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Abstract
In recent years the global energy demand has rapidly increased and will continue to grow in the next
decades. With the growing demand for energy and the international agreement to use more renewable
energy, the offshore wind industry is developing rapidly. This causes offshore wind farms to be installed
at locations with larger water depths and wind turbines becoming larger and heavier, leading to the
use of support jackets. Due to this trend, pre-piling templates are used more often in the industry to
decrease the installation time and increase the accuracy of offshore wind parks supported by jackets.
Pre-piling templates are made to align and guide foundation piles during pile driving. Huisman built a
pre-piling template to install two offshore wind farms off the coast of Taiwan. After installation, it turned
out that the secondary steel on the template was severely damaged. In this thesis, research is done to
identify the possible reasons for damage to the secondary steel of the pre-piling template during pile
driving.

An investigation of currently available literature has identified possible causes of increasing loads
on pre-piling templates. The difference between most of the pre-piling templates investigated in the
literature and the template of Huisman is the use of friction pads instead of rollers to guide and align the
foundation piles during installation. In addition to aligning and guiding the foundation piles, friction pads
also clamp the pile. Based on a thorough literature review and the current design of the template, a
hypothesis regarding the cause of the damage was formulated. The hypothesis states that the current
design of the template causes an increase in normal force and friction force between the pile and the
pads during pile driving, damaging the secondary steel of the pre-piling template.

To test the hypothesis, a model is developed to describe and analyze the dynamic interaction
between the template and foundation pile during pile driving. The model exists of an external hammer
force, a LuGre dynamic friction element to represent soil-pile interaction and a part representing the
stick-slip interaction between the pile and the pre-piling template. The model has been implemented
using Matlab to generate the system response in the time domain from the corresponding equations of
motion. The different components of the model are validated and verified using field data and data from
the literature. While the model has been fully verified, the model could not be quantitatively validated
due to a lack of data. Still, themodel has been qualitatively validated based on trends from the literature.

The use of friction pads leads to energy transfer from the hammer blows into the template due
to the existing friction forces between the pile and the pads. Additionally, results show an increase
in normal force between the friction pads and the pile during a hammer blow due to the design of
the centralizer. The rotation of the upper centralizer causes an increase in normal force between the
pile and pad due to its orientation. The increasing normal force causes an increase in friction force
between the pile and the template, which influences the stick-slip behavior between the pile and the
pad. A higher friction force leads to less pile penetration and therefore increases the number of blows
required to reach penetration depth, thereby increasing the template’s exposure to the hammer blows
during pile installation. The energy dissipation into the template and the increased load cycles due to
the use of pads and the current design of the template could cause damage to the secondary steel of
the template. It is recommended to incorporate the secondary steel and the template in the model to
perform a more detailed analysis of vibrations and local stresses in the template and secondary steel.
Also, add flexibility to the pile to allow for radial expansion and wave propagation due to pile driving.
Finally, it is recommended to consider hydrodynamic loads to analyze the effect on the installation
process and the possible changes to the energy flow. Foundation piles can sway and bend due to
these loads.
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1
Introduction

1.1. Huisman
Huisman provides sustainable and innovative solutions for the world’s leading companies in heavy
lifting, oil and gas, offshore renewable energy, naval and leisure markets. Its headquarter is located
in Schiedam, The Netherlands. In Figure 1.1, a picture of the Huisman yard, factory and offices
can be seen. Since its founding in 1929, Huisman has established a solid reputation for providing
clients worldwide with high-quality products and services. Huisman’s product line includes offshore
wind tools, pipe-lay equipment, cranes, winches, drilling systems, and other heavy-duty machinery
that meet the exacting demands of the offshore and onshore industries. The company’s expertise
varies from concept to installation and lifetime support. It also identifies technical solutions, ranging
from highly engineered integrated systems to stand-alone components [1]. This thesis research is
performed under co-supervision and using the facilities of Huisman.

Figure 1.1: The Huisman yard, factory and offices in Schiedam

1.2. Problem description
1.2.1. The offshore wind industry
The global energy demand has rapidly increased in recent years, driven by population growth, economic
development, and technological advancements [2]. This trend is projected to continue in the coming
decades, with the US Energy Information Administration predicting that world energy consumption will
grow by almost 50% between 2018 and 2050 [3]. Nowadays, themain production of energy comes from
fossil fuels, which contribute to climate change due to greenhouse gas emissions resulting from these
fossil fuels. In response, the international community has set targets for reducing carbon emissions
and transitioning to renewable energy sources, as outlined in the Paris Agreement [4]. To be able
to reach these targets, the main source of energy needs to be shifted from fossil fuels to renewable
energy. Solar, wind, hydro, tidal, geothermal and biomass energy are the most common renewable
energy sources offering a cleaner and more sustainable alternative to fossil fuel. According to the

1



2 1. Introduction

International Renewable Energy Agency, the wind energy industry is one of the fastest-growing sectors
in the renewable energy industry. In 2021 a worldwide installed wind power capacity of 823 GW has
been reached [5].

The total offshore wind power capacity was 54 GW in 2021, which is 6.5% of the total wind power
capacity. However, since 2018 the total offshore capacity has doubled and the onshore capacity has
increased by 42%. The offshore wind energy sector is growing rapidly due to higher and more constant
wind speeds and the availability of potential sites. Another reason offshore wind grows faster is because
onshore wind turbines are visually and noise-polluting in inhabited areas.

The first offshore wind farm was produced in Denmark in 1991. This wind farm has a capacity of 5 MW
consisting of eleven turbines and is called Vindeby [6]. The real potential of the offshore wind industry
to provide large-scale wind energy was demonstrated in the early 2000s by building several large-scale
wind farms among which Middelgrunden off the coast of Copenhagen was the first in 2000 with a total
capacity of 80 MW [7]. Nowadays, the total capacity is 54 GW. Wind turbines have developed from
2 MW turbines in the early 2000s to 13 MW turbines in 2021. In a few years, wind turbines with a
capacity of 20 MW are expected. This enormous increase in capacity and dimensions yields many
new challenges for installing these turbines.

1.2.2. Offshore wind support structures
Installing wind turbines offshore gives some challenges compared to onshore wind turbines. First,
offshore wind turbines are subject to hydrodynamic and aerodynamic loads. Also, the type of foundation
does matter a lot offshore. Onshore usually, concrete foundations are used, while offshore the type
of foundation mainly depends on the water depth. In this section, the most used types of offshore
foundations are explained.

The variety of support structures can be split up into two groups. The first group of structures are
bottom-founded structures and the second group are floating offshore structures. The bottom-founded
group exists of gravity-based, monopile, caisson, tripod and jacket structures (see Figure 1.2). The
floating support structures consist of spar buoys, tension leg platforms and barges. Floating offshore
structures are suitable in water depths deeper than 100m. The water depth used in this thesis is
shallower than 100m, so only bottom-founded structures are relevant for this research [8].

Figure 1.2: Bottom-founded wind support structures, from left to right 1. gravity-based 2. monopile 3. caisson 4. tripod with
foundation piles 5. tripod with suction anchors 6. jacket [9]

The choice between the different types of bottom-founded support structures depends on multiple
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criteria, such as water depth, environmental conditions and financial limits. Water depth often has the
largest impact on the choice of the foundation. Typically, gravity-based foundations are used in waters
with a depth of up to 27m. Monopiles usually are installed up to 40m water depth. Tripods are more
suitable for water-depth up to 80 meters. For a depth between 40 and 100m, jackets are commonly
used. In 2020, the percentages of bottom-founded support structures for offshore wind turbines in
Europe based on accumulative data can be seen in Figure 1.3. Since the start of the offshore wind
industry, monopiles have been the most favorable due to the ease of fabrication and installation with
82.7% [8]. As the water-depth increase, the use of jackets is more viable.

Figure 1.3: Distribution of bottom-founded offshore wind support structures until 2020 in Europe [10]

1.3. Problem definition
An example of two projects where a jacket is chosen as a support structure is the two offshore wind
turbine parks located off the coast of Taiwan, called Changfang and Xidao. These wind parks have a
combined capacity of 589 MW consisting of 62 wind turbines that each have a capacity of 9.5 MW [11].
Three-legged jackets support these wind turbines, which are held in place by three foundation piles,
each located at one leg. A typical example of a three-legged jacket can be seen in Figure 1.4a. In
Figure 1.4b, different parts of the jacket can be seen.

(a) A typical example of an offshore wind turbine support jacket with
three legs [12]

(b) Schematic front view of a jacket with
foundation piles [13]

Figure 1.4: An example and schematic overview of an offshore jacket support structure
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There are two ways to install a jacket foundation, pre-piling and post-piling. First, the foundation piles
must be installed to install a jacket with the pre-piling method. After the installation of the foundation
piles, the jacket will be lowered to the seabed and attached to the foundation piles. A typical jacket
installed using the pre-piling method can be seen in Figure 1.4a. The pre-piling method is often used
in offshore wind projects with many jackets, such as Changfang and Xidao, it could be beneficial to
develop and use a pre-piling template. Huisman built one for Changfang and Xidao.

To install a jacket foundation with the post-piling method, first, the jacket is placed on the seabed, after
which the foundation piles are installed through the legs or the sleeves around the legs of the jacket,
see Figure 1.5. In Figure 1.5, a jacket can be seen where the foundation piles are installed through the
legs and a jacket can be seen where the foundation piles are installed in the sleeves around the legs.
Post-piling often happens in one-off offshore projects, such as installing a large offshore oil platform.

Figure 1.5: A typical schematic example of a jacket installed using post-piling through the legs or sleeves around the legs of the
jacket [14].

A pre-piling template is used to install foundation piles for offshore support structures. The use of
pre-piling templates is, in particular, beneficial for projects with a large number of support structures.
In this case, it is used to install foundation piles of the three-legged jackets. The advantages of
a pre-piling template are the reduction in installation time and improved installation accuracy. It is
designed to ensure accurate positioning and alignment of the piles. The sleeves of the template provide
a predetermined guide for the foundation piles, it also aligns and corrects the position of the piles during
pile-driving. Another advantage of a pre-piling template is the reduction of installation time of a support
structure. The predefined positions of the foundation piles save time in aligning the piles. Time is
also saved by working at different locations at the same time, one ship is installing the foundation piles
using the template and another is installing the jacket at a location where the piles are already installed.

First, the pre-piling template is placed on the seabed before pile-driving. When the pre-piling template
is lowered onto the seabed, the foundation piles will be driven through the sleeves of the template.
During pile driving, the pre-piling template aligns and guides the foundation piles. In Figure 1.6, the
pre-piling template built by Huisman is shown. The foundation piles to support the jacket are driven
through the sleeves of the pre-piling template and aligned and guided by the centralizers of the template.
Foundation piles can be centralized in two different ways. The first option is to guide the pile using
rollers. The second is to clamp the pile using a friction pad. In the pre-piling template made by Huisman,
the foundation piles are centralized using friction pads. The pre-piling template is equipped with mud
mats to prevent sinking into the seabed during pile driving.
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Figure 1.6: A schematic figure of the pre-piling template built by Huisman [15]

Damage was found on the pre-piling template after the installation of the foundation piles. The damage
was mainly on the secondary steel at the sleeves of the template. At Huisman, secondary steel is
referred to as steel applied outside the main load path such as access platforms, sensor foundations,
cable trays, ladders and railings. The cause of the damage is unknown. Following the problem
definition, a research question is stated.

1.3.1. Research questions
First, the main research question is presented.

What are the possible reasons for the damage to the secondary steel of the pre-piling template
during the installation of the foundation piles?

The main research question can be broken down into three sub-questions:

1. What possible reasons could result in the pile template interaction causing damage to the
pre-piling template?

2. How does the current design influence the interaction between the pile and the template?

3. How can the design be adjusted so that less damage occurs to the pre-piling template?

1.4. Methodology and outline of the research
This section describes the approach to answer the research questions.

In the following, a literature review will determine the possible sources of the damage to the pre-piling
template. At the end of the literature review, a hypothesis will be stated. Using the literature and the
hypothesis, a model will be developed to describe the behavior of the pre-piling template and the pile
during pile-driving. The model will be validated and verified to ensure that the simulation results are
reliable. When this is done, the simulation results can be analyzed and interpreted. Using the analysis
of the results, the hypothesis will be answered as well as the research questions. Finally, conclusions
will be drawn to give Huisman recommendations on the design of the template and to address which
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research has to be done in the future to improve the model and the results. The outline of this thesis is
given in Figure 1.7

Figure 1.7: The outline of this thesis



2
State-of-the-art in offshore wind

installation using a pre-piling template
The previous chapter presents a general introduction to the offshore wind industry and this research.
Theoretical background, fundamental definitions, and the theories usedwithin this thesis will be presented
regarding the installation of foundation piles using pre-piling templates during the installation of offshore
wind turbine parks. This chapter is subdivided into several sections. Section 2.1 will present an
overview of the current use of pre-piling templates, in Section 2.2 and Section 2.3 respectively background
will be presented about friction models and pile-driving methods. After which, the research-added value
will be provided. A hypothesis will be presented to conclude this chapter.

2.1. The use of pre-piling templates
The current use of pre-piling templates is to install the foundation piles of jackets in offshore wind farms.
With a growing demand for offshore wind parks supported by jackets, pre-piling templates are becoming
increasingly significant. Considering the recentness of pre-piling templates, there is limited research
within this field. The research mainly focuses on the template’s efficiency during operation, the design
of the template, and the study into the hydrodynamic loads acting on the template. As an example, a
master thesis is done to investigate the usability of a pre-piling template that could be adjusted so it is
applicable to different projects [16].

A pre-piling template is subjected to various forces throughout the installation of foundation piles.
Before the foundation piles can be driven into the soil, the pre-piling template needs to be set up on
the seabed. A crane on a ship is primarily used to install the template on the seabed. First, the wave
zone is traversed by the pre-piling template. A structure is subjected to hydrodynamic forces when
lowered through the wave zone because of the impacting waves. In 2023, a study was conducted into
the performance of the installation sequence of the template and the hydrodynamic forces acting on
the template during the lowering through the wave zone [17].

When lowered onto the seabed, the pre-piling template is corrected and leveled out for the irregularities
of the seabed. After this, the foundation piles are installed through the sleeves of the template. Because
the foundation can be piles up to 90 m long, they are exposed to hydrodynamic forces such as waves
and current loads. Due to the hydrodynamic loads, the foundation piles can sway. A study was
done about the influence of swaying piles due to hydrodynamic loading on pre-piling templates prior to
pile-driving [18]. Swaying piles can increase the loads on the pre-piling template. The forces due to
swaying piles can increase the risk of the template tipping over. To prevent extra loads on the template
due to pile swaying, Huisman incorporated an active damping system to prevent the piles from swaying.
This excludes pile swaying as a possible cause of the damage done to the template. After the piles
are lowered into the template, pile driving can start. During pile driving, vibrations originate from the
force of the impact hammer onto the pile. Zwartveld [19] investigated the transfer of vibrations between
the pile and template during pile driving. In this thesis, the transverse vibrations are assumed to be

7
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radial expansions of longitudinal stress waves induced by the blow of the hammer on top of the pile.
The contact between the pile and the template is caused by the misalignment during pile driving. The
energy transferred from the pile to the template ranges up to 10% of the hammer input. The results
of this study were not validated and the investigated template didn’t actively clamp and guide the pile
during pile driving. Due to the different interaction between pile and template in the study of Zwartveld
and this thesis, the load transfer due to the vibrations can’t be compared.

After the foundation piles are installed, the template is removed from the seabed and moved to the
next installation location. When removed from the seabed, the template experiences suction forces
between the template and the soil. A master thesis is written about the pressure differences that occur
during the uplift of mud mats on pre-piling templates [20]. The pressures between the template and the
soil can cause peak forces acting on the template. In this study, no research is done on the influence
of these forces on the template and if these forces can cause damage to the template.

No research can be found about the interaction between the foundation pile and template during pile
driving and actively clamping and guiding the pile doing so. In most pre-piling templates, rollers guide
and align the foundation piles during pile driving. Currently, the only known pre-piling template which
uses friction pads instead of rollers is the pre-piling template Huisman built. Huisman chose friction
pads instead of rollers due to the system’s complexity and financial considerations. A few possible
causes of the damage to the pre-piling template are hydrodynamic loads during lowering through the
wave zone, radial vibrations induced by the impact hammer on the pile, and due to the friction interaction
between the piles and the pre-piling template. One big difference betweenmost of the templates and the
template of Huisman is the use of friction pads, which are actively clamped on the pile during pile-driving.
The pads could significantly contribute to the energy dissipation from the pile to the template. Because
pads are rarely used and no research is done on the interaction between friction pads and pre-piling
templates, the choice is made to focus on this interaction. However, the other mentioned possible
causes can still contribute to the damage.

2.2. Friction model
While no research is done into the interaction between piles and pre-piling templates using friction
pads, significant research is done into dynamic friction interaction between surfaces.

The first research on friction in mechanical systems dates to the sixteenth century. In this research, Da
Vinci [21] concluded that friction is independent of apparent contact area and the resistance of friction
is directly proportional to the applied load. The work done by Da Vinci was validated by Amontons and
Coulomb [22] and demonstrated that friction is independent of relative tangential velocity. Amontons
and Coulomb came up with the Amontons-Coulomb friction model. This model describes frictional
behavior. It also states that the friction coefficient is not always the same for all interacting surfaces.
The Amontons-Coulomb model is an efficient model for describing static or stationary situations, but it
is unsuitable for dynamic models.

After the research of Coulomb, Dupont et al. [23] investigated that frictional forces are velocity dependent
and have elasticity when the surfaces are sticking. Dupont called static friction the presliding regime.
Since velocity (Stribeck effect) is one of the diverse phenomena influencing friction, there are different
modeling approaches. Thesemodeling approaches can either be analytically or numerically developed.
Other friction phenomena are static friction, stick-slip action, frictional lag, pre-sliding displacement, and
the break-away force [24]. Friction models can be categorized into two groups, static friction models
and dynamic friction models. Static models assume no motion between the two surfaces, the so-called
”stick,” while dynamic friction models assume a small pre-sliding displacement in the sticking phase
[25]. Dynamic friction models also incorporate other friction phenomena [26].

Static friction is quite simplistic and has a low number of involved parameters. They are developed to be
computationally efficient and mitigate and eliminate numerical difficulties [24]. Static models are widely
used for multi-body dynamic simulations. Some models can even capture dynamic friction phenomena
such as stick-slip or hysteresis. Leine et al. [27] introduced alternative friction models to simulate
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stick-slip vibrations. The friction model consists of ordinary non-stiff differential equations that can be
integrated with any Ordinary Differential Equation solver (ODE-solver). Comparison with a smoothing
model reveals that this method is more efficient from a computational point of view. The switch model,
proposed by Leine et al. [27], uses two differential equations. One set of equations describing the
system when in stick and one set of equations describing the system in slip. It uses a slip-to-stick
transition condition and a stick-to-slip transition condition to check whether the system is in stick or slip.
When a condition is met, the current solver will be stopped and a new solver will begin. One solver
solves the equations for the system in stick and the other solver solves the equations for the system
in slip. This method will give more insight into which moment the system switches from slip to stick or
vice versa.

Dynamic friction models can take more friction phenomena into account, making them more realistic
than static friction models. Compared with static friction models, dynamic friction models are more
numerically difficult to use and computationally less efficient. Dahl [28] was the first to introduce a
dynamical friction model, after which the LuGre [29] model was developed. It is one of the most
frequently used dynamic friction models. The LuGre model is a model that can be widely used in
different fields of work and is considered the most extensive dynamic friction solution. The model was
developed during a cooperation between the Lund and Grenoble universities. The Lugre model is an
extension of the earlier mentioned Dahl model. The phenomena captured in the LuGre model are
the Stribeck effect, pre-sliding displacement, varying break-away force, and frictional lag. The Lugre
model has been widely tested and investigated by different authors. ”The LuGre friction model presents
a reasonable trade-off between easiness of implementation, range of modeled frictional phenomena,
computational efficiency, and the ability for parameter identification” [24]. A lot of other dynamic friction
models are modifications of the LuGre model, which all focus on a different phenomenon of dynamic
friction. For example, Wojtyra [30] analyses the difference between a constant normal load and a
non-constant normal load. In this study, it is concluded that the use of non-constant normal force does
influence the behavior of the LuGre model a lot.

2.3. Pile-driving
The pile’s motions must be modeled to model and determine the interaction behavior between the pile
and the template. Pile-driving is a crucial process in the installation of offshore support structures.
Modeling pile-driving exists of three parts. The hammer model, the pile, and the soil-pile interaction.

First, the hammer model. There are various ways to hammer a pile into the soil. A great example is
impact pile driving, where a mass is lifted and released from a certain height. The resulting impact of the
mass on the pile then drives the pile into the soil. Another way of pile-driving is with the use of vibrations.
Due to exerted vibrations, the pile penetrates the soil. The impact hammer is currently the most used
technique for pile-driving in the installation of offshore wind parks. Historically, the force produced by the
hammer is modeled numerically. Smith [31] proposed modeling the parts of the hammer (ram, cushion,
and anvil) as lumped masses separated by a spring to represent the cushion between the ram and the
pile. After Smith, more complex models were developed. However, Middendorp and van Weele [32]
proved that simple hammer models accurately represent the hammer response by comparing field data
with different numerical models. An analytical solution can be used if a simple hammer model is used.
Randolph and Deeks [33] introduce an analytical model which produces a force-time signal generated
by the hammer impact at the head of the pile. This model is also validated with the use of field data
and gives an adequate representation of a real impact hammer [33].

To model the pile reaction, one of the most used models is the wave equation method developed by
Smith[31]. Using the finite difference method to describe the pile behavior during pile driving. It utilizes
a stress wave propagation model to describe the stresses in a pile, the velocity, and the penetration
resistance during pile driving. Over the years, researchers added parameters to improve the results of
the model. The disadvantage of this model is that it is a relatively complex model with no insight into
the system. However, this thesis focuses on the friction interaction between the pile and the pre-piling
template. The internal behavior and response of the pile due to the wave-equation model are not in
the scope of this thesis. Therefore, the choice is made to assume that the pile is rigid and neglects the
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wave propagation through the pile due to the impact force of the hammer.

A hammer force over time is applied at the top of the pile to model the impact hammer. The hammer
force is calculated using a simplified analytical model of an impact hammer [33]. Tomodel the interaction
between the pile and the soil, the LuGre dynamic friction model will be used. The soil-pile interaction
is based on friction and resistance, which suits the LuGre model. The LuGre model cannot be used
for the interaction between the pile and the template since the normal force between the pile and pad
varies [30] and LuGre assumes a constant normal force [29]. The interaction between the pile and
template will be a so-called ”static” friction model, which assumes no presliding when in stick. The
interaction between the pile and template will be based on the switch model proposed by Leine et al.
[27]. It gives more insight into the pile and template interaction and is computationally more efficient
[24].

2.4. Research added value
This chapter discusses the research on installing foundation piles in the offshore wind industry. However,
little literature is written about installing offshore wind support structures using pre-piling templates,
mainly focusing on the interaction between foundation piles and pre-piling templates during pile driving.
Researching the impact of friction pads on the interaction between a foundation pile and a pre-piling
template is new in the field. Therefore, in combination with the problem statement and the existing
literature, a hypothesis is formulated.

In Figure 2.1, a detailed blueprint of one of the sleeves of the pre-piling template can be seen. In
the close-up of the sleeve, a detailed blueprint of the centralizers can be seen. The function of the
centralizers is to align and guide the foundation piles during pile driving. At each sleeve, four centralizers
actively align the foundation piles. The piles are held with friction pads at the end of each centralizer.
Hydraulic cylinders control the centralizers. During pile driving, the pads apply a pretension force at
the pile to hold the pile in the center of the sleeve. Due to friction, the pads want to stick to the pile
during pile driving and move along with the pile. The orientation of the current upper centralizers and
the friction causes a rotation of the centralizers and the pads into the pile. This leads to an increase
in the friction force between the pile and the pads. This causes the pile to penetrate the soil less and
increases the energy dissipation into the template. This theory leads to the hypothesis:

The current design of the upper centralizers causes an increase of the peak normal force and
thus of the frictional force between the pile and pads while hammering the pile through the
pre-piling template resulting in damage to the secondary steel of the pre-piling template.

Figure 2.1: A detailed figure of the sleeve of the pre-piling template and a close-up of the centralizers [15].
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A numerical model that describes the

pile-template interaction during offshore
pile driving

This chapter presents a model that describes the interaction between the foundation pile and the
pre-piling template during offshore pile driving. In Section 3.1, first the modeling strategy is presented,
after which the scope and limitations of the model are given to explain how the model addresses the
thesis objectives and helps to answer the research questions. Section 3.1 concludes with an overview
of the assumptions made for the model. Section 3.2 presents a detailed overview of the numerical
model.

3.1. The description of the model
3.1.1. Approach
To describe the interaction of the upper centralizer and pile during pile driving, the model is divided into
three sub-models:

1. A model to calculate the hammer force on the pile during pile driving;
2. A model to represent the soil-pile interaction;
3. A model to describe the pile-template interaction.

The first two models will give an external force over time, which will be applied to the pile. The pile
will only have one Degree of Freedom (DoF) in vertical direction. The upper centralizer will also
have one DoF, rotating around a point. These two degrees of freedom will be expressed in a set
of equations of motion. These equations of motion can be rewritten into second-order differential
equations. Before these equations can be solved they need to be rewritten into an equivalent system
of first-order equations. These equations can be solved using an internal ODE (ordinary differential
equation) Matlab solver. This solver is time-based. Since the complexity of the number of states is
limited in this research so it is expected that the system won’t be ’stiff’. This means that the internal
step size of the solver will not be forced down to small step sizes, which can lead to the failure of
the integration. For a non-stiff system, the ODE45 solver is advised [34]. If the system turns out stiff
anyway, another solver can be chosen.

3.1.2. Scope and limitations
The scope of the model is to describe and calculate the behavior of the pile and the upper centralizer
while pile driving. The behavior of the pile and upper centralizer will be expressed in acceleration,
velocity, and displacement in the desired degrees of freedom. To calculate the behavior of the pile and
the upper centralizer, the soil-pile interaction and hammer force need to be calculated as input.

11
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The model is limited by using rigid bodies. This results in the motion of whole structures and not
internally in every part. No conclusion can be made about the internal vibration and energy losses in
the pile, pad, and pre-piling template. Also, when hammering a pile into the soil a propagating wave
through the pile is initiated due to the force exerted on the top of the pile. This causes displacements
in the pile in axial, circumferential, and radial directions. These displacements are not considered in
this model [35]. The model used to calculate the hammer force has its limitations. The model uses a
lumped ram mass rather than a distributed mass, which will influence the force’s response at the pile
head. However, in the literature, it is stated that the curve of the force over time is smoother but in
other respects identical [33].

The limitation of using the LuGre [29] friction model is the dependency on determining different friction
parameters. Those will not be available in every case. The LuGre model is a simplified model. With the
complexes of soil mechanics, this could lead to different results. The LuGre model is known to have a
slight additional drift after each cycle [36].

3.1.3. Assumptions
A rigid pile, pad, and upper centralizer are assumed to make the model simpler and the calculations
quicker. An equivalent radial pile stiffness is introduced to represent the interaction between the pile
and pad. This stiffness is calculated using the Finite element model software ANSYS.

The displacement of the pile is only assumed in vertical direction to generate an equal load on all the
pads. The hydrodynamic loads on the pile and template are neglected because the pile can only move
in vertical direction. Hydrodynamic loads will lead to an off-lead and swaying of the pile, which leads
to an unequal load on the pads. However, since the pile can only move in vertical direction this will not
happen. The interest of this thesis is mainly focused on the pure lateral interaction between the pile and
the pre-piling template. Further research could investigate the results by adding non-rigid elements to
the system. Also, adding more degrees of freedom to the pile could be investigated. Then it is also
possible to look into the effects of hydrodynamic loads. For the derivations of Subsection 3.2.3, the
small angle approximation is used because the rotational degree of freedom 𝜃 « 1 so the following
equations are used. In Figure 3.1 a schematic overview of the system with all its components is given.
Here the coordinate system is also defined. The z-direction is positive downwards and the y-direction
is to the right. The angle 𝜃 is determined positive anti-clockwise.
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Figure 3.1: Schematic overview of the model. 1. Rigid Pile; 2. Rigid upper centralizer; 3. Rigid pad; 4. Supporting hinge; 5.
Spring-damper system representing hydraulic cylinder; 6. System of LuGre element with plastic damping which represents

soil-pile interaction; 7. Radial pile stiffness.
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3.2. An overview of the model
3.2.1. Modeling of the impact of the hammer on the pile
One of the options to install a foundation pile into the seabed is using an impact hammer. An impact
hammer uses a heavy ram that is dropped from a height. Due to the impact of this ram, the pile is
driven into the soil a certain amount. In this thesis, a Menck 1900s hammer is used since this was
the hammer used during the installation of the wind turbine park. In Figure 3.2a, a typical layout of
an impact hammer is shown. To calculate the force of the hammer on the pile a simplified analytical
model [33] is introduced which can be seen in Figure 3.2b. The ram is assumed as a lumped mass𝑚𝑟.
The pile is modeled as a dashpot, of impedance 𝑍 and the cushion has a stiffness 𝑘𝑐. The input of the
model is 𝑣0. This is the impact speed of the hammer when hitting the pile.

(a) Schematic overview of a typical impact hammer [37].

(b) Schematic representation of the analytical model to
calculate the force of the hammer at the top of the

foundation pile [33].

Figure 3.2: A typical impact hammer and an analytical representation of an impact hammer

The pile impedance is given by Equation 3.1, where 𝑐 is the wave speed of steel and 𝐸𝐴 is the
cross-sectional rigidity of the pile. The impact speed of the ram is calculated using the energy conservation
law. The ram is dropped from a certain height. The height is determined by themaximal energy capacity
of the hammer 𝐸ℎ𝑎𝑚𝑚𝑒𝑟, in this case, 1900 kJ. Using the maximum energy, the maximal impact speed
can be calculated using kinetic energy. See Equation 3.2.

𝑍 = 𝐸𝐴
𝑐 (3.1)

𝑣0 = √
2𝐸ℎ𝑎𝑚𝑚𝑒𝑟
𝑚𝑟𝑎𝑚

(3.2)

The equations of motion of the analytical model are defined in Equation 3.3, where there are two
degrees of freedom: The displacement of the ram, 𝑢𝑟, and the displacement of the anvil, 𝑢𝑎. Using
dimensionless variables dimensionless stiffness �̄�𝑐 and time �̄� can be introduced, see Equation 3.4 and
Equation 3.5.

𝑚r�̈�r + 𝑘𝑐 (𝑢r − 𝑢a) = 0
𝑍�̇�a − 𝑘𝑐 (𝑢T − 𝑢a) = 0 (3.3)

𝑘𝑐 =
𝑚𝑟
𝑍2 𝑘𝑐 (3.4)
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𝑡 = 𝑍
𝑚𝑟
𝑡 (3.5)

After the dimensionless time �̄� and stiffness �̄�𝑐 are derived the dimensionless force �̄�𝑐 can be calculated
using Equation 3.6.

�̄� = 𝑒−
1
2
̄𝑘𝑐 �̄�
̄𝑘𝑐
𝜇 sin(𝜇�̄�)

𝜇 = √ ̄𝑘𝑐 −
1
4
̄𝑘𝑐
2 (3.6)

Now the dimensionless force �̄� is known, it can be derived further into a force over time using the impact
velocity 𝑣0 and the impedance 𝑍 ( Equation 3.8). The dimensionless time �̄� and the normal time 𝑡 can
be related using Equation 3.7. Now the hammer force 𝐹(𝑡) over time is known it can be used in the
final model to represent the impact of an impact hammer onto the top of the pile.

𝑡 = 𝑍
𝑚𝑟
𝑡 (3.7)

𝐹(𝑡) = 𝑍𝑣0𝐹(𝑡) (3.8)

3.2.2. Soil-pile interaction
The LuGre [29] friction model is used to represent the interaction between the pile and the soil. LuGre
[29] is a dynamic frictionmodel based on the principle of bristle contact. The interaction between the pile
and soil is modeled as elastic bristles with damping. In Figure 3.3a the bristles between the two surfaces
can be seen. The average bristle deflection 𝑧 is used to calculate the friction force between the pile
and the soil. In Figure 3.3b, the LuGre element shown in Figure 3.3a, is simplified as a spring-damper
friction element and placed at the bottom of the pile. See the red circle in Figure 3.3b.
The average bristle deformation is modeled by the first-order differential Equation 3.9, where 𝑣 is the
relative velocity between the two surfaces. In this case, that is the relative velocity between the pile
and the soil. Since the soil is assumed not to be moving, 𝑣 is equal to the velocity of the pile. Hence
�̇�𝑝𝑖𝑙𝑒 can be substituted into Equation 3.9 resulting in Equation 3.10.

�̇�𝑙𝑢𝑔𝑟𝑒 = 𝑣 − 𝑧𝑙𝑢𝑔𝑟𝑒
𝜎0|𝑣|
𝐺(𝑣) (3.9)

�̇�𝑙𝑢𝑔𝑟𝑒 = �̇�𝑝𝑖𝑙𝑒 − 𝑧𝑙𝑢𝑔𝑟𝑒
𝜎0|�̇�𝑝𝑖𝑙𝑒|
𝐺(�̇�𝑝𝑖𝑙𝑒)

(3.10)

The function 𝐺(�̇�𝑝𝑖𝑙𝑒) allows the LuGre model to accommodate a higher static friction force than the
dynamic friction coefficient. It is describing the Stribeck effect [38], which is the decrease of the friction
coefficient with an increasing sliding velocity, where 𝐹𝐶 is the kinetic friction force, 𝐹𝑆 is the maximum
static friction force and 𝜗 the Stribeck velocity. The kinetic friction force and maximum friction force of
the soil are known from soil research at the site of installation.

𝐺(�̇�𝑝𝑖𝑙𝑒) = 𝐹C + (𝐹S − 𝐹C) 𝑒−(�̇�𝑝𝑖𝑙𝑒/𝜗)
2 (3.11)

Finally, the LuGre friction force is given by Equation 3.12. Here 𝜎0 is the soil stiffness coefficient, 𝜎1
the soil damping coefficient and 𝜎2 is the viscous friction coefficient. All the soil data is known from site
research. Since the soil force 𝐹𝑠𝑜𝑖𝑙 is calculated using a first-order differential equation, it will be one of
the states in the solver. At every time step, a new soil force will be calculated. The states can be seen
in Subsection 3.2.3 in Equation 3.26 and Equation 3.41.
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𝐹𝑠𝑜𝑖𝑙 = 𝜎0𝑧𝑙𝑢𝑔𝑟𝑒 + 𝜎1�̇�𝑙𝑢𝑔𝑟𝑒 + 𝜎2�̇�𝑝𝑖𝑙𝑒 (3.12)

(a) Scheme of friction force concept: contact asperities are represented
as elastic bristles with damping. The LuGre model is used, where the
friction force is determined considering an average bristle deflection z

[39]

(b) Schematic figure of how the LuGre element acts on
the pile, the LuGre element is applied at the bottom of the

pile. See the red circle.

Figure 3.3: A schematic overview of the LuGre model and the LuGre model applied at the bottom of the pile.

3.2.3. Pile-template stick-slip interaction
The interaction between the pile and the pre-piling template is a friction model based on a switching
stick-slip motion [27]. A stick-slip motion occurs between two surfaces in contact, in this case, the pad
of the upper centralizer and the pile. When there is stick between the pile and the pad, there is no
relative velocity between them. But when slip occurs, there is a relative velocity between the pile and
pad. The pile is initially at rest and the pad is applying a constant pretension on the pile to hold it in
place. When the pile wants to move down in the z-direction, due to the hammer acting as a force on
the pile, the static friction between the pile and the pad induced by the pretension prevents a sliding
motion between the pile and the pad. They stick together and there will be no relative motion. When
the force between the pile and pad is exceeding the static friction, the pile and pad will slip and there
will be a relative velocity between the pad and pile. The pile slows down due to the force of the soil
and the kinetic friction between the pile and the pad. If the relative velocity between the pile and pad
becomes zero, they will again stick to each other.

In Figure 3.4, the degrees of freedom for the pile and the triangle can be seen. These are respectively
𝑧𝑝𝑖𝑙𝑒 and 𝜃. Where 𝑧𝑝𝑖𝑙𝑒 is the vertical displacement of the pile and 𝜃 is the rotation of the upper
centralizer (referred to in the equations and figures as a triangle) around fixed point 𝐶. There are in
total four upper centralizers interacting with the pile. In the equations, upper centralizer forces acting
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on the pile are multiplied by four and the other way around pile forces acting on one upper centralizer
are divided by four.

Figure 3.4: The interaction between pile and upper centralizer in slip

Consider the situation as shown in Figure 3.4. As the system has only two degrees of freedom, two
equations of motion are required to solve the system. Considering the balance of moments around
point 𝐶, the equation of motion of the rigid upper centralizer can be found as Equation 3.13.

𝐼𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒�̈� = 𝑀𝑣 +𝑀𝑝𝑟𝑒 +𝑀𝑝𝑎𝑑 −𝑀𝑐𝑦𝑙 −𝑀ℎ (3.13)

Here, 𝜃 describes the rotation about point 𝐶 and 𝐼𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒 is the mass moment of inertia of the triangle,
derived in Appendix D. Furthermore, 𝑀𝑣, 𝑀𝑐𝑦𝑙, 𝑀𝑝𝑟𝑒, 𝑀ℎ and 𝑀𝑝𝑎𝑑 are the moments around point c
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due to the force 𝐹𝑣, the force 𝐹𝑝𝑟𝑒, the mass of the pad, the elongation of 𝑘𝑐𝑦𝑙 and elongation rate of
𝑐𝑐𝑦𝑙 and the force 𝐹ℎ. The equations for 𝑀𝑣, 𝑀ℎ and 𝑀𝑝𝑎𝑑 follow from the moment about point C and
respectively read:

𝑀𝑣 = 𝐹𝑣𝐿𝛽𝑐𝑜𝑠(𝛽) (3.14)

𝑀ℎ = 𝐹ℎ𝐿𝛽𝑠𝑖𝑛(𝛽)
= 𝑘𝑒𝑞𝜃𝐿2𝛽𝑠𝑖𝑛(𝛽)2

(3.15)

𝑀𝑝𝑎𝑑 = 𝑚𝑝𝑎𝑑𝑔𝐿𝛽𝑐𝑜𝑠(𝛽) (3.16)

More detailed derivations of the moments can be found in Appendix A.1.1 to Appendix A.1.3. The
moment𝑀𝑐𝑦𝑙 due to the elongation of 𝑘𝑐𝑦𝑙 and the elongation rate of 𝑐𝑐𝑦𝑙 is described in Equation 3.17.

𝑀𝑐𝑦𝑙 = 𝑘𝑐𝑦𝑙(𝑈𝑑 − 𝐿𝛼𝜃)𝐿𝛼 + 𝑐𝑐𝑦𝑙(�̇�𝑑 − 𝐿𝛼�̇�)𝐿𝛼
= 𝑘𝑐𝑦𝑙(𝑈𝑑 − 𝐿𝛼𝜃)𝐿𝛼 − 𝑐𝑐𝑦𝑙𝐿2𝛼�̇�

(3.17)

The more detailed derivation of 𝑀𝑐𝑦𝑙 can be found in Appendix A.1.2. 𝑈𝑑 is the displacement of point
𝐷 to compensate for the initial rotation of the upper centralizer due to the pretension applied at point 𝐴.
The detailed derivation of 𝑈𝑑 can be found in Appendix A.1.4.

To align the pile and keep it centered, the upper centralizer applies a pretension force at point 𝐴,
expressed as 𝐹𝑝𝑟𝑒. The moment 𝑀𝑝𝑟𝑒 around point 𝐶 due to 𝐹𝑝𝑟𝑒 is described in Equation 3.18.

𝑀𝑝𝑟𝑒 = 𝐹𝑝𝑟𝑒𝐿𝛽 sin(𝛽) (3.18)

The arm of𝑀𝑝𝑟𝑒 is the same as𝑀ℎ derived in Appendix A.1.1. Substituting Equation 3.14 to Equation 3.18
into Equation 3.13, the equation of motion of the rotation around point 𝐶 can be written as Equation 3.19.

𝐼𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒�̈� = 𝐹𝑣𝐿𝛽𝑐𝑜𝑠(𝛽) + 𝐹𝑝𝑟𝑒𝐿𝛽 sin(𝛽) + 𝑚𝑝𝑎𝑑𝑔𝐿𝛽𝑐𝑜𝑠(𝛽)
− 𝑘𝑐𝑦𝑙(𝑈𝑑 − 𝐿𝛼𝜃)𝐿𝛼 + 𝑐𝑐𝑦𝑙𝐿2𝛼�̇� − 𝑘𝑒𝑞𝜃𝐿2𝛽𝑠𝑖𝑛(𝛽)2 (3.19)

The second equation of motion is related to the degree of freedom, 𝑧𝑝𝑖𝑙𝑒, and follows from the motion of
the rigid pile only in the z-direction. FromFigure 3.4, the equation ofmotion is described as Equation 3.20.

𝑚𝑝𝑖𝑙𝑒 �̈�𝑝𝑖𝑙𝑒 + 𝑐𝑠𝑜𝑖𝑙𝑝�̇�𝑝𝑖𝑙𝑒 = 𝐹(𝑡) + 𝑚𝑝𝑖𝑙𝑒𝑔 + 4𝐹𝑣 − 𝐹𝑠𝑜𝑖𝑙 (3.20)

Here, F(t) is the external force of the hammer, 𝐹𝑠𝑜𝑖𝑙 is the external force of the soil calculated using
the LuGre model from Subsection 3.2.2, 𝑐𝑠𝑜𝑖𝑙𝑝 represents the plastic damping of the soil and 𝐹𝑣 is the
vertical force acting on the pile due to the interaction with the upper centralizer.

Stick
When the system is in stick regime, there is no relative movement between the pad and the pile. If
the pile moves the upper centralizer will also move. In stick, the relation between the motions around
point 𝐶 and the motions of the pile is constrained. The constraint equations which describe this relation
can be seen in Equation 3.21. This constrained motion means that one of the degrees of freedom will
disappear. The equations of motion can be combined using 𝐹𝑣, which is an unknown force in stick, and
the constraint Equation 3.21.
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𝜃 =
𝑧𝑝𝑖𝑙𝑒

𝐿𝛽 cos(𝛽)
, �̇� =

�̇�𝑝𝑖𝑙𝑒
𝐿𝛽 cos(𝛽)

, �̈� =
�̈�𝑝𝑖𝑙𝑒

𝐿𝛽 cos(𝛽)
(3.21)

First, 𝐹𝑣 can be described by rewriting Equation 3.20 into Equation 3.22 and substituted into the equation
ofmotion of the upper centralizer Equation 3.19. The new equation ofmotion is described as Equation 3.23

𝐹𝑣 =
1
4(𝑚𝑝𝑖𝑙𝑒(�̈�𝑝𝑖𝑙𝑒 − 𝑔) + 𝑐𝑠𝑜𝑖𝑙𝑝�̇�𝑝𝑖𝑙𝑒 + 𝐹𝑠𝑜𝑖𝑙 − 𝐹(𝑡)) (3.22)

𝐼𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒�̈� = 𝐹𝑣𝐿𝛽𝑐𝑜𝑠(𝛽) + 𝐹𝑝𝑟𝑒𝐿𝛽 sin(𝛽) + 𝑚𝑝𝑎𝑑𝑔𝐿𝛽𝑐𝑜𝑠(𝛽) − 𝑘𝑐𝑦𝑙(𝑈𝑑 − 𝐿𝛼𝜃)𝐿𝛼
+ 𝑐𝑐𝑦𝑙𝐿2𝛼�̇� − 𝑘𝑒𝑞𝜃𝐿2𝛽𝑠𝑖𝑛(𝛽)2

= 1
4(𝐹(𝑡) + 𝑚𝑝𝑖𝑙𝑒(�̈�𝑝𝑖𝑙𝑒 − 𝑔) − 𝐹𝑠𝑜𝑖𝑙 − 𝑐𝑠𝑜𝑖𝑙𝑝�̇�𝑝𝑖𝑙𝑒)𝐿𝛽𝑐𝑜𝑠(𝛽) + 𝐹𝑝𝑟𝑒𝐿𝛽 sin(𝛽)

+ 𝑚𝑝𝑎𝑑𝑔𝐿𝛽𝑐𝑜𝑠(𝛽) − 𝑘𝑐𝑦𝑙(𝑈𝑑 − 𝐿𝛼𝜃)𝐿𝛼 + 𝑐𝑐𝑦𝑙𝐿2𝛼�̇� − 𝑘𝑒𝑞𝜃𝐿2𝛽𝑠𝑖𝑛(𝛽)2

(3.23)

Now Equation 3.23 is defined, the constraint Equation 3.21 can be substituted into it. A new equation
of motion expressed in 𝑧𝑝𝑖𝑙𝑒 is made (Equation 3.25). Equation 3.25, is derived when moving all
acceleration parts of the equation to the left-hand side of Equation 3.24. When the �̈�𝑝𝑖𝑙𝑒, �̇�𝑝𝑖𝑙𝑒 and
𝑧𝑝𝑖𝑙𝑒 are filled into Equation 3.22, 𝐹𝑣 can be calculated.

𝐼𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒
�̈�𝑝𝑖𝑙𝑒

𝐿𝛽 cos(𝛽)
= 1
4(𝑚𝑝𝑖𝑙𝑒(�̈�𝑝𝑖𝑙𝑒 − 𝑔) + 𝑐𝑠𝑜𝑖𝑙𝑝�̇�𝑝𝑖𝑙𝑒 + 𝐹𝑠𝑜𝑖𝑙 − 𝐹(𝑡))𝐿𝛽𝑐𝑜𝑠(𝛽)

+ 𝑘𝑐𝑦𝑙(𝑈𝑑 − 𝐿𝛼
𝑧𝑝𝑖𝑙𝑒

𝐿𝛽 cos(𝛽)
)𝐿𝛼 − 𝑐𝑐𝑦𝑙𝐿2𝛼

�̇�𝑝𝑖𝑙𝑒
𝐿𝛽 cos(𝛽)

− 𝑘𝑒𝑞
𝑧𝑝𝑖𝑙𝑒

𝐿𝛽 cos(𝛽)
𝐿2𝛽𝑠𝑖𝑛(𝛽)2 (3.24)

�̈�𝑝𝑖𝑙𝑒(
𝐼𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒
𝐿𝛽𝑐𝑜𝑠(𝛽)

− 14𝑚𝑝𝑖𝑙𝑒𝐿𝛽𝑐𝑜𝑠(𝛽)) =
1
4(𝑐𝑠𝑜𝑖𝑙𝑝�̇�𝑝𝑖𝑙𝑒 + 𝐹𝑠𝑜𝑖𝑙 − 𝐹(𝑡) − 𝑚𝑝𝑖𝑙𝑒𝑔)𝐿𝛽𝑐𝑜𝑠(𝛽)

+ 𝑘𝑐𝑦𝑙(𝑈𝑑 − 𝐿𝛼
𝑧𝑝𝑖𝑙𝑒

𝐿𝛽 cos(𝛽)
)𝐿𝛼 − 𝑐𝑐𝑦𝑙𝐿2𝛼

�̇�𝑝𝑖𝑙𝑒
𝐿𝛽 cos(𝛽)

− 𝑘𝑒𝑞
𝑧𝑝𝑖𝑙𝑒

𝐿𝛽 cos(𝛽)
𝐿2𝛽𝑠𝑖𝑛(𝛽)2 (3.25)

Now the equation of motion in stick is known. The equation can be rewritten into a first-order differential
equation as input for the ODE solver in Matlab using Equation 3.26. First, move everything from the
left-hand side of Equation 3.25 to the right except the acceleration of the pile, �̈�𝑝𝑖𝑙𝑒, see Equation 3.27.

𝑦 = [
𝑦1
𝑦2
𝑦3

] = [
𝑧𝑝𝑖𝑙𝑒
�̇�𝑝𝑖𝑙𝑒
𝑧𝑙𝑢𝑔𝑟𝑒

] , �̇� = [
�̇�1
�̇�2
�̇�3

] = [
𝑦2
�̈�𝑝𝑖𝑙𝑒
�̇�𝑙𝑢𝑔𝑟𝑒

] (3.26)

�̈�𝑝𝑖𝑙𝑒 =
1
4(𝑐𝑠𝑜𝑖𝑙𝑝�̇�𝑝𝑖𝑙𝑒 + 𝐹𝑠𝑜𝑖𝑙 − 𝐹(𝑡) − 𝑚𝑝𝑖𝑙𝑒𝑔)𝐿𝛽𝑐𝑜𝑠(𝛽) + 𝑘𝑐𝑦𝑙(𝑈𝑑 − 𝐿𝛼

𝑧𝑝𝑖𝑙𝑒
𝐿𝛽 cos(𝛽))𝐿𝛼

( 𝐼𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒𝐿𝛽𝑐𝑜𝑠(𝛽)
− 1
4𝑚𝑝𝑖𝑙𝑒𝐿𝛽𝑐𝑜𝑠(𝛽))

−𝑐𝑐𝑦𝑙𝐿2𝛼
�̇�𝑝𝑖𝑙𝑒

𝐿𝛽 cos(𝛽) − 𝑘𝑒𝑞
𝑧𝑝𝑖𝑙𝑒

𝐿𝛽 cos(𝛽)𝐿
2
𝛽𝑠𝑖𝑛(𝛽)2

( 𝐼𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒𝐿𝛽𝑐𝑜𝑠(𝛽)
− 1
4𝑚𝑝𝑖𝑙𝑒𝐿𝛽𝑐𝑜𝑠(𝛽))

(3.27)
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Then substitute 𝑧𝑝𝑖𝑙𝑒 and �̇�𝑝𝑖𝑙𝑒 by respectively 𝑦1 and 𝑦2 and in Equation 3.27.

�̈�𝑝𝑖𝑙𝑒 =
1
4(𝑐𝑠𝑜𝑖𝑙𝑝𝑦2 + 𝐹𝑠𝑜𝑖𝑙 − 𝐹(𝑡) − 𝑚𝑝𝑖𝑙𝑒𝑔)𝐿𝛽𝑐𝑜𝑠(𝛽) + 𝑘𝑐𝑦𝑙(𝑈𝑑 − 𝐿𝛼

𝑦1
𝐿𝛽 cos(𝛽))𝐿𝛼

( 𝐼𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒𝐿𝛽𝑐𝑜𝑠(𝛽)
− 1
4𝑚𝑝𝑖𝑙𝑒𝐿𝛽𝑐𝑜𝑠(𝛽))

−𝑐𝑐𝑦𝑙𝐿2𝛼
𝑦2

𝐿𝛽 cos(𝛽) − 𝑘𝑒𝑞
𝑦1

𝐿𝛽 cos(𝛽)𝐿
2
𝛽𝑠𝑖𝑛(𝛽)2

( 𝐼𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒𝐿𝛽𝑐𝑜𝑠(𝛽)
− 1
4𝑚𝑝𝑖𝑙𝑒𝐿𝛽𝑐𝑜𝑠(𝛽))

(3.28)

The input of the solver is �̇�(𝑡, 𝑦) calculated with the initial values Equation 3.29 when the simulation
starts or with the output of the last time step of the slip solver when changing from slip to stick Equation 3.30.
The output of the solver is 𝑦(𝑡). Every time step the input values of the solver are calculated with the
output of the previous time step.

𝑦(𝑡 = 0) = [
𝑦1(𝑡 = 0)
𝑦2(𝑡 = 0)
𝑦3(𝑡 = 0)

] = [
𝑧𝑝𝑖𝑙𝑒(𝑡 = 0)
�̇�𝑝𝑖𝑙𝑒(𝑡 = 0)
𝑧𝑙𝑢𝑔𝑟𝑒(𝑡 = 0)

] (3.29)

𝑦(𝑡 = 𝑒𝑛𝑑𝑠𝑙𝑖𝑝) = [
𝑦1(𝑡 = 𝑒𝑛𝑑𝑠𝑙𝑖𝑝)
𝑦2(𝑡 = 𝑒𝑛𝑑𝑠𝑙𝑖𝑝)
𝑦3(𝑡 = 𝑒𝑛𝑑𝑠𝑙𝑖𝑝)

] = [
𝑧𝑝𝑖𝑙𝑒(𝑡 = 𝑒𝑛𝑑𝑠𝑙𝑖𝑝)
�̇�𝑝𝑖𝑙𝑒(𝑡 = 𝑒𝑛𝑑𝑠𝑙𝑖𝑝)
𝑧𝑙𝑢𝑔𝑟𝑒(𝑡 = 𝑒𝑛𝑑𝑠𝑙𝑖𝑝)

] (3.30)

The motions of the upper centralizer can ultimately be calculated with the output of the stick solver
using Equation 3.21, resulting in Equation 3.31.

𝜃(𝑡) =
𝑧𝑝𝑖𝑙𝑒(𝑡)
𝐿𝛽 cos(𝛽)

, �̇�(𝑡) =
�̇�𝑝𝑖𝑙𝑒(𝑡)
𝐿𝛽 cos(𝛽)

, �̈�(𝑡) =
�̈�𝑝𝑖𝑙𝑒(𝑡)
𝐿𝛽 cos(𝛽)

(3.31)

Stick-to-slip transition
The stick-to-slip transition occurs when the absolute value of 𝐹𝑣 (Equation 3.22) is greater than or equal
to the critical friction force 𝐹𝑐𝑟𝑖𝑡. The critical friction force can’t let the pad stick to the pile anymore. The
condition when the transition happens is stated in Equation 3.32.

|𝐹𝑣| ≥ 𝐹𝑐𝑟𝑖𝑡 (3.32)

The horizontal force 𝐹ℎ and the static friction coefficient determine the critical friction force, see Equation 3.34.
The horizontal force is the force 𝐹ℎ between the pad and pile, which is calculated by the rotation of the
upper centralizer 𝜃 and the equivalent stiffness of the pile 𝑘𝑒𝑞 (Equation 3.33). The equivalent stiffness
of the pile is calculated using FEA, see Appendix B.

𝐹ℎ = 𝑘𝑒𝑞𝐿𝛽𝜃𝑠𝑖𝑛(𝛽) (3.33)

𝐹𝑐𝑟𝑖𝑡 = 𝐹ℎ𝜇𝑠 (3.34)

Slip
For slip, the equations of motion: Equation 3.19 and Equation 3.20 are used. For slip 𝐹𝑣 is known
and described as Equation 3.35. The direction of the vertical force is dependent on the direction of the
relative speed between the pile and the pad. The magnitude of the force is dependent on the horizontal
force 𝐹ℎ and the dynamic friction coefficient 𝜇𝑑.

𝐹𝑣 = 𝐹𝑓𝑟𝑖𝑐𝑠𝑔𝑛|�̇�𝑝𝑖𝑙𝑒 − �̇�𝑝𝑎𝑑| where, 𝐹𝑓𝑟𝑖𝑐 = 𝐹ℎ𝜇𝑑 (3.35)

Based on Equation 3.21, �̇�𝑝𝑎𝑑 can be rewritten as:
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�̇�𝑝𝑎𝑑 = �̇�𝐿𝛽 cos(𝛽) (3.36)

Substituting Equation 3.35 into Equation 3.19 and Equation 3.20 gives the equations of motion in slip
for the pile. The rotation around point 𝐶 is described in Equation 3.37 and Equation 3.38, Where 𝐹ℎ is
described by Appendix A.11. the derivation of 𝐹ℎ can be found in Appendix A.1.3.

𝑚𝑝𝑖𝑙𝑒 �̈�𝑝𝑖𝑙𝑒 + 𝑐𝑠𝑜𝑖𝑙𝑝�̇�𝑝𝑖𝑙𝑒 = 𝐹(𝑡) + 𝑚𝑝𝑖𝑙𝑒𝑔 − 𝐹ℎ𝜇𝑑𝑠𝑔𝑛|�̇�𝑝𝑖𝑙𝑒 − �̇�𝐿𝛽 cos(𝛽)| − 𝐹𝑠𝑜𝑖𝑙 (3.37)

𝐼𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒�̈� = 𝐹ℎ𝜇𝑑𝑠𝑔𝑛|�̇�𝑝𝑖𝑙𝑒 − �̇�𝐿𝛽 cos(𝛽)|𝐿𝛽𝑐𝑜𝑠(𝛽) + 𝐹𝑝𝑟𝑒𝐿𝛽 sin(𝛽)
+ 𝑚𝑝𝑎𝑑𝑔𝐿𝛽𝑐𝑜𝑠(𝛽) − 𝑘𝑐𝑦𝑙(𝑈𝑑 − 𝐿𝛼𝜃)𝐿𝛼 + 𝑐𝑐𝑦𝑙𝐿2𝛼�̇� − 𝑘𝑒𝑞𝜃𝐿2𝛽𝑠𝑖𝑛(𝛽)2 (3.38)

Substituting 𝐹ℎ (Appendix A.11) into Equation 3.20 and Equation 3.38 gives Equation 3.39 and
Equation 3.40.

𝑚𝑝𝑖𝑙𝑒 �̈�𝑝𝑖𝑙𝑒 + 𝑐𝑠𝑜𝑖𝑙𝑝�̇�𝑝𝑖𝑙𝑒 = 𝐹(𝑡) + 𝑚𝑝𝑖𝑙𝑒𝑔 − 𝑘𝑒𝑞𝜃𝐿2𝛽𝑠𝑖𝑛(𝛽)2𝑚𝑢𝑑𝑠𝑔𝑛|�̇�𝑝𝑖𝑙𝑒 − �̇�𝐿𝛽 cos(𝛽)| − 𝐹𝑠𝑜𝑖𝑙 (3.39)

𝐼𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒�̈� = 𝑘𝑒𝑞𝜃𝐿2𝛽𝑠𝑖𝑛(𝛽)2𝜇𝑑𝑠𝑔𝑛|�̇�𝑝𝑖𝑙𝑒 − �̇�𝐿𝛽 cos(𝛽)|𝐿𝛽𝑐𝑜𝑠(𝛽) + 𝐹𝑝𝑟𝑒𝐿𝛽 sin(𝛽)
+ 𝑚𝑝𝑎𝑑𝑔𝐿𝛽𝑐𝑜𝑠(𝛽) − 𝑘𝑐𝑦𝑙(𝑈𝑑 − 𝐿𝛼𝜃)𝐿𝛼 + 𝑐𝑐𝑦𝑙𝐿2𝛼�̇� − 𝑘𝑒𝑞𝜃𝐿2𝛽𝑠𝑖𝑛(𝛽)2 (3.40)

Now the equation of motion in slip is known. The equations can be rewritten into first-order differential
equations as input for the ODE solver in Matlab using Equation 3.41. This is analogous to rewriting the
slip equations of motion into ODE. First, move everything from the left-hand side of Equation 3.37 to
the right except the acceleration of the pile, �̈�𝑝𝑖𝑙𝑒, see Equation 3.42. The same can be done for the
equation of motion of the upper centralizer. See Equation 3.43.

𝑦 =
⎡
⎢
⎢
⎢
⎣

𝑦1
𝑦2
𝑦3
𝑦4
𝑦5

⎤
⎥
⎥
⎥
⎦

=
⎡
⎢
⎢
⎢
⎣

𝑧𝑝𝑖𝑙𝑒
�̇�𝑝𝑖𝑙𝑒
𝜃
�̇�

𝑧𝑙𝑢𝑔𝑟𝑒

⎤
⎥
⎥
⎥
⎦

, �̇� =
⎡
⎢
⎢
⎣

�̇�1
�̇�2
�̇�3
�̇�4

⎤
⎥
⎥
⎦
=
⎡
⎢
⎢
⎢
⎣

𝑦2
�̈�𝑝𝑖𝑙𝑒
𝑦4
�̈�

�̇�𝑙𝑢𝑔𝑟𝑒

⎤
⎥
⎥
⎥
⎦

(3.41)

�̈�𝑝𝑖𝑙𝑒 =
𝐹(𝑡) + 𝑚𝑝𝑖𝑙𝑒𝑔 − 𝐹ℎ𝜇𝑑𝑠𝑔𝑛|�̇�𝑝𝑖𝑙𝑒 − �̇�𝐿𝛽 cos(𝛽)| − 𝐹𝑠𝑜𝑖𝑙 − 𝑐𝑠𝑜𝑖𝑙𝑝�̇�𝑝𝑖𝑙𝑒

𝑚𝑝𝑖𝑙𝑒
(3.42)

�̈� =
𝐹ℎ𝜇𝑑𝑠𝑔𝑛|�̇�𝑝𝑖𝑙𝑒 − �̇�𝐿𝛽 cos(𝛽)|𝐿𝛽𝑐𝑜𝑠(𝛽) + 𝐹𝑝𝑟𝑒𝐿𝛽 sin(𝛽) + 𝑚𝑝𝑎𝑑𝑔𝐿𝛽𝑐𝑜𝑠(𝛽)

𝐼𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒
−𝑘𝑐𝑦𝑙(𝑈𝑑 − 𝐿𝛼𝜃)𝐿𝛼 + 𝑐𝑐𝑦𝑙𝐿2𝛼𝑦4 − 𝑘𝑒𝑞𝑦3𝐿2𝛽𝑠𝑖𝑛(𝛽)2

𝐼𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒
(3.43)

Then substitute 𝑧𝑝𝑖𝑙𝑒, �̇�𝑝𝑖𝑙𝑒, 𝜃 and �̇� by respectively 𝑦1, 𝑦2, 𝑦3 and 𝑦4 in Equation 3.42 and Equation 3.43.
See Equation 3.44 and Equation 3.45.

�̈�𝑝𝑖𝑙𝑒 =
𝐹(𝑡) + 𝑚𝑝𝑖𝑙𝑒𝑔 − 𝐹ℎ𝜇𝑑𝑠𝑔𝑛|𝑦2 − 𝑦4𝐿𝛽 cos(𝛽)| − 𝐹𝑠𝑜𝑖𝑙 − 𝑐𝑠𝑜𝑖𝑙𝑝𝑦2

𝑚𝑝𝑖𝑙𝑒
(3.44)
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�̈� =
𝐹ℎ𝜇𝑑𝑠𝑔𝑛|𝑦2 − 𝑦4𝐿𝛽 cos(𝛽)|𝐿𝛽𝑐𝑜𝑠(𝛽) + 𝐹𝑝𝑟𝑒𝐿𝛽 sin(𝛽) + 𝑚𝑝𝑎𝑑𝑔𝐿𝛽𝑐𝑜𝑠(𝛽)

𝐼𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒
−𝑘𝑐𝑦𝑙(𝑈𝑑 − 𝐿𝛼𝑦3)𝐿𝛼 + 𝑐𝑐𝑦𝑙𝐿2𝛼𝑦4 − 𝑘𝑒𝑞𝜃𝐿2𝛽𝑠𝑖𝑛(𝛽)2

𝐼𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒
(3.45)

The input of the solver is �̇�(𝑡, 𝑦) calculated with the initial values Equation 3.46 when the simulation
starts or with the output values of the last time step of the stick solver when changing from stick to slip
Equation 3.47. The solver’s output is y(t). Every time step, the input values of the solver are calculated
with the output of the previous time step.

𝑦(𝑡 = 0) =
⎡
⎢
⎢
⎢
⎣

𝑦1(𝑡 = 0)
𝑦2(𝑡 = 0)
𝑦3(𝑡 = 0)
𝑦4(𝑡 = 0)
𝑦5(𝑡 = 0)

⎤
⎥
⎥
⎥
⎦

=
⎡
⎢
⎢
⎢
⎣

𝑧𝑝𝑖𝑙𝑒(𝑡 = 0)
�̇�𝑝𝑖𝑙𝑒(𝑡 = 0)
𝜃(𝑡 = 0)
�̇�(𝑡 = 0)

𝑧𝑙𝑢𝑔𝑟𝑒(𝑡 = 0)

⎤
⎥
⎥
⎥
⎦

(3.46)

𝑦(𝑡 = 𝑒𝑛𝑑𝑠𝑙𝑖𝑝) =
⎡
⎢
⎢
⎢
⎣

𝑦1(𝑡 = 𝑒𝑛𝑑𝑠𝑡𝑖𝑐𝑘)
𝑦2(𝑡 = 𝑒𝑛𝑑𝑠𝑡𝑖𝑐𝑘)
𝑦3(𝑡 = 𝑒𝑛𝑑𝑠𝑡𝑖𝑐𝑘)
𝑦4(𝑡 = 𝑒𝑛𝑑𝑠𝑡𝑖𝑐𝑘)
𝑦4(𝑡 = 𝑒𝑛𝑑𝑠𝑡𝑖𝑐𝑘)

⎤
⎥
⎥
⎥
⎦

=
⎡
⎢
⎢
⎢
⎣

𝑧𝑝𝑖𝑙𝑒(𝑡 = 𝑒𝑛𝑑𝑠𝑡𝑖𝑐𝑘)
�̇�𝑝𝑖𝑙𝑒(𝑡 = 𝑒𝑛𝑑𝑠𝑡𝑖𝑐𝑘)
𝜃(𝑡 = 𝑒𝑛𝑑𝑠𝑡𝑖𝑐𝑘)
�̇�(𝑡 = 𝑒𝑛𝑑𝑠𝑡𝑖𝑐𝑘)

𝑧𝑙𝑢𝑔𝑟𝑒(𝑡 = 𝑒𝑛𝑑𝑠𝑡𝑖𝑐𝑘)

⎤
⎥
⎥
⎥
⎦

(3.47)

Slip-to-stick transition
When a transition from slip to stick happens, the relative velocity between the pile and pad changes
direction. When the relative velocity changes from a positive to a negative value, the other way around
or zero, the pile and pad will stick to each other again. In Equation 3.48, the relative velocity is
calculated, whereas the velocity of the pad can be calculated as in Equation 3.48.

𝑣𝑟𝑒𝑙 = �̇�𝑝𝑖𝑙𝑒 − �̇�𝑝𝑎𝑑 (3.48)

�̇�𝑝𝑎𝑑 = �̇�𝐿𝛽 cos(𝛽) (3.49)

When Equation 3.50 is true, the simulation must change from the slip solver to the stick solver. The
signum of a function outputs the ”direction” of a value, so +, -, or zero, and the relative velocity of the
current time step needs to be compared with the relative velocity of the previous time step.

𝑠𝑔𝑛(𝑣𝑟𝑒𝑙𝑡) ≠ 𝑠𝑔𝑛(𝑣𝑟𝑒𝑙𝑡−1) (3.50)

Solver Overview
Due to the difference in degrees of freedom in stick and slip, two different solvers must be used in
Matlab. In stick, the system only has the degree of freedom of the pile since the motions of the pile
and upper centralizer are related. Constraint equations can describe the relation between the motions
of the pile and upper centralizer. See Equation 3.21. In slip, the pile and the upper centralizer have
their own degree of freedom. Hence, the slip solver has more variables. The condition to change from
stick to slip (Equation 3.32) and from slip to stick (Equation 3.50) determine whether the stick solver
or the slip solver will be used. A schematic overview is made in the flowchart in Figure 3.5. To start
the pile-driving, the pile must first reach its self-weight penetration. To reach this, a third solver is used
without the interaction of the template.

In Matlab, the flowchart is run through every time step, checking if it is in the suitable solver or needs to
stop the simulation and start the next solver. The model will begin at t = 0. A solver is started without
a template. The pile will penetrate the soil until the self-weight penetration is reached. The self-weight
penetration is reached when soil resistance is larger than the mass of the pile and hammer. When the
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self-weight penetration is reached, the pretension is applied to the pads, and the stick solver will start.
After the first time step, the solver will check whether the condition to change to the slip solver is met.
If it meets the condition, the slip solver will start the next time step and takes the last values of the stick
solver as initial conditions. If the condition is not met, the simulation stays in stick. Precisely the same
will happen for being in slip and changing to stick. The solver stops when the end time of the simulation
is reached.

Figure 3.5: The flowchart of the model





4
Model Verification & Validation

This chapter presents the verification and validation of the model, which is crucial to interpret results
and draw conclusions. If it is unclear to what extent this model resembles reality, the results of
the model are useless. Verifying a model focuses on evaluating whether a model is designed and
implemented correctly. The purpose of the verification is to identify and fix modeling errors. Validation
of the model focuses on assessing the performance of the model, for example, by comparing its results
with available data from measurements or literature. The model has different components and areas
of attention, being the hammer force, the pile-soil interaction, the stick-slip solver system and the
interaction between the pile and the template.

4.1. Validation of the soil-pile interaction

First, the interaction between the pile and the soil is validated. This validation is based on measured
soil data collected in the preliminary stage of the development of the Changfang and Xidao wind parks
by Boskalis. The resistance of the soil is measured with the use of cone penetration tests. These
tests are subsequently used to calculate the expected behavior of the pile during pile driving. These
calculations are done per location where a jacket needs to be installed. The exact place and spot used
in this case are confidential. With the soil data obtained from the cone penetration tests, the expected
self-weight penetration of the pile can be determined. The self-weight penetration of a foundation pile
is the amount of penetration into the seabed due to its mass and the mass of the impact hammer.
The pile will penetrate the seabed until the soil resistance is larger than the self-weight of the pile and
hammer. The expected self-weight penetration overview is shown in Figure 4.1. The colored lines show
the soil resistance to drive (SRD) for different scenarios. The best estimate SRD (red line) is used in
this case. SRD is the force needed to drive the pile into the soil. The black line in Figure 4.1 is the
self-weight of the pile and hammer. For the best estimate SRD, a self-weight penetration is expected at
a penetration depth of 8 to 17.8 meters. The best estimate means that this soil resistance is considered
the most likely value, which provides the most reliable approximation of the actual value. The expected
self-weight penetration of the pile and hammer, using the best estimate SRD, is around 9.8 meters.
The self-weight penetration range is extensive due to the different soil layers over depth. A constant
soil layer is assumed for the model.

25
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Figure 4.1: Estimated self-weight penetration of the pile [40]

In Figure 4.2, in blue, the pile penetration without the template in m as a function of time s can be seen.
This penetration results from the model without interacting with the pre-piling template and applying six
hammer blows. The mass of the hammer is taken into account. At t = 0 seconds, the pile is lowered into
the soil. At t = 22 seconds, the pile reached its self-weight penetration at around 10 m. This self-weight
penetration matches the expected self-weight penetration of the calculations from Figure 4.1.

Figure 4.2: The pile penetration without template and with a hammer energy of 10% of the total capacity
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Other calculations done by Boskalis based on the cone penetration tests are the number of blows
needed to penetrate the soil 0.25 m. To drive the pile efficiently into the soil, the energy used by the
impact hammer varies over depth. When the pile has a larger penetration depth, the soil resistance
is larger, and the used hammer energy also needs to be larger to achieve the same penetration per
blow of the hammer. The expected hammer energy over depth is given in Figure 4.3b. The depth
is expressed in meters below the seafloor (m BSF). In the hammer model, the same input energy
over depth is used. In Figure 4.3a, the expected number of hammer blows needed to gain 0.25 m
penetration is given. The expected blows/0.25m around the self-penetration for all the soil conditions
is around 3/4 blows. In Figure 4.4, the blue line represents the pile penetration without the template
in m as a function of time s is shown from the self-weight penetration during six hammer blows. The
blow count per 0.25m is around three blows, so this is of the same order. However, this comparison is
inaccurate since the calculated data is challenging to read in Figure 4.3a.

(a) Number of hammer blows needed to penetrate soil 0.25 meter [40] (b) The expected hammer energy needed over depth [40].

Figure 4.3: Soil data provided by Boskalis, this soil data is gathered at one of the locations to install a jacket at the Changfang
and Xidao wind farms [40].

Figure 4.4: Close up of the pile penetration without template and with a hammer energy of 10% of the total capacity
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Another way to verify the pile-soil model is to increase the input energy of the impact hammer. It is
expected that the penetration of the pile will increase when the energy input increases as well. In
Figure 4.5, the input force of the hammer onto the top of the pile can be seen. The energy used for
this calculation varies between 10% and 100%. Since the hammer force is determined by the impact
velocity Equation 3.8 and the impact velocity is determined by kinetic energy, double the amount of
energy will result in √2𝑣0 and √2𝐹(𝑡), see Equation 4.1 and Equation 3.8. The derivations of these
ratios can be seen in Appendix D. 𝐹(𝑡) is the hammer force over time, 𝐸ℎ𝑎𝑚𝑚𝑒𝑟 is the input energy of
the hammer, and 𝑚𝑟𝑎𝑚 is the mass of the ram in the hammer. In Figure 4.5, the hammer force [N] as a
function of time s for different hammer energy inputs can be seen. With double the amount of energy,
the force is multiplied by √2. The pile penetration m as a function of time s with different hammer energy
inputs can be seen in Figure 4.6. Six hammer blows were applied and the penetration is shown from
the self-weight penetration during the six hammer blows. The penetration increase does not have the
same ratio as the increase of the force since the resulting soil force is dependent on the velocity and
displacement. However, the increase in energy between 25% to 50% and 50% to 100% leads to the
same increment of the pile penetration between 25% to 50% and 50% to 100%, which is expected.

𝑣0 =
2𝐸ℎ𝑎𝑚𝑚𝑒𝑟
𝑚𝑟𝑎𝑚

(4.1)

Figure 4.5: Pile penetration without template and hammer force using varying hammer energy

Figure 4.6: Pile penetration without template and with a varying hammer energy
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4.2. Verification of the stick-slip interaction between pile and template
4.2.1. Varying the dynamic and static friction coefficient
This section will verify the interaction between the pile and the template. To test the interaction, the
dynamic friction coefficient 𝜇𝑑 will be varied between 0 and 0.3 [-]. The pads’ static friction coefficient 𝜇𝑠
is set at 0.3 [-] for this verification. The static friction coefficient of 0.3 is the by Huisman calculated static
friction coefficient between the pile and friction pads. So only difference in behavior is expected during
slip. In Figure 4.7, the pile penetration in m as a function of time in s applying two hammer blows can be
seen. The different colors represent the pile penetration for different dynamic friction coefficients. The
penetration is only shown during the two hammer blows. The pile penetrates the soil more per hammer
blow when the dynamic friction coefficient is lower and the duration of the penetration is longer. This
can be explained due to the lower dynamic friction force. The friction force slows down the pile less.
In Figure 4.8, the rotation of the upper centralizer in rad as a function of time in s applying two blows
can be seen. The lines in different colors represent the rotation of the centralizer for different dynamic
friction coefficients. The rotation is only shown during the two hammer blows. The upper centralizer
rotates less when the dynamic friction coefficient is lower. The duration of the slip period is also longer
using a lower friction coefficient because the pile slows down slower. This behavior of both the pile and
upper centralizer is expected.

Figure 4.7: behavior of the pile with different 𝜇𝑑

Figure 4.8: behavior of the upper centralizer with different 𝜇𝑑
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A simulation checks whether the combined model gives the expected results, where the static and
dynamic friction coefficients 𝜇𝑠 and 𝜇𝑑 are set to zero. When the static friction coefficient is set to zero,
no stick-slip switch is expected since the system is in constant slip because there is no interaction
between the pile and pad. The pile penetration per blow is expected to be the same as in Figure 4.2.
In Figure 4.9, in blue, the penetration in m as a function of time in s from the self-weight penetration
applying two blows can be seen. The penetration per blow with a static friction force set to zero is the
same as in the configuration without the template.

Figure 4.9: The static friction coefficient is set to zero to verify the pile penetration in the combined model

4.2.2. Verification of the relative velocity between the pile and pad
In Figure 4.10 to Figure 4.11b, the difference between the velocity of the pile and pad during two hammer
blows can be seen. The blue line represents the velocity of the pad in m/s as a function of time in s
and the red line represents the velocity of the pile in m/s as a function of time in s. The difference in
velocity, which can be seen in these figures, is calculated during the simulation with two hammer blows.
In Figure 4.11a, in the beginning, the velocity of the pile and the pad is the same. This is due to the
stick period before the first hammer stroke. When the hammer force acts on the top of the pile, the pile
begins to penetrate the soil. During stick, the pad moves with the same velocity as the pile. Then, the
slip period begins and the upper centralizer slows down. When the pile slows down, the relative velocity
becomes zero, the stick period starts, and again the pad moves with the same velocity as the pile. In
Figure 4.11a, in a close-up of the first blow, the rough difference in velocity can be seen during slip.
Because the separation of the pile and pad velocity is not very clear, vertical lines are added to show
the moment the system is in stick or slip. In Figure 4.11b, a close-up of the first blow in Figure 4.10 is
made. The close-up gives a detailed overview of the differences in velocity between the pile and pad
during stick and slip.
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Figure 4.10: The velocity of the pile versus the velocity of the pad

(a) A close-up of the relative velocity during the switch between stick
and slip

(b) A close-up of the relative velocity during the switch between stick
and slip

Figure 4.11: A close-up of the relative velocity during the switch between stick and slip

4.3. Validation of themodel usingmeasurements and literature data
4.3.1. Validation of the combined model using field data
Unfortunately, accurate validation of the combinedmodel using field data was impossible. The available
data gathered during the installation of Changfang and Xidao wasmeasured at 1 Hz. Since the duration
of a blow of the impact hammer is typically of the order of 10-20 milliseconds, a lot of valuable data
wasn’t measured. To capture the template’s response accurately enough the sample rate should have
been around 5 kHz to capture the template’s response accurately enough. Another problem in capturing
data during pile driving was the location of the accelerometers. The accelerometers were located at the
center of the pre-piling template and not at the upper centralizers. Nothing could have been said about
the behavior of the upper centralizers. However, vibration transferred from the pile to the template could
have been seen. To validate the model in the future, data needs to be gathered at a frequency high
enough to collect valuable information on the interaction between the pile and the pre-piling template.
Also, the location of the sensors needs to be reconsidered.
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4.3.2. Validation of the stick-slip solver
A simple mass-spring system on a conveyor belt validates the solver layout and the conditions when
changing between stick and slip. The solvers used in this example are in the same configuration as
in the complete model. The modeled system is schematically represented in Figure 4.12. The results
are validated with a conveyor-belt example by Chen, S. & Zhang, Z. [41]. This paper compares a
switching model only using static and dynamic friction coefficients, called Coulomb-stiction, and the
use of the Stribeck effect. The Stribeck effect takes the change in dynamic friction force due to the
change in velocity into account. Since the Stribeck effect is neglected for the pile and friction pads
interaction, only a comparison is made with the Coulomb-stiction results. The same parameters as
in the paper are used. The parameters can be seen in Figure 4.13. The The𝑣(𝑡), a mass 𝑚, spring
stiffness 𝑘, a static friction coefficient 𝜇𝑠, and a dynamic friction coefficient 𝜇𝑘. The mass first sticks to
the belt and displaces at the same speed as the conveyor belt. The spring force, 𝐹𝑘, increases with the
displacement. The static friction force is derived as Equation 4.3. When Equation 4.4 is met at 0.74 m,
the mass will slip and be pulled back by the spring until the relative velocity between the mass and the
belt is zero or changes direction.

𝐹𝑘 = 𝑢1𝑘 (4.2)

𝐹𝑓,𝑠𝑡𝑎𝑡𝑖𝑐 = 𝜇𝑠𝐹𝑁, where 𝐹𝑁 = 𝑚𝑔 (4.3)

𝐹𝑘 >= 𝐹𝑓𝑠𝑡𝑎𝑡𝑖𝑐 (4.4)

𝑢1 >=
𝜇𝑠𝐹𝑁
𝑘 (4.5)

𝑢1 >= 0.74𝑚 (4.6)

Figure 4.12: Simplified conveyor-belt system to prove the
concept of stick-slip

Parameter Value
mass of the body, 𝑚 [kg] 1
belt velocity, 𝑣(𝑡) [m/s] 0.1
spring stiffness, 𝑘 [N/m] 2
static friction coefficient, 𝜇𝑠 [-] 0.15
dynamic friction coefficient, 𝜇𝑑 [-] 0.1
initial velocity, 𝑣0 [m/s] 0.1
gravity acceleration, 𝑔 [m/s2] 9.81

Figure 4.13: Parameters of the conveyor belt example

In Figure 4.14a, the displacement and velocity of the mass on the belt can be seen. The blue line
represents the displacement of the mass in m on the conveyor belt as a function of time in s and the
red line represents the velocity of the mass in m/s on the conveyor belt as a function of time in s. Both
displacement and velocity can be read at the x-axis. This is the result of the switching model made in
Matlab using the solver layout from Figure 3.5. Also, the relative velocity can be seen in Figure 4.14b.
Here the red line represents the relative velocity between the mass and the conveyor belt as a function
of time. The vertical black lines show the moment the model switches to stick or slip. The mass is
transitioning from stick to slip at u1 = 0.74 m. Also, the mass sticks to the conveyor belt again when
the relative velocity between the belt and mass is zero or changes direction. In Figure 4.15a and
Figure 4.15b, respectively, the displacement in m and the velocity in m/s as a function of time of the
mass calculated using [41] can be seen. The results are comparable, and the moments of transitioning
between stick and slip happen at the exact moments at the same displacements.
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(a) The displacement and velocity of the mass on conveyor-belt. (b) Relative velocity between the mass and conveyor-belt.

Figure 4.14: The results of the mass on the conveyor-belt using stick-slip switching model.

(a) The displacement and velocity of the mass on conveyor-belt [41]. (b) Velocity of the mass on the conveyor-belt [41].

Figure 4.15: The results of the mass on the conveyor-belt [41]



34 4. Model Verification & Validation

4.3.3. Validation of the impact hammer model
In this section, the hammer force over time is validated. The hammer force is applied on the top of
the pile as an external force, using the analytical model proposed by Deeks & Randolph [33]. The
BSP 357 hammer is used in the paper’s analytical model. In Figure 4.16a, the force-time of the BSP
357 hammer can be seen. It is compared with field data of the same hammer. The thick black line
shows the hammer force calculated by the model in the literature in kN as a function of time in s, the
thin black line shows the hammer force from the field data in kN as a function of time in s. The peak
force and the duration of the force are the same for the analytical model and the field data. However,
the analytical force curve is much smoother since the hammer and pile vibrations are neglected in the
analytical model.

(a) Force-time curve of the BSP 357 Hammer validated with field data.
[33]

(b) Comparison of the influence of different dimensionless anvil
masses [33]

Figure 4.16: Force-time graphs of the BSP357 hammer, the left figure validated with field data and the right figure is the
dimensionless force with different dimensionless anvil masses [33].

For the model in this thesis, a Menck 1900s hammer is used. The energy capacity for this hammer is
1900kJ. When the capacity of the hammer is ultimately used, a force-time graph is calculated, which
can be seen in Figure 4.17. The blue line represents the hammer force in N as a function of time in s.
The dimensionless force-time graph of the Menck hammer can be seen in Figure 4.18. The blue line
represents the dimensionless hammer force as a function of dimensionless time. Since the mass of the
anvil of the Menck hammer is unknown, it is assumed to be zero in the analytical model. A comparison
can be made with Figure 4.16b. In this figure, the dimensionless force over time, the different black
lines represent different dimensionless hammer force curves for different dimensionless anvil masses.
Due to the neglected anvil mass, the force will increase faster than with anvil mass. However, this
only influences the peak force. The transferred energy will be roughly the same. It is hard to compare
the force-time graph of Figure 4.17 with Figure 4.16a. The energy capacity for the BSP 357 hammer
is unknown, so it is hard to compare the peak force of the Menck and the BSP 357 hammer. Also,
different ram masses and piles are used. The only comparison can be made between the shape of the
dimensionless force of the BSP 357 hammer and the Menck 1900s hammer. An anvil mass is used for
the BSP 357 hammer. For the Menck hammer, the anvil mass is neglected. So, there is an expected
difference in the start of the force-time graph of the BSP and the Menck hammer.
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Figure 4.17: Force-time curve of the Menck 1900s hammer calculated using the hammer model.

Figure 4.18: Dimensionless force-time curve of the Menck 1900s hammer calculated using the hammer model.
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4.4. Discussion
First, the pile-driving was verified without interacting with the pre-piling template using collected soil
data from the installation locations. The expected self-weight penetration of the pile corresponds with
the results from the model. Also, the penetration per hammer blow does correspond to the expected
penetration. Soil can vary a lot over the area of an installation location, and a soil profile over the depth
is never homogeneous. In this model, the soil parameters are the same for the whole depth and area
of the location. The resistance of the soil increases linearly with the depth. The results of the pile-soil
interaction will be an interpretation of reality and will never give the exact results. Finally, the increase
of the penetration due to the increase of hammer force was related to each other, and no unexpected
results were seen.

The interaction between the pile and the upper centralizer during slip, alternating the dynamic friction
coefficient, meets the expectations. The pile penetrates the soil more, and the upper centralizer rotates
less when lowering the dynamic friction coefficient. When the static friction coefficient is set to zero,
the behavior of the pile is the same as the behavior of the pile without a pre-piling template.

The difference in velocity between the pile and the pad is acting as expected. The velocities are equal
during stick, and the pad and the pile have different velocities during slip. The system changes to stick
when the relative velocity becomes zero.

After that, the use of the different alternating solvers was validated using a simplemodel of amass-spring
system on a conveyor belt. Using results from a paper, switching between the stick and slip solver
happened at the right time and displacement. Also, switching back from slip to stick happened when
the relative velocity was zero. The solver layout has proven to work.

Finally, the model describing the impact hammer was validated using Literature data. Comparing this
data, the dimensionless force-time curve of the Menck 1900s hammer does match the literature, which
results in the curve in Figure 4.17. The analytical model is validated using field data from the BSP 357
hammer. However, the lack of field data of the Menck 1900S hammer makes it hard to predict exactly
the force-time curve exerted on the top of the pile.

The different parts of the model are verified and validated. However, validating the combined model
using experimental field data is impossible. The conclusions can be drawn qualitatively but not quantitatively.
More field data is needed to validate the model quantitatively.
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Results and analysis of the results

In this chapter, the results of the model and simulation are presented. Since the combined model isn’t
validated, the simulation results cannot be related to reality. However, the results will be analyzed, and
conclusions will be drawn.

The simulations are done using the friction coefficients of the pad. The pad’s static friction coefficient
𝜇𝑠 is 0.3 [-], and the dynamic friction coefficient 𝜇𝑑 is 0.16 [-]. The time step chosen for the simulation
is 1 ∗ 10−4 [s]. This time step is determined to collect enough data points during the impact of the
hammer. Another critical parameter of the simulation is the pretension applied by the pads on the pile.
The pretension applied on the pile is 98 kN. The initial values and the parameters can be found in
Table 5.1. The impact hammer energy used is 10% following Figure 4.3b. First, a simulation is done
with two hammer blows. Later a simulation applies six hammer blows.

Parameter Value
Time step, Δ𝑡 [s] 1 ∗ 10−4
Static friction coefficient, 𝜇𝑠 [-] 0.3
Dynamic friction coefficient, 𝜇𝑑 [-] 0.16
Pretension, 𝐹𝑝𝑟𝑒 [kN] 98
Initial penetration pile, 𝑧𝑝𝑖𝑙𝑒 [m] 0
Initial velocity pile, 𝑣 [m/s] 0
Initial rotation upper centralizer, 𝜃 [rad] 0
Initial rotation upper centralizer, �̇� [rad/s] 0

Table 5.1: Parameters for the simulation of the interaction between the pile and the pre-piling template

5.1. Response of the pile
In Figure 5.1a, the response of the pile applying two hammer blows can be seen. The blue line
represents the pile penetration in m, see left x-axis, as a function of time in m and the red line represents
the pile velocity in m/s, see right x-axis, as a function of time. In Figure 5.1b, a close-up of Figure 5.1a is
made. First, the pile penetrates the soil until the self-weight penetration is reached. Until the self-weight
penetration is reached, the pre-piling template isn’t clamping and centering the foundation pile. At t=39
s, the pretension is applied to the pads, and the pads rotate and clamp the pile, see Figure 5.2a. In
Figure 5.6, the normal force between the pile and pad at t = 39 s is 98 kN due to the pretension.

After the pretension is applied, the first blow is exerted on the top of the pile at t = 44 s. In both
Figure 5.1a and Figure 5.1b, the penetration due to the blows of the hammer can be seen. Due to
the static and dynamic friction force, the penetration of the pile is less than not clamped in by the pads
of the pre-piling template. Where the penetration of the pile without the pre-piling template with the
same hammer energy at the same soil depth was 8 cm (Figure 4.2). With the pre-piling template, the
penetration of the pile is 4 cm per blow.

37
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(a) Displacement and velocity of the pile with the template, 𝜇𝑑 = 0.16
and 𝜇𝑠 = 0.3

(b) Close-up of the displacement and velocity of the pile with the
template, 𝜇𝑑 = 0.16 and 𝜇𝑠 = 0.3

Figure 5.1: Displacement and velocity of the pile with the template, 𝜇𝑑 = 0.16 and 𝜇𝑠 = 0.3

5.2. Template response during pile installation
In Figure 5.2a to Figure 5.3, the blue line represents the rotation of the centralizer in rad as a function of
time in s during two hammer blows. In Figure 5.2a and Figure 5.2b, the black vertical lines represent the
moment the pretension is applied and the moment the first hammer blow is applied. In Figure 5.3, the
vertical black lines represent the moment the system is in stick or slip. First, the pads are disconnected
from the pile. The rotation of the upper centralizer is zero, and there isn’t any interaction between
the pile and the pre-piling template. The pretension is applied on the pads when the pile reaches its
self-weight penetration. The centralizer rotates at t = 39 s due to the applied pretension. After the
pretension is applied, the first hammer blow is applied on the top of the pile. This happens at t = 44 s.

(a) Rotation of the upper centralizer of the template, 𝜇𝑑 = 0.16 and
𝜇𝑠 = 0.3

(b) Close-up of the rotation of the upper centralizer of the template,
𝜇𝑑 = 0.16 and 𝜇𝑠 = 0.3

Figure 5.2: Rotation of the upper centralizer of the template, 𝜇𝑑 = 0.16 and 𝜇𝑠 = 0.3

In Figure 5.3, a close-up is made at the time of the first blow. The upper centralizer rotates due to the
hammer blow and because it sticks to the pile. Slip is initiated when the vertical force between the
pile and pad is higher than the critical friction force. During slip, the rotation of the upper centralizer
remains constant. The normal force remains constant, and thus also the friction force that rotates
the upper centralizer in the positive direction. During slip, the moments around point 𝐶 are balanced
at this rotation. The upper centralizer’s rotation depends on the dynamic friction coefficient, as seen
in Figure 4.8. When the relative velocity between the pad and the pile becomes zero or changes
direction, the pad and pile will stick again. At approximately t = 44.3 s, the relative velocity between the
pile and pad is zero, so the pad and the pile will stick together. See Equation 3.48. However, due to the
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combination of the soil parameters and the damping in the system, the system is slightly underdamped.
This causes the pile velocity to oscillate around zero before it comes to a stop. In Figure 4.11b, the
oscillation of the pile can be seen. This results in a slight upward movement of the pile, and the upper
centralizer rotates beyond the initial rotation due to the pretension.

Figure 5.3: Close-up of the rotation of the upper centralizer of the template, 𝜇𝑑 = 0.16 and 𝜇𝑠 = 0.3

A simulation is done with six blows to see the upper centralizer’s behavior after more than two hammer
strokes. After three blows, a pattern emerged. This can be seen in Figure 5.4. The blue line represents
the rotation of the upper centralizer in rad as a function of time in s. Due to the negative rotation after the
first two blows, the normal force between the pile and pad has become less. Due to the lower normal
force, the static friction force is also less. This results in more penetration and pile velocity during
the third blow. The behavior during the third hammer blow is shown in the close-up of the centralizer
rotation. First, the upper centralizer rotates until the equilibrium situation is reached, just as during
the first two hammer strokes. When the pile stops, stick occurs. However, other than during the first
two blows, the pile had a higher velocity and penetration, so it bounces back a bit more. This pile
behavior results in another slip situation. This time, the friction force creates a negative moment on
the centralizer. The relative velocity again becomes zero, and stick happens again. In Figure 5.5, a
close-up of Figure 5.4 during the third hammer blow is made. Here, switching between stick and slip
and the behavior of the upper centralizer during the third hammer stroke can be seen.
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Figure 5.4: The rotation of the upper centralizer with six hammer blows, 𝜇𝑑 = 0.16 and 𝜇𝑠 = 0.3

Figure 5.5: Close-up of the rotation of the upper centralizer with six hammer blows, 𝜇𝑑 = 0.16 and 𝜇𝑠 = 0.3
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5.2.1. The normal force between the pile and pad
The normal force between the pile and pad is directly related to the rotation of the upper centralizer.
In Figure 5.6, an increase in normal force can be seen during the slip periods of the simulation, two
hammer blows where applied. The blue line represents the normal force in kN between the pile and
pad as a function of time in s. The design of the upper centralizers causes the normal force to increase
during pile driving. This results in a higher friction force between the pile and pad during slip. The pile
penetrates the soil less per hammer stroke, and the upper centralizer rotates more.

Figure 5.6: The normal force between the pile and pad

5.2.2. Comparison between roller and pad simulation
In Figure 5.7 and Figure 5.8, a comparison can be made between the simulation results of the pre-piling
template with use of friction pads and the use of rollers applying two hammer blows. In Figure 5.7, the
blue line represents the pile penetration with the use of rollers in m as a function of time in s and the
orange line represents the pile penetration using friction pads in m as a function of time s. The figure
shows the pile penetration due to two blows from the self-weight penetration. In Figure 5.8, the blue
line represents the rotation of the centralizer with the use of rollers in rad as a function of time in s and
the orange line represents the rotation of the centralizer using friction pads in rad as a function of time s.
The figure shows the rotation due to two blows, the initial rotation is initiated by the applied pretension.
In the simulation with friction pads, the static and dynamic friction coefficients are respectively 0.3 and
0.16. In the simulation to represent rollers, the static friction coefficient is set to zero, and the dynamic
friction force is set very low. Modeling a roller means no stick since a roller is free to rotate. The low
dynamic friction coefficient represents the rolling friction of a roller. In Figure 5.7, the penetration of the
pile can be seen for both the configuration of the pads and the roller. There is a significant difference in
penetration per hammer stroke. The penetration of the pile with a roller is much higher than with pads.
Three blows are needed with the pads to gain the same penetration as using the rollers. In Figure 5.8,
in the configuration of the pads, the upper centralizer moves just after the impact for the hammer. The
energy lost in the penetration of the pile is converted into the rotation of the upper centralizers of the
pre-piling template. The rotation of the upper centralizer in the simulation with rollers is constant due
to the low friction force. The pretension initiates the initial rotation of the upper centralizer with rollers.
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Figure 5.7: Results of the simulation to compare roller vs. pad, pile penetration.

Figure 5.8: Results of the simulation to compare the rotation of the upper centralizer using rollers and pads.

To determine the energy dissipation due to the interaction of the pile with the pads during pile installation,
a comparison is made between the power transferred by the pile and the power transferred by the pile
to the pads. The difference between the powers determined gives the rate of the energy dissipation
per hammer blow into the template. Power, 𝑃 in watts, is the amount of energy transferred in a unit
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of time. The power is defined using work 𝑊 and time 𝑡. Since work, 𝑊 is defined as force 𝐹 times
displacement 𝑑 and velocity 𝑣 as displacement over time. Substituting Equation 5.2 into Equation 5.1
gives Equation 5.3. So by integrating the difference over time, the total energy dissipation, 𝐸𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑
in J per hammer blow can be determined.

𝑃 = 𝑊
𝑡 (5.1)

𝑊 = 𝐹 ∗ 𝑑, where 𝑣 = 𝑑
𝑡 (5.2)

𝑃 = 𝐹 ∗ 𝑣 (5.3)

The relative velocity of the pad 𝑣𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒,𝑝𝑎𝑑 with respect to the template and the vertical force 𝐹𝑣 between
the pile and pad is used to calculate the energy transferred from the pile to the pad. The relative velocity
of the pad is equal to the velocity of the pad because the motions of the template are assumed zero.
The vertical force is derived in Equation 3.22. Using Equation 5.4, the total energy dissipation into the
template can be calculated. Comparing this to the applied energy by the hammer onto the pile gives
us the percentage of energy loss per hammer blow.

𝐸𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑 = ∫𝐹𝑣 ∗ 𝑣𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒,𝑝𝑎𝑑 ∗ 𝑑𝑡 (5.4)

With Equation 5.4, the total energy dissipated into all four upper centralizers can be calculated. In this
simulation, the hammer’s applied energy is 190 kJ, 10% of its maximum capacity. The total energy loss
is 37 kJ or 19.5% of the applied energy per blow. Leading to less penetration depth of the pile, rotation
of the upper centralizer and vibrations of the template. The calculated energy dissipation has a broad
frequency spectrum and therefore, a significant amount of energy goes into high-frequency vibrations.
These high-frequency vibrations can induce vibrations in the secondary steel. Resonance and fatigue
can eventually cause damage to the template depending on the number of load cycles and the natural
frequency of the secondary steel.

5.3. Discussion
The results show the behavior of the pile and pre-piling template during pile driving. The pile’s behavior
compared to the simulation results without the pre-piling template are quite different. An influence of the
friction pads on the penetration of the pile can be seen in the decrease of pile penetration per hammer
blow. This behavior is expected due to the additional friction forces acting on the pile.

The results of the simulation show that during pile driving, the upper centralizer rotates and increases
the normal force between the pile and the pad. The rotation is started during stick. The pad first follows
the pile, and when the resulting vertical force between the pad and the pile is larger than the friction
force, slip is started, and the pad slows down. The pad doesn’t rotate back to its initial position. This is
due to the dynamic friction between the pile and the pad. This friction acts on the pad until the relative
velocity between the pile and pad is zero or changes direction. Due to the upper centralizer’s design
and the triangle’s point of rotation, the pads are pushed inwards as the pads move downward. Due to
the friction between the pile and the pads, these pads move down with the pile during installation as
long as the pads stick to the pile. The inward displacement of the pad increases the normal force. This
leads to a larger friction force between the pile and the pad, which causes a decrease in pile penetration
per hammer stroke and increases energy dissipation into the template.

In Figure 5.9, it can be seen that the pad moves inward and downward due to the upper centralizer’s
rotation. The initial position of the upper centralizer can be seen in black and the red upper centralizer
represents the by 𝜃 rotated upper centralizer.
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Figure 5.9: The rotation of the upper centralizer leads to an inward and downward displacement of the pad. The initial position
of the upper centralizer can be seen in black and the red upper centralizer represents the by 𝜃 rotated upper centralizer.

When the pile is hammered down, before it stops moving, the velocity oscillates a bit around zero. The
combination of soil parameters and damping in the system leads to a slightly underdamped system.
The oscillation is not significant in relation to the penetration per blow and the velocity of the pile.
However, it does lead to a new steady state position of the pad in stick.

The differences due to the changes in friction coefficient are expected. Due to a lower dynamic friction
coefficient and a static friction coefficient of zero, the pile penetration is larger per hammer blow, and
there is just a small rotation of the upper centralizer due to a minimal dynamic friction force. These
results could be related to using a roller instead of pads. With the implementation of a roller, there
is no stick and slip. The roller can move freely. This results in a penetration per blow comparable to
that without the template and larger than using friction pads. The lower penetration per blow increases
the number of blows for the complete pile driving process of the foundation pile. The template will be
more often exposed to loads between the pile and the pad and energy dissipation into the template.
The calculated energy dissipation has a broad frequency spectrum and therefore, a significant amount
of energy goes into high-frequency vibrations. These vibrations cause the secondary steel to vibrate,
which can damage this secondary steel.

From these results, conclusions can be drawn. However, these conclusions must be drawn carefully
since the combined model is not validated.
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Conclusion and Recommendations

6.1. Conclusions
This thesis examines the interaction between a foundation pile and a pre-piling template. A model
was developed to describe the behavior of the pile and pre-piling template. The main objective was to
identify the possible reasons for the damage to the pre-piling template’s secondary steel. To complete
the objective, a research question was stated:

What are the possible reasons for the damage to the secondary steel of the pre-piling template
during the installation of the foundation piles?
This question is broken down into three sub-questions. These questions will be answered in this
conclusion. Before answering the questions, it needs to be stated that the simulation results of the
interaction between the pile and pre-piling template aren’t validated by experimental or field data. The
results and conclusions need to be quantitatively validated in future research.

1. What possible reasons could result in the pile template interaction causing damage to the
pre-piling template?
To answer this sub-question, a literature review was performed. Based on the literature, there could
be a few possible reasons causing additional loads on the template. Different loads described in the
literature can cause potential damage to the template. First, there are hydrodynamic loads that can
cause the piles to sway and apply extra loads on the template. Also, vibrations and radial expansion of
the pile due to propagating stress waves through the pile due to pile driving can cause increasing loads
and vibrations transferred from the pile to the template. Lastly, retrieving the template from the seabed
and transitioning the template through the wave zone can also increase the loads on the template. The
difference between the templates used in the literature and the template researched in this thesis is
the use of friction pads instead of rollers. These friction pads could significantly influence the loads on
the template.

2. How does the current design influence the interaction between the pile and the pad?
Due to the upper centralizer’s design and the triangle’s point of rotation, the pads are pushed inwards
as the pads move downward. Due to the friction between the pile and the pads, these pads move down
with the pile during installation as long as the pads stick to the pile. However, as explained, even during
slip, the pads remain at a location lower than the original pad location. As a result, both during stick
and slip, the rotation of the triangle in the upper centralizer causes the normal force between the pad
and the pile to increase. This leads to even higher friction forces and therefore an even larger energy
dissipation due to the pile-template interaction.

3. How can the design be adjusted so that less damage occurs to the pre-piling template?
Since many pre-piling templates use rollers instead of friction pads to centralize and align foundation
piles, the choice wasmade to run some simulations with different dynamic and static friction coefficients.
From the results using different friction coefficients, it could be concluded that using pads instead of
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rollers influences the pile’s behavior and the pre-piling template. The pile penetration was less, and the
rotation of the upper centralizer was more, using a higher friction coefficient. When the static friction
coefficient was set to zero and only applied a very low dynamic friction force to the pile and pad, the pile
penetration per blow was comparable to the pile without the template. The energy applied to the system
was the same during both simulations. The results show more energy dissipation from the pile to the
pre-piling template when using friction pads. The lower penetration per blow and the higher energy
dissipation into the system lead to an increasing number of total blows during the complete installation
of a foundation pile and, therefore, more load cycles. An increasing number of load cycles will faster
lead to fatigue of the template. Using a low dynamic and no static friction coefficient can be seen as
simulating rollers. Using rollers instead of friction pads will decrease the energy dissipation into the
template. It would be plausible that less energy dissipation leads to less damage to the pre-piling
template. A different orientation of the upper centralizer could also lead to a different interaction
between the pile and the template. However, since the effect of different orientations isn’t investigated
in this thesis, further research is necessary to draw conclusions.

Coming back to the main research question:

What are the possible reasons for the damage to the secondary steel of the pre-piling template
during the installation of the foundation piles?

It can be concluded that the use of friction pads and the orientation of the upper centralizer certainly
influence the interaction between the pile and the pad. The design of this pre-piling template could be
one of the possible reasons causing the damage to the template. Even though the results of the model
have not been quantitatively validated, themodel qualitatively shows that the use of friction pads causes
a significant amount of pile driving energy to be transferred to the template. This not only leads to less
energy being used for the pile penetration, thereby requiring additional blows and a longer installation
time to reach the required penetration depth, but it also likely leads to the high-frequency vibrations
that cause damage to the secondary steel of the pre-piling template. This effect is even amplified by
the additional blows required to reach the required pile penetration.

Based on the results and conclusions, the hypothesis can be answered. Repeating the hypothesis:

The current design of the upper centralizers causes an increase of the peak normal force and
thus of the friction force between the pile and pads while hammering the pile through the
pre-piling template resulting in damage to the secondary steel of the pre-piling template.

Based on the conclusions, the hypothesis cannot be proven fully. The results do show an increased
peak normal force between the pile and the pad, leading to an increased friction force between the
pile and the pad. This interaction causes an increase in energy dissipation into the template, which
leads to high-frequency vibrations that likely cause damage to the secondary steel. The template is
also exposed to more blows while installing one foundation pile. However, it couldn’t be proven that
the current design is the only cause of damage to the secondary steel of the pre-piling template. More
extensive research and validation should be done to prove the hypothesis fully.

6.2. Recommendations
6.2.1. Recommendations for further research
For future research, it is recommended that the pile is not modeled as a rigid body but incorporate
flexibility to allow for wave propagation and radial expansion due to pile driving. A combination of the
interaction of the friction pads, wave propagation and radial expansion of the pile due to the impact force
of the hammer could show an increase or decrease of energy dissipation into the pre-piling template.
Another recommendation is to incorporate the template geometry as well as its secondary steel. Then
a study can be done into the vibrations of the secondary steel and template to say something about
the vibrations and energy dissipation into the secondary steel.
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Also, the effect of hydrodynamic loads on the installation process should be taken into account in
future research. Hydrodynamic loads can cause the foundation piles to sway or bend, leading to an
asymmetrical load on the pads. This could cause asymmetrical distribution of loads and lead to possible
changes to the energy flow between the pile and the template.

6.2.2. Recommendations for Huisman
For future design choices of pre-piling templates, it would be recommended to reconsider using rollers.
Since rollers have a smaller friction coefficient than friction pads, the dissipation of energy into the
pre-piling template due to friction forces could be less. Another design of the upper centralizer also
could be considered. Change the design of the centralizer so that the rotation point is above the pads.
In this orientation, there probably will not be a self-reinforcing effect on the normal force during pile
driving.

The field data gathered by Huisman during the use of the pre-piling template was measured at 1Hz and
only with one accelerometer in the middle of the pad. However, to validate the results from chapter 5,
it is recommended to install accelerometers on the pads and sleeves. The frequency of the sensors
should be in the range of the impact of the hammer. In chapter 4, it can be seen that the typical
duration of the impact of a hammer is around 0.015 seconds. To measure the influence of the impact
accurately, it is recommended to increase the frequency of the sensors. Zampolli [42] experimented to
validate the predictions of underwater noise. To measure the accelerations and vibrations in the pile
induced by the hammer impact, an accelerometer with a sampling rate of 5 kHz was used. The impact
characteristics of the hammer used are the same as those used in this research. To prevent big data
sets, the measurements need to be timed tactically.
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A
Derivations

All the derivations used in Subsection 3.2.3 are presented in this appendix. The small angle approximation
is used for 𝜃 in all the derivations. The small angle approximation can be used when 𝜃 « 0. The following
approximations can be made for all the derivations where theta is used (Equation A.1).

sin𝜃 ≈ 𝜃, cos𝜃 ≈ 1 − 𝜃
2

2 ≈ 1, tan𝜃 ≈ 𝜃 (A.1)

A.1. Derivations
A.1.1. Derivation of 𝑀ℎ and 𝑀𝑣
In Figure A.1, a closeup of point A can be seen. This section clarifies the derivation of the contributing
forces 𝐹ℎ and 𝐹𝑣. First, the moments around point c are described. The forces used for the moment
are chosen perpendicular to the arm 𝐿𝛽, so𝑀ℎ and𝑀𝑣 can be written as Equation A.2. Then the forces
𝐹𝑣 and 𝐹ℎ written in the normal plane of the system can be expressed by 𝐹′𝑣 and 𝐹′ℎ (Equation A.3)
substitute in Equation A.2 will result in Equation A.5.

𝑀ℎ = 𝐹′ℎ𝐿𝛽
𝑀𝑣 = 𝐹′𝑣𝐿𝛽 (A.2)

𝑠𝑖𝑛(𝛽) = 𝐹′ℎ
𝐹ℎ

𝑐𝑜𝑠(𝛽) = 𝐹′𝑣
𝐹𝑣

(A.3)

𝐹′ℎ = 𝐹ℎ𝑠𝑖𝑛(𝛽)
𝐹′𝑣 = 𝐹𝑣𝑐𝑜𝑠(𝛽) (A.4)

𝑀ℎ = 𝐹ℎ𝐿𝛽𝑠𝑖𝑛(𝛽)
𝑀𝑣 = 𝐹𝑣𝐿𝛽𝑐𝑜𝑠(𝛽) (A.5)
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Figure A.1: Close up of point A to derive Mh and Mv
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A.1.2. Derivation of 𝑀𝑐𝑦𝑙

Figure A.2: Close up of point B to derive Mcyl

The force applied by the cylinder and damper is determined by the displacement of points B and D
and The velocity of point B. In Equation A.6, the derivation of the displacement and velocity of point
B is shown. With the approach of the arm 𝐿𝛼 (Equation A.7) chosen perpendicular to B-D, there is
no need to use the horizontal and vertical displacement and velocity of B and the use of arm L2. 𝑈𝑑
will be calculated in Appendix A.1.4. The positive direction of the force is applied due to a positive 𝑈𝑑
displacement. The displacement of B will lead to a decrease in the force the cylinder applies.

𝑈𝑏 = 𝐿𝛼𝑡𝑎𝑛(𝜃) ≈ 𝐿𝛼𝜃
�̇�𝑏 = 𝐿𝛼�̇�

(A.6)

𝐿𝛼 = 𝐿2 cos(𝛼) (A.7)

From Equation A.6, the stiffness and damping of the cylinder (𝑘𝑐𝑦𝑙 and 𝑐𝑐𝑦𝑙) the cylinder force can
be calculated using Equation A.8. Ultimately the moment due to the cylinder can be described as
Equation A.9 due to the perpendicular chosen arm 𝐿𝛼.

𝐹𝑐𝑦𝑙 = 𝑘𝑐𝑦𝑙(𝑈𝑑 − 𝑈𝑏) + 𝑐𝑐𝑦𝑙(�̇�𝑑 − �̇�𝑏) (A.8)

𝑀𝑐𝑦𝑙 = 𝐹𝑐𝑦𝑙𝐿𝛼
= 𝑘𝑐𝑦𝑙(𝑈𝑑 − 𝐿𝛼𝜃)𝐿𝛼 + 𝑐𝑐𝑦𝑙(�̇�𝑑 − 𝐿𝛼�̇�)

(A.9)
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A.1.3. Derivation of 𝐹ℎ

Figure A.3: Close up of point A to derive Fh

The rotation of the triangle describes 𝐹ℎ, and consequently, the horizontal motion of A described as
𝑈𝐴,𝐻. 𝑈𝐴,𝐻 follows from 𝑈𝐴 which is calculated in Equation A.10. Due to the equivalent stiffness 𝑘𝑒𝑞 of
the pile and the horizontal displacement of A, the force 𝐹ℎ can be derived. From Subsection A.1.3, the
following equations can be determined.

𝑈𝐴 = 𝐿𝛽𝑡𝑎𝑛(𝜃) ≈ 𝐿𝛽𝜃 (A.10)

𝐹ℎ = 𝑘𝑒𝑞𝑈𝐴,𝐻
= 𝑘𝑒𝑞𝑈𝐴𝑠𝑖𝑛(𝛽)
= 𝑘𝑒𝑞𝐿𝛽𝜃𝑠𝑖𝑛(𝛽)

(A.11)

A.1.4. Calculation of 𝑈𝑑
to be applied by the pad. In point A, the pretension is applied as a force 𝐹𝑝𝑟𝑒. To calculate the initial
rotation of the upper centralizer, Equation A.12 and Equation A.13 are used.

𝐹𝑝𝑟𝑒 = 𝐹ℎ,𝑖𝑛𝑖𝑡
= 𝑘𝑒𝑞𝐿𝛽𝜃𝑖𝑛𝑖𝑡𝑠𝑖𝑛(𝛽) (A.12)

𝜃𝑖𝑛𝑖𝑡 =
𝐹𝑝𝑟𝑒

𝑘𝑒𝑞𝐿𝛽𝑠𝑖𝑛(𝛽)
(A.13)

To prevent the hydraulic cylinder (𝑘𝑐𝑦𝑙 and 𝑐𝑐𝑦𝑙) from applying a countermoment on the upper centralizer,
the initial length of the hydraulic cylinder needs to be corrected. This can be done by moving point D.
𝑈𝐷 can be calculated using 𝐿𝛼 and 𝜃𝑖𝑛𝑖𝑡 see Equation A.14.

𝑈𝐷 = 𝐿𝛼𝜃𝑖𝑛𝑖𝑡 (A.14)



B
Equivalent radial stiffness of the pile

To calculate the equivalent stiffness of the pile, ANSYS is used to perform a Finite Element Analysis
to calculate the equivalent stiffness of the pile. First, a 3D model was made with the software Rhino6.
The pile parameters used can be seen in Table B.1, assuming the pile is made of structural steel. The
length of the pile is taken so that it does not influence the results of the FEA. However, not the entire
length of the pile is modeled.

D_{pile} [m] t_{pile} [m]
3.5 0.05

Table B.1: Foundation pile parameters

In Figure B.1, the mesh made for the FEA can be seen. The places where the pads will apply a
force are meshed finer to obtain more accurate results at those places since they are the places of
interest. A force is applied in the normal direction at all four places. The pads should have exerted a
force. A symmetrical approach is chosen because the pile-template interaction model also assumes
symmetrical loads.

Figure B.1: Picture of the mesh made in ANSYS
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58 B. Equivalent radial stiffness of the pile

Figure B.2: The results of the ANSYS FEA of the pile.

In Figure B.2, the results of the FEA can be seen. The deformations are enlarged to be able to see
the deformation. The choice is made to use the average deformation of the area of the pads. Using
Equation B.1, the stiffness of the pile can be calculated. In Table B.2, the results of the FEA are
presented. The equivalent stiffness of the pile is 𝑘𝑒𝑞 = 497 [𝑘𝑁/𝑚].

𝑘𝑒𝑞 =
𝐹
𝑢 (B.1)

F[kN] F [N] u [mm] 𝑘𝑒𝑞 [N/m]
10 98100 0.197426 496894.1
50 490500 0.987132 496894.1
100 981000 1.974264 496894.1
200 1962000 3.948528 496894.1
285 2795850 5.626652 496894.1

Table B.2: Results of the FEA



C
Inertia triangle

In this Appendix, the mass moment of inertia around point C is derived using the rectangular triangle
technique. The object, in this case, the upper centralizer, is divided into rectangular triangles. This
can be seen in Figure C.1. The centralizer is split into three big triangles, the blue 1, 2, and 3, and two
small triangles, the green 4 and 5. To calculate the total mass moment of inertia, the inertia of the green
triangles will be subtracted from the blue triangles. In Equation C.4 to Equation C.8, the mass moment
of inertia is calculated, where 𝑑𝑚 [𝑘𝑔/𝑚2] is the distributed mass of the upper centralizer. Using the
derivations in Appendix A, 𝑦1, 𝑦2, 𝑦−1, 𝑧1, 𝑧2 and 𝑧−1 are derived using Equation C.1 and Equation C.2.
After calculating the mass moment of inertia per triangle, the total mass moment of inertia is calculated
using Equation C.3.

Figure C.1: The upper centralizer is split up in right-angled triangles to calculate the mass moment of inertia
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60 C. Inertia triangle

𝑦2 = 𝑦𝐵 = 𝐿2 cos (𝛼2)
𝑦−1 = 𝑦𝐴 = −𝐿𝛽 cos(𝛽)
𝑧2 = 𝑧𝐴 = 𝐿𝛽 sin(𝛽)
𝑧−1 = 𝑧𝐵 = −𝐿2 sin(𝛼2)

(C.1)

𝑦1 = 𝑦2 −
𝑦2 − 𝑦−1
𝑧2 − 𝑧−1

(𝑧 − 𝑧−1) where, 𝑧 = 0

𝑧1 = 𝑧2 −
𝑧2 − 𝑧−1
𝑦2 − 𝑦−1

(𝑦 − 𝑦−1) where, 𝑦 = 0
(C.2)

𝐼𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒 = 𝐼1 + 𝐼2 + 𝐼3 − 𝐼4 − 𝐼5 (C.3)

𝐼1 = (1/3)𝑦1𝑧1(𝑦21 + 𝑧21)𝑑𝑚 (C.4)

𝐼2 = (1/3)𝑦−1𝑧2(𝑦2−1 + 𝑧22)𝑑𝑚 (C.5)

𝐼3 = (1/3)𝑦2𝑧−1(𝑦22 + 𝑧2−1)𝑑𝑚 (C.6)

𝐼4 = ((1/3)𝑦−1(𝑦2−1 + 𝑧12)(𝑧1 − 𝑧2)
+ (1/2)(𝑧2 − 𝑧1)𝑎𝑏𝑠(𝑦−1)(((2/3)(𝑧2 − 𝑧1) + 𝑧1)2 + ((1/3)𝑦−1)2))𝑑𝑚 (C.7)

𝐼5 = ((−1/3)𝑧−1(𝑦1 − 𝑦2)(𝑦21 + 𝑦1𝑦2 + 𝑦22 + 𝑧21)
+ (1/2)(𝑦2 − 𝑦1)𝑎𝑏𝑠(𝑧−1)(((1/3)𝑧−1)2 + (𝑦1 + (2/3)(𝑦2 − 𝑦1))2))𝑑𝑚 (C.8)



D
Derivation of doubled hammer energy

In this Appendix, the derivations are shown to determine the ratio of the impact velocity 𝑣0 and the
hammer force 𝐹(𝑡) when the amount of energy inputted by the hammer is doubled. The hammer force
is described by Equation D.1, where 𝐹(𝑡) is the hammer force over time, 𝑍 is the pile impedance and
�̄�(𝑡) is the dimensionless hammer force. This equation is also described in Subsection 3.2.1. The
impact speed 𝑣0 is described by Equation D.2. In this equation, 𝐸ℎ𝑎𝑚𝑚𝑒𝑟 is the input energy of the
hammer, and 𝑚𝑟𝑎𝑚 is the mass of the ram.

𝐹(𝑡) = 𝑍𝑣0�̄�(𝑡) (D.1)

𝑣0 = √
2𝐸ℎ𝑎𝑚𝑚𝑒𝑟
𝑚𝑟𝑎𝑚

(D.2)

To compare the ratio between the velocities of the hammer when the energy is normal and doubled
𝑣01 and 𝑣02 are introduced. 𝑣01 is the impact speed when the hammer energy is taken once, and 𝑣02
is when the hammer energy is doubled. The derivation of both velocities can be seen in Equation D.3
and Equation D.4.

𝑣01 = √
2𝐸ℎ𝑎𝑚𝑚𝑒𝑟
𝑚𝑟𝑎𝑚

= √2√𝐸ℎ𝑎𝑚𝑚𝑒𝑟𝑚𝑟𝑎𝑚

(D.3)

𝑣02 = √
2 ⋅ 2𝐸ℎ𝑎𝑚𝑚𝑒𝑟

𝑚𝑟𝑎𝑚

= 2√𝐸ℎ𝑎𝑚𝑚𝑒𝑟𝑚𝑟𝑎𝑚

(D.4)

The ratio between the two velocities can be seen in Equation D.5 and Equation D.6. It was shown that
by doubling the amount of energy the impact velocity increases by √2.
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62 D. Derivation of doubled hammer energy

𝑣02
𝑣01

=
2√𝐸ℎ𝑎𝑚𝑚𝑒𝑟

𝑚𝑟𝑎𝑚

√2√𝐸ℎ𝑎𝑚𝑚𝑒𝑟
𝑚𝑟𝑎𝑚

(D.5)

𝑣02 = √2𝑣01 (D.6)

To calculate the increase in hammer force, 𝐹1(𝑡) and 𝐹2(𝑡) are introduced, where 𝐹1(𝑡) is the hammer
force when the input energy is taken once and 𝐹2(𝑡) is the hammer force when the input energy is
doubled. See Equation D.7 and Equation D.8. The pile impedance and the dimensionless force remain
the same.

𝐹1(𝑡) = 𝑍𝑣01 �̄�(𝑡) (D.7)

𝐹2(𝑡) = 𝑍𝑣02 �̄�(𝑡) (D.8)

Substituting Equation D.6 into Equation D.8 gives Equation D.9. Deriving the ratio between the forces
by dividing 𝐹2(𝑡) by 𝐹1(𝑡) gives us Equation D.10 and ultimately Equation D.11. Where it can be seen
that the force increases by √2 when doubling the input energy of the hammer.

𝐹2(𝑡) = 𝑍√2𝑣01 �̄�(𝑡) (D.9)

𝐹2(𝑡)
𝐹1(𝑡)

=
𝑍√2𝑣01 �̄�(𝑡)
𝑍𝑣01 �̄�(𝑡)

= √2 (D.10)

𝐹2(𝑡) = √2𝐹1(𝑡) (D.11)
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