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Abstract 
 

In current offshore wind turbine (WTG) tower installations, bolted flange connections are common. These 

connections are however reaching their limit due to the maximized size of the bolts. Also, bolted connections 

require the motions between the tower and foundation to be limited during installation, suggesting their 

workability of installation is low. The Double Slip Joint is a promising and innovative connection between a 

WTG tower and the support structure, which may remove or reduce these limitations. This research explores 

the motion and collision limits for WTG tower installation on a monopile (MP) foundation and focuses on the 

lowering and mating using two types guiding structures, or catchers: the vertical asymmetric catcher and the 

conical catcher. A first exploration of installation workability is provided as well. 

A model is developed that simulates the lowering and catcher mating of a WTG tower with a MP. This model 

includes physical phenomena that affect the motion and collision behavior of the WTG tower. Specific 

attention is paid to collisions between the catcher and the MP. With the use of finite element analysis, a 

stiffening non-linearity is observed in the lumped contact element to describe collisions. It is found to be 

caused by the local deformation of the mating elements. 

Furthermore, the simulation model calculates 3 degree of freedom in-plane motions numerically of the WTG 

tower in the time domain using Euler integration. Besides the aforementioned stiffening non-linearity in 

collisions, other important model features are a time and spatially variable wind load, aerodynamic damping, 

harmonic horizontal and vertical crane tip motions, crane operator induced crane tip motions and lifting line 

stiffness and damping characteristics. 

The model simulates the WTG tower lowering and catcher mating and to determine the installation limits, 

installation requirements have been defined, aimed at preventing critical events. To be specific, installation 

requirements aim to prevent slack wires, axial impact, and plastic deformation of the catcher due to contact 

with the MP. It is also required that the side-lead angle (i.e. the lifting line angle with respect to the vertical) 

remains below a maximum allowable value. 

Model simulations are performed for both jack-up and floating installation vessel crane tip excitation 

characteristics. This research indicates that in both cases, the conical catcher yields higher allowable wind 

velocities than the vertical asymmetric catcher during installation. This is supported by the findings that the 

conical catcher has higher allowable contact forces, requires less or no crane operator action during catcher 

mating and the side-lead angle varies less than with the vertical asymmetric catcher. Another important 

observation is that the installation limits are often reached through installation requirements related to the 

motions and collisions of the mating elements. This study shows that applying linear damping to the 

horizontal WTG tower bottom motions, achievable by (active) tugger winches, the allowable mean wind 

velocity in installation is increased and this research suggests that the workability of installation increases 

consequently. 

The focus in this study is on motion and collision limits in installation as well as on installation requirements. 

It is recommended for future research to focus on workability and to analyze the entire system consisting of 

vessel, load, and foundation. As such, wind and waves are considered separately as a source of excitation 

and vessel-load interaction is incorporated. For 3D analyses, it is recommended to study the control of out-

of-plane WTG tower bottom motions and potential inclined collision responses between the catcher and 

foundation.  
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1 
Introduction 

 

 

 

Section 1.1 provides the background of the offshore wind energy market and technology. Besides, it will 

emphasize the need for innovation in offshore wind turbine generator (WTG) installations and how the 

Double Slip Joint connection is a promising technology for achieving this necessary innovation. The following 

section describes how this research contributes to the aforementioned innovation. The problem description, 

research objectives, methodology and research scope are provided. 

1.1 Background 
In this section, the demographics and economics of offshore wind are first briefly touched upon. The second 

subsection provides a technical overview of offshore wind turbine generators, followed by an overview of 

vessel types used for installing offshore wind turbine generators in the third subsection. Technical challenges 

that arise from current developments are explained and the necessity for innovation are consequently 

emphasized. 

1.1.1 Demographics and economics of offshore wind energy 
With a global push of scaling down CO2 emissions, offshore wind energy appears to be a viable and low-cost 

opportunity to achieve the decarbonization agenda goals. 40% of the world population lives in regions within 

100 km of the shoreline and therefore, offshore wind means energy independency and deployment 

opportunities for many countries. Besides, in contrary to their land-based counterparts, offshore wind 

turbines pose no noise or visual pollution. Offshore wind turbines therefore yield economic and social 

advantages as the impact of land-based turbines is considerable on local residents as found by [1]. This 

research shows that noise pollution reduces house prices up to 6.69% whereas visual pollution for the more 

distant turbines reduces house prices by up to 3.15%. It should be noted however that only if offshore wind 

farms are built at least 26 miles offshore, they do not negatively affect property values, according to [2] and 

[3].  

Offshore wind also tends to be faster and steadier than on land according to the American Geosciences 

Institute. This therefore yields a more reliable source of electrical power than land-based wind power. One 

of the key disadvantages is that subsea power cables and foundation and installation costs of offshore wind 

turbine generators or WTG’s is higher compared to land-based turbines according to the Bureau of Ocean 

Energy Management. In order to increase competitiveness and reduce costs, the offshore wind energy 

market is constantly innovating. 



16 
 

This innovation has already proven to yield remarkable results in terms of cost reduction and therefore 

competitiveness. The Department for Business, Energy and Industrial Strategy (BEIS) predicts that for the 

United Kingdom, offshore wind prices could be cheaper than gas plants as soon as 2023 and reach price parity 

with onshore wind going into 2024. This is visualized in Figure 1. 

 

Figure 1: Prices in Pound Sterling per MWh for various technologies in the UK (Source: BEIS) 

This promising economical trend is accompanied by a significant increase in global installed offshore wind 

energy capacity. This trend is widely expected to continue as [4] predicts a sevenfold increase of global 

installed offshore wind capacity by 2028. This is visualized in Figure 2. 

 

 

Figure 2: Global offshore wind capacity (Source: Wood Mackenzie) 
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1.1.2 Overview of offshore WTG support structure technology 
Offshore wind turbines are either supported by a bottom-fixed or a floating support structure. The first and 

second paragraph of this subsection will provide an overview of both technologies respectively. The third 

paragraph explains the existing technologies regarding connections between the WTG tower and its support 

structure and the need for innovation in that field. The final paragraph introduces the Double Slip Joint or 

DSJ connection. 

1.1.2.1    Bottom fixed WTG support structures 

There are four main concepts of bottom fixed offshore wind turbine foundations, according to [5] and 

visualized in Figure 3. All concepts and their application are explained: 

• The monopile or MP is the most commonly applied foundation and is basically a steel tube hammered 

or otherwise driven into the seabed. Dependent on design loads, water depth, soil conditions and 

environmental conditions, typically, 40% to 50% of the monopile length is embedded into the seabed 

[6]. A transition piece or TP is commonly used to connect the MP to the WTG. It is currently applied 

in water depths of up to 50m. 

• A gravity-based foundation or GBF consists of a heavy concrete cone on the seabed with a cylinder 

on top extending above the sea level to support the WTG. [7] found that they are usually applied on 

high load-bearing capacity soils with water depths of up to 20 m. It should be noted however that 

the concept has not been applied since 2013. 

• A tripod foundation for offshore wind turbines is fixed with piles through the foot the steel tripod-

legs in the seabed as visualized in Figure 3. Initially, it was predicted that tripods would be applied 

for water depths between 25 and 50 m, according to [8]. However, as monopile technology 

impressively progressed over the last years, they now occupy these water depths and the tripod 

disappeared from the scene. 

• A jacket structure consists of three or four main legs with K-, Z- or X- braces between the legs [9]. 

Steel piles are installed through the foots of the legs to fix the structure to the seabed. The structures 

are designed for a water depth of 30 – 60 m. After the monopile, the jacket structure is the most 

common support structure for offshore wind turbines in Europe as of 2017, according to 

WindEurope. However, with 315 units installed, this is a far cry of 3720 monopiles installed as of 

2017. 

Innovation has led to another foundation concept that gains momentum in the offshore wind energy market. 

Tri-suction Pile Caissons (TSPC) are currently being developed by SPT and KCI The Engineers. This foundation 

technology consists of three suction anchors with an MP in the middle. This foundation type allows for cheap 

installation, because it floats and can be towed to the installation site, where a small crane is needed for 

installation. It combines the low construction costs of an MP with the ability to be installed in deeper waters. 

It is therefore a cheaper alternative to the more expensive jacket foundations. Also, TSPC’s allow for noise-

free and vibration-free installation. This is a welcome feature as for monopile driving, it appears noises 

associated with this process are damaging to marine mammals, fish and invertebrates as shown by [10] and 

[11]. Although noise mitigation technology exists and is applied, the radius of responsiveness is still 12 km 

for marine mammals like seals and porpoises as found by [10] and [12]. Therefore, from an environmental 

perspective, there is a strong case for the Tri-suction Pile Caisson (TSPC). The Universal Foundation is another 

innovative foundation type that uses a clustered suction pile. This foundation technology consists of a pile 

with a single clustered suction bucket on the bottom. Both technologies are displayed in Figure 4. 
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Figure 3: Foundation types for bottom fixed offshore wind turbines (Source: Norwegian University of Science and Technology) 
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Figure 4: Universal Foundation (left) with a monobucket in the soil (source: universalfoundation.com) and the Tri-suction Pile Caisson 
(right) with three suction buckets (source: SPT Offshore) 

The monopile foundation is clearly the most commonly applied foundation for bottom fixed WTGs. To this 

date, it outcompetes other foundation concepts and monopiles are placed in increasing water depths. 

However, research by [13] on the relationship between investment costs of wind farms and the 

corresponding water depth has shown an exponential increase in CAPEX with water depths for bottom fixed 

wind turbine foundations. From 50 m water depth and higher, floating wind becomes attractive financially. 

1.1.2.2   Floating WTG support structures 

There are three main floating WTG concepts in offshore floating wind, all of them being existing structures 

from the offshore floating oil and gas market. The three floating wind turbine concepts are the spar, the 

semi-submersible and the tension leg platform or TLP. Figure 5 depicts these three concepts on the left, 

middle and right respectively. 

 

Figure 5: Three main floating wind concepts (source: NREL, illustration by Josh Bauer) 

All three concepts attain their stability in different ways [14]. Below, these structures and their stability 

mechanisms are explained: 
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• The spar floating platform (left in Figure 5) is stable due to the ballasted submerged spar. The ballast 

in the bottom of the spar ensures a center of gravity below the center of buoyancy and therefore a 

strong stabilizing moment when the WTG is tilted out of its vertical orientation due to environmental 

loading. The mooring lines are meant for keeping the WTG in position in this concept and provide 

significant damping to the motions of the spar. 

• The semi-submersible floater (middle in Figure 5) concept relies primarily on a large water plane 

area, ballasting and inertia for its stability. When the WTG pitches or gets tilted out of its vertical 

orientation, the part of the semi-submersible in the direction of the pitch is further submerged 

whereas the other side gets partly out of the water. This creates a buoyancy induced stabilizing 

moment to upright the WTG in its vertical orientation. Mooring lines are used for position keeping. 

Ballasting aims to reduce the effects of waves and swell as the mass increases together with the 

draft. 

• The TLP or tension leg platform (right in Figure 5) relies on a totally different mechanism for stability. 

The relatively lightweight submerged structure is positively buoyant, meaning that the upward water 

pressure on the structure is higher than its own weight including the wind turbine weight. Mooring 

lines are attached to the legs of the TLP and provide the counteracting force against this positive 

buoyancy. The mooring lines are tensioned and pull the structure and the wind turbine generator in 

the vertical position and orientation. 

Demographically, the potential for floating wind energy is great as the 66% of the total surface area of the 

planet consists of water with a depth of at least 200m and just 5% of water with a shallower depth, according 

to [15]. Also, some countries only have water depths of over 200m offshore and floating wind is their only 

option for harnessing offshore wind energy.  

1.1.2.3   Conventional connections between support structures and WTG and the need for innovation 

In the installation of an offshore WTG, the foundation is already in place and a connection, either with or 

without TP, has to be made. Conventional ways of making this connection is by either grouting or bolting. 

Both connections however have shown to have their limitations. For both types of connections an 

explanation is provided, and the corresponding limitations are shown. 

• Grouted connections have been applied for decades in the oil and gas industry and were since 2002 

widely applied in the first offshore wind turbines [16]. A cementitious grout is cast in the annulus 

between two structural elements, like for example an MP and TP. Due to the dynamic loading 

characteristics of a wind turbine and other effects, the axial capacity of the connection appeared 

insufficient [17]. This is supported by [18] who found that engineers have detected grouted 

connection failures since 2009 in 60% of the North Sea wind turbines. These turbines appeared to 

settle progressively over or into their foundations, with the grout wearing out progressively. 

Although catastrophe was avoided, effective solutions were provided. KCI the Engineers was one of 

the companies that provided an effective mitigation measure. However, grouted connections are 

nowadays no longer used in offshore wind as a stand-alone jointing solution. Based on its experiences 

with remedying grout connection issues, KCI developed the Double Slip Joint connection contributing 

to the industry’s goal of both CAPEX and OPEX reduction. This technology is described in paragraph 

1.1.2.4. 

• Bolted connections on flanges also have weaknesses and are reaching their limits. [19] pointed out 

that most of the wind turbine collapses are caused by loose bolts. Apparently, some bolts loosen 

over time due to unproper installation (human error), or vibration induced wear in the bolts. For both 

grouted and bolted connections, safety monitoring during wind turbine operation is therefore 

required. It should be noted here that design limits for flanges and bolts are reached as bolted 

connections already involve the largest bolt size M72. Due to the increasing size of wind turbines, an 

increasing number of bolts is required to be used, increasing the tower diameter and/or requiring 

the use of the stronger T-flanges, which is undesirable offshore. This results in higher costs and risks, 
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and will possibly require expensive maintenance operations in case of bolts exposed to the offshore 

environment. Besides the technical shortcomings of bolted flange connections, they pose a 

significant safety hazard as well. Manpower is needed to fasten bolts immediately after landing the 

WTG on its support structure, meaning workers are present under a suspended load. Although 

potential solutions to the technical shortcomings are proposed, it still requires manpower to fasten 

the bolts. It is expensive both in terms of CAPEX and OPEX, time-consuming and still involves safety 

risks. Therefore, a connection that is maintenance free, does not require manpower and is 

immediately fastened would be a preferred solution both financially and from a safety hazard 

perspective. 

Another significant shortcoming that both grouted and bolted connections face is that they are not 

immediately stable. Grout takes time to cure and bolts need to be fastened. Before that time, there is no 

stable connection. This limits the weather window for installation of a WTG as the critical event of a WTG 

tilting from its support structure due to environmental loadings has to be prevented. This is especially true 

for floating support structures. Floating support structures have far greater motions due to wave loads than 

bottom fixed structures and therefore a connection should be immediately stable. 

One of the possible connections that does not require manpower to fasten and is immediately stable is the 

Slip Joint, which has in the past been applied in very small onshore wind turbines. [20] studied the connection 

and found that it is based on a geometrical fit, where the load transfer due to friction is low. Two coated steel 

conical sections with an angle of about 1° are put over each other form the connection. It is comparable to 

two inverted paper cups that are pushed together. The upper conical section is the bottom of the wind 

turbine and the lower conical section is the top of the support structure. A schematic representation of the 

conical sections is shown in Figure 6. The angle of the upper conical section is slightly smaller than the angle 

of the bottom conical section, resulting in the highest hoop stress at the bottom of the connection. With this 

connection type there is a reduction in equipment and personnel compared to conventional connections. 

The technology has been tested offshore in the Princess Amalia wind farm in the North Sea for a small bottom 

fixed wind turbine for a period of one year. The turbine tower was short in comparison to an oversized 

foundation and the Slip Joint connection was made above the water surface which means that dynamic loads 

have been below realistic loads by up to a 

factor of 3. Also, the contact surface area is 

large, resulting in low hoop stresses between 

the conical sections. Oxygen and water could 

enter between the elements and therefore, 

corrosion remains a risk. To counter this risk, a 

paste is applied on the ends of the Slip Joint 

connection in order to prevent water and 

oxygen from entering between the conical 

elements. 

A Slip Joint connection is applied as an offshore 

demonstration in the Borssele V wind farm off 

the coast of the Netherlands. In the next 

paragraph, the Double Slip Joint connection 

will be explained. In paragraph 1.1.2.5, both 

technologies will be compared for utilization in 

the Borssele V wind farm. 

1.1.2.4   The Double Slip Joint connection 

A later version of the Slip Joint is the Double Slip Joint or DSJ. This is a connection type that is immediately 

stable, which consists of two sets of conical rings [21]. Figure 7 shows how these conical rings lock the wind 

Figure 6: Schematic representation of a Slip Joint connection [20] 
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turbine fixed to the support structure. The reason for this more novel connection is increased predictability 

of settling behavior, more control over tolerances and reduced weight and costs. 

 

Figure 7: The Double Slip Joint (source: KCI The Engineers) 

The conical rings have been tapered at an angle of about 2°. The self-weight and environmental loading 

induce settlement of the wind turbine into its support structure whereas the clamping pressure between the 

rings of the support structure and the rings of the wind turbine increase as found by [22]. The forces between 

the two structural elements are completely transferred by static friction and therefore, no wear occurs at 

the ring surfaces. Also due to the high hoop stress between the rings, the rings are completely interlocked 

with 100% steel on steel contact. Therefore, no water and oxygen enter the annulus between the 4 rings and 

no corrosion will occur. This benefit is not found at the slip joint connection as the hoop stresses are too 

small there to prevent air and water from entering the annulus. 

A scaled WTG tower with DSJ connection with a diameter of 1.6 m has been tested extensively at the Dutch 

test institute WMC and the settling behavior of the connection is determined for different environmental 

load variations. A photo of the size of the heavy structure as tested at WMC is visualized in Figure 8 on the 

truck. Figure 9 shows an overview of the testing configuration with a photo (left) and a schematic overview 

(right). It appeared that due to the self-weight of the WTG, the DSJ connection could only settle further under 

environmental loading, making the connection stronger until settling stops. A Technical Readiness Level or 

TRL 6 is therefore obtained, marking the end of the development phase, and making the connection ready 

for an offshore demonstration. In preparation for an offshore demonstration, this thesis will investigate the 

motion and collision limits regarding installation of an offshore WTG tower with a DSJ connection on its 

support structure. 
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Figure 8: 1.6 m diameter steel construction used for environmental loading tests to obtain the settling behavior of the DSJ connection 

 
Figure 9: Photo of the testing configuration (left) and a schematical overview of the loads exerted on the structure and the DSJ 
connection (right). 

1.1.2.5   Borssele V wind farm demonstration 

A Slip Joint connection has been applied in the Borssele V wind farm as a demonstration. It will serve as an 

underwater connection between the MP and TP. A DSJ connection has also been designed for Borssele V in 

order to compare the differences in material weight and costs. 

Figure 10 provides a clear overview of the situation. The soil is indicated in grey, whereas the water is blue. 

An underwater connection is made between the MP (lower structure) and the TP (upper structure). On the 

left in the figure, the structures are shown with a Slip Joint connection. On the right, the structures are shown 

with a DSJ connection. In this case, it is an inverted DSJ connection, which means that the TP slides over the 

MP. Dimensions are indicated in the figure.  
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Figure 10: Visualization of a Borssele V MP and TP whilst utilizing a Slip Joint (left) or Double Slip Joint or DSJ (right) as an underwater 
connection between the two structures. 

Comparing a Slip Joint and Double Slip Joint respectively, it appeared that a DSJ connection would have 

reduced steel weight with roughly 90 metric tons per WTG. This weight reduction is found between the red 

lines in Figure 10 and for this structural section, it indicates a reduction of 30 % in steel weight and a 30 % 

cost reduction.  

1.1.3 Installation vessels used for installation of offshore wind turbines 
Bottom fixed offshore wind turbines are usually installed by jack-up vessels or moored vessels, according to 

[23]. A jack-up vessel has jacket like legs that lifts the platform up above the sea water wave zone during 

installation. Figure 11 illustrates how a jack-up installation vessel performs the installation of an offshore 

wind turbine. During installation, the jack-up vessel is not subjected to wave loads and the motions of the 

vessel will therefore be small.  
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Figure 11: Wind turbine installation using a jack-up vessel (source: jandenul.com) 

Currently, the largest jack-up vessel is named the Voltaire and is still under construction. The vessel that is 

set to be delivered in 2022 will have a lift capacity of 3000 tons and an operating depth of up to 80 m. 

However, for floating offshore wind farms that could be placed in water depths of considerably more than 

100 m, installation is impossible with jack-up vessels. 

Moored installation vessels are also used for installation of bottom fixed wind turbines. Passive motion 

compensation is achieved by taut or catenary mooring lines that obtain their restoring force from elasticity 

and self-weight respectively. However, mooring is a very time-consuming effort and the weather window for 

installing a wind turbine is small [23]. 

In deeper waters, floating offshore wind is viable, but jack-up vessels are obsolete as they don’t reach the 

required depth to jack themselves up and install wind turbines. Also, installation possibilities using a moored 

installation vessel are very limited. The greater the water depth, the greater the excursions around the 

equilibrium position of the moored vessel. This means that for installing a wind turbine offshore, the weather 

window shrinks with increasing depth when using moored installation vessels. To overcome this problem 

installation vessels with dynamic positioning systems can be used. 

Dynamic positioning or DP is a way of actively maintaining a vessel’s position and orientation by using 

propellers and or thrusters. This technology is described in paragraph 2.1.3.2. This feature overcomes the 

problem that moored installation vessels have in greater water depths. These vessels have been successfully 

used in installation of offshore floating wind turbines. Figure 12 is a photo of a wind turbine being installed 

on a floating spar support structure in the Hywind floating offshore wind farm. A yoke was placed around the 

top section of the tower. This yoke was suspended by steel wire ropes in two cranes. It should be noted that 

in this particular installation, bolted flanges were used as a connection. Hydraulic clamping was used to 

stabilize the wind turbine after mating before bolting was performed. However, such installation is not 

economically viable for future projects as it requires very expensive installation vessels and very calm 

weather. 
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Figure 12: Installation of a wind turbine on a floating spar support structure using a DP crane vessel (source: saipem.com) 

Dynamically positioned vessels are however subjected to wind and wave loading and the wind turbine will 

therefore be excited as a result of these motions. This is a challenge during installation as there is a limit on 

the relative motions during installation. 
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1.2 This Thesis 

1.2.1 Problem description and research question 
The Double Slip Joint is a promising innovation and it has been experimentally proven to be a strong, 

immediately stable and corrosion-free connection. The immediate stability hypothetically allows for higher 

installation limits and workability than grouted or bolted connections. However, this is not only determined 

by the connection type, but also by the catchers used, the installation vessel and the support structure. 

Subsection 1.1.1 emphasized the need CAPEX and OPEX reduction in order to increase the financial 

competitiveness of offshore wind energy compared to other energy sources. Increasing the installation 

workability as a result of immediately stable connections would decrease the time needed for an installation 

vessel to be contracted and consequently the installation costs come down. A CAPEX reduction is 

consequently obtained. A maintenance-free connection also of course reduces OPEX compared to a 

connection that does require maintenance. 

The installation workability depends on many factors and research to the subject is quite novel. This research 

aims to provide a first exploration into workability of installation using catchers and utilizing a Double Slip 

Joint connection. In this research, the focus is placed on the installation behavior and the motion and collision 

limits of the WTG tower during lowering and catcher mating with the MP. The main research question that 

this research project aims to find an answer to can be described as follows. 

“What are the allowable motion and collision limits during lowering and catcher mating in the installation of 

a WTG tower on a MP whilst utilizing a DSJ connection?”  

1.2.2 Objectives and Methodology 
The ultimate goal of this research is to find the motion and collision limits of installation of a WTG tower 

using catchers on an MP. Motion and collision limits are based on installation requirements that are to be 

identified in this research. This primary objective can be subdivided and explained with several sub-

objectives. 

• During installation of a WTG tower on a monopile, collisions or impacts occur between the two 

structures. A physical description of the contact forces resulting from collisions is required. Also, it is 

required to assess the maximum allowable contact force. For this research, the collision behavior 

and maximum contact load will be determined for contact between the MP and the catcher on the 

bottom of the WTG tower. 

• In order to obtain motion behavior of a WTG tower suspended by a crane of an offshore installation 

vessel, it is required to know the physical phenomena affecting these motions. It is therefore an 

objective to identify and quantify these effects. An example of a physical phenomenon in this case is 

the wind load acting on the WTG tower. The nacelle, hub and rotor are not considered in this research 

since the focus is on tower installation only. 

• It is necessary to identify installation requirements that determine the allowable motion and collision 

limits of WTG tower installation onto its support structure. An example of such a requirement could 

be prevention of slack wires. 

• An important research objective is to assess simulation model validity. In the research process, 

assumptions and simplifications are made that may limit the validity of outcomes and consequently, 

the validity has to be assessed in order to obtain reliable research outcomes. 

The research method can be explained using Figure 13. Literature research is the basis of identifying and 

quantifying physical phenomena related to the installation. It should be noted here that although a literature-

based assessment of collision dynamics is made, finite element analysis will also be performed to quantify 

contact forces and collision responses. Central in the research method are model simulations. The physical 

phenomena together with the variables are the model input. Model output is first checked for validity. As 
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mentioned in the final objective, due to simplifications and assumptions made, model output should be 

assessed for validity. 

The identification and quantification of restrictive or critical events is important in determining the allowable 

limits of WTG motions with respect to the support structure. Literature research will be the basis of 

identification and quantification of these limits. If model output complies to both validity and installation 

requirements, the installation is successful for the variables used as input for that specific simulation. 

 

 

Figure 13: Flow chart of research methodology 
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1.2.3 Thesis scope and delineations 
The main focus of this thesis is to find the allowable limits of motions and collisions in WTG tower installation 

onto an MP and as such, to provide a first exploration into workability of installation. The study covers the 

physical phenomena that affect the motion behavior of a WTG tower in installation and provides an accurate 

description of collision responses and impact forces occurring between the WTG tower catcher and an MP. 

The coverage of this study also includes quantification of installation limits, based on identification of 

installation requirements. All study results concern installation of a WTG tower on an MP where a DSJ 

connection is applied. 

The study does not cover installation where other connections than the DSJ are applied. From an installation 

perspective, the research focuses on the situations where the WTG tower is already above the support 

structure, is being lowered and when the first few collisions are made. The research does not include 

installation phases prior to vertical alignment of WTG tower and support structure, nor does it include final 

settling behavior after the first few collisions. 

This study is performed in 2D and focuses on in-plane motions and collisions of the WTG tower. This approach 

has been taken because the WTG tower, MP and Double Slip Joint connection are axisymmetric and 

therefore, their lateral (out of the axis of symmetry) collisions have identical responses. Also, based on OWT 

installation practices, it is shown out-of-plane motions of the WTG tower in are relatively easy to control. A 

further explanation and discussion of installation in 3D is given in section 5.5. 

1.2.4 Thesis outline 
Chapter 1 provided background information of offshore wind demographics and economics. It also 

introduced technologies that are currently used for support structures, connections, and installation vessels. 

Besides, it presents the necessity of innovation in the field of connections between OWT’s and their support 

structures and introduced the Double Slip Joint as such innovation. It is also shown that currently, the 

weather window for installation is small, which leads to higher CAPEX due to long waiting times for 

installation vessels. In the second section of the first chapter, it is explained how this research will contribute 

to a solution for this problem by assessing motion and collision limits in installation. The problem description 

and research question are provided together with research objectives, methodology and a thesis scope. 

Chapter 2 in this thesis report contains the findings of the literature research. Figure 13 shows that literature 

research is the basis of the model input and the identification and quantification of critical and restrictive 

events, as explained in subsection 1.2.2. Chapter 2 contains this literature-based assessment of physical 

phenomena and critical and restrictive events. 

Chapter 3 describes the model development. This includes the finite element method-based analysis of 

collisions as mentioned in subsection 1.2.2. These results will be fed back into the model to accurately 

describe collision responses and impact loads. 

Chapter 4 contains the validation and model updating of the simulation model. Since this research 

investigates motion and collision limits, this validation also focuses on both the WTG tower motions and 

collisions. The model updating focuses on changing the stiffness and damping in the contact element to 

incorporate the effects of flexibility of the WTG tower and MP. 

Chapter 5 outlines the model simulation outcomes and answers the research question as stated in subsection 

1.2.1.  These results also yield conclusions with regards to the different catchers used in installation. Finally, 

the analyses serve as a first exploration into workability of installation.  
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2 
Theoretical Review 

 

 

 

This chapter concerns the literature research findings regarding the physical phenomena and requirements 

for installation. In accordance to the research methodology and objectives as described in subsection 1.2.2 

and the thesis outline described in 1.2.4, the physical phenomena will be the basis for model development 

and the requirements are pivotal in setting allowable motion and collision limits to the installation based on 

identification and quantification of restrictive and critical events. Section 2.1 describes the physical 

phenomena and section 2.2 continues with the requirements to the installation. 

2.1 Physical Phenomena 
Figure 13 shows that in this research, describing the physical phenomena related to the installation and 

mating of a WTG tower on its support structure is necessary in order to develop a model. In this section, all 

physical phenomena with respect to installation and mating are described based on literature research. The 

aforementioned figure also referred to the need of performing FEM analysis of collisions, but this is part of 

the model development and will be discussed in Chapter 3.  

2.1.1 Contact-Impact 
Contact-impact in this context refers to the collisions that take place between the WTG tower and its support 
structure during installation. These collisions can occur in the radial as well as the axial direction. 
 
[24] studied the installation and mating of a transition piece or TP on a monopile or MP. The bottom of the 
TP contains catchers or finger guides as seen in Figure 14a and Figure 15a and b, aiming to guide the TP over 
the MP during installation. An example of a radial collision is seen in Figure 14b. The catchers of the TP impact 
with the MP in the horizontal plane and these collisions are represented by spring-dampers. Figure 15c shows 
an example of an axial collision between the TP and MP. This collision is also represented by a linear spring-
damper. 
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Figure 14: Radial contact during mating operation including spring-damper representation of impact [24] 

 

Figure 15: Axial contact during mating operation including spring-damper representation of impact [24] 

In the literature regarding offshore installation operations, contact-impact is often represented by a linear 
spring-damper, as in [24] and Figure 14 and Figure 15. Certain values for stiffness and damping are assumed. 
However, since the use of Slip Joint or Double Slip Joint connections is still rare, specific literature for offshore 
wind connections is still rare. Therefore, the literature research was broadened. 
 
Research in other fields show that simply assuming constant values for stiffness and damping is not accurate 
in predicting the response of a collision. Collision responses involve many variables, non-linearities and or 
irregularities. In order to get a better understanding of collision responses and the processes involved, a 
research field which comprises research regarding response behavior of contact-impact was studied: namely 
church bells. An analogy can be made between a church bell clapper impacting the bell, exciting both the 
clapper and the bell, with repeated impacts over time while both are still vibrating. [25] has made some 
important findings from experimental research: 
 

1. The first impact that the clapper makes with the bell differs significantly from all consecutive impacts. 
Figure 16 shows the velocity ratio of a clapper hitting a church bell. For the first impact, the ratio of 
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the incoming velocity and the outgoing velocity is between 0.25 and 0.5 and the mean velocity ratio 
is 0.35. For all consecutive impacts, the ratio varies between 0.4 and 1.5, with a mean ratio of 0.8. 
 

2. The difference in velocity ratio for the first impact compared to consecutive impacts can be explained 
using conservation of energy. 
 

a. Right before the first impact, no kinetic energy in the form of vibrations is yet present in the 
bell. All energy present is the kinetic energy of the clapper. 

b. During the first impact, 90% of the kinetic energy of the clapper is transferred into kinetic 
energy of the bell in the form of vibrations. This is determined through the kinetic energy 
proportionality with the squared velocities. 

c. Between the first and second impact, the vibrations of the bell decay due to acoustic and 
material damping. However, the vibrations have decayed only partially before the second 
impact occurs. 

d. During the second impact, both the bell and the clapper have kinetic energy due to vibrations 
and motions respectively and experimental results as in Figure 16 show that less kinetic 
energy of the clapper is transferred into bell vibrations. 

e. For all consecutive impacts, steps c. and d. are repeated. 
 

3. Another observation from the studies of [25] and Figure 16 is that the response of the clapper for an 
impact with a vibrating bell is chaotic mathematically. The velocity ratio of the clapper as a result of 
impact becomes unpredictable. 

 

 
Figure 16: Experimental results showing the velocity ratio of a clapper against a bell for 4 consecutive impacts. Blue stars representing 
the velocity ratio of a certain experiment and the red circle being the mean of all experiments. 
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Clearly, impact problems are complex and defining stiffness and damping terms describing an impact is not 

straightforward. In the case of church bells, the collision response appears to be irregular and can only be 

determined within a certain range of accuracy. For this research, however, it will be assessed whether the 

analogy is viable using a mathematical model. This can be found in section 3.3.  

2.1.2 Wind Excitation 
During installation of a WTG tower, wind is a source of excitation. In order to define the wind load on the 

tower during installation, the wind speed should first be quantified. Paragraph 2.1.2.1 provides a description 

of an offshore wind field including time and spatial variations. The following paragraph explains how the wind 

velocity translates to a wind load on the WTG tower. Paragraph 2.1.2.3 concludes with a description of how 

wind velocity, combined with translational and rotational motions of the WTG tower leads to aerodynamic 

damping. In Appendix A, background information is provided on the WAM model [26], which relates wind 

and wave parameters. 

2.1.2.1    An offshore wind field 

A wind field is turbulent and consequently, the wind speed varies in time and space. This effect has to be 

considered as it influences the wind load of a WTG tower during installation. First, the time-dependent wind 

speed variations will be considered. Turbulence is found in a spectrum of frequencies. For an offshore 

installation campaign, the high frequency turbulence can be neglected as this excitation has negligible impact 

on the WTG tower due to its high mass and inertia [27]. The low frequency wind variations, or wind gusts, do 

however influence the motion behavior of the WTG tower during installation [27]. 

Therefore, the time-dependency of the wind field can be represented in a simple way by a mean wind speed 

accompanied by occasional wind gusts. [28] Found that a wind gust is a maximum 3-second wind speed 

increase forecast to occur within a 2-minute interval. Figure 17 shows a time-domain representation of a 

wind gust, with amplitude A. Before and after the wind gust peaks, the wind velocity is below the mean wind 

speed, and the wind gust can be described by a wavelet function accordingly. This wavelet function as a 

period of τ = 10.5 s. 

 

Figure 17: Wind velocity profile as a function of time during a wind gust according to [28] 
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Given that a wind gust is forecast to occur within a 2 minute interval [28], the mathematical description of a 

120 second wind cycle including gusts in this research, based on the findings of [28] and [29] is as follows: 

𝑢(𝑡, 𝐻10) = {𝑢̅ − 0.37𝐴 sin (
3𝜋𝑡

𝜏
) [1 − cos (

2𝜋𝑡

𝜏
)]

𝑢̅,
, 

𝑓𝑜𝑟 0 ≤ 𝑡 ≤ 𝜏, 
(2.1) 

𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒, 

Where u(t,H10) is the wind speed as a function of time in m/s at a height of 10 m above SWL. u  ̅is the mean 

wind speed in m/s, A the wind gust amplitude in m/s, assumed to be 50 % of the mean wind speed according 

to IEC standards for determining the extreme operating gust. T is the time in s, and τ the wavelet period in s 

(10.5 s according to [29]). 

A more complex and accurate way of describing the time-dependency of wind velocities is by using a Fourier 

transformation. KCI The Engineers developed a wind model that determines the time domain or TD wind 

velocity variations for any site as long as the site-specific surface roughness is known. This parameter for 

offshore conditions is 0.002 m. The wind field consists of a summation of harmonic functions with different 

frequencies and amplitudes and random phases. Figure 18 shows an example of such realization for a 20-

minute period. 

 

Figure 18: Time-domain wind velocity realization based on hindcast data 

In space, the wind speed varies both in the horizontal as well as in the vertical direction. However, as 

described in Appendix A, the assumption is made that the wind direction is constant during installation of a 

WTG tower. The emphasis of spatial wind speed variations is therefore placed at the vertical direction. 

The time-domain wind velocity realization as shown in Figure 18 applies to a height of 10 m above the still 

water level or SWL. According to [30], the wind velocity profile as a function of the height above SWL can be 

determined as follows: 

 

𝑢(𝑡, 𝑧) = 𝑢(𝑡, 𝐻10) ∗ (
𝑙𝑛 (

𝑧
𝑧0

)

𝑙𝑛 (
𝐻10
𝑧0

)
) (2.2) 

Where u(t,z) is the wind velocity as a function of time and height above SWL. Z0 is the surface roughness 

assumed to be 0.002 m for offshore conditions. There is a logarithmic increase in wind speed and thus wind 
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load above SWL. Assuming that the wind direction is constant in time during installation, the wind velocity 

profile as a function of height and time is determined.  

2.1.2.2    Wind velocity to wind load 

From the time and height dependent wind velocity profile determined in paragraph 2.1.2.1, the loads on the 

WTG tower during installation can be determined. According to [31], it can be assumed for wind load 

calculations that the WTG tower is cylindrical. The wind loads on the tower can then be determined by: 

 𝐹𝑤 = 𝐶𝐷 ∗ 𝑞 ∗ 𝑑𝐴 ∗ sin (𝛼) (2.3) 

Where 

 
𝑞 =

1

2
∗ 𝜌 ∗ 𝑢2(𝑡, 𝑧) (2.4) 

 𝑑𝐴 = 𝐷(𝑧)𝑑𝑧 (2.5) 

Where dA in equation 2.3 and 2.5 is the projected area of a tower element to the wind. It is determined by 

multiplying the diameter at height z by the element height dz. Integration over the height of the tower yields 

the total projected area of the tower. q in equation 2.3 and 2.4 is the air pressure, which is a function of the 

air density ρ and the wind speed relative to the WTG tower u(t,z) as a function of height and time. α is the 

angle between the wind direction and the axis of the exposed element (90°). CD is the drag coefficient as a 

function of the Reynolds number, visualized in Figure 19. The Reynolds number Re is determined by: 

 
𝑅𝑒 =

𝐷 ∗ 𝑢(𝑡, 𝐻𝐶𝑂𝐺)

𝜈
 (2.6) 

Where D is the diameter of the tower, u(t,HCOG) the wind velocity at the center of gravity of the WTG tower 

in m/s and ν the kinematic viscosity of air, being 1.48E-5 m2/s (at 15 °C). The aerodynamic loads on the tower 

are hereby determined as a function of time and height in accordance with [31]. 

 

Figure 19: Drag coefficient Cd as a function of the Reynolds number for an infinitely long cylinder 

2.1.2.3    Aerodynamic damping during WTG tower installation 

Aerodynamic damping occurs on an object that has a variable velocity in the direction of the wind field [32]. 

For a WTG tower suspended by a crane, there are variable velocities in the direction of the wind field. 

Therefore, there is aerodynamic damping. These motions originate both due to the rotation and horizontal 
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translation of the wind turbine. The relative velocity of the WTG tower in the wind as stated in paragraph 

2.1.2.3 is as follows: 

  𝑢(𝑡, 𝑧) = 𝑈(𝑡, 𝑧) − 𝑥̇ + 𝑧𝛼̇ ∗ cos (𝛼) (2.7) 

Where, u(t,z) is the relative velocity of the WTG tower in the wind, U(t,z) the absolute wind velocity, x’ the 

horizontal translational velocity of the WTG tower, α’ the rotational velocity of the WTG tower, α the angle 

of the tower and z the distance from the CoG. For small angles α, this equation simplifies to: 

 𝑢(𝑡, 𝑧) = 𝑈(𝑡, 𝑧) − 𝑥̇ + 𝑧𝛼̇ (2.8) 

The wind load q(z,t) as stated in paragraph 2.1.2.3 becomes: 

 
𝑞 =

1

2
∗ 𝜌 ∗ 𝑢2(𝑡, 𝑧) (2.9) 

 
𝑞 =

1

2
∗ 𝜌 ∗ (𝑈(𝑡, 𝑧) − 𝑥̇ + 𝑧𝛼̇)2 (2.10) 

 
𝑞 =

1

2
∗ 𝜌 ∗ (𝑈2(𝑡, 𝑧) + 𝑥̇2 + 𝑧2𝛼̇2 − 2𝑈(𝑡, 𝑧)𝑥̇ + 2𝑈(𝑡, 𝑧)𝑧𝛼̇ − 2𝑧𝑥̇𝛼̇) (2.11) 

Clearly, U(t,z), α’ and x’ are coupled in the wind load equation, proving the relationship between wind velocity 

and object velocity in the determination of the wind load. For correct modelling of the wind load, this effect 

has to be incorporated in the model. 

2.1.3 Crane tip motions 
Crane tip motions are a source of excitation during installation of a WTG tower on its support structure. It is 

described in paragraph 2.1.3.1 how waves induce vessel motions. The following paragraph introduces 

dynamic positioning or DP and its effects on vessel motions. Paragraph 2.1.3.3 bridges the link between vessel 

motions and the resulting crane tip motions. 

2.1.3.1    Wave-induced vessel motions 

Waves induce vessel motions due to pressure variations on the hull of the ship. In reality, waves are irregular 

and are therefore generally expressed in the frequency domain (FD). The most commonly applied wave 

spectrum is the JONSWAP spectrum. [33] found that by analyzing North Sea wave data, the North Sea is never 

fully developed. It is a ‘limited fetch’ sea and waves can never become fully developed as the lee shore is too 

close by. For a limited fetch sea, the FD wave spectrum is determined by the JONSWAP spectrum: 

 
𝑆𝑗 =

𝛼𝑔2

𝜔5
exp (−

5

4
(

𝜔𝑝

𝜔
)

4

) 𝛾𝑟 (2.12) 

The values in this expression are: 

• Peak enhancement factor γτ, to correct for the fact that no wave spectrum is fully developed. [34] 

found that the value γ is determined by: 

 

𝛾 = 7.0 (
𝑔𝐹

𝑈10
2 )

−
1
7

 (2.13) 

• [34] also found that exponent r can be determined by 

 
𝑟 = exp (−

(𝜔 − 𝜔𝑝)
2

2𝜎2𝜔𝑝
2 ) (2.14) 

• The Philips constant α, which can be determined by the following equation, according to [35]: 
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𝛼 = 0.076 (

𝑈10
2

𝐹𝑔
)

0.22

 (2.15) 

Where U10 is the wind velocity at a height of 10 m above the still water level (SWL), F is the distance 

from lee side shore (fetch) and g the gravity acceleration. 

• Peak frequency ωp, which is determined by: 

 

𝜔𝑝 = 22 (
𝑔2

𝑈10𝐹
)

1
3

 (2.16) 

• Spectral width parameter σ 

 
𝜎 = {

0.07      𝜔 ≤ 𝜔𝑝 

0.09     𝜔 > 𝜔𝑝
 (2.17) 

The JONSWAP wave spectrum is hereby determined. It contains spectral parameters that characterize the 

surface elevation. The spectral moments mn are: 

 
𝑚𝑛 = ∫ 𝜔𝑛𝑆𝑗(𝜔)𝑑𝜔

∞

0

 (2.18) 

The significant wave height H1/3 is then calculated as: 

 𝐻1
3

= 4 ∗ √𝑚0 (2.19) 

Given a certain significant wave height H1/3 for installation, the corresponding JONSWAP wave spectrum is 

determined using the zeroth order spectral moment m0. Using mathematical transfer functions, or response 

amplitude operators (RAO’s), the 6 degree of freedom (DOF) motion of the vessel due to the waves is 

determined. The 6 degrees of freedom are visualized in Figure 20. The translations x, y and z are called surge, 

sway and heave respectively and the rotations φ, θ and ψ are roll, pitch and yaw. 

 

Figure 20: 6 DOF ship motions (Journée, 2001) 

[36] Found that in the frequency domain, the ship response to the frequency domain wave spectrum is 

equivalent to a frequency dependent mass-spring-damper system. This finding allows for defining the 

following equation: 

 (−[𝑴 + 𝑨(𝜔)]𝜔2 + 𝑩(𝜔) 𝑖𝜔 + 𝑪) ∗ 𝑥⃑ = 𝐹⃑(𝜔) (2.20) 

In which: 
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M = Ship inertia matrix (frequency independent) 

A(ω) = Ship added mass matrix (frequency dependent) 

B(ω) = Ship hydrodynamic damping matrix (frequency dependent) 

C = Ship hydrostatic stiffness matrix (frequency independent) 

F(ω) = First-order wave excitation force amplitude vector 

ω = Frequency 

x = Ship motion vector 

Equation 2.20 can be rewritten as: 

 
𝑥⃑(𝜔) =

𝐹⃑(𝜔)

(−[𝑴 + 𝑨(𝜔)]𝜔2 + 𝑩(𝜔) 𝑖𝜔 + 𝑪)
 (2.21) 

Where: 

 𝐹⃑(𝜔) ∝ 𝜁𝑎 exp(𝑖𝜔𝑡) (2.22) 

In which ζ is the incoming wave amplitude. Assuming that the vessel motions are harmonic, the vessel 

motions and the corresponding RAO’s can be rewritten as in equation 2.23 and 2.24 respectively: 

 𝑥⃑(𝜔) = 𝑥⃑𝑎 exp(𝑖𝜔𝑡) (2.23) 

 
𝑅𝐴𝑂⃗⃗⃗⃗⃗⃗ ⃗⃗ ⃗⃑ (𝜔) =

𝑥⃑𝑎

𝜁𝑎
=

𝐹⃑0

(−[𝑴 + 𝑨(𝜔)]𝜔2 + 𝑩(𝜔) 𝑖𝜔 + 𝑪)
 (2.24) 

The first-order wave excitation force vector F(ω) is determined by integration of the wave pressure acting on 

the submerged hull of the vessel and is harmonic as shown in equation 2.22. Actually, for the first 3 degrees 

of freedom, F(ω) is a force and for the last 3 degrees of freedom it is a moment. This is because the first three 

degrees of freedom are translations and the last 3 are rotations. These forces and moments are referred to 

as Froude-Krilov forces [37] and are a function of the geometry of the vessel. Note that these Froude-Krilov 

forces have to be corrected by the diffracting waves due to the presence of the hull. 

Added mass and damping matrices, Froude-Krilov forces and diffraction forces can be either computed 

numerically or determined experimentally. For example AQWA or WAMIT are diffraction analysis software 

packages that define these forces and matrices numerically. Once they are defined, the vessel motion 

amplitudes as a function of frequency, x(ω), can be calculated. Since linearized theory is used, the motion 

response spectrum of the vessel due to the wave spectrum can be calculated as defined by [37]: 

 
𝑆𝜂(𝜔) = |

𝑥𝑎⃗⃗⃗⃗⃑(𝜔)

𝜁(𝜔)
|

2

𝑆𝜁(𝜔) (2.25) 

So, given a JONSWAP wave spectrum and vessel RAO’s, the vessel motion spectrum is determined according 

to equation 2.25. Floating offshore installation vessels however have a dynamic positioning or DP system, in 

order to guarantee station keeping during installation operations. In paragraph 2.1.3.2 the principles of DP 

system are explained including their effect on the vessel motions. 

2.1.3.2    Dynamic Positioning and the effect on vessel motions 

A vessel has 6 degrees of freedom regarding motion in the water, when it is assumed to be a rigid body. 3 of 

these motions are translations and 3 are rotations as described in paragraph 2.1.3.1. The ship hydrostatic 

stiffness matrix C however is diagonal and has a zero value at 3 entries. This means that for three degrees of 

freedom, there is no restoring force or moment. These are the surge and sway translations and the yaw 
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rotation. With no restoring force, the vessel is only subjected to environmental loads and will therefore drift 

away in these degrees of freedom. 

Dynamic positioning is an active way of station keeping in these degrees of freedom. Det Norske Veritas and 

other class societies defined a DP vessel as a vessel that maintains position and heading exclusively by means 

of active thrusters. Thrust is produced in different directions by propellers, tunnel thrusters and or 

azimuthing thrusters to obtain this position and heading keeping [38]. In this way a restoring force is created 

in the three degrees of freedom mentioned above. 

A DP system consists of sensors, a reference system, a control system and a power and propulsion system. 

The sensors measure the vessel movement and compare it to the reference position and heading set. The 

control system then controls the power and propulsion system such that the difference between the 

measured and reference values are minimized. 

An elegant, accurate and simple way of modeling a DP system is by a spring-damper representation [39]. In 

this way, the hydrostatic stiffness matrix C is added to the dynamic positioning stiffness matrix CDP. The latter 

matrix includes the restoring forces for the 3 degrees of freedom (surge, sway and yaw) in which it performs 

active position and heading keeping. A dynamic positioning damping matrix BDP is added to matrix B to 

prevent overshoot of the position or heading after restoring. The appropriate values inside the dynamic 

positioning matrices are based on the dynamic positioning capabilities of the installation vessel. The vessel 

RAO’s now become: 

 
𝑅𝐴𝑂⃗⃗⃗⃗⃗⃗ ⃗⃗ ⃗⃑ (𝜔) =

𝑥⃑𝑎

𝜁𝑎
=

𝐹⃑0

(−[𝑴 + 𝑨(𝜔)]𝜔2 + (𝑩(𝜔) + 𝑩𝑫𝑷(𝜔))𝑖𝜔 + 𝑪 + 𝑪𝑫𝑷)
 (2.26) 

2.1.3.3    Crane tip motions due to vessel motions 

With the vessel motions due to the waves as determined in paragraph 2.1.3.1 and corrected for the position 

and heading keeping due to dynamic positioning as determined in paragraph 2.1.3.2, the vessel motions due 

to the waves are determined for the DP offshore crane vessel. These vessel motions are around the center 

of floatation which is the center of the water plane area of the vessel [40]. 

A vessel coordinate system is introduced and located in the center of floatation and also a coordinate system 

at the crane tip where the load is suspended, according to [41]. The center of floatation is the crane vessel 

coordinate system IS further denoted with superscript s. The crane tip or inertial coordinate system IE is 

denoted with superscript E. Figure 21 shows both coordinate systems. 



40 
 

 

Figure 21: The vessel and crane tip coordinate systems, according to Xiangguo, L. et al. (2017) 

Assuming that both the vessel and the crane are rigid bodies, there is a fixed distance between the crane tip 

and the center of floatation of the vessel. Written as a vector, this distance is: 

 𝑥𝑆𝐸⃗⃗ ⃗⃗ ⃗⃗⃑ = {𝑥𝑆𝐸 𝑦𝑆𝐸 𝑧𝑆𝐸}𝑇 (2.27) 

In accordance to [40] and Figure 20 the 6 DOF motions of the vessel, relative to an earth fixed coordinate 

system, are: 

 𝑥𝑎⃗⃗⃗⃗⃑ = {𝑥𝑎 𝑦𝑎 𝑧𝑎 𝜙 𝜃 𝜓}𝑇 (2.28) 

The crane tip is a point and has therefore only 3 DOF. According to [42], the linearized motions of the crane 

tip in an earth fixed coordinate system are: 

 

𝑥𝐸⃗⃗⃗⃗⃑ = {

𝑥𝐸

𝑦𝐸

𝑧𝐸

} = {

𝑥𝑎

𝑦𝑎

𝑧𝑎

} + {

0 −𝜓(𝑡) 𝜃(𝑡)
𝜓(𝑡) 0 −𝜙(𝑡)

−𝜃(𝑡) 𝜙(𝑡) 0
} {

𝑥𝑆𝐸

𝑦𝑆𝐸

𝑧𝑆𝐸

} (2.29) 

It should be noted that equation 2.29 is a time domain representation of the crane tip motions. An inverse 

Fourier transform is necessary in order to realize a time domain representation of the crane tip motions due 

to the DP vessel in waves. 

2.1.4 Lifting and tugger ropes 
For offshore lifting operations, there are two types of rope that are used. Fiber and wire rope. Fiber ropes 

consist of either natural or synthetic fibers. Wire rope consists of stranded steel wires. Both types of wires 

can only be loaded in tension, as for compression, the lines go slack. For offshore applications, fiber rope is 

mainly used for mooring applications and is not commonly used in offshore lifting operations. 

It will therefore be assumed that only steel wire rope is used for the lifting operation of a WTG tower on its 

support structure. According to [43], steel wire rope can be represented by a linear axial spring-damper, 

where the stiffness k is equal to: 

 
𝑘 =

𝐸𝐴𝑒𝑓𝑓

𝐿
 (2.30) 
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In which: 

E = Youngs Modulus of material 

Aeff = Effective area of wire 

L = Initial wire length 

The effective area of steel wire rope is found to be two third of the total cross section area of the rope, as 

stated by [44]. Dimensionless damping ζ of steel wire rope is: 

 
𝜁 =

𝑏

𝑏𝑐𝑟𝑖𝑡
=

1

√(1 + (
2𝜋
𝛿

)
2

)

 
(2.31) 

Where b is the damping coefficient, bcrit the critical damping coefficient and δ the logarithmic decrement. 

The logarithmic decrement follows from measuring two or more successive oscillatory peaks of elongation 

of the line. The logarithmic decrement is calculated as follows: 

 
𝛿 =

1

𝑛
ln (

𝑥𝑖

𝑥𝑖+2
) (2.32) 

Where n is the number of oscillations and xi+2 is the upper peak following peak xi in the time domain 

representation of the amplitude of axial oscillations. [45] found that predicting an exact value for the 

damping of steel wire ropes is hard as it depends on many variables. It is a function of the function of 

amplitude, frequency and history of vibration. [46] states that the logarithmic decrement lies within a range 

of 0.02 to 0.20 for six strand and multi-strand wire ropes. It will therefore be assumed that the logarithmic 

decrement is 0.10, based on the findings of [43] and the dimensionless damping ζ is then 1.6%. 

By representing the steel wire rope lifting and tugger lines as linear spring-damper elements, the physical 

behavior of the ropes is defined accurately. It should however be noted that this theory only applies for steel 

wire rope in tension. In compression, the lines go slack. Practice has shown that temporarily slack wires due 

to pendulum motions of the load in lifting operations lead to very high snapping loads afterwards and 

unpredictable behavior of the load and lifting arrangement.  

2.2 Installation requirements 
During installation of an offshore WTG tower, there are requirements that limit the WTG tower motions and 

collisions in installation. It should first be noted that this study focuses on one particular part of the 

installation and all requirements set therefore only affect this stage of the installation. All requirements 

affecting other stages of the installation are consequently not considered. As described in subsection 1.2.3 

the focus of this research is placed on the lowering and catcher mating of the WTG tower on its support 

structure. It is assumed that the WTG tower is already aligned in the vertical direction with respect to the 

support structure. The lowering process as well as the first few collisions that take place between WTG tower 

catcher and support structure are assessed. The final landing and settling of the DSJ connection are also not 

incorporated. 

Figure 22 shows an animation of an impact between WTG tower and its support structure during the lowering 

and mating phase of the installation. The white structure is the WTG tower with conical catchers in this 

example and the yellow structure is the support structure. The grey rings represent the DSJ connection. The 

tower is still suspended by the crane and lowered, while the first impacts between tower and support 

structure are made. 
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Figure 22: Animation of an impact between WTG tower and its support structure during the lowering and mating phase of the 
installation 

The requirements regarding the aforementioned installation phases are based on critical or restrictive events 

that could occur. For all these events, limiting parameters will be identified in order to determine the 

allowable limits. These limits define the final installation weather window. Below, the critical and restrictive 

events are identified, and their limiting parameters and allowable limits are provided. 

2.2.1 Allowable circular out-crossing rate 
The circular out-crossing rate is the number of times per minute that the edges of the upper circumference 

crosses the edges of the lower circumference of the two mating parts. So, for installation of a WTG tower on 

its support structure, this is the number of times that the edge of the catcher on the WTG tower as in Figure 

22 crosses the edge of the circumference of the top of the support structure per minute. 

This criterion is defined by [24] in order to better assess safety during critical offshore installation activities. 

It states that a WTG tower could be successfully mated with its support structure if circular out-crossing rate 

is at most 2 times per minute. If this criterion stays within this allowable limit, a failed mating attempt can be 

prevented. This event is restricting on the installation weather window because higher waves lead to higher 

WTG motions and consequently a higher circular out-crossing rate. For any installation to be simulated in this 

research, the installation attempt will be classified as unsuccessful when the circular out-crossing rate 

exceeds its allowable limit of 2 times per minute. In subsection 5.1.6 it is explained how the circular out-

crossing rate is monitored during the installation simulations. 

2.2.2 Collision-induced structural damage 
During the aforementioned stages of the installation operation, collisions occur naturally between the WTG 

tower and its support structure. Finite element analysis (FEM) is required of the collisions between the 

connecting parts of both structures to quantify the limiting parameters that define the allowable limits 

regarding collision-induced structural damage. In the installations analyzed in this research, catchers are used 

of different shapes and dimensions. For all types of catchers, the equivalent stresses resulting from contact 

with the support structure will be determined. A maximum contact force will be determined using safety 
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factors. The finite-element based determination of maximum contact force for this research is explained in 

the subsections 5.1.3 and 5.1.4. 

2.2.3 Prevention of slack wires 
Lifting and tugger lines can only be loaded in tension as for compression, the lines will go slack. This critical 

event is caused by excessive motions of the load (WTG tower) or could occur after the WTG tower has landed 

on its support structure. The criticality of this event is due to the occurrence of snapping loads after the lines 

tension again. The corresponding loads are very high and resulting motion are unpredictable. 

For all WTG tower installation simulations, the tension in all lines will be calculated throughout the entire 

installation process in order to assess whether slack wires occur. Slack wires may only occur after successful 

landing, provided that they will not become tensile again due to the vessel motions. Therefore, in this 

research, an installation is deemed unsuccessful in the occurrence of slack wires. How slack wires are 

monitored during the simulations and how it is assessed whether this event occurs during installation is 

explained in subsection 5.1.1. 

2.2.4 Maximum side-lead angle 
The lifting line that hoists the WTG tower during installation hangs vertical in the absence of loading on the 

WTG tower. However, as a result of crane tip motions due to wind and waves and due to wind loads on the 

WTG tower, the lifting line angle varies in time. To ensure the structural integrity of the crane, this angle is 

allowed to be at most between 1 and 3 degrees according to industry representatives. In this research, this 

installation criterion is incorporated. In subsection 5.1.2, it is explained how in this criterion is incorporated 

in the installation simulations to ensure the integrity of the crane. 

2.2.5 Axial impact prevention 
During lowering of the WTG tower or due to heave motions of the installation vessel, the WTG tower could 

make an axial impact with the support structure. This could happen both between the bottom of the catcher 

and the MP or between the DSJ rings of the top of the MP and the bottom of the WTG tower. This is a critical 

event that leads to slack wires and potentially damaging concentrated loads on the axially colliding elements. 

In subsection 5.1.5 it is described how this criterion is monitored during installation simulations. 
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3 
Model development 

 

 

 

Model simulations of WTG tower installation on its foundation (monopile or other) are key in assessing the 

limits in installation as outlined in the research objectives and methodology in subsection 1.2.2 and Figure 

13. In chapter 2, the theoretical background is presented including physical phenomena involved in an 

installation operation. Besides, installation requirements were identified that limit the allowable motions and 

collisions in installation. This chapter describes the model setup and how physical phenomena are 

implemented. In the second section, it is described how non-linear contact forces of collisions between the 

WTG tower catcher and the top DSJ ring of a MP are obtained with finite element analysis. Subsection 2.1.1 

showed a literature-based assessment of irregularities in collision responses. Section 3.3 investigates these 

irregularities using a simple model for collisions with an MP.  

3.1 Model Description and implementation of physical phenomena 
This section describes the model used for simulating the installation of a WTG tower on the MP. First a 

general model explanation is provided, after which the structural elements and physical properties included 

in the model are touched upon. This section is concise as the reasoning behind the modeling approach and 

physical phenomena involved are explained in chapters 1 and 2. 

3.1.1 The model in general 
The model calculates 3 DoF motions of the WTG tower in the time domain in 2D. The three degrees of 

freedom, visualized in Figure 23, are the horizontal and vertical translation and rotations around the CoG. A 

2D approach is valid because the research focuses on lateral motions and collisions of the WTG tower as 

outlined in section 1.2. The time-domain motions, collisions, forces and other responses are obtained 

through numerical integration using Backward Euler integration. 

The model provides time domain WTG tower motions in 3 DoF, forces in the lifting line as a function of time 

and contact forces. Also, a simulation is created to visualize the motions and collisions of the tower. 

3.1.2 Model setup 
The model setup is visualized in Figure 23. The WTG tower is the white conical structure that is hoisted at its 

top by a lifting line suspended at the crane tip. The WTG tower has catchers that collide with the yellow 

support structure. A close up of such collision is shown on the right in the figure. All structures and physical 

phenomena are briefly explained below, including how they are modeled. 
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Modeling of the WTG tower 

A WTG tower has the shape of a hollow truncated cone. Typically, both the diameter and thickness of a WTG 

tower decrease over the height of the tower [47]. Therefore, the center of gravity or CoG of the tower is 

below the middle of the tower. This affects the inertia and motion behavior of the tower and therefore, it 

must be incorporated in the model. The CoG and moment of inertia around the CoG are  

 
𝑍𝐶𝑜𝐺 =

∑ 𝑚𝑖𝑧𝑖𝑖

∑ 𝑚𝑖𝑖
 (3.1) 

 𝐼 = ∑ 𝑚𝑖(𝑧𝑖 − 𝑧𝐶𝑜𝐺)2

𝑖

 (3.2) 

Where the tower is divided into i segments. ZCoG is the height of the CoG measured from the bottom of the 

WTG tower and mi and zi are the masses and midpoints of the tower segments. 

Furthermore, the WTG tower is modeled as a rigid body and catchers are placed on the bottom of the tower 

to guide the tower over the support structure.  

Modeling of the lifting wire and crane tip excitations 

As shown in subsection 2.1.4, steel lifting wires can be modeled by a spring-damper to account for both 

stiffness and damping as a result of axial wire elongation. This is incorporated in the model. It is important to 

note that the lifting line can only be axially loaded in tension as for compression, the line goes slack. In the 

time-domain simulations of WTG tower motions, the absolute distance between crane tip and WTG tower 

top is determined in each time step and the corresponding wire force as a result from the wire stiffness is 

calculated. The time-derivative of this absolute distance is also calculated in each time step to calculate the 

wire damping force on the WTG tower. In the model, crane tip motions are harmonic and the frequency and 

amplitude for both horizontal and vertical directions can be varied independently. Subsection 2.1.3 provides 

a description of the origins of vessel and crane tip motions. 

Wind load and aerodynamic damping modeling 

Subsection 2.1.2 described offshore wind fields and corresponding wind loads on a WTG tower. In the model, 

the wind load and aerodynamic damping is calculated as a distributed load over the height of the tower. Just 

as for the calculation of the CoG and the inertia, the tower was segmented into i segments and for each 

segment, the wind force is determined in each time step. The total wind force and wind-induced moment on 

the tower are determined accordingly in each time step. The wind field is based on a time domain wind 

spectrum realization as described in subsection 2.1.2.  

In subsection 2.1.2 it is also described how the wind velocity relative to the WTG tower motions lead to 

aerodynamic damping. Aerodynamic damping is caused both due to the horizontal translations and rotations 

of the WTG tower. Both sources of aerodynamic damping are incorporated in the model. 

Collision modeling 

Collisions are modeled by conditional non-linear spring-dashpots. Conditional in this context means that if 

any point on the catcher crosses with any point on the monopile, there is contact, and a restoring force is 

exerted on the WTG tower. The contact force consists of both a damping and a spring term. The damping 

term accounts for the fact that a part of the kinetic energy before collision will be transferred into decaying 

vibrations after the collision for both the WTG tower and the support structure. In order to quantify the 

stiffness and damping coefficient, finite element analysis is necessary. This is described in section 3.2. Section 

3.3 describes the irregularities in collision responses to be expected when the WTG tower or monopile 

vibrates and a collision takes place.  

Concluding remarks on the model setup 

The model allows for the use of different catchers for installation. In this research, conical catchers as well as 

vertical asymmetric catchers are analyzed. In the subsections 5.1.3 and 5.1.4 both catchers are explained. In 
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these sections, a finite element analysis-based determination of their maximum contact forces during 

collisions is provided. 

Also, the model allows for using tower guidance in the form of constant forces, springs, or dampers to 

represent tugger lines to guide the WTG tower during lowering towards its foundation. Besides, the model 

incorporates horizontal crane tip displacements caused by the crane operator. In the sections 5.2 and 5.3 the 

effects of these displacements and the use of tower guidance on the WTG tower installation are studied. 

The motions of the WTG tower in the model are not linearized. Non-linearities exist in the model with 

different causes. First of all, collisions between the WTG tower and the foundation are non-linear. Collisions 

are modeled by a spring-damper in which the spring is non-linear. In section 3.2 the non-linearity of the 

contact element is determined. Collisions are also a cause of non-linearity in the model because they lead to 

a sudden change in the system. To be more specific, a collision induces a temporary reaction force on the 

WTG tower that is not present during the entire installation (i.e. there is no constant contact between the 

WTG tower and the foundation during installation). Another source of model non-linearity is found in the 

angles of the WTG tower and lifting line length during installation. This however has a small effect on the 

WTG motions, since the angles of the WTG tower and the lifting line remain small.  

 

Figure 23: Overview of the model as used in the simulations, including physical representations for wind load, crane tip, the lifting 
wire and a close up of how collisions are modeled. 
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3.2 Finite element analysis-based determination of contact stiffness 
Section 2.1.1 provided a literature-based background on collisions. It was found that it is common practice 

in offshore wind installation research to simply assume values for stiffness and damping in collisions. 

Research in other fields proved that collision responses are complex and that a simple assumption on 

response behavior is inaccurate. In order to get an accurate understanding of collision responses, finite 

element analysis is required. In this research, finite element analysis is performed in ANSYS to describe the 

values of stiffness and damping. Bending and vibrations of the WTG tower and the MP are the first source of 

stiffness and damping. The local deformation of the DSJ ring on the top of the MP is the second source of 

stiffness. The determination of both sources of stiffness and damping are explained below. 

A slender EB beam model is used to model the WTG tower and the MP. In this model, the MP is fixed at its 

bottom (the seabed) and the WTG tower is suspended by the lifting line with a stiffness and damping as 

described in subsection 2.1.4. An EB beam model with n and m elements for the WTG tower and the MP is 

made such that the bottom element of the WTG tower comes into contact with the top element of the MP. 

Figure 24 visualizes this situation as it would be in reality, where the catcher is omitted for clarification 

purposes. With an annulus of 25 mm and a horizontal velocity of 0.5 m/s, a collision between the rings occurs 

after 0,05 s. In Figure 24 this can be best understood by looking at the right picture. The outer ring collides 

with the inner ring on the right. The WTG tower and the monopile are modeled as Euler-Bernoulli beams or 

EB beams. This way of modeling incorporates the global vibration behavior of both structural elements as a 

result of the collision. Both the MP and WTG tower are subdivided into n and m elements respectively and 

the masses and stiffnesses of each element comply to the local geometry of the MP or WTG tower at that 

location. To be more specific, the mass and stiffness of the WTG tower varies with the height due to diameter 

and thickness variations and as such, the vibration behavior depends on these geometrical properties. This 

is included in the model. 

 

Figure 24: Visualization of the situation analyzed in ANSYS for obtaining collision responses 

Figure 24 provides a good visualization of how the collision would look like in reality. But it must be noted 

that the EB-beam model does not include local stiffness (e.g. ovality or out of roundness). The EB-beam model 

only determines the TD deflections over the height of both structures relative to the longitudinal axis of both 

structures. The contact stiffness and damping due to bending and vibration of the WTG tower and MP is 

determined with the contact forces between the bottom WTG tower and the top of the MP and the 

horizontal deflection at that location relative to the undeformed situation. Section 4.1 shows the results of 

this analysis, describes the corresponding stiffness and damping and how this model is used to validate the 

simulation model. 
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An EB-beam model does not include local stiffness (e.g. ovality or out of roundness). The local stiffness is 

characterized by the deflection of the DSJ ring on top of the MP as it is in contact with the catcher on the 

bottom of the WTG tower. Figure 25 visualizes this contact. 

 

Figure 25: Visualization of contact between the catcher on the bottom of the WTG tower (white) against the top DSJ ring of the MP 
(yellow) 

It is important to note that the catcher has a radius that is slightly larger than the radius of the DSJ ring. Figure 

25 shows that for an undeformed DSJ ring, contact with the catcher is concentrated at a point. However, as 

the contact force increases between the catcher and the DSJ ring, the contact area increases as the DSJ ring 

deforms. The consequence of this increasing contact area is that the local contact stiffness is non-linear. 

Finite element analysis is used to determine the non-linear local contact stiffness. Different scenarios have 

been analyzed in ANSYS in which the DSJ ring had a constant outer and inner radius of 4 and 3.9 m, 

respectively. The inner radius of the catcher changes in the three scenarios between 4.05, 4.15 and 4.25 m. 

The resulting non-linear contact forces found in these three different scenarios are plotted in Figure 26. 

 

Figure 26: Non-linear local contact force against the average deflection of the DSJ ring for various catcher radii. 
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With both the non-linear local stiffness and the linear bending stiffness determined, the equivalent stiffness 

can be determined. The equivalent stiffness results from the both the bending stiffness and the local stiffness 

being connected in series (i.e. the force in both springs is equal, whereas the deflection is not). Figure 27 

shows this equivalent stiffnesses for the different catcher radii analyzed. 

 

Figure 27: Equivalent contact stiffness for different catcher radii consisting of non-linear local stiffness and linear bending stiffness 

In order to implement the non-linear contact stiffness in the model used to simulate the installation of a WTG 
tower onto its foundation, an equation has been defined to describe the non-linear stiffnesses as in Figure 
27.  
 

 𝐹𝑒𝑞(𝑥) = 𝐴𝑥 + 𝐵(tanh(𝐶𝑥 + 𝐷) + tanh (𝐷)) (3.3) 

In which Feq(x) is the equivalent contact stiffness as a function of the deflection x. The constants A, B, C and 
D depend on the catcher radius: 
 

CONSTANT R = 4.05 M R = 4.15 M R = 4.25 M 

A 4.8 4.37 4.32 
B 0.55 0.65 0.5 
C 12 10 10 
D 1.4 1.9 2.2 

Table 1: Constants associated with equation 3.3 that describes the non-linear equivalent contact stiffness as a function of the 
deformation 

The description of this catcher radius specific non-linear stiffness is implemented in the model to simulate 
the installation of a WTG tower onto its foundation. In subsection 2.1.1, it is described that it is common 
practice in offshore literature to simply assume constant values for contact stiffness and damping. This 
section describes a way to describe these values more realistically by subdividing the equivalent stiffness into 
global bending stiffness and local deflection stiffness, which are considered as springs connected in series. 
 
In the aforementioned subsection, it also appeared from a study to church bells, that collisions in a vibrating 
system do not necessarily have to be described by a single contact event. Also, a certain irregularity appears 
in the collision responses (i.e. there is some variability in velocities after relative to before collisions). 
Subsection 3.3 describes how a simple model is developed to study these effects on collisions between a rigid 
body and a MP.  
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3.3 Irregularities in collision responses: A simple model 
In subsection 2.1.1 collisions between a WTG tower and its support structure were discussed from a 

theoretical point of view. It was shown that in the literature regarding offshore installations, it is common 

practice to assume values for stiffness and damping, often without much substantiation. Research in the field 

of church bells however showed that collision responses are often irregular. The irregularity was much higher 

when the bell vibrated before a collision. Of course, a church bell and its clapper are not equivalent to a 

monopile and the WTG tower in installation. Therefore, a simple collision model is set up to analyze collision 

responses and corresponding irregularities in collisions between the WTG tower and the monopile during 

installation. This section is subdivided into two subsections. Subsection 3.3.1 introduces the simple model 

and explains the collision responses for an undamped non-vibrating monopile. The following subsection 

introduces damping against vibration in the monopile and studies the collision responses as well as the 

effects of monopile vibrations on subsequent collision responses. The final subsection 3.3.3 discusses the 

applicability of the results of this simple model to collisions between a WTG tower and a MP.  

3.3.1  Collision responses for an undamped non-vibrating monopile  
For this simple model, the assumption is made that the monopile is a fixed-free Euler-Bernoulli beam that is 
excited in its first mode of vibration when a rigid body impacts the pile at its free end. It is also assumed that 
collisions are perfectly elastic and that the vibrations of the monopile are undamped. Using these 
assumptions, the modal stiffness, first natural frequency, and corresponding modal mass of the monopile 
are: 
 

 
𝑘𝑀𝑃 =

3𝐸𝐼

𝐿3
 (3.4) 
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𝑀𝑀𝑃 =

𝑘𝑀𝑃

𝜔𝑀𝑃
2 = 0.295441𝜌𝐿 (3.6) 

Under the assumption that the monopile is only excited in its first mode of vibration due to impact, the 
undamped monopile can be described by a mass-spring system as depicted in Figure 28. In this figure, M is 
the mass and V is the velocity of the rigid body. The monopile is at rest initially. The damping coefficient cMP 
is 0 Ns/m for this undamped monopile. 

 
Figure 28: Monopile representation as a mass-spring system. A rigid body with mass M and velocity V will impact with the top of the 
monopile 

Using conservation of momentum and conservation of energy, the velocities of both bodies following a 
perfectly elastic collision, and consequently using a restitution coefficient of 1, can be determined. For 
conservation of momentum: 
 
 

 𝑀𝑀𝑃𝑉𝑀𝑃,𝑖 + 𝑀𝑉𝑖 = 𝑀𝑀𝑃𝑉𝑀𝑃,𝑓 + 𝑀𝑉𝑓 (3.7) 
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𝑉𝑀𝑃,𝑖 + 𝑅𝑉𝑖 = 𝑉𝑀𝑃,𝑓 + 𝑅𝑉𝑓 

𝑹(𝑽𝒇 − 𝑽𝒊) = 𝑽𝑴𝑷,𝒊 − 𝑽𝑴𝑷,𝒇 

 
For conservation of energy: 
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Combining equations 3.7 and 3.8 yields: 
 

 
𝑉𝑀𝑃,𝑓 =

2𝑅𝑉𝑖 + 𝑉𝑀𝑃,𝑖(1 − 𝑅)

𝑅 + 1
 

𝑉𝑓 = 𝑉𝑀𝑃,𝑖 − 𝑉𝑖 +
2𝑅𝑉𝑖 + 𝑉𝑀𝑃,𝑖 (1 − 𝑅)

𝑅 + 1
 (3.9) 

 
Where R is the ratio of masses M and MMP, V and VMP the corresponding velocities and subscripts f and i 
represent the final and initial velocities, respectively. Except for the collisions, there is no restoring force on 
the rigid body. The monopile however has a stiffness which is represented by a spring as seen in Figure 28. 
 
Using the assumption of a perfectly elastic collision in this problem, the collisions are consequently an 
instantaneous event. They are solved for the final velocities of both bodies using the equations above. The 
time dependent motions are solved using a Backward Euler time integration to assess the problem given in 
Figure 28 and described above, the results confirm the findings of [25]. When varying the mass of the 
incoming rigid body, the results show that the velocity ratio of the rigid body before and after the impact 
vary with the mass ratio. The mass and velocity ratio in this simple model are respectively defined as: 
 

 
𝑅 =

𝑀

𝑀𝑀𝑃
 (3.10) 

 
𝛥𝑉 =

𝑉𝑖

𝑉𝑓
 (3.11) 

Figure 29 and Figure 30 show the velocities of the tip of the monopile and the rigid body as a function of 
time. The orange line represents the tip speed of the monopile, and the blue line represents the rigid body 
velocity. Energy is conserved as can be seen the grey line in both figures. This represents the energy balance, 
or the mass normalized kinetic energy added to the mass normalized potential energy. The variations that 
do occur are an error resulting from the Backward Euler numerical time integration. However, this error 
appears to cancel out in the harmonic motions and consequently, the error does not build up in time and the 
energy in the system remains constant on average. Figure 29 shows the velocity profiles of both bodies for 
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mass ratio R = 0.6. Figure 30 shows the velocity ratios of both bodies for mass ratio R = 2.6. All discontinuities 
in both charts represent an impact between the bodies.  

 
Figure 29: Velocity profile as a function of time for the rigid body and the undamped monopile using a mass ratio of 0.6 

 
Figure 30: Velocity profile as a function of time for the rigid body and the undamped monopile using a mass ratio of 2.6 

From Figure 29 and Figure 30 a few conclusions can be drawn: 

• In both cases, the initial velocities are the same. The rigid body has an incoming velocity of 1 m/s and 

the tip velocity of the monopile is 0 m/s. However, their final velocities differ significantly. For R = 

0.6, only 25% of the initial velocity is left in the rigid body. This means that around 90 % of its initial 

kinetic energy is finally transferred into vibrations of the monopile. If R = 2.6, the final velocity of the 

rigid body is 96% of the initial velocity and as such, it has transferred just 8 % of its initial kinetic 

energy to the vibrations of the monopile. Clearly, energy transfer between the two bodies in this 

simple collision model is all but constant. 
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• The impact between rigid body and monopile, under the assumptions made, is not necessarily 

represented by 1 bounce. It can be seen that for R = 0.6, the impact consists of 1 instantaneous 

bounce. For R = 2.6, the impact consists of 3 instantaneous bounces, all occurring after each other in 

a time domain of little more than 0.1 s. 

To create insight in the final kinetic energy transfer from the rigid body to the monopile and the velocity ratio 

of the final velocity divided by the initial velocity of the rigid body, Figure 31 is created. In this figure, the 

black line is the velocity ratio as a function of mass ratio of the rigid body and the orange line represents the 

total kinetic energy transfer from rigid body to monopile as a function of the mass ratio. The red lines 

correspond to the mass ratios used in Figure 29 and Figure 30. Every discontinuity represents an added 

collision in the system before the rigid body returns towards infinity. Corresponding values are presented on 

the left and right vertical axes respectively. 

 

Figure 31: Velocity ratio (black) and energy transfer (orange) as a function of mass ratio 

In reality, the response of a monopile to an impact cannot be represented by the first mode of vibration only. 

Nor can the assumption be made that the collisions are perfectly elastic. However, even with a simple model, 

a great level of complexity is found in physically describing the responses of a collision. The following 

subsection continues with the simple model as in Figure 28. The collision responses are determined for 

vibrating systems and damping against vibration is also introduced. After that subsection, a conclusion will 

be made with regards to the applicability of these simplified model results to this research. 

3.3.2  Irregularities in collision responses for a damped vibrating monopile  
The simple model introduced in the previous subsection is extended and generalized in order to study the 

effects of vibrations on collision responses. Figure 32 shows this model. There are two masses M1 and M2 

and a mass ratio of R = M2/M1. Body M1 has a spring and damper attached to it with a stiffness and damping 

coefficient k and c, respectively. The free body M2 has an initial incoming velocity V. A wall is placed at 

distance L. 
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Figure 32: Generalized simple collision model 

As in the previous section, the stiffness k and mass M1 correspond to the first modal stiffness and mass of 

the monopile given in equations 3.4 and 3.6. All collisions of M2 with M1 or the wall are perfectly elastic, so 

the coefficient of restitution is 1. Three variables are introduced in the system: 

• Damping c [Ns/m]. The damping coefficient is a variable in the analysis. In order to make the analysis 

accurate for WTG tower installation collisions, it is assumed that the monopile is underdamped. 

Values for the damping coefficient used are 0, 50000, 100000 and 150000 Ns/m. For these values, 

monopile vibrations decay in amplitude by between 0% and 60% in one second. 

• Mass ratio R [-]. The mass ratio is a variable in the analysis as well. As shown in the previous 

subsection a small change in mass ratio can have large variations in velocity responses due to the 

occurrence of multiple bounces for higher mass ratios. Therefore, the mass ratio R used for the 

analysis ranges between 0.01 and 10 with steps of 0.01. 1000 different mass ratios are analyzed. 

• In order to study the effect of the phase of harmonic motion of M1 after the first collision, the wall 

length L is varied as well. The wall length is varied between 1.085 and 1.115 m, with steps of 0.002 

m. In this range, it is determined that at least 3 periods of M1 motions are spanned. Therefore, the 

effect of wall distance or M1 phase shift is fully incorporated to study the effects on outgoing 

velocities V2 and V3. 

There are four velocities that are of importance. The first velocity V is the initial incoming velocity before any 

collision took place. Velocity V1 is the velocity after the first collision of both masses. Note that a collision can 

consist of multiple bounces and that V1 is measured when the free body returns to the wall after the full first 

interaction with the mass-spring-damper. Velocity V2 and V3 are the velocities of the free body after the 

second and third interaction with the mass-spring-damper, respectively. Below, for the aforementioned 

three velocities, the dependence on the mass ratio and damping coefficient are explained. For clarification 

purposes, graphs are in Appendices B and C. 

Velocity V1 

For the wall distance averaged mean velocity V1 as a function of mass ratio, presented in Figure B. 1 of 

Appendix B, the situation without damping is familiar. This blue line is the situation as presented in subsection 

3.3.1. The orange, grey and yellow line represent the velocities with a damped MP with a damping coefficient 

of 50,000, 100,000, and 150,000 Ns/m respectively. For the wall distance averaged mean velocity V1, a few 

conclusions can be drawn. 

• Before the first discontinuity at R ~ 0.65, damping has no effect on the response. This can be 

explained due to the fact that below this value, a collision consists of a single bounce. As a result of 

the assumption of perfectly elastic collisions, this bounce is an instantaneous event. Damping plays 

therefore no role. For higher mass ratios, damping does play a role for V1. This is because multiple 

bounces represent the collision. Between these instantaneous bounces, damping affects the velocity 

of mass M1 and therefore, it affects bounces except the first one in a single collision. 
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• On average, V1 decreases for increasing values for damping when the mass ratio R > 0.65. This can 

be explained due to the fact that kinetic energy drains from M1 before the last bounce occurs. It can 

be seen therefore, that V1 for a damped system is less than 100% of the initial velocity V0. 

• It is interesting to observe that for increasing damping and mass ratios of R > 5, multiple collisions 

tend to happen for lower R. This can be seen as a horizontal shift in Figure B. 1 in Appendix B in the 

discontinuities that represent an added bounce. 

Velocity V2 

First, it should be noted that Figure B. 2 in Appendix B represents the mean velocity V2 as a function of mass 

ratio R. The mean is taken over all outcomes V2 for different wall distances. The graph contains these results 

for 4 different values for damping as mentioned before. So, before looking at the wall distance induced 

irregularities, a few conclusions on the mean velocity V2 can be drawn. 

• Clearly, not only the wall distance induces irregularities in velocity V2. For the undamped situation 

(blue line), great variations are seen for incremental changes in the mass ratio. This effect is especially 

strong for mass ratios of R < 2. For increasing damping coefficients, there appear to be less 

irregularities in V2 resulting from variations in the mass ratio. 

• Without damping, the mean V2 does not drop to close to 0, like with V1 for mass ratio R ~ 0.65. With 

increasing damping however, this effect occurs again with V2. An explanation for this effect is that 

for increasing damping, the mass-spring-damper is almost at rest before the second collision and the 

response converges to the response for V1 albeit at a lower final velocity. 

• On average, the wall distance averaged mean V2 decreases for increasing damping values. 

Velocity V3 

First, it should be duly noted that Figure B. 3 in Appendix B represents the mean velocity V3 as a function of 

mass ratio R. The mean is taken over all outcomes V3 for different wall distances. The graph contains these 

results for 4 different values for damping as mentioned before. Before looking at the wall distance induced 

irregularities in the next section, a few conclusions can be drawn on the mean velocity V3. 

• It should be noted first that some data is missing in Figure B. 3 of Appendix B. This concerns the 

damped (orange, grey and yellow) situations with a mass ratio R ~ 0.65. Due to the very low velocities 

V1, V2 and V3 at these mass ratios, the collision resulting in V3 occurred after a longer time than 

calculated in the model. 

• For the undamped situation (blue line), great variations in the mean V3 are seen for small changes in 

the mass ratio. Clearly, mass ratio variations also induce irregularities for the mean velocity V3. The 

variations reduce for increasing damping against vibration. 

• The mean V3 declines on average for increasing damping coefficients.  

Wall distance induced variations in the velocities 

The previous section focused on the wall distance averaged mean values for V2 and V3. This section focuses 

on the variations of the velocities V2 and V3 as induced by the wall distance variations. Graphs related to this 

subject can be found in Appendix B. For these analyses, the velocities V2 and V3 are used. In Appendix C, the 

first 4 graphs relate to velocity V2 for different damping conditions and the final 4 graphs relate to velocity V3 

for different damping ratios. 

It should be noted here that in the graphs, the wall distance averaged mean velocities are presented. The 

variations induced by the wall distance are presented by the minimum and maximum velocities in the set of 

different wall distances, indicated by the black line. A few conclusions on the standard deviation or wall 

distance induced velocity variations can be drawn. 

• Wall distance induced velocity variations decrease for increasing mass ratios. This effect is stronger 

for the undamped cases than the damped cases. This applies to both V2 and V3. 
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• The minimum and maximum velocities V2 and V3 in the set of wall distances for a certain damping 

coefficient as a function of mass ratio is not smooth. Apparently, wall distance induced velocity 

variations differ significantly for different mass ratios. These irregularities seem to coincide with 

mass-ratio induced irregularities in the velocities. 

• The wall distance induced variations for the velocity V3 are greater than for V2 for all damping cases 

and mass ratios. 

3.3.3  Concluding remarks and applicability of simple collision model  
Based on the results presented and discussed above, it is clear that both the mass ratio and the time between 

consecutive collisions result in irregular response velocities for collisions in vibrating systems. Put simply, 

accurate prediction of responses is difficult. It can be concluded that collision responses in vibrating systems 

are only statistically predictable within a certain range of accuracy. 

However, the simple model used here contains some assumptions that cannot be straightforward applied to 

collisions between WTG towers and monopiles. First of all, collisions are assumed to be perfectly elastic (i.e. 

a coefficient of restitution of 1). Secondly, it is assumed that the monopile is excited in its first mode only. 

Finally, the WTG tower is simplified to a rigid body. Due to these assumptions, it was possible to shed a first 

light on vibration-induced collision response irregularities. However, as these assumptions do not necessarily 

apply in reality, no solid conclusions can be drawn based on this analysis to real collisions between a WTG 

tower and a MP. It is however recommended for future research to study vibration induced collision response 

irregularities in collisions between the WTG tower and its foundation during installation and mating 

operations. Based on this analysis and the literature findings described in subsection 2.1.1, vibrations in 

either the WTG tower or the foundation may affect collision responses during installation and mating 

operations.  
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4 
Validation and Model Updating 

 

 

 

This chapter presents the validation of the model used to simulate the installation of a WTG tower on its 

support structure. In the first section, it is described how using finite element analysis results are used to 

validate the simulation model. The second section describes how the simulation model is updated based on 

finite element analysis results to incorporate bending effects of the tower and monopile through a contact 

element. 

4.1 Simulation model validation 
Chapter 3 introduces the model made and used to simulate the installation of a WTG tower on its support 

structure. Figure 23 provided an overview of the model as used in the simulations, including physical 

representations for wind load, crane tip, the lifting wire and a close up of how collisions are modeled. It also 

shows the contact element used to determine impact loads and collision responses. Collisions between the 

WTG tower and its support structure are modeled by a conditional spring-damper element.  

Conditional in this context means that as soon as the catcher geometry intersects with one of the tips of the 

support structure, the spring and damper restore the motion, by exerting a contact load on the WTG tower. 

In order to validate the simulation model, it is important that the finite element model from ANSYS is 

physically identical to the simulation model. Since the simulation model is based on rigid body dynamics of 

the WTG tower and MP, the FEM model should also be based on rigid body dynamics. Therefore, the WTG 

tower and MP are set rigid in ANSYS. 

Due to the rigid MP and WTG tower, there is no bending nor vibrations in either structures. The absence of 

these actions means that they do not contribute to the impact loads. The impact loads determined in the 

control model in ANSYS are solely based on the stiffness of the contact element describing the local 

deflections. This contact element is present in both the control model in ANSYS and the simulation model in 

Excel. 

In order to create a physical twin between the models, the initial conditions and variables are in both models 

set identical. The crane tip is motionless, the WTG tower has an initial velocity of 0.5 m/s to the left, the radial 

annulus between the WTG tower and support structure is 25 mm, the lifting line length is fixed and there are 

no environmental loadings. 

In terms of impact loads, a strong match is found between the control model in ANSYS and the simulation 

model. Figure 33 shows the impact loads of the collisions between the WTG tower and the MP for the control 
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model in ANSYS on the top and the impact loads found in the Excel model on the bottom. If a negative peak 

occurs, it means that the WTG tower bottom collides with the right end of the top of the MP. Positive peaks 

indicate a collision at the left top of the MP. A strong match is found both in terms of timing and size of the 

impact loads. 

 

Figure 33: Impact loads based on rigid body dynamics in the control model (top) and simulation model (bottom). 

The motions of the WTG tower found by both models are also compared for validation. In Appendix D, the 

motions of the WTG tower are shown for both models as a time-lapse. The top line represents the lifting line, 

the middle line the center line of the WTG tower and the bottom line the center line of the MP. The 

displacement is given over a simulation period of 4.8 s at intervals of 0.3 s. The results from the control model 

in ANSYS are given in black and the results from the simulation model are given in colors. Note that the tower 

has a length of around 120 m and the horizontal displacements are amplified and in reality, around 60 cm at 

maximum. A close match is found both in terms of motions and impact loads. 
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It should be mentioned again here that this validation concerns rigid body dynamics. In reality, the WTG 

tower and monopile are flexible and this affects the impact load behavior and to a lesser extent the motions 

of the WTG tower. The next section discusses the finite element analysis of collisions between a flexible WTG 

tower and a flexible MP. It also presents how the simulation model is updated in order to incorporate these 

effects.  

4.2 Model updating 
The finite element model in ANSYS used for model updating is based on a slender Euler-Bernoulli or slender 

EB beam model. With a hollow truncated conically shaped WTG tower, the variable bending stiffness and 

mass distribution is determined over the height. Also, the local stiffness based on local deflections of the 

mating elements is incorporated as it was used in the model validation. So, there are two sources of stiffness 

in the flexible structures control model in ANSYS, namely bending stiffness and local stiffness.  

In the Excel simulation model, which is based on rigid body dynamics, the bending stiffness effects cannot be 

incorporated. The aim is therefore to update the local stiffness to a value that makes the resulting contact 

load pattern match as closely as possible to the results found in the control model in ANSYS. 

Figure 34 displays the contact loads found in the control model on the top and the contact loads from the 

updated simulation model on the bottom. The high frequency components found in the ANSYS model 

originate at the bending vibrations from the WTG tower and MP. These are not found in the Excel simulation 

model, because it is based on rigid body dynamics. However, with the updated values for stiffness and 

damping, the overall impact load pattern shows a match between the simulation model and the control 

model. The crests and throughs in both graphs indicate impacts on the left and right side of the monopile 

respectively. They are numbered 1 to 7 and there is a strong correspondence is size and timing of these 

events. 

Motions are also compared in order to validate whether the updated model complies to the control model 

in ANSYS. In Appendix E, the motions of the WTG tower are shown for both models as a time-lapse. The top 

line represents the lifting line, the middle line the center line of the WTG tower and the bottom line the 

center line of the MP. The displacement is given over a simulation period of 4.8 s at intervals of 0.3 s. The 

results from the control model in ANSYS are given in black and the results from the simulation model are 

given in colors. Note that the tower has a length of around 120 m and the horizontal displacements are 

amplified and in reality, around 60 cm at maximum. A close match is found both in terms of motions. 

Both the contact loads and the motions of the WTG tower seen in Figure 34 and Appendix E respectively 

show a match between the control model in ANSYS and the simulation model in MS Excel. Therefore, the 

effects of flexibility of the WTG tower and MP are appropriately incorporated in the simulation model.  



60 
 

 

Figure 34: Impact loads based on flexible body dynamics in the control model (top) and the updated rigid body dynamics in the 
simulation model (bottom). 
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5 
Installation Limits 

 

 

 

Section 3.1 outlines how a model is made in order to analyze and simulate the installation of a WTG tower 

on a monopile. This chapter explains how it can be assessed, using that model, what the motion and collision 

limits are for installation of a WTG tower on a monopile. In the first section, it is explained what the 

installation requirements are that determine the installation limits. In the second and third sections, the 

installation limits are assessed for two different crane tip excitations. One, whose frequency corresponds to 

a jack-up vessel and the other, whose frequency corresponds to a floating vessel. These sections also assess 

the effect of tower guidance on the installation limits. The fourth section compares the results and explains 

how the installation limits found, serve as a first exploration of workability of installation. 

The final section in this chapter discusses the method and results obtained in this research. It also provides 

for a first look to installation in 3D and identifies potential associated motion and collision effects. 

5.1 Installation requirements 
Installation limits are determined by the requirements that an installation should comply to, in order for the 

installation to be deemed successful. WTG tower motions and collisions are limited due to the occurrence of 

critical or restrictive events. Two types of catchers are considered in this research. A vertical asymmetric 

catcher and a conical catcher. Figure 35 displays both types of catchers on the left and right respectively. 

Most of the installation requirements apply to both types of catchers, whereas some requirements 

specifically apply to a certain type of catcher. Below, all installation requirements are explained in the 

subsections 5.1.1 to 5.1.7. 
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Figure 35: Visualization of a conical (left) and vertical asymmetric catcher (right) on the WTG tower (white) 

5.1.1 Prevention of slack wires  
Slack wires are a critical event as they could lead to large and unpredictable snapping loads with potentially 

damaging consequences for the installation vessel or WTG tower. Independent of the catcher type chosen, 

this critical event must always be avoided. Therefore, during the simulations, the wire force is monitored in 

order to ensure continuous tensile load in the wire. If the tensile wire force at some point during the 

installation becomes zero, slack wires occur, and the installation is deemed unsuccessful. An example of 

allowable tensile wire forces during installation is shown in Figure 36. 

 

Figure 36: Axial tensile wire force of the lifting line as a function of time. 
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5.1.2 Allowable side-lead angle 
Independent of the catcher type used for installation, the lifting line hoisting the WTG tower has a limited 

allowable side-lead angle. In general, the side-lead angle is allowed to be at most between 1 and 3 degrees. 

In this research, the maximum allowable side-lead angle is set at 3 degrees. During installation simulations, 

the side-lead angle is monitored in order to ensure that it stays within the limit of 3 degrees. Figure 37 shows 

an example of the side-lead angle during installation of a WTG tower. Clearly, in this example, the installation 

limit is reached as the side-lead angle exceeds 3 degrees. 

 

Figure 37: Side-lead angle of the lifting line as a function of time. 

5.1.3 Allowable contact force between the vertical asymmetric catcher and the monopile 
In order to prevent structural damage, the force during contact between the vertical asymmetric catcher and 

the monopile has a limit. Before the maximum allowable contact force can be determined, it should first be 

assessed what the contact force is. As explained in chapter 3, the contact force consists of both damping and 

non-linear stiffness. This non-linear stiffness resulted from the combined WTG tower and MP bending and 

local deflection of the DSJ rings. 

With the description of the contact force, the maximum allowable contact force can be determined. Figure 

38 shows the equivalent von Mises stress in the catcher and the WTG tower resulting from an outwardly 

directed distributed load applied at the bottom of the catcher. Although the edges between the catcher and 

the WTG tower bottom are rounded, it can be seen that the equivalent stress peaks at the edge. With the 

use of S355 steel, the yield stress of the material is 355 MPa. In accordance with industry practice and safety 

standards a high safety factor of 1.5 is applied. Therefore, the highest allowable equivalent stress is set at 

237 MPa. This corresponds to a contact force of at most 700 kN. 

This maximum allowable contact force applies to the vertical asymmetric catcher as in Figure 38. During the 

determination allowable limits in sections 5.2 and 5.3, the catcher design is subjected to improvements if 

necessary, aimed to increase the motion and collision limits in installation. This means, if it appears that the 

allowable contact force is limiting the installation, the catcher will need to be strengthened.  
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Figure 38: Finite element analysis based determination of Equivalent (von Mises) stress in the vertical asymmetric  catcher and bottom 
of the WTG tower as a result from a contact force on the bottom of the catcher 

The contact force between the catcher and monopile during any installation simulation will be monitored in 

order to ensure that it stays within the limit. Figure 39 provides the contact force of an example simulation 

in which it appears that the contact force exceeds the limit of 700 kN once, making the installation 

unsuccessful.  

 

Figure 39: Example of contact force (blue) between catcher and monopile during installation attempt, where the red line indicates the 
force limit 

5.1.4 Allowable contact force between the conical catcher and the monopile 
In order to prevent structural damage, the force during contact between the conical catcher and the 

monopile has a limit. Before the maximum allowable contact force can be determined, it should first be 

assessed what the contact force is. As explained in chapter 3, the contact force consists of both damping and 

non-linear stiffness. This non-linear stiffness resulted from the combined WTG tower and MP bending and 

local deflection of the DSJ rings. 

Also, for the conical catcher, with the description of the contact force, the maximum allowable contact force 

can be determined. Figure 40 shows the equivalent von Mises stress in the catcher and the WTG tower 

resulting from a force applied at the bottom of the catcher. It can be seen that the highest von Mises stress 

is found at the location of the impact. The area of interest however is the connection between the WTG 
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tower and the catcher. With the use of S355 steel, the yield stress of the material is 355 MPa. In accordance 

with industry practice and safety standards a high safety factor of 1.5 is applied. Therefore, the highest 

allowable equivalent stress is set at 237 MPa. This corresponds to a contact force of at most 3 MN for the 

conical catcher. This is significantly higher than the 700 kN found for the vertical asymmetric catcher. 

This maximum allowable contact force applies to the vertical asymmetric catcher as in Figure 38. During the 

determination allowable limits in sections 5.2 and 5.3, the catcher design is subjected to improvements if 

necessary, aimed to increase the motion and collision limits in installation. This means, if it appears that the 

allowable contact force is limiting the installation, the catcher will need to be strengthened.  

 

Figure 40: Finite element analysis based determination of Equivalent (von Mises) stress in the conical catcher and bottom of the WTG 
tower as a result from a contact force on the bottom of the catcher 

The contact force between the catcher and monopile during any installation simulation will be monitored in 

order to ensure that it stays within the limit. Figure 41 provides the contact force of an example simulation 

in which it appears that the contact force exceeds the limit of 3 MN once, making the installation 

unsuccessful.  

 

Figure 41: Example of contact force (blue) between catcher and monopile during installation attempt, where the red line indicates the 
force limit 
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5.1.5 Axial impact prevention 
For the vertical asymmetric catcher (Figure 35, left), axial impact could occur between the catcher and the 

monopile or between the DSJ rings. Both are critical events that lead to unsuccessful installation. As the WTG 

tower is lowered towards the MP, there is a possibility of axial impact between the catcher and monopile. 

Figure 42 shows the horizontal displacement of the catcher. On the left of the black line, axial contact could 

occur between the catcher and MP if the red line is crossed on the upside. On the right of the black line, axial 

impact could occur between the DSJ rings if the red line is crossed on the downside. This requirement only 

applies to the vertical asymmetric catcher. Subsection 5.1.6 explains a requirement for the conical catcher. 

 

Figure 42: Horizontal coordinate of the catcher (blue). Vertical black line indicates point in time where the catcher bottom has 
surpassed the MP top. Red lines indicate limits of catcher displacement to prevent axial impact. 

5.1.6 Circular out-crossing rate 
Subsection 2.2.1 described the circular out-crossing rate. This installation requirement applies to offshore 

installations with mating elements that are circumferential. The DSJ rings are circumferential as is the bottom 

of the conical catcher. This criterion therefore applies to the conical catcher and not to the vertical 

asymmetric catcher. To the latter, the axial impact prevention criterion applies, described in subsection 5.1.5. 

 

Figure 43: Example of the circular out-crossing rate. The blue line indicates the horizontal displacement of the center of the catcher, 
whereas the red lines indicate the displacement at which an out-crossing occurs. 
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The circular out-crossing rate states that installation can occur if the circumferences of the DSJ ring on the 

top of the MP crosses the circumference of the bottom of the conical catcher at most 2 times per minute. 

Constant monitoring of the bottom displacements of the conical catcher are therefore required to ensure 

that the installation complies to this requirement. In all simulations, the horizontal displacements of the 

bottom of the catcher are monitored over a period of 120 s in order to obtain a reliable estimate of the 

circular out-crossing rate. Figure 43 shows an example, where in the first two minutes, the WTG tower is 

suspended above the MP and the horizontal displacements are assessed. It can be seen that the 

circumferences of the bottom of the catcher and the top of the MP cross each other frequently. 

5.1.7 Concluding remarks on requirements for assessment of allowable limits 
The subsections 5.1.1 to 5.1.6 explained the requirements that determine the limits on offshore WTG tower 

installations. Table 2 displays which criteria apply for the combination of installation vessel types and catcher 

types. For the installation of the WTG tower on the MP, all criteria have to be satisfied. 

 Jack-up vessels Floating installation vessels 

Conical catcher • Circular out-crossing rate 

➔ Allowed to be ≤ 2 

min-1 

• Prevention of slack wires 

➔ Continuous tensile 

loading of lifting line 

• Maximum allowable 

contact force 

➔ Allowed up to 3 MN 

• Allowable side-lead 

angle 

➔ Allowed up to 3 

degrees 

• Circular out-crossing rate 

➔ Allowed to be ≤ 2 

min-1 

• Prevention of slack wires 

➔ Continuous tensile 

loading of lifting line 

• Maximum allowable 

contact force 

➔ Allowed up to 3 MN 

• Allowable side-lead 

angle 

➔ Allowed up to 3 

degrees 

Vertical asymmetric catcher • Prevention of slack wires 

➔ Continuous tensile 

loading of lifting line 

• Axial impact prevention 

➔ Not allowed 

between catcher & 

MP, nor between DSJ 

rings. 

• Maximum allowable 

contact force 

➔ Allowed to be up to 

700 kN. 

• Allowable side-lead angle 

➔ Allowed up to 3 

degrees 

• Prevention of slack wires 

➔ Continuous tensile 

loading of lifting line 

• Axial impact prevention 

➔ Not allowed 

between catcher & 

MP, nor between DSJ 

rings. 

• Maximum allowable 

contact force 

➔ Allowed to be up to 

700 kN. 

• Allowable side-lead angle 

➔ Allowed up to 3 

degrees 

Table 2: Applicability of installation criteria for catchers and installation vessels 

There are many variables affecting the motion and collision behavior and as such, the installation limits of 

the WTG tower in installation. Sections 5.2 and 5.3 describe how the installation limits are assessed for two 

different crane tip excitations that, in terms of frequency, correspond to a jack-up vessel and floating 

installation vessel, respectively. 
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5.2 Installation limits and catcher selection with jack-up vessel crane tip excitation 
In this section, the limits are determined for installation with a vertical asymmetric catcher and for 

installation with a conical catcher. The crane tip excitation corresponds to a jack-up vessel. To assess the 

installation limits, a base case is defined and described in subsection 5.2.1. Subsection 5.2.2 describes how 

through an iterative process, the limits for installation with jack-up vessel characteristics using a vertical 

asymmetric catcher is determined. Subsection 5.2.3 repeats this exercise for a conical catcher. 

5.2.1 Base case definition 
The aim of defining a base case is to focus on the procedure of determining and optimizing the installation 

limits. Optimization is focused at improving the mean wind velocity for installation. As such, a first exploration 

is performed to workability of installation. In the base case, variables are selected for which the limits are 

determined and optimized. First of all, WTG tower dimensions are selected and shown in Table 3. The 

dimensions, except for the inertia, are based on the GE Haliade-X 12 MW wind turbine, as stated by General 

Electric. The inertia is determined based on the dimensions in Table 3. 

WTG tower property Quantity Unity 

Length 129.1 m 

Bottom width 8 m 

Top width 5.5 m 

Bottom thickness 70 mm 

Top thickness 35 mm 

Mass 1159 tons 

Inertia 1.5e9 kgm2 

Table 3: WTG tower specifications as used for the determination of allowable limits 

Subsection 2.1.2 and 2.1.3 respectively provided a literature-based description of wind and waves 

respectively. For the base case definition, the key takeaway is that wind loads on a structure are equal to a 

constant, times the wind velocity squared. Under most circumstances, wave heights are also proportional to 

the wind velocity squared. Since wave heights are proportional to wave-induced vessel motions, a base case 

for this exercise is defined that incorporates jack-up vessel crane tip motions that are proportional to the 

mean wind velocity at 10 m above SWL squared. This approach comes associated with uncertainty, since 

crane tip motions are different for each installation vessel and the wind and wave relationship is stochastic. 

Therefore, in section 5.4, the sensitivity of the installation limits will be assessed for vessel or crane tip specific 

variables. 

Jack-up vessel property Quantity Unity 

Horizontal crane tip frequency 0.9 rad/s 

Horizontal crane tip amplitude 0.01*U2 meanwind@10SWL m 

Vertical crane tip frequency 0.9 rad/s 

Vertical crane tip amplitude 0.001*U2 meanwind@10SWL m 

Table 4: Jack-up vessel specifications as used for the determination of installation limits 

Both the vertical asymmetric catcher and the conical catcher have specific installation behavior and 

requirements and their dimensions are variable. The catcher that allows for the highest mean wind velocity 
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in installation is deemed preferable for installation. The maximum allowable contact force for both types of 

catchers are described in subsections 5.1.3 and 5.1.4. If it appears that the maximum allowable contact force 

is limiting in installation, the catcher will be strengthened, and the updated maximum allowable contact force 

will be determined using finite element analysis.   

In the following subsections, the installation limits will be assessed for a vertical asymmetric catcher and a 

conical catcher. This limit, expressed in mean wind velocity at 10 m above SWL, will be optimized iteratively 

for the different variables in installation and the use of WTG tower guidance. 

5.2.2 Determination and optimization of installation limits using a vertical asymmetric catcher 
The installation requirements described in section 5.1 provide the basis for assessing installation limits. The 

installation limits are expressed in the mean wind velocity at 10 m above SWL on which both the wind 

spectrum and the crane tip motions are based as described in subsection 5.2.1. For the initial assessment of 

the allowable limits, apart from crane operator induced crane tip displacements, no WTG tower guidance is 

used. The vertical asymmetric catcher is a cylinder segment with a height of 3 m, a radius of 4.15 m and an 

inscribed angle of 90 degrees. Figure 38 provides a visualization of this catcher type including a finite element-

based determination of equivalent stresses resulting from a collision. The installation limits are determined 

iteratively. Below, the iterations are given. The specifications of an iteration are given before the results. 

After the results, the conclusions of the iterations are given which provide the basis for the following 

iteration.  

Iteration 1 

The specifications for the first iteration of installation with jack-up vessel characteristics using a vertical 

asymmetric catcher are as follows. 

• A catcher without stiffeners is used. This catcher and corresponding equivalent stresses resulting 

from contact with the MP are shown in Figure 38. The maximum allowable contact force is 700 kN 

for this catcher as described in subsection 5.1.3. 

• Apart from crane operator induced crane tip displacements, no WTG tower guidance is used. 

• The initial horizontal location of the crane tip is -1 m. This can be seen as an equilibrium position 

around which the wind induced horizontal crane tip motions oscillate. The reason for this initial 

horizontal position is to prevent the bottom of the catcher from making axial impact with the MP 

during lowering of the WTG tower as described in subsection 5.1.5. 

• The final horizontal crane tip location, also in the form of an equilibrium position, is a variable. In 

Figure 44 this variable is seen on the vertical axis. The aim of this final horizontal location is to ‘hang’ 

the tower with the catcher against the MP and as such, to prevent bouncing behavior between the 

catcher and the MP with the probability of axial impact between the DSJ rings. 

• The lifting line length is a variable seen on the horizontal axis in Figure 44.  

• Numbers in Figure 44 indicate the maximum allowable mean wind velocity at 10 m above SWL at 

which installation could occur. Colors in Figure 44 indicate which requirement (see legend) limits the 

installation. 
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Figure 44: Allowable wind velocities (numbers in table) including the limiting criterion (colors in table) for lifting line lengths 
(horizontal) and operator crane tip displacements (vertical) 

The following can be concluded from the first iteration: 

• The highest allowable mean wind velocity is 4.1 m/s found at a lifting line length of 15 m and a final 

horizontal crane tip location of 2.6 or 3 m. This mean wind velocity corresponds to the lower end of 

the value 3 (gentle breeze) on the Beaufort wind force scale.  

• Installation is in all cases limited by the maximum impact force of 700 kN (blue color). 

• Therefore, a stronger catcher is needed in the second iteration. 

Iteration 2 

The specifications for the second iteration of installation with jack-up vessel characteristics using a vertical 

asymmetric catcher are as follows. 

• It was concluded after the first iteration that the catcher was not strong enough and that the 

maximum allowable contact force limited the installation. Therefore, a stronger catcher is 

determined using ANSYS finite element analysis. Figure 45 shows the design and equivalent stresses 

resulting from contact between the catcher and the MP. In this updated catcher design, stiffeners 

are placed on its back which are not present in the initial catcher design (Figure 38). The procedure 

for determining the maximum allowable impact load are given in subsection 5.1.3. Repeating this 

procedure for the updated catcher yields a maximum allowable impact force of 1170 kN instead of 

700 kN. 

• Except for the updated catcher design, all other variables are the same as in the first iteration. 

• Numbers in Figure 46 indicate the maximum allowable mean wind velocity at 10 m above SWL at 

which installation could occur. Colors in Figure 46 indicate which requirement (see legend) limits the 

installation. 
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Figure 45: Stronger catcher design with stiffeners on the back. Based on the equivalent von Mises stress, the maximum impact force 
increases from 700 kN to 1170 kN. 

 

Figure 46: Allowable wind velocities (numbers in table) including the limiting criterion (colors in table) for lifting line lengths 
(horizontal) and operator crane tip displacements (vertical) 

The following can be concluded from the second iteration: 

• Highest allowable mean wind velocity is 6 m/s found at a lifting line length of 15 m and 18 m and a 

final horizontal crane tip location of 3 m to 5 m. This mean wind velocity corresponds to the lower 

end of the value 4 (moderate breeze) on the Beaufort wind force scale. 

• The installation is limited by the maximum allowable contact force requirement (blue), the 

probability of axial impact between the catcher and the MP (yellow) or between the DSJ rings 

(orange). 

• In the simulations, it appears that the crane operator induced horizontal displacements of the crane 

tip of have one positive and one negative effect: 
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o Positive: It reduces the probability of bouncing behavior occurring between the catcher and 

monopile, meaning there is reduced risk of axial impact between the DSJ rings (orange color 

is not found in the results for higher crane tip displacements). 

o Negative: Due to the relatively large crane tip displacement, there is an increased probability 

of contact forces exceeding their allowable limit (>1170 kN). 

• For the third iteration, the crane operator induced horizontal crane tip displacements are reduced in 

magnitude. A constant horizontal force will be applied at the bottom of the tower to pull the tower 

with the vertical asymmetric catcher against the MP. The magnitude of this force will be varied in 

order to study its effects on installation limits. 

• With regards to the stiffened vertical asymmetric catcher, this design will in all future iterations with 

the vertical asymmetric catcher be applied. An iteration with the catcher without stiffeners will 

therefore not be performed in later iterations. 

Iteration 3 

The specifications for the third iteration of installation with jack-up vessel characteristics using a vertical 

asymmetric catcher are as follows. 

• As concluded from the results in the second iteration, the crane operator induced horizontal crane 

tip displacements have to be reduced to increase the allowable wind velocity for installation. They 

will be set constant at the following values. 

• Initial position crane tip (by operator): -1.1 m. As in all other iterations, this value is an equilibrium 

position around which the wind velocity induced harmonic crane tip displacements oscillate. 

• Final position crane tip (by operator):  0.6 m. As in all other iterations, this value is an equilibrium 

position around which the wind velocity induced harmonic crane tip displacements oscillate. 

• A constant force is applied at the bottom of the tower which starts to pull as soon as the bottom of 

the catcher has surpassed the top of the MP. In order to study its effects on installation limits, this 

force is iteratively varied. The forces analyzed are seen on the vertical axis in Figure 47. 

• The different lifting line lengths are seen on the horizontal axis in Figure 47. 

• Except for the reduction in operator induced crane tip displacements and the addition of a constant 

force on the bottom of the WTG tower, all other variables are the same as in the second iteration. 

• Numbers in Figure 47 indicate the maximum allowable mean wind velocity at 10 m above SWL at 

which installation could occur. Colors in the Figure 47 indicate which requirement (see legend) limits 

the installation. 

 

Figure 47: Allowable wind velocities (numbers in table) including the limiting criterion (colors in table) for lifting line lengths 
(horizontal) and constant tension winch force (vertical). 

The following can be concluded from the third iteration: 
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• Highest allowable mean wind velocity is 6.7 m/s found at a lifting line length of 15 m and a constant 

force of 120 kN or 150 kN. This mean wind velocity corresponds to the value 4 (moderate breeze) on 

the Beaufort wind force scale. 

• The installation is alternately limited by probability of axial impact between the catcher and the 

monopile (yellow) and in the other cases by bouncing behavior between the catcher and MP (orange) 

or by the maximum contact force criterion (blue). 

• It appears that a short lifting line length yields higher allowable mean wind velocities in installation 

than a long lifting line length. Therefore, in the fourth iteration, lifting line lengths will be analyzed 

from 10 to 25 m instead of 15 to 30 m. 

• In order to decrease the probability of axial impact between the catcher and the MP (yellow) or 

between the DSJ rings (orange), the crane operator induced displacements of the crane tip will be 

increased slightly for the fourth iteration. 

Iteration 4 

The specifications for the fourth iteration of installation with jack-up vessel characteristics using a vertical 

asymmetric catcher are as follows. 

• Crane operator induced displacements of the crane tip are increased: 

• Initial position of the crane tip: -1.4 m instead of -1.1 m. As in all other iterations, this value is an 

equilibrium position around which the wind velocity induced harmonic crane tip displacements 

oscillate. 

• Final position of the crane tip 0.9 m instead of 0.6 m. As in all other iterations, this value is an 

equilibrium position around which the wind velocity induced harmonic crane tip displacements 

oscillate. 

• The lifting line lengths analyzed are between 10 m to 25 m instead of 15 m to 30 m as used in previous 

iterations. The different lifting line lengths are seen on the horizontal axis in Figure 48. 

• A constant force is applied at the bottom of the tower which starts to pull as soon as the bottom of 

the catcher has surpassed the top of the MP. In order to study its effects on installation limits, this 

force is iteratively varied. The forces analyzed are seen on the vertical axis in Figure 48. 

• Except for the increase in operator induced crane tip displacements, all other variables are the same 

as in the third iteration. 

• Numbers in Figure 48 indicate the maximum allowable mean wind velocity at 10 m above SWL at 

which installation could occur. Colors in the Figure 48 indicate which requirement (see legend) limits 

the installation. 

 

Figure 48: Allowable wind velocities (numbers in table) including the limiting criterion (colors in table) for lifting line lengths 
(horizontal) and constant tension winch forces (vertical). 
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The following can be concluded from the fourth iteration: 

• Highest allowable mean wind velocity is 7.5 m/s found at a lifting line length of 10 m and a constant 

force of 120 kN or 150 kN applied horizontally at the bottom of the WTG tower to pull it towards the 

MP. This mean wind velocity corresponds to the upper end of the value 4 (moderate breeze) on the 

Beaufort wind force scale. 

• In Figure 48, some values are framed. This indicates that that there is a range of wind velocities for 

which installation can occur as seen in the figure. These ranges of allowable wind velocities can be 

contributed to different criteria limiting the installation at different wind velocities (eg. Axial impact 

between the DSJ rings may be limiting below 4 m/s wind, whereas the maximum contact force limits 

the installation above this velocity). 

• It appears after four iterations that the allowable wind velocities are still limited to moderate breeze 

conditions (Beaufort 4). Figure 48 also indicates that the installation is predominantly limited due the 

maximum contact force criterion (blue), and the risk of axial impact (orange and yellow). The 

violation of these requirements is caused by motions of the bottom of the WTG tower. Therefore, in 

the next iteration, the motions of the bottom of the bottom of the WTG tower will be linearly damped 

in order to try to increase the allowable wind velocity for installation. 

Iteration 5 

The specifications for the fifth iteration of installation with jack-up vessel characteristics using a vertical 

asymmetric catcher are as follows. 

• Crane operator induced displacements of the crane tip are increased slightly: 

• Initial position of the crane tip: -2 m instead of -1.4 m. As in all other iterations, this value is an 

equilibrium position around which the wind velocity induced harmonic crane tip displacements 

oscillate. 

• Final position of the crane tip 1.5 m instead of 0.9 m. As in all other iterations, this value is an 

equilibrium position around which the wind velocity induced harmonic crane tip displacements 

oscillate. 

• The lifting line lengths analyzed are between 15 m and 30 m again as used in iterations 1 to 3. The 

different lifting line lengths are seen on the horizontal axis in Figure 49. 

• The constant horizontal force aimed to pull the WTG tower with its catcher against the MP is not 

applied any more. Linear damping is now applied to the horizontal motions of the bottom of the WTG 

tower. The vertical axis in Figure 49 shows the damping coefficient analyzed. 

• Except for the increase in operator induced crane tip displacements, the application of linear 

damping to the horizontal motions of the bottom of the WTG tower and the removal of constant 

forcing on the WTG tower bottom, all other variables are equal as in the previous iteration. 

• Numbers in Figure 49 indicate the maximum allowable mean wind velocity at 10 m above SWL at 

which installation could occur. Colors in the Figure 49 indicate which requirement (see legend) limits 

the installation. 
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Figure 49: Allowable wind velocities (numbers in table) including the limiting criterion (colors in table) for lifting line lengths 
(horizontal) and damping coefficients (vertical). 

The following can be concluded from the fifth iteration: 

• Highest allowable mean wind velocity is 10.8 m/s found at a lifting line length of 15 m and a damping 

coefficient of 3000 kNs/m. This mean wind velocity corresponds to the lower end of the value 6 

(strong breeze) on the Beaufort wind force scale. 

• The installation for damping coefficients below 2000 kNs/m is limited by the probability of axial 

impact between the rings of the DSJ. Above 2000 kNs/m, the installation is limited by the probability 

of axial impact between the catcher and the MP. 

• After five iterations, the installation with jack-up vessel characteristics using a vertical asymmetric 

catcher is allowed to occur with mean wind velocities at 10 m above SWL of up to 10.8 m/s. As 

mentioned before, it is out of the scope of this research to incorporate specific crane vessels in the 

installation simulations. Therefore, uncertainty comes associated with the jack-up vessel 

characteristics. A sensitivity analysis will therefore be performed in section 5.4 to study the effects 

of the vessel associated variables on the installation limits. 

Concluding remarks of installation with jack-up vessel characteristics using a vertical asymmetric catcher 

The installation limits, expressed in allowable mean wind velocities, are determined for installation using a 

vertical asymmetric catcher with crane excitation corresponding to jack-up vessel characteristics. Apparently, 

for the conditions applied, if the horizontal motions of the bottom of the WTG tower are damped, the 

allowable mean wind velocity at 10 m above SWL is limited to 10.8 m/s.  

It is one of the aims of this research to compare the vertical asymmetric catcher with the conical catcher in 

terms of allowable mean wind velocity for installation. Therefore, in the following subsection, the allowable 

mean wind velocities for installation will be determined for the conical catcher. The same typical jack-up 

vessel crane tip excitations will be applied. It should be noted that some iterations performed in this 

subsection will not be repeated in the following subsection. Applying constant horizontal forcing on the 

bottom of the WTG tower will not be further investigated as the simulations indicated that the improvement 

in the allowable mean wind velocity is negligible compared to the improvement observed for applying linear 

damping to the WTG tower bottom motions. 
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Ultimately, when the results are obtained for both catchers and the crane tip excitations that correspond to 

a jack-up and a floating vessel, a sensitivity study will be performed that is described in section 5.4. 

5.2.3 Determination and optimization of allowable limits using a conical catcher 
The installation requirements described in section 5.1 provide the basis for assessing installation limits. The 

installation limits are expressed in the mean wind velocity at 10 m above SWL on which both the wind 

spectrum and the crane tip motions are based as described in subsection 5.2.1. For the initial assessment of 

the installation limits, no WTG tower guidance is used. The conical catcher is a hollow truncated cone with a 

thickness equal to the thickness of the DSJ ring at the bottom of the WTG tower. The height of this cone is 2 

m and the width a variable which will be analyzed in the iterative procedure of determining and optimizing 

the allowable wind velocity. Figure 40 provides a visualization of this catcher type including a finite element-

based determination of equivalent stresses resulting from a collision. The allowable limits are determined 

iteratively. Below, the iterations are given. The specifications of an iteration are given before the results. 

After the results, the conclusions of the iterations are given which provide the basis for the following 

iteration.  

Iteration 1 

The specifications for the first iteration of installation with jack-up vessel characteristics using a conical 

catcher are as follows. 

• For consistency purposes, the wind field applied is based on the same wind spectrum realization and 

the crane tip motions as a function of the wind velocity is equal to the one used for the asymmetric 

vertical catcher. 

• For the conical catcher, there is no active crane operator action performed during lowering of the 

WTG tower. There is only a fixed displacement of the crane tip which is a function of the mean wind 

velocity. This displacement aims to counteract the mean wind such that the motion equilibrium 

position of the center of the catcher is above the center of the MP. 

• For the first iteration, no guidance of the WTG tower in the form of constant forcing or damping is 

applied.  

• For the conical catcher, some installation requirements are the same as for the vertical asymmetric 

catcher: 

o Slack wires are not allowed. For background information on this requirement, see subsection 

5.1.1. 

o The side-lead angle of the lifting line is allowed to be at most 3 degrees. For background 

information on this requirement, see subsection 5.1.2. 

• Other installation requirements for the conical catcher are different from the requirements for a 

vertical asymmetric catcher: 

o The circular out-crossing rate is allowed to be at most 2 times per minute. For background 

on the circular out-crossing rate, see subsection 5.1.6. 

o The maximum allowable contact force between the catcher and the MP is 3 MN for the 

conical catcher instead of 700 or 1170 kN for the vertical asymmetric catcher. For 

background on this requirement, see the subsections 5.1.3 and 5.1.4. 

• For the first iteration, the lifting line length is used as a variable. The different lifting line lengths 

analyzed are seen on the horizontal axis in Figure 50. 

• For the first iteration, the catcher width is also used as a variable. The different catcher widths 

analyzed are seen on the vertical axis in Figure 50.  

• Numbers in Figure 50 indicate the maximum allowable mean wind velocity at 10 m above SWL at 

which installation could occur. Colors in the Figure 50 indicate which requirement (see legend) limits 

the installation. 
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Figure 50: Allowable wind velocities (numbers in table) including the limiting criterion (colors in table) for lifting line lengths 
(horizontal) and catcher widths (vertical) 

The following can be concluded from the first iteration: 

• The highest allowable mean wind velocity is 7.3 m/s found at a lifting line length of 15 m and a catcher 

width of 0.9 m. This mean wind velocity corresponds to the upper end of the value 4 (moderate 

breeze) on the Beaufort wind force scale. Without actions from the crane operator during lowering 

or other forms of WTG tower guidance, this is a significantly higher wind velocity than found in the 

first iteration for the vertical asymmetric catcher.  

• For low catcher widths, the installation is limited by the circular out-crossing rate. For higher catcher 

widths, the installation is limited by the maximum side-lead angle. 

• In the second iteration, the catcher width will be fixed at 0.9 m. The maximum allowable wind 

velocity will be determined for different contact damping coefficients. 

Iteration 2 

The specifications for the second iteration of installation with jack-up vessel characteristics using a conical 

catcher are as follows. 

• In the second iteration, the catcher width is fixed at 0.9 m as that yielded the highest allowable wind 

velocity for installation in the previous iteration. 

• In the second iteration, the linear contact damping coefficient will be varied in order to study its 

effects on allowable wind velocities. Figure 51 shows the allowable wind velocities with the contact 

damping coefficient on the vertical axis. 

• The lifting line length remains the second variable and is given on the horizontal axis in Figure 51. 

• Except for the variable contact damping and the fixed catcher width, all other variables are the same 

as in the first iteration. 

• Numbers in Figure 51 indicate the maximum allowable mean wind velocity at 10 m above SWL at 

which installation could occur. Colors in Figure 51 indicate which requirement (see legend) limits the 

installation. 
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Figure 51: Allowable wind velocities (numbers in table) including the limiting criterion (colors in table) for lifting line lengths 
(horizontal) and contact damping coefficients (vertical) 

The following can be concluded from the second iteration: 

• Highest allowable mean wind velocity is 8.5 m/s found at a lifting line length of 24 m and a contact 

damping coefficient of 2800 kNs/m. This mean wind velocity corresponds to the lower end of the 

value 5 (fresh breeze) on the Beaufort wind force scale. 

• For low contact damping coefficients, the installation is limited by the side-lead angle (red in Figure 

51), whereas for increasing damping, the installation becomes limited by the circular out-crossing 

rate (yellow in Figure 51). 

• The contact damping coefficient has no influence on the circular out-crossing rate, since the circular 

out-crossing rate is determined before contact takes place. By increasing the contact damping, the 

highest allowable mean wind velocity stays 8.5 m/s. 

• Therefore, damping should be applied to the WTG tower motions in a way that affects both the side-

lead angle and the circular out-crossing rate. For this reason, just as for the vertical asymmetric 

catcher, horizontal linear damping will be applied to the horizontal motions of the bottom of the 

WTG tower in the third iteration. 

• In the third iteration, the contact damping will be reset at its initial value of 350 kNs/m. 

Iteration 3 

The specifications for the third iteration of installation with jack-up vessel characteristics using a conical 

catcher are as follows. 

• As concluded from the results in the second iteration, damping the motions of the bottom of the 

WTG tower yields higher allowable wind velocities for installation. For installation using a vertical 

asymmetric catcher, it was shown that a maximum allowable wind velocity of 10.8 m/s is to be 

obtained with the application of linear damping to the WTG tower bottom motions. In this iteration, 

this damping will be applied to the installation with the conical catcher. The damping coefficient is a 

variable, visualized on the vertical axis in Figure 52. 

• The lifting line length will be varied as well. This is visible on the horizontal axis in Figure 52. 

• Except for linearly damping the horizontal motions of the bottom of the WTG tower, all other 

variables are the same as in the previous iteration. 
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• Numbers in Figure 52 indicate the maximum allowable mean wind velocity at 10 m above SWL at 

which installation could occur. Colors in Figure 52 indicate which requirement (see legend) limits the 

installation. 

 

Figure 52: Allowable wind velocities (numbers in table) including the limiting criterion (colors in table) for lifting line lengths 
(horizontal) and damping coefficients (vertical). 

The following can be concluded from the third iteration: 

• Highest allowable mean wind velocity is 11.9 m/s found at a lifting line length of 15 m and a damping 

coefficient of a linear damper that dampens the horizontal motions of the bottom of the WTG tower 

bottom of 2500 kNs/m or 3000 kNs/m. This mean wind velocity corresponds to the value 6 (strong 

breeze) on the Beaufort wind force scale. 

• The installation is in all cases limited by the maximum side-lead angle of 3 degrees (red). 

• After three iterations, the installation with jack-up vessel characteristics using a conical catcher is 

allowed to occur with wind velocities of up to 11.9 m/s. 

Concluding remarks of installation with jack-up vessel characteristics using a conical catcher 

After iteratively determining and optimizing the allowable wind velocities for installation, it appeared that it 

is limited at 11.9 m/s for the conical catcher, which is higher than the 10.8 m/s found for the vertical 

asymmetric catcher. To put these wind velocities in perspective, they correspond to the mid and low end of 

the value of 6 on the Beaufort wind force scale, respectively. 

The values found are associated with uncertainty. Especially with regards to the crane tip motions, since it is 

out of the scope of this research to incorporate a specific crane vessel. Therefore, in section 5.4, the results 

will be subjected to a sensitivity study related to crane tip specific variables. As such, a first exploration of 

workability of installation is provided. 

5.3 Installation limits and catcher selection with floating vessel crane tip excitation 
In this section, the limits are determined for installation with a vertical asymmetric catcher and for 

installation with a conical catcher. The crane tip excitation corresponds to a floating installation vessel. To 

assess the installation limits, a base case is defined and described in subsection 5.3.1. Subsection 5.3.2 
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describes how through an iterative process, the limits for installation with floating installation vessel 

characteristics using a vertical asymmetric catcher is determined. Subsection 5.2.3 repeats this exercise for 

a conical catcher. 

For the assessment of limits in installation with floating installation vessel characteristics, not the same 

amount of iterations is performed as for the installation with jack-up vessel characteristics. The reason for 

this is twofold: 

1. The results from a certain iteration with jack-up vessel characteristics appeared to do not significantly 

improve workability or to be practically impossible to be executed from a crane operator perspective. 

2. In the case of the vertical asymmetric catcher in the jack-up vessel, a stronger catcher design was 

determined. The stiffened catcher design is applied to the floating vessel installations using a vertical 

asymmetric catcher as well. The catcher without stiffeners as in Figure 38 will not be applied 

anymore. 

For both aforementioned reasons, there are just two iterations for installation with a floating vessel. Both 

are described for the vertical asymmetric catcher and the conical catcher in the subsections 5.3.2 and 5.3.3 

respectively. Ultimately, in section 5.4, the results for both the jack-up vessel and floating vessel are 

compared and a sensitivity analysis is performed. 

5.3.1 Base case definition 
The aim of defining a base case is to focus on the procedure of determining and optimizing the installation 

limits. Optimization is focused at improving the mean wind velocity for installation. As such, a first exploration 

is performed to workability of installation. In the base case, variables are selected for which the limits are 

determined and optimized. First of all, WTG tower dimensions are selected and shown in Table 3 (subsection 

5.2.1). The dimensions are based on the GE Haliade-X 12 MW wind turbine, as stated by General Electric.  

For the assessment of installation limits based on floating vessel characteristics, the crane tip excitation is 

quite different from the jack-up vessel. The crane tip motion amplitudes are increased. The vertical amplitude 

is a factor 10 higher than for the jack-up vessel and the horizontal amplitude is 5 times higher. The amplitudes 

are modelled with the same dependency on the wind velocity as for the jack-up vessel. The frequency is with 

0.5 rad/s lower than the 0.9 rad/s applied for the jack-up vessel. The crane tip excitations with floating vessel 

characteristics are given in Table 5. 

Floating vessel property Quantity Unity 

Horizontal crane tip frequency 0.5 rad/s 

Horizontal crane tip amplitude 0.05*U2 meanwind@10SWL m 

Vertical crane tip frequency 0.5 rad/s 

Vertical crane tip amplitude 0.01*U2 meanwind@10SWL m 

Table 5: Floating vessel specifications as used for the determination of allowable limits 

Both the vertical asymmetric catcher and the conical catcher have specific installation behavior and 

requirements and their dimensions are variable. The catcher that allows for the highest mean wind velocity 

in installation is deemed preferable for installation. The maximum allowable contact force for both types of 

catchers are described in subsections 5.1.3 and 5.1.4. If it appears that the maximum allowable contact force 

is limiting in installation, the catcher will be strengthened, and the updated maximum allowable contact force 

will be determined using finite element analysis.   

In the following subsections, the installation limits will be assessed for a vertical asymmetric catcher and a 

conical catcher. This limit, expressed in mean wind velocity at 10 m above SWL, will be optimized iteratively 

for the different variables in installation and the use of WTG tower guidance. 
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5.3.2 Determination and optimization of installation limits using a vertical asymmetric catcher 
The installation requirements described in section 5.1 provide the basis for assessing installation limits. The 

allowable limits are expressed in the mean wind velocity at 10 m above SWL on which both the wind spectrum 

and the crane tip motions are based as described in subsection 5.3.1. For the initial assessment of the 

installation limits, apart from crane operator induced crane tip motions, no WTG tower guidance is applied. 

The vertical asymmetric catcher is a cylinder segment with a height of 3 m, a radius of 4.15 m and an inscribed 

angle of 90 degrees. Figure 38 provides a visualization of this catcher type including a finite element-based 

determination of equivalent stresses resulting from a collision. The installation limits are determined 

iteratively. Below, the iterations are given. The specifications of an iteration are given before the results. 

After the results, the conclusions of the iterations are given which provide the basis for the following 

iteration.  

Iteration 1 

The specifications for the first iteration of installation with floating vessel characteristics using a vertical 

asymmetric catcher are as follows. 

• The stiffened vertical asymmetric catcher is applied. This catcher and corresponding equivalent 

stresses resulting from contact with the MP are shown in Figure 45. The maximum allowable contact 

force is 1170 kN for this catcher. 

• The initial location of the crane tip is -2 m. This is to be considered as an equilibrium position around 

which the wind induced horizontal crane tip motions oscillate. The reason for this initial horizontal 

position is to prevent the bottom of the catcher from making axial impact with the MP during 

lowering of the WTG tower as described in subsection 5.1.5. 

• The final horizontal crane tip location, also in the form of an equilibrium position, is a variable. In 

Figure 53, this variable is seen on the vertical axis. The aim of this final horizontal location is to ‘hang’ 

the tower with the catcher against the MP and as such, to prevent bouncing behavior between the 

catcher and MP with the probability of axial impact between the DSJ rings. 

• The lifting line is variable, seen on the horizontal axis in Figure 53. 

• Numbers in Figure 53 indicate the maximum allowable mean wind velocity at 10 m above SWL at 

which installation could occur. Colors in Figure 53 indicate which requirement (see legend) limits the 

installation. 
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Figure 53: Allowable wind velocities (numbers in table) including the limiting criterion (colors in table) for lifting line lengths 
(horizontal) and operator crane tip displacements (vertical) 

The following can be concluded from the first iteration: 

• Highest allowable mean wind velocity is 3.8 m/s found at a lifting line length of 18 and 24 m and a 

final horizontal crane tip location of 5 m. This mean wind velocity corresponds to the lower end of 

the value 3 (gentle breeze) on the Beaufort wind force scale. 

• The installation is limited by the maximum allowable contact force requirement (blue) and the 

probability of axial impact between the DSJ rings (orange). 

• Both aforementioned installation requirements are based on horizontal motions of the bottom of 

the WTG tower in installation. In the second iteration, linear damping will be applied at the horizontal 

motions of the bottom of the WTG tower, with the aim to decrease the dependency of the 

installation limits on the aforementioned variables and to increase the allowable mean wind velocity 

in installation. 

Iteration 2 

The specifications for the second iteration of installation with a floating vessel using a vertical asymmetric 

catcher are as follows. 

• The crane operator induced horizontal displacements of the crane tip are set constant. The initial 

location of the crane tip remains -2 m. The final location, after contact between the catcher and MP 

is 2.6 m. Again, the aforementioned values represent equilibrium positions around which the wind 

velocity induced harmonic crane tip displacements oscillate. 

• The initial lifting line length is again a variable, seen on the horizontal axis in Figure 54. 

• The damping coefficient of the linear damper that dampens the horizontal motions of the bottom of 

the WTG tower are variable and given on the vertical axis in Figure 54. 

• Numbers in Figure 54 indicate the maximum allowable mean wind velocity at 10 m above SWL at 

which installation could occur. Colors in Figure 54 indicate which requirement (see legend) limits the 

installation. 
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Figure 54: Allowable wind velocities (numbers in table) including the limiting criterion (colors in table) for lifting line lengths 
(horizontal) and damping coefficients (vertical). 

The following can be concluded from the second iteration: 

• Highest allowable mean wind velocity is 9.7 m/s found at a lifting line length of 30 m and a damping 

coefficient of 3000 kNs/m. This mean wind velocity corresponds to the upper end of the value 5 

(fresh breeze) on the Beaufort wind force scale. 

• The installation for low (< 400 kNs/m) damping coefficients is limited by the maximum allowable 

contact force requirement (blue). For damping coefficients below 400 kNs/m and 2000 kNs/m, the 

installation is limited by the risk of axial impact between the rings of the DSJ. For damping coefficients 

above 2000 kNs/m, the installation is limited by the risk of axial impact between the catcher and MP 

(yellow) and by the maximum allowable side-lead angle (red). 

• Installation with floating vessel characteristics and the use of a vertical asymmetric catcher, is 

allowed to occur with mean wind velocities at 10 m above SWL of up to 9.7 m/s. In the following 

subsection, the same analysis, with the same floating vessel excitation characteristics, is repeated for 

a conical catcher. As uncertainty comes associated with the vessel specific variables, a sensitivity 

analysis will be performed in section 5.4 to study the effects of vessel associated variables on the 

installation limits and provide a first exploration of workability. 

Concluding remarks of installation with floating vessel characteristics using a vertical asymmetric catcher 

The installation limits, expressed in allowable mean wind velocities, are determined for installation using a 

vertical asymmetric catcher with crane excitation corresponding to jack-up vessel characteristics. Apparently, 

for the conditions applied, if the horizontal motions of the bottom of the WTG tower are damped, the 

allowable mean wind velocity at 10 m above SWL is limited to 9.7 m/s.  

It is one of the aims of this research to compare the vertical asymmetric catcher with the conical catcher in 

terms of allowable mean wind velocity for installation. Therefore, in the following subsection, the allowable 

mean wind velocities for installation will be determined for the conical catcher. The same typical floating 

installation vessel crane tip excitations will be applied.  
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Ultimately, when the results are obtained for both catchers and the crane tip excitations that correspond to 

a jack-up and a floating vessel, a sensitivity study will be performed that is described in section 5.4. 

5.3.3 Determination and optimization of installation limits using a conical catcher 
The installation requirements described in section 5.1 provide the basis for assessing installation limits. The 

installation limits are expressed in the mean wind velocity at 10 m above SWL on which both the wind 

spectrum and the crane tip motions are based as described in subsection 5.3.1. For the initial assessment of 

the installation limits, no WTG tower guidance is used. The conical catcher is a hollow truncated cone with a 

thickness equal to the thickness of the DSJ ring at the bottom of the WTG tower. The height of this cone is 2 

m and the width a variable which will be analyzed in the iterative procedure of determining and optimizing 

the allowable wind velocity. Figure 40 provides a visualization of this catcher type including a finite element-

based determination of equivalent stresses resulting from a collision. The installation limits are determined 

iteratively. Below, the iterations are given. The specifications of an iteration are given before the results. 

After the results, the conclusions of the iterations are given which provide the basis for the following 

iteration.  

Iteration 1 

The specifications for the first iteration of installation with floating vessel characteristics using a conical 

catcher are as follows. 

• For consistency purposes, the wind field applied is based on the same wind spectrum realization and 

the crane tip motions as a function of the wind velocity is equal to the one used for the vertical 

asymmetric catcher. 

• For the conical catcher, there is no active crane operator action performed during lowering of the 

WTG tower. There is only a fixed displacement of the crane tip which is the function of the mean 

wind velocity. This displacement aims to counteract the mean wind such that the motion equilibrium 

position of the center of the catcher is right above the center of the MP. 

• For the first iteration, no guidance of the WTG tower in the form of constant forcing or damping is 

applied. 

• For the conical catcher, some installation requirements are the same as for the vertical asymmetric 

catcher: 

o Slack wires are not allowed. For background information on this requirement, see subsection 

5.1.1. 

o The side-lead angle of the lifting line is allowed to be at most 3 degrees. For background 

information on this requirement, see subsection 5.1.2. 

• Other installation requirements for the conical catcher are different from the requirements for a 

vertical asymmetric catcher: 

o The circular out-crossing rate is allowed to be at most 2 times per minute. For background 

information on the circular out-crossing rate, see subsection 5.1.6. 

o The maximum allowable contact force between the catcher and the MP is 3 MN for the 

conical catcher instead of 700 kN or 1170 kN for the vertical asymmetric catcher. For 

background information on this requirement, see subsections 5.1.3 and 5.1.4. 

• The lifting line length is used as a variable, seen on the horizontal axis in Figure 55.  

• For the first iteration, the catcher width is also a variable. The different catcher widths analyzed are 

seen on the vertical axis in Figure 55. 

• Numbers in Figure 55 indicate the maximum allowable mean wind velocity at 10 m above SWL at 

which installation could occur. Colors in Figure 55 indicate which requirement (see legend) limits the 

installation. 
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Figure 55: Allowable wind velocities (numbers in table) including the limiting criterion (colors in table) for lifting line lengths 
(horizontal) and conical catcher widths (vertical). 

The following can be concluded from the first iteration: 

• The highest allowable mean wind velocity is 3.2 m/s found at a lifting line length of 21 m and a catcher 

width of 0.9 m. This mean wind velocity corresponds to the upper end of the value 2 (light breeze) 

on the Beaufort wind force scale. This wind velocity is considerably lower than the 7.3 m/s found for 

the conical catcher in installation with jack-up vessel characteristics. The crane tip frequency and 

higher amplitude create different WTG tower motion behavior with considerably larger horizontal 

motions of the WTG tower bottom. Therefore, without any tower guidance, the allowable mean wind 

velocity is limited to 3.2 m/s due to the circular out-crossing rate requirement (yellow). 

• In the second iteration, the catcher width is fixed at 0.9 m. Constant damping will be applied to the 

horizontal motions of the WTG tower bottom. The maximum allowable mean wind velocity in 

installation will be determined for different damping coefficients and lifting line lengths. 

Iteration 2 

The specifications for the second iteration of installation with a floating vessel using a vertical asymmetric 

catcher are as follows. 

• In the previous subsection it was shown that for installation with floating vessel characteristics, using 

a vertical asymmetric catcher, the maximum allowable mean wind velocity with WTG tower bottom 

damping is 9.7 m/s. The same exercise is repeated for the conical catcher in this iteration. The bottom 

motions of the WTG tower are linearly damped. The damping coefficient is variable and seen on the 

vertical axis in Figure 56. 

• The lifting line is variable too and seen on the horizontal axis in Figure 56. 

• Except for the application of linear damping to the horizontal motions of the bottom of the WTG 

tower, all other variables are the same as in the previous iteration.  

• Numbers in Figure 56 indicate the maximum allowable mean wind velocity at 10 m above SWL at 

which installation could occur. Colors in Figure 56 indicate which requirement (see legend) limits the 

installation. 
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Figure 56: Allowable wind velocities (numbers in table) including the limiting criterion (colors in table) for lifting line lengths 
(horizontal) and damping coefficients (vertical). 

The following can be concluded from the second iteration: 

• The highest allowable mean wind velocity is 13 m/s found at a lifting line length of 15 m and a 

damping coefficient of 3000 kNs/m. This mean wind velocity corresponds to the upper end of the 

value 6 (strong breeze) on the Beaufort wind force scale. 

• For damping coefficients up to 2000 kNs/m limited by the circular out-crossing rate requirement 

(yellow). For damping coefficients above 2000 kNs/m, the installation is limited by the side-lead angle 

requirement. 

Concluding remarks of installation with floating installation vessel characteristics using a conical catcher 

After iteratively determining and optimizing the allowable wind velocities for installation, it appeared that 

the wind velocity is limited at 13 m/s for the conical catcher, which is higher than the 9.7 m/s found for the 

vertical asymmetric catcher. To put these wind velocities in perspective, they correspond to the values of 6 

and 5 on the Beaufort wind force scale, respectively. 

The values found are associated with uncertainty. Especially with regards to the crane tip motions, since it is 

out of the scope of this research to incorporate a specific crane vessel. Therefore, in section 5.4, the results 

will be subjected to a sensitivity study related to crane tip specific variables. As such, a first exploration of 

workability of installation is provided. 

5.4 Sensitivity analysis of the installation limits and extent of exploration into workability  
The sections 5.2 and 5.3 provided the installation limits, expressed in maximum allowable mean wind velocity 

at 10 m above SWL, for WTG tower installation with jack-up and floating vessel characteristics, respectively. 

The limits were determined for installation using a vertical asymmetric catcher and a conical catcher. Without 

any WTG tower guidance in installation, the allowable mean wind velocity in installation is limited to between 

3 and 7 m/s, corresponding to the values of 2 to 4 on the Beaufort wind force scale, respectively. 

Different methods have been assessed to increase the installation limits found. One of the methods was to 

apply constant force on the bottom of the WTG tower. The force would be applied as soon as the catcher 
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has surpassed the top of the MP during lowering. The aim of this action was to ‘pull’ the WTG tower with its 

catcher against the MP. The simulations indicated that this action did not significantly increase the allowable 

mean wind velocity in installation. A plausible explanation for this is that constant force does not draw net 

kinetic energy from the WTG tower (i.e. energy is added when the bottom of the tower moves in the same 

direction as the force and energy is subtracted if not). Net, the energy balance does not change. 

Another method has been assessed that does yield a significant increase in allowable mean wind velocity for 

installation. This increase has been observed in the simulations where linear damping was applied to the 

horizontal motions of the WTG tower bottom. Damping, which in nature draws kinetic energy from a system, 

decreased the motion amplitudes of the WTG tower bottom. As such, also the collision magnitude and risk 

of axial impact were reduced, and the installation limits increased significantly. The corresponding allowable 

mean wind velocities in installation are given in Table 6. To put these values into perspective, for installation 

at the Borssele offshore wind farm off the coast of the Netherlands, they would yield the workability 

percentages as indicated in Table 6 [48]. 

The mean wind velocities found for installation with floating vessel are in the same range as for the jack-up 

vessel characteristics. Floating vessel crane tip motions have a significantly larger amplitude, however the 

frequency is smaller as indicated in Table 4 and Table 5. The simulations showed that due to the lower 

frequency, the side-lead angle variations are smaller and therefore, considerably larger crane tip amplitudes 

are allowed in installation. This explains the higher allowable mean wind velocity in installation with a conical 

catcher using floating vessel characteristics and the use of a conical catcher. For the vertical asymmetric 

catcher, the lower side-lead angle variations increased the allowable mean wind velocity. This increase was 

however limited due to the risk of axial impact between the catcher and the MP. Hence, the lower allowable 

mean wind velocity for the vertical asymmetric catcher with floating vessel characteristics compared to jack-

up vessel characteristics. 

Allowable mean wind velocity  Jack-up vessel characteristics Floating vessel characteristics 

Vertical asymmetric catcher 10.8 m/s  

78% Workability at Borssele Wind 

Farm [48] 

9.7 m/s 

71% Workability at Borssele Wind 

Farm [48] 

Conical catcher 11.9 m/s 

85% Workability at Borssele Wind 

Farm [48] 

13.1 m/s 

90% Workability at Borssele Wind 

Farm [48] 

Table 6: Overview of allowable mean wind velocities for different vessel characteristics and catcher types 

It must be noted that it is out of the scope of this research to incorporate specific crane vessels. Therefore, 

some vessel or crane tip specific variables are associated with uncertainty. Therefore, in order to get a more 

complete picture of installation limits and a first exploration of workability of installation, a sensitivity analysis 

has been performed with regards to vessel specific variables. Three variables have been considered in the 

sensitivity analysis. 

• The amplitude of harmonic crane tip motions. Table 4 and Table 5 provided an overview of crane tip 

motions as used for installation with jack-up vessel and floating vessel characteristics, respectively. 

These motions are equal to a constant, multiplied the mean wind velocity squared. This constant has 

been halved, kept equal, and doubled for the sensitivity analysis. 

• The allowable side-lead angle is initially set at 3 degrees. This vessel-specific installation requirement 

is varied analyzed at 2, 3 and 4 degrees for the sensitivity analysis. 

• The crane operator induces displacements of the crane tip during installation. This displacement has 

analyzed with -0.5, 0 or 0.5 m deviation. 
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The sensitivity analysis based on the three aforementioned variables has been performed for installation 

with both types of catchers and jack-up vessel as well as floating installation vessel characteristics. Figure 57 

and Figure 58 provide the results of this sensitivity analysis for installation with jack-up vessel and floating 

vessel characteristics, respectively. The allowable mean wind velocity in installation is given in bands in the 

figure. The lower and upper end are the allowable mean wind velocities with one standard deviation, based 

on the variations in the vessel-specific variables.  

 

Figure 57: Sensitivity analysis of the allowable mean wind velocity in installation for jack-up vessel-specific variables 

 

Figure 58: Sensitivity analysis of the allowable mean wind velocity in installation for floating vessel-specific variables 

Some important observations can be made from the sensitivity analysis performed with respect to vessel-

specific variables as seen in Figure 57 and Figure 58. 

• The results show that allowable mean wind velocities are in the same range for installation with jack-

up vessel and floating vessel characteristics. Simulations indicate that due to the lower frequency of 

crane tip motions of the floating vessel, the side-lead angle variations are smaller. Therefore, larger 

crane tip amplitudes are allowed before the side-lead angle limit is reached. 
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• The conical catcher has a higher variability than the vertical asymmetric catcher related to vessel 

specific variables. However, the simulations show that the allowable mean wind velocity in 

installation with the conical catcher is higher than with the vertical asymmetric catcher. 

• For the installation with floating vessel characteristics, the vertical crane tip motion amplitudes are 

significant and could lift the catcher above the top of the MP again after contact has been made. To 

prevent this event from happening, heave compensation is required to reduce the vertical motions 

of the crane tip. It should be noted that it is not required for this part of the installation to fully 

compensate vertical crane tip motions. The catcher is allowed to vertically move along the MP as 

long as it is not lifted above the MP again after contact is made. 

Some notifications on the first exploration into workability of installation have to be made. The results 

presented in this research are primarily aimed at providing an understanding of motion and collision 

behavior, installation requirements and the extent to which these requirements limit the installation. The 

installation limits only serve as a first exploration to workability of installation, because the workability 

comprises the entire installation operation (i.e. from shore to final landing on foundation). Also, more 

detailed information on the installation vessel and associated dynamics as well as potential 3D effects are to 

improve the workability assessment. Regarding 3D, in the next section, potential effects on WTG tower 

installation and workability are identified. The next section also provides the discussion of this research. 
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5.5 Discussion 
In this study, a model is developed to simulate the installation of a WTG tower based on the Double Slip Joint 

and the use of catchers. The aim is to find the installation limits based on various installation requirements. 

A first exploration into workability of installation is consequently provided. This section discusses important 

aspects of this research and the simulation model in subsection 5.5.1. Subsection 5.5.2 discusses a first look 

at WTG tower installation in 3D. In this subsection, potential 3D motion and collision effects on workability 

of installation are identified. It is also discussed with the help of an offshore installation operation how 

potentially negative effects arising in 3D on the workability of installation may be reduced or mitigated. 

5.5.1 The simulation model, environmental excitation, and non-linear collision modeling 
The model, developed in this research, simulates the lowering and catcher mating (i.e. catcher on the bottom 

of the WTG tower contacts the top of the MP) during installation of a WTG tower on a MP. Regarding the 

WTG tower and the MP, a rigid body approach is taken. This approach does incorporate the effects of bending 

and vibrations of the WTG tower and MP in the description of the contact element to describe stiffness and 

damping in collisions. The values for this stiffness and damping are determined through finite element 

analysis of collision responses for a flexible WTG tower and MP. 

The validity of this modeling approach has been confirmed by comparing the simulation model with this finite 

element model. The motion behavior of the WTG tower is found to be similar in both models. Also, the 

collisions and contact forces are well comparable in timing and magnitude and show the same general 

behavior in both models. Some important modeling aspects require further discussion. 

Environmental excitation of the WTG tower 

Wind is a source of excitation of the WTG tower in installation. The wind velocity increases in height above 

SWL and changes in time. Modeling the wind shear profile is important as this affects the wind induced force 

and moment on the WTG tower and as such the motion behavior during installation. Including the time-

variations in the wind field is important because low frequency variations, or wind gusts, affect the motion 

behavior of the WTG tower during installation. 

The simulation model also includes aerodynamic damping as a result of the relative motions of the WTG 

tower in the wind field. Modeling this is important, because it is a source of kinetic energy dissipation and it 

affects the motion behavior of the WTG tower. Both the rotations and translations of the WTG tower affect 

the relative wind velocity on the WTG tower. Therefore, both motions have been considered in the 

aerodynamic damping. Incorporating aerodynamic damping is important because, due to the associated 

kinetic energy dissipation, it reduces WTG tower oscillations during installation. 

Waves are a second and less obvious source of WTG tower excitation. Waves induce vessel motions and 

consequently, they induce crane tip motions during installation. The crane tip hoists the WTG tower and as 

such, the wave induced crane tip motions affect the WTG tower motion behavior. This research incorporates 

harmonic horizontal and vertical crane tip excitation for two different types of installation vessels. First, a 

relatively high frequency and low amplitude excitation which is typical for a jack-up vessel. Second, a 

relatively low frequency and high amplitude excitation typical for a floating installation vessel. It must be 

noted, however, that no specific vessel or corresponding dynamics have been incorporated in the model. 

Therefore, the results do not provide for a definitive answer on the workability of installation, but rather for 

a first exploration into workability of installation.  

Non-linear collision modeling 

In this research, special attention has been paid to the collisions between the catcher and the top of the MP. 

In literature, it was found that it was common practice to assume that contact can be described by a linear 

spring-damper. This common practice was shown not to be applicable when making use of finite element 

analysis. It was shown that contact stiffness is in fact non-linear, with the contact stiffness consisting of two 

sources of stiffness that are connected in series in the contact element (i.e. both sources have the same 
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contact force that describes their respective deformation). Bending of the WTG tower and MP is the first 

source of stiffness. An EB beam model in ANSYS was used to quantify this stiffness and showed that this 

source of stiffness is linear. However, the second source of stiffness, caused by local deflections of the mating 

parts, is observed to be non-linear and as a result, the overall contact stiffness is non-linear. Finite element 

analysis showed that as the catcher contacts the top DSJ ring of the MP, the contact starts at a point, but as 

the contact load increases, also the area of contact increases. The local stiffness therefore contains a 

stiffening non-linearity (i.e. the stiffness increases with the deflection). The equivalent stiffness, which 

includes both bending and local deformation, showed that for low contact loads, the total deformation is 

governed by both bending and local deformation. For high contact loads, the contact area is large and little 

local deformation occurs. For these high contact loads, the stiffness is governed by bending of the WTG tower 

and MP and a more linear stiffness behavior is observed. 

The description of the non-linear contact stiffness in collisions between the catcher and MP is implemented 

in the simulation model. The importance of an accurate description of collision behavior is found in assessing 

installation limits. The importance is supported by the fact that bouncing behavior between the catcher and 

MP is different for different contact stiffnesses. Also, the magnitude of the contact forces varies. Therefore, 

an accurate description of the contact element is necessary in order to obtain a reliable assessment of the 

installation requirements related to the risk of axial impact and the maximum allowable contact force. 

This research focused on the local deflection of the DSJ ring in contact with the catcher. Local deformation 

of the catcher and the part of the MP and WTG tower close to the DSJ ring may also affect the local stiffness. 

It is not expected that the results of this research would differ significantly if this would have been considered. 

The final results, described in section 5.4, concern an installation where the horizontal motions of the bottom 

of the WTG tower are damped. This damping is achievable through (active) tugger winches. The resulting 

WTG tower bottom motion amplitudes are small, and the collision forces remain well within their limits. 

Assessment of installation limits and exploration of workability 

Installation limits are not solely determined by the maximum contact force in collisions between a catcher 

and the MP. Rather, a set of requirements applies that should be complied with during an installation in order 

to facilitate a successful installation. Requirements include prevention of axial impacts between the WTG 

tower and MP, the prevention of slack wires, and the limitation of the side-lead angle. These criteria have 

been incorporated in the model to assess the limits for both installation with the conical catcher or 

installation with the vertical asymmetric catcher. As specific installation vessels and corresponding dynamics 

are not incorporated in this research, specific requirements related to the capability of the crane vessel to 

install the WTG tower may be present in practice, but do not surface in this research. These requirements 

may for example be associated with preventing (excessive) vessel-load interaction, heave compensation of 

the crane, ensuring the structural integrity of the crane and preventing the load from colliding with the crane 

or vessel. 

The installation limits and first exploration of workability have been assessed for different lifting line lengths, 

where in all cases, the lifting line was attached in a double pendulum-way to the top of the WTG tower. 

However, in offshore WTG tower installation campaigns, the WTG tower does not necessarily have to be 

suspended by a single lifting line connected to the WTG tower top. Also, some installation vessels may allow 

for the use of multiple cranes with multiple lifting lines. Appendix F shows three examples of installation 

technologies and configurations that are performed or proposed by the industry that have different 

installation characteristics. 

5.5.2 Looking forward to 3D: Identification of potential effects and mitigation measures 
This section provides a first look at the installation in 3D and it serves as guidance and a starting point for 

further research for two reasons. First, potential 3D motion and collision effects are identified that may have 

an effect on installation limits and workability of installation. Second, it suggests ways to mitigate or reduce 
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potentially negative effects on workability arising from 3D motion and collision effects. Finally, this section 

concludes with a note on how damping can be practically applied to the WTG tower bottom motions. 

Identification of potential 3D effects 

A good starting point for understanding 3D motions and collisions of the WTG tower is the double pendulum. 

The lifting line is the massless upper element of the double pendulum and the WTG tower is the bottom 

element with a distributed mass. The bottom of a 3D undamped double pendulum, with small angles and 

without crane tip excitation may show Lissajous-like motion behavior [49], [50]. An example of this periodic 

motion behavior is provided in Figure 59 (left) [51]. 

For offshore WTG tower installation, the small angle approach is considered valid, since the angles are not 

allowed to become large (e.g. side-lead angle is allowed to become around 3 degrees). There is however 

crane tip excitation, a time and spatially variable wind load and aerodynamic damping. Therefore, the motion 

behavior of the bottom of the double pendulum does not exhibit regular behavior. [52] Studied the circular 

out-crossing rate in TP installation and found that the TP bottom displacements are irregular, which is seen 

in Figure 59 (right).  

 

Figure 59: Motion patterns of the bottom of a 3D double pendulum with small angles exhibiting Lissajous-like motion behavior (left) 
[51]. Right gives the motion pattern of the bottom of a TP that is excited by crane tip motions and wind [52]. 

Two potential 3D effects are identified that may affect the installation limits and the workability of 

installation:  

• Figure 59 (right) shows that the horizontal displacements of the bottom of the TP are moving both 

in surge and sway directions [52]. This indicates that without using any installation tools (e.g. tugger 

winches) to limit either the surge or sway displacement, out-crossings may occur in both directions 

and consequently, the circular out-crossing rate may be higher in 3D and more restrictive in 

installation limits and workability. 

• Figure 59 also shows that when an out-crossing occurs (magenta line crosses the blue circle), the 

angle between the lines is not necessarily 90 degrees. To be more specific, inclined collisions are 

possible that may yield motion responses out of the plane of the collision that are not considered in 

the 2D or in-plane approach. For example, an inclined collision resulting from an incoming surge 

motion of the WTG tower bottom may induce a contact force component in the sway direction and 

a corresponding moment around the longitudinal axis of the WTG tower, potentially resulting in sway 

and yaw (rotation around longitudinal axis) motions of the WTG tower after contact.  
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Identification of potential mitigation measures 

A closer look at a real offshore installation operation suggests that the aforementioned potential 3D effects 

on the circular out-crossing rate and the inclined collision responses may be reduced. Figure 60 shows a WTG 

tower with a vertical asymmetric catcher on the bottom. On the right in the figure is the installation vessel 

and tugger lines are connected between the vessel and the WTG tower (indicated by the black arrows). The 

tugger lines limit the ability of the bottom of the WTG tower to sway and yaw. With reduced sway and yaw 

motions, out-crossings are reduced in sway direction and out-of-plane motion responses resulting from 

inclined collisions may be limited in amplitude. 

 

Figure 60: Installation of a WTG tower using a vertical asymmetric catcher. Tugger lines control the sway motions, suggesting that 
the WTG tower motions are primarily in the surge direction (source: https://www.youtube.com/watch?v=4f3qkd_oaCs) 

Figure 60 also shows that there are no tugger lines preventing the surge motions (indicated in red) of the 

WTG tower bottom. This research showed that damping the WTG bottom motions in this direction reduces 

the risk of axial impact and the magnitude of collision forces between the catcher and MP and it suggests 

that the workability of installation improves consequently. A potential way to apply this damping is to 

connect two active tugger winches from the WTG tower bottom to the vessel. One that is connected to the 

bow and one that is connected to the stern of the vessel. The active winches should be controlled in a way 

that they serve as linear dampers on the motions of the bottom of the WTG tower. 

In [53], the concept of controlling active tugger winches, such that they serve as dampers is studied and it 

concluded that damping can be introduced by controlling the phase difference between the motion of the 

vessel and the motion of the load. The motion phase of the load should lag 90 degrees behind the motion 

phase of the vessel. As such, kinetic energy is extracted from the load motions and a velocity dependent force 

is acted on the load. However, [53] also noted that for the active tugger winch to serve as a damper, the 

phase difference of 90 degrees is important for otherwise, the damping will decrease and a stiffness or mass 

term is added to the load.  
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6 
Conclusions & Recommendations 

 

 

 

From the analysis of the results of this study, obtained with the non-linear model to simulate the installation 

of a WTG tower onto an MP, some conclusions can be drawn, which are presented in this chapter. Also, the 

recommendations for future research are formulated. 

6.1 Conclusions 
This research provides insight in WTG tower installation with a Double Slip Joint connection using either a 

conical or vertical asymmetric catcher. Besides the applicability to the Double Slip Joint connection, the 

approach taken in this research is applicable to installation on any monopile as long as the top of the 

monopile is circumferential. Note that this research concerns WTG tower lowering and catcher mating and 

that this approach does not concern the mating of DSJ rings, where specific properties apply to their 

installation behavior. The focus in this research is placed on obtaining an accurate description of motion and 

collision behavior of a WTG tower with the aforementioned catchers in lowering and catcher mating during 

installation. The focus in this research is also placed at obtaining an understanding of installation behavior 

and defining requirements that the WTG tower installation should comply to. The framework of installation 

requirements and the model simulations provide for an assessment of limits in installation and serve as a 

first exploration of workability of installation. Conclusions are drawn with respect to several aspects, which 

are provided below. 

Collisions between the catcher and MP 

• Contact stiffness in a collision between a catcher and the MP is concluded to be non-linear. With 

finite element analysis, it is shown that it consists of combined local deflection of the DSJ ring and 

bending of the WTG tower and MP. The equivalent contact stiffness contains a stiffening non-

linearity (i.e. stiffness increases with deflection). This conclusion concerns a contact element where 

the stiffness in lumped into a single element, instead of a situation where the stiffness is distributed 

over the contact area. 

• The conical catcher can handle significantly higher contact loads than the vertical asymmetric 

catcher. Finite element analysis showed that even though stiffeners are applied and the edges of the 

connection of the vertical asymmetric catcher to the WTG tower are rounded, the stresses due to 

collisions with the MP are concentrated at the edges of the connection of the catcher to the WTG 

tower. These peak stresses are not observed with the conical catcher whose connection to the tower 

spans the entire bottom of the tower. The finite element analysis therefore indicates that the 
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allowable contact forces, for the dimensions used, are close to three times higher for the conical 

catcher than the vertical asymmetric catcher. 

Installation requirements 

In order to assess whether an installation attempt is successful, a set of installation requirements has been 

formulated to which the installation should comply. Below, conclusions are formulated regarding these 

installation requirements for the vertical asymmetric catcher and the conical catcher. 

• Finite element analysis proved that the vertical asymmetric catcher has significantly lower allowable 

contact forces than the conical catcher. Model simulations showed that for installation with the 

vertical asymmetric catcher, the relatively low contact force limit is reached soon during collisions 

between the catcher and the MP. This limits the allowable motions of the WTG tower during 

installation with a vertical asymmetric catcher.  

• For installation with the vertical asymmetric catcher, the crane tip must be horizontally displaced 

during lowering in order to ‘lean’ the WTG tower with its catcher against the MP. This action is 

required in order to prevent axial impact between the bottom of the WTG tower and the top of the 

MP. This ‘leaning’ is not required to prevent axial impact for installation using a conical catcher. From 

the perspective of the crane operator, installation using a vertical asymmetric catcher may therefore 

prove to be more challenging than the conical catcher. 

• It is observed in the simulations that during lowering of the WTG tower and collisions between the 

catcher and the MP, the lifting line tensile force varies at most a few percent around its mean value. 

Therefore, the risk of slack wires for this part of the installation is confirmed to be low and does not 

limit this part of the installation. 

• For installation vessels, it is commonly required that the side-lead angle is limited to around 3 

degrees. During lowering of the WTG tower and collisions between the catcher and the MP, the side-

lead angle varies. Model simulations showed that the side-lead angle has larger variations when the 

WTG tower is lowered to the extent that collisions occur. This phenomenon is observed to a larger 

extent for the vertical asymmetric catcher compared to the conical catcher. Therefore, for the 

vertical asymmetric catcher, the side-lead angle requirement limits the WTG tower motions during 

installation more than it does for the conical catcher. 

Initial exploration into workability 

This study provided a simulation-based assessment of installation limits based on a framework of installation 

requirements that has been defined. As such, a first exploration to workability of installation is provided. 

Some conclusions can be drawn with regards to this first exploration to workability of installation. 

• The results indicate that the maximum allowable mean wind velocity is higher for installation with a 

conical catcher than with a vertical asymmetric catcher. This observation is supported by the findings 

that the side-lead angle variations are smaller, the maximum allowable contact force is higher and 

there is no active horizontal crane tip displacement required during lowering for the conical catcher. 

Therefore, this research suggests that the workability of installation is higher overall for the conical 

catcher than for the vertical asymmetric catcher. 

• It is observed in the simulations that for high vertical crane tip motion amplitudes, the catcher can 

go above the MP again after contact, with the risk of a subsequent axial impact. This research 

suggests that for installation with floating vessels, heave compensation is required to some extent 

to prevent the catcher from being lifted above the MP after contact has been made. 

• Model simulations showed that applying damping to the horizontal motions of the bottom of the 

WTG tower significantly reduces the contact forces and the risk of axial impact. It was observed that 

therefore, the allowable mean wind velocity in installation increases significantly. This research 

therefore suggests that the workability of installation is improved by horizontally damping the 

motions of the bottom of the WTG tower. 
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6.2 Recommendations 
The focus of this research has been limited to the motion and collision limits, as well as the requirements in 

installation. To this end, with regards to workability, only a first exploration has been performed. The 

following is therefore recommended for future research. 

• This study has been performed using 2D or in-plane simulations in which there are 3 degrees of 

freedom. In 3D, there are 6 degrees of freedom, where the sway (out-of-plane) and yaw motions of 

the WTG tower bottom may increase the circular out-crossing rate and yield inclined collisions that 

both have a potentially negative effect on the workability of installation, as indicated in section 5.5. 

This section also suggests that controlling the aforementioned motions and collision responses is 

relatively straightforward with tugger lines. For future research, it is however recommended to study 

this tugger line configuration in more detail with the aim of workability optimization. To be more 

specific, it is recommended to study the effects of different tugger winch characteristics (e.g. 

constant tension or actively controlled) on the circular out-crossing rate and inclined collision 

responses resulting from sway and yaw motions and how they affect the workability of installation. 

• Simulations indicate that applying linear damping to the horizontal 2D or in-plane motions of the 

bottom of the WTG tower reduces contact forces and the risk of axial impact. The research suggests 

that the workability of installation is consequently improved. It was indicated in section 5.5 that 

active tugger winches can achieve damping characteristics by inducing a 90-degree phase lag 

between the load and vessel motions. For future research, it is recommended to study the accuracy 

with which active tugger winches can keep a 90-degree phase lag, especially during the catcher 

mating phase. In this phase, collisions between the catcher and foundation occur that induce a 

sudden change in the motion phase of the load relative to the vessel. It is therefore recommended 

in particular to study the timing with which the actively controlled tugger winch can ‘adapt’ its 

characteristics to the new motion phase characteristics. 

• For high vertical crane tip amplitudes, the catcher may be lifted above the MP again after contact 

has been made, with the associated risk of subsequent axial impact. To prevent this event from 

occurring, heave compensation may be required to reduce the amplitude of vertical motions of the 

crane tip. Since the dimensions of offshore wind turbines keep increasing, it is recommended for to 

study how and to which extent heave motions can be compensated for increasingly heavy structures. 

• It is recommended for future research to installation workability to perform a case study in 3D, 

incorporating the entire system of a specific installation vessel, WTG tower, foundation, and 

installation site. This allows for the use of site-specific wind and wave data and installation vessel 

motion RAO’s and as such, it allows for the use of software packages like OrcaFlex. For an improved 

understanding of workability, it is recommended to investigate how wind and waves independently 

excite the foundation, the vessel, and the WTG tower and how (excessive) vessel-load interaction 

can be prevented. For the latter, it is recommended to investigate vessel-load interaction for 

different phases in installation. During lowering, there is no contact between the WTG tower and 

foundation and therefore, the motion behavior and vessel-load interaction may differ from the 

mating phase, where contact is made between the foundation and WTG tower. 

• The Double Slip Joint connection allows for installation underwater. It is recommended for future 

research to study the effects of the wave splash zone, added mass, hydrodynamic damping and 

potential other effects have on installation behavior, limits, and workability of installation. 

• This research shows that the actions of the crane operator influence the collision behavior between 

the catcher and the MP. It is recommended to study the timing and accuracy with which the crane 

operator can displace the crane tip and how this affects the workability. 
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Appendix A 
The WAM model [26]: A Third Generation Ocean Wave Prediction Model 

 
In an offshore environment, there exists a correlation between significant wave height and mean wind speed. It is pre-requisite for any type of coupled dynamic 

analysis of offshore wind turbines to establish a simplified but representative correlation between wind and wave conditions, according to [26]. The correlation 

between wind and waves is stochastic and [55] found that it is difficult to find an estimate of the probability distribution of wind and wave parameters. Therefore, 

conservatism regarding defining the wind field in a certain sea state is necessary. 

Neglecting the stochastic nature of the wind and wave relationship, a mean wind speed at 10 m above the still water level (SWL) can be related to the significant 

wave height [26]. There are two situations in which this estimation is accurate. These are fetch-limited and fully developed waves. These situations can be described 

as follows: 

1) A fetch-limited sea is one in which the wind has been blowing in a constant direction and it is not limited by time. In this case, the wave growth is determined 

by the ‘fetch’. Fetch is the distance from lee shore. 

2) A fully developed sea is a wave condition in which the wind has been blowing in constant direction for sufficient distance and time. 

From these two possible wind and wave conditions, it can be concluded that the WAM model [26] is valid under the assumption that the wind direction doesn’t vary 

in time. For fully developed waves the following relationship can be derived: 

 
𝑈10

2 (1.1 + 0.035𝑈10) =

10𝑔𝐻1
3

2.115
 (A.1) 

In which U10 is the mean wind speed at 10 m above the still water level (SWL), g is the gravitational acceleration and H1/3 the significant wave height. For fetch-

limited seas, the following relationship can be derived according to the WAM model [26]: 
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Where X is the distance from lee shore and uf is the friction velocity: 

 𝑢𝑓
2 = 0.001𝑈10

2 (1.1 + 0.035𝑈10) (A.3) 

 

Furthermore, it can be determined by the WAM model [26] what distance from lee shore marks the boundary between a fetch-limited and fully developed sea. This 

distance can be determined by substitution of the significant wave height H1/3 for a fully developed sea into equation A.2 for fetch-limited seas: 

 

𝑋𝑓𝑒𝑡𝑐ℎ =

𝑔𝐻1
3

,𝑓𝑑

2

(4.13 ∗ 10−2)2 ∗ 𝑢𝑓
2 (A.4) 

Where H1/3,fd is the significant wave height for a fully developed sea and Xfetch is the distance from lee shore at which the fetch-limited sea becomes fully developed. 

The WAM model [26] described in Appendix A is valid under the assumption that the wind blows from the same direction for a sufficient period of time. Only then, 

the mean wind speed at 10 m above SWL can be obtained for fetch-limited and fully developed seas. The WAM model however only correlates the mean wind speed 

to waves and no relationship to wind velocity variations are provided. 
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Appendix B 
A simple collision model: Final velocities as a function of mass ratio for different damping coefficients 

 

 

Figure B. 1: Outgoing velocity of M2 after the first impact with the mass-spring-damper system as a function of the mass ratio. No damping (blue), 50,000 Ns/m damping (orange), 100,000 Ns/m (grey) 
and 150,000 Ns/m (yellow). Values as in figure are constant for different wall distances. 
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Figure B. 2: Mean outgoing velocity of M2 after the second impact with the mass-spring-damper system as a function of the mass ratio. No damping (blue), 50,000 Ns/m damping (orange), 100,000 
Ns/m (grey) and 150,000 Ns/m (yellow). V2 values in the figure are the mean velocities for a certain damping coefficient averaged over the wall distance as a function of the mass ratio. 
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Figure B. 3: Mean outgoing velocity of M2 after the second impact with the mass-spring-damper system as a function of the mass ratio. No damping (blue), 50,000 Ns/m damping (orange), 100,000 
Ns/m (grey) and 150,000 Ns/m (yellow). V2 values in the figure are the mean velocities for a certain damping coefficient averaged over the wall distance as a function of the mass ratio. 
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Appendix C 
A simple collision model: Wall distance induced variations on the velocities V2 and V3 

 

 

Figure C. 1: Mean velocity V2 (red) as a function of mass ratio. Vibration-induced irregularities are indicated by the minimum and maximum velocities out of the set of different wall distances (in black). 
This figure represents the undamped situation. 
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Figure C. 2: Mean velocity V2 (red) as a function of mass ratio. Vibration-induced irregularities are indicated by the minimum and maximum velocities out of the set of different wall distances (in black). 
This figure represents the situation with c = 50,000 Ns/m damping. 
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Figure C. 3: Mean velocity V2 (red) as a function of mass ratio. Vibration-induced irregularities are indicated by the minimum and maximum velocities out of the set of different wall distances (in black). 
This figure represents the situation with c = 100,000 Ns/m damping. 
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Figure C. 4: Mean velocity V2 (red) as a function of mass ratio. Vibration-induced irregularities are indicated by the minimum and maximum velocities out of the set of different wall distances (in black). 
This figure represents the situation with c = 150,000 Ns/m damping. 
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Figure C. 5: Mean velocity V3 (red) as a function of mass ratio. Vibration-induced irregularities are indicated by the minimum and maximum velocities out of the set of different wall distances (in black). 
This figure represents the undamped situation. 
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Figure C. 6: Mean velocity V3 (red) as a function of mass ratio. Vibration-induced irregularities are indicated by the minimum and maximum velocities out of the set of different wall distances (in black). 
This figure represents the situation with c = 50,000 Ns/m damping. 
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Figure C. 7: Mean velocity V3 (red) as a function of mass ratio. Vibration-induced irregularities are indicated by the minimum and maximum velocities out of the set of different wall distances (in black). 
This figure represents the situation with c = 100,000 Ns/m damping. 
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Figure C. 8: Mean velocity V3 (red) as a function of mass ratio. Vibration-induced irregularities are indicated by the minimum and maximum velocities out of the set of different wall distances (in black). 
This figure represents the situation with c = 150,000 Ns/m damping. 
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Appendix D:    Time-lapse 
Rigid WTG tower motions of the simulation model (colored) with the FEM model (ANSYS) for validation 

 
Figure D. 1: Time-lapse of WTG motions in ANSYS (black) and Excel (colored). The top line is the lifting line, the middle line the WTG tower and the bottom line the MP. From left to right, the simulation 
progresses by 0.3 s per iteration. Continuing on the next page. 
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Figure D. 2: Time-lapse of WTG motions in ANSYS (black) and Excel (colored). The top line is the lifting line, the middle line the WTG tower and the bottom line the MP. From left to right, the simulation 
progresses by 0.3 s per iteration. Continuing on the next page. 
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Figure D. 3: Time-lapse of WTG motions in ANSYS (black) and Excel (colored). The top line is the lifting line, the middle line the WTG tower and the bottom line the MP. From left to right, the simulation 
progresses by 0.3 s per iteration. 
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Appendix E:    Time-lapse 
Flexible WTG tower motions of the simulation model (colored) with the FEM model (ANSYS) for validation 

 

Figure E. 1: Time-lapse of WTG motions in ANSYS (black) and Excel (colored). The top line is the lifting line, the middle line the WTG tower and the bottom line the MP. From left to right, the simulation 
progresses by 0.3 s per iteration. Continuing on the next page. 
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Figure E. 2: Time-lapse of WTG motions in ANSYS (black) and Excel (colored). The top line is the lifting line, the middle line the WTG tower and the bottom line the MP. From left to right, the simulation 
progresses by 0.3 s per iteration. Continuing on the next page. 
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Figure E. 3: Time-lapse of WTG motions in ANSYS (black) and Excel (colored). The top line is the lifting line, the middle line the WTG tower and the bottom line the MP. From left to right, the simulation 
progresses by 0.3 s per iteration. 
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Appendix F 
OWT installation technologies and configurations with different installation characteristics 

 
Figure F. 1 shows the installation of a 6 MW offshore wind 

turbine in the floating Hywind Scotland wind farm. The floating 

installation vessel, the Saipem 7000, utilizes two cranes to hoist 

the offshore wind turbine via a yoke connected to the WTG 

tower below the nacelle. Two tugger lines are attached from the 

yoke to the cranes. Two other tugger lines are attached from the 

WTG tower bottom to the deck of the vessel. 

 

 

 

 

 

 

 

 

 

 

Figure F. 1: Hywind Scotland installation with 2 cranes and lifting lines 
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Figure F. 2: Ulstein Windlifter installation vessel concept 

The Windlifter is a system, designed by Ulstein, to transport and install offshore wind turbines in a single lift. As visualized in Figure F. 2, the system comprises 

storage and handling systems for multiple turbines for efficient transport. According to Ulstein, a mechanical system skids the turbines safely and controlled from 

the vessel onto the foundation. 
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The Wind Turbine Shuttle is a floating installation vessel concept from Huisman. The 

vessel consists of a small water plane area twin hull and can transport and install two 

wind turbines in one go. According to Huisman, the vessel is DP controlled, the system 

allows active compensation of OWT motions and allows for installation on different 

foundation types. 

Figure F. 3: Huisman Wind Turbine Shuttle concept transporting and installing two wind 
turbines. 


