the non-linear finite element models. First, the model
geometry of the ship’s bow structure is presented in section B.1. Section B.2 presents the model geometry
of the fender structure.

b.1 geometry ship’s bow structure

The figures presented in this section show the the geometry of the ship’s bow structure. Geometrical and
structural data are extracted from B. Meijer’s thesis work [4]. Elements are colored based on their plate
thickness.

Figure B.1: 3D view: ship structure
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Figure B.2: Cross section view central axis: ship structure

Figure B.3: Element thickness 8 mm: ship structure

Figure B.4: Element thickness 10 mm: ship structure
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Figure B.5: Element thickness 11 mm: ship structure

Figure B.6: Element thickness 12 mm: ship structure

Figure B.7: Element thickness 16 mm: ship structure
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b.2 geometry fender structure

The figures presented in this section show the geometry of the fender structure. Geometrical and structural
data are extracted from technical drawings available internally at IV. Elements are colored according to
their plate thickness.

Figure B.8: 3D view: fender structure

Figure B.9: Top view: fender structure
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Figure B.10: Element thickness 10 mm: fender structure

Figure B.11: Element thickness 15 mm: fender structure

Figure B.12: Element thickness 16 mm: fender structure
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Figure B.13: Element thickness 20 mm: fender structure



C
Derivation P-y curves

This appendix only shows the procedure of deriving the P-y curves used in this research. No equations
or calculations are shown but derived values can be reproduced by using the equations given in appendix
A.

Soil properties are extracted based on available CPT data from the fender structure at interest. The most
important values are summarized in figure C.1. From this figure, it can be seen that soil layers are
combined and values are averaged. In total 5 unique soil layers are included.

Figure C.1: CPT-based soil properties

Where,
qc = cone resistance
γdry = dry volume weight of soil
γsat = saturated volume weight of soil
γeff = effective volume weight
ϕ = internal friction angle
δ = interface friction angle
c = cohesion of soil

Based on this soil properties force-displacement relationships are defined based on two different theories.
First the derivation of bi-linear P-y curves using Ménard with Brinch-Hansen is given followed by the
tangent hyperbolic P-y curves using the API-method.

c.1 ménard with brinch-hansen: bi-linear p-y curves

First, the Brinch-Hansen pressure coefficients are derived at ground level and at great depth. Calculated
values are summarized in figure C.2.
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Figure C.2: Brinch-Hansen coefficients

Filling in the formulas for the pressure coefficients at arbitrary depth the passive pressure (σp) against the
pile can be derived. Values at the middle depth of each soil layer are given in figure C.3.

Figure C.3: Brinch-Hansen passive pressure

Based on the CPT data the modulus of horizontal subgrade reaction can be derived using Ménard’s
established relation. The values found are given in C.4.

Figure C.4: Ménard modulus of horizontal subgrade reaction

To construct the bi-linear curves based on the derived values from Brinch-Hansen and Ménard a value
for the ultimate soil resistance (pu) needs to be derived. This can be done by multiplying the passive
pressure (σp) with the pile diameter. Furthermore, the modulus of subgrade reaction may be multiplied
by a Dynamic Amplification Factor (DAF) to account for short-term dynamic loading effects. This results
in the values for kdynamic. The lateral displacement (u) at which the transition between elastic and plastic
soil behavior takes place can be found by: u = pu/kdynamic. Values are shown in figure C.5

Figure C.5: Bi-linear curve parameters

Figure C.6 shows the derived bi-linear P-y curves based on Ménard with Brinch-Hansen.
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Figure C.6: Bi-linear uni-directional P-y curves

c.2 api-method: tangent hyperbolic p-y curves

First, the coefficients to calculate the ultimate soil resistance are derived. Calculated values for the different
soil layers are summarized in figure C.7.

Figure C.7: Coefficients ultimate soil resistance

The ultimate soil resistance over depth is calculated and a graph is shown in figure C.8. The embedment
length of the pile is also shown in this figure. Furthermore, separation lines between the different soil
layers are shown by the black dashed lines. The fifth soil layer can be neglected because of the embedment
length of the pile.

Figure C.8: Ultimate soil resistance

Figure C.9 summarizes the applied parameters used for the calculation of the tangent hyperbolic P-y
curves. Note that, the values for the soil stiffness (k) are linear interpolated from the table given in
appendix A. For the value of the ultimate soil resistance (pu) and the load factor (A) values at the middle
height (z) of the soil layer are used.
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Figure C.9: Tangent hyperbolic curve parameters

Substitution of the parameters into the formula for the tangent hyperbolic curves and evaluating for a
range of values for the lateral displacement (y) results into the P-y curves shown in figure C.10.

Figure C.10: API-method: tangent hyperbolic uni-directional P-y curves



D
Derivation Material Models

This appendix describes the numerical derivation of the steel material models.

Structural steel S235
For structural steel quality class S235 the recommended values from the DNV-RP C2028 and the European
standard EN 10025 − 2 are given in figure D.1.

Figure D.1: Material properties S235

Figure D.2 shows the numerical values for the full length of the true stress-strain curve. For the calcula-
tions of the values the curve is subdivided into five parts shown in the most left column. Part 0 till 3 can
be constructed with linear curves using the the values given in table D.1. Part 4 is the power law curve
part and can be calculated using (2.10) from section 2.4.1. The end point of the fourth part is defined
at the value for the total strain for which the power law curve equals the ultimate tensile strength (σult).
Finally, part 5 follows a linear curve with as end point the fractile strain value (ε f r). A slope of 1/10000
the Young’s modulus is applied to the stress parameter in the fifth part. This to avoid convergence issues
while numerically solving the problem.

Note that in figure D.2 both total strain and effective plastic strain values are given. This is because,
LS-DYNA requires as input the true stress-effective plastic strain relation.
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Figure D.2: Numerical values S235

Structural steel S355
The same methodology is applied in deriving the numerical values for the true stress-strain relations for
structural steel S355. Figure D.3 shows the recommended values from the standards. Figure D.4 gives the
numerical values.

Figure D.3: Material properties S355

Figure D.4: Numerical values S355



E
Description Simplified Dynamic Model

e.1 geometry

Figure E.1: Semi-numerical model: geometry

e.2 boundary conditions

Boundary condition at z0:

ui(z0, t) = 0

∂2ui(z0, t)
∂z2 = 0

(E.1)

Where:

i =


1 , at x0

8 , at x1

15 , at x2
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Boundary condition at z1:

ui(z1, t) = uj(z1, t)

∂ui(z1, t)
∂z

=
∂uj(z1, t)

∂z

EI
∂2ui(z1, t)

∂z2 = EI
∂2uj(z1, t)

∂z2

EI
∂3ui(z1, t)

∂z3 = EI
∂3uj(z1, t)

∂z3

(E.2)

Where:

i =


1 , at x0

8 , at x1

15 , at x2

j =


2 , at x0

9 , at x1

16 , at x2

Boundary condition at z5:
At x0:

u5(z5, t) = u6(z5, t)

w22(x0, t) = 0

∂u5(z5, t)
∂z

=
∂u6(z5, t)

∂z
∂u5(z5, t)

∂z
=

∂w22(x0, t)
∂x

−EIb
∂2w22(x0, t)

∂x2 − EIp
∂2u6(z5, t)

∂z2 + EIp
∂2u5(z5, t)

∂z2 = 0

(E.3)

At x1:

u12(z5, t) = u13(z5, t)

w22(x1, t) = 0

w23(x1, t) = 0

∂u12(z5, t)
∂z

=
∂u13(z5, t)

∂z
∂u12(z5, t)

∂z
=

∂w22(x1, t)
∂x

∂u12(z5, t)
∂z

=
∂w23(x1, t)

∂x

EIp
∂2u12(z5, t)

∂z2 − EIp
∂2u13(z5, t)

∂z2 + EIb
∂2w22(x1, t)

∂x2 − EIb
∂2w23(x1, t)

∂x2 = 0

(E.4)

At x2:

u19(z5, t) = u20(z5, t)

w23(x2, t) = 0

∂u19(z5, t)
∂z

=
∂u20(z5, t)

∂z
∂u19(z5, t)

∂z
=

∂w23(x2, t)
∂x

EIb
∂2w23(x2, t)

∂x2 + EIp
∂2u19(z5, t)

∂z2 − EIp
∂2u20(z5, t)

∂z2 = 0

(E.5)
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At x:

u5(z5, t) = u12(z5, t)

u5(z5, t) = u19(z5, t)

∂3u5(z5, t)
∂z3 +

∂3u12(z5, t)
∂z3 +

∂3u19(z5, t)
∂z3 − ∂3u6(z5, t)

∂z3 − ∂3u13(z5, t)
∂z3 − ∂3u20(z5, t)

∂z3

= −ω2mbu5(z5, t)
EIp

(E.6)

Boundary condition at z7:
At x0:

w26(x0, t) = 0

∂u7(z7, t)
∂z

=
∂w26(x0, t)

∂x

−EIb
∂2w26(x0, t)

∂x2 + EIp
∂2u7(z7, t)

∂z2 = 0

(E.7)

At x1:

w26(x1, t) = 0

w27(x1, t) = 0

∂u14(z7, t)
∂z

=
∂w26(x1, t)

∂x
∂w26(x1, t)

∂x
=

∂w27(x1, t)
∂x

EIp
∂2u14(z7, t)

∂z2 + EIb
∂2w26(x1, t)

∂x2 − EIb
∂2w27(x1, t)

∂x2 = 0

(E.8)

At x2:

w27(x2, t) = 0

∂u21(z7, t)
∂z

=
∂w27(x2, t)

∂x

EIb
∂2w27(x2, t)

∂x2 + EIp
∂2u21(z7, t)

∂z2 = 0

(E.9)

At x:

u7(z7, t) = u14(z7, t)

u7(z7, t) = u21(z7, t)

∂3u7(z7, t)
∂z3 +

∂3u14(z7, t)
∂z3 +

∂3u21(z7, t)
∂z3 = −ω2mbu7(z7, t)

EIp

(E.10)
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Simulation D1 
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Head-On 
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