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Summary

The offshore wind market is expanding rapidly due to the growing demand for offshore wind energy.
This drives the development of larger, more advanced wind turbines and increases the diameter of
monopiles. Transporting these massive monopiles presents challenges, particularly in ensuring secure
seafastening. Traditional seafastening systems rely on mechanical support to prevent motion, such as
saddles for the transverse direction and lashing wires for the longitudinal direction. With the increasing
weight of monopiles, these solutions are becoming increasingly impractical, heavy and costly.

During monopile transportation, waves cause the vessel to move and deflect, with the saddles moving
accordingly. The monopile, which has separate stiffness properties, experiences different deflections
and displacements. Due to these different deflections and displacements, the vertical forces exerted
by the monopile on the individual saddles are not distributed equally. In the least favourable conditions,
this can result in loss of contact, also called intermittent contact. Longitudinal vessel accelerations gen-
erate forces in the monopile’s longitudinal direction, where friction between the monopile and saddles
opposes these forces. However, as friction depends on the contact pressure, any reduction of the
vertical force, and so the contact force, affects the friction force.

Seafastening arrangements are designed according to DNV-ST-N001 Marine Operations and Marine
Warranty standards. Seafastening requirements are based on seafastening design loads calculated for
each shipment and cargo item. DNV-ST-N001 set a minimum seafastening capacity based on cargo
weight, not considering friction. The latest update (December 2023) allows cargo transport without
seafastening if the friction capacity is at least twice the seafastening design loads. Otherwise, seafas-
tening capacity defaults to a weight-based function, creating a gap between the minimum seafastening
capacity and calculated seafastening design loads.

Roll Group’s current seafastening designs do not incorporate friction to prevent longitudinal motion,
leading to conservative seafastening systems with high equipment- and installation costs. Therefore,
there is growing interest within Roll Group in whether accounting for friction between the monopile and
the saddles could reduce the required seafastening arrangement, potentially leading to more efficient
and cost-effective designs. This knowledge gap leads to the following research question:

”How does friction between amonopile and its saddles affect the seafastening arrangement of amonopile?”

This research aims to determine the friction resistance between the monopile and the saddles when
the vessel is exposed to waves, including cases with intermittent contact of the saddles. Based on this
information, the seafastening arrangement can be defined when friction is included in the seafastening
calculations.

For this research, a coupled fluid-ship model from another research is revised and used to calculate the
forces between the saddles and the monopile. This calculation is based on the vertical displacements
of the vessel and monopile for all wave heights that can occur during monopile transport. As a result,
the loss-of-contact cases were defined. Since this coupled fluid-ship model only focuses on the vertical
displacements of the monopile, a longitudinal monopile model is developed. The longitudinal monopile
model focuses on the relative horizontal displacement of the monopile caused by heave and pitch
motions. This model is a mass-spring system where the monopile represents the mass, behaving as
a rigid body to prevent axial vibrations.

An in-depth analysis of the longitudinal monopile model is done for a case excluding friction and a case
including friction. The analysis of the longitudinal displacement of the monopile with lashing wires, but
without considering friction, resulted in a seafastening arrangement consisting of sixteen lashing wires
to prevent all longitudinal motions of the monopile for all wave heights. When friction is considered,
the analysis shows that the total friction capacity remains sufficient for all wave heights to prevent the
longitudinal motion of the monopile without applying lashing wires.
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In this research case, the total friction capacity of the saddles is at least twice the design loads during
the whole wave cycle for all wave heights. Based on this, DNV can agree that meeting only the min-
imum seafastening capacity requirements is acceptable. The last step of executing a friction-based
seafastened monopile transport is getting permission from the marine warranty surveyor and the cap-
tain.
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1
Introduction

This research is on behalf of Roll Group. Roll Group takes care of heavy cargo both on land and at
sea. Roll Group owns a fleet of unique, highly adaptable vessels to transport heavy cargo. The fleet
contains semi-submersible multifunctional dock-type vessels and wide deck carriers, offering three
different loading methods – RoRo, LoLo, FloFlo – to serve a wide range of markets, including the
offshore wind market.

The offshore wind market continues to grow as the demand for offshore wind energy increases, both
as a replacement and as an addition to other energy sources. The growth in offshore wind energy
production has accelerated the development of larger and more advanced wind turbines. Over 380
GW of offshore wind capacity is predicted to be added in the next ten years [5]. Larger wind turbines
are developed to keep pace with the need for increased offshore wind energy capacity. The diameter
of monopiles, the foundation of offshore wind turbines, has increased over the past few years from an
average of 5 meters to 10 to 12 meters [6].

The transportation of these large monopiles poses significant challenges. One of the critical aspects of
safely transporting these massive structures is ensuring they are securely fastened to the transport ves-
sel. This process, known as seafastening, involves designing systems that can withstand the dynamic
forces experienced at sea. Traditionally, seafastening designs for monopiles focus on ensuring a high
capacity to resist movement through mechanical means. Saddles are used to support and prevent
the motion of the monopile in the transverse direction, and lashing wires are used to prevent relative
longitudinal motion [7, 8]. However, due to increasing weights of the monopiles, this often results in
overly heavy and costly systems [9].

In the current seafastening designs of Roll Group, friction is not considered to prevent longitudinal
motion. There is growing interest in whether accounting for friction between the monopile and the
saddles could reduce the required seafastening arrangement, potentially leading to more efficient and
cost-effective designs. This research focuses on monopiles as cargo transported by MC-class vessels.
Figure 1.1 shows an example of a project in which Roll Group transported monopiles.

Figure 1.1: Monopiles transported by MC-class vessel
(Please note, the colour of this vessel is now blue, as shown on the cover picture)

1
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1.1. Problem definition
While transporting a monopile, the vessel is subjected to waves. These waves cause the vessel to
move and deflect. Because the saddles are connected to the vessel, they move with the vessel’s
deflections. Moreover, the monopile isn’t rigidly connected to the vessel; it has separate stiffness
properties, resulting in deflections and displacements different from those of the vessel and connected
saddles. Due to the different deflections and displacements along the vessel’s length, the vertical forces
exerted by the monopile on the individual saddles are not distributed equally. In the least favourable
conditions, this can result in loss of contact.

Longitudinal vessel acceleration generates forces in the monopile’s longitudinal direction. When these
forces are applied, the friction remains static as long as there is no relative displacement of themonopile.
However, once relative motion occurs in the longitudinal (x) direction, the static friction transitions to
kinetic friction between the monopile and its saddles. The existing friction opposes the longitudinal
forces caused by the vessel’s longitudinal accelerations. Since friction depends on the contact pressure,
any reduction of the vertical force, and so the contact force, affects the friction force in the saddles.

The amount of seafastening is determined by the seafastening design loads, which depend on the
route, time of shipment and loading conditions. These seafastening design loads are calculated for
each shipment and each cargo item onboard. Rules of DNV-ST-N001 [10] give a minimum seafasten-
ing capacity as a function of the cargo weight without considering friction. This research investigates
whether the required seafastening capacity can be reduced by accounting for friction. A new rule is
defined in the latest version (December 2023) of DNV, which allows cargo transport without seafasten-
ing if the friction capacity is at least twice the seafastening design loads. However, when the friction
capacity is less than twice the design loads, the minimum seafastening capacity is determined by the
function based on the cargo weight, which does not consider friction. This means a big disparity exists
between the required seafastening capacity depending on the method of seafastening.

Furthermore, the effect of intermittent contact on the total friction capacity is still an ongoing research
topic. This uncertainty is relevant when the goal is to reduce seafastening, as varying friction resistance
during intermittent contact could impact the design. Next to that unknown, the influence of alternating
friction capacities during hogging and sagging is not known. It might be that a sagging wave results in
a different total friction capacity compared to a hogging wave.

The research topic ”The effects of dynamic ship deflections on friction in monopile seafastening sys-
tems” addresses this innovative approach by investigating how the combination of friction and inter-
mittent contact can influence the seafastening arrangement. Specifically, it aims to determine if the
frictional forces can be used as seafastening, even when the forces exerted by the cargo are unequally
distributed or locally intermittent. This results from exposure to forces caused by vessel motions due
to waves. When frictional forces can be used for seafastening, it can reduce the need for excessive
seafastening capacity.

Relevance & Significance
This research holds extensive relevance in marine transportation and offshore wind energy. As the
demand for offshore wind farms continues to develop, so does the need for efficient and cost-effective
transportation solutions for monopiles [11, 12]. By investigating the effect of friction and intermittent con-
tact in seafastening, this research could improve seafastening systems by optimising them and making
them more economically beneficial. This would reduce the cost of transportation and the amount of
materials, making the operation more efficient and sustainable.

Furthermore, the findings from this study could be applied to improve existing seafastening designs
for monopiles and other cargo that experiences friction during transport. The potential reduction in
material and production costs associated with less over-engineered seafastening arrangements could
make offshore wind energy projects more financially viable for Roll Group. This emphasises the need
for a thorough understanding of the effects of friction behaviour between monopile and saddles in both
constant and intermittent contact situations to apply the suited amount of seafastening.
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1.2. Research question
The problem definition can be translated into the following research question:

How does friction between a monopile and its saddles affect
the seafastening arrangement of a monopile?

Multiple sub-questions are proposed to answer the main research question systematically. These sub-
questions must be answered before the main question can be answered.

1. Modelling:
How can a system of a monopile exposed to longitudinal forces caused by ship motions be mod-
elled to define the effect of friction as seafastening?

2. Friction:
How does the varying contact pressure due to the vessel’s deflection affect the friction between
the monopile and its saddles?

3. Number of saddles:
How does a varying number of saddles affect the friction capacity?

4. Practical application:
How would the seafastening system be changed in Roll Group’s previous monopile transportation
projects if friction was considered?

1.3. Objective & scope
The main objective follows from the research question. It is defined as creating a model of the monopile
on its saddles, including friction, to determine the friction resistance of the saddles when the vessel is
exposed to waves, including instances where intermittent contact occurs in the saddles. The cases
where intermittent contact occurs and the forces on the saddles are gathered with the coupled fluid-
ship model of [13].

Intermittent contact becomes essential when more than two saddles are used. Losing contact in one
saddle can lead to higher pressures in the other saddles, resulting in varying friction resistance. The
behaviour of the friction coefficient during varying contact pressures will be determined using experi-
mental data. The case with the lowest friction resistance leads to the determination of the seafastening
arrangement.

In this research, it is assumed that:

• The saddle is rigidly connected to the deck of the vessel, so it is assumed that the connection
between the deck and saddle is preserved, i.e. the structural integrity of the connection remains.

• The vessel and saddles are not moving as one system. The saddles’ stiffness differs from the
vessel’s, so the saddles can deflect between the monopile and the deck. However, it is assumed
that the deflection of the saddles does not influence the friction capacity.

• There is no friction in the transverse (y) direction since the monopile is constrained in the saddle
in the transverse direction.

• The lashing wires exert a vertical force on the outer ends of the monopile, which can create
an initial moment on the monopile. It is assumed that this bending moment in the monopile is
negligible. Furthermore, it is assumed that this vertical force does not contribute to the friction
resistance.

• Displacement of the monopile caused by the vertical deflection is neglected.

The research is focused on deep water since DNV states that cargo needs seafastening for at least
0.1g, independent of the wave states, so deep water is the governing case. Besides that, with the deep
water condition, all data from the research of [13] can be used as input since deep water is assumed
in this research.
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Furthermore, quasi-static vessel motions as a result of hogging and sagging are considered in this
research. Vibrations affecting the monopile are not considered in this research since the encounter
frequency of the waves (0.6 rad/s) is much lower than the first axial natural frequency of the monopile
(8.3 rad/s). The result of a lower wave encounter frequency than the first natural frequency of the
monopile is that resonance does not occur, reducing the likelihood of significant axial vibrations, which
can affect friction. Meanwhile, the frequency of quasi-static vessel motions is lower since the wave
period is longer, which can influence friction and intermittent contact.

1.4. Thesis outline
First, a concise overview of the literature review on friction theory is provided in chapter 2. This con-
densed version highlights only the aspects directly relevant to the research discussed. Chapter 3 first
gives the case description on which this research is based, and the model description is given in the
second section. The coupled fluid-ship model is described, and the adjustments to this model are high-
lighted. Next, the longitudinal monopile model is described, which is used to determine the longitudinal
motions of the monopile due to ship motions. Sliding friction tests are performed to investigate the
relation between the contact pressure and the friction coefficient, and details of these tests are given
in chapter 4. The results in chapter 5 consist of the results of the adjustments of the coupled fluid-ship
model, the friction coefficient function as a result of the tests and the static and dynamic analyses of
the longitudinal motion done with the longitudinal monopile model. Chapter 6 gives the conclusions of
this research, and chapter 7 provides a discussion and recommendations.



2
Theory of friction

This chapter summarizes the literature review regarding the theory of friction. The first chapter de-
scribes Coulomb’s friction model used in this research. The next section describes the fundamentals
of Coulomb’s friction law and examines static and kinetic friction and the stick-slip phenomenon. The
friction force depends on the friction coefficient, so more information is provided about the coefficient
of friction. The last section of this chapter covers some factors affecting friction.

2.1. Friction models
Several researchers have studied friction over the centuries. It started with Leonardi Da Vinci’s first
friction model, which Guillaume Amontons and Charles-Augustion de Coulomb extended. Later, Philip
Bowden, David Tabor, Dahl, and LuGrue extended the friction model. The most well-known and widely
used model is the Coulomb friction law.

2.1.1. Coulomb's law of friction
Coulomb’s law of friction is the Amontons-Coulomb model since Coulomb adds to Amonton’s second
law of friction; ”strength due to friction is proportional to compressive force, although for large bodies
friction does not follow exactly this law” [14]. Coulomb also observed that friction is independent of
velocity. The following observations on friction were made:

• Friction is proportional to the compressive force
• Friction is independent of the apparent contact area
• Friction is independent of velocity

Based on these observations, equation 2.1 is obtained by Amontons and Coulomb and they formulated
the Amontons-Coulomb friction model which is given in equation 2.2 and figure 2.1. The Coulomb
friction model is the easiest and most well-known friction model. Though it greatly oversimplifies the
frictional phenomena, it is widely used when dynamic effects are unconcerned. The Coulomb friction
force is a force of constant magnitude, acting in the direction opposite to motion [15].

Ff = µFN (2.1)

Ff =


µkFN , if vr < 0

[−µsFN , µsFN ], if vr = 0

−µkFN , if vr > 0

(2.2)

Where FN is the force pressing surfaces together and µ is the frictional factor.

5
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Figure 2.1: Friction force according to Amontons-Coulomb model

One of the biggest problems of the Coulomb model is, that it cannot handle the environment of zero
velocity [15].

2.2. Fundamentals of Coulomb's friction law
Friction force restricts the relative motion between the surfaces of two bodies applied by a tangential
force (see figure 2.2). Friction is defined as the resisting force tangential to the common boundary
between the two bodies when, under the action of an external force, one body moves, or tends to move,
relative to the surface of the other [16]. Or shortly defined as the tangential reaction force between two
surfaces in contact [17].

Figure 2.2: Forces acting on a friction interface [9]

Friction can be static or kinetic. It is static when the object is not moving, tending to start moving, or
when the object is moving with a pure rolling motion without slip. It is kinetic if the object moves, which
is a sliding motion, or when it moves with a pure rolling motion with slip.
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2.2.1. Static friction
Static friction is the frictional force that acts between two surfaces at rest relative to each other. It
prevents the surfaces from starting to move. Static friction increases with the applied tangential force
until it reaches the static friction limit; see figure 2.3.

This static friction limit depends on time, the normal force, and the properties of the surfaces in contact,
such as material type, surface roughness, hardness, temperature, etc. The time-dependent increase
in static friction is due to the microscopic changes at the contact points over time rather than the macro-
scopic nature of the surfaces in contact [18]. In addition, the limit can change drastically depending on
the loading conditions. For example, fast and rapid impacts like wave motions or vibrations can change
the static friction limit [19, 20]. Once the static friction limit is exceeded, the object starts to move, and
static friction transitions to kinetic friction [21, 22, 23].

2.2.2. Kinetic friction
Kinetic friction is the frictional force that acts between two surfaces in motion relative to each other. It
opposes the direction of motion and tries to slow down or stop themoving object. Kinetic friction remains
constant regardless of the speed of the moving surfaces as long as the nature of the surfaces and the
normal force remains unchanged. The force of kinetic friction (Fk) is given by Fk = µkFN , where µk is
the coefficient of kinetic friction, and FN is the normal force. Kinetic friction does not change with the
applied tangential force and is generally lower than static friction due to a lower coefficient of friction.
It acts continuously while the objects are in relative motion [22, 23, 21]. The kinetic friction regime is
shown in figure 2.3.

Figure 2.3: Tangential force and displacement against time for the static and kinetic friction regime

Conclusion types of friction on the monopile
Static friction acts before the relative movement starts, preventing the surfaces from starting to move,
while kinetic friction acts once two surfaces are in motion relative to each other. Static friction can vary
and potentially exceed the magnitude of the tangential kinetic force, which is generally constant and
lower than the maximum static friction force. Static friction depends on multiple factors, like the applied
tangential force and the properties of the surfaces in contact, but it can also change over time or due
to loading conditions. Kinetic friction acts continuously while the objects are in relative motion and is
independent of the velocity of the moving objects.

From the findings of this research, which are elaborated on in the next chapters, it can be concluded
that for the specific case investigated, static friction governs seafastening and transporting monopiles
since Roll Group aims to have a zero relative displacement of the monopile during transport.
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2.2.3. Stick slip behaviour
The stick and slip regions during friction refer to two distinct phases in the stick-slip phenomenon:

Stick Region

• In the stick region, the two surfaces remain in contact due to static friction forces holding them in
place.

• For rigid bodies, there is no relative motion between the surfaces during this phase.
• The static friction force increases as the applied tangential force increases until it reaches a max-
imum value called the static friction limit.

It can be concluded that the stick region corresponds to static friction. Pure stick does not occur for
elastic surfaces if a tangential force is present.

Slip Region

• Once the applied force exceeds the static friction limit, the surfaces suddenly become unstuck
and start sliding relative to each other.

• This rapid sliding motion is called the slip region for rigid bodies.
• During the slip, the friction force can drop to a lower value called the kinetic friction force. Whether
or not the friction force is reduced depends on the combination of the materials and their proper-
ties.

• The surfaces continue sliding with this kinetic friction until the applied force decreases enough for
them to stick again, restarting the cycle.

The friction in the slip region corresponds with the kinetic friction regime. The slip region of elastic
surfaces is different from that of rigid bodies since there is a smooth transition region between partial
stick, micro-slip, and pure sliding for elastic surfaces. In addition, the stick region involves no relative
motion and increasing static friction, while the slip region involves rapid sliding motion and lower kinetic
friction [24, 25]. A repeating process of the increasing and decreasing tangential force where themotion
starts and stops can be considered repetitive stick-slip motion.

Conclusion stick-slip of the monopile
The friction of the monopile can occur in the stick or slip region depending on the magnitude of the
tangential force on the monopile in the longitudinal direction. There is no relative displacement during
static friction, so the friction acts in the stick region. The slip region is reached when the tangential force
exceeds the static friction limit because the friction becomes kinetic, resulting in a longitudinal motion.
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2.3. Friction coefficient
Two types of friction coefficients can be distinguished: one that represents the friction opposing the
onset of relativemotion, called the static friction coefficient, and one that represents the friction opposing
the continuance of relative motion once that motion has started, called the kinetic friction coefficient. In
the case of solid-on-solid friction (with or without lubricants), these two types of friction coefficients are
conventionally defined as follows:

µs =
Fs

FN
(2.3)

µk =
Fk

FN
(2.4)

Fs is the force sufficient to prevent the relative motion between two bodies, and the static friction co-
efficient increases until the static friction limit is reached. Fk is the minimum force needed to maintain
relative motion once the static friction limit is exceeded. FN is the force normal to the interface between
the sliding bodies. Both µs and µk are material- and system-dependent [26].

Rubber is used as support material in the current saddle design of Roll Group. Table 2.1 gives the
friction coefficients between steel and the support materials used by Roll Group, according to [10].

Dry Wet
Rubber 0.3 0.3
Steel 0.1 0.0
Wood 0.3 0.2

Table 2.1: Friction coefficients for rubber, steel and wood against steel in dry and wet conditions [10]

It should be noted that the friction surfaces are free from oil or other lubricating fluids when applying
these friction coefficients given by [10].
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2.4. Factors affecting friction
There are multiple factors that affect the friction of the monopile seafastening, which can be divided
into three categories as shown in figure 2.4 [9]:

1. Support pad factors: material properties and roughness of the support pad
2. Counter material factors: monopile roughness, coating type and coating thickness
3. Environmental, operational and loading factors: applied pressure, lubrication, rate of loading,

temperature and consolidation time.

This section focuses on the material properties of the support pad, the normal force, coating and lubri-
cation.

Figure 2.4: Overview of factors that affect friction in monopile sea fastening [9]

2.4.1. Material properties of support pads
Rubbers, polymers, and wood are often used as supporting materials and friction interfaces. Multiple
sources investigate the hardness and viscoelasticity of the supporting materials to determine their effect
on frictional behaviour.

Hardness
Hardness is a solid’s resistance to local (plastic) deformation. The hardness of polymers is often ex-
pressed in °Shore A and °Shore D.

Polymers can exhibit a non-linear relationship between friction and hardness. The static friction coeffi-
cient in polymers is strongly influenced by their elastic characteristics, including modulus of elasticity,
tensile strength, and yield strength. A polymer with a lower modulus of elasticity tends to have larger
relative deformations, leading to a larger actual contact area. Since the friction depends on the pres-
sure, a larger actual contact area potentially results in higher static friction forces. More details about
the influence of the pressure on the friction are given in the next paragraph. Due to its structure and
elastic properties, the polymer tends to surround the roughness of the metal surface in polymer-metal
contact systems. This behaviour differs from metal-metal contact systems and affects the friction char-
acteristics.
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For polymers, the relationship between the static friction coefficient and hardness involves complex
interactions between hardness, elasticity, surface properties, and material composition. The friction
behaviour of polymers is highly dependent on their specific mechanical properties and can vary signifi-
cantly between different types of polymers [27, 28, 29].

Viscoelasticity
The overall friction coefficient, µ, can be divided into the contributions of adhesive (µadh) and viscoelas-
tic hysteresis (µhyst). The viscoelastic hysteresis does depend on the material properties and geometry,
meaning that the viscoelasticity of rubber causes variations in the depth, size and geometry of the con-
tact area, resulting in variation of µhyst [30].

Temperature significantly affects the viscoelastic properties of materials. As temperature increases, the
molecular mobility within the material also increases, leading to changes in its mechanical behaviour.
An increased temperature generally leads to a decrease inmaterial stiffness and an increase in its ability
to deform. A decreased temperature results in increased stiffness and reduced molecular mobility,
making the material more elastic and less viscous.

The frictional properties of viscoelastic materials are highly dependent on temperature. This is because
friction in these materials is influenced by their stiffness and ability to deform under load. The material
becomes softer and more compliant at higher temperatures, increasing the contact area. A larger con-
tact area results in a lower contact pressure and so in a higher friction coefficient (see next paragraph).
However, the exact effect can vary depending on the specific material and conditions. The material
becomes stiffer and less compliant at lower temperatures, potentially reducing the contact area and
friction [31, 32].

2.4.2. Applied force and pressure
Contrary to Amontons’ law, which states that the friction coefficient is independent of the apparent con-
tact area, studies have shown that the friction coefficient can change with varying pressure. Depending
on the factors affecting friction, the friction coefficient can decrease for an increasing contact pressure
until it levels out for higher contact pressures [33, 34]. A theoretical relation between friction coefficient
and normal pressure is shown in figure 2.5.

The normal force is relevant to monopile seafastening. The pressure on the friction interface is caused
by the weight of the monopile, the area of the supports, and vessel motions. Due to vessel motions
and accelerations, the pressure on the interface can increase or decrease, and such a varying contact
force can result in a changing friction coefficient. The vessel motions should thus be considered when
determining the friction resistance.

Figure 2.5: Friction coefficient versus contact pressure [33]
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2.4.3. Monopile coating
The coating is applied on monopiles to prevent degradation due to environmental conditions. NEN-EN-
ISO 12944 prescribes different coating thicknesses for different locations on the monopile. The part
in the splash zone needs the most protection since this part is periodically exposed to salt water and
oxygen. This often results in a thicker coating layer. The coating thickness, type, and roughness along
the monopile can differ. The coating is one of the factors affecting monopile seafastening friction [9].

A study by [35] is done on the tribological behaviour of polymer composite coatings. This study showed
some relation between shear strength and friction. Higher coefficients of friction were observed for
higher shear-strength coatings. An epoxy coating showed high friction and a low wear rate. Lower
friction and more wear were observed for PU coatings. The study states that the performance of the
coatings also depends on temperature, load, and velocity.

The effect of coating thickness differs for different support materials. The impact of varying coating
thicknesses is minimal for a rougher support material. Increasing coating thickness for a less rough
support material increases friction resistance. The difference in effect between two different support
materials is caused by the different hardness, roughness or manufacturing processes. The study of B.
Schrijvers [9] shows that coating thickness affects friction, but other factors might nullify this effect.

2.4.4. Lubrication
Lubrication has an explicit effect on friction. Compared to dry situations, the friction resistance de-
creases when lubrication is applied. In wet conditions, thin water films might separate the support
material and the rigid solid surface in the contact region, resulting in a smaller real contact area. After
forming the thin water film, the adhesion friction component would be reduced due to the important
decline of the solid-solid contact area [30].

In rougher surfaces, the lubrication might be in deeper cavities. This will not lead to the separation
of the asperities of both surfaces. The friction resistance depends more on the viscous resistance of
the fluid than on the material properties [36]. Applying lubrication on the friction interface will reduce
the coefficient of friction, which is caused by the reduction in real contact area. The reduction of the
coefficient of friction depends on the amount and type of lubrication.

In monopile seafastening, lubricants are not applied on purpose since this would decrease friction re-
sistance. However, seawater and rain are potential fluids that might be present between both surfaces.
The environmental conditions can cause this before loading the monopile on the seafastening (due to
rain) or by environmental conditions during operations (splashing). The amount of water between the
surfaces is hard to quantify, so the only distinction is between dry and wet [9].

2.5. Conclusion on literature review
The fundamentals of friction describe Coulomb’s law of friction with static and kinetic friction. Static
friction is the frictional force that acts between two surfaces at rest relative to each other, and kinetic
friction is the frictional force that acts between two surfaces when they are in motion relative to each
other. From the stick-slip information, it can be concluded that the stick region corresponds to static
friction, and the slip region corresponds to kinetic/sliding friction. The friction coefficients according to
DNV [10] are given. Last, some factors that can affect friction are described. The factors considered
are the material properties of the support pads, applied force, monopile coating, and lubrication. The
effect of an increasing contact pressure on the friction resistance will be investigated further in this
research.



3
Case and model description

The first section of this chapter describes the load case used in this research, consisting of a description
of the vessel, cargo, and seafastening. Next, the model description is divided into two parts: the
coupled fluid-ship model of [13] and the monopile longitudinal model. For the coupled fluid-ship model,
the original model, output and the adjustments made to the model are described. Different types of
mass-spring systems are given for the longitudinal monopile model, which are used when setting up
the monopile model.

3.1. Case description
This section describes the vessel, cargo, and seafastening of the case considered for this research.
These elements are used throughout this research, making the research specific for the used vessel,
monopile and seafastening arrangement.

3.1.1. Vessel description
Roll Group operates with a fleet of ten vessels comprised of five semi-submersible dock vessels and
five wide deck carriers. The dock vessels are commonly not used to transport monopiles since the
decks are not large enough for the length of the monopiles nowadays. Two wide deck carriers of the
fleet are part of the MC-class, and these vessels transported monopiles in the past. This research will
focus on the vessels of this MC-class. Parameters of the MC-class vessels are given in table 3.1.

Figure 3.1: BigRoll Bering [37]

13
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Parameter Value Unit
Length overall Loa 173 m
Length between perpendiculars Lpp 162.80 m
Breadth B 42 m
Depth D 12 m
Draught T 6.5 m
Deadweight DWT ± 20157 mt
Displacement ∇ ±32958 m3

Table 3.1: Main particulars MC-class vessels ’BigRoll Bering’ & ’BigRoll Beaufort’ [38]

3.1.2. Cargo description
The parameters of the monopiles considered in this research are given in table 3.2. Four monopiles are
transported in one voyage, so the total mass of four monopiles is considered in the voyage analysis to
calculate the deflections and accelerations. Only one monopile is considered to determine the impact
of friction on the seafastening arrangement. The results can be applied to all monopiles. For this case,
it is assumed that the monopile does not contain a coating at the saddle locations.

Parameter Value Unit
Length Lm 74 m
Diameter Dm 8 m
Thickness tm 80 mm
Moment of inertia Im 15.6 m4

Young’s Modulus Em 200 GPa [39]
Weight monopile Wm 11.3 MN

Wm 1151 mt

Table 3.2: Structural parameters monopile of the considered case [13]

3.1.3. Seafastening description
Seafastening systems for heavy cargo are used to constrain the cargo to the vessel to prevent the cargo
from moving. The seafastening system can be seen as the boundary condition between the coupled
ship-cargo system. This makes the cargo become part of the vessel with the same accelerations as
the vessel.

Figure 3.2 shows a schematic overview of the monopile and seafastening system applied during a pre-
vious monopile transportation project of Roll Group. In figure 3.2, it can be observed that the monopile
is tapered at one side, meaning the diameter starts decreasing. This research neglects this effect; the
monopile is considered to be a cylinder.

Figure 3.2: Schematic overview seafastening system applied at monopiles [13]

For the seafastening of the monopile, lashing wires and saddles are used, shown in figure 3.2 and 3.3.
This research focuses on the contact pressure in the saddles caused by waves for 3 to 7 saddles. The
schematic overviews of all saddle configurations are given in Appendix A.
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Saddles
The saddles carry the weight of the monopile and prevent movement in the transverse direction. The
number of saddles depends on the weight of the monopile and the deck strength. Saddles are designed
to suit the properties of the monopile and strong points on the deck. This means that for each new
monopile design, a saddle is tailor-made. Figure 3.3a show monopile saddles.

Lashing wires
The seafastening in the longitudinal direction for monopiles can consist of lashings only or of a combi-
nation of lashing wires at one side and stoppers at the other. Both configurations prevent movement in
the longitudinal direction. The lashing wire can be modelled as a unilateral spring, which allows tension
but cannot sustain compression forces [13]. Figure 3.3b shows an outer end of a monopile with lashing
wires.

(a) Saddles (b) Lashing wires

Figure 3.3: Seafastening system elements [37]

The lashing wires are applied at both ends of the monopile, all in an inward direction. Since the lashings
are unilateral springs, only one set is working simultaneously. Due to this effect, it is possible to consider
only one side when analysing the number of lashing wires since the same results apply to the other side.
The lashing wires all have a capacity of 10 metric tons and are applied with a pre-tension of 1-2 mT,
but these forces are counteracting. Therefore, these pre-tension forces are neglected in the analysis.
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3.2. Model description
This section describes the two models of this research. The first model is a revised version of the
coupled fluid-ship model as input model, made by [13]. The input, set-up and output of this model
are given. Next, adjustments are made to this coupled fluid-ship model related to the ballast condition
and the dynamic deflection. The revised model calculates the contact forces between the saddles and
monopiles for wave heights between 1.0 and 7.0 meters with a wavelength resulting in the maximum
vertical displacement. From this, the intermittent contact cases are defined. The output of the revised
coupled fluid-ship model is used as input for the second model, called the longitudinal monopile model.
This monopile model is specified as a mass-spring system. The main objective of this model is to de-
termine the seafastening arrangement required to prevent the longitudinal displacement of a monopile
when friction is included in the seafastening calculations. Figure 3.4 shows a flow diagram of the mod-
els described in this section. Figure 3.5 shows a monopile with normal forces as a result of the vessel’s
deflection and friction forces as a result of the external longitudinal force. The normal forces are the
output of the revised coupled fluid-ship model, indicated with the green arrows, and the output of the
longitudinal friction model is the friction force, shown with blue arrows.

Figure 3.4: Flow diagram of coupled fluid-ship and longitudinal monopile model

Figure 3.5



3.2. Model description 17

3.2.1. Coupled fluid-ship model
A numerical coupled fluid-ship model of [13] is used to find the forces between the saddles and the
monopile, the bending moment of the monopile and the magnitude of intermittent contact between the
saddle(s) and the monopile. This model is built as a finite element method to extract displacements in
the vertical direction and to find the bending moments. The original model of [13] first calculates the
dynamic deflection of the vessel as a result of the wave amplitude ζa. As a result of these deflections, the
forces and bendingmoments in themonopile are calculated. The forces are translated to displacements
in the vertical direction, so the intermittent contact cases are defined. The original model’s details are
given in this section’s first part.

Adjustments are made to the coupled fluid-ship model of [13] to find more accurate deflection results
for all wave heights. The second part of this section describes the adjustments made to the original
model. As a result, the new deflections give more accurate forces in the monopile, and the intermittent
contact cases are more accurate to reality. These forces will be used in the second model, the model
of the monopile, to investigate the friction capacity of the saddles, even with intermittent contact.

Original coupled fluid-ship model
The original model of [13] consists of two sub-models: a structural model and a hydrodynamic model
in which the ship represents the connection between the two models. The main objective of the hy-
drodynamic model was to define a load case based on the vessel’s hydrodynamic behaviour and to
translate this into loads that could serve as input for the structural model. The structural model is the
mathematical representation of the cargo and seafastening system and is created in the linear and
non-linear domains.

Input
The hydrodynamic model uses the static and dynamic deflections calculated by the stability software
GHS (General HydroStatics). The deflection of the vessel depends on the following parameters:

• Wavelength (λ): the deflections become maximal for a wavelength that equals the ship’s length.
• Wave height (Hs): a higher wave height results in higher deflections.
• Ballast condition: the fluid in the tanks can make the vessel deflect.
• Cargo: heavy cargo can result in deflections of the vessel.

Based on the deflections of the vessel, the bending moment is calculated with equation 3.1.

Bending moment = EI
∂2y(x)

∂x2
(3.1)

The structural model is based on the fundamentals of the finite element method in combination with
Timoshenko beam theory. This allows for the calculation of the dynamic displacements in the vertical
direction. Beam theory is applied because the monopiles’ length is far greater than their diameter. The
finite element matrices consist of Young’s modulus (E), shear modulus (G), moment of inertia (I) and
the element length (Le). The element mass matrix is multiplied by the weight per unit length (ρA).
Since a Timoshenko beam is modelled, the shear correction factor (δs) is also included in the element
matrices. Equation 3.2 gives the shear correction factor, element stiffness matrix and element mass
matrix, respectively, for two degrees of freedom: the vertical direction (v) and rotation (θ).
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The global mass matrix (M) is constructed from the mass element matrices (Me) as shown in figure 3.6.
The global stiffness matrix (K) is assembled similarly to the global mass matrix but using Ke instead of
Me.

Figure 3.6: The assembly pattern of the global mass matrix [40]

As described in section 3.1, the seafastening system consists of saddles and lashing wires, and both
systems act unilaterally, only providing reaction force in compression and tension, respectively. A
combination of saddles and lashings are modelled linearly with spring stiffness kz. In addition, the
remaining stiffness of the saddles is modelled as a unilateral spring with stiffness ks, and the rotational
resistance of the lashing wires is modelled as linear rotational springs with stiffness kθ. Figure 3.7
shows how the seafastening elements are modelled as springs.

Figure 3.7: Representation of seafastening elements to spring stiffnesses

Output
The original coupled fluid-ship model’s output focuses on the structural model since the hydrodynamic
output is used as an input for the structural model. The hydrodynamic output is the deflection of the
vessel, both static and dynamic. The static deflection is caused by the vessel’s weight distribution,
including the cargo and the hydrostatic pressure on the hull, called the still water bending moment. The
dynamic deflection results from pressure differences caused by the waves, both for in and out-phase
waves. The in-phase wave results in sagging, whereas the out-phase wave results in hogging.

The structural output consists of:

• Forces and the bending moment of the monopile
• Forces in the seafastening system
• Loss of contact between the monopile and its saddle(s)
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The structural output is given for both the linear and non-linear models. The linear dynamic load case
uses a wave amplitude of ζa = 1 m while the wave amplitude for the non-linear dynamic load case
increases to ζa = 3 m. The non-linear dynamic analysis is preferred in dynamic situations with large
deflections because non-nonlinearities occur, and the linear approach leads to an overconstrained
situation.

Adjustments
Adjustments are made to the hydrodynamic model, resulting in slightly different results in the static
output data. The adjustments made are described in this section.

Ballast condition
The stability software GHS defines the ballast condition of the vessel, including the cargo. In this
software, the cargo weight distribution is divided over the saddles, which results in a transfer of forces
at the saddles’ locations into the vessel. The vessel’s draft is ballasted to 6.0 m since this is a typical
sailing draft for the MC-class vessels. Furthermore, the vessel has no trim or heel angle.

GHS provides the still water deflection of the vessel and the deflection due to waves. The deflection
of the vessel is calculated for wave heights ranging from 1.0 and 7.0 meters (ζa between 0.5 and 3.5
m). For all wave heights, both the deflection in hogging and sagging conditions are calculated for a
wavelength of 169 meters. A wavelength of 169 meters results in the highest deflections during the
hogging and sagging cases.

Dynamic deflection
To calculate the dynamic deflections of all wave heights, A. Speksnijder [13] linearised the dynamic
deflection of a wave height of 6 meters for all wave heights using equation 3.3.

ud,Hs=6m − usw

3
· ζa (3.3)

However, an analysis between this linearised deflection and the deflection results of GHS for wave
heights from 1.0 to 7.0 meters showed large differences between these two; see appendix B. For this
reason, the calculation to linearise the deflections with wave heights is split into three ranges of wave
heights:

• Range 1: 0.0m < Hs ≤ 2.0m

• Range 2: 2.0m < Hs ≤ 4.5m

• Range 3: 4.5m < Hs ≤ 7.0m

This resulted in equations equations (3.4) to (3.6).

Range 1: ud,Hs=1m − usw

0.5
· ζa (3.4)

Range 2: ud,Hs=4m − usw

2
· ζa (3.5)

Range 3: ud,Hs=6m − usw

3
· ζa (3.6)

The deflections calculated with these equations show less difference from the deflection calculations
of GHS. The differences stay below 7.01%; see appendix B.

Tipping point from linear to non-linear behaviour
With the new equations for the deflection of the vessel, the deflection of the vessel, including the
monopiles, can be calculated for wave heights of 1.0 to 7.0 meters. This gives the structural output,
consisting of the forces and bending moments of the monopile, forces in the seafastening system and
the loss of contact between the monopile and its saddles.

After analysing the forces in the saddles and the loss of contact between the saddles and the monopile
for configurations with 3 to 7 saddles, it could be concluded that the tipping point where linear behaviour
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transitions to non-linear behaviour varies per configuration of saddle numbers. Table 3.3 shows the
range of wave heights in which the tipping point from linear to non-linear behaviour is.

No. of saddles: Hs tipping range [m]
3 6.0 - 7.0
4 3.0 - 4.0
5 2.0 - 3.0
6 1.0 - 2.0
7 <1.0

Table 3.3: Wave height tipping ranges from linear to non-linear behaviour

Contact force and contact pressure
This research focuses mainly on the effect of the contact force between the monopile and its saddles
on the friction force. It was decided to focus on the maximum dynamic deflections caused by a hogging
wave in arrival ballast condition since this case is considered governing in terms of deflections and
forces. More details about the dynamic deflections are given in section 5.1.

The different stiffnesses of the monopile and the vessel result in differences in their deflections, which
lead to variations in the load distribution and, consequently, the contact force. Contact is always pre-
served in all saddles for dynamic cases with linear behaviour. For dynamic cases with non-linear
behaviour, contact is lost between the monopile and its saddle(s) after the tipping range. The lost con-
tact pressure is compensated by the saddles which are still in contact. As long as contact is preserved
with the saddle, 100% contact area is assumed.

Based on these forces, the contact pressure per saddle is calculated using the contact area of the
saddle. To ensure that enough surface area of the monopile is in contact with the saddles, the support
material is strategically placed between 30◦ and 60◦ on both sides from the centreline, as shown in
figure 3.8. The advantages of placing the contact material this way are that it conserves material by
avoiding unnecessary placement across the entire saddle, and the structural integrity of the monopile is
ensured by preventing local deflections of the monopile. For this specific case, the depth of the contact
area is 1.2 meters, so the total contact area of each saddle equals 5.03 m2; see equation 3.7.

Figure 3.8: Contact area at the saddles

Circumference of a circle: 2π · radius
Circumference of the MP: 25.1m
Length of 1 support pad: 1

12 · 25.1 = 2.09m
Total area support pads: 2 · 2.09 · 1.2 = 5.03m2

(3.7)

The analysis of the forces in the saddles showed that the sum of the forces in the saddles is less than
the static force of 11.3 MN for all saddle configurations. This can be explained by the fact that there
is an opposing force of -0.276 MN between the saddles due to gravity according to the results of [13].
So, for the static case with three saddles, the total sum of the forces in the saddles would be 10.47 MN
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instead of 11.3 MN, and this effect is visible in all configurations. For an increasing number of saddles,
the total static force decreases. Table 3.4 shows the total static forces in the saddles per configuration.

No. of saddles: Opposing force [MN] Force in saddles [MN] Deviation [%]
3 3 · 0.276 = 0.828 10.47 7.32
4 4 · 0.276 = 1.104 10.19 9.77
5 5 · 0.276 = 1.380 9.92 12.21
6 6 · 0.276 = 1.656 9.64 14.65
7 7 · 0.276 = 1.932 9.37 17.10

Table 3.4: Total static force in the saddles per configuration

These results are assumed to be correct for this research phase, even though the total static forces in
the saddles for each configuration are expected to remain at 11.3 MN.

Conclusions coupled fluid-ship model
Some adjustments aremade to themodel of [13] to extract themost realistic forces between the saddles
and the monopile. First, a new ballast condition is defined for a draft of 6.0 meters without trim and heel
angle. This ballast condition provided the still water bending moment and was the input for the dynamic
deflections. The calculation of the dynamic deflections is redefined. Instead of using one linearisation
function for all wave heights, three linearisation functions are defined for three ranges of wave heights.
This adjustment results in lower differences between the input of the deflections for the research and
the deflections calculated by GHS.

The new ballast condition and the more accurate dynamic deflections have defined the tipping point
from linear to non-linear behaviour for vertical displacements for three up to seven saddles. Finally,
the contact forces and pressures have also changed due to the new ballast condition and dynamic
deflections. These contact forces and pressures are the output of the coupled fluid-ship model that will
be used as input for the monopile longitudinal model. The contact forces between the saddles and the
monopile of the coupled fluid-ship model are assumed to be in phase.

3.2.2. Monopile longitudinal model
A longitudinal numerical model of the monopile is created to find its displacement in the longitudinal
direction due to the vessel motions. Initially, the model was set up as a finite element method of a
flexible beam model, which will be described in the first section. During the research, this flexible beam
model changed into a mass-spring model that behaves as a rigid body. The model’s different types of
mass-spring systems are described in the second section.

The monopile model is set up such that there is no displacement in the longitudinal direction. This
matches the transport conditions of Roll Group. Roll Group calculates the number of lashing wires
required to constrain the monopile in the longitudinal direction to prevent longitudinal motion. This
calculation does not consider friction forces between the monopile and its saddles. Once the model
reaches the steady state for a certain amount of lashing wires, the friction force is considered in the
model. This step aims to analyse how the friction force influences the lashing arrangement.

This analysis should first be done for the hydrostatic case, which is the still water bending moment of
the vessel. In this case, the pressure in the saddles is evenly distributed because the spacing between
the saddles is arranged to be as equal as possible; see appendix A, so each saddle has the same
friction capacity. In addition, hydrodynamic cases should be considered for wave heights from 1.0 to
7.0 meters. In these cases, the pressure in the saddle varies, and even loss of contact can occur. This
means that the friction capacity fluctuates throughout the wave cycle for different heights, which will be
described in the third section. The lashing arrangement can be determined based on the lowest total
available friction capacity through the entire wave cycle.

The goal of the longitudinal monopile model is to find the most cost- and material-efficient seafastening
arrangement for the monopiles that entirely prevent the longitudinal motion of the monopile throughout
the whole wave cycle.
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Flexible beam model
First, a flexible beam model was set up to determine the displacement of the monopile for different
seafastening configurations. This model was built in the same way as the structural model of [13],
so with a global mass matrix M and global stiffness matrix K as a result of the mass and stiffness
element matrices Me and Ke, respectively. This flexible beam model could not reach a state without
axial vibrations, even when a large amount of lashing and friction was applied.

The characteristics of the flexible beam model are attributed to the presence of axial vibrations. Axial
vibrations can be induced by impulsive forces, such as wave slamming or resonance. The former is
not considered in this research, and the latter is unlikely as the encounter frequency of the waves is
much lower than the first natural frequency of the axial vibrations of the monopile. Since this research
does not focus on axial vibrations, they were disregarded. Consequently, a rigid body model, which
excludes axial vibrations, was deemed more appropriate. For this reason, the model was changed
from a flexible beam to a mass-spring system. Although the mass-spring model significantly simplifies
reality, it effectively captures the physical phenomena of interest.

Mass-spring model
The mass-spring model aims to find the most time and cost-efficient seafastening system for monopiles
considering friction. To reach this goal, the mass-spring model is built in multiple steps, starting with
the most basic mass-spring system and extending this until a model is reached that provides results
which match the goal. The mass is modelled as a rigid body since no axial vibrations in the longitudinal
direction are allowed. This section describes how the accelerations caused by ship motions result in
an external force. The six types of mass-spring systems that contribute to the building process of the
mass-spring model are listed below. Type 5 is described in detail since it provides results that determine
the most time- and cost-efficient seafastening system.

• Type 1: No forces, no motion occurs
• Type 2: External force, motion will occur
• Type 3: External and lashing force, motion will occur
• Type 4: External and lashing force, no motion occurs
• Type 5: External, lashing and friction force, no motion occurs
• Type 6: External, lashing and friction force, motion will occur

Accelerations resulting in external force
The vessel including its cargo is exposed to waves, resulting in vessel motions. The vessel’s heave and
pitch motions are responsible for the longitudinal motion of the cargo when it is not entirely prevented
from motion. The heave and pitch motions exert an external force on the cargo. With the use of
Octopus Office, a software based on linear 2D strip theory, the longitudinal accelerations ax of the
vessel, including the cargo, are calculated for wave heights from 1.0 to 7.0 meters at a sailing speed
of 12 knots, see table 3.5 and figure 3.9.

The longitudinal acceleration depends on the wave heading and table 3.5 shows maximal accelerations
for 30 degrees heading waves. The accelerations in the longitudinal direction for 0 and 30 degrees
are plotted for the increasing wave heights, and linear behaviour can be observed. A linear trendline
is plotted through the acceleration points of 30 degrees since these are the highest (see figure 3.9),
and this trendline is implemented in the longitudinal monopile model to calculate the acceleration that
belongs to the wave height. Themaximum longitudinal external force as awave height and time function
can be computed using equation 3.8. It should be noted that implementing the trendline of 30 degrees
is conservative since the friction in the longitudinal direction is maximum with a heading of 0 degrees,
resulting in lower accelerations.
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ax [g] for heading [deg]
Hs [m] 0 30
1.0 0.019 0.019
2.0 0.037 0.038
3.0 0.056 0.057
4.0 0.074 0.076
5.0 0.093 0.095
6.0 0.111 0.114
7.0 0.130 0.133

Table 3.5: Accelerations in the longitudinal direction for 0 and 30 degrees heading

Figure 3.9: Longitudinal acceleration for 12 knots

ax = 0.019 ·Hs

Fexternal(Hs, t) = MMP · ax(Hs) · g · sin (ωt)

ω =
√
kg

Wave number: k =
2π

λ
Wave length: λ = 169m

(3.8)

Type 5: External, lashing and friction force, no motion occurs
Roll Group does not consider friction in the seafastening calculations since DNV-ST-N001 [10] does
not allow calculating the required seafastening capacity, including friction. However, there is a friction
force between the saddles and the monopile. Once the sum of the friction and lashing forces equals
the external force, the monopile is prevented from displacements and accelerations. This type has a
force balance, meaning the resulting force is zero. Figure 3.10 shows the mass-spring system for this
type, and the equation of motion is given in equation 3.9.
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Figure 3.10: Mass-spring system without motion due to a force balance between the external, lashing and friction force

mẍ+ kx = Fexternal − Ffriction

Since: kx = Flashing

mẍ = Fexternal − Flashing − Ffriction

(3.9)

The mass-spring system aims to minimize the longitudinal motions, so it is assumed that the inertia
term is negligible:

mẍ ≈ 0

Resulting in the final equation of motion of the mass-spring system of type 5:

∑
F = 0

kx = Fexternal − Ffriction

Flashing = Fexternal − Ffriction

(3.10)

From equation 3.10, it can be concluded that the amount of available friction capacity determines if
lashing wires are required to prevent the longitudinal motion. Once there is sufficient friction capacity,
no lashings are needed.

It should be noted that the lashing and friction capacity can be higher than the lashing and friction force.
This is shown in three cases in figure 3.11 where the sum of the forces is zero, so no motion will occur.
The left battery has precisely enough lashing and friction capacity to get a force balance. The battery in
the middle shows a situation with more friction capacity than required to prevent motion, so the friction
force is lower than the available friction capacity. In the battery on the right, there is more lashing and
friction capacity available than required to prevent motion, so in this situation, only parts of the available
capacities are used.

Figure 3.11: 3 Cases with external, lashing and friction forces, all preventing motion
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3.2.3. Friction coefficient
In types 5 and 6 of the mass-spring systems, the friction force between the monopile and its saddles is
included. In the static case, for example, when the vessel is in the port where there are no waves, the
weight of the monopile is divided equally over the saddles, and so is the contact pressure. As a result,
the friction force is the same in each saddle.

For dynamic cases, the forces of the revised coupled fluid-ship model of [13] show that the contact
forces and contact pressures at the saddles vary over the wave cycle for wave heights from 1.0 to
7.0 meters. A fluctuating contact force leads to varying friction since the normal forces change. Each
saddle’s friction capacity during the wave cycle depends on the location and the number of saddles.
The total friction capacity of the saddles equals the sum of the friction capacity of each saddle. The
total friction capacity is used in types 5 and 6 of the mass-spring systems.

It should be noted that the friction force works with the same principle as the lashing force. The friction
force opposes the externally applied force and the lashing force. However, cases can occur where
more friction capacity is available than required to prevent motion entirely. An example of this can be
seen in the middle and right battery of figure 3.11 of type 5. In both cases, more friction capacity is
available than is used in the system as Ffriction.

Furthermore, section 2.2 described that the friction of the cargo is static when there is no relative
displacement and that the friction is kinetic once the cargo starts to move relative to the saddle. The
goal of the seafastening arrangement is to prevent the monopile from relative displacement. The forces
opposing the external force work together; when the friction is static, there is no relative displacement,
but the lashing wires can already provide a force to prevent displacement caused by the shearing of
the material. If the friction becomes kinetic, the force in the lashing wires will increase as they must
now resist the relative displacement. Please note that the right battery in figure 3.11 does not correctly
show this order since this figure aims to show the principle of the total available capacity. The friction
force increases up to the required amount to stop the displacement. If the lashing and friction capacity
is insufficient, the monopile will start moving, and no force stops the motion.

Output monopile model
Since the goal of the longitudinal monopile model is to find the most cost- and material-efficient seafas-
tening arrangement for the monopiles that entirely prevents the longitudinal motion of the monopile
throughout the whole wave cycle, the model of the monopile should be able to provide the output as
described below.

Initially, friction is not considered when performing the same calculations as Roll Group. The model
should calculate whether or not the lashing capacity is sufficient to prevent longitudinal motion caused
by the external force. This corresponds to the mass-spring system of type 3 or 4, and this analysis
should provide the minimum required number of lashing to prevent motion without friction forces entirely.

The same analysis should be done for the next step, but this time, the friction between the monopile
and the saddles is included for the static case. This means that the friction force in each saddle is the
same. The number of lashing wires is again applied in increasing numbers, corresponding to type 5 or
6. However, this step is only used as a check during the model’s building process since the static case
won’t result in any displacements of the monopile.

As the last step, dynamic cases can replace the static case. The revised coupled fluid-ship model of
[13] resulted in normal forces in the saddles, which should be used to calculate the friction capacity per
saddle. The results of the friction coefficient tests are included in this part of the longitudinal monopile
model. More about the friction coefficient tests will be described in chapter 4. To find the seafastening
arrangement that prevents motion through the whole wave cycle, the dynamic case with the lowest
friction capacity relative to the external force is selected for this analysis as the governing case. If
this case prevents longitudinal motion, other dynamic cases with more friction capacity relative to the
external force are also assumed to prevent longitudinal motion. Therefore, only the governing dynamic
case is considered, representing the whole wave cycle. The number of lashing wires is again applied
with increasing numbers to find the most cost- and material-efficient seafastening arrangement for
the monopiles that entirely prevents the longitudinal motion of the monopile during the most extreme
dynamic case.
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3.3. Conclusions case and model description
For this research, the MC class vessels are considered when transporting four monopiles and seafas-
tening is used to prevent the motion of the monopiles in all directions. The current seafastening ar-
rangement consists of saddles and lashing wires. The longitudinal monopile model is generated to
find the displacement of the monopile in the longitudinal direction due to the vessel motions. The initial
flexible beammodel was unsuitable for this goal since it resulted in axial vibrations. A rigid beammodel
with a mass-spring system was set up in different steps. The external force on the monopile is applied
due to the vessel’s heave and pitch motions. The lashing force of the lashing wires is used to prevent
this motion. If the lashing force is insufficient to avoid the longitudinal motion entirely, friction forces
are also considered part of the longitudinal seafastening arrangement. The application of forces is also
considered in the reversed order, so first, friction forces are applied, and lashing forces are considered
if the friction capacity is insufficient. Both the lashing and friction forces oppose the external force, and
cases can occur where the total capacity of these opposing forces is larger than the required opposing
force. In these cases, only the necessary opposing force is applied to the monopile to prevent the
longitudinal motion.

The dynamic case with the lowest friction capacity relative to the external force is considered govern-
ing and is selected to find the seafastening arrangement that prevents motion. All cases with a higher
friction capacity relative to the external force are assumed to prevent motion with the minimum seafas-
tening arrangement of the governing dynamic case. In all dynamic cases, the normal force is different
in each saddle, so each saddle has its friction capacity. Using the governing case, the model should
provide the most cost- and material-efficient seafastening arrangement for the monopiles that entirely
prevents the longitudinal motion of the monopile throughout the whole wave cycle.



4
Sliding friction test

Sliding friction tests are performed in addition to this research. The sliding friction test aims to deter-
mine the relation between the contact pressure and the friction coefficient. This is done by increasing
normal forces and calculating the friction coefficient with the test data. This chapter consists of the test
description and the test results. The results of the tests will be implemented in the numerical monopile
model to select the correct friction coefficient for the normal forces in the saddles.

4.1. Test description
This section describes the details of the tests. First, the test method is given, including the way of
post-processing the test data. Next, the test set-up is shown, including the limitations of testing. The
variation of the normal forces during the tests is described in the next part of this section, followed by
the testing parameters. The last paragraph describes the results of the tests.

4.1.1. Test method
The method used for the sliding friction tests is the reciprocating sliding test method. The test material
is fixed to the part of the machine that exerts the normal force and does not have a displacement. The
normal force is applied as a constant force before the test starts. A specimen of the second material is
fixed between the bottom clamps, and this part is displacement-controlled. Once the test begins, the
tangential force increases until the static friction limit is reached. From this point, the second material
starts to move left and right with a set sliding distance. One cycle is finished when the second material
is back at the starting position, meaning zero displacement. The advantage of this method is that all
cycles are tested, so the results would show if there is a difference between the beginning and end of
the test. The normal force is measured and adjusted during the test through an internal control loop that
senses and corrects slight deviations from the normal force. A schematic overview of the reciprocating
sliding test method is shown in figure 4.1, and figure 4.2 shows the actual test set-up.

27
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Figure 4.1: Overview reciprocating sliding test method

Figure 4.2: Set-up sliding friction test

For post-processing the test data, Coulomb’s law of friction is assumed. The equation of Coulomb’s
friction law is given in equation 4.1. Within this law, the coefficient of friction is assumed to be inde-
pendent of the normal force. The tests aim to determine the relation between the friction coefficient
and the contact pressure. The outputs of the reciprocating sliding tests are the normal force, tangential
force and displacement for all time steps. With these outputs, the friction coefficient µ can be calcu-
lated for each time step using equation 4.2. To find the relation between the friction coefficient and the
contact pressure, tests should be conducted under different normal forces, and the values of µ should
be compared.

Coulomb’s friction law: Ffriction = µ · FN (4.1)

Friction coefficient: µ(FN ) =
Ffriction

FN
(4.2)

Lubrication
Tests with dry, lubricated, and coated friction interfaces are performed. For the dry tests, no lubrication
was applied, so the test represents a dry support pad that is clean of oil and dirt. For the lubricated
tests, tap water is applied between the specimen and the steel to test the influence of water on the
friction coefficient. For each wet test, six drops of water are applied to the centre of the steel material,
see figure 4.3.

Figure 4.3: Water applied for wet test
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Coating
For the first test, the steel specimen did not contain any coating. It was cleaned before testing to
test with clean conditions. Later, a steel specimen with a coating is used to investigate the effect of a
coating on the friction coefficient with increasing normal forces. The applied coating is ’Interzinc 22’ with
a thickness of 50-75 microns. This zinc-rich primer is suitable for offshore structures since it provides
excellent corrosion protection for properly prepared steel substrates [41]. This means that this coating
is well suited for the application of monopile coating.

4.1.2. Test set-up
The test set-up of the sliding friction tests is shown in figure 4.2. The test material (green dot) is glued
(orange dot) to the cylinder that is connected with a grip connection to the part of the machine that exerts
the normal force. A specimen of the second material (red dot) is fixed between the bottom clamps (blue
dot). This part will start to move once the static friction limit is exceeded, resulting in increasing friction
between the test material and the second material at the plane of the purple dot, until the static friction
limit is overcome.

The testing machine and the materials have the following limitations that need to be taken into account
when testing:

• Normal force: the limits of the normal force the machine can apply are 10 to 499 Newtons. Previ-
ous tests done by the TU Delft showed that the normal pressure can be relatively low for specific
combinations of contact area and low normal loads, which may cause a higher variability of the
measured friction force due to an unsteady contact configuration. Tests with a small ball in con-
tact with a flat specimen combine contact area and low normal loads that give reliable results.
However, the contact area used for the test specimen, in combination with normal forces lower
than 10N, resulted in inaccurate results since the low contact pressure resulted in an unsteady
contact configuration.

According to the machine manufacturer, tests can be done up to 499N. However, previous tests
done by the TUDelft with dry conditions did not exceed a normal force of 200N. Due to pronounced
stick behaviour, the bottom plate’s size needs to be increased to reach the desired displacement
for higher forces. Tests with highly lubricated contacts should be able to reach 499N.

• Grip connection: the connection between the cylinder and the horizontal bar should be tightened
with a screw; see figure 4.4. There is no check to determine if the grip connection is sufficient
for the tests, which can become a problem for higher normal loads since high forces can result in
loss of grip. When this happens, the applied force decreases, and the test is invalid.

• Alignment:

– Horizontal alignment: the horizontal bar should be aligned within the margins of the spirit
level (see figure 4.5).

– Alignment of the test specimen: the test specimen should be aligned with the second mate-
rial, meaning in the middle in both the longitudinal and transverse direction (see figure 4.2
and 4.6).

Both alignments are hard to observe with the naked eye to ensure the accuracy of the alignment.
• Area test specimen: the test specimens were ordered with an area of 300 mm2. The results of
this test can be extrapolated to the full size of the saddles. However, the specimens were not
fabricated with strict tolerances, as shown in figure 4.6. This means that the geometric surface
area was slightly more or less than the assumed value of 300 mm2. Although this could also
be said for support pads in saddles, the deviations are considered smaller because a similar
deviation has a proportionally larger impact on the much smaller test specimen.

• Displacement: the displacement of themoving part can be set by loosening a screw using an Allen
key and counting the rotations. This step does not ensure high accuracies in the displacement.



4.1. Test description 30

Figure 4.4:
Horizontal bar incl. grip connection

Figure 4.5:
Spirit level

Figure 4.6:
Transverse alignment

4.1.3. Variation of normal forces
The revised numerical model resulted in contact forces between the monopile and the saddles during
the entire wave cycle. The lowest normal force is zero when loss of contact occurs. The highest normal
force in the saddles is 11.2 MN, which corresponds to 668 Newtons in the test specimen; see table 4.1.
This is the preferred range for testing, so the influence of the normal force of the friction coefficient
during the entire wave cycle is investigated.

During testing, it turned out that the actual possible test range was between 30 and 210 Newtons. The
progressions of the test results below 30N do not correspond to the results of higher normal forces.
Presumably, not all contact surfaces are being used for normal forces below 30N. More about this will
be described in section 4.1.4. Above a normal force of 210N, the grip connection lost grip, so the
horizontal bar started to tilt, and the applied normal force started to decrease. At the end of the test,
the margins of the spirit level were exceeded, so the data for tests above 210N was considered invalid.

Table 4.1 shows how the test specimen parameters relate to the saddle parameters.

Parameter Test specimen Saddle Unit
Area A 300 5.03·106 mm2

Min. contact force FN,min 0 0 N
Max. contact force FN,max 668 11.2·106 N
Max. contact pressure Pmax 2.23 2.23 N/mm2

Table 4.1: Normal forces in test specimen and saddle

4.1.4. Testing parameters
This paragraph gives all the parameters that are used during testing. It should be noted that the results
of the tests are only applicable to this research since all parameters are factors that can influence
friction behaviour, as described in section 2.4.

Material properties
The used material for the tests is vulcanised rubber EPDM70. This material is resistant to higher
temperatures and diluted acids. Furthermore, the material has an increased resistance to weather
conditions and the hardness is Shore A70 [42]. The technical parameters of EPDM70 are given in
table C.1 in appendix C.

Area specimen
To test with the maximum normal force that works in the saddles during the whole wave cycle, a test
specimen with an area of 100 mm2 would be sufficient since the maximum normal load for testing with
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a specimen of 100 mm2 would be 223N. During the first tests with a test specimen of 100 mm2, the
shearing effects in the specimen were too high for the shear resistance of the glue. As a result, the
glue broke, and the test specimen detached from the cylinder; see figure 4.7.

Figure 4.7: Broken glue for the test specimen of 100mm2

To prevent detachment in the following tests, the area of the test specimen was increased to 300 mm2.
The disadvantage of this area is that the maximum normal force during testing is 668N to convert the
results to a saddle scale, and the testing machine cannot apply a normal force above 499N.

As already described in the limitations of the testing, the cutting of the specimens was not done with
high accuracy. Still, since the differences are slight, the assumption is that all tested specimens have
dimensions of 15 by 20 mm, resulting in a geometric contact area of 300 mm2. It should be noted
that this assumption is conservative since the actual contact area might have been much smaller, and
hence, the contact pressure would have been much higher. The actual contact area is qualitatively
estimated to be 50% smaller than the geometric contact area, so less than 150 mm2. However, this
is also true for the support pads on the saddle scale, so this qualitative estimate is neglected on both
scales, meaning a contact area of 300 mm2 is used.

Steel
The second material is structural steel S275 without any lubrication or coating. This piece of material
represents the monopile.

Displacement
The displacement should stay within the limits of the width of the secondmaterial. Once it exceeds these
limits, the test material is draped over the edge of the steel, and the normal force can not be equally
divided, resulting in unreliable test results. Four complete rotations with the Allen key are applied during
the test preparations, corresponding to a maximum displacement of approximately 2.77mm.

Frequency
The frequency used during the test corresponds to the wave frequency of 0.604 rad/s as used in the
monopile model (see equation 3.8). This wave frequency equals 0.1 Hz; see equation 4.3.

ω = 0.604 rad/s

f =
ω

2π
= 0.096 Hz

(4.3)

Others
• Roughness: the roughness of both the steel and rubber specimens is unknown, so this factor’s
influence can not be investigated.

• Rate of loading normal force: the normal force is applied gradually before the movement starts
in 1 minute.

• Rate of loading tangential force: the tangential force is applied gradually since the period of one
displacement cycle equals approximately 10.5 seconds. The tangential force is applied to achieve
the desired frequency and sliding distance.

• Temperature: the tests are all done at room temperature of 20◦C.
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• Contact area: the steel and rubber specimens were not perfectly flat. No conclusions can be
drawn about the used contact area, especially during the tests with lower values of the normal
force.

• Wear: through wear, rubber particles can separate from the main specimen and form a thin layer
between the steel and the rubber specimen. If this is true, removing this layer during the test is
not realistic because that is also not done during transport.

4.2. Results sliding friction tests
This section gives the test results. First, the results of three regular tests are presented in two parts:
the initiation of motion and the steady state motion. The shearing behaviour of the regular tests is given
next. Based on these tests, the friction coefficients for increasing normal forces are found, which are
scaled to the saddle scale. The coated and lubricated test results are shown in the last two paragraphs.

4.2.1. Regular test
Three regular tests are performed, and the first and last displacement cycles are investigated. The first
quarter of the cycle represents the initiation of motion, with the transition from static to kinetic friction.
After the first cycle, the progression is getting towards a steady state that is reached fast after the first
cycle, so it is assumed that this pattern would not change in any longer test. An example of a test at
90N is shown in figure 4.8. The initiation of motion starts at (0, 0) and changes from static to kinetic
friction around (0.6, 0.58). The lines of the steady state are plotted on top of each other, resulting in
the thick blue line.

Figure 4.8: Complete test result 90N

The tests were performed for normal forces of 30, 60, 90, 120, 150, 180, and 210 Newtons, and the
testing time was 5 minutes. Table 4.2 shows how the normal forces relate to the contact pressure.

Contact pressure
Normal force [N] Testing scale [N/mm2] Saddle scale [Pa]

30 0.1 5.96
60 0.2 11.93
90 0.3 17.89
120 0.4 23.86
150 0.5 29.82
180 0.6 35.79
210 0.7 41.75

Table 4.2: Contact pressure in testing and saddle scale
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Initiation of motion
At the beginning of the cycle, during the initiation of motion when the tangential loads increase, the
three tests with lower normal forces show a clear transition from static to kinetic friction. The transition
occurs on the peaks of the friction coefficient; see figure 4.9. First, the material sticks and the coefficient
of friction increases until the maximum static friction. Once the behaviour changes from stick to slip,
the material starts to move, the coefficient of friction decreases, and the kinetic friction is reached.

Figure 4.9: Initiation test 3

From the results, it can be seen that the shearing effect is getting more pronounced for higher normal
forces. The softening of the material causes this, so the material’s flexibility is higher for higher normal
forces. For example, when focussing on figure 4.9, the blue line of 30N shows the transition from static
to dynamic friction around a displacement of 0.2mm, but the red line of 210N does not have such a
clear transition due to the shearing effects. The slope of the shearing effects decreased with increasing
normal forces, and the size of the test specimen was a limiting factor during the tests with higher normal
loads. In the test set-up, the length of the EPDM70 specimen was 20 mmwhile the length of the support
pads in the saddles was 1.2 m, so it was impossible to test the shearing effect on the saddle scale.

The first and second tests do not show a clear transition from static to kinetic friction (see figure 4.10
and 4.11). The second test results (figure 4.11) show that the lines of the friction coefficient for different
normal forces converge already in the first half cycle, which does not happen that fast in the first and
third tests.

Figure 4.10: Initiation test 1 Figure 4.11: Initiation test 2
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Steady state motion
After the first cycle, the motion reaches a steady state. One of the last cycles was selected to verify
that the grip connection and normal force were consistent throughout the entire test.

The inclined vertical sections of the curves represent the deceleration of the motion, followed by the
reversal of the motion direction. It can also be observed that the slope of these inclined vertical sections
decreases with increasing normal force, and the slope of these lines corresponds to the shear modulus.
During the initiation of motion, it was already clear that the shearing effects increased for increasing
normal forces, and this principle remained during the whole time of the tests. The differences became
even more apparent since the steady state results show an evident slope change between the lines of
different normal forces. Figures 4.12, 4.13, and 4.14 show the steady state results of tests 1, 2 and 3,
respectively.

Figure 4.12: Steady state test 1 Figure 4.13: Steady state test 2

Figure 4.14: Steady state test 3
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Shearing effects
The shear modulus of EPDM70 can be calculated based on the steady-state results of the tests. The
modulus of rigidity is defined as the ratio of shear stress to the shear strain; see equation 4.4.

Shear modulus: G =
τxy
γxy

=
F · h
A ·∆x

Where:
τxy = Shear stress
γxy = Shear strain
F = Friction force
h = Height of the test specimen
A = Area of the test specimen

∆x = Transverse displacement

(4.4)

In this investigation, the slope at a small delta around a friction coefficient of zero at both the positive
and negative displacement is used to indicate the shearing effects in the test specimens. An average
of the two slopes gives the slope for that normal force; see equation 4.5. The steeper the slope, the
more shearing effects occur. So, comparing 30N and 210N of figure 4.14, the slope of 30N is much
higher compared to the slope of 210N, meaning more shearing effects occur for an increasing normal
force.

Slope due to shearing effects =
∆µ

∆x
(4.5)

The material’s shearing effects can be expressed as a function of normal force. The results of these
calculations for all 3 tests are shown in table 4.3 and figure 4.15. The average shearing slope of the
tests is plotted in purple in figure 4.15. The equation of the shearing effects of EPDM70 as a function
of the normal force based on the average of the tests is given in equation 4.6 and plotted in green in
figure 4.15.

Slope due to shearing
Normal force [N] Test 1 Test 2 Test 3 Average

30 2.15 2.91 3.32 2.79
60 1.36 1.83 1.68 1.62
90 0.87 0.85 0.87 0.86
120 0.60 0.65 0.82 0.69
150 0.39 0.48 0.46 0.44
180 0.36 0.34 0.35 0.35
210 0.27 0.26 0.29 0.27

Table 4.3: Slope of the shearing lines for different normal forces

Slope of shearing lines for EPDM70:

Slope(FN ) = 199.76 · F−1.214
N (4.6)
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Figure 4.15: Shear modulus EPDM70

Figure 4.15 shows that the slope of the shearing lines decreases for increasing normal forces, meaning
there is more stick behaviour at higher forces due to the shearing of the test specimen. The slip
behaviour starts sooner for lower normal forces since the test specimen deforms less due to shearing.
In this phase, it is not possible to determine the effect of shearing on the saddle scale since the sliding
friction test machine limits test specimen size. However, the length-height ratio of the test specimen
and saddle support pad are compared; see equation 4.7.

Test specimen: L

H
= 2

Saddle support pad: L

H
= 24

(4.7)

The support pad’s L/H ratio is twelve times larger, so the shearing effects are deemed negligible in
the longitudinal monopile model.
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4.2.2. Regular friction coefficient
Roll Group designs the seafastening arrangement without considering friction to entirely prevent the
motion of the monopile in the longitudinal direction. This objective is considered when post-processing
the friction coefficients from the results. Since the goal of the seafastening is that no displacement
occurs at all, using the steady-state friction results would not match reality since it skips the motion
initiation. Once the external force is applied, the friction force first behaves in the static friction regime.
For that reason, the results of the tests during the motion initiation are selected for application in the
longitudinal monopile model.

After this decision, the motion initiation test results are analysed. The first observation is that the friction
coefficients of the second test for all normal forces are lower than tests 1 and 3. This behaviour can
be attributed to the fact that the steel specimen was not cleaned before starting the second test. A
thin layer of rubber formed on the steel material due to wear caused in the first test. Based on this
difference during testing, it is decided not to consider the second test’s results when defining a friction
coefficient.

When analysing the results of the first test, both 90 and 210 Newtons have some unexplainable peaks
in their lines, and the lines of 150 and 180 Newtons cross each other. The results of the third test do
not have such small errors in the data. The only remark regarding the third test results is the lack of
smoothness for 30, 60 and 90 Newtons in the kinetic friction regime. This is probably caused by the
roughness of the test specimen and steel material, which results in a lower contact area. This effect is
considered negligible since the pattern is clear, and this bumpy kinetic friction line is no longer visible
for normal forces above 90 Newtons. For that reason, the test results of the third test, as shown in
figure 4.16, are used to investigate the effect of an increasing normal force on the friction coefficient.

Figure 4.16: Selected test results for investigation
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As already stated, the most relevant part of the test results for monopile seafastening is the motion
initiation, and within that part, the static regime is the regime of interest. The static regime is easy to
determine for the normal forces with a clear transition, see figure 4.17. At the transition from static to
kinetic friction changes the sticking phase into the sliding phase. The shear modulus is stiff enough
during cases where this transition is clear. In cases without a clear transition, the shear modulus is
flexible meaning the support pad shears in the sticking phase, and the movement of the monopile
starts when the sticking phase changes in slip. However, as can be seen in figure 4.17, for example
with the red line of 210N, it is hard to determine where the stick phase shifts to slip. Table 4.4 shows
the maximum static friction coefficient for the cases with a clear transition and all kinetic values of µ.
The kinetic friction coefficients are obtained by taking the maximum value of µ in the kinetic region for
each normal force.

Figure 4.17: Transition from static to kinetic friction for lower normal forces

Normal force [N] Max. static µ Kinetic µ Difference
30 0.678 0.625 7.82%
60 0.638 0.600 5.96%
90 0.587 0.577 1.70%
120 - 0.543 -
150 - 0.515 -
180 - 0.486 -
210 - 0.459 -

Table 4.4: Coefficients of friction

To implement the friction coefficients of the test in the monopile model for varying normal forces, the
results of table 4.4 should be extended up to 668N (see table 4.1). When plotting the kinetic friction
coefficient, it can be concluded that this behaves almost linear; see the blue marked line in figure
4.18. However, the static friction coefficient is of higher interest but unclear for all normal forces. To
be conservative for safety reasons, all static friction coefficients are determined as 90% of the kinetic
friction coefficient. With this assumption, there is still a margin for the cases above 90N with a flexible
shearing stiffness to prevent the friction from becoming kinetic. The static friction coefficient with the
safety margin is plotted in orange in figure 4.18.
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Figure 4.18: Test data including linear trendline of static friction results

A linear trendline can be determined based on the assumed static friction coefficient. However, this
relation results in a friction coefficient of zero for normal forces above 700N (see figure 4.19), which
does not match reality. In reality, the friction force only equals zero if there is no normal or tangential
force.

So, with the testing results, no conclusion can be drawn on the behaviour of the friction coefficient for
normal forces above 210N. However, experimental data has shown that the friction coefficient levels out
to a steady value for higher normal forces as described in section 2.4.2. For this reason, the assumption
is made that the coefficient of friction decreases linearly until a coefficient of friction of 0.3 is reached,
and from then on, this value of µ is considered for all normal forces. The value of 0.3 is selected since
this is the coefficient of friction between rubber and steel in dry and wet conditions prescribed by DNV
[10]. The tested and assumed behaviour of the friction coefficient for varying normal forces is shown
in figure 4.19.

Figure 4.19: Assumed function of µ as function of FN based on test results
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The function of the red dotted line in figure 4.19 is scaled with the use of table 4.1 to the saddle scale;
see figure 4.20. This scaled function will be applied in the numerical monopile model to calculate the
friction force in the saddles for each wave height and their corresponding normal forces. After this
implementation, the total available friction force can be calculated. With this data, the most cost- and
material-effective seafastening arrangement can be determined.

Figure 4.20: Function of µ as function of the contact force on saddle scale

4.2.3. Coated friction coefficient
Previous research showed that a coating between steel and rubber results in a different friction be-
haviour than cases without coating [43, 44]. However, whether a coated material behaves the same as
an uncoated material for increasing normal forces is unknown. A test with a coated steel specimen is
performed to investigate the effect of a coating on the relation between the coefficient of friction and the
normal force. The used coating is a layer of 50-75 microns of ’Interzinc 22’, see figure 4.21. During the
tests, the EPDM70 specimen started to wear; see figure 4.23. Comparing the before and after figures
of the coating, it can be observed that it also started to wear during testing; see figure 4.22. From these
figures, it can be concluded that the coating did not have equal roughness throughout the tests due to
wear.

Figure 4.21: Coating before tests Figure 4.22: Coating after tests
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Figure 4.23: Wear after coated test

Before testing the coated steel specimen, an uncoated steel specimen was tested with the same
EPDM70 specimen as a comparison for the coated test results. Both these results are plotted in figure
4.24. The coated steel specimen had a higher friction coefficient than the uncoated material, but the
behaviour was almost identical. Based on the testing results, the coefficient of friction is expected to
increase when a coating is applied since figure 4.24 shows higher friction coefficients for the coated
tests. However, it is hard to determine a function of µ as a function of the normal force for coated
steel on EPDM70 since many factors can influence this function, for example, the coating thickness or
the coating type. Therefore, it is recommended that new tests be performed if any property changes
compared to the properties used during testing.

Figure 4.24: Coated test results
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4.2.4. Lubricated friction coefficient
Lubricated tests are performed with tap water as contamination. In reality, contamination is present
at the support pads in lubricated situations. However, this was impossible in the test set-up, so the
water is applied on top of the steel specimen; see figure 4.25. Before the test, when the test specimen
is moved to the steel specimen, the water sticks between the two materials due to capillary adhesion,
see figure 4.26. Because of this effect, it is assumed that the water is divided equally over the whole
surface when the EPDM70 and steel specimen are in touch. The contamination is also located next to
the test specimen; see figure 4.27. It is unknown what amount of contamination remains between the
two materials, but it is assumed that this is the same amount for all normal forces. Figure 4.28 shows
that the contamination is located at the EPDM70 and steel specimen after testing.

Figure 4.25: Water drops before test Figure 4.26: Water layer before test

Figure 4.27: Water layer during test Figure 4.28: Water layer after test

First, dry tests are performed with the same test specimen to compare with the wet tests. The test
results of the lubricated tests are shown in figure 4.29. The tests show an increase in the friction
coefficient for an increasing normal force, whereas both the regular and the coated tests showed a
decrease of µ for an increasing normal force. This behaviour was not expected, especially not for the
dry test, but it is hard to find the cause of this opposite behaviour. Examples of possible causes are the
imperfect alignment of the test specimen with the steel specimen, the rate of contamination evaporating,
and the variability between this specimen and the previously used ones. Significant variability was
observed between the specimens regarding the geometric contact area. All test results of the lubricated
tests are given in appendix D.
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Nevertheless, it can be concluded that the friction coefficient is lower for conditions where the contact
area is contaminated with tap water. More contaminated tests are recommended to investigate the
behaviour of the friction coefficient at lubricated contact areas. It would be interesting to examine the
influence of the test duration on the friction coefficient to see if it increases throughout the test due to
the contamination evaporating during the test.

Figure 4.29: Lubricated test results

4.3. Conclusion sliding friction tests
The sliding friction tests are performed for three conditions: dry & uncoated, dry & coated and wet &
uncoated conditions. The dry and uncoated conditions were tested three times, and the results showed
a relation between the friction coefficient and the contact pressure. The static friction regime during
the initiation of motion is considered the most relevant phase, as a monopile restrained from longitudi-
nal motion operates only in the static friction regime without relative displacement. Any displacement
observed during the tests within the static regime resulted from the shearing effect, with shearing dis-
placement increasing as normal forces grew. However, the saddle support pad’s length-to-height ratio
was much higher than the test specimen’s. Therefore, this shearing effect is considered negligible in
the longitudinal monopile model. To determine the shearing effect on the saddle scale, more sliding
friction tests are recommended with test specimens with lower thickness.

The test results indicate a decreasing friction coefficient as normal forces increase, with a linear decline
observed within the testing range. Beyond the testing range, the linear trendline is extrapolated until it
reaches a friction coefficient of 0.3, which DNV-ST-N001 specifies for rubber-steel friction under wet and
dry conditions. This relation between the friction coefficient and normal force is found on the test scale
and is scaled to the saddle scale. The function of the friction coefficient µ, depending on the contact
pressure, is implemented in the longitudinal monopile model. From the coated and lubricated test
results, it can be concluded that the test results only apply to this specific research and the properties
used since the coated and lubricated results deviate from the regular test results, so any changed
parameter will result in a different friction behaviour.



5
Results

This chapter presents the findings from the research conducted using the longitudinal monopile model,
with results derived from a mass-spring system including friction and lashing forces. The first section
describes the dynamic deflections used in the coupled fluid-ship model, and the second section gives
the normal forces in the saddles as a result of the dynamic deflections. The next section describes the
friction forces belonging to the normal forces based on the test results, and it includes the total available
friction capacity for all cases.

After these sections, the results of the analyses of the mass-spring systems are given. First, the results
of types 3 and 4 are shown where an external and lashing force is applied to calculate the displacement
of the monopile for different lashing configurations. Friction based on the test results is included in the
system of the next section to calculate the displacement for the static case. The following section gives
the mass-spring system type 5 results for the governing dynamic case. These analyses define the
most cost- and material-efficient seafastening arrangement for the monopiles that fully prevents the
longitudinal motion of the monopile throughout the whole wave cycle, described in the last section.

44
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5.1. Dynamic deflections
The dynamic deflections of the vessel with the new ballast condition are calculated for four cases:

• Departure hogging
• Departure sagging
• Arrival hogging
• Arrival sagging

For the departure condition, the fuel tanks are filled for 90% while the arrival condition calculates with
tanks filled for 10%. The vessel is ballasted to have zero trim and heel during the departure conditions.
Hence, the vessel may have a small trim and heel angle during arrival. The results of GHS show that the
dynamic deflections for hogging waves are larger than those for sagging waves. The GHS deflection
lines of the four cases are plotted in 5.1. The deflection of the arrival hogging condition is the largest, so
these deflections are considered governing and, for that reason, used in the revised numerical model
to calculate the normal forces in the saddles.

Figure 5.1: Dynamic deflections from GHS for a wave height of 7m and 4 monopiles
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5.2. Normal forces in saddles
The normal forces in the saddles for each saddle configuration and wave heights from 1.0 to 7.0 meters
are calculated with the revised numerical model; see table 5.1. Loss of contact occurs when the normal
force is 0 Newton. As can be seen, intermittent contact occurs for lower wave heights when the number
of saddles increases. For cases with loss of contact, the normal force increases in the saddles that
are still in contact. The normal forces of table 5.1 are used to calculate the friction force per saddle for
each wave height.

Normal force [MN]
Hs

Saddles: 1.0 2.0 3.0 4.0 5.0 6.0 7.0

3
2.81 2.22 1.73 1.17 0.74 0.21 0.05
4.91 6.13 7.15 8.30 9.19 10.29 11.20
2.74 2.09 1.52 0.90 0.40 0.08 0

4

1.87 1.11 0.48 0.08 0 0 0
3.18 3.95 4.59 5.31 5.72 6.24 6.66
3.41 4.21 4.89 5.51 5.11 4.33 3.99
1.73 0.89 0.17 0 0 0 0

5

0.65 0.04 0 0 0 0 0
1.74 1.69 3.07 2.79 2.50 2.29 2.16
3.44 4.54 4.29 4.65 4.99 5.49 5.97
3.12 3.71 3.18 2.47 2.18 1.89 1.63
0.65 0.08 0 0 0 0 0

6

0 0 0 0 0 0 0
1.43 1.99 1.48 0.78 0.42 0.03 0.11
2.54 3.19 3.68 4.16 4.56 5.05 5.46
3.48 3.26 3.66 4.19 4.57 4.96 4.97
2.73 1.79 0.94 0.42 0.03 0 0
0.01 0 0 0 0 0 0

7

0.03 0 0 0 0 0 0
1.39 1.13 0.44 0.21 0 0 0
1.98 2.55 2.83 3.06 3.26 3.54 3.62
2.10 2.84 3.41 3.97 4.28 4.52 4.78
2.22 2.60 2.80 2.97 2.75 2.10 1.72
1.54 0.83 0.01 0 0 0 0
0 0 0 0 0 0 0

Table 5.1: Normal forces in saddles for different wave heights in the hogging arrival condition

Since the hogging arrival condition is considered to be the governing case based on the dynamic
deflections, these normal forces are used in the longitudinal monopile model. Within one wave height,
the normal forces are assumed to be in phase.

The hogging case results in the highest forces in the saddles in the middle and loss of contact in the
outer saddles. When analysing the sagging case, the normal force in the outer saddles is expected to
be the highest and loss of contact occurs in the saddles in the middle. However, where the normal force
in a hogging case is the highest in the middle saddle for a wave height of 7.0 meters and a configuration
of 3 saddles, the force is expected to be divided over the two outer saddles during a sagging case. By
dividing the force over the two outer saddles instead of over a single middle saddle, the contact pressure
is lower, resulting in a higher friction coefficient. Therefore, it is expected that sagging cases are not
governing since the total friction capacity is expected to be higher than in the arrival hogging case.



5.3. Friction forces 47

5.3. Friction forces
The friction capacity per saddle for each wave height and each saddle configuration can be calculated
by using equation 4.1, where the normal forces follow from table 5.1 and the friction coefficient from
the friction function of figure 4.20. The friction capacity per saddle and the total friction capacity per
wave height for three saddles are shown in figure 5.2. The plots with the friction capacities for all wave
heights for the other saddle configurations are in appendix E. Figure 5.3 shows the total friction capacity
for each saddle configuration per wave height. A general trend can be observed, showing a decrease
in friction capacity with increasing wave heights, though with some exceptions. This aligns with the
observation that the friction coefficient decreases with higher normal forces, as higher wave heights
lead to larger deflections, resulting in higher normal forces. The lowest available friction capacity is
3.25 MN and is reached with a wave height of 6.0m in a configuration with three saddles.

Figure 5.2: Friction capacities in 3 saddles

Figure 5.3: Total friction capacity for all saddle configurations
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5.4. Dynamic analysis without friction
To simulate the same seafastening calculations as Roll Group does, the monopile model is set up as
the mass-spring system types 3 and 4, so including the external force and lashing wires, but without
friction force. Figure 5.4 shows the forces in the system for configurations of 2, 8 and 16 lashing wires,
three saddles and a wave height of 7.0 meters. It can be seen that the lashing force increases for
an increasing number of lashing wires (yellow dotted line). Hence, the resulting force decreases (red
line). When 16 lashing wires are applied, the external force is lower than the available lashing capacity,
preventing the monopile from motion in the longitudinal direction.

(a) (b)

Figure 5.4: (c)
Resultant force for dynamic cases without friction: (a) 2 lashings, (b) 8 lashings, and (c) 16 lashings.

The accelerations in the longitudinal direction are the largest for a wave height of 7.0 meters, as de-
scribed in section 3.2.2, resulting in lower displacements for all lashing configurations for cases with
lower wave heights. The maximum displacement for all wave heights is plotted against the number
of lashing wires in figure 5.5. The figure gives a clear overview of the decreasing displacement for
increasing lashing wires for all wave heights. The vertical deflections are the largest for a wave height
of 7 meters, and so is the displacement of the monopile in the longitudinal direction. If friction is not
considered in the seafastening calculations, 16 lashing wires should be applied to prevent motion in
the longitudinal direction for all wave heights.

It should be noted that the lashing wires will break once the total lashing capacity is insufficient to
counteract the external force. For the maximum displacement of figure 5.5, it is assumed that this
displacement occurs because the lashing wires elongate while remaining at capacity before breaking.
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Figure 5.5: Maximum displacement for all lashing configurations for different wave heights without friction

Figure 5.6 gives an overview of the cases with sufficient lashing capacity and when friction is required
to prevent the longitudinal motion. For example, for cases with a wave height of 2.0 meters (orange
line), friction forces are necessary if less than five lashing wires are used since the lashing capacity is
insufficient to prevent the longitudinal motion of the monopile.

Figure 5.6: Lashing capacity against external forces for all wave heights
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5.5. Static analysis with friction
Since no accelerations exist in the static case, the external force Fext is zero. The lashing and friction
forces are zero, while the capacity to prevent the longitudinal motion is available. The longitudinal
displacement is zero for all static cases. This static analysis showed that the lashing and friction forces
are applied correctly; only generating a force if an external force exists.

It should be noted that according to DNV [10], the cargo needs to be sea fastened for 0.1g in any
direction before moving the vessel to another location at the same site for further seafastening. This is
relatable to the static case since the static case only applies in port conditions where no waves occur.

5.6. Dynamic analysis with friction
The dynamic analysis without friction showed that 16 lashing wires are required to prevent motion in
the longitudinal direction for all wave heights. This analysis implemented the friction function based
on the sliding friction test results to select the friction coefficient that belongs to the normal force for all
saddles as given in section 5.2.

Figure 5.7 shows the longitudinal displacement for all combinations of wave heights and number of
lashings, including friction. The displacement is zero for all cases when friction is included, which is
the defined displacement limit. Zero displacement is ensured by the lashing wires, which are under
pre-tension. To maintain this during transport, the crew checks and, if necessary, tightens all chains
at least once every 24 hours. Please note that the displacement lines for wave heights lower than 7.0
meters are all plotted behind the pink line with x-markers belonging to a wave height of 7.0 meters.

Figure 5.7: Maximum displacement for all lashing configurations for different wave heights with friction
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5.7. Revised seafastening arrangement
Figure 5.8 shows the total available friction capacity and the maximum external force on the monopile
for all wave heights. This figure shows that 3 saddles provide sufficient friction capacity for all wave
heights. Since a configuration with 3 saddles and a wave height of 7.0 meters has the lowest friction
capacity relative to the external force (see table 5.2), it can be concluded that other saddle configura-
tions also have sufficient friction capacity. Therefore, no lashing wires have to be applied when friction
is considered.

Figure 5.8: Total friction capacity vs the maximum external force for 3 saddles

Wave heigth Total friction
capacity [MN]

Max external
force [MN] UC

1.0 4.186 0.215 0.05
2.0 3.914 0.429 0.11
3.0 3.798 0.644 0.17
4.0 3.601 0.859 0.24
5.0 3.399 1.074 0.32
6.0 3.255 1.288 0.40
7.0 3.377 1.502 0.45

Table 5.2: Unity check between the total friction capacity and the maximum external force for each wave height
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5.7.1. Seafastening design loads
Rule [11.9.2.9] of DNV-ST-N001 [10] states that no seafastening is required when the available friction
capacity is at least twice the calculated required total seafastening design loads. However, when the
friction capacity is less than twice the design loads, the minimum seafastening capacity is determined
according to the table of figure 5.9, which gives a function of the design loads based on the cargo
weight but does not consider friction. On the right side of figure 5.9, this function is plotted.

Weight: Longitudinal minimum
seafastening capacity

W < 1000t 0.10g
1000t ≤ W < 5000t Linear
5000t ≤ W < 20000t 0.05g
20000t ≤ W < 40000t Linear

W ≥ 40000t 0.03g

Figure 5.9: Minimum seafastening capacity as a function of cargo weight, W, according to [10]

The minimum longitudinal seafastening capacity for one monopile is given in equation 5.1. This calcu-
lation results in the longitudinal force applied on the seafastening. Once the lashing capacity is known,
the required number of lashing wires to prevent longitudinal motion can be calculated. In this case,
only 12 lashing wires of 10-ton capacity under an angle of 10 degrees are needed to generate enough
longitudinal seafastening force. However, according to calculations of Roll Group, 16 lashing wires are
required to avoid longitudinal motion caused by the maximum external force if friction is not considered.

Longitudinal seafastening capacity = 0.0981g

Longitudinal seafastening force: Fx = MMP · ax ≈ 11.3MN · 0.0981g ≈ 1.1MN

Number of lashings = 12

(5.1)

The seafastening design loads are calculated by equation 5.2 and section 5.3 described that the lowest
available friction capacity is 3.25MN. Two times the required calculated total seafastening design load is
approximately 3 MN. According to [11.9.2.9] of DNV, no longitudinal seafastening is necessary since the
available friction capacity is at least twice the calculated required total seafastening design loads. With
this result, the MWS may, on a case-by-case basis, agree to dispense with the minimum seafastening
capacity requirements of figure 5.9. In such cases, the entire load path, including the potential sliding
surfaces, shall be documented as capable of withstanding twice the larger loadings from the motions
analyses and the minimum seafastening capacity requirements.

Seafastening design loads: Fx = MMP · ax ≈ 11.3MN · 0.133g ≈ 1.5MN

Twice seafastening design loads: Fx ≈ 3.0MN

Available friction capacity ≥ 3.25MN

(5.2)
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5.8. Conclusion results
The dynamic deflections of the software GHS showed the most significant deflections for the arrival
hogging condition, so these deflections are used in the revised numerical model. This revised numerical
model resulted in the normal forces in the saddles for wave heights from 1.0 to 7.0 meters for saddle
configurations between 3 and 7 saddles, including loss of contact. Based on the function of the friction
coefficient, which depends on the normal force, the friction coefficients in the saddles are calculated,
resulting in the friction capacity per saddle. The total friction capacity is calculated by taking the sum
of the friction capacities in the saddles.

A dynamic analysis without friction is done to simulate Roll Group’s seafastening calculations. Next, a
static analysis with friction is done to check if themonopile model worked. For the following analysis, the
friction function is included to show the longitudinal displacement of the monopile for the dynamic cases
with friction. A last analysis is done to determine the revised seafastening arrangement that entirely
prevents the longitudinal displacement of the monopile. DNV states that no seafastening is required
when the available friction capacity is at least twice the total required seafastening design loads. Using
the calculated accelerations of the software Octopus, it turns out that twice the seafastening design
loads are lower than the available friction capacity in the saddles for saddle configurations from 3 up to
7 saddles and wave heights up to 7.0 meters. It can be concluded that the analysis based on the friction
theory shows that no seafastening is required to prevent the longitudinal motion of the monopile for all
saddle and wave height configurations. However, the rules of DNV state that the marine warranty
surveyor may, on a case-by-case basis, agree to dispense with the minimum seafastening capacity
requirements. This means that this research does not guarantee that the seafastening arrangement
can be reduced.



6
Conclusion

This chapter concludes the research by answering the sub-questions and the main research question.

1. Modelling:
How can a system of a monopile exposed to longitudinal forces caused by ship motions be modelled
to define the effect of friction as seafastening?

The system of a monopile exposed to longitudinal forces caused by vessel motions can be modelled
as a mass-spring system. In this model, the mass acts as a rigid body, to which an external force is
applied with a magnitude based on the accelerations caused by the vessel’s heave and pitch motion.
Friction force counteracts the external force, and its magnitude corresponds with the normal force and
friction coefficient. The friction coefficient is related to the contact pressure, which depends on the
normal forces and surface areas of the seafastening system. In case the total friction capacity of the
saddles is less than the applied external force, additional lashing wires are applied.

2. Friction:
How does the varying contact pressure due to the vessel’s deflection affect the friction between the
monopile and its saddles?

The varying contact pressure affects friction in two ways. First, a varying contact pressure due to
dynamic vessel deflections means the normal force varies since the support pad area remains the
same, and the total friction capacity depends on the normal force (Ffriction = µ · FN ). Second, the
sliding friction tests showed that the coefficient of friction depends on the contact force, and a friction
coefficient function is defined. In this function, the friction coefficient decreases for increasing contact
forces until a friction coefficient of 0.3 is reached, and the friction coefficient remains constant at 0.3 for
higher normal forces. This means that with a changing contact pressure due to the vessel’s deflection,
both the normal force and the coefficient of friction change, resulting in a changing friction capacity.
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3. Number of saddles:
How does a varying number of saddles affect the friction capacity?

The total friction capacity for all wave heights from 1.0 to 7.0 meters and the number of saddles from
3 to 7 is analysed with the longitudinal monopile model, including the friction function and intermittent
contact cases. This analysis showed that the total friction capacity for most saddle configurations
decreases with increasing wave heights but increases for an increasing number of saddles. Higher
wave heights result in larger vertical dynamic deflections of the vessel, resulting in higher normal forces
in some saddles and loss of contact in other saddles. Since higher normal forces correspond to lower
friction coefficients and loss of contact means no friction capacity, the total friction capacity decreases
for higher wave heights. Once the number of saddles increases, the normal force is distributed over
more saddles, resulting in higher friction coefficients per saddle, so the total friction capacity is higher
when more saddles are used. Despite these findings, the dynamic analysis including friction, showed
that the total friction capacity is sufficient to prevent the longitudinal motion caused by vessel motions
without applying lashing wires for all dynamic analyses.

In conclusion, an increasing number of saddles increases the total friction capacity since the friction
coefficient per saddle is higher. Still, all saddle configurations prevent the longitudinal motion of the
monopile for all wave heights. In addition, the case with three saddles and a wave height of 7.0 meters
resulted in the lowest available friction capacity relative to the external force. In this case, the first
saddle lost contact, and the third saddle almost lost contact, resulting in a high normal force in the mid-
dle saddle. Since the friction capacity of this case is sufficient to prevent the longitudinal motion, it is
concluded that the monopiles of this research can be seafastened on one friction-based saddle, given
that the contact with the saddle is guaranteed and both the saddle and the deck are able to withstand
the friction forces.

4. Practical application:
How would the seafastening system be changed in Roll Group’s previous monopile transportation
projects if friction was considered?

The dynamic analysis, including friction, showed that the available friction capacity is sufficient to pre-
vent the monopile from relative longitudinal displacement without lashing wires for all saddle configu-
rations and all wave heights. In other words, the monopiles considered in this specific research can
be seafastened solely with friction. This means that, according to theory, all lashing wires applied in
previous projects (with the same set-up) were redundant.

However, the minimum longitudinal seafastening capacity should meet the requirements of DNV-ST-
N001. This requirement follows a function of the minimum longitudinal seafastening capacity depend-
ing on the cargo weight without considering friction, resulting in 12 lashing wires at each side of one
monopile. However, calculations of the seafastening design loads, based on the maximum external
force, show that 16 lashing wires are required to prevent longitudinal motion without considering friction.

If the calculation does consider friction, the available friction capacity should be at least twice the re-
quired total seafastening design loads to make the marine warranty surveyor, on a case-by-case basis,
dispense with the minimum seafastening capacity requirements. The case of this research does com-
ply with that requirement, so the monopile can be friction-based sea fastened if the MWS company
dispense with the requirements and if the captain of the vessel also agrees with the calculations and
the friction-based seafastening. These two parties are expected to be the limiting factor in friction-based
seafastening as a new seafastening system for monopile transportation projects.

”How does friction between a monopile and its saddles affect
the seafastening arrangement of a monopile?”

In this research case, the friction between the monopile and its saddles affects the seafastening ar-
rangement of a monopile by making the applied lashing wires redundant. For all saddle configurations
from 3 to 7 saddles and all wave heights from 1.0 to 7.0 meters, the friction capacity is sufficient to
prevent the longitudinal motion of the monopile without considering lashing wires. The limiting factors
of this outcome are the marine warranty surveyor and the captain, who both have to agree with the new
friction-based seafastening system.
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Discussion & Recommendations

This chapter represents the discussions on the research, divided into the topics of the sub-questions,
and gives recommendations for further research.

1. Modelling

• Normal forces:
The revised coupled fluid-ship model calculates the normal forces between the saddles and the
monopile. However, the results already showed that the total static forces for all saddle configu-
rations do not equal 11.3 MN, which is the mass of the monopile, because a force representing
gravity is subtracted for each saddle. The subtraction of the gravity force results in a lower sum
of normal forces in the saddles when loss of contact occurs. This research could not trace this
subtraction back to the original coupled fluid-ship model, so after consultation, it is decided to
assume this is correct in this research.

For further research, it is recommended that this subtraction be traced back to check if this is
correct. Incorrect normal forces would affect the friction capacity for each saddle configuration
and wave height, so the revised seafastening arrangement could be affected.

• Phases of the normal forces:
This research assumes that the forces between the monopile and the saddles, calculated with
the revised coupled fluid-ship model, are in phase. This assumption is made since the forces are
calculated during the same dynamic deflection state of the vessel. It is recommended to check
if the normal forces in the revised coupled fluid-ship model are real or complex numbers. If they
are complex, the imaginary part can trace the phase. This answers the question of whether the
correct normal forces are being used.

• Full wave cycle:
The arrival hogging case is the governing deflection case, and these deflections are used to find
the highest normal forces and the intermittent contact cases. It is assumed that the seafasten-
ing arrangement resulting from the governing deflection case also works for all other dynamic
deflection cases. With fewer deflections, the forces are more evenly distributed over the saddles,
resulting in a higher total friction capacity.

During the sagging cases, the normal forces are expected to be divided over different saddles
with different magnitudes, resulting in a total friction capacity sufficient to prevent longitudinal
motions. However, it is recommended that the total friction capacity for the departure sagging
case, which is the governing sagging case, is calculated in further research. This would show
the variation of normal forces over the entire wave cycle, and based on those normal forces, the
friction capacity throughout the whole wave cycle can be calculated. These results could affect
the revised seafastening arrangement.
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2. Friction

• Static friction regime:
The goal of the seafastening of the monopile is to prevent all longitudinal motions of the monopile.
This aim led to the selection of the static friction regime of the third test when determining the
friction coefficient since these test results have a clear transition from static to kinetic friction for
the lower normal forces. However, the static friction limit for the first two tests does not correspond
to the values of the third test, which is used. Due to time constraints, only three sets of tests were
performed, but for further research, it is recommended that more tests with the same properties
be performed to check if the static friction limit of the third test is correct.

Moreover, the static friction limit for higher normal forces is hard to determine since there is no
clear transition from the static to the kinetic regime. Here, assumptions are made by selecting the
highest point of the initiation lines as the kinetic friction coefficient and the static friction coefficient
is taken as 90% of the kinetic friction coefficient. Finding a solution to reduce the slip process is
useful to see a clear transition with a static friction coefficient for higher normal forces. Possible
solutions are increasing the test specimen area or decreasing the height of the current specimens.
This could provide a more accurate static friction coefficient for higher normal forces.

• Shearing effects:
The discussion item about the static friction regime mentioned the slip process during testing;
this results from the shearing effects of the support pad material. Since the length-height ratio of
the test specimen is twelve times smaller than the length-height ratio of the saddle support pad,
the shearing effects are neglected in the longitudinal monopile model. The solutions provided in
the static friction regime item would also result in a better understanding of the shearing effect of
EPDM70. With these results, it can be verified whether neglecting the shearing effects is valid.
The best solution to investigate the shearing effects on the saddle scale would be to test on full
saddle scale, which is a practical challenge.

• Contact area:
The test specimen’s geometric contact area is 300 mm2, and the final friction function is scaled
to the saddle scale based on this geometric contact area. Nevertheless, this is a conservative
assumption since the actual contact area is expected to be much smaller, resulting in higher
contact pressures. It is unclear what the actual contact area on the saddle scale is and how it
affects the friction resistance. Once the contact pressure becomes too high, the rubber can start
to yield. In this case, the contact area of the saddle should be increased by increasing the size of
the saddle-support pad or adding a saddle to decrease the contact pressure. It is recommended
that the yield behaviour of the support material and the actual contact area be investigated further.
Based on this additional research, the number of saddles should be analysed again, incorporating
the maximum allowable saddle pressure.

• Extrapolating test results to saddle scale:
The friction function based on the normal force is created with test results of small normal forces,
and this function is scaled to a friction function based on the normal forces in the saddles. How-
ever, the validity of this scaling is uncertain since the friction coefficients on the saddle scale are
unknown. Nevertheless, the guidelines of DNV-ST-N001 give a friction coefficient of 0.3, and no
distinction is made between the normal forces. Investigating the friction capacity if the friction
coefficient remains 0.3 for all normal forces is recommended. If the friction capacity remains suf-
ficient to prevent the longitudinal motion of the monopile, it is recommended to investigate until
which friction coefficient the friction capacity remains sufficient.

Moreover, the current friction function is based on one set of test results, and as described in this
report, many assumptions are made during this process. Therefore, it is recommended that more
tests for the same case be conducted to see if the new test results match the current friction func-
tion. Once one parameter changes compared to this research, new tests should be performed,
and the results must be implemented in the longitudinal friction model to investigate the revised
seafastening arrangement.
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3. Number of saddles

• Position of saddles:
During this research, the deck construction is not considered when determining the distance
between the saddles, but the distance is tried to be kept equally divided. For further research, it
is recommended always to use saddle locations that match the strong points of the vessel’s deck
when analysing the total friction capacity. The normal forces in the saddles depend on the location,
and so does the friction capacity of the saddle. Changing the location of the saddles can affect
the total friction capacity, so it should be analysed if this affects the seafastening arrangement.

4. Practical application

• Seafastening to prevent up-lift:
This research showed that the available friction capacity remains sufficient for all wave heights
to prevent longitudinal motion, and the cases with intermittent contact were defined. Since the
focus was on the longitudinal seafastening, no checks were done on the vertical seafastening. It
is recommended that further research be conducted to determine if the mass of the monopile is
sufficient to prevent up-lift forces or if the monopile should be seafastened in the vertical direction.
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Appendix A

No. of saddles: Saddle location:

3 L
5

L
2

4L
5

4 L
5

2L
5

3L
5

4L
5

5 L
6

2L
6

L
2

4L
6

5L
6

6 L
8

2L
7

3L
7

4L
7

5L
7

7L
8

7 L
8

2L
8

3L
8

L
2

5L
8

6L
8

7L
8

Table A.1: Saddle locations for all configurations
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Figure A.1: Schemtic overview of saddle configurations from 3 to 7 saddles
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Appendix B

The differences expressed in percentages between the deflection results of GHS and the linearization
with the use of equation 3.3 are shown in figure B.1. After defining 3 ranges for the wave height, and
generating equations (3.4) to (3.6), the differences became smaller compared to the original calculation
with 1 linearization function. The results of the differences between the deflection of GHS and the
equations (3.4) to (3.6) are shown in figure B.2. All differences below or equal to 5% are green, and all
differences larger than 5% are red. From these results, it can be concluded it is more accurate to use 3
ranges when calculating the deflections of the vessel since there are only three differences which are
larger than 5%, and these differences are still small compared to the original calculation.

Figure B.1: Differences between GHS and linearization with 1 range
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Figure B.2: Differences between GHS and linearization with 3 ranges
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Appendix C

Characteristic Unit Value Test method
1 Material - EPDM -
2 Colour - black -
3 Hardness ◦ShA 70 +/- 5 PN-C-04238:1980
4 Density g/cm3 Max. 1,25-1,30 PN-ISO 2781
5 Elongation at break % min. 200-250 PN-ISO 37
6 Tensile strength MPa min. 5 PN-ISO 37
7 Compression set at 100◦C / 24h % 60 PN-ISO 815

8

Heat aging in air at 100◦C / 72 h
∆TSb
∆Eb
∆H

- +/- 30
- 50
+/- 10

PN-ISO 188

9 Brittle temperature ◦C -40 PN-ISO 812

Table C.1: Technical parameters EPDM 70 [42]
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Appendix D

Figure D.1: Dry friction FN = 50 N Figure D.2: Dry friction FN = 100 N

Figure D.3: Dry friction FN = 150 N
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Figure D.4: Wet friction FN = 50 N Figure D.5: Wet friction FN = 100 N

Figure D.6: Wet friction FN = 150 N
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Appendix E

Figure E.1: Friction forces in 3 saddles
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Figure E.2: Friction forces in 4 saddles

Figure E.3: Friction forces in 5 saddles
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Figure E.4: Friction forces in 6 saddles

Figure E.5: Friction forces in 7 saddles
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Appendix F: Additional research

This appendix contains the additional research results on the friction coefficient function.

F.1. Friction coefficient function
Regarding the friction topic, a recommendation is given for extending the test results to the saddle
scale. It was recommended to investigate whether the friction capacity remains sufficient to prevent the
longitudinal motion of the monopile when the friction function is simplified to a single friction coefficient
for all normal forces.

This analysis started with a friction coefficient of 0.3 for all normal forces since this is the friction coef-
ficient given by DNV-ST-N001 for rubber-steel friction in dry and wet conditions. However, it became
clear that the total available friction capacity was lower than twice the required total seafastening design
loads (2.78 MN < 3.0 MN); see figure F.1.

Figure F.1: Total friction capacity for µ = 0.3

From this result, the friction coefficient is checked to determine when the total available friction capacity
is at least twice the required seafastening design loads. This analysis showed that a friction coefficient
of 0.33 meets this requirement for all cases; see figure F.2.
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Figure F.2: Total friction capacity for µ = 0.33

In addition, it is checked for which µ there is theoretically enough available friction capacity to prevent
motion without applying lashing wires when the requirements of DNV are ignored. The results are
shown in table F.1 and figure F.3. To prevent the motion of the monopile in the longitudinal direction for
all wave heights and all saddle configurations, the minimum friction coefficient is 0.154. It should be
noted that the position of the saddles was not checked with the deck construction during this analysis.

No. of saddles: Friction coefficient:
3 0.134
4 0.142
5 0.154
6 0.143
7 0.149

Table F.1: Minimum friction coefficient to prevent longitudinal motion

Figure F.3: Minimum friction coefficient for each saddle configuration
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Figures F.4 to F.8 show the sub-friction forces in the saddles, the friction capacities per saddle and the
resulting force of the external force and the opposing friction force for all saddle configurations. A wave
height of 7.0 meters is selected since this results in the largest external force. All these figures are
generated with the minimum friction coefficient of table F.1.

Figure F.4: Friction capacities 3 saddles Figure F.5: Friction capacities 4 saddles

Figure F.6: Friction capacities 5 saddles Figure F.7: Friction capacities 6 saddles

Figure F.8: Friction capacities 7 saddles

From this additional research, it can be concluded that a friction function with higher coefficients of
friction for the lower normal forces and a decrease to 0.3 for higher normal forces is required to prevent
longitudinal motion. Using a single value as the friction coefficient for all normal forces does not match
reality, so question marks can be drawn by the friction coefficient as a single value that DNV provides.

DNV’s value of 0.3 does not provide sufficient friction capacity to meet the requirements to sea-fasten
the monopile friction-based; this is reached with friction coefficients above 0.33. Still, it is conservative
as a friction coefficient between steel and rubber since the sliding friction tests showed higher friction
coefficients.
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