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Abstract

The increase of demand for offshore wind energy resulted in an increase of larger wind turbines. These
turbines are often placed on top of a monopile (MP) substructure. The conventional method for installing
these MPs uses a jack-up vessel. However, due to the local bathymetry and soil conditions. This method
has its drawbacks, such as unavailability due to soil conditions, impracticality in excessively deep waters, or
high costs. Heerema Marine Contractors (HMC) aims for the novelty of installing these MPs by using semi-
submersible crane vessels (SSCV). Installing the MPs with a floating vessel is an attractive alternative due to its
accessibility and speed. To counteract the extra motions of the floating vessel a Motion Compensated Gripper
Frame (MCGF) is utilized. This gripper frame uses eight rollerboxes (RBs) equipped with polyurethane (PU)
rollers to keep the MP in position, being able to install MPs from 7 up to 12.5 meters in diameter.

During pile driving, vibrations will propagate through the MP, inducing vibrations within the RB. Existing pile
driving models fall short in accurately describing the behavior of large diameter MPs. In large diameter MPs
the effect of the so called breathing of the MP is discarded as the radial coupling is neglected. In addition, the
material properties of the PU rollers are undefined or uncertain.

This thesis investigates the coupling between the MP and RB vibrations by using a numerical model derived
with the Finite Difference Method (FDM). Three models were proposed: (1) the MP model, (2) the RB model
and (3) the coupled model. Where the latter is coupled by incorporating a spring-dashpot system to simulate
the behavior of the linearized PU rollers. The MP is considered behave axisymmetrically, simplifying the 3D
wave equations to a 2D system of equations. The resulting motions from these models are directly compared
to the motions obtained from a Finite Element Method (FEM) simulation in Abaqus. The MP model, in par-
ticular, exhibits good agreement with the Abaqus model. The RB model and coupled model predict higher
accelerations than their FEM counterparts, aligning with expectations as the FDM model is computed by the
1D Euler-Lagrange beam equation, directing all stresses and forces directly into bending of the beam.

Analysis of the dynamic stiffness in both the Monopile (MP) and Rollerboxes (RB) reveals that the RB is vul-
nerable to excessive vibration when the roller stiffness aligns in such a way that the eigenfrequency of the RB
intersects with the ring frequency of the MP. This susceptibility is particularly notable in the case of small-
diameter MPs (7-7.7m), where the roller stiffness that causes excessive vibrations, is close to the assumed
base value of 200 kN/mm. In the category of large diameter MPs, a roller stiffness exceeding 1650 kN/mm
could produce a similar effect. As the roller stiffness is a critical parameter for the response of the RB, it is im-
portant to know its value during the design phase. To prevent or mitigate excessive vibrations, it is essential to
choose a roller stiffness that avoids eigenfrequency intersections between the RB and the MP. This proactive
step is vital for optimizing the performance and stability of the MCGF during pile driving operations.

It is crucial to acknowledge that this thesis employs a simplified hammer input force for a 12.5m diameter MP,
showcasing predominantly low frequencies. In reality, higher frequencies occur, which could result in more
energy density, a significant consideration given that smaller diameter MPs result in higher ring frequencies.
For future analyses, determining specific hammer forces corresponding to different diameters is therefore
recommended.

Furthermore, the comparison between the industry practice for calculating resulting stresses in the RB and
those derived from the numerical model indicates higher stresses in the industry approach. However, it is
noteworthy that the predominant contribution to maximum stresses originates from the prestress on the MP,
constituting 93% of the total stress. As a consequence, the additional stresses attributed to accelerations are
relatively negligible in comparison.
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Introduction

1.1. Installation of monopiles

The demand of wind energy is increasing and therefore the demand for larger turbines. The larger the wind
turbine, the higher the amount of generated energy due to the larger area of the blades being able to capture
more of the available wind (Hutchinson and Zhao, 2023). Larger turbines require bigger and stronger sub-
structures such as monopiles (MPs). These MPs are mostly installed by jack-up vessels. However, this method
is highly depending on the bathymetry and soil conditions of the project site. Installing these substructures
while floating is therefore an attractive alternative due to its accessibility and speed. This is where Heerema
Marine Contractors (HMC) is able to step into the market being able to install these large MPs with the use
of, for example their semi submersible crane vessel (SSCV) Thialf.

Installing MPs while floating results in the requirement to compensate for the vessel’s motions since the MP
needs to be kept stationary with regard to its position in the seabed. To counteract these motions, a Motion
Compensated Gripper Frame (MCGF) is currently in development, as depicted in Figure 1.1. This gripper
frame uses eight polyurethane (PU) rollers to keep the MP in position, being able to install MPs from 7 up to
12.5 meters in diameter. Each of these rollers are integral components of the rollerbox (RB), which employ
hydraulic cylinders for individual pretensioning of the MP. Furthermore, the rollers possess the capability to
independently exert pressure on the MP, ensuring that it remains within the required vertical misalignment
tolerance. When the pile is within the alignment margins, a hydraulic hammer is then used to drive the pile
into the soil. The method for installing MPs by means of a hydraulic hammer is called impact pile driving.

N4

s
b

Figure 1.1: Overview Motion Compensated Gripper Frame and its components
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1.2. Problem statement

Impact pile driving is currently the main method of installing MPs in the offshore industry. However, this
method generates high-frequency stress waves that propagate through the MP, resulting in not only axial but
also radial displacements. Given that the MCGF and its rollerboxes hold the MP in place, these deflections di-
rectly impact the forces applied to the rollers. Although the rollers mitigate the transfer of axial vibration, the
combined effects of prestress and the material characteristics of the rollers may not be entirely negligible for
transferring the axial vibrations into the MCGE Consequently, the influence of vibrations on the rollers and,
by extension, the gripper structure remains uncertain. HMC raised the question of whether these vibrations
could potentially damage the MCGF structure.

Currently, common pile driving models are based on the one-dimensional (1D) wave equations (Smith, 1962),
such as GRLWEAP (Rausche et al., 2004). However, with the trend of increasing diameter MPs, lower natu-
ral frequencies in radial direction (ring frequency) are expected. These frequencies may intersect with the
range of the frequencies of the hammer impact. 1D models are insufficient to account for this phenomenon,
making them unsuitable for addressing such complex scenarios. Therefore, it is imperative to identify an
appropriate approach to address the stresses and accelerations in the RB.

1.3. Scope of research

The primary objective of this thesis is to build a model which assesses the stresses and accelerations of the
rollerboxes. This is of importance to calculate the stresses in the rollerboxes as well as vibrations exciting the
MCGE Previous research, as documented by (Zwartveld, 2016), has demonstrated that accelerations of up
to 300 m/s? can occur during pile driving. However, this model is based on a steel-on-steel contact surface
which is not representative in case of the MCGE The PU rollers on the other hand allow for a more smooth
impact surface. It is expected that the rollers will transfer lower accelerations due to its relative damping with
respect to steel surfaces.

Numerous initial assumptions will be introduced to streamline the modelling. The impacts of these assump-
tions will be examined in the subsequent chapter, where a comprehensive literature review will be conducted
to investigate the influence of these parameters.

Firstly, in this study the MP is assumed to be a constant diameter and wall thickness along its entire length. In
practice, the upper portion of the MP features a tapered shape or have a flange on top. Furthermore, the wall
thickness is typically non-uniform due to varying loads, primarily bending, experienced at different heights.

Secondly, the rollers are constructed from polyurethane (PU), a material characterized as hyper-viscoelastic
and nonlinear (Bergstrém, 2015). "Hyper-viscoelastic" indicates that the material’s mechanical behavior
combines elements of both elasticity and viscosity, thus its ability to return to its original shape after deforma-
tion and ability to deform continuously over time. This property implies that PU exhibits complex stress and
strain responses, particularly when subjected to dynamic loads. The "nonlinear" part represents that the re-
lationship between stress and strain (deformation) in PU is not linear, as it might be in simpler materials like
metals or linearly elastic materials. Instead, as stress increases, the material’s response becomes increasingly
non-proportional, making it more challenging to predict and model compared to linear materials. Due to
the complexity associated with this material, this study assumes that the rollers have a linearized behaviour.
Further details about the effect of this nonlinear behaviour will be elaborated in the literature review.

Thirdly, it is assumed that the impact of the hammer is evenly distributed over the circumference of the MP,
e.g. the non-verticality of the load is not taken into account. This assumption leads to the problem being
transformed into an axisymmetric, two-dimensional (2D) scenario rather than a three-dimensional (3D) one.

Fourthly, despite the gripper being positioned above the waterline, it is worth noting that water and soil con-
ditions can significantly influence the magnitude of the propagating wave. However, this study does not
consider the effects of water and soil conditions. It assumes that the full energy introduced by the hammer is
concentrated in the initial propagating wave of the impact and there is no damping involved by the charac-
teristics of the water and soil. Furthermore, the primary objective of pile driving is to drive the pile into the
soil, hence the emphasis on directing the energy into the ground rather than reflecting this energy towards
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the upper part of the MP. Depending on the relative positioning of the MCGF with respect to the dimensions
of the MP, the time span for simulation of interest should be adjusted accordingly.

The above mentioned assumptions are intended to form the basis of a model that serves as the foundational
framework for further investigations into the vibrations affecting the MCGF and its components. Such re-
search is essential to ensure structural integrity and stable positioning of sensors and associated electronic
equipment.

1.4. Research question
In this document, the following question can be formulated as the main research question:

"What is the effect of the vibrations on a MCGF caused by driving XXL monopiles?"

To be able to provide an answer to this question, it can be subdivided into several key sub-questions:

1. What theories can be used to set up a model for showcasing the vibrations in the MP and RB?
2. When solving the equation of motions of the system, which parameters have to be taken into account?

3. How can one verify the model using various methods such as FEM and/or comparison with measurement
data?

4. Where should measurements take place in the system, and what could be measured to validate the mod-
els?

5. Which parameters have the most impact on the vibrations in the system and could these be adjusted such
that the vibrations are mitigated?

1.5. Research methodology

The objective of this thesis is to provide an answer to the research questions. Hence, a mathematical model is
proposed that represents the MP and RB as depicted in Figure 1.2. Solving this system requires to set up the
equations of motion (EOM) for both the MP and the RB.

Fy(2)

Anvil

ZRB Gripper Ring ZRB
a
2
=]
5
=
o] N
L L
(a) Schematic overview (b) Mathematical model

Figure 1.2: A cross-sectional depiction of the entire system alongside its mathematical representation
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In chapter 2, solvable equations derived from a literature study will be presented. This study employs numer-
ical methods to solve these equations. Furthermore, it explores the impact of roller properties and addresses
how to incorporate them into the model, addressing uncertainties associated with these properties.

In chapter 3, the mathematical model is divided into the following sequential, progressively complex stages:
(1) The MP model, where a simplified MP is subjected to impact by a hammer. This simulates the pile driving
technique on a MP with axisymmetric properties.

(2) The RB model, where the rollerbox is individually modeled using the well-known beam equation to exam-
ine the effects of a forced input on a spring at the end of this beam.

(3) In this coupled model, the intention is to establish a correlation between the input (hammer force) and
the displacements/accelerations in the RBs. This approach is employed to evaluate possible constraints or
difficulties within each model in isolation and to gain insights into how these models mutually interact with
one another.

The validity of the models will be confirmed through a Finite Element Method (FEM) simulation. HMC uti-
lizes Abaqus FEA as their primary software package, which is therefore used to conduct this study.

Following the validation of the models, the subsequent step involves utilizing these models to conduct a pa-
rameter study on vibration mitigation in chapter 4. This study will focus on examining adjustable parameters.
Although it may not be feasible to modify specific parameters in the current MCGF for upcoming projects,
the findings could be valuable for future projects, offering insights into potential adjustments that could ef-
fectively mitigate vibrations. Additionally, the model will be employed to provide guidance on the optimal
locations for sensor measurements on the MCGF or MP. This data could be used for validating the accuracy
and reliability of the model.

Chapter 5 demonstrates how the current model is utilized for determining the stresses in the RB. The industry
practices will be compared with these values to gain insight on the effect of the vibrations to the stresses in the
system. In the final chapter, conclusions will be drawn from the entirety of the research. Well-defined recom-
mendations will be provided, where the current assumptions and limitations of this thesis will be discussed.
Additionally, advice will be offered for further research based on the findings of this study.



Theoretical background

Before the models can be developed to address the research questions at hand, it is essential to elaborate on
the underlying theories to gain an understanding of how the model should be formulated, considering the
scope discussed in the previous chapter.

Firstly, the equations of motion will be derived for the case of large-diameter MPs. Multiple theories will be
examined, including the use of 1D versus 3D theories. It will become evident why, in practice, 1D theories
are no longer sufficient due to the increasing dimensions of the MPs over time. With the derived EOMs, two
types of solvers will be discussed, each with its advantages and disadvantages.

Following that, the influence of the offshore environment is discussed, where the MP is immersed in water
and being driven into the soil. Theories and previous studies will be considered to provide an estimate of
the energy losses due to these factors. This information will enable to determine the appropriate simulation
time.

Lastly, the material properties of the PU polymer will be explored, including its distinct characteristic behav-
iors. The material's behavior will be split into its viscoelastic and hyperelastic aspects to better understand
their combined effect. An overview of the impact of temperature and time on the material will also be pro-
vided, as the PU properties are highly dependent on these factors.

2.1. Pile driving theories

The installation of MPs represents a critical phase in the construction of offshore wind farms (OWF). The
installation phase is a significant part of the total costs of the project, estimated at approximately 3.2% (BVG
Associates, 2019). Therefore, it is essential to devote close attention to this phase, particularly regarding the
pile drivability analysis. Unreliable or inaccurate results of the drivability could result in potential project
risks, including time delays. It is important to counter these problems during the engineering phase, which
evidently means that the analysis should be as accurate as possible.

2.1.1. Rod equation
To understand the mechanics of vibrations in a pile, it is essential to examine prior pile-driving methodolo-
gies. As a starting point, the classical rod equation can be explored. This theory describes the vibrations of
the pile in longitudinal direction. To be able to set up the governing equation for this thin rod, basic propa-
gation characteristics are considered. When assuming a rod under a dynamically varying stress, as illustrated
in Figure 2.1b, the following equation of motion is applicable:
oo ’u
—-0A+A|lo+— AzZ|+qAAz=pAANz— 2.1
( 0z ) ot2

in which A is the cross sectional area of the rod, the material density p and g an arbitrary body force.
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(a) Section of a rod (b) Differential element of a rod

Figure 2.1: Illustration of a rod and its differential element (Graff, 1975)

Assuming elastic material behavior allows us to use Hooke's law, stating that the unidirectional stress can be
determined by using the strain (¢) of the material:

ou
O'ZEE:E— (22)
0z

Simplifying Equation 2.1 and using Equation 2.2, results in the well-known rod equation:

1 0%u 3 ’u 2.3)
¢ 0t 022 ’
in which ¢y, calculated by ¢y = \/E/p, is the unidirectional stress wave speeds in the material ranging from
4850-5200 m/s, determined by the Youngs Modulus E and the material density p. u represents the displace-
ment in longitudinal direction and z the position along the pile.

In this study a length of 110 m is assumed for the base case. Given the wave speeds, it is anticipated that a
reflected wave is expected within the time frame of 42.3-45.4 milliseconds at the top of the MP. As mentioned
in section 1.3, the absence of soil and water in the model leads to an overestimation of vibrations, as these
environmental factors typically provide damping effects. In addition, it is assumed in this study that the
bottom of the MP is clamped, resulting in the complete reflection of the propagating wave at this boundary.
It is essential to recognize that this assumption also leads to an overestimation of the real-world scenario.

This leads us to a crucial aspect of this study: the simulation time. The duration of the simulation has sig-
nificant implications for computational efficiency. Considering the previously mentioned factors related to
the overestimation of vibrations, it can be argued that, in principle, only the initial wave is relevant to this
research. Although these initial vibrations contain the majority of the energy, this study incorporates a pa-
rameter study to investigate how different parameters affect the behavior and magnitude of vibrations. Now,
with the estimated time of the reflected wave it is can be said that without reflected waves, the simulation time
should be larger than 4 ms and smaller than 40 ms when examining the data at the height of 20m where the
MCGEF is positioned. However, given the research objective to examine the effects of the MCGF on vibrations,
a longer simulation time is warranted. To adequately capture these effects, it is assumed that a simulation
time of 100 ms (or 0.1 s) is sufficient, having two reflections in the results.

2.1.2. Other 1D methodologies

The rod equation is the simplest form of characterizing the behavior of the vibrations. Smith (1962) devel-
oped a pile driving method based on lumped masses and springs allowing to solve the discretized 1D wave
equation for different layers of soil and their resistance to the hammer input. This numerical model incorpo-
rates nonlinear springs and dashpots to the system representing the soil behavior, which makes this model
suitable for pile-driving applications. This model has gained extensive use due to its simplicity which re-
sults in shorter simulation times. It serves as the foundational framework for the GRLWEAP model, which
continues to be employed in practical applications (Rausche et al., 2004).

The aforementioned pile driving methods neglect the lateral vibrations. In the Rayleigh-Love (RL) rod theory
the lateral strains are taken into account based on Hooke's law (Graff, 1975). The longitudinal strains are in
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reality also affected by the lateral strains by the Poisson's ratio (v) . In case of steel, a value of v = 0.3 can be
assumed. In contrast with the unidirectional Hooke's law, it can now be described as:

U:Ea—u+pv21<2 Ou (2.4)
0z 02012 '
in which the second term represents the lateral inertia where « is the polar radius of gyration of the cross
section of the rod about its axis, calculated by x = /I,,/ A. I, represents the polar second moment of area of
the cross section. Substituting this equation in Equation 2.1 results in the EOM for the RL:

VK —5 ﬁ (25)

= +
a2~ 0922 ar?
Previous research has shown that the lateral 1D wave equation does not suffice to describe the behaviour in
radial direction (Zwartveld, 2016). The interaction between the axial and radial vibrations should be taken
into account.

62u_ ,0%u 5 5 0° (Ozu)

2.1.3. Cylindrical shell theory
In order to capture the effect of lateral and longitudinal vibrations, the governing equations of a shell will be
determined in this section. A similar methodology as for the rod equation can be applied to derive the EOMs

for the cylindrical shell.
w
dé

'IR

)

(a) Section of a cylindrical membrane shell (b) Differential element of a cylindrical shell

Figure 2.2: Illustration of a cylindrical shell and its differential element (Graff, 1975)

Note that the displacement components in axial (), tangential (v) and radial (w) are described in terms of
the cylindrical geometry with z again being in longitudinal direction along the shell and 8 being the polar
angle. In the figure above, the z direction is denoted as x as the coordinate system is defined differently in
the book of Graff (1975). In this case, no bending moments are present, nor are the transverse shear forces,
as only membrane actions are considered for the differential element. The EOM in the axial, tangential and
radial direction are, respectively:

u ON; 10Ny,

P52 =5z TR a0 (2.6a)
0*v 10Ny 06Ny
gv__0%% 2.6b
32 R 00 & oz (2.6b)
pEw_ 1y 2.60)
Plae =7 R ’

in which R is the radius of the pile and N, Ny, N9, Ny, are the membrane stresses. These stresses can be
obtained by taking the integral of the usual stresses across the shell thickness (), which is formulated by:

hi2
NZ!NG!NZHVNﬂzth/ (UerZrTZG!THZ)dZ 2.7)
2
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Now, using Hooke's law again the following expressions can be formulated for the stresses and shear:

O,= 3 (e, +vep) (2.8a)
1-v

0= > (€0 +VEL) (2.8b)
1-v

T20 =T0z=Y20G (2.8¢c)

inwhich y,9 and G are the shear strain and shear modulus respectively. The integrals from Equation 2.7 result
in the following expressions for the membrane stresses:

N. = Eh (6u+v( +6v)) 2.9a)
=12 oz "R \M %0 va
Ny = Eh (K+la—v+va—u) (2.9b)
971-v2\R "R a0 oz ‘
Nog=Ny,= LM @+la—u) (2.9¢)
D=0z =50+v 6z R o0 ‘

Substituting the membrane stresses into the EOM in their generic form as described in Equation 2.6 reads:

1 62u_02u+v6w+ v +(1—v) v (1-v)dé*u (2.10a)
c,zj 0t2 0z2 R0z 0z00 2R 0200 2R? 062 ’
1&v_low 16 1&u (- (A-v) Fu (2.10b)

cf, 0r> R? 00 R200%> ROz00 2 0z 2R 0200 ’
1 0%w lw 1 0v v ou
— = (2.10¢)

012 RR R200 R o0z

<

here, ¢, denotes the longitudinal thin plate wave speed in the material, which is calculated by ¢, =/ ﬁ.
It is worth mentioning that this is similar to the wave speed in the rod equation, albeit the wave speed in axial

direction for a cylindrical shell is 4.8% (= 1/(1 — v2)) higher for steel.

The EOMs can also be written in operator form, presented by Leissa (1973):

u
[LDM + BLmoa) [v =0 (2.11)
w

where 8 = h?/(12R?) is a dimensionless thickness parameter. Large diameter MPs can consist of wall thick-
nesses ranging from 40-150 mm or even higher. This would results in a range of § = 3.4e-06 to 1.5e-04,
suggesting that the impact of this so-called modified operator can be effectively disregarded. However, the
Donnell-Mushtari (DM) shell theory implies that V* should be added in the EOM for the radial direction (w)
in Equation 2.10c. Fliigge (1960) states that this term is to account for the effect of the rather rapidly change
of shear in radial and axial direction. The modified operator reads:

4 4 4
v4:R4a—4+R2%+6—4 (2.12)
0z 0z%200° 00
Now, the complete system in matrix form can be defined as:
2, a-v 0 @, a-v) 0% ryo
102 |4 3z ' 2RZ 002 0z00 ' 2R 0200 R oz u
- = [120u ,,0v & 1 & , (1-v) & 10 v| (2.13)
2 0t2 R 0200 2R 0z00  R? 902 2 09z2 R2 00 '
p w v @ 1 9 1 _ K otw_ W dtw P dtw| |w

R 9z “RZ 00 RZ ™ 12 9z% ~ 12R? 07200 ~ 12R* 90%
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This matrix summarizes the vibrations in 3D. In the current state of the EOMs it is assumed that distinct
vibrations can be anticipated in the tangential direction. However, based on the assumptions outlined in
section 1.3, which relate to the neglected non-verticality of the hammer impact and the symmetry of the MP,
it can be considered that the entire system can be treated as an axisymmetric system. This implies that % =0,
which significantly simplifies the EOMs containing the following terms:

ol 0 v
1 62 | % 072 Rz u
——|v|= 1-v) & 0 v (2.14)
c2 o1 2 92 '
w _v 0 0 1 _ndw||w
R 0z R2 12 9z4

Note that the tangential EOM is now entirely independent and not linked to the axial and radial components.
This results in the final equations which are to be solved in this thesis for the MP:

Fu_ ,0%u Ve, dw
2 %32V R oz (2.15a)

92 c? vey gu hipcy ot
ow_ _Tp,,__pou_ TmMptpO W (2.15b)
012 R?2 R 0z 12 0z4

2.1.4. Wave dispersion characteristics

The propagation of harmonic waves in axisymmetric conditions are now described by means of the DM the-
ory. In order to study the wave propagation in thin-walled cylinders, the following generic solution could be
assumed:

u= Acos(ng)e'®t=irz (2.16a)
w = Bcos(nh)e'0t-irz (2.16b)

in which 7 is the circumferential mode, y is the axial wave number and A, B are constants. In order to get
a better understanding of the wave dispersion, it is necessary to get the dispersion equation. To get this
equation, the generic solution is to be substituted in the EOM given in Equation 2.15 to eliminate the partial
derivatives. To explain the wave dispersion, it is assumed that the circumferential mode n = 0, simplifying
the equation to:

VC2

—w?A=-c5yPA- ?piy B 2.17a)
2 2 2 2
Ve C
2 14 p . MP™p 4
~w’B=--—LB+Liya- ML P 4p 2.17b
@ TR T Y (.176)

Note that both equations contain an imaginary part. For the wave dispersion, imaginary parts can be set to
zero. Combining and rewriting these equation results in the wave dispersion equation:

h? h? 2
MP PYG MP pw2y4+(c —02w )Y +(w4—R—pw2) 0 (2.18)

12 12

In Figure 2.3 the wave dispersion is shown of the cylindrical shell for different values of the dimensionless
thickness parameter . It can be seen from this graph that waves at approximately the ring frequency do
not have the ability to propagate in the material. In the studies by Meijers (2021) and Tsetas (2023) the wave
dispersion is derived similarly, where additional conclusions can be made:

> In the vicinity of the ring frequency, the phase wave asymptotically approaches the thin plate theory
for high frequencies (w) and high wave numbers (1). The radial motion is the dominating factor.
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> The effect of the added bending term can be seen in the figures below. When the value of 8 increases,
the influence of this term increases. In the study by Meijers (2021) it is showed that when the bending
term is discarded in the EOM in Equation 2.15b, which then becomes the membrane theory, exhibits
behavior that resembles the RL rod theory given in Equation 2.5.

> The cylindrical shell equations may be considered as an excellent theory to describe the axisymmetric
wave propagation for thin walled cylinders.

3 3
25 25 /
2 2
3 15t 3 s
1 1 ]
0.5 0.5
0 : : : 0 : : :
0 2 4 6 8 0 2 4 6 8
R~ R~y
(a) f=2.13e-07 (b) f=1.51e-04

Figure 2.3: Normalized wave dispersion effect for an axisymmetric cylindrical shell at different values of beta

2.2. Solving the axisymmetric equations

In this section multiple solvers will be discussed to solve the EOM given in Equation 2.14. Solving these
equations by means of an analytical solution is rather complicated due to its time (2"¢ order) and space (4™
order) dependency. Therefore, a numerical approach will be taken in this research.

For this study, MATLAB is employed, which includes its own integrated numerical ordinary differential equa-
tion (ODE) solvers (Shampine et al., 1997). However, the current EOMs, as depicted in Equation 2.15, are
partial differential equations (PDE). In order to use the solvers in MATLAB, it is necessary to transform the
PDEs into ODE form. This transformation can be achieved by discretizing the EOMs using the finite differ-
ence method (FDM).

In general, two types of solvers can be distinguished: (1) implicit and (2) explicit solvers. In short, the implicit
numerical methods are approximation methods where future values of a function are calculated based on
an implicit relationship between current and future values. Implicit methods can, in some cases, be stable
for larger time steps compared to explicit methods at the cost of an increased computation time. Whereas
implicit calculates future values, explicit numerical methods are based on calculating the current values and
their derivatives. These methods are generally easier to implement, but may be limited in terms of stability
and accuracy, especially when solving stiff differential equations.

The stiffness of a system is more of a phenomenon than a mathematically definable property. Stiff systems
have the characteristic where if too large time steps are used, numerical instability starts to play a role, which
results in inaccurate data. A defining feature of stiff equations is that explicit methods are insufficient for
solving these systems (Hairer and Wanner, 1996). In the book of Vuik et al. (2023) it is stated that a system can
be considered stiff when at least one of the following criteria is satisfied:

> In the set of eigenvalues, some exhibit highly negative real parts, while others have real parts very close

to zero;
> The particular solution experiences significantly slower variations compared to the homogeneous so-

lution.

A requirement for these criteria is that the systems are in the form y’ = Ay +f, where the solution is the sum of
the particular and homogeneous solution.

Considering the computational time and the potential restricted capabilities of explicit methods, this re-
search will evaluate two different solvers: the Backward difference approximation (BDF) and the Runge-Kutta
(RK) method, respectively referred to as the stiff "ode15s" solver and the non-stiff "ode45" solver in MATLAB.
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2.2.1. Runge-Kutta (ode45)

As mentioned, the RK method is considered in this study. MATLAB’s most commonly used ODE solver, ode45,
is in most cases a suitable method. The 45 represents that the solver uses a combination of the 4™ and 5% of
the RK family and is also known as the Dormand-Prince method (RKDP). This RK method takes the weighted
average of 6 increments using an adaptive time step, hence being an explicit method. The future value and
its truncation error can be determined by:

6
yx+h=yx)+ ) CH(K)- kg
K=1

(2.19)

6
(CH(K)-CT (K))-kx

K=1

in which #h is the step size and the constant values of CH(K), CT (K) are given in Table 2.1 (Shampine, 1986).

The values of kg are determined based on the following equations:

eo(x+h) = (2.20)

ki=hf(x+AQ0): h, y)

ko=hf(x+A@2)-h, y+B(2,1): ky)

ks=hf(x+A@B)-h, y+B3,1)- k1 +B(3,2)- ko) 2.21)
ky=hf(x+A@) - h,y+B@4,1)- k1+B4,2)- ko+B(4,3) k3)

ks=hf(x+A®B) h, y+B(5,1)- ki +B((5,2): ko+B(5,3)- ks+B(5,4) k)

ks=hf(x+A@®6))- h, y+B(6,1)- k1 +B(6,2): ko +B(6,3)- k3+B(6,4) ks + B(6,5) ks)

These formulations represents the six iteration points that determine the value of the next node of the system.
The truncation error of this fifth order method is therefore of order @ (h°). During each integration, the step
size is adjusted when the truncation error is larger than the user-specified allowed error (€ < €p). In contrast,
when € = € the step size is increased in order to reduce the computational time.

B(K,L)
K| AK) C(K) CH(K) CT(K) =1 = I=3 =2 =5
1|0 25/216 16/135 -1/360
2| 1/4 0 0 0 1/4
3 | 3/8 1408/2565 | 6656/12825 128/4275 3/32 9/32
4 | 12/13 | 2197/4104 | 28561/56430 | 2197/75240 | 1932/2197 -7200/2197 7296/2197
5|1 -1/5 -9/50 -1/50 439/216 -8 3680/513 -845/4104
6 | 1/2 2/55 -2/55 -8/27 2 -3544/2565 1859/4104 -11/40

Table 2.1: RK45 coefficients by Hairer and Wanner (2000)

2.2.2. Backward difference formula (odel5s)

The BDF methods is a family of implicit solvers that is able to solve stiff problems due to its uncondition-
ally stability property. Within this family, higher-order methods deliver increased accuracy. However, in this
study, only the second-order method will be employed, primarily due to its stability characteristics. The first
order BDF method is also known as Backward Euler method. Now, determining the value for the future value
by means of the BDF2 method can be described by:

3y(x+2h) —4y(x+h) + y(x) = 2h- f(t+2h, y +2h) (2.22)

In Figure 2.4 the stability regions of both methods are depicted. The white regions in these graphs represent
where the system remains stable for the given eigenvalues of the system. It is evident that the stability region
of the explicit RKDP method is limited, while on the other hand, the implicit BDF2 method, demonstrates
full stability for all negative real values, regardless of the imaginary part (Siili and Mayers, 2003). This type of
stability where the left hand side (LHS) is fully stable, is called an A-stable method. In terms of BDF methods,
only the first and second order of the family exhibit A-stable conditions. When the BDF2 system turns out to
be unstable, the time step At should be increased as AA ¢ will fail to reach stable conditions (Vuik et al., 2023).
The truncation error for this method is of order @' (h?).
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Figure 2.4: Stability regions of the numerical methods with the white areas representing a stable conditions of the system

In the study performed by Celaya et al. (2014), it is demonstrated that an adaptive version of the BDF2 method
yields more precise results for solving stiff equations. However, this is more complex to implement and, albeit
faster than the regular BDF2 method, is not recommended for use in this study.

2.3. Influence soil and water environment

It is commonly know that impact pile driving comes with loud sounds due to the extreme vibrations. These
vibrations can reach up to the range of order 220 dB re 1 pPa (underwater dB) that they significantly impact
marine life, cause permanent damage or even cause fatal situations (Reyff, 2012). In practice, various mitiga-
tion techniques are employed, such as the use of bubble curtains or modified hammers designed to produce
alower-impact frequency spectrum. The details of the hammer impact will be explored further in this thesis.
The model described in this thesis does not include environmental conditions, e.g. influences of soil and
water to the vibrations. In this section, a general understanding of the influences will be given regarding the
resulting phenomena.

2.3.1. Closed or open ended piles
In the paper of Marsick et al. (2021) an infinitely long cylinder is described which is being submerged hori-
zontally in the water. In this paper, the Donnell-Mushtari shell theory is employed, where the right-hand side
(RHS) of the equation is modified by incorporating the water pressure (p) to the radial EOM:
2 2 2 2 2
Pw G Ve ou  Mypotw
02 R? R 0z 12 0z*

= Pint(2) — Pext(2) (2.23)

While this method is primarily based on the behavior of a horizontally submerged cylinder, it can be inferred
that similar effects may occur for a vertically submerged cylinder. Specifically, the external hydrostatic wa-
ter pressure could increase the hoop membrane stress, potentially resulting in a reduction of the structural
response frequency. However, it should be noted that when a pile is lowered into the water, the pile fills up
with water, thereby eliminating any pressure difference between the exterior and interior of the pile. Conse-
quently, this effect can be disregarded when dealing with open piles or piles where air is able to escape when
being lowered in general.

2.3.2. Sound radiation

The influence of the soil can be divided into two nonlinear mechanisms: (1) frictional force along the pile
shaft and (2) the pile tip resistance. Both of these mechanisms must be overcome to ensure that the pile is
effectively driven into the ground and to prevent a phenomenon known as "pile refusal", where the pile does
not penetrate the ground and the energy is fully reflected towards the top of the pile.

In Tsouvalas and Metrikine (2014), a 3D vibroacoustic model, as depicted in Figure 2.5, is developed to predict
underwater noise generated during pile driving. This model is also based on the equations for thin circular
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cylindrical shells. However, to account for the effects of shear deformation and rotational inertia, modifica-
tions are made to the shell equations. This modified inertia matrix is detailed in the book of Kaplunov et al.
(1998).

Hydraulic E F(O
hammer 0 pressure release

e —— . e 4
boundary
-

v
2

water column: =
_ __-soil-fluid

Crfy pf
interface
soil layers up
to the pile-tip:
s, s, s __rigid
boundary

Figure 2.5: Overview of geometry pile in soil and water conditions (Tsouvalas and Metrikine, 2014)

In this model, the springs and dashpots, representing the soil dynamic stiffness can be described by the op-
erator K;. The soil is assumed to be uncoupled in all directions, resulting in the following operator:

kz+c. 2 0 0
K, = 0 ko +co 2 0 (2.24)
0 0 kr+crd

in which k;, kg, k; and c;, cg, ¢, are the soil stiffness and damping values, respectively.

In this study, a relatively small diameter with respect to this thesis is used of (R = 0.46). However, this study
concludes that 80-90% of the input energy percent of the initial energy irradiates into the soil region in the
form of shear, compressional and Scholte waves. 1-2% of the input energy is transformed in the form of water
pressure waves.

Additionally, in a study done by Tsetas (2023), the influence of the pile radius and the embedment depth to
the displacement of the pile tip is considered. The latter is of small influence whereas the pile radius shows a
larger influence. However, this study only considers the axial displacement, disregarding the soil reaction in
radial direction.

2.4. Polyurethane rollers

PU is a versatile, rubber-like, class of polymer and is widely used in various applications due to its unique
combination of properties. It is commonly used in applications where vibrations and structural stability are
present. This includes the use of polyurethane rollers in the MCGF to keep the MP in position or to provide
as shock absorbers for the vibrations in the system. PU is normally graded by means of their hardness. The
higher the grade, the harder the material, meaning that the material has a higher resistance to higher localized
deformation. Some of these unique properties are:

Excellent Wear Resistance: PU can withstand wear and abrasion effectively, ensuring longevity in applica-
tions that involve frequent friction;

Highly Resilient: Even in harder grades, PU retains a remarkable degree of resilience, making it suitable for
shock-absorbing and damping applications;

Resistance to Environmental Factors: PU shows resistance against a range of environmental factors, includ-
ing mineral oils, fuels, greases, and various solvents, adding to its durability and reliability in diverse
conditions.

These unique properties make PU a viable option in engineering and industrial applications where robust-
ness, vibration control, and resistance to extreme environmental conditions are essential.
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2.4.1. Linear viscoelasticity

As the description of the material states the PU is a nonlinear hyper-viscoelastic material. In order to describe
the effect of such material, a deeper understanding is necessary. In this section the linear viscoelastic property
will be discussed. A material can be considered viscoelastic for small deformations. The hardness of the
rollers of the MCGF are of class Shore 93 A. This indicates that the Young's Modulus (E) of the material is
approximately 20-23 MPa (Gent and Scott, 2012). In the polymer industry, the shear modulus (G) is often
used instead of the Young's Modulus. Due to the property of polymers, having a Poisson's ratio of v = 0.5
(Brinson and Brinson, 2015), the shear modulus can be denoted as:

E E
G=——-~=— (2.25)
21+v) 3
First, the viscoelastic property of the material indicates that the material is not fully elastic. Linear elastic
solids can be defined by using Hooke's law, thus the strain is proportional to the strain. For viscous liquids,
Newton's law is valid where the stress is proportional to the rate of change of the strain in time. These laws
can be described by, respectively:

F = kx (2.26a)
0x

F =c— 2.26b
“or (2.26b)

It is to be noted that these equations represent a simple spring and dashpot force equilibrium and are used
in Equation 2.24 in the previous section when adding the linear soil mechanics to the model.
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Figure 2.6: An example of an elastic and viscoelastic material, both linear and nonlinear for different values in time (Brinson and
Brinson, 2015)

A straightforward way of describing the linear viscoelastic behavior is by using Maxwell and Voight elements
where a spring and dashpot are in series and in parallel, respectively. An example of these elements is given
in the figure below. When dealing with a nonlinear element a combination of the Maxwell and Voight model,
such as the four parameter model, is often used.

E E,
* MM — T * £ .-
(T
n H
(@) (b) (©

Figure 2.7: A representation of the (a) Maxwell, (b) Voight and (c) a four parameter model

Two common phenomena associated with viscoelasticity are creep and stress relaxation. Creep is the gradual
deformation that occurs when a constant force is applied over time, while stress relaxation is the gradual
decrease in stress when a constant deformation is maintained over time.
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Figure 2.8: Example of relaxation and creep of material (Hajikarimi and Nejad, 2021)

In order to describe the time-temperature-dependency it is necessary to explain the origin of the complex
shear modulus (G* (iw)) and phase angle (tan(d(w)). Both are calculated by using the storage and loss modu-
lus of the material, denoted by G’ and G” respectively. The latter measures the dissipated energy as heat and
is caused by the viscous part of the total energy and is 90° out of phase with the applied strain. The storage
modulus measures the stored energy and represents the elastic portion of the energy, which is in phase with
the applied strain. To determine these modulus the following integrals should be used (Hajikarimi and Nejad,
2021):

G () :f wG (n)sin (wn) dn (2.27a)
0

G" (w) :f wG (n) cos(wn)dn (2.27b)
0

in which oo is the time required for the viscoelastic material to reach steady-state conditions. Now, with the
storage and loss modulus we can define the complex shear modulus and phase angle as:

|G* (iw)| = \/ (G’ () + (G (w))? (2.28a)
1
tan (§ (w)) = % (2.28b)

Determining the viscoelastic material properties

In order to experimentally retrieve the complex shear modulus and phase angle of the material, Dynamic Me-
chanical Analysis (DMA) should be applied to a test sample (Groenewoud, 2001). The test sample of specified
geometry is subjected to a sinusoidal deformation. The geometry of the test specimen should be in accor-
dance with the ISO standards (ISO 7743:2011, E). The amplitude of deformation is related to the stiffness.
The DMA measures amplitude and the phase difference between the in- and output. Using the knowledge to
calculate the phase angle (tan(§)) and complex shear modulus (G*), reversed calculations can be performed
to determine the storage and loss Moduli, respectively G’ and G”.

15 -
Sine Wave detected by LVDT

—— force

____ displacement

1 4 Phase
Shift:

05 -

force displacemen

0 100 0 300 400
-0.5 -

A -

Sine wave generated by force motor

-1.5 -

Figure 2.9: Measuring the phase shift and sinusoidal stress to strain using DMA (PerkinElmer Inc, 2013)
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2.4.2. Temperature and frequency dependency

In the books of Gent and Scott (2012) and Bergstrém (2015) the temperature and frequency dependency of
polymers is thoroughly illustrated. The temperature strongly affects the internal viscosity between molecular
chains which is the main cause of delayed elastic response. In Gent and Scott (2012) it has been given that
the dependence of the temperature can be given by the characteristic law:

@ (T)
‘P(Tg)

in which A and B are constant values of for most elastomers 40 and 50°C, respectively, ¢ is the rate at which
small segments of a molecule move and T, T, are temperatures. The latter of the temperatures denotes the
reference temperature which is, in turn, the most important parameter determining the dynamic behavior
of an elastomer. It is the temperature at which the molecular segments do not move at all after 10 seconds
and behave like a rigid glass. When plotting the relationship between the frequency and the complex shear
modulus or phase angle, a lateral shift (Inar) could be used when taking the effect of the temperature into
account. This shift is based on the William-Landel-Ferry (WLF) equation. The lateral shift is determined by
(Gent and Scott, 2012):

_A(T-Ty)

In =
B+T-T;

(2.29)

¢(Tr)
g = ln[le)]'A'C(TZ_Tl) (2.30)
T B2+ Ty -T2+ Ty - Tp) '

in which Tj, T> denote the temperatures of two distinct moments in time and C denotes a material constant
which is 32.6 in case of a polyurethane polymer. This allows to use create a so called "master curve” which is
the dynamic modulus plotted versus the frequency, as depicted below.
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Figure 2.10: Example of influence of time-temperature relation master curve (Ramli et al., 2022)

As can be seen from this graph, the higher the frequency, the stiffer the material becomes. This behavior
is expected as the material does not have the time to adjust to the load. The opposite is also valid where
the lower the frequency, the softer the material behaves where it has enough time to allow creep. When
increasing the temperature, the material becomes softer which is also to be expected as the temperature goes
further away from the glass temperature.

2.4.3. Hyperelasticity

In the previous sections, the linear viscoelastic property of the polymer material is discussed. However, PU
is a hyperelastic material, meaning that it this property is valid to predict large strains situations, introducing
nonlinear effects. This section will briefly explain the effect of the nonlinearities and show how the material
properties can be tested in order to describe the nonlinear stress-strain behavior.
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Figure 2.11: Typical nonlinear stress-strain behavior of a hyperelastic material

Hyperelasticity has the characteristic where the material can withstand large deformations up to 700% or
more, while being able to deform elastically back to its original shape. In addition, another characteristic
of hyperelasticity is that the material is (almost) incompressible, meaning that the volume is constant when
being compressed or tensioned.
Different hyperelastic models can be used in order to employ this effect into practice. The four most com-
monly known are:

> Neo-Hookean

> Mooney-Rivlin

> Ogden

> Arruda-Boyce

These models are based on the Helmholtz free energy per unit reference volume which only consist of the ma-
terial constants to predict the nonlinear thermodynamic behavior. A difference in the Helmholtz free energy
during a process is equal to the maximum amount of work that the system can perform in a thermodynamic
process in which temperature is held constant. At constant temperature, the Helmholtz free energy is min-
imized at equilibrium. In the book of Bergstrom (2015) it is shown that the Helmholtz free energy can be
determined by:

‘I’:eo—Go o (2.31)

where e represents the internal energy per unit reference volume, 6, the reference temperature and 79 the
entropy per unit reference volume of the material. As an example for determining the stress-strain behavior,
in this section the Neo-Hookean model is described, which is presumably the easiest to apply in practice.
The Neo-Hookean model is based on just two parameters: the shear modulus ¢ and the bulk modulus «.
The latter represents the resistance to the compression and is often referred to as the incompressibility of
the material. To describe the stress-strain behavior of the Neo-Hookean model in terms of the Helmholz free
energy principle, the following expression can be used:

_H K 2
W(ll,])—5(11—3)+5(]—1) (2.32)

in which I, J represents the invariants of the Helmholtz free energy principle which is determined by the
principle stretches 11, A», 13. Rewriting this equation based on the Cauchy stress gives:

o) = %{b*] +x(J-DI (2.33)

b* represents the Left Cauchy-Green tensor which in turn represents the local change in distance due to
deformation (Bergstrém, 2015). When assuming that the material is fully incompressible, the value J = 1, the
second term becomes equal to zero. This equation is now able to reproduce the nonlinear behavior of the
stress-strain as illustrated in Figure 2.11.

Determining nonlinear material parameters

Each of the different theories to describe the nonlinear hyperelastic behavior of the material need different
amounts of material properties. In Bergstrém (2015) it is shown that the theories acquire 2 to 8 material
parameters. The higher the amount of known linear parameters, often results in higher accuracy when using
the Schapery procedure (Brinson and Brinson, 2015). In order to get these values, experiments are to be
performed. The amount of required tests depend on the combination and amount of parameters.
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For the less complex methods such as the Neo-Hookean, only 2 parameters, which in turn are both dependent
on one single variable (I;). In case of more complex models, such as the Ogden model, two experiments
should be performed to acquire the value for the I, dependency. An example could be to perform a uniaxial
or biaxial tension test.

2.4.4. Hyper-viscoelasticity
With the properties of viscoelasticity and hyperelasticity a better understanding of the combined behavior
can be given. Previous study shows that shows a hyper-viscoelastic constitutive model is proposed based
on modifications of the hyperelastic Mooney-Rivlin and Ogden models (Somarathna et al., 2020; Ucar and
Basdogan, 2018). The stress-strain behavior of this model shows a good agreement with experimental data.
In Figure 2.12 a representation of the combined material properties of PU material is given.

In a study performed by Wang et al. (2017) the dynamic

damping characteristics of a similar hyper-viscoelastic o

model is given where it is concluded that the rise of the tem-
perature due to compression leads to a reduced relaxation

modulus, ultimately lowering the overall Young's Modulus =~ yscosstety Hyperslasticiy
. . A pandant Non-linear

of the material. The stiffness as well as the damping coeffi-

cient decreased when the temperature increased.

In the MCGF system, compression due to the prestress is ex-

pected to not be an instantaneous load, hence no reduction

of the material stiffness by increased temperature. How- Figure 2.12: Representation of a hyper-viscoelastic

ever, assuming that the rollers exhibit no friction and rotate model (Qi and Boyce, 2005)

purely, it could be argued that the axial displacement during

pile driving causes a rotating movement of the rollers, sup-

plying new, uncompressed PU. The diameter of the roller is 1.07 m of which the outer layer consist of a 65
mm thick layer PU (hpy). In current internal preliminary calculations by HMC the maximum indentation of
the material is assumed to be 13 mm. The indentation results in a contact surface length of z, = 332 mm with
the MP.

The axial displacement and thereby rotation of the roller is highly
dependent on the soil conditions. The deeper the pile is embed-
ded in the soil, the higher the shaft resistance becomes and deeper
layers often consist of harder material to penetrate. In the pile driv-
ing the amount of blows are often given in terms of blows/0.25m.
Research has indicated that approximately 20-60 blows/0.25m are
typical values for pile driving (Argyroulis, 2022; Parola, 1970). This
translates to displacements that range from 4.2-12.5 mm per blow.
The ratio of 'new’ material to the already compressed layer is low
(<4%). The blow rate is in the range of approximately 25 blows/min : r
at maximum hammer energy which results in a fully new supplied ‘\
piece of material after at least 66 s. This low ratio could suggests that
the prestress does not significantly impact the increase in temper-  pigure 2.13: Section view of roller at RB height
ature, and consequently, the stiffness of the material remains rela- showcasing indentation of roller
tively stable. However, the effect of rising temperature due to the

compression is not quantitatively describable with the current knowledge.

MP wall

In this report, the influence of the roller material is linearized. The material properties are not experimentally
determined and are therefore approximated. Preliminary calculations at HMC have indicated that a spring
stiffness 0of 200 kN/mm can be assumed for the rollers. This value will be used as the base case in chapter 3. In
chapter 4, the effect of the damping and stiffness values of the rollers on the expected vibrations will be stud-
ied, showing what values are required to dampen the vibrations properly. Modeling the nonlinear properties
of the rollers would require more complex theories to solve the system, and could unpredictably amplify or
dampen the actual vibrations. When compressing the PU layer, the stiffness increases as the polymer chains
within the PU start to reorganize under pressure. Simultaneously, the friction resulting from the movement
of these chains leads to an increase in temperature, consequently reducing the stiffness. The complexity and
conservative nature of predictions are reasons to opt for a linearized roller model.
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To visualize the vibrations, three different models are proposed, each building in complexity to gain a better
understanding of the combined phenomena that could occur when modeling the total system. Firstly, the MP
model is separated from the RB, which is only loaded under the influence of the hammer impact. The effect of
a fixed spring-dashpot system is added to see a direct correlation between the ballpark stiffness value and the
axial and radial behavior of the MP. Next, the RB is also modeled separately, simplifying the model to that of a
beam. Using the radial displacement of the MP model as input for this model provides an expected behavior
of the RB. Both of these models will be validated through mesh convergence studies for both the ode45 and
BDEF2 solvers. Combining these models ultimately results in the coupled model where the interaction of the
rollers is visualized. The main difference between the coupled model and its predecessors is an active roller
interaction between the MP and the RB. All models will be implemented in the FEM package Abaqus to check
whether the assumptions within the numerical solvers in Matlab correspond to those in this program.

In this chapter, a base case is assumed where the maximum possible diameter for the MCGF is used. The
dimensions of the MP regarding the length and wall thickness are based on internal data related to upcoming
projects for HMC. However, the choice of diameter is made such that the impact of wave dispersion can
be more distinctly observed and analyzed. In chapter 4 the parameters are subject to change to observe its
individual influence.

Parameter Symbol Value Unit
Monopile dimensions

Outer diameter Dou: 12.5 m

Wall thickness hpyrp 0.1 m

Length Lyp 110 m

RB height (measured from top)  zgp 20 m

Steel parameters

Density ) 7850 kgm™

Youngs Modulus E 210 GPa

Poissons ratio v 0.3 -

Table 3.1: Dimensions of MP and steel properties used for the base case

3.1. Monopile model

In the previous chapter it has been shown how the EOMs of a cylindrical shell are derived and what type of
solvers can be used to solve the equations. Here, a representation of the EOM will be given where it is made
possible. In order to use the MATLAB solvers, the equation are to be rewritten using the central difference
form. In the book of Vuik et al. (2023) it is shown that central differences show a smaller truncation error than
their counterpart backward and forward differences. The output of the ODE solver in MATLAB determines
the predicted displacements and velocities. However, for the purposes of this study, the primary focus is on
accelerations, which can be derived by taking the gradient of the output velocities.

19
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3.1.1. Setting up the model
In Appendix A the discretized form of the EOM from Equation 2.15 is shown which are repeated down below.
This discretized form is required in order to solve this system of ODEs with MATLAB.

52un c cov
; 7+ g (Tl + 2y = ) + o Wy — W) =0 (3.1a)
0w, cf, vcf, c]!J h12\4P
Wwp+——— (—up_1+u +—— (Wy_2—4Wy_1 +6W;, —4Wy + W =0 (3.1b
:1{ 6t2 R2 n 2AZ R ( n—1 n+1) 12AZ4 ( n-2 n—1 n n+l n+2) ( )

The last term containing the fourth order derivative with respect to
space represents the added bending term which is discussed in the Fu(t)
previous chapter. This term distinguishes itself from the membrane
theory, becoming the cylindrical shell theory. These equations are
the base of the model represented in this thesis. In Figure 3.1 a gen-
eral overview of the MP model is given. As can be seen from this w
figure, the bottom is assumed to be in fixed. It is expected that all i

energy of the propagating wave reflects from this boundary as there
is no ability for the energy to be reduced. The fixed conditions as-
sumed that the displacement and angle of the MP at the bottom “RB
should be zero:

dwl
Unlz=r = Wilz=p = oz |, =0 (3.2)
Z: ”””””””””

The top part of the MP is assumed to be a free end where only the
force acts in axial direction. The current shell theory is based on
axisymmetric conditions, assuming that the non-verticallity in the
impact is negligible for the current analysis. The BCs at the top part
of the MP can be given as: =

63 w1
073

64 1251

z=0 0z

=0 (3.3a)

z=0

™~
= m (3.3b)
z=0 EA

0u1
0z

Figure 3.1: Overview of the MP model

Next, an important aspect of this model is how the input force is

defined. The force is often given in terms of an F(f)-diagram. For reference material, internal data for the
F(t)-diagram is used which is given in Figure 3.2a. However, for future considerations within this thesis,
specifically in the parameter study where we will explore the impact of the force, the input force will be fitted
to a Weibull curve for analytical purposes.

400 : : : : : . . 65 10’ ‘
Data

300 F Weibull Fit | |
z
=200
w
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0 5 10 15 20 25 30 35 40 0 50 100 150 200 250 300 350 400
Time [ms] f[Hz]
(a) Force time diagram (F (1)) (b) Frequency spectrum

Figure 3.2: F(¢) curvefitted with a Weibull diagram for a large diameter MP together with its frequency spectrum
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Considering that wave dispersion is a significant factor in this model, it is essential to understand the fre-
quencies present in the input signal. By employing a Fast Fourier Transform (FFT), the frequency spectrum
can be generated and visualized. In this graph it can be seen that the expected ring frequency (f;) is clearly
within range of the spectrum, thus it is expected that wave in the vicinity of this frequency do not propagate.

3.1.2. Configurations monopile model

First a mesh convergence test should be performed to ensure accurate results while reducing the computa-
tional time as much as possible. From this graph it can be concluded that a mesh size of Az = 1 m is sufficient
as this deviates 0.1% of the maximum value with a mesh size of Az = 0.01 m for both methods. In addition,
it is worth noting that the simulation time for the ode45 solver in case of Az = 0.01 is 20.5 minutes!, which is
much higher than the 4 seconds needed for the BDF2 solver.

—S— BDF2 solver
—>—— ode45 solver |

max(u) [mm]

107 1072

Az [m]

Figure 3.3: A plot of the maximum axial amplitude to check the mesh convergence

A small difference between the maximum values of the solvers can be found. Due to the BDF2 solver being
an implicit solver allows to set the time step as an extra variable. In Figure 3.3 a time step of At = 0.1 ms is
chosen which results in 1000 time steps to reach the final result when having a total simulation time of 0.1 s.
In the figure below it can be seen that a time step of At = 1e —5 ms results in accurate data.

16 L L L L L | L L L L | I L
107 104 107 108
At [s]

Figure 3.4: A plot of the maximum axial amplitude to check the time convergence of the BDF2 method

3.1.3. Monopile model results

With the mesh size and time step being considered accurate, the total results of the MP model can be com-
puted. Since the difference between the ode45 and BDF2 solver are thus small, it is chosen to proceed with
the BDF2 solver. In Figure 3.5a & 3.5b the axial and radial displacement of the MP is given. The behavior
of the axial displacement is as expected where the hammer impact compresses the MP by approximately 16
mm. Once the wave has propagated through the entire pile, reaching the fixed bottom of the pile, seems to
disappear due to the displacement being zero. This effect can be explained by means of a "image" pulse and is
described in Metrikine and Vrouwenvelder (2018). The image pulse represents an imaginary pulse that move
in the opposite direction of the incident wave. This image wave is, similarly to the incident wave, a compres-
sional wave in case of a fixed end. On the other side, when the wave has propagated towards the top end of
the pile, a free end is reached. The theory of this image pulse is also valid here, however, the image wave of a
free end is in opposite direction. This results in a tensional wave which explains why the MP stretches out at
the top at t = 42 ms.

I The simulation highly depends on the specifications of the used computer and could differ on other computers.
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Figure 3.5: Axial (a) and radial (b) displacement in time and space for a large diameter MP

Furthermore, the effect of the trapped wave is also showcased in Fig-
ure 3.5b where it can be seen that even when the input of the ham-
mer force has passed (¢ = 0.017 s), the top part of the MP start to
vibrate at its eigenfrequency (ring frequency) of 139 Hz. The current
used shell theory is able to show this wave dispersion effect. The ra-
dial expansion phenomenon, known as the "breathing" of the MP,
results in extra, smaller propagating waves as well. Consequently,
after the initial wave reaches the bottom of the MP, it encounters in-
terference from this breathing effect, leading to fluctuations in the
initial propagation from the point of reflection onwards. The overall
behavior of the vibrations is also captured in a study by MacGillivray
(2015).

Despite the fact that these graphs contain numerous amounts
information, it is more convenient to showcase 2D plots as these
are less complex to interpret than the preceding 3D images in space
and time. In Figure 3.6 the axial and radial displacements of the MP
model at different moments in time before reaching the bottom part
of the MP are shown (¢ < 20.3 ms. Comparing these graphs with the
force input from Figure 3.2a it can be observed that the most of the
energy of the input has a time span (Afr = 13 ms), which results in a
spatial wave length of approximately 70 m. From both the axial and
radial displacement this could be confirmed which is expected due
to cp-Atp=70.5m.
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Shell vs. membrane theory

This paragraph highlights the distinctions between the current shell theory, which includes the added DM
term, and the rod equation. It is obvious that there is no radial displacement computed with the rod equation,
hence not given in the figure below. First, it can be seen from both graphs that the shell theory resembles the
output of a membrane model. The radial displacement fluctuates consistently between -0.2 and 0.2 mm after
the initial wave has passed.

Axial displacement
0.02

Shell theory Y S \
0.01 - — — — Membrane theory

Rod equation

u[m]

-0.01 -
- / -

0.02 I I I I I I I I I I
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Figure 3.7: Different theories for axial (a) and radial (b) displacement of first node MP model

It is observed that radial vibrations rebound back into axial vibrations, causing the axial vibrations to oscillate
around the equilibrium. This effect is also evident in Figure 3.5b, where the initial wave appears to propagate
smoothly. However, for ¢ > 0.03 s where the wave reflects on the bottom of the pile, the waves become a
superposition of the reflected, initial and the opposing propagating breathing waves.

3.1.4. Monopile model compared to FEM data
To validate the aforementioned MP results, FEM analyses are performed in order to compare the results.
Throughout this research, the FEM package Dassault systems SIMULIA Abaqus FEA 2021, henceforth referred
to as Abaqus, is utilized. This program allows to solve the problem implicitly and explicitly. Within Abaqus,
the implicit solvers are based on Backward Euler method, whereas the explicit solvers are based on Forward
Euler. The type of FEM models that are used to compared are:

> Shell model (implicit/explicit);

> Membrane (implicit);

> 1/8™ of circumference of the MP (explicit);

> Solid (explicit).

In this context, the 1/8™ represents a section of the MP where the edges are rigidly connected by adding BCs
such that these represent the neighboring parts of the MP. This model is also modelled as a shell. Ultimately,
the axisymmetric conditions are still met via the BCs. The three other models are axisymmetric models. A
more detailed description of all models are given in Appendix B.

When comparing displacements of the models in Figure 3.8 at the position of the RB (z = zgp), itis illustrated
that the axial displacement are completely in line for all models. When considering the radial displacement,
it is shown that the maximum amplitude of the FDM Matlab model is similar to those of the FEM models.
However, after the initial wave has passed, the Matlab shows higher frequencies in the radial direction. As the
amplitude is small compared to its maximum, this effect is not of interest.
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Figure 3.8: Comparison MP FEM models in Abaqus in axial and radial direction at RB position (z = zgp)

3.1.5. Monopile model with a fixed roller

The investigate the influence of the roller on the output of the MP model, a fixed spring-dashpot system is
added to represent the contact of the roller. The values of the spring stiffness and damping coefficient are
based on internal estimations by HMC. The value of kg is estimated to be approximately 200 kN/mm. The
damping ,however, is not given and it is assumed for this base case to be 1e’® times the spring stiffness. These
values represent the base case which will ultimately be changed in a more detailed study in the next chapter.
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Figure 3.9: Axial and radial output of MP model at RB position comparing the system with and without the influence of a fixed roller

From these graphs it can be concluded from the FDM Matlab and Abaqus models that the current spring
stiffness of kg = 200kN/mm does not influence the behavior of the vibrations in axial direction. In radial di-
rection, after the initial has passed (¢ > 16 ms) the radial expansion starts to vibrate in its own eigenfrequency
of 139 Hz. Between both MATLAB models there is no difference in behavior noticeable, whereas the Abaqus
model shows a small phase shift that changes this frequency to = 110 Hz. The amplitudes of the models ap-
pear similar for the initial peak. Upon closer examination of the MATLAB models, a minor difference of 1.1%
is dampened out by the rollers whereas the Abaqus model shows an increase of 1.4% in amplitude. With the
current configuration, little to no effect of the rollers is shown by the model. However, in this model the other
end of the spring-dashpot system is assumed to be a fixed point. In reality, this point, attached to the end of
the RB, will move independently which could show a different influence of the attached spring.
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3.2. Rollerbox model

In this section the RB is separately modelled to investigate what the
influence of a spring is to the deflection of the beam. It is impor-
tant to note that only the transverse deflection is modelled as it is
expected that the highest deflections and thereby the highest ac-
celerations will be calculated. Additionally, analyzing the longitu-
dinal deflection would involve addressing the nonlinear behavior of
a beam, which would require a different approach when formulat-
ing the EOM. The simplified beam EOM, also known as the Euler-
Lagrange beam equation, can be described by:

Cr

62 WRB 64 WRB

pA 012 tEI oxt 0 (3.4) Figure 3.10: Overview of the RB model
The right end of the beam represents the connection of the beam
with the gripper ring. The gripper ring is for the purpose of this study to be infinitely stiff. The left side of the
beam is again a free end which is loaded by a forced displacement (wp;p). This displacement is the output of
the MP model at the height of the RB without effect of a spring attached to the MP (kg = 0).
The same methodology for solving this system of equations and its BCs is used as for the previous section. A
more detailed explanation on the implementation of the BCs and ICs can be found in Appendix A. The BCs
can be described as:

83 wrp Owprp) Ownmp
EI =-k — - — — 3.5
Fr & (WrB1 — WMP) — CR ( o1 T (3.5a)
62
WRBI - _ (3.5b)
6x2 x=0

The RB is pressed against the MP by hydraulic cylinders which is modelled as a spring-dashpot system. The
values of the spring and dashpot are denoted as kj. and ¢y respectively. These cylinders prestress the MP
to keep its position within the allowed misalignment tolerances. In this study, the effect of the rollers are
assumed to be linear. Therefore, it can be assumed that the prestress of these cylinders do not influence
the dynamic behavior of the rollers. The prestress induces an initial deformation, which maintains the same
dynamic behavior around this new equilibrium position.

The shape of the RB is similar to that of a hollow rectangle, where in reality stiffeners are used to strengthen the
structure. However, for the purposes of this thesis, the RB's shape is simplified to that of a hollow rectangle,
assuming it to be free from imperfections or any other factors that might changes its geometry.

Parameter Symbol Value Unit
Rollerbox dimensions
Height hrp 0.5 m
Width brp 2.881 m
Length Lgrp 6 m
Thickness sides IRB,side 120 mm
Thickness top and bottom  tgp ;p 20 mm
Angle of RB w.r.t. MP a 90 °
Angle of hydr. cyl. wr.t. RB  a, 80 °
Hydraulic cylinder parameters

Oil bulk modulus Koil 1000 MPa
Stroke Ine 2650 mm
Bore diameter Dpore 430 mm

Table 3.2: Rollerbox dimensions

The angle of the RB is assumed to be 90° with respect to the MP for the validation of the model. This value
in reality ranges from 51-81°, depending on the diameter of the MP. Due to the direction of the forces of
the radial expansion of the MP being the only transferred loads onto the RB, the angle of the RB is simply a
multiplication of sin(a) times the amplitude. The angle of the hydraulic cylinder (a.) varies with the angle of
the RB with a range of 58-80°, with the largest angle occurring when dealing with a 12.5 m diameter MP.
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3.2.1. Rollerbox model configuration

Similar methods to those used in the MP model are employed to determine the appropriate mesh size and
time step. For the purpose of analysing the mesh size, the influence of the hydraulic cylinder is discarded
(k¢ = ¢ = 0). Furthermore, the gripper ring end is now treated as a clamped end, as in reality, the beam would
rotate around the hinge when not clamped. The RB model appears to become slow when using the ode45
solver. In case of a value of Ax = 0.019 a simulation time of 80 minutes is required, whereas the BDF2 solver
instantly (<< 1 s) computes the results with the same mesh size.
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Figure 3.11: A plot of the maximum transverse displacement to check the mesh convergence

When the mesh size reaches below Ax < 0.001 m the system becomes unstable. This phenomenon, numer-
ical instability, can be explained by the fact that this problem can be considered as a stiff problem and has
therefore to be solved by means of the BDF2 solver since this solver is unconditionally stable. The numerical
stability of a system is explained in further detail in chapter 2. As can be seen in the graph above, a converged
amplitude is reached at Ax = 0.08 m with a time step of At = 0.1 ms as this value deviates 0.6% from the
asymptotic value. Choosing a larger time step could make the system stable but less accurate. Therefore, this
combination of mesh size and time step is considered accurate enough to proceed with further calculations.
Because the required mesh size is relatively large (100 elements), the ode45 solver can still be used.

3.2.2. Rollerbox model compared to FEM data

In order to visualize the effect of the roller to the deflection of the beam, the hydraulic cylinder is still dis-
carded. Later on, this effect will be included to see what the differences are. The FEM model is adjusted
accordingly to match the BCs. In the figure below the displacement and accelerations of the left end of the
beam are shown together with the forced displacement on a spring (wpp) to this model. The input is better
shown in Figure 3.8.

In the graphs below it can be seen that the ode45 and BDF2 solvers show similar output. The amplitude of
the output seem to increase to higher levels than the maximum output of the input in the numerical models
as well as the FEM simulation. At first the Matlab and FEM models seem to have the same behavior, with a
similar phase difference between the output and input up to approximately ¢ = 0.035 s. After this point the
FEM simulation seems to react slower’. This phase difference might be caused by the assumption of the beam
being modelled by the uncoupled Euler-Lagrange beam equation, whereas the FEM model is considered as
a 3D-beam. A similar phenomena is demonstrated when comparing the wave speed in a rod (c¢y) with that
of the axisymmetric shell (c,), where the rod exhibits a lower wave speed. However, with a beam of 6 m in
length, the reflected waves are expected after ¢ = 2.3 ms, considering a wave speed of 5.4 km/s.
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Figure 3.12: The transverse displacement and acceleration of the first node (MP side) of the RB comparing the input displacement
versus the numerical results by Matlab and Abaqus

In order to get a better understanding of the propagating waves in this model, the reflecting waves should be
discarded. To eliminate this effect, the length of the beam can be extended to over 271 meters to ensure that
reflections do not significantly impact the results. This is employed to the model which result in the following:
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Figure 3.13: The transverse displacement and acceleration of the first node (MP side) of an extended RB (L > 271 m)

With the RB extended up to 271 m, the phase difference is still visualized by the output. The amplitude of the
transverse displacement of the RB does not seem to significantly increase over time, albeit show an increase
of 1.5 times the input for the minimum amplitude. From Figure 3.12 & 3.13 it can be concluded that the
behavior of the vibrations can be accurately showcased by the current model. In section 3.1 it is shown that a
fixed spring does not significantly influence the radial expansion of the MP. Hence, the current amplitude of
the RB model should be in the range of approximately +200 ms™ in case of the normal length RB of 6 m.

Influence of hinged BC and hydraulic cylinder
In this part the hydraulic cylinder is added to the system, which allows to change the BC of the RB on the
gripper ring end to be hinged instead of clamped. The change in BC changes the K-matrix which is explained

in further detail in Appendix A. The spring stiffness of the hydraulic cylinder are based on the following
calculation (Khalil, 2009):

2
Al
Vi+Vn

2
A2
Vo + Vio

kne =%oi1

(3.6)
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in which « is the oil bulk modulus, ;. is the stroke of the cylinder, Vr, Vi, are the fluid line volumes and
Ay, Ay and Vi, V;, are the area and volume before and after the piston, respectively. The stiffness is at its lowest
when the piston reaches the middle of the cylinder stroke (I,./2). When assumed that the fluid line are small
compared to the contained oil volumes V}, V5 it can be assumed the equation can be simplified:

A

Kne = 4% i1 (—1) 3.7
e

Using the values from Table 3.2 the hydraulic stiffness is estimated to be 223 kN/mm. The damping value is

again assumed to be a factor of 1e™ lower. In the figure below, the results of the RB including hinged BC and

hydraulic cylinder are computed by the FDM model. It can be seen that the hydraulic cylinder reflects part of

the energy of the waves, resulting in lower displacements between the attachment point of the cylinder and
the gripper ring.
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Figure 3.14: The transverse displacement and acceleration of the RB including hinged BC and hydraulic cylinder

However, the results seem to increase in amplitude, which is caused by these reflected waves. First, the differ-

ent numerical methods with the FEM of the first node should be compared in order to validate this behavior
by FEM:
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Figure 3.15: The transverse displacement at node #1 of the RB including hinged BC and hydraulic cylinder

Figure 3.15 shows that the numerical FDM methods are in agreement with the behavior of the FEM sim-
ulation. The amplitude increases, reaching values up to 500 m/s?. This effect indicates that the system is
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marginally stable. In this case, it is not numerical stability that plays the main role, but structural stability. In

the figure below, a longer time frame is given where it can be seen that the vibrations can go up to even 600

m/s?.
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Figure 3.16: The transverse acceleration showcasing the close-to-instability of RB system

This effect occurs when two (or more) frequencies are close in range to one another. The next step is to
consider that this might be close to that of the eigenfrequency of the beam. The eigenfrequency of a cantilever
beam with the other end being supported by a spring can be given by (Metrikine and Vrouwenvelder, 2018):

n kR

W, =
2Lgp \ pArs

(3.8)

where n represents the mode of vibration, with the first eigenfrequency being 80.4 Hz. From the figure above
it can be derived that the frequency of these vibrations are at 80 Hz, which is indeed the eigenfrequency of the
beam with its current dimensions. The dimensions of the beam, such as the length, area and area moment of
inertia, will be altered in the next chapter 4 to investigate the effect and how to mitigate these vibrations.

3.3. Coupled model

The total, coupled model, as depicted in Figure 1.2, is where the preceding models are combined such that
the MP and RB interact with one another through the effect of the rollers. In the previous sections the models
were individually investigated to gather the information such as assumed correct mesh size and time step in
case of the BDF2 solver. In this section, the same methodology is utilized as explained in Appendix A. The
outcome of this model is compared to different FEM simulations.

First, to combine the models, coupling terms are to be added to the stiffness matrix of the system. The term
wyrp in Equation 3.5a is now replaced with wgp which is the radial displacement of the MP at n = Ngp. A
new K-matrix and its state space vector form of the total system can be defined as:

Kyu Kuw 0
K = |Kyu Kyw Kywuw,rB (3.9a)
0  Krpuww  Kgs

(3.9b)

in which Kgp,ww, Kww,rp are the coupling matrices which only contain one non-zero entry at Kgp, 1y (NgB, 1)
and Ky, rp (1, Ngp), respectively. The subscripts should be interpreted as follows, for example, Kgp,,, rep-
resents the coupling term of the radial MP displacement (w) within the EOM of the RB. The damping matrix
C is computed in a similar manner, but its specific formulation is not provided here.

The maximum diameter MP is used in the base case, meaning that the maximum angle of 81° with respect to
the MP is used. In previous sections, the mesh size for both the MP and RB model are established at Az=1m
and Ax =0.08 m.
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3.3.1. FEM models

Axisymmetric conditions of the coupled model cannot be met in Abaqus when modeling an axisymmetric
shell, membrane or solid. Modelling the RB as an axisymmetric beam results in a cone surrounding the
MP. This cone-shaped structures does not exhibit behavior similar to a simple beam. It has been shown in
subsection 3.1.4 that the 1/8™ section modelling of the MP demonstrates output as accurate as the other
models. Therefore, this model is utilized and expanded by adding the RB model. In the current assumptions
for the Matlab model, where the axisymmetric MP is coupled to the 1D RB model, it is assumed that the RB
is somewhat axisymmetric. This implies that there are infinitely many RBs in the circumferential direction of
the MP, although uncoupled, with all forces translated into the bending of the RB. In the FEM model it has
been chosen to model the 3D coupled model with two different methods: (1) a single RB that acts as a point
load on each 1/8™ MP section and (2) a model where on every node in circumferential direction a RB is added
to artificially meet the axisymmetric conditions. An illustration of these models are given in Figure 3.17. For
a more detailed explanation of these models, refer to Appendix B.

(@) (b)

Figure 3.17: Overview of FEM models representing (a) single and (b) axisymmetric RB conditions

3.3.2. Results coupled model

In the MP model it was demonstrated that the radial obstruction by the rollers has a negligible effect on the
axial vibrations, which also holds true for this model. In addition, from these 3D images, it can be seen that a
similar effect can be spotted in the transverse acceleration as for the RB model.
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Figure 3.18: Overview of radial and transverse vibrations of MP and RB for the coupled model base case
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Considering the first node of the RB once again, it can be shown that the coupled model has the same behav-
ior as the RB model, albeit 2.4% lower in amplitude. This outcome is as expected, given that the MP model
demonstrated minimal influence of the rollers on radial displacements. Consequently, the inputs to the roller
in both the RB model and coupled model are practically identical. The Matlab model seems to overestimate
the maximum displacements and, consequently, the accelerations when compared to the results from FEM
simulations. However, as learned from the RB model, it seems that the beam starts vibrating in the frequency
of approximately 80 Hz, which is the eigenfrequency of the beam.

Axial displacement at z,,

0.02 1
Matlab |
FEM single RB N
0.01 FEM axisymmetric RBs !
E E
E) B
-0.01 1
— \
-0.02 I I I ) 15 I I I I )
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
t[s] t[s]
Axial acceleration at z Radial acceleration at z
500 3001
/ /\q 200 -
— [ ‘ A A —
% Y P\/ \ / \ / x/ w100 F
E o VANS \; ’\/\ ‘1 £
o || VW, E
| | \
J /W
500 : : : : J 200 : : : : J
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1

t[s]

t[s]

Figure 3.19: The displacements and accelerations of the Matlab FDM coupled model compared to the Abaqus simulations of the base
case
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Figure 3.20: The displacements and accelerations of the Matlab FDM coupled model and FDM RB model compared to the Abaqus
simulations of the base case

As for this model as well as the RB model, it is hard to draw conclusions as the reflections in the RB become
present when ¢ > 0.037 s. Therefore, for both the Matlab models and the FEM simulations, the length of the
MP is such that the reflections do not appear (Lysp > 271 m) within the current time frame of 0.1 s. From this

simulation it is evident that the eigenfrequency of the beam is not reached, resulting in lower acceleration,
which now are only 165 m/s?.
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The single RB and multiple (axisymmetric) RBs FEM simulation models demonstrate a good agreement with
one another. This implies that the accelerations within the RB can be effectively modeled by incorporating a
single RB into the MP model in FEM to reduce computational time. The slightly higher values calculated in
the single RB FEM model, compared to its axisymmetric counterpart, are as expected, given that the overall
stiffness is lower when considering a single RB. Moreover, the FDM model in Matlab predicts higher displace-
ments and accelerations than their FEM counterparts. As mentioned previously, the RB is modeled in only
one direction in the FDM model, while in FEM, the displacements and accelerations are calculated in every
direction, resulting in lower values due to coupling.
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Figure 3.21: Matlab numerical coupled model and RB model versus Abaqus simulations where Ly;p > 271

3.4. Conclusions
In this chapter three consecutive models are extensively studied assessing the vibrations for the base case.
Each of these models are validated by means of a FEM simulation. In this section, a brief overview of the
most important conclusions are given:
> Both the MP and coupled model demonstrate the breathing of the MP, with the top of the MP vibrating
at the ring frequency, resulting in a tail of waves behind the initial waves at this frequency;
> The ode45 solver becomes slow when solving the RB model or coupled model, making BDF2 the pre-
ferred solver due to its consistent output compared to the ode45 solver;
> Reflecting waves in the MP causes the RB to resonate at its eigenfrequency. The stiffness of the rollers
influences the eigenfrequencies of the RB. Using a length of Ly;p > 271 m eliminates reflected waves
within a simulation time of ¢ = 0.1 s. Further details about this effect will be discussed in the next
chapter;
> A spring stiffness of 200 kN/mm seems to have a negligible effect (<1.4%) on the maximum radial dis-
placement of the MP. The energy of the axial vibrations are dominant for this behavior. When increasing
the roller stiffness to kg > 1930 kN/mm, the maximum radial amplitude is reduced by 10%;
> Matlab consistently slightly predicts higher maximum displacements and accelerations of the RB com-
pared to FEM simulations. This is most likely the result of the simplified 1D beam equation, where
coupling with transverse and longitudinal vibrations are not considered;
> The RB model exhibits similar output to that of the coupled model, ultimately showing that the beam
could be modelled separately without direct coupling to the MP, which reduces the computational time.
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This chapter provides a more comprehensive exploration of the roller properties which have been identified
as uncertain. In order to assess potential scenarios where a combination of roller properties might result in
high accelerations and stresses, further research is essential. Furthermore, the validation of the force input
will be discussed to explore the effects of changes in input on the behavior and overall output of the RB.

4.1. Roller properties

Currently, the material specific properties are unknown and ballpark values are given by preliminary calcu-
lations. During the model evaluation in the previous chapter, the base case, a spring stiffness of 200 kN/mm
is assumed where the damping value is a factor 1e™> lower. However, due to the uncertainty of these values it
is of high importance to further investigate the effect of the values to the behavior and ultimately maximum
accelerations of the rollerbox. The properties of the material are to be experimentally determined. In this
section the verified model is used such that combinations of kg and cg are implemented and calculated. It is
expected that the estimated material properties would be relatively in range of the actual values.
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Figure 4.1: Influence of kg and cp to the maximum accelerations in radial direction (w) at the RB attachment point and transverse
deflection (wgp) of the left end of the rollerbox in a 0.1s time frame
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In Figure 4.1, an overview is provided of the maximum accelerations within a 0.1 s time frame computed by
the FDM model for different combinations of kg and cg. This graph illustrates that very high values for the
spring stiffness result in a decrease in radial acceleration of the MP. This behavior is expected, as the beam
is a much stiffer object, preventing the MP from expanding in the radial direction. High damping values
(cr > 1 kNs/mm) result in an significant increase in the accelerations of the rollerbox. Lower damping values
seem to not affect the accelerations of the RB, regardless of the spring stiffness of the rollers. It is currently
assumed that the damping value is a factor 10" lower than kr. With kp estimated to be in the order of 200
kN/mm, this implies that the damping coefficient cg should be in the order of 0.002 kNs/mm. Given that kg
is unlikely to reach a value of 100-103 kN/mm, it is assumed that the value of cz does not significantly alter
the accelerations in the RB. Hence, the governing feature for transferring displacement from the MP to the
RB is presumed to be the spring stiffness of the roller.
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Figure 4.2: Spring stiffness versus the maximum acceleration of the RB for cp <1 kNs/mm

From Figure 4.2, it is clear that the RB system exhibits high accelerations for a spring stiffness of 1650 kN/mm.
The three preceding peaks, to the left of this value, can be observed at accelerations of 790, 890 and 720
m/s? corresponding to a spring stiffness of 172, 533 and 807 kN/mm, respectively. Note that these maximum
values are observed within a time frame of 0.1 seconds, a deliberate choice to minimize computational time
requirements. The vibrations within the MP in radial as well as the axial direction are essentially unaffected
by the increased stiffness. In Figure 4.3, it can be seen that these roller stiffness values result in different
frequencies when considering the vibrations of the RB especially. It is important to note that the time span of
this simulation is set at ¢ = 1 s, which means that the maximum acceleration given in the figure above is not
fully representative as the vibration have not yet fully developed to its highest amplitude as can be seen in the
figure below. Table 4.1 summarises the vibration frequencies for varying spring stiffness that are extracted
from the time traces presented in Figure 4.3.
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Figure 4.3: Accelerations of the MP at RB height and the first node of the RB for different values for the spring stiffness showing the
vibrations within eigenfrequency range of the beam within a time frame of 1s
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kr [KN/mm] Vibration Freq. [Hz]

172 80
533 100
807 122
1650 139

Table 4.1: Frequencies of transverse vibrations in Figure 4.3

Figure 4.4 illustrates the radial displacement of the MP at the RB height. When considering a pile with a
length of 110 m, reflections occur. The frequency spectrum represents the energy density of the frequencies
of the radial displacement. In this figure, the peak values of the frequencies in this spectrum correspond to
those listed in Table 4.1. The other preceding peak values at frequencies 12, 35, and 58 Hz are part of the
propagating wave, although they do not excite the RB to the extent that the RB exhibits excessive vibrations.

When assuming that no reflected waves occur, i.e. Ly;p >259 m, the radial displacement is continually vibrat-

ing at the ring frequency after the initial wave has passed. In contrast to the ring frequency, where the energy
density is maintained, the lower frequencies now have a lower energy density.
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Figure 4.4: Frequency spectrum of radial displacement of the MP

Given that these vibrations exclusively occur for reflected waves, combined with the knowledge from subsec-
tion 2.3.2 where it is assumed that the majority of the energy dissipates into the soil and do not reflect, it can
be concluded that the RB is primarily excited by the radial frequency within the current time frame. The RB
exhibits the most significant interaction with the ring frequency of the MP at a value of kg = 1930 kN/mm, as
depicted in Figure 4.5. It is important to note that within the current time frame, the lower frequencies have a
higher energy density which decrease when performing the FFT over a longer period of time. Additionally, in
case of a simulation of infinite time, the RB will continue to vibrate at its lower eigenfrequencies since these
exist in the input force and no damping is considered in the system.
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Figure 4.5: Spring stiffness versus the maximum acceleration of the RB for cg < 10% Ns/m when Ly;p — oo within a time frame of 1 s
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4.1.1. Interaction and stiffness of the systems
It has been shown that the RB is excited at certain frequencies for different spring values of the rollers. In
order to gain a better understanding, one could compare the dynamic stiffness of the two coupled systems.
First, the dynamic stiffness can be determined by using the following expression, using the K matrix from
Equation 3.9a:

Kgyn =K - Mw? 4.1)

where, w are the eigenfrequencies of the system and the M-matrix is an identity matrix. When considering
the stiffness of the rollerbox separately, it can be said that the influence of the attached spring results in an
intermediate stiffness between that of a hinged-free and hinged-hinged beam, i.e. kg = 0 and kg = oo, respec-
tively. In Table 4.2 the frequencies of the both the MP and RB are given. Furthermore, the eigenfrequencies of
the MP with a length of Lj;p = 110 are given in axial direction. Note that the hydraulic cylinder is present in
the RB model which adds stiffness to this system.

Axial f, [Hz] | Radial f,, [Hz] g“fg’efse Qfﬁ ([jljzl
o1 118 139.2 266 51.7
[y 35.2 69.3 178.6
w3 58.2 224.8 360.0
Wy 80.3
ws | 100.1
we | 1150
w7 123.2

Table 4.2: Example overview of eigenfrequencies coupled model for a 12.5 m diameter MP of length Ly;p = 110 m

It can be concluded that the axial stiffness of the MP is lower than that of the RB as the resulting eigenfre-
quencies are lower. However, in the radial direction, the eigenfrequency is higher, indicating that the radial
stiffness surpasses the transverse stiffness of the RB. By comparing the eigenmodes of the coupled system,
the interaction between the different systems at these frequencies can be shown. In Figure 4.6, it can be seen
that at frequencies of 42 and 80 Hz the RB starts vibrating at its natural frequency when kg = 200 kN/mm.
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Figure 4.6: First seven eigenmodes of the coupled model for kg = 200 kKN/mm
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Now, in order to visualize the interaction between the eigenmodes for different values of kg, the maximum
value of these modal amplitude is gathered for each mode. Figure 4.7 shows these maximum amplitudes of
these modal shapes. In this graph, the effect of the increasing total dynamic stiffness of the RB is visualized,
e.g. the first eigenfrequency ranges from 26.6-51.7 Hz. Furthermore, it can be seen that all the energy in axial
direction in the vicinity of the ring frequency fully directs in radial direction. This is explained by the effect
of the wave dispersion where the ring frequency is not able to propagate through the MP. In addition, it is
demonstrated that some of the axial eigenfrequencies do interfere with that of the RB. Due to current system
being numerically approximated, the ring frequency is here showed as a small range of values.
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Figure 4.7: A plot of all maximum modal displacements for different values of kg to illustrate the interaction between a 12.5m MP and
the RB

Figure 4.4 and Table 4.1 in the previous section have demonstrated that the hammer impact results in a radial
displacement that contains frequencies leading to excessive vibrations of the RB for specific values of kr. In
the figure above, it can be seen that coupling effects between the MP and RB at these frequencies are present.
Among these frequencies, it can be noticed that, other than the ring frequency of 139 Hz, all other frequencies
represent the coupling with the axial modes of the MP. In the current study, it is assumed that the wave fully
reflects on the bottom of the MP; hence, these frequencies would result in excessive vibrations in the RB.
In practise, however, with the knowledge that the propagating wave is not fully reflected at the bottom of
the MP, the axial resonance is considered to have a minimal influence, as the energy density of these lower
frequencies is low, as shown in Figure 4.4.

In the current computations, a 12.5m diameter MP is used whereas the diameter varies per project down to
7 m in diameter. A smaller diameter MP results in a higher ring frequency, which shifts the phenomenon in
axial and radial direction in Figure 4.7 to the right. From this data, it can be seen that the second mode of the
RB intersect with MP of 9.7-12.5 m, the category of larger diameter MPs. In contrast, the ring frequencies of
the smaller MPs fall within the range of the third mode, intersecting with the 7-7.7 m diameter MP category.
An overview of these frequency ranges are given in Table 4.3.
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Component Frequency range [Hz]
. second mode 69 -178
Figenfrequency RB —r - o de 224-396
. 7-7.7m 224 - 246
Ring frequency MP —g2-7— 139-178
Input frequency 0-300

Table 4.3: Overview frequency ranges of the interacting components and the input force

Under the current assumption that the RB has a uniform cross-section, meaning no stiffeners are present, and
without considering the connection material of the BCs and IC, the actual stiffness of the system will deviate
from the current values. Consequently, the overlapping eigenfrequency range of the MP with the eigenfre-
quency of the RB would be altered. However, the behavior of the RB to the roller stiffness as explained in
this section remains consistent and should be avoided to prevent excessive vibrations in the system. Incor-
porating local material details, such as modeling the roller, introduces a higher local mass to the structure,
subsequently altering the dynamic stiffness of the RB. This alteration could be advantageous. By introducing
local reinforcement or by adjusting the stiffness of the rollers, the eigenfrequency of the RB can intentionally
be designed to be further from the ring frequency.

4.2. Force input

This section will elaborate and discuss the origin of the F(#)-diagram. In the computations for the base case
in chapter 3, a smooth Weibull-diagram is employed, utilizing internal data for a large-diameter MP. Since
such large MPs have not yet been installed, this data is sourced from simulations conducted within HMC for
calculating the force necessary to drive the pile into the ground.

When referring to impact piling hammers, the input energy is often used. The amount of energy required
for pile driving depends on the dimensions of the MP and the soil conditions. As the diameter of the MP
increases, the soil shaft resistance also increases. The thickness of the MP does, in terms of shaft resistance,
not influence the required input energy. The energy is related to the force-time-diagram by the following
relation (Flynn and Mccabe, 2019):

E(r)= fF(t)v(t)dt 4.2)

where F(?) is the force-time-diagram and v(¢) is the velocity magnitude at time ¢ after hammer impact. The
peak value of the F(f)-diagram is depending on the amount of force required for pile driving, i.e. to overcome
the shaft and tip resistance of the soil. Intuitively, as the diameter increases, both these resistances increase
as the areas related to these resistances increases. The heightened peak force contributes to an increased
energy density of the frequencies, although it does not affect the amount of frequencies themselves. In order
to achieve a higher maximum input force, the velocity of the hammer is increased, resulting in higher energy.
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Figure 4.8: F(t)-diagram and corresponding frequency spectrum of different hammers

As illustrated in preceding chapters, the input frequency is of high importance to the behavior of the RB.
The Weibull-diagram hammer input is based on predictions for a 5500 kJ] hammer for the large-diameter
MPs. However, there might be scenarios where a smaller hammer is required, for example, when installing
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the small-diameter category. For the sake of comparison, available data from a 500 k] hammer, measured
during a past project, is used. A comparison is made in Figure 4.8, where both hammer forces and their
corresponding frequency spectra are normalized for clearer comparison. It is important to note that this
hammer is used for pile driving a 1.8 m diameter pile at an energy of 98 kJ, which is 20% of its maximum. This
pile is much smaller than the MPs suitable for the MCGE However, comparing these inputs provides insight
into two important factors that will be discussed in this section: the effect of the duration of the impact (At)
and the additional frequencies when dealing with non-smooth F;-diagrams.

The value of At depends on the size of the hammer. The heavier and larger the hammer, the longer the
impulse, leading to a higher At and, consequently, lower input frequencies. By combining the understanding
of the eigenfrequencies of the RB and these input frequencies, it becomes apparent that larger hammers
are preferable over smaller hammers. The use of larger hammers results in a lower energy density at higher
frequencies, including the ring frequency, which ultimately drives excessive vibrations.

Throughout this research, a smooth Weibull-shaped impulse is employed, while in practice, this impulse
contains higher frequencies. In Figure 4.8, it is illustrated that the hammer exhibits a second peak at approx-
imately 5 ms. This peak occurs due to internal wave reflections within the hammer itself. This additional
peak results in a higher energy density at higher frequencies, which is currently overlooked when using the
Weibull fit. Since these frequencies fall within the range of the ring frequencies of the MP, it is crucial for
future research to employ a more detailed F;-diagram.

4.3. Conclusions

In this chapter, the impact of roller properties has been examined, revealing that the RB is susceptible to
high accelerations when its eigenfrequencies intersect with those of the MP. The interaction between the
RB and MP can be differentiated by their interaction with the axial and radial eigenmodes. In the current
assumptions of this research, reflections are considered due to the fully reflected waves in an MP of finite
length. Hence, excessive vibrations occur for values of kp = 172, 533 and 807 kN/mm with the axial modes
of the MP. Future research should focus on these reflected waves, as part of these vibrations reflects, whereas
the majority dissipates into the soil.

It has been discussed that vibrations in the RB are primarily vulnerable to the interaction with the ring fre-
quency of the MP. Figure 4.9 summarizes that the small diameter MP category is within range of the eigenfre-
quency of the RB for values in the vicinity of kp = 200 kN/mm. In practice, the eigenfrequency range of the
RB may vary from the values calculated in this research. Factors such as stiffeners or the added mass due to
the roller mechanism can modify the stiffness of the RB, either increasing or decreasing its eigenfrequencies.
Design considerations could include configuring the RB in a manner that ensures the third eigenfrequency
range does not intersect with the ring frequency region of the MPs.
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Figure 4.9: Eigenfrequencies of the RB with simplified dimensions versus the roller stiffness compared to the region of ring frequencies
of 7-12.5m diameter MPs






Measuring

In this chapter, the focus will be put on using the model to retrieve the stresses in the RB. Using this, a compar-
ison can be made with the current method of determining the stresses in the beam. During the calculations
of the accelerations within the RB, the assumptions was made where the prestress could be neglected when
considering the dynamic behavior of the system. However, in order to get the stresses in the beam, the pre-
stress will be taken into account as the position of the maximum stress is depending on both the dynamic
behavior and the prestress combined. During these calculations, the accelerations used for the stress calcu-
lations are based on the interaction between the MP and the RB, with a spring stiffness for the roller of kg =
200 kN/mm. In addition, due to the assumption that most of the energy will dissipate into the soil resulting
the RB to not be excited within the range of its eigenfrequencies. The prestress ranges from 0-250 tonnes,
depending of the positioning of the MP.

5.1. Static beam mechanics

The industry practice of calculating the stresses is by using beam statics to determine the stresses throughout
the RB. An extra acceleration is applied to the structure, which results in an added stress in the beam. This ac-
celeration is considered as a distributed force over the length of the beam. In this paragraph, this method will
be evaluated and compared by using the knowledge gained from previous chapters where the acceleration
along the length is determined using the interaction between the MP and RB.

i dace(x)
HEEEEEREN

Figure 5.1: FBD of the RB including a distributed load representing the added acceleration

In order to calculate the stresses in the beam, the resulting vertical forces of the hydraulic cylinder (Fj.) and
the gripper ring (F) are required. Beam mechanics are used as depicted in Figure 5.1 to set up the balance
of forces (3 F = 0) and moments (3. M = 0) within the beam the forces read:

_ LFp + %Facc(x)

Fpe = (5.1a)

L—xpc

Fg = Fp+ Faec (X) — Fpe (5.1b)

where Fg¢. is determined by Fuce = AXqacc(x) = AXp ARp Gy (X). In Figure 5.2, an overview of the applied
constant acceleration of 100 m/s? is demonstrated in blue next to the accelerations throughout the RB de-
termined by the FDM model in orange. In reality, the accelerations throughout the RB would resemble the
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acceleration distribution of the FDM model, as depicted in Figure 3.15. With the calculated forces, the stresses
can be calculated by:

5.2
IrB Irp 0x? 62

where cgrp represents distance from the neutral axis to the outer fiber of the cross section of the RB. In con-
trast to the industry practice, with the current FDM model, the stresses can be determined directly from the
dynamic simulation. It is important to note that the resulting forces Fj. and Fg strongly depend on the pre-
stress (Fp) and the angle of the RB (). The highest stresses occur when dealing with the largest diameter MPs
of 12.5 m when the angle of the RB is at 81° combined with a prestress of 250 tonnes.

Accelerations
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Figure 5.2: The applied even (blue) and uneven (orange) distributed accelerations over the length of the RB
Using these accelerations as input, the shear and moment diagrams over the length of the RB can be plotted.

The maximum bending moment occurs at the attachment point of the hydraulic cylinder, which is expected
as the hydraulic cylinder bears the highest load.
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Figure 5.3: The shear and moment diagrams of the RB for the static distributed acceleration load

The dynamic stresses can be obtained from the coupled model, as illustrated in the figure below. Similarly to
the static method, the highest stresses are located at the attachment of the hydraulic cylinder. An important
disparity between the two methods lies in the dynamic aspect of the hydraulic cylinder, where the force in-
creases as the spring is being compressed. In contrast, the static part assumes that the hydraulic cylinder is a
rigid point, effectively functioning as a hinge, ultimately resulting in higher stresses.
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Figure 5.4: Stresses obtained from the FDM model compared to the static stresses in the beam

Prestress [MPa] Acceleration [MPa] Total stress [MPa] Part of total stress [%]
Static 141.0 10.1 151.1 7%
Dynamic 141.0 8.1 149.1 5%

Table 5.1: Contribution of the prestress and acceleration to the total stress in the RB

Although the dynamic case introduces extra stresses from vibrations within the RB, the overall contribution
to the total stress is minimal. It is crucial to note that this is valid for a scenario where no resonance occurs
and the maximum accelerations remain relatively low at the MP end of the RB (160 m/ s2). In this comparison,
both methods contain uncertainty regarding the maximum stress due to the transverse and axial stresses be-
ing neglected and assuming that all forces translate into bending of the beam. Both the angle of the hydraulic
cylinder and the angle of the RB with respect to the MP cause an axial force within the beam. These stresses
are likely to increase the total stress in the system. However, it can be assumed that the added stresses due to
the vibrations will remain low relative to those of the prestress.

Furthermore, while the added stresses do not significantly increase the static stresses, they might play a more
prominent role in determining the lifetime of the RB due to fatigue damage. An estimate of the number of
cycles can be provided by assuming each blow of the hammer dampens out after, for instance, 2 seconds. The
radial expansion of the MP would vibrate at the ring frequency of 139-246 Hz, implying that 278-492 cycles
are expected at the RB per blow. Each installed MP could endure thousands of blows for the entire pile to
be driven into the ground. Although these stresses are low compared to the prestress, they might become a
more significant factor for fatigue damage in the structure. Since this aspect has not been explored in this
research, it could be an important topic for future investigations where the value of kr and the damping of
these vibrations should be taken into consideration.






Conclusions and recommendations

The main objective of this report is to describe and quantify the behavior of vibrations on a MCGF due to pile
driving. The research is based on several fundamental elements:

1. Literature study

2. Numerical model validation

3. Parameter study

These elements are thoroughly discussed to address the main research question of this thesis:

What is the effect of the vibrations on a MCGF caused by driving XXL monopiles?

6.1. Conclusions

At the starting phase of this research a literature study is performed in chapter 2 where the 3D wave equations
are derived for a cylindrical membrane shell. Axisymmetric conditions are assumed which includes that
hammer impact on the top of the MP is perfectly vertical. In addition, no imperfections in tangential direction
allows to assume that all terms containing % = 0. This assumption majorly simplifies the EOM turning the
3D wave equations into a 2D, axisymmetric system of PDEs. Two solving methods are described: implicit
(BDF2) and explicit (ode45).

The PU rollers have hyper-viscoelastic properties and is a rubber-like polymer. The visco-elastic and
hyperelastic material properties are separately treated, describing the effect of temperature and frequency
to the moduli (stiffness) and damping of the material. In case of high frequency loads, such as vibrations in
the MP and MCGE material stiffness increases, behaving similarly to a rigid glass. In order to obtain accurate
properties for this material, experiments are to be performed on a test specimen within the expected fre-
quency range up to 200-300 Hz. In this thesis, the influence of the roller material is linearized. Implementing
non-linear effects can be more complex and may not necessarily provide a more accurate understanding of
the actual behavior. In fact, it could potentially lead to under- or overestimation of vibrations in the system.

In chapter 3, three models were introduced to identify the effects of the rollers to the MP and RB separately,
ultimately combining these models to study the interaction of these models. During the validation process,
a base case was considered with a spring stiffness of kz = 200 kN/mm and a 12.5m diameter MP. In these
models, water and soil conditions are not considered which result in a full reflected wave on the bottom of
the MP.

It has been found that the presence of the rollers reduce the amplitude by 1.4% when considering the
base case. Areduction of 10% is reached when the rollers take a value of 1930 kN/mm. The axial displacement
however, is not influenced (<<1%) which is expected as most of the energy propagates in axial direction.

For the RB model the numerical Matlab model shows similarities in behavior as its FEM counterpart.
However, the FEM model predicts a lower amplitude than the Matlab model. This disparity can be attributed
to the fact that the Matlab model, based on the Euler-Lagrange beam equation, is a 1D system. In such a
system, all energy is directed toward bending the beam. In contrast, the FEM model accommodates axial and
lateral vibrations, resulting in lower accelerations and displacements.
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The third model, the coupled model, exhibits similar behavior as the RB model with sinusoidal vibra-
tions in the RB displaying an increase in amplitudes over time. A more in-depth exploration of this phe-
nomenon is presented in chapter 4. Importantly, all numerical models demonstrate a good agreement with
their FEM model.

In chapter 4, a more comprehensive study is performed on the effect of the rollers. Here it has been shown that
the damping of the material starts to play a role when reaching the range of cp>1 MNs/m, allowing to neglect
the effects of the damping for further calculations. In addition, it has showed that due to the undamped
vibrations, the RB will start to vibrate in its eigenfrequency as these frequencies will always be present in the
propagating wave, albeit of low energy density.

In the current simulations, a simplified Weibull-fitted curve is used to represent the hammer impact
force on the MP, where frequencies up to 200 Hz occur. However, in practice this impulse is not as smooth
as a Weibull-fit. Hammer reflections induce higher frequencies, thereby increasing the energy density within
these frequency ranges. In addition, smaller diameter MPs might utilize smaller hammer, ultimately resulting
in the frequency range up to 300 Hz to become more prominently involved in the system as the impulse is
shorter.

The dynamic stiffnesses of the systems are considered in order to examine the interaction between their
modal shapes. It has been demonstrated that frequencies in the vicinity of the ring frequency excite the 2" or
3 eigenfrequency of the RB, of which the latter is depending on value of kz. When the stiffness of the spring
increased, so do the eigenfrequencies of the RB. It was found that for large diameter MPs in combination with
high values of kzr>1650 kN/mm results in the RB to vibrate in its eigenfrequency. In contrast, for small diam-
eter MPs it has been found that for values close to the expected kg of 200 kN/mm, the RB will start vibrating
in its eigenfrequency. Considering the input frequencies, it can be concluded that excessive vibrations within
MCGEF are most susceptible for the smaller diameter MPs category.

Lastly, the industry practice of calculating the stresses in the beam are compared to the stresses that are gath-
ered from the numerical model. Currently, stresses in structures such as the RB are determined by a superpo-
sition of the acceleration of the entire system and the static prestress. This load is an evenly distributed load
of 100 m/s? (=10g). However, it is shown that, in reality, the accelerations within the RB are non-uniformly
distributed. Moreover, the acceleration at the free end is higher (a,,,,=160 m/s?). It has been illustrated that
the prestress results in a maximum static stress of 141.0 MPa at the position of the hydraulic cylinder. This
static stress is the highest for the largest diameter MP as the RB angle is 81°.

Stresses attributed to the added acceleration indicate that the numerical model produces a stress of
8.1 MPa at the hydraulic cylinder position, representing a 19% reduction compared to stresses calculated
using the conventional method. This suggests that the industry practice might overestimate these stresses.
However, considering that the this superposition of the accelerations only accounts for 7% of the total stress
in the beam, these stresses could be neglected.

6.2. Recommendations

In this study, the rollers appear to exert a substantial influence on the behavior of the vibrations in the MCGE
Due to uncertainties regarding the material properties of the PU material are estimated for the base case and
the stress calculations. For more accurate predictions concerning the vibrations, it is essential to determine
these properties through experimental methods.

Furthermore, in order to include the nonlinearity of the material, several hyperelastic models are listed
which are based on the principle of Helmholtz free energy. Depending on the complexity of the model, the
more material properties are required. In case of a model where two properties are required, such as the Neo-
Hookean model, the shear and bulk modulus are used in order to compute the material specific nonlinear
stress-strain relation. Furthermore, the effect of compression of the PU rollers is neglected in the current
model. Compressed material, due to its nonlinearities, could show different behavior and result in a higher
or lower spring stiffness.

The damping properties of the roller are estimated using the assumption that the damping value is sim-
ply calculated by cg = kg -107°. While this value is presumed to have low influence, higher values exceeding
cr > 1 kNs/mm result in high accelerations in the system. This research did not include further investigation
into whether this behavior is the result of numerical instability or if the dashpot is acting like a spring. In
either case, this behavior might lead to high stresses in the system due to these elevated accelerations.
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The presence of reflected waves affects the frequencies that induce vibrations in the MCGE In further study,
the effect of the water and soil conditions regarding their damping should be considered. Energy losses will
occur due to these factors. More importantly, the majority of the energy will be directed into the ground to
facilitate the driving of the pile into the soil, which remains the primary objective of the entire process. A
higher reflections energy density is expected when pile refusal occurs, often happening as the MP embeds
deeper into the ground. However, beyond a certain embedment depth, dependent on the MP diameter, the
pile is considered stable enough, and the MCGF is no longer needed.

Axisymmetry is assumed when deriving the EoMs, resulting in the circumferential mode consistently being
0. However, in practice, due to non-verticality of the force or other imperfections within the system could
introduce these circumferential modes. This mode might have certain frequencies in the range of that of the
beam, which ultimately could cause higher accelerations in the RB. Unfortunately, the current model lacks
the capacity to describe this phenomenon. To incorporate it, the circumferential mode should be expanded,
making the spatial derivatives of the central difference method more complicated.

All calculations conducted in this thesis are based on the Weibull-fit of a 12.5 m diameter MP. These large di-
ameter MPs require newly build hammers for which data is currently unavailable. It has been demonstrated
that the hammer input is a significant factor in determining the vibrations and stresses in the MCGE More-
over, smaller diameter MPs (7-7.7 m) might be subjected to smaller hammers, therefore having a distinct
F(t)-diagram with higher energy density toward higher frequencies. For these MPs it has been illustrated that
lower values of kg could lead to the RB having an eigenfrequency close or equal to the ring frequency.

When considering the stresses in the beam it was demonstrated that the added acceleration is a small portion
of the total stress. However, it is essential to note that the current model assumes a constant cross-sectional
area for the RB along its length. In reality, the roller at the end of the beam introduces a local added mass,
particularly where the highest accelerations occur. This local added mass could potentially result in higher
stresses.

The beam stiffness in this research is based on a constant cross-section, but in reality, the attachment pin of
the hydraulic cylinder and the mechanical parts of the roller can alter the stiffness of the system. Particularly,
the roller mechanism, with its locally higher mass, tends to lower the stiffness of the RB. Modifying the RB by
introducing local reinforcement, for example, could prevent the eigenfrequency of the RB from intersecting
with the ring frequency region.

Additionally, the stiffness of the hydraulic cylinder influences the dynamic stiffness of the RB. With the
current assumptions, the minimum value of k. = 223 kN/mm is employed in the model. However, this is the
minimum value this spring could have. In reality, when the RB has a large-diameter MP inside the gripper,
the hydraulic cylinders are almost fully retracted, resulting in a higher stiffness. Similar to the roller stiffness,
a higher hydraulic stiffness would lead to a stiffer beam, ultimately resulting in higher eigenfrequencies.
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Applying the finite difference method

In this appendix an extensive overview is given on how to use the finite difference method (FDM). The 3D
vibrations theory, derived in chapter 2, is used to describe the vibrations of a cylindrical shell in axial and ra-
dial direction. In this appendix it is shown how the PDE is transformed into a ODE by using spatial derivative
approximations, which is numerically solvable for MATLAB in this form. This method offers a straightforward
method to incorporate boundary conditions (BC) and interface conditions (IC) to the ODE.

First, the model is split into N amount of nodes with N —1 amount of elements along the length of the object,
in this case the MP. Note that the upcoming section only includes the MP model and do not include the beam,
thus coupled model. In this appendix, a generalisation of MP model is given where:

u=[u w]’ (A1)
Now, the spatial derivative approximation of the central difference can be given by:

ou N —u(z—h)+u(z+h)

E = o7 (A.2a)

Pu uz-h-2u@)+u(z+h)

Sz~ = (A.2b)
63_u~—u(z—2h)+2u(z—h)—2u(z+h)+u(z+2h) (A20
023 213 =€

4 _ _ _ _
0*u _u(z 2h)—4u(z—h)+6u(z)—4u(z+h)+u(z+2h) (A.2d)

0zt ht
in which £ is the mesh size.

Using the spatial derivatives, the EOMs, given in Equation 2.15, can be rewritten in their discretized form:

N 3%y, cf, cf,v
o +A—Zz(—un—1+2un—un+1)+m(wn—l—wnﬂ) =0 (A.3a)
n=1
N (32, C2 ve? 3 hip
Z { 61‘2" + _l;wn"" oAz R (mUp-1+uUp+1) + ﬁ (Wn—2—4Wp-1 +6Wy — 4wy + Wwye2) p =0 (A3b)
n=1
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A.1. Solving ordinary differential equations

The current state of the equations of motion is in the second order time derivative. In order to solve these
equations with the MATLAB solvers, the equations have to be written in state space form to isolate the second
order time derivatives. First, the system of equations can be written in the following form:

Mii+Cu+Ku=0 (A.4)

in which u represents the vector containing all the u and w per node within the domain n € [1, N]. M, C and
K are 2N x 2N matrices and respectively the mass, damping and stiffness matrix of the system. The matrices
consist out of:

1 0
M= (A.52)
0 1
0O --- 0
c=1|: - (A.5b)
K, K,
S

in which Ky, Ky, Ky, and Ky, are the stiffness matrices of size N x N where K, are the stiffness coupling
terms of u with respect to u in the time domain, K, are the stiffness coupling terms of w with respect to u
in the time domain. Same as for K, and K,,,, but for the time domain of w.

The matrix for C is full equal to zero. However, in future steps when ICs are included, this matrix will become
non-zero. For computational purposes, the matrix will be displayed in its current form. The K-matrices can
be defined from Equation A.3 such that:

kui ku2 O 0
ku,z ku,l ku,Z 0
Kaw=| o . . o (A.6a)
. 0 ku,2 ku,l ku,Z
0 0 ku2 kun
0 —kuw 0 0
kuw 0 _kuw 0
Kaw=| o - o (A.6b)
0 kuw 0 —kuyw
0 0 kuw 0
0 kwu 0 0
_kwu 0 kwu 0
: 0 —kuwu 0 kwu
0 0 —kwu 0
kwi kw2 kws O 0

kw,z kw,l kw,Z kw,3 0

. 0 kw,S kw,Z kw,l kw,z
0 0 kw,3 kw,Z kw,l
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Note that K;;, = —Kyy,.
The acceleration term i can be isolated such that the following equality holds:
ii=-M"(Cit+Ku) (A7)

The final step which is required for the MATLAB solvers is to rewrite these equation into their state space
form, which can be denoted as:

i 0 1
Z] - (—M‘lK —M—lc) m (A.8)

A.2. Implementing boundary and interface conditions

To correctly solve the system of equations, BCs an ICs are required. In case of the BCs it can be seen for the
top part of the MP (n = 0) the nodes uy, w-1, wy are non-existent. These nodes, shown in Figure A.1, are
considered "ghosts nodes” and need to be eliminated for the equation at n = 0 as well as at n = N. This is also
valid for ICs, which will be treated later.

Figure A.1: Discretized BCatn=1

A.2.1. Implementing BC
First the boundary conditions have to be defined such that the bottom part of the MP is fixed with the top
being a free end under a load. The BCs can for a MP under axisymmetric axial load (F(¢)) can be given by:

Fuw| 0w -0 (A.9a)
073 z=0 0z4 z=0 '
gul L0 (A.9b)
0z |,o  EA :
ow
Ullz=1 = Wilz=p = a—l =0 (A.9¢c)
Z |z=L

These BCs can be written in discrete form using Equation A.2, in order to solve for the ghost nodes. The top
BCs in discrete form are:

-
uz
0 -1 2\[ wu 000 -2 1 0 "
0 1 —4||w_i|+]0 06 -4 1 0 wl =0 (A.10)
-1 0 o)[w] \o 10 0 o -] *
3
| F (1)
Solving the system of equations for the ghost nodes give:
u
w] (0010 0 o -2 |
w|l=[0 0 6 -8 3 0 wl (A.11)
wo 003 -3 1 0 wz
3
F(1)]

Substituting these ghosts nodes back into Equation A.3 changes the entries of the K matrices for node n = 1:

0%u; cf, Cf,v 26,20
+—= Quy —2uy) + 3w;—4wr + w3) = — F(t A.12a
32 Azz( 1 2) ZAZR( 1 2+ W3) FAAZ (1) ( )
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2w, ve?
Otzl + R—’; wy = — EA’;F(t) (A.12b)

In the case of n = 2, one ghost node (w) will be encountered and should also be eliminated, resulting in the
following equation for that node:

62LU2 clzg C;ZOV ]%h?v[P
3 +Ew;+2AzR (—up +uz) + DA (wo—4wy +6wy —4ws +wy) =0 (A.13)

The same method can be applied for the bottom BCs. However, the EOM for n = L is fully described by the
BC wy = 0. In that specific case all terms in the EOM are 0 except for the entry of w; in the K-matrix, which
should be 1. However, similarly to the 2nd node of the MP, the second to last node N = L — 1, thus the other
BC should only be applied to the EOM for N = L—1:

2 c? v c2 h?
g (;Utg‘l + A—; w + ZAsz (—uf_ +ui,)+ szl‘;f (Wr—3—A4wp_o+ 7wy —4wr) =0 (A.14)
Up-1 Ug UR+1
A.2.2. Implementing IC Wp_1 Wep_; Wp  Wgi; Wgiz
The ICs are implemented in a similar manner than that of BCs. The ® [ ) [ ) [ @
difference with a BCis that the IC could be seen as two separate ends
where the left () and right (+) side should have the properties of ﬂ

being a continuity at the specified node n = R, see the figure below.

_ u}i—1 Ur u§_+1 _
Wg_ Wp_ w, W W,
In chapter 3 it has been discussed that the rollers do not exert axial ,ﬁ L ‘,i L4 S
forces on the MP. This would result in the assumption that no force - = =
balance is required when setting up the ICs for the roller interface. up_y up U e
In the following equations, it is assumed that this term is non-zero WR_g WE 1 WR Wi Wiyo

to allow us to visualize the influence on the computations for the
EOMs. The given ICs are as follows:

Figure A.2: Discretized ICat n=R

0] wj=wpg (A.15a)
(1] 6;”2; = aaij (A.15b)
i 150
(3] El(a;f - 02:”33) = kp(wy gp — Wh) + g (a”ng - %) (A.15d)
% = aaij (A.15€)

Note that the first IC is denoted as the 0™ since this IC does not contain any ghosts nodes. It is evident that
there are six unknown variables present in the system, while only four equations are provided. Consequently,
this system of equations appears to be unsolvable based on the given information. However, by incorporating
the requirement of continuity at wx and the fact that the subtracting the negative side from of the positive side
of the EOM should equal zero, it is possible to introduce two additional equations to ensure a solvable system.
This extension of equations is applicable to both the axial and radial directions. This gives the following two
extra ICs:

2 2 2
CpV + Cp c,V

(5] N (~ug_y—up)+ 2AZR (wgy—wpy) = N (~ug_y—Ug) + 2AZR (wg_1— Wwgry) (A.16a)
2 2 72
Ve, (cub +ut )+ ¢y hiyp
2AzR ¢ RTLT TRAUT 1oaz4
2 212
ve cc h
p - _ p Mvp [, _ _ _
2AZR (~up_y +upy)+ 12A4 (Wp_p —4wp_) —4wp, ) + Wp,,)

(Wp_p —4wp_) —4wp,\ +Wwp,,) =
(A.16b)




55 A.3. Discretized beam model

Note that due to IC[0] the w};, and wj, cancel each other out. Applying the same methodology used for the
BCs, the ghost nodes can be solved:

o
B §+1
sl b oe sy o
u w
w| oo 1 0 2 o o =Rsn@f|,4"
n+2| — 2 2 n+l (A.17)
w, ., 0o 0 0 1 0 0O 0 wy,
w: | 1o o000 10 0 w,
wi,l \o o0 0 2 01 L@y
| W1,RB |
2 2 p2 3
whereB:%,C: C”ZA’;ﬁP and D = %.
The EOM for both the axial and radial at #» = R now become:
u < _
32 Az (= U1 +2uy = Uy ) =0 (A.18a)
Pwt D CDsin (a
atzn +Awy +B (-u,_; +u;,,)+C w;_2—4w;_1+(6+5) wr—4wr  +wr., :T()wl,gg

(A.18Db)
It is worth noting that the additional conditions introduced, such as spring stiffness or damping, in both the
radial and axial directions exclusively affect their respective directions.

A.3. Discretized beam model

In this paragraph the RB is modelled as a beam. In the base case the beam is excited by the radial expansion
of the MP which is retrieved from the MP model. This output has the condition where in the MP model there
is no influence of a spring (kg = 0). In reality, both the MP and beam should influence one another. This will
be treated in the coupled model.

In this section the BCs of the beam will be considered. First the free end, the MP end of the beam, is imple-
mented, followed up by the gripper ring side of the beam. This side will be modelled in two ways: (1) as a
clamped beam and (2) as a hinged beam. In the final step, the hydraulic cylinder will be added. The EoM
used for this beam is based on the Euler-Lagrange beam equation, which reads:

Pw ltw
Which in discretized form reads:
0w, P _ _EI
52 tad (Wn—2—4Wp_1+6Wp —4Wp1 + Wyi2) =0, P= oA (A.20)

A.3.1. MP end of beam
At the MP end of the beam it is assumed that the beam has 'free end’ beam conditions. This results in the
following BCs:

63
El 220 = —kp (w1 - yup) (A21a)
6.7C3 x=0
’w
2 =0 A.21b
| (A.21b)

For n =0, the nodes w_; and wy are ghosts nodes and need to be eliminated from the EoM in order to have a
solvable system. In matrix form these BCs can be written as:

. wy
—- 1 2 _ 2Ax3 kR _ _ ZAXS ICR
( ) [w o=t 21 == || w2 | 2y (A.22)
0o 1| wo 2 1.0 0 ws
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Ultimately, the ghost nodes can be substituted in the EoM for the first node, which results in the following:

R
A.23
pAAX Ymp ( )

Cw P ((2+2Ax3kR) 4w, +2
—— w —4wr+2ws| =
o2 " Axt PoRTe e

A.3.2. Clamped vs. hinged beam end

In this section a comparison will be made regarding the clamped and hinged condition of the beam.

Clamped end
When dealing with a clamped end, the following BCs hold:
wp =0 (A.24a)
owl  _, (A.24D)
0X |x=1

There is no longer an EoM for the node at n = L, as this is now fully prescribed by the first BC resulting in the
EoM for the solver in the form:

62 wr,
or?
Now, there is only 1 ghost node left, which is valid at n = L — 1. Substituting the BC results in:

+wp=0 (A.25)

Cwia P —4 7 —4wp) =0 A.26
W+E(WL_3 Wr—2+ (W wr) = (A.26)

Hinged end
When dealing with a hinged end, a similar method is used where the first BC fully describes the EoM of the
last node. However, the second BCs is now of 2! order, which reads:

Fwr (A27)
oxz '
With the EoM now becoming:
Fwiy, P (W3 — 4wy s + 5w —2wr) =0 (A.28)
o2 AgA (WI-3 L-2 -1 L) = .

A.4. Hydraulic cylinder
When dealing with the hydraulic cylinder, the same method applies where the ICs are to be met as repre-
sented in subsection A.2.2. IC [3] as presented in Equation A.15d now becomes:

dFwt Pw
(ﬁ—w)z—kww;—caya—;‘ (A.29)

Resulting in the final missing EoM to fully describe the beam:

Pw, B 2Ax3 Kk, y
+——|w, ,—4w, {+|[6+—=
a2 Axt| T c? el 2]

. —

wi —4wl, + w;Z) =0 (A.30)




Finite element method models

Throughout this research, several models were constructed to describe the vibrations of the RB under the
impact of a MP load from an impact hammer. This appendix provides details on the FEM simulations of
these models and how they are set up in Abaqus. Similar to the main portion of this thesis, this appendix
is divided into three parts, each focusing on individual models. The base case considered in this appendix
involves the use of a 12.5 m diameter MP for the calculations. The properties of the MP and RB are detailed in
Table 3.1 & 3.2. The material properties used for all models are: v = 0.3, E = 210 GPa and p = 7850 kg/m?. In
Abaqus, two types of numerical solvers can be distinguished: implicit and explicit. The advantages of these
solvers are discussed in chapter 2. Implicit solvers are known to be based on the Backward Euler method,
while explicit solvers are based on the Forward Euler method.

B.1. Monopile model

The MP is modeled using the Donnell-Mushtari shell theory, which allows the inclusion of the spring to be
added in this model, as no other terms would adequately represent the shear forces in the radial direction.
In FEM, this effect is also considered, though it is unknown which theory serves as the baseline. Four main
different methods are employed for solving the MP model:

Shell model

Here, the shell model represents an axisymmetric thin-walled structure, with properties set to ensure that
stresses and displacements remain constant in the wall thickness direction. This assumption is also applied
in the FDM numerical model, given the relatively high radius-to-thickness ratio. The shell model is solved
both explicitly and implicitly to observe differences in accuracy and computational time.

Membrane model

The membrane model is designed to exclude the local bending term in the radial direction, as membranes
lack the structural resistance to counteract these shear forces. In the FEM simulation, the element type is set
to SAX1, employing a 2-node linear shell where the output is linearly calculated between these two nodes.
The alternative option, SAX2, would involve a quadratic approach, computing the average of three nodes in
the through-thickness direction.

Solid model

The main distinction from the aforementioned models lies in the flexibility to define the number of nodes
in the through-thickness direction. In this case, the mesh size in through-thickness has been set to 0.033 m,
which results in a 4-node mesh size in the model.

B.1.1. General settings MP

In general, the same boundary conditions (BCs) apply to all models, where the bottom of the MP is clamped.
However, when dealing with the 1/ gth model, a new 'datum axis’ must be defined to incorporate the BCs in
polar coordinates. These coordinates do not need to be defined for the other models, as they are already
incorporated in the axisymmetric conditions of the model.
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B.2. Mesh convergence

Choosing a mesh size is a critical thing to do when trying to get accurate results for a within a short amount
of time as possible. For the mesh convergence test, only one model is considered and will be used as base
case for the other MP models. It is expected that the difference in displacements with different mesh sizes is

negligible for different solvers. It has been determined that a mesh size of 1 meter is sufficiently accurate to
model the MP.
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Figure B.1: Mesh convergence of FEM MP shell explicit model of length Ly;p =110 m

B.3. Rollerbox model

The RB is modeled as a simple beam with constant cross-
sectional properties. Similar to the MP, a mesh conver-
gence test is conducted, as depicted in the figure below.
Through this analysis, it has been determined that a mesh
size of 0.6 m is considered accurate, resulting in the beam
being divided into 10 elements. It is important to real-
ize that the RB in Abaqus is calculated in all directions,
whereas the FDM model assumes that only bending oc-
cur, which decouples the non-linear beam equation to a
simple 1D beam equation. Figure B.2: Mesh convergence of FEM RB model
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B.4. Coupled model

A fully axisymmetric model in Abaqus cannot be modelled due to the limitations of Abaqus. When combining
the MP model with the RB in a axisymmetric manner, the RB would be modelled as a cone, which is not
representative for the real life scenario. Therefore, two models were proposed in order to simulate the total
system:

> Single RB;

> artificial axisymmetric RBs.

In both these models, the 1/8™ MP model is employed. When considering the single RB, the middle node of
the MP in circumferential direction is connected to the RB. Consequently, the adjacent nodes in the 6-plane
are not restricted by the movement and can freely move. The second model is modelled such that every
node in the 6-plane is connected to a RB. This would simulate the effect of the RB being of axisymmetric
properties. It is important to note that for the nodes at the edge of the pile, the RB and roller properties are
halved. This has to be done in order to account for the symmetry, where the adjacent next 1/8th pile has the
same properties. Otherwise, the stiffness would be double at this point. In both of these models, the 1/8"
MP model is utilized. In the case of the single RB, the middle node of the MP in the circumferential direction
is connected to the RB. As a result, the adjacent nodes in the §-plane are not restricted by the movement and
can move freely. The second model is designed such that every node in the 0-plane is connected to a RB.
This setup simulates the effect of the RB having axisymmetric properties. It is essential to note that for the
nodes at the edge of the pile, the RB and roller properties are halved. This adjustment is made to account
for symmetry, where the adjacent 1/8™ pile has the same properties. Without this adjustment, the stiffness
would be doubled at this point.
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