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i

Abstract

The installation of offshore wind farms presents great challenges as the in-
dustry move farther offshore and into deeper waters, and the turbines and
foundations are getting larger and heavier. Current installation methods
are all sensitive to weather conditions: lifting the foundations using floating
crane vessels, deploying and retrieving jack-ups’ legs, and lifting turbine
nacelles and rotors at a large lift height. Careful numerical studies of these
critical installation scenarios in the planning phase are therefore important
to ensure safe executions. Monopiles (MP) are the most commonly used
foundations for offshore wind turbines (OWT), but there is little work fo-
cusing on their installation phase. In order to predict the responses of the
installation system, accurate numerical models and methods are needed.

This thesis addresses the modelling and dynamic analysis of two instal-
lation phases for monopiles: the lowering into the sea and the initial ham-
mering phases. Due to nonstationarity, current numerical methods used
for steady-state conditions are not applicable for simulating the lowering
phase. In this thesis, new numerical methods were developed to account
for the shielding effects from the floating installation vessel and the radia-
tion damping of the monopile for analysing the nonstationary process. The
shielding effects from the vessel are considerable especially in short waves,
and the inclusion of the radiation damping of the MP may reduce the pre-
dicted responses. These methods also provide more accurate results than
the commonly used simplified conservative methods, and they can be ex-
tended to apply for other structures. For the initial hammering process, the
coupled vessel-monopile installation system with soil interaction was mod-
elled. Dynamic analyses for various monopile penetration depths and soil
conditions showed that the responses were sensitive to those factors.

These numerical models, methods and dynamic analysis form the basis
for assessing the operational limits for different installation activities. The
operational limits are essential during the planning phase of the operation,
i.e. to size equipment, select installation vessel and optimize the installation
method. The allowable sea states together with weather forecasts provide
the basis for the decision making during the execution of the operation. Al-
though many studies have focused on obtaining operational limits of specific
installation activities, little work has been published on providing a general
methodology to establish these limits.

Therefore, the thesis also addresses the development of a systematic
methodology to assess the operational limits based on the installation pro-
cedure, numerical models and safety criteria. To demonstrate the methodol-
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ogy, a detailed procedure for establishing the operational limits is presented
for the monopile initial hammering process. First, the critical events and
corresponding responses for this operation were identified. The allowable
sea states were then obtained by comparing the characteristic responses with
their allowable limits. For the monopile lowering process, the allowable sea
states were also established using this methodology. An operability analy-
sis at a selected offshore site using different numerical methods was carried
out. It was showed that among different modelling parameters, the shielding
effect is the most critical factor, followed by the nonstationary analysis ap-
proach, wave spreading and the radiation damping from the monopile. The
methodology to assess the operational limits is general and can be extended
to other marine operations.

The original contributions of this work include the development of new
methods for simulating the nonstationary lowering operation, and develop-
ment of a systematic methodology for assessment of the operational limits.
These methods provide a basis for further studies on modelling and analysis
of other marine operations.
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Chapter 1

Introduction

1.1 Background and motivation

The demands for renewable and reliable energy are becoming urgent due
to global warming and the energy crisis. It is expected that 20 % of the
world’s electricity to be generated by renewable energies by 2040 (IEA,
2014). Wind energy is one of the most reliable and practical resources, due
to its favourable combination of resource availability, energy cost and risk
(BWEA, 2000).

Land-based wind turbines have been developed and used to generate
clean energy for several decades (Burton et al., 2001; Hau, 2013). Com-
pared with onshore wind turbines, offshore wind energy presents several ad-
vantages such as higher wind speeds, lower turbulence intensity, decreased
visual and noise effects for humans and the possibility to transport larger
turbines (Twidell, 2009). Because of this, the development of offshore wind
has experienced a marked increase in the last two decades as shown in Figure
1.1, and it is expected to grow in the future. Assuming an average capacity
of around 3 MW for each turbine, the number of turbines installed annually
in Europe is more than 500 in recent years, which reflects that considerable
offshore activities are involved in offshore wind.

However, offshore wind is facing great challenges. Studies show that the
capital cost of offshore wind power is more than twice of onshore projects
(Moné et al., 2015). The turbines, although based on onshore designs, need
to be designed with additional protection against corrosion and the harsh
marine environment (Ciang et al., 2008). The more significant increase of
cost offshore is due to increased investments in constructing expensive foun-
dations at sea, transportation and installation of foundations, equipment
and turbines, and operation and maintenance (van Kuik et al., 2016).

1
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Figure 1.1: Cumulative and annual European offshore wind installations
(MW) from 1993 to 2014 (EWEA, 2015)

Figure 1.2 compares the cost breakdown for a land-based and an off-
shore wind turbine. The installation and assembly of offshore wind turbines
accounts for up to 20 % of the capital costs, compared to only 6% for land-
based turbines (Moné et al., 2015). Compared with onshore work, offshore
operations are much more risky and expensive, both from the financial and
the engineering point of view. The variable and severe offshore environ-
mental conditions are the primary concern, as they lead to larger loads on
the structure and cause severe risks. Because of the low profit margin of
the offshore wind industry, it is essential to reduce the installation costs by
improving the methodology during the design and planning phase.

(a) Land-based (b) Offshore

Figure 1.2: Capital cost breakdown for land-based and offshore wind refer-
ence projects (Moné et al., 2015)



1.1. Background and motivation 3

Offshore wind farms are moving farther from shore and into deeper wa-
ters as shown in Figure 1.3, where the bubble size represents the capacity of
the wind farm. At the end of 2014, the average water depth of online wind
farms was 22.4 m and the average distance to shore was 32.9 km (EWEA,
2015). The projects under construction, consented, and planned confirm
that average water depths and distances to shore are likely to increase,
which brings more challenges to transportation, installation, operation and
maintenance of the wind farm. Because of these aspects, the capital costs of
European offshore wind farms have increased in recent years, see Figure 1.4.
Better understanding of the key risks in offshore wind projects is needed in
order to reduce the costs.
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construction and consented wind farms at the end of 2014 (EWEA, 2015)
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Figure 1.4: Capital costs of European offshore wind farms by year (EUR/W)
(IEA, 2013)



4 Introduction

An offshore wind turbine consists of a rotor and nacelle assembly (RNA),
tower and support structure. Figure 1.5 shows various foundation types for
offshore wind turbines. Monopiles are the most commonly used substruc-
tures in water depth up to 40 m due to the structural simplicity, and lower
manufacturing and installation expenses (Thomsen, 2011). Gravity-based
structures (GBS) are best suited to shallower water locations where pile
driving is difficult. The deepest water depth for GBS is 28 m in Thornton
Bank wind farm (Peire et al., 2009). Jackets and tripods might be able to
fulfil the strength and stiffness requirements up to 60 m water depth (Musial
et al., 2015). Floating concepts are likely to be more cost-efficient for loca-
tions deeper than 100 m, and three primary types are under consideration
as shown in Figure 1.5. Up to now, there are only a few full scale floating
wind turbines installed for testing purposes, i.e., Hywind in Norway and
Windfloat off the coast of Portugal (Statoil, 2012; Principle Power, 2011).

Bottom-fixed wind turbine concepts Floating wind turbine concepts

MonopileGravity-based Tripod Jacket TLP Semi-sub Spar

Figure 1.5: Different foundation types for offshore wind turbines (Wiser
et al., 2011; Moan, 2014)

Table 1.1 shows the distribution of the installed bottom-fixed foundation
types. The monopiles are the dominant foundations and are still installed
at a dominant rate. No GBS have been installed in 2013 and 2014 because
of the increasing water depth of the wind farms. The size and weight of the
monopiles are increasing significantly to support heavier turbines in deeper
water depth, and thus the installations are facing increasing challenges.



1.2. State-of-the-art OWT installation methods 5

Table 1.1: Distribution of foundation types for offshore wind farms EWEA
(2014, 2015)

Foundation
type

Total installed by
end of 2014

Annual installed
in 2013

Annual installed
in 2014

Monopile 78.8 % 79 % 91 %

Gravity-based 10.4 % 0.2 % 0

Jacket 4.70 % 14 % 8.10 %

Tripod 4.10 % 6 % 0.90 %

Tripiles 1.90 % 1.90 % 0

1.2 State-of-the-art OWT installation methods

The installation of an offshore wind farm includes the transportation and in-
stallation of foundations, turbine components (tower and RNA), substations
and cables. The most commonly used method for foundation installation
is heavy lifting operation using either floating cranes or jack-ups. For large
substations, the float-over method is another alternative (OffshoreWind,
2014). Turbine components are normally lifted and installed using jack-up
vessels. A large offshore wind farm consists of many units e.g., 88 wind tur-
bines and 2 substations in the Sheringham Shoal wind farm (Statoil, 2009).
The installation often requires many types of operations and lasts for a long
duration. The time and cost saving for each type of activity will reduce the
costs of the whole operation and hence the wind farm dramatically. There-
fore, the choice of methods and equipment is essential for the planning of
the installation.

A review of the current installation methods for bottom-fixed offshore
wind turbine foundations and turbine components are presented in this
section. Recently developed installation concepts are also discussed. The
installation methods for floating wind turbines differ from those of bottom-
fixed turbines and are not included in this thesis.

1.2.1 Installation methods for WT foundations

The methods for installing foundations depend on the foundation type, and
the most commonly used methods are described below.

Monopiles

Monopiles are transported either on-board of a barge or an installation
vessel or capped and wet towed (Herman, 2002).The size and weight of the
monopiles are increasing, and it is expensive to use large installation vessels
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to carry out the operations. As an alternative, the wet tow method can be
used. The wet tow of a single floating monopile has already been applied
during installation of two wind farms (Npower Renewable, 2006; Ballast
Nedam, 2011). The transportation of more than one monopile per trip can
be achieved using proper connection between the monopiles.

The installation of monopiles in general includes two main steps: up-
ending and driving/drilling operations. A combined wet-tow and upending
in water can be performed by lower capacity cranes then those required
for transporting and upending on board. However, the upending of long
monopiles in water is more weather sensitive than upending on board. The
critical activities for monopile installation are the upending, lowering and
driving operations. The verticality of the monopile during driving should
also be carefully controlled.

Sarkar and Gudmestad (2012, 2011) suggested isolating the installation
operation from the motion of the floating vessel by using a pre-installed
submerged support structure. The monopiles are end-caped and wet towed.
The new support structure is designed to support the monopile against the
waves and the currents during the initial driving phase into the seabed.

Gravity-based foundations

Gravity-based structures for wind turbines weigh over 2500 tons. They
can either be wet-towed or dry-transported on a barge or an installation
vessel. Most of the existing GBS in very shallow waters are dry-transported
to the offshore site. Wet-tow can reduce the installation costs by charter-
ing lower capacity lifting vessels. Although the wet-tow method is widely
used for transporting gravity based platforms, it has not been applied for
installing GBS of OWTs because their weight is still within the crane ca-
pacity of available heavy lift vessels (HLVs). However, if larger GBS are
applied for offshore farms in deeper waters, the wet-tow method may be
more cost-efficient.

Recently a novel installation concept was proposed by Wåsjø et al. (2013)
to transport and install a fully assembled gravity based foundation OWT
using double-barge supports and standard tugboats. The concept aimed at
reducing the costs by avoiding the use of heavy lift crane vessels. Model
tests and numerical studies have been conducted to assess the feasibility of
this concept (Bense, 2014).

Jackets and tripods

Jackets and tripods for OWTs can range from 400 to 1000 tons and with
a height of 30 to 90 m in water depth of around 20 to 70 m. The jackets
can be transported in either an upright or horizontal position depending
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(a) Monopile lifting operation (source:
https://www.offshorewind.biz/ )

(b) GBS installation (Peire et al., 2009)

(c) Jacket upending operation(source:
http://www.4coffshore.com/ )

(d) Tripod lifting operation (source:
http://www.rechargenews.com)

Figure 1.6: Installation of bottom-fixed OWT foundations

on the size of the foundations and the available transport barges. The
installation of piles could be carried out either after positioning the jackets
(post-piling) or before jackets installation (pre-piling) (LORC, 2013). Post-
piling is traditionally used in the oil and gas industry and was applied for the
two Beatrice jackets. Experience with pre-piling is limited, but it was first
used for the six Alpha Ventus jackets (Østvik, 2010). Pre-piling is considered
to be a faster method than post-piling. With pre-piling, smaller vessels can
be employed for the piling operation and the HLVs are only required to lift
the jackets into the pre-installed piles. With post-piling, the expensive HLVs
are used to install both the jacket and the piles. In addition, a considerable
amount of steel can be saved using pre-piling because the sleeves for the
piles are unnecessary.

Table 1.2 summarizes the commonly used transportation and installation
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methods for different types of bottom-fixed foundations discussed above,
and Figure 1.6 displays the installation activities for different foundations.

Table 1.2: Transportation and installation methods for three types of bottom-
fixed foundations

Type of
foundation

Transportation method Installation method

Monopile
Dry-transported Upended and lowered

Wet-tow (end-caps)
Upended and lowered (smaller

crane)

Gravity-based
Dry-transported

Lifted and lowered (large
crane)

Wet-tow (large foundation)
Ballasted and lowered (smaller

crane)

Jacket

Dry-transported in upright
position

Lifted and lowered; pre- or
post-piling

Dry-transported in
horizontal position

Upended and lowered; pre- or
post-piling

1.2.2 Installation methods for turbine components

The transportation and installation methods for turbine components are
very different from those for foundations. They must be dry-transported
on-board an installation vessel or a feeder vessel. The turbine particularly
the nacelle and the rotor has sensitive components which only tolerate very
limited accelerations during transportation and installation. Moreover, lift-
ing operations are weather sensitive especially at large lifting heights, and
the mating between the components is challenging. Therefore, jack-up in-
stallation vessels are normally used for turbine installation.

There are many alternatives for turbine installation. Offshore lifts are
risky and are susceptible to downtime due to wind, so some degree of onshore
pre-assembly is generally preferred to minimize offshore assembly. Figure
1.7 shows the commonly used installation strategies. The weight of each
component for the NREL 5MW reference turbine (Jonkman et al., 2009) is
included in the figure.

By increasing the amount of onshore assembly, the offshore construc-
tion work can be reduced. However, the assembled components reduce the
efficiency in using the deck space and increase the number of trips for trans-
portation when installing a large wind farm. In addition, the weight of the
fully assembled turbine with the large lift height requires very large and
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expensive crane vessels (Ku and Roh, 2014). The weight for each lifting
operation using different methods is also shown in Figure 1.7.

Figure 1.7: Installation alternatives for turbine components including num-
ber of lifts and lift weights (Kaiser and Snyder, 2011)

The choice of method is related to the vessel size, distance from port to
site, size of the WTs and the lifting capacity of the crane. For large WTs,
the tower top mass limits the selection of installation method as well as
installation vessel. Uraz (2011) compared the installation methods in terms
of time estimations for transportation and installation. The approach can be
extended with more practical information for optimization of the installation
strategies.
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Several innovative concepts to install fully-assembled tower and RNA
have been proposed recently. Sarkar and Gudmestad (2013) designed a
floating substructure to transport the fully assembled structure, but the
concept was only applicable for telescopic tower. Guachamin Acero et al.
(2016) proposed a new concept based on the principle of the inverted pendu-
lum. The feasibility of this installation concept was assessed by numerical
analyses.

1.2.3 Challenges in OWT installation

The main challenges for offshore wind farm installation can be summarized
as follows.

r Transportation. Optimization of deck space is important to mini-
mize the total number of transportation trips, especially when the dis-
tance from harbour to the site is large (Masabayashi, 2012). However,
as mentioned, the maximum number of WT sets on-board depends on
the installation methods, see Figure 1.7. Trade-off needs to be made
by considering deck space and number of lifts offshore.

r Lifting operation. Heavy lifting is the means of load transfer, in-
stallation of foundations and WT components. For foundation in-
stallation, the hydrodynamic loads on the structure during lowering
through the splash zone induce large loads to the system. If a float-
ing installation vessel is employed, the lifting system is more sensitive
to the waves and requires detailed response analysis in the planning
phase. For turbine components, the large lifting height and pendulum
motions due to wind are the main considerations. It is important to
ensure that the lift at various heights is within the crane’s capacity
and the pendulum motions are below the operational limits.

r Limited weather window. Operational weather criteria determine
the system downtime. The largest downtime is observed in the off-
shore lifting operations due to the waves when lifting foundations or
wind when installing the RNA. Another significant downtime is found
in the positioning of jack-ups. Thus, more floating installations are
employed for foundation installations to increase the available weather
window due to fast transit and relocation. However, for turbine instal-
lation jack-ups remain the preferred vessels. For installation of a wind
farm consisting of many structures, increasing the weather window is
imperative for cost reduction.
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1.3 Modelling and analysis of marine operations

Marine operations represent intermediate phases for a structure (Nielsen,
2007). This is in contrast to the normal design condition where the per-
manent phase of the structure is considered. DNV-OS-C101 (DNV, 2011a)
divided the design conditions for offshore structures into two: the operating
condition wherein a unit is on location for purposes of production, drilling
or other similar operations; and temporary conditions which are not covered
by operating conditions, e.g., conditions during fabrication, mating and in-
stallation phases, transit phases, and accidental conditions. The installation
phase is a temporary condition and the design focus and analysis methods
are different from those in the operating phase.

The objective for studying marine operations is to ensure that the marine
operations are performed within defined and recognised safety levels (DNV,
2011b). Acceptable safety shall normally be provided against loss of human
lives or injury of human health, loss and damage to property, as well as
pollution or other damage to the environment (DNV, 2012a).

In order to achieve the objective, extensive analyses are required, typi-
cally through numerical studies, model-scale experiments and full-scale sea
trials. The present work focuses on numerical studies.

1.3.1 Modelling and analysis of marine operations, design of
structures and planning of operations

Modelling and analysis of marine operations are essential for designing
offshore structures, planning the operations. The flowchart in Figure 1.8
demonstrates the link between them.

Offshore structures should be designed for all conditions during the de-
sign life time. API (2007) states that temporary loading conditions (referred
as “design situations” in ISO (1998) and “temporary design conditions” in
DNV (2011a)) occurring during fabrication, transportation, installation or
removal and re-installation of the structure should be considered.

The modelling and analysis of marine operations provide loads and re-
sponses which can be directly used in the design check of structures (e.g.,
monopiles) for the installation phase. Some structures or components ex-
perience the largest loads in their lifetime during the installation phase. A
typical example is the design of the self-elevating units (SEUs) or jack-ups.
Statistics show that most accidents occur during transit, installation and
retrieval phases of a SEU (DNV, 2012c). Thus, the analysis of these marine
operations directly governs the design of the SEU. Ringsberg et al. (2015)
developed a numerical method to assess the weather window for the instal-
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lation and retrieval phase of a SEU. Another example is that the pile wall
thickness should be designed considering the stresses during pile driving op-
erations. By modelling the driving operations, it is possible to predict the
stresses during pile driving operation and use them in the design check of
the piles (API, 2007).

 

Design check for 

structures (MP) during 

installation phase 

Modelling and 

analysis of marine 

operations (MP 

installation) 

Plan operations: 

select vessel, 

equipment; procedure 

and method, etc 

Design check during 

operating (in service) 

phase: ULS, FLS, 

ALS, SLS 

Design of 

structures 

(MP) 

Design check 

during other 

phases 

  

Execution 

of marine 

operations 

 

Figure 1.8: Link between modelling and analysis of marine operations, de-
signing of structures and planning of operations

The analysis of operations is necessary for the planning phase, including
selecting vessels, designing or selecting the installation equipment, and op-
timizing installation procedures and methods. The operational limits (e.g.,
allowable sea states) established during the planning phase need to be ad-
hered to during the execution of the operations. Li et al. (2014a) compared
the performance of the lifting system during MP lowering operations us-
ing a jack-up and a HLV. Advantages and disadvantages of the two vessels
were pointed out. Mortola et al. (2012) proposed an operability calculation
procedure to compare vessel operability in different conditions. Graczyk
and Sandvik (2012) studied the landing and lift-off operation for wind tur-
bine components during maintenance using a monohull and a catamaran.
During the foundation installation of the Sheringham Shoal wind farm, the
improper choice of the Svanen heavy lift barge delayed the project at an
estimated cost of 600 million NOK (Sandelson, 2011). The lesson again
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proved the importance of proper analysis of the operations in the planning
phase.

The sizing and design of installation equipment depend greatly on the
load and load effects obtained through the modelling of marine operations.
Lifting pad-eyes, and spreader beams should be designed considering the
loads during lift-off operations (API, 1993), and the selection of the slings
should be done properly. If hydraulic cylinders are used in the gripper device
during MP hammering operation, the capacity should be selected to sustain
the extreme contact forces during the operation (Li et al., 2016c).

The analysis of marine operations also supports the development of im-
proved installation procedures and methods. For example, the float-over
method for deck installation has been developed as an alternative to lift op-
erations using heavy lift crane vessels, and the development was to a large
extent based on numerical and experimental studies (O’Neill et al., 2000;
Tahar et al., 2006). A frequency domain analysis method was applied to
assess two access concepts for docking operation between service vessels and
offshore wind turbines in Wu (2014).

In addition, simulators which are built on the basis of numerical simula-
tion tools are useful for training the operators, e.g., for crane and dynamic
positioning operations. This can help to reduce human errors during exe-
cution of critical and complex installation activities and increase the safety
margin (SMSC, 2015; OSC, 2015).

Therefore, modelling and analysis of marine operations, design of struc-
tures and planning of operations are closely connected. Robust and accurate
modelling approaches will contribute to the structural design and increase
the safety level of the operations. In order to find an optimum solution
during the design phase, the three considerations in Figure 1.8 need to be
repeatedly evaluated.

Chapters 2 to 4 of this thesis focus on modelling and analysis of the
monopile installation activities. Numerical models and methods are devel-
oped, and followed by assessment of the operational limits.

1.3.2 Marine operations in the offshore wind and oil and gas
industries

The main differences between marine operations in the offshore wind and oil
and gas industries are summarized in Table 1.3 (Li et al., 2013b). Because
of the low profit margin in the wind industry, reduction in installation costs
seems to be urgent. Structures used in offshore wind farms are relatively
small and light, but many. In contrast, oil and gas structures are one-of-a-
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Table 1.3: Main differences between operations in wind and in oil and gas
industries

Aspects
Oil and gas

industry
Wind industry

Comments (for the wind
industry)

Profit margin high low
Installation cost reduction

is essential

Number of units to
be installed

few many repetitive installation

Foundation size;
weight

huge; heavy smaller; lighter
need cost-effective

installation method

Topside weight; lift
height

heavy; low
lighter; very

high
require large lift height and
high installation accuracy

Installation vessels many few
need for tailor-made

vessels is urgent

Experiences much very limited
Costs can be reduced by

gaining experiences

Standards and
guidelines

many very few
Require further

development

kind. The ability to install one wind turbine unit at a higher sea state is
crucial for efficient installation of the wind farm. The large lift height of
turbine components and requirement for high installation accuracy increase
the challenges, especially as the size of offshore wind turbines increases.
The vessels and equipment used in the oil and gas industry sometimes can-
not fulfil the tasks for wind farm installation, so purpose-built vessels or
equipment are required.

Besides, there is much less experience with marine operations for offshore
wind farms and corresponding standards and guidelines as compared to
those for oil and gas structures. For better design of marine operations and
increased safety levels, reliable and accurate numerical models are therefore
of great importance.

Despite the differences, many commonly used operation methods in the
oil and gas industry can play important roles in wind farm installation.
It is beneficial to utilize the experiences and methods in the oil and gas
industry to wind farm installation in a reasonable way. From a practical
point of view, the technologies developed for offshore construction vessels,
dynamic positioning systems, heave compensated winches and cranes etc,
can be incorporated into new vessels for wind turbine installation (Edwards
and Dalry, 2011). Some of the guidelines developed for the oil and gas
industry are also relevant for wind turbine installations, such as DNV rec-
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ommended practices for modelling and analysis of different types of marine
operations (DNV, 2011b, 2012a,b, 2013, 2014a,b), API recommended prac-
tice (API, 2007, 1993), Norsok standard for marine operations (NORSOK,
1997, 1995, 2007), ISO standard for marine operations (ISO, 2009), and GL
Noble Denton guidelines (GL Noble Denton, 2010), etc.

1.4 Aim and scope

Based on the challenges described above, it is of great importance to improve
operational procedures and numerical methods, and to develop methodolo-
gies for installation of offshore wind turbines. For analysis of monopile
installations, a review of related work on numerical methods and on estab-
lishing operational limits is given in Sec. 3.1 and 4.1, respectively. Based
on the literature review, the main research challenges for studying monopile
installation can be summarized as follows:

r To develop accurate numerical methods to compute the dynamic re-
sponses for different installation activities.

r To establish a systematic methodology to assess the operational limits.

The aim of the thesis is therefore to contribute to the two goals given above
for monopile installation. To achieve the goal, the following sub-objectives
have been defined:

r To develop a numerical model and method to investigate the non-
stationary lowering operation of the monopile considering shielding
effects from the floating installation vessel and the radiation damping
on the monopile.

r To develop a numerical model and method to study the initial ham-
mering process of the monopile.

r To assess the characteristic responses of the system during various
installation phases.

r To propose a methodology to establish the operational limits for monopile
installation.

r To provide recommendations for modelling of lifting operations and
for assessment of the operational limits.
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Figure 1.9: Scope of the thesis and interconnection between the appended
papers

This thesis is written as a summary of published papers, including four
journal articles and two conference papers as attached in the Appendix.
The scope of the thesis is shown in Figure 1.9 where the main topics and
the interconnection between the appended papers are illustrated.

This work started with the monopile lowering process. The numerical
model for the coupled vessel-monopile system for this process was estab-
lished in Paper 1. A methodology to model the shielding effects from the
vessel during the nonstationary lowering process was developed. It was
shown that the shielding effects influence the monopile responses greatly
in short waves. Recommendations for choosing vessel headings and select-
ing vessel types (floating or jack-up vessels) were provided. This method
was also applied on monopile and jacket lifting systems in Paper 2. Results
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showed that the shielding effects are significant for monopiles while they can
be ignored for lowering operation of jackets. Furthermore, the methodology
to account for shielding effects was extended in Paper 3 to consider wave
spreading. The results showed that short-crestedness reduces the shielding
effects from the vessel on the responses of the monopile.

The numerical methods in the previous papers neglected the radiation
effects from the monopile. Thus, Paper 4 deals with the development of
a new method to include the radiation damping of the monopile during
the nonstationary lowering process. The study showed that the radiation
damping effects should be considered in short wave conditions for large
diameter monopiles.

These developed numerical models and methods were applied to assess
the operability for the monopile lowering process in Paper 5. The allowable
sea states obtained using different numerical methods in Papers 1, 3 & 4
were compared. The influence of each factor in the numerical method on the
operability were assessed. Recommendations regarding numerical modelling
were given to properly assess the operability.

The initial hammering operation of the monopile was investigated in Pa-
per 6. The coupled vessel-monopile hammering system was firstly modelled,
and the dynamic responses were studied quantitatively. Then, this study
addressed a method for assessing the allowable sea states for this operation.
The critical events and corresponding parameters to describe those events
were identified. Based on the allowable limits and characteristic responses,
the allowable sea states were established and followed by case studies. The
systematic method established can be generalized to establish operational
limits for other marine operations.

1.5 Thesis outline

The summary of the thesis consists of five chapters. A brief description of
each chapter is provided as follow:

Chapter 1:
This chapter introduces the background, motivation, aim and scope and
outline of the thesis. The state-of-art OWT installation methods, purpose
for modelling and analysis of marine operations are also discussed.

Chapter 2:
This chapter presents the installation systems and the modelling method-
ologies for the monopile lowering and initial hammering operations using
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a floating installation vessel. The modelling method for monopile lowering
process was used in Papers 1-5 and the modelling of the initial hammering
process was used in Paper 6.

Chapter 3:
This chapter addresses the dynamic analysis of the coupled installation sys-
tems. Different numerical methods for the monopile lowering process are
presented including the shielding effects from the vessel and the radiation
damping effects from the monopile. The methodology and the dynamic
responses from time-domain simulations are shown. This chapter covers
the main results obtained in Papers 1-4 for the monopile lowering process
and the dynamic analysis part in Paper 6 for the initial hammering process.

Chapter 4:
This chapter presents the methods and results for assessment of operational
limits for the two monopile installation activities. The systematic method-
ology to obtain the operational limits based on the operational procedure,
numerical analysis and safety criteria are discussed. Effects from different
numerical approaches on the allowable sea states are studied for monopile
lowering process in Paper 5. The proposed methodology is applied to es-
tablish the allowable sea states for the initial hammering process in Paper 6.

Chapter 5:
Conclusions, original contributions and the recommendations for future
work are presented.



Chapter 2

Installation systems and
numerical models

2.1 General

The fast growth in the offshore wind industry has lead to increasing demand
for installation vessels. There are generally two types of vessels for instal-
lation of monopiles: the jack-ups and the floating crane vessels. A jack-up
vessel provides a stable working platform for the lifting and piling opera-
tions. However, the installation and retrieval of the legs of the jack-ups are
time-consuming and weather-sensitive (DNV, 2012c), and these operations
have to be repeated for installation of each wind turbine unit. The weather
window is thus very limited with long waiting times when installing a large
offshore wind farm.

Compared to jack-ups, floating vessels have more flexibility for offshore
operations and are effective in mass installations of a wind farm due to fast
transit between foundations. Hence, the potential of reducing installation
costs by using floating installation vessels is huge. On the other hand, the
motions of the floating installation vessel and the lifted objects are fully cou-
pled during the installation process and are sensitive to the environmental
conditions (Li et al., 2014a). The vessel motions affect the dynamic response
of the foundations, which may increase the operational risks. Therefore, it
is of importance to examine the dynamic response of the coupled system
during different phases of the installation to ensure safe offshore operations,
and this is the focus of the thesis.

The installation of the monopile and transition piece is normally car-
ried out by the same installation vessel. Assuming that the monopiles are
transported on-board of the installation vessel, the installation process can

19
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be summarized into the following four main steps:

1 Upending the monopile from a horizontal position on the vessel to a
vertical position using the on-board crane and an upending frame.

2 Lowering the monopile through the wave zone down to the seabed.
The hydrodynamic loads induce monopile motions when it passes
through the wave zone.

3 Driving the monopile into the seabed with a hydraulic hammer. A
gripper device is used to support the monopile during hammering
which transfers the motions from the vessel to the monopile. The
final inclination of the monopiles should satisfy the installation re-
quirements.

4 Lifting the transition piece from the vessel and lowering it on top of
the monopile. The transition piece is transported vertically on the
vessel, lifted by the crane and installed onto the monopile.

The thesis deals with numerical studies on the lowering and the initial
hammering processes of the monopile. The focus is on the dynamic response
of the coupled installation system. This chapter presents the numerical
models for the installation system.

2.2 Installation systems

2.2.1 Installation vessel, MP and jacket foundations

Two types of installation vessels were used in this thesis, i.e., the floating
installation vessel and the jack-up vessel. The dynamic response of the in-
stallation system using the two vessels were compared in Papers 1, 4, and 5,
and only the floating installation vessel was applied in Papers 2, 3, and 6.
The jack-up vessel was assumed as a fixed platform during the installation
of monopiles, and no wave-induced motions were considered. The floating
installation vessel was a typical monohull heavy lift vessel (HLV), and the
main parameters are presented in Table 2.1. The HLV can operate with dif-
ferent draughts according to the operational requirements. The operational
draught was chosen as 12 m in Papers 1 to 4 and was adjusted to 10.2 m
in Papers 5 to 6 for practical reasons.

The crane is capable of performing lifts of up to 5000 ton at an outreach
radius of 32 m in fully revolving mode. The main hook featured a clear
height to the main deck of the vessel of maximum 100 m. The vessel is po-
sitioned by an eight-line mooring system during operation. The positioning
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system allows for vessel operations in shallow water and in close proximity
to other structures.

Table 2.1: Main parameters of the floating installation vessel

Vessel

Length overall [m] 183
Breadth [m] 47
Operational draught [m] 10.2
Displacement [ton] 5.12E4
Metacentric height [m] 5.24
Vertical position of COG above keel [m] 17.45

The monopile used in the numerical model was intended to support a 5
MW offshore wind turbine and it was a long slender hollow cylinder with
main dimensions listed in Table 2.2. The weight of the hammer is also
included which was used in the analysis of the initial hammering process in
Paper 6.

Table 2.2: Main parameters of the monopile and the hammer

Monopile

MP mass [ton] 500
Length [m] 60
Outer diameter [m] 5.7
Thickness [m] 0.06
Hammer Mass [ton] 300

A 10 MW wind turbine jacket foundation was modelled in Paper 2 for
comparative studies. The geometry of the 10 MW jacket was interpolated
between the existing jacket designs, i.e., the 5 MW and 20 MW UpWind
turbines (De Vries, 2011). Common wind turbine and substructure scaling
laws were applied (Hoving, 2013). The main parameters for the 10 MW
jacket are shown in Table 2.3, and the detailed information of each member
can be found in Li et al. (2014b).

2.2.2 Monopile and jacket lowering systems

The coupled lowering system for the monopile and jacket substructures are
shown in Figures 2.1 and 2.2. The water depths for the installations were
25 m and 40 m, respectively.
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Table 2.3: Main parameters of the jacket foundation

jacket

Total height [m] 64.75
Foot print [m] 22 x 22
TP position ∗ [m] (0 ,0, 65.25)
leg outer diameter [m] 1.9
Brace outer diameter [m] 1
Jacket mass [ton] 1017
Transition piece mass [ton] 250
Total mass [ton] 1267

* refer to the center point of the jacket bottom

An internal lifting tool is often used for monopile and jacket lowering
activities (IHC, 2014), and it is connected with the hook through slings. The
slings were assumed to be very stiff in the current model, and the hook and
the substructure were considered to be rigidly connected and were modelled
as one body for simplicity. Therefore, both lowering systems included two
rigid bodies which were coupled through the lift wire.

For the monopile lowering system, a gripper device is placed on the port
side of the vessel to constrain the motions of the MP during the operation.

(a) (b)

Figure 2.1: Lifting arrangement for monopile installation. (a) physical ap-
pearance (source: http://www.seawayheavylifting.com.cy/); (b) Schematic
illustration.
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(a) (b)

Figure 2.2: Lifting arrangement for jacket installation. (a) physical appear-
ance (source: http://www.marinetraffic.com/); (b) Schematic illustration.

Figure 2.3: System set-up for the MP hammering process

2.2.3 Monopile initial hammering system

The system set-up for the MP initial hammering process is illustrated in
Figure 2.3. The global coordinate system was a right-handed coordinate
system with X axis pointed towards the bow, the Y axis pointed towards
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the port side, and the Z axis pointed upwards. The origin was located at
[mid-ship section, centre line, still-water line] when the vessel was at rest.
The definition of global coordinate system and wave directions are shown
in Figure 2.3 for the monopile system and the same global coordinate was
applied for the jacket lowering system.

After being lowered down to the seabed, the MP is supported vertically
by the soil and laterally by the gripper device. Then, the main lift wire
is released. The hammer is then placed on top of the MP which increases
its initial self-penetration. The gripper device is used to support the MP
in the horizontal plane and correct its mean inclination during the initial
hammering process.

2.3 Modelling of the couplings

The couplings between the vessel and the monopile include hydrodynamic
interaction and mechanical couplings during the lowering process, and monopile-
soil interaction during the initial hammering process. The hydrodynamic
interaction will be discussed in detail in Sec. 3.2. In this section, the
modelling methods for mechanical couplings including lift wire and gripper
device, as well as monopile-soil interaction are given.

2.3.1 Lift wire coupling

The lift wire coupling force is modelled as a linear spring force according to
the following equation:

T = k ·∆l (2.1)

where T is the wire tension, ∆l is the wire elongation and k is the effective
axial stiffness assuming the crane and wire form a series connection, which
is given by:

1

k
=

l

EA
+

1

k0
(2.2)

where E is the modulus of elasticity, A is the cross-sectional area of the
wire and l is the total length of the wire, which increases as the winch
runs during the lowering operation. The effect of the elasticity of the crane
boom is limited for the current two lifting systems because of low load mass
compared to the crane capacity (Park et al., 2011). Thus, a low constant
flexibility of the crane, 1/k0 was included. From the positions of the two
ends of the wire, the elongation and thereby the tension can be determined.
The material damping in the wire was included in the model.
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2.3.2 Modelling of the gripper device

The gripper device normally consists of several hydraulic cylinders, see Fig-
ure 2.3, and it was modelled differently for the lowering and the initial ham-
mering systems. For the lowering system, the gripper device was modelled
as a contact point attached to the vessel in Papers 1 to 3. A cylinder fixed
to the monopile with a vertical axis was modelled at the same time, and
the contact point was placed inside the cylinder, see Figure 2.4 (b). This
model was able to calculate the total contact force between the HLV and the
MP during the nonstationary lowering process with changing position of the
MP. Axisymmetric stiffness and damping were assumed and were defined
by specifying restoring and damping forces Fi at several relative distances
∆di between the contact point and the cylinder axis (see Figure 2.4 (b)).

distance

force

∆ di

F i

monopile

gripper

contact point

∆d

bumper element

spring-damper

∆ di

F i

cylinder

∆

(a) (b)

Figure 2.4: Illustration of (a) physical and (b) numerical models for the
gripper device during MP lowering process

In the initial hammering phase, the dynamic system is in a steady-state
condition when the penetration depth of the MP in soil is fixed. In addition,
the contact force on each hydraulic cylinder needs to be analysed. The
gripper device was thus modelled by four fender components with proper
stiffness and damping coefficients. The elastic model for the gripper contact
elements is illustrated in Figure 2.5.

During the lowering operation, the hydraulic cylinders are retracted and
there is an initial gap between them and the wall of the MP. The initial gap
depends on the stroke length of the cylinders, and is required during the
lowering operation to avoid large contact forces, which may cause structural
damage of the hydraulic cylinders. After the MP being lowered down to
the seabed, the gripper is closed and the hydraulic cylinders provide pre-
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compression forces on the MP before the hammering activity starts.

Figure 2.5: Illustration of numerical model of the gripper device during MP
hammering process

The initial gap between the cylinder and the MP was chosen to be 10
cm in Papers 1 to 3, and huge impact force occurred (Li et al., 2014a) which
was beyond the allowable limit of the hydraulic cylinders. It was found later
that this initial gap was much smaller than the real value used in practice,
and contact between the cylinders and the MP should always be avoided
during the lowering process because of the high stiffness of the cylinders. In
Papers 4 and 5, the gripper device in the numerical model was excluded, and
the relative motion between the MP and the HLV was used as the limiting
parameter to judge whether an impact would occur.

In the coupled model for the initial hammering process, the gripper was
closed and a pre-compression force of 150 kN for each hydraulic cylinder was
applied. The stiffness of the cylinder was chosen according to the common
design of the hydraulic cylinders (IHC, 2015). The damping was taken to
be 20% of critical damping according to empirical values (Albers, 2010).
Sensitivity studies to quantify the effects of the gripper stiffness on the
responses during the lowering of a MP were performed by Li et al. (2013a).
The study showed that the contact force and the relative motion between
the MP and the gripper device were very sensitive to the stiffness.

2.3.3 MP-soil interactions

The soil-pile interaction forces in the shallow soil penetration phases are
three-dimensional (3D), and in principle a 3D finite element method (FEM)
(Lesny and Wiemann, 2006) should be applied to predict the interaction
forces. However, the FEM approach is time-consuming for the coupled
global response analysis. Therefore, in this thesis the MP-soil interaction is
modelled using the widely applied Winkler model by means of distributed
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springs (Carswell et al., 2015; Bisoi and Haldar, 2014; Andersen et al., 2012;
Gerolymos and Gazetas, 2006; Ong et al., 2013) and hysteretic material
damping (Carswell et al., 2015; Hededal and Klinkvort, 2010). The pro-
posed model included the traditional distributed p− y curve for piles with
large length-to-diameter ratio (DNV, 2014b; API, 2007), the distributed
moment curve due to the vertical shear (skin friction) which was found to
be important for short piles with large diameter (Byrne et al., 2015; Lesny
and Wiemann, 2006) and the base shear curve.

Because of the large diameter of the monopile relative to the penetration
depth, the commonly used 2D Winkler model is extended to 3D by using
non-linear springs distributed in both axial and circumferential directions
along the MP. The distributed springs include the lateral load-deflection
p − y curve, the friction T − z curve, the base shear curve and the tip
load-displacement Q − z curve. The configuration of springs as shown in
Figure 2.6 is summarized as follows: 4 vertical springs Kq−z to model Q− z
curves at the bottom of the MP; 4 springs Tz on the side of the MP to
model the T − z curve due to friction force from both inside and outside
walls of the MP. For p − y curves, the whole penetration was divided into
several 2 m layers, and 4 circumferential springs Kp−y were applied for each
layer. At the bottom of the MP, 4 springs Kshear were used to model the
shear resistance force. The number of distributed springs was considered to
be sufficient since the MP bottom tip experienced small displacement (less
than 10 cm for typical sea states).

Figure 2.6: Numerical models for the soil-MP interactions during the initial
hammering process

A sensitivity study on the soil properties concluded that the system
behaviour and procedure to establish the allowable sea states for the initial
hammering process did not depend on the soil properties (Li et al., 2016c)
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(Paper 6 ). Therefore, representative values for the non-linear springs for
the soil-MP interaction are considered to be sufficient for the case study,
and the stiffness for all the non-linear distributed springs shown in Figure
2.6 was taken from the API guideline (API, 2007). Soil damping is included
in this model in terms of dynamic friction force.

2.4 Numerical methods

Several numerical tools are available to carry out simulations for marine
operations, e.g., MARINTEK SIMO program (MARINTEK, 2012a,b), AN-
SYS AQWA (ANSYS, 2011), MOSES (Ultramarine, 2009), OrcaFlex (Or-
cina, 2013) and LIFSIM (van Dijk and Friisk, 2005). These programs are
capable of solving the non-linear equations of motion in the time domain
for coupled marine systems exposed in wind, wave and current, e.g., lifting
operations, launching and offshore mating operations.

The numerical models in the thesis were established using the SIMO
program. For the initial hammering operation, the model in SIMO was
verified with the one built in ANSYS AQWA, and consistent results were
obtained.

2.4.1 Equations of motion

When using a floating installation vessel, the coupled system has 12 de-
grees of freedom (DOF s). The coupled equations of motion for the vessel-
monopile system are as follows,

(M + A)ẍ + D1ẋ + D2f(ẋ) + Kx +

∫ t

0
h(t− τ)ẋ(τ)dτ

= Fext(x, ẋ, t)

(2.3)

where, M is the total mass matrix; x is the rigid-body motion vector with
12 DOF s; A is the total added mass matrix; D1 and D2 are the linear
and quadratic damping matrices. The viscous effects due to the vessel hull
were simplified into linear damping terms in surge, sway and yaw. The roll
damping of the vessel as well as the quadratic damping on the MP were
also included. Additionally, K is the total restoring matrix of the system,
including the contributions from the hydrostatic restoring of the HLV and
the MP, Khydro, the mooring lines of the vessel, Kmoor, the soil interaction
on the monopile, Ksoil, and the coupling between the vessel and the load
through lift wire or gripper device, Kcpl. h is the retardation function for
the vessel calculated from the frequency-dependent added mass or potential
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damping coefficients. Fext is the external force vector, including the first-
order and second order wave excitation forces on the vessel, q(1)

WA and
q(2)

WA, and the wave excitation force on the monopile, FW .

The wave excitation forces on the MP, FW , were calculated using dif-
ferent methods for the lowering and the hammering processes. Because
steady-state simulations were performed for the hammering process, the hy-
drodynamic interaction between the HLV and MP was directly solved in the
multi-body panel method program WAMIT (Lee, 1995) in the frequency-
domain and applied in the time-domain using the force transfer functions.
The methodology to account for the hydrodynamic interaction during the
MP nonstationary lowering process are discussed in Chapter 3.

In Papers 1-4, the wave forces on the HLV only included the first-order
wave excitation force, and the mooring lines of the HLV were simplified as
linear springs and included in the hydrostatic restoring matrix. In Papers 5
and 6, the second-order wave excitation forces were calculated based on the
Newman’s approximation and only the difference-frequency slowly varying
forces were included (Newman, 1974). The eight catenary mooring lines for
the HLV were also modelled. Both a quasi-static analysis and a simplified
dynamic analysis accounting for the effect of drag loading on the lines were
applied. Wind and current loads were not considered in the thesis work.

2.4.2 Eigenvalues of the system

The natural modes of the coupled HLV-MP lowering system include 12
DOFs. A detailed explanation of the modes and corresponding natural pe-
riods is given by Li et al. (2015c) (Paper 4 ). Figure 2.7 shows the natural
periods of the system excluding the yaw mode of MP. The gripper was ex-
cluded, the draught of the HLV was 10.2 m and mooring lines were modelled
when calculating the natural periods.

During the lowering process, the properties of the system vary with
time due to the changing position of the MP. Thus, the natural modes and
periods are dependent on the MP position as shown in Figure 2.7. It should
be noted that all the modes are coupled, and only the dominant DOFs are
mentioned in the figure. It can be expected that in short waves the MP
rotational modes (modes 02 and 03) could be excited, and in longer waves
the vessel motions in the vertical plane are more relevant.

2.4.3 Time-domain simulations

Time-domain simulations were performed to study the dynamic response of
the non-linear systems. Step-by-step integration methods were applied using
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Figure 2.7: Natural periods for the coupled HLV-MP lowering system with
varying MP positions. Dominant motion for each mode: mode01 (MP
heave); mode02 and 03 (MP roll and pitch, MP rotational motions); mode04
(HLV pitch); mode05 (HLV heave); mode07 (HLV roll); mode08 and 09 (MP
pendulum motions); mode10-12 (HLV yaw, sway and surge)

an iterative routine. The equations of motion were solved using Newmark-
beta numerical integration with a time step of 0.01 sec in Papers 1,4 and 6
and 0.02 sec in Papers 2,3 and 5. Stochastic irregular waves were used as
environmental input. The time series of the wave kinematics were obtained
using the Fast Fourier Transformation (FFT) algorithm from JONSWAP
wave spectrum for selected significant wave height, Hs and spectral peak
period, Tp. Long-crested waves were used in Papers 1,2 and 4, and short-
crested waves were considered in Papers 3, 5 and 6. The first- and second-
order wave forces were pre-generated using the FFT algorithm at the mean
position of the HLV. The mechanical couplings, mooring line tensions as
well as the soil-MP interaction forces were calculated in the time-domain.

The number and length of simulations were chosen in order to account
for the variability of stochastic waves and to provide a reasonable statistical
basis for comparison. For instance, 20 realisations of irregular waves were
generated at each environmental condition using different seeds (400 sec for
each seed) for monopile lowering process. 20 repetitions of the simulations
corresponded to an operation with a duration of approximately two hours.



Chapter 3

Dynamic analysis of
monopile lowering and initial
hammering processes

3.1 Overview

Accurate and realistic modelling is required to quantify the dynamic re-
sponses of different installation systems, allowing for better planning of
the operations. MP lowering process is a typical lifting operation activity.
Many numerical studies have been performed to estimate the characteristic
responses of offshore lifting operations, including the installation of sub-sea
templates (Aarset et al., 2011), suction anchors (Gordon et al., 2013), foun-
dations and topsides of platforms, and wind turbine components (Graczyk
and Sandvik, 2012; Ku and Roh, 2014). A few experimental studies have
also been conducted to obtain accurate hydrodynamic coefficients, e.g., the
hydrodynamic mass and damping coefficients of ventilated piles (Perry and
Sandvik, 2005), or to tune the critical parameters for numerical models,
e.g., the damping or stiffness coefficients of important support structures in
the lifting system (van der Wal et al., 2008).

One challenge when studying the MP lowering activity using a floating
vessel is the hydrodynamic interaction between the vessel and the monopile
during the nonstationary process with time-varying dynamic features of the
system. In lifting operations using floating vessels, hydrodynamic interac-
tion between the structures in waves is of great importance. Studies have
been performed to investigate the heavy lift operations considering shielding
effects, such as the lifting of a heavy payload from a transport barge using a

31



32
Dynamic analysis of monopile lowering and initial hammering

processes

large capacity semi-submersible crane vessel (Mukerji, 1988; van den Boom
et al., 1988; Baar et al., 1992). These studies found that the hydrodynamic
interaction had little effect on the responses of the crane tip, but greatly
affected the responses of the transport barge because of its small dimensions
compared with the one of the crane vessel (Baar et al., 1992). Therefore, the
hydrodynamic interaction between two floaters close to each other should
be taken into consideration when estimating their responses.

Sandvik (2012) proposed two approaches that can be used to simulate
nonstationary processes:

1. Find the most critical vertical position of the object and then make
steady-state simulations in irregular waves at this position.

2. Simulate a repeated nonstationary lowering process with different ir-
regular wave realizations, and study the extreme response observed in
each simulation.

It was demonstrated that the second method provides more realistic results
because an unrealistic build-up of the oscillation occurs in the first sta-
tionary approach. In principle, to provide more accurate estimates of the
operations, analyses of the entire lowering process are required.

The properties of the nonstationary process are time-variant, i.e., the
total mass, stiffness and damping of the system change with time. There-
fore, the equations of motion, Equation (2.3) and the natural frequencies of
the system (e.g., natural frequency of MP lowering system in Figure 2.7)
are time-dependent. In addition, the use of traditional frequency-domain
analysis to solve the hydrodynamic interaction problem is not applicable for
the entire lowering process. The hydrodynamic properties in the frequency-
domain analysis are expressed with the boundary condition given on the
mean wet surface, while the lifted structure experiences a large change of po-
sition when it moves downward toward the seabed. Therefore, time-domain
solutions that consider the nonstationarity of the process are required.

Li et al. (2014a) (Paper 1 ) proposed a method to account for the shield-
ing effects from the installation vessel during the entire lowering process
of a monopile. The approach applied Morison’s formula to calculate the
hydrodynamic forces on the monopile. The approach was further stud-
ied and extended to compare the performance during lifting a MP and a
jacket OWT foundation, respectively in Li et al. (2015a) (Paper 2 ). Effects
of short-crestedness on the shielding effects were also studied in Li et al.
(2016a) (Paper 3 ). In addition, the importance of radiation damping of the
MP during the nonstationary lowering process was examined by Li et al.
(2015c) (Paper 4 ). An approach to account for the radiation damping of
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the MP in the time-domain simulation of the nonstationary lowering process
was also developed.

In addition to the wave loads on the vessel and on the MP, the soil
reaction force plays an important role on the responses of the system during
the MP initial hammering process. The soil reaction forces on the MP
influence the vessel motions through the gripper device. Detailed global
dynamic analysis on the initial hammering process was carried out by Li
et al. (2016c) (Paper 6 ).

This chapter presents the dynamic responses of the MP lowering and
initial hammering systems. Different numerical approaches are discussed
and the results are obtained from time-domain simulations in stochastic
waves.

3.2 Shielding effects from the HLV

3.2.1 Morison’s formula approximation for slender structures

For slender bodies with diameter-to-wavelength ratio less than 1/5, the
empirical Morison’s formula is often used to calculate hydrodynamic forces
(Morison et al., 1950). The effects of diffraction and radiation are considered
insignificant in the slender-body approximation. The Morison’s formula is
applied to calculate the wave forces on the MP with diameter of 5.7 m. The
MP is divided into strips, and the wave force fw,s per unit length on each
strip normal to the member is (Faltinsen, 1990):

fw,s = ρwCM
πD2

4
ζ̈s − ρwCA

πD2

4
ẍs +

1

2
ρwCqD

∣∣∣ζ̇s − ẋs
∣∣∣ (ζ̇s − ẋs) (3.1)

where, ζ̈s and ζ̇s are the fluid particle acceleration and velocity at the centre
of the strip, respectively; ẍs and ẋs are the acceleration and velocity at the
centre of the strip due to the body motions; D is the outer diameter of
the member; and CM , CA and Cq are the mass, added mass and quadratic
drag force coefficients, respectively. The distributed wave forces fw,s are
integrated along the MP to obtain the total wave forces and moments, FW .
The added mass coefficients for different strips along the MP are different.
For the strips close to the bottom of the monopile, CA ≈ 1, whereas for
strips located further away from the bottom, CA ≈ 2 because the wall
thickness is small compared with the diameter, and the water trapped inside
the monopile follows the motions of the structure (Li et al., 2015c). The
excitation forces calculated using Morison’s formula are later validated with
those from panel method in Figure 3.3.
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In addition, the nonlinear effects due to the instantaneous free surface
and the instantaneous body positions can be also included in the time-
domain. It can be done by evaluating at each time step and in each strip
for instantaneous body positions and integrating up to the instantaneous
free surface. The Morison’s formula can be applied for both steady-state
and nonstationary lowering analyses.

3.2.2 Methodology to include shielding effects during non-
stationary lowering process

For the MP lowering operation, the hydrodynamic effects of the MP on
the HLV are minor and can be neglected. However, the wave field near
the HLV is altered from the original incident waves due to the diffraction
and radiation from the vessel. Thus, the hydrodynamic interaction between
HLV and MP can be simplified as “one-way” interaction by considering the
shielding effects from the HLV on the MP while ignoring the effects from
the MP on the HLV.

The waves affected by both radiation and diffraction of the vessel are
defined as disturbed waves, which includes the vessel shielding effects, while
the undisturbed waves are defined as incident waves. Li et al. (2014a) (Paper
1 ) studied the fluid kinematics around the HLV, and they concluded that
the effects from the HLV were three-dimensional and would vary from vessel
to vessel. Because the position of the monopile varied with time and with
the increasing length of the lift wire, the fluid kinematics at each strip of
the monopile were time- and position-dependent. Therefore, the following
approach was used to account for the shielding effects from the HLV for the
nonstationary lowering process.

1. First, generate time series of disturbed fluid kinematics at pre-defined
wave points in space, i.e., wave elevation, velocities and accelerations.

Knowing incident wave elevation time history x(t), the Fourier trans-
form of the kinematics of the disturbed wave Y (ω) can be calculated
based on the Fourier transform of x(t), F {x(t)} = X(ω), and the dis-
turbed fluid kinematics transfer functions H(ω), see Equation (3.2).
Thus, using inverse Fourier transform of Y (ω), the time series of wave
kinematics in disturbed waves at each pre-defined wave point can be
obtained.

Y (ω) = H(ω) ·X(ω) (3.2)

2. Then, at each time step, determine the instantaneous position of the
MP based on the solutions from the previous time step. For each
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strip on the MP, find the closest pre-defined eight wave points. By
applying a 3D linear interpolation between these closest wave points,
the kinematics at each strip in disturbed waves are calculated. The
interpolation of the fluid kinematics is illustrated in Figure 3.1.

Interpolate to get 

disturbed wave 

kinematics at strip i

Pre-defined 

wave points

0Y

Z

Figure 3.1: Interpolation of fluid kinematics in disturbed waves
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Figure 3.2: Time-domain simulation approach considering vessel shielding
effects

3. Obtain the forces at each strip in disturbed waves using Morison’s for-
mula in Equation (3.1) and then integrate along the submerged part
of the monopile to acquire the total wave forces and moments on the
structure. It is necessary to integrate the forces up to the instanta-
neous wave elevation to account for non-linear force components.

4. Finally, perform time-domain simulations of the coupled HLV-MP sys-
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tem using the multi-body code SIMO and an external DLL that in-
teracts with SIMO at each time step. SIMO calculates the wave exci-
tation forces on the vessel and the coupling forces between the vessel
and the MP. The wave forces on the MP in disturbed waves are calcu-
lated in the DLL using the aforementioned interpolation method, and
the total wave forces on the MP are returned to SIMO, so that the
motions of the coupled system are solved. The time-domain approach
is illustrated in Figure 3.2.
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Figure 3.3: Comparison of the excitation force on the MP in incident wave
and when accounting for shielding effects from the HLV (F2 and F4 denote
the force in sway and moment in roll, Dir = 90 deg, draft = 15 m)

To demonstrate the accuracy of the slender body assumption, the wave
excitation forces on the MP were calculated at a draft of 15 m and com-
pared in Figure 3.3 for four cases: (1) MP alone using panel method; (2)
MP alone using Morison’s formula in incident wave; (3) HLV-MP coupled
using panel method and (4) HLV-MP coupled using the proposed shielding
effect method. It is evident that the shielding effects from the HLV (coupled
HLV-MP case) reduce the excitation force on MP significantly from inter-
mediate to short wave lengths. The results show good agreement between
the slender body assumption and the multi-body panel method. Therefore,



3.2. Shielding effects from the HLV 37

the simplified approach to account for shielding effects is considered reason-
able to calculate the excitation force on the MP for the HLV-MP coupled
condition during the nonstationary lowering process.

Sensitivity studies on the resolution of the pre-defined wave points were
performed in Li et al. (2014a) using different bin sizes between points in
the horizontal plane and vertical direction. It was observed the responses in
short waves were more sensitive to the resolution, and low resolution would
result in large error in extreme responses. From the sensitivity study, for
the MP lowering process, a resolution with gaps of 4 m in the horizontal
plane and 2 m in the vertical direction was chosen.
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Figure 3.4: Spectral density of responses during lowering in incident and
disturbed waves (Hs = 2.5 m)

3.2.3 Dynamic responses of the MP lowering system in dis-
turbed waves

Li et al. (2014a) (Paper 1 ) studied the responses of the dynamic system for
MP lowering in incident and disturbed waves comprehensively. Figure 3.4
compares the response spectra of the lowering phase at two wave conditions.
The shielding effects from the HLV reduce the MP resonant motions (with
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peaks at ω ≈ 1.1 rad/s) greatly for both wave conditions, while the vessel
induced motions in long waves are not affected. These results indicate the
significant influence of the shielding effects on the MP motions in short
waves when the wave frequencies are close to the natural frequencies.
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Figure 3.5: Extreme rotation of the monopile in incident and disturbed
waves at different wave directions (Hs = 2.5 m)

Figure 3.5 compares the statistics of the extreme rotation of the MP
(the maximum rotation angle during the entire lowering process) in dis-
turbed waves with those in incident waves at different wave directions. In
short waves (Tp = 5 and 7 sec), the responses are significantly reduced in
disturbed waves when the MP is placed on the leeward side of the vessel.
With increasing wave length, the differences between the responses in dis-
turbed and incident waves are rapidly reduced. The results for long-crested
waves show that the extreme responses reached minimum values for wave
directions of approximately Dir = 45 to 60 deg in short waves when con-
sidering shielding effects. In long waves, the minimum extreme values were
acquired at headings of about 15 deg. Therefore, it is possible to minimize
the responses by selecting a proper heading of the vessel including shielding
effects.
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Figure 3.6 compares the extreme rotations of the MP in different wave
directions when using a jack-up and the floating vessel. For the case with
the floating vessel the shielding effects of the vessel were included, whereas
only the incident waves were considered for the case with the jack-up vessel.

In short to intermediate waves, the resonant motions of the MP dominate
(see the natural frequency in Figure 2.7); thus, the extreme rotations when
using the floating vessel are lower than when using the jack-up vessel at
Dir = 0 to 180 deg due to the shielding effects from the floating vessel.
With increasing wave length, the motions of the floating vessel increase and
dominate the responses of the system, and hence the responses when using
the floating vessel exceed those using the jack-up vessel, particularly for
headings close to beam seas.
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Figure 3.6: Extreme monopile rotations using a jack-up and the HLV at
different wave conditions (Hs = 2.5 m)

Therefore, it is recommended to use the floating vessel in short to inter-
mediate wave lengths with a proper heading of the vessel. Use of a jack-up
vessel is recommended in long waves to prevent large crane tip motions that
occur when using the floating vessels.
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3.2.4 Comparative study of lowering a monopile and a jacket
considering shielding effects

Li et al. (2015a) (Paper 2 ) compared the responses of lowering a monopile
and a jacket considering shielding effects from the HLV. The lowering sys-
tems refer to Figures 2.1 and 2.2, respectively.
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Figure 3.7: RAOs of wave elevation at four wave frequencies in disturbed
waves in XY plane (Dir = 150 deg, Z = 0 m)

The wave kinematics near the positions of the structures in disturbed
waves were studied in frequency domain. Figure 3.7 shows the variations of
the wave elevation RAOs in disturbed waves. The coordinate system refers
to Figure 2.3, and the initial positions of the four jacket legs (black circles)
as well as the MP (red circles) are also shown. The RAOs depend greatly
on the wave frequency and the positions relative to the vessel. Due to the
large footprint of the jacket foundations, the wave kinematics are always
smaller at the side close to the vessel (with small Y coordinate) compared
to the side away from the vessel, especially in short waves. The RAOs at
the MP positions are much less than all the four jacket legs.

The standard deviations (STDs) of the responses were obtained from
the time-domain simulations of the two lifting system with a MP draft of
20 m and a jacket draft of 30 m and are compared in Figure 3.8.

For the MP lifting system, significant decrease of the MP tip motion
in X direction can be observed in all wave conditions when considering
shielding effects, but the effects are reduced with increasing wave length.
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The motions in Y and Z directions are greatly affected by vessel roll motion
which increases significantly when the wave direction moves to quartering
seas in incident waves.

For the jacket system, however, the STDs of the motions are much less
influenced by the shielding effects compared to the MP system. Although a
great decrease of jacket tip Y motion can be observed near quartering sea
in short to medium waves when considering shielding effects, the responses
in X and Z directions vary little.
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Figure 3.8: STDs of MP and jacket motions in incident and disturbed waves
(Hs = 2 m, for each Tp the directions from left to right are D1 = 180 deg,
D2 = 165 deg, D3 = 150 deg, D4 = 135 deg)

The reasons for the differences between the two lifting systems are sum-
marized as follows:

1. The response amplitudes at resonance are higher for the MP than for
the jacket due to larger excitation force with larger dimension and
lower quadratic damping of the MP.

2. The fluid kinematics in disturbed waves on the MP are much lower
than the values on the jacket members because of the large footprint
of the jacket structure.
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3. The eigenvalues of the two systems are different for the rigging system
selected in this study. For the MP system, the rotational natural
periods are in the short wave ranges so that the resonant motions can
be greatly reduced by the shielding effects. While for the jacket, all
the natural periods are coupled with the vessel and in relatively long
wave range, which makes the shielding effects less important.

3.2.5 Shielding effects in short-crested waves

Wind-generated seas in real sea conditions involve short-crested waves (Goda,
2010; Chakrabarti, 1987). The directional spreading of wave energy may
give rise to forces and motions which are different from those corresponding
to long-crested waves. DNV (2014c) recommends to check “whether long
crested or short crested sea is conservative for the analysis concerned”. Li
et al. (2016a) (Paper 3 ) evaluated the influence of the short-crestedness
when including the shielding effects from the HLV on the responses of the
MP lowering system.

The sea state is commonly represented by a wave spectrum as

S(ω, θ) = S(ω)D(ω, θ) (3.3)
∫ π

−π
D(ω, θ)dθ = 1 (3.4)

The frequency dependence of the directional function is often neglected,
that is, D(ω, θ) = D(θ). One of the most widely used D(θ) is the cosine
power function given as (DNV, 2010)

D(θ) =

{
C(n)cosn(θ − θ0) |θ − θ0| ≤ π/2

0 |θ − θ0| > π/2
(3.5)

where θ0 is the main wave direction about which the angular distribution is
centred. The parameter n is a spreading index describing the degree of wave
short-crestedness, with n→∞ representing a long-crested wave field. C(n)
is a normalizing constant ensuring that Equation (3.4) is satisfied. Typical
values for the spreading index for wind generated sea are n = 2 to 4. Due to
the fact that lifting operations are usually carried out in relatively low sea
states, the spreading of the waves can be significant especially for floating
structures.

For long-crested waves, the Fourier transform of the kinematics of the
disturbed wave can be calculated based on Equation (3.2). For a wave
direction θ0, it results:

Y (ω, θ0) = H(ω, θ0) ·X(ω) (3.6)
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For short-crested waves, the incident wave realization includes different
wave direction components and is generated from the two-dimensional wave
spectrum from Equation (3.3). The Fourier transform of the incident wave
at various directions X(ω, θ) can be obtained. Thus, the disturbed fluid
kinematics for direction θ0 become

Y (ω, θ0) =

{∫ θ2

θ1

H(ω, θ) ·X(ω, θ)dθ

}
(3.7)

where θ1 and θ2 are the limits for the directions. Using Equation (3.1) and
(3.7), the excitation forces on the MP account for both shielding effects
and short-crestedness of the waves and can be applied for the nonstationary
lowering process.
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Figure 3.9: RAOs of fluid X-velocities at two wave frequencies in incident
and disturbed waves with and without spreading

Figure 3.9 shows an example of the RAOs of fluid particle X-velocity
near the MP in incident and disturbed waves. When only long-crested
waves are considered, the differences between the RAOs in incident and
disturbed waves are significant. However, these differences can be reduced
considerably when including the wave spreading. For example, the RAOs of
X-velocity at T = 5 sec near 180 deg direction in disturbed waves are close
to those in incident waves with spreading index n = 2. This is because the
spreading function averages the low RAOs in the leeward side of the vessel
and the large RAO values in the windward side.

The approach proposed to consider shielding effects from the HLV in Sec.
3.2.2 was extended and applied in short-crested waves in Li et al. (2016a) and
time-domain simulations were carried out. Figure 3.10 compares the STDs
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of the MP tip motions in incident waves with those in disturbed waves with
and without wave spreading, respectively. For both cases, it is observed the
shielding effects reduce the responses significantly in short waves and the
reduction decreases when increasing the wave length. The shielding effects
are more pronounced in long-crested waves than in short-crested waves.
Besides, the differences between responses at different headings are much
smaller in short-crested waves than in long-crested waves as the spreading
of the wave energy over neighbour directions averages the shielding effects.
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Figure 3.10: STDs of MP tip motions in incident and disturbed waves with
and without wave spreading (Hs = 2.0 m, for each Tp the directions from
left to right are D1 = 180 deg, D2 = 165 deg, D3 = 150 deg, D4 = 135 deg)

In both long and short-crested cases, the most suitable heading angle is
observed close to quartering seas in short waves and it moves towards to
heading seas with increasing wave length. However, the responses at the
most suitable heading angles in long-crested waves are always lower than
those in short-crested waves. Thus, the wave spreading should be considered
to avoid non-conservative results. The influence from wave spreading is
expected to be less when using higher spreading indexes.
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3.3 Radiation damping effects from the MP

3.3.1 Methodology to consider radiation damping on the
MP for nonstationary lowering process

As pointed out, Morison’s formula is based on the slender body assumption
when the effects of diffraction and radiation are insignificant. However,
with the increased diameter of an offshore MP, the applicability of Morison’s
formula becomes questionable, especially in relatively short wave conditions.
In such cases, the diffraction and radiation of the MP can be important.
Li et al. (2015c) (Paper 4 ) studied the effects of radiation damping on the
responses of the MP lowering system. First, a method was proposed to study
the responses with a fixed draft by using Morison’s equation and including
the radiation damping. Because the goal is to calculate the non-stationary
lowering process, time-domain simulations are required. Potential theory
provides the frequency-dependent added mass and damping coefficients, and
the retardation function is computed using a transform of the frequency-
dependent added mass and damping to be used in the time domain, with
reference to the following equation

h(τ) =
2

π

∫ ∞

0
c(ω)cos(ωτ)dω = − 2

π

∫ ∞

0
ωa(ω)sin(ωτ)dω (3.8)

The frequency-dependent added mass a(ω) and damping c(ω) can also
be derived from the retardation function:

a(ω) = − 1

ω

∫ ∞

0
h(τ)sin(ωτ)dτ

c(ω) =

∫ ∞

0
h(τ)cos(ωτ)dτ

(3.9)

In the numerical program, frequency dependent damping is used for cal-
culating the retardation functions. The radiation force in the time-domain
is thus formulated as a convolution integral formulation representing the
memory effects (Cummins, 1962).

The retardation forces on the MP corresponding to a given draft in
the time-domain simulations are added to the equations of motion, i.e.,
Equation (2.3). If one discretises the retardation function into (N + 1)
values with a time interval ∆τ , the radiation force term, FS

RF (t), in the
steady-state (fixed draft) condition can be written as follows:

FS
RF (t) =

∫ t

0
h(τ)ẋr(t− τ)dτ =

N∑

n=0

h(n ·∆τ) · ẋr(t− n ·∆τ) ·∆τ (3.10)
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The retardation function h only depends on the time variable τ in the
steady-state condition. ẋr is the velocity of the structure at the reference
point, which is located on the mean free surface. This radiation term needs
to be calculated at each time step during the time-domain simulation.

The proposed method using Morison’s equation and retardation func-
tion was abbreviated as ME +RT , and compared with the one only using
Morion’s equation, ME − only and the one using potential theory plus
viscous damping PT + viscous in the steady-state condition. Figure 3.11
shows an example of the comparison with a fixed crane tip. It is observed
ME − only overestimates the responses at the resonant frequency greatly.
By adding radiation damping using ME+RT , the responses are consistent
with those from using potential theory. The results show the importance of
radiation damping for the studied lifting system, and the method ME+RT
is validated with PT + viscous.
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Figure 3.11: Response spectra of MP in irregular waves for Hs = 2.0 m, Tp
= 8 sec, Dir = 0 deg (fixed crane tip, integrated up to z = 0 m)

Although the lowering operation is a non-stationary process, by assum-
ing a small lowering speed, the entire lowering process can be divided into
stepwise steady-state conditions. Thus, the parameters from each steady-
state condition can be applied to the non-stationary process. The retar-
dation function in this situation depends on both τ and the draft of the
structure, d. The reference point of the retardation function is always lo-
cated on the mean free surface in the global coordinate system, but changes
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in the body-fixed coordinate due to the change of draft. Therefore, the
retardation convolution term in the time-domain equation for the steady-
state condition, Equation (3.10), must be modified to represent the memory
effects in the non-stationary process as follows:

FT
RF (t) =

∫ t

0
h(d, τ)ẋr(d, t− τ)dτ

=

N∑

n=0

hd(t−n·∆τ)
(n ·∆τ) · ẋrd(t−n·∆τ)

(t− n ·∆τ) ·∆τ
(3.11)

where d(t−n·∆τ) is the draft at the time instant (t−n ·∆τ); hd(t−n·∆τ)
is the

retardation variable at draft d(t−n·∆τ); and ẋrd(t−n·∆τ)
is the velocity of the

reference point when the draft is equal to d(t−n·∆τ).
In the time-domain simulation, the retardation functions at several drafts

along the MP were pre-calculated based on the panel method. Linear inter-
polations are subsequently applied between retardation functions at those
pre-calculated drafts to obtain the retardation variable, hd(t−n·∆τ)

, in Equa-
tion (3.11) at any draft during the lowering process. The interpolation of
the retardation functions in the time-domain is equivalent to the interpola-
tion of the frequency-dependent coefficients between different drafts. The
proposed method is based on the following assumptions:

(1) The lowering speed of the MP needs to be small, and the stepwise
steady-state conditions can be used to represent the continuous low-
ering process.

(2) The retardation function for the structure should decay rapidly such
that the system will only ‘remember’ the effects within a small change
of the draft, in this manner the assumption is consistent with the
assumption of the stepwise steady-state condition.

(3) Linear interpolation of the retardation functions at pre-defined drafts
can be applied to calculate the values at instantaneous drafts.

The winch speed for the lowering system was 0.05 m/s, and it takes 20 sec
to increase the draft by 1 m, which is equivalent to approximately four cycles
with a wave period of 5 sec. Thus, assumption (1) can be deemed reasonable
because the change in the draft is sufficiently slow to represent the entire
lowering process as stepwise steady-state conditions. It was observed that
the retardation function approached zero after 10 sec. Thus, the system
would only ‘remember’ the effects within 10 sec which corresponds to a draft
change of 0.5 m. To validate assumption (3), the interpolated retardation
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function at a draft of 7 m from drafts of 5 m and 10 m is for instance
compared with the values directly obtained from panel method (see Figure
3.12). A good agreement between the two curves is observed.

0 2 4 6 8 10
−100

0

100

200

R
11

 

 
panel method
interpolation

0 2 4 6 8 10
−400

−200

0

200

R
15

0 2 4 6 8 10
−500

0

500

1000

R
55

Figure 3.12: Comparison of the retardation functions at a draft of 7 m

The forces on the MP were calculated using the external DLL to account
for the changing draft radiation forces. Second-order forces on the monopile
were included by accounting for the effects associated with the instantaneous
free surface and body positions.

3.3.2 Effect from the radiation damping of the MP

Detailed comparisons of responses from the lowering system with and with-
out radiation damping of the monopile can be found in Li et al. (2015c).
Figure 3.13 shows the response spectra in the steady-state condition after
the lowering phase. The peaks of MP rotational motions are greatly re-
duced when accounting for the radiation damping, while the vessel-induced
responses in long waves are minimally affected. Although little radiation
damping exists at the pendulum natural frequency, the responses at the
pendulum resonant frequency are still affected in short waves, see Figure
3.13 at Tp = 5 sec. Because the pendulum motions are excited by the
second-order forces due to the effects from instantaneous free surface and
body motions, they are reduced when the first-order motions decrease with
the addition of the potential damping. In addition, the influences of po-
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tential damping on the total motions of the monopile are smaller compared
with the fixed crane condition because the vessel considerably affects the
monopile motions in long waves.
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Figure 3.13: Response spectra of the steady-state condition (floating vessel,
Hs = 2.5 m)

The STDs of the responses at various wave period conditions when using
the floating vessel are shown in Figure 3.14 with varying irregular wave
peak periods. The STDs are given at two resonant motions to compare
the effects of radiation damping on them. The STDs at the rotational and
pendulum resonant frequencies are compared individually by filtering the
response signals close to the resonant frequencies.

The resonant motions at the rotational natural period decrease with Tp
because the wave peak period moves away from the natural period. The
pendulum motions also decrease with Tp due to lesser second-order forces.
The differences between the methods ME − only and ME + RT are more
significant for the rotational resonant motion. The pendulum motions are
nearly the same in the two methods in long waves, whereas the rotational
resonant motions can still be greatly reduced.



50
Dynamic analysis of monopile lowering and initial hammering

processes

5 6  7 8  9 10  11 12
0

0.2

0.4

0.6

0.8

1

T
p
 [s]

su
rg

e 
[m

]

 

 
ME−only
ME+RT

5 6  7 8  9 10  11 12
0

0.5

1

1.5

2

2.5

3

3.5

T
p
 [s]

 p
itc

h 
[d

eg
] 

(a)

5 6  7 8  9 10  11 12
0

0.2

0.4

0.6

0.8

T
p
 [s]

su
rg

e 
[m

]

 

 
ME−only
ME+RT

5 6  7 8  9 10  11 12
0

0.2

0.4

0.6

0.8

T
p
 [s]

 p
itc

h 
[d

eg
] 

(b)

Figure 3.14: STDs of the responses in the steady-state condition using the
floating vessel (Hs = 2.5 m, Dir = 0 deg): (a) rotational resonant motion;
(b) pendulum resonant motion

3.4 Dynamic responses during the initial hammer-
ing process

3.4.1 Dynamic responses with various MP penetrations

Five penetration depths of the MP in seabed were considered, i.e., 2 m, 4
m, 6 m, 8 m, and 10 m, to study the responses of the MP in different stages
during the initial hammering process in Li et al. (2016c) (Paper 6 ). The
condition with HLV free floating was also included for comparison against
the coupled HLV-MP dynamic responses at various loading conditions. The
dynamic responses from the time-domain simulations include the motions
of the HLV-MP system, and forces from the coupling in the gripper, the
mooring lines of the HLV as well as the soil-MP interaction.

Figure 3.15 compares the responses of the HLV in free floating condition
(HLV − only) and the HLV coupled with the MP at different penetration
depths. This figure displays the standard deviations (STD) of the HLV
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Figure 3.15: STDs of HLV motions at different MP penetration depths
(pene) and wave conditions from 3-hour time-domain simulations (Hs =
1.5 m, Dir = 150 deg)
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motions in 6 DOFs with respect to its COG. The responses at different
wave peak periods show different trends when the penetration of the MP
changes. In general, the motions of the HLV in the vertical plane (heave,
roll and pitch) change little at different penetration depths. The roll motion
decreases slightly with increasing MP penetrations because of the increase
of restoring stiffness as contributed from the soil-MP interaction. On the
other hand, the motions in the horizontal plane (surge, sway and yaw) show
large variations for different loading conditions. In short waves, the surge
and sway motions decrease rapidly with increasing penetrations. However,
in long waves the motions first decrease and then increase for larger depths
(8 m and 10 m). By studying the response spectra in Li et al. (2016c), it
was observed the horizontal motions were dominated by the second-order
motions in short waves and in long waves with shallow penetration depth,
and the motions decreased with penetration depth due to large soil resis-
tance. The first-order resonant motions began to dominate the responses
in deeper penetrations. Because the natural periods decrease at large pene-
tration depth and approach to the wave period in long waves, the responses
increase in those conditions.
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Figure 3.16: STDs of MP inclinations and contact forces on one hydraulic
cylinder at different MP penetration depths (pene) and wave conditions from
3-hour time-domain simulations (Hs = 1.5 m, Dir = 150 deg )

Similarly, the responses of the MP inclination vary greatly with the MP
penetration as observed in Figure 3.16. The first row in Figure 3.16 shows
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the STDs of the MP inclination and the second row shows the STDs of the
individual hydraulic cylinder contact force. Since the contact force between
the hydraulic cylinders and the HLV is always dominated by first-order
resonant motion, it increases with penetration depth in all wave period
range.

3.4.2 Sensitivity study on the soil properties

Sensitivity studies were performed using three soil properties to compare
the responses of the coupled MP hammering system. The chosen soil prop-
erties covered most of the sandy soils for shallow penetrations. The stiffness
of the distributed springs Kp−y, Tz, Kq−z and Kshear as shown in Figure
2.6 increases from soft soil to hard soil. Dynamic analysis of the HLV-
MP-soil system were performed in different sea states with MP at various
penetrations.

Figure 3.17 displays the relation between the maximum individual cylin-
der contact force versus the maximum MP inclination, which were found to
be the critical responses for the hammering operation. The results using
different soil properties with MP at various penetrations are included in the
same figure. The procedure followed for calculation of the maximum values
is explained in Li et al. (2016c).
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Figure 3.17: Extreme cylinder force in 3 hours versus MP maximum in-
clination in 10 min for different sea states and soil properties at different
penetrations

For a given soil property, Figure 3.17 shows that the contact force and
the MP inclination at different MP penetrations follow a trend. It can
be observed that for both sea states, the contact force increases while the



54
Dynamic analysis of monopile lowering and initial hammering

processes

MP inclination decreases in deeper seabed penetrations. For different soil
types, the force-inclination relation follows the same trend. Although the
maximum forces for Hs = 1.6 m, Tp = 8 sec scatter more at higher pen-
etrations, the results show good consistency in the force-inclination trend
and therefore in the dynamic system behaviour. Thus, it is evident that the
force-inclination relation is not sensitive to the soil properties. For a given
allowable limit of the contact force, the MP inclination for different soils are
the same, but the penetration depths corresponding to this allowable limit
are different - it is deeper in soft soil than in hard soil. Thus, it is sufficient
to use representative soil properties to evaluate the operational limits.



Chapter 4

Assessment of operational
limits for monopile
installation

4.1 Overview

The operational limits are established from modelling and analysis of ma-
rine operations. The limits can be expressed in terms of environmental
conditions (sea state, wind, current) or motions that could be monitored
on-board the installation vessels before executing the operation.

The operational limits depend on the type of operation and the property
of the dynamic system, and they are important for planning the operations
as shown in Figure 1.8. The operational limits can be used to improve
the system performance, i.e. to select vessels and equipment, to optimize
the procedure and to propose contingency or mitigation actions. They can
also be used together with the weather forecasts to help on-board decision
making. Traditionally, operational limits have relied mostly on practical
marine operation experiences (Nielsen, 2007). However, for operations with
strict requirements and new kinds of operations there is a stronger need to
quantify responses (forces, motions) and corresponding operational limits.
A systematic method to establish the operational limits is thus required.

A few studies have been published on establishing operational limits.
Clauss and Riekert (1990) presented a summary of operational limits in
terms of Hs and floating vessel motion responses based on experience from
projects in the North Sea. Cozijn et al. (2008) derived the operational
limits for lifting operations of a module using a floating semi-submersible
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crane onto a floating vessel based on numerical analysis, model tests and
measurements from the actual offshore installation. Matter et al. (2005) de-
rived the operational limits in terms of Hs and Tp for a drilling jack-up unit
for the deployment and retrieval phase. The allowable limits corresponding
to allowable stress in the spud cans, legs and pinions were derived from
structural analysis. The allowable stresses were then transformed into the
motions of the vessel and the sea state parameters. Ringsberg et al. (2015)
obtained the allowable sea states for a jack-up deployment operation by di-
rectly comparing the allowable forces on the spud can and the characteristic
responses of the impact forces from a coupled dynamic analysis.

The above studies showed the importance of obtaining operational lim-
its in the planning phase. The approach to derive the limits for different
operations has been improved from using past project experience to more
comprehensive numerical studies or/and model tests. Besides, there has
been a significant step forward from using Hs as the only parameter for
operational limits towards using both Hs and Tp, and towards using the
motions which can be monitored (Berg et al., 2015).

However, the previous studies mainly focused on a specific operation
with known criteria and critical events that limit the operations. For many
non-transitional operations, the critical events that may jeopardize the whole
operation and the corresponding parameters to describe these events (limit-
ing parameters) are unknown. Therefore, it is essential to develop a method-
ology to firstly identify the the critical events and corresponding limiting
parameters and then establish the operational limits based on relevant safety
criteria.

In this chapter, a systematic method to derive the operational limits
combining the operational procedure, numerical analysis and safety criteria
is proposed. The operational limits in terms of allowable sea states for the
monopile lowering and initial hammering operations are then obtained using
this method.

4.2 Definition of terms

In this section, the terms required for development of the methodology to
assess the operational limits for marine operations are briefly defined as
follows:

Critical events: the events which may jeopardize the operation (e.g., struc-
tural failure).

Limiting parameters: the parameters used to describe the critical events
and limit the operation (e.g., wire tension can be used as a limiting param-
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eter for wire breakage).
Allowable limits: the limits representing the threshold values for limiting
parameters.
Operational limits: the limits used to support the decision-making for
marine operations, these can be expressed in terms of allowable sea states
or allowable motions.

4.3 Methodology for assessing operational limits

The methodology to identify critical events and corresponding limiting pa-
rameters as well as to establish the operational limits for a governing instal-
lation activity is described in the following steps and illustrated in Figure
4.1.

Figure 4.1: General methodology to establish the operational limits

1. Identification of potentially critical events. Based on the op-
erational procedure, a preliminary selection of activities which could lead
to critical events is required. The preliminary selection requires qualitative
risk assessment of the operation and can be based on experience, guidelines
and reviewing of relevant operations.

2. Numerical modelling of operational activities. Numerical
models are required to simulate these activities and evaluate the dynamic
responses. A quantitative assessment of the dynamic responses under rea-
sonable environmental conditions will indicate which parameters may reach
high levels and thus limit the operation. One activity may contain several
critical events and corresponding dynamic responses.
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3. Identification of critical events and limiting parameters.
Following the assessment of the dynamic responses, the ones governing each
offshore activity and leading to failure events are identified. The governing
dynamic responses are defined as limiting parameters.

4. Calculation of characteristic dynamic responses. Once the
limiting parameter is identified, a characteristic value of its dynamic re-
sponse needs to be calculated. For temporary design conditions, e.g. in-
stallation, the calculation of the characteristic loads should be based on
practical requirements, e.g., the duration of the installation and the conse-
quences associated with the failure events.

5. Evaluation of the allowable limits for the limiting param-
eters. The allowable limits need to be specified based on safety criteria.
They are chosen to avoid failure during the marine operations due to large
structural loads and the exceedance of specified installation requirements.
Some allowable limits are given explicitly and are available for elements
such as slings and wire ropes, crane capacity and mating gaps for float-over
operations, etc. However, for events related to structural failure, the limits
may not be available, and structural damage criteria are therefore required.
Allowable limits can be provided in terms of impact velocities and con-
tributing masses. Normally, structural analysis or finite element modelling
is required to provide the allowable limits.

6. Assessment of the operational limits. By comparing the char-
acteristic dynamic responses, S and their allowable limits, Sallow for all
possible sea states, the ones complying with S ≤ Sallow correspond to the
allowable sea states. These sea states can be transformed into allowable
motion responses. In general both the allowable sea states and responses
are known as operational limits.

4.4 Allowable sea states for the MP lowering pro-
cess

By applying the methodology proposed above, the allowable sea states for
MP lowering process are assessed.

4.4.1 Critical events and corresponding limiting parameters

The potentially critical events that can jeopardize the MP lowering process
are as follows.r Lift wire breakage. The tension in the lifting wires (limiting pa-

rameter) should never exceed the maximum working load of the wire.
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Slack wires followed by snap forces should be avoided.r Large MP tip displacement before landing. The motions of
the monopile, particularly its rotations and the displacements of its
end tip, affect the landing position. Large excursion of the MP tip
may exceed the installation requirement. Moreover, the correction of
the large inclination angle before hammering starts may exceed the
capability of the hydraulic cylinders due to limited stroke length.r Failure of the hydraulic system in the gripper device. The
exceedance of the allowable forces on the system will result in a hy-
draulic system failure. The failure will not only stop the operation but
may also pollute the environment if leakage of hydraulic fluid occurs.

For the selected installation set-up, the main lift wire tension is stable
and no snap loads occur under reasonable environmental conditions from
time-domain simulations. The installed position of the MP can vary from
the target designed position in a relatively large range (around 2 m), which
exceeds the motions of the MP in the operational sea states. In addition,
the inclination angle after landing can be adjusted by moving the HLV using
mooring lines and thus not considered as critical.

Thus, for the lowering phase of the MP, only the failure of the hydraulic
system in the gripper device is considered as a critical event for determining
the allowable sea states. The corresponding limiting parameter is taken as
the relative motion between the MP and HLV at the gripper position and
the allowable limit is the initial gap between them. Due to large stiffness
of the hydraulic cylinders, impact forces occur when the relative motion
exceeds the allowable gap. Based on the dimension of the MP and the
most common designs for the hydraulic cylinders used in the industry, the
allowable gap is chosen as 1 m. Therefore, the sea states which result in
relative motions at the gripper position larger than this allowable limit are
unacceptable. This criterion is used to find the allowable sea states for MP
lowering operation.

4.4.2 Sensitivity of the allowable sea states to numerical
methods

From time-domain simulations, the relative motions between the HLV and
the MP at the gripper level are quantified. By comparing the relative mo-
tions with the allowable limit, the allowable sea states are established.

Case studies were performed in Li et al. (2016b) (Paper 5 ) to study the
influence of different numerical approaches on the allowable sea states. The
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factors include the wave spreading described in Sec. 3.2.5, shielding effects
described in Sec. 3.2.2, MP radiation damping described in Sec. 3.3 and the
nonstationarity of the process. Five cases are defined in Table 4.1 for the
MP lowering analysis. Among those, case 1 accounts for all the factors that
might affect the response of the system and represents the most accurate
numerical method, while the other cases neglect one or two factors in order
to study the influence of each factor.

Table 4.1: Factors for case study in the time-domain simulations

Factors A B C D
wave spreading shielding effects MP radiation Nonstationary

(1) long-crested incident wave no radiation
damping

steady-state
simulation

(2) short-crested disturbed wave radiation
damping

lowering
simulation

Simulation Cases HLV - MP lowering system

Case 1 (A2B2C2D2) (2) (2) (2) (2)
Case 2 (A1B2C2D2) (1) (2) (2) (2)
Case 3 (A2B1C1D2) (2) (1) (1) (2)
Case 4 (A2B2C1D2) (2) (2) (1) (2)
Case 5 (A2B2C2D1) (2) (2) (2) (1)

The spreading index n = 3 (see Equation (3.5)) was applied for the cases
considering short-crested waves. For the steady-state analysis, the critical
draft of the MP was found from the nonstationary lowering simulation, and
twenty simulations were carried out for each sea state. The same simulation
length as the nonstationary simulations was applied, and the maximum
relative motions were used to determine the allowable sea states for the
steady-state simulation.

Figure 4.2(a) compares the allowable sea states using different hydrody-
namic modelling approaches. Case 3 neglects the hydrodynamic interactions
between the HLV and MP (both shielding effects and radiation damping)
and thus overestimates the responses in short waves significantly, see Figure
3.5. Case 4 only neglects the MP radiation damping and also overestimates
the responses in short waves as shown in Figure 3.14. Thus, both cases
underestimate the Hs values in short waves, and shielding effects are found
to be more significant than the radiation damping effects. These effects can
be ignored for wave period larger than 10 sec when assessing the allowable
sea states.

Figure 4.2(b) displays the allowable sea states using long- and short-
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created waves. For wave period less than 12 sec, the long-crested assumption
greatly overestimates the allowable Hs values. As mentioned, the shielding
effects are significant in short waves, however, the spreading of the waves
averages the low wave kinematics in the leeward side of the vessel and the
high values in the windward side, see Figure 3.9. Thus, the MP experiences
less shielding effects from the HLV for the same heading angles in short-
crested waves than in long-crested waves. In longer waves, the shielding
effects are minor. However, the spreading of the waves increase the vessel
motions in the transverse direction, and results in lower allowable sea states
in short-crested waves.
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Figure 4.2: Allowable sea states for MP lowering operation using different
numerical approaches

From nonstationary lowering simulations at various sea states, the most
critical MP draft was found to be very shallow (around 2 to 3 m). Steady-
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state simulations at the most critical drafts were performed and the corre-
sponding allowable sea states are compared with those from the nonstation-
ary lowering simulations in Figure 4.2(c). A considerable reduction of the
allowable Hs value can be observed for almost all Tp conditions. The reduc-
tion appears to be more significant in shorter waves due to the resonance
motions are excited in steady-state analysis. Although the steady-state
analysis provide conservative results, it may greatly increase the waiting
time, and consequently the cost during the operation.

4.4.3 Sensitivity of the allowable sea states to vessel heading

Because the shielding effects and the vessel motions are sensitive to the
wave direction, three heading angles of the HLV are applied in the time-
domain simulation, i.e., 150 deg, 165 deg and 180 deg. Figure 4.3 shows
the allowable sea states for case 1 with different heading angles, and the
maximum sea states for each Tp values are also shown in circles. One can
observe that the system prefers 150 deg in short waves with Tp less than
7 sec. The most proper heading moves to 165 deg and then to heading
seas in long waves. This is because the shielding effects from the HLV are
stronger when the MP is close to quartering seas in short waves. In long
waves, the shielding effects are minor, but the motions of the vessel increase
greatly when the heading moves away from the heading seas because of the
increasing transverse motions caused by short-crested waves.

4 6 8 10 12 14
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Tp [sec]

H
s 

[m
]

 

 
case1−180deg
case1−165deg
case1−150deg
case1−optimum

Figure 4.3: Comparison on allowable sea states for case 1 with different
heading angles
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Li et al. (2016b) also presented the most preferable heading angles which
give the maximum allowable Hs values for cases 1 to 3. Cases 1 and 2
showed similar trends, but case 3 resulted in different angles in short waves.
This is because case 3 excludes the shielding effects from the HLV and the
most suitable headings are always close to the heading seas to avoid large
transverse motions of the vessel. Thus, the most preferable headings are
affected by the approach applied in the numerical analysis.

4.4.4 Operability analysis on the MP lowering process

Li et al. (2016b) (Paper 5 ) compared the influence of different factors in the
numerical approach on the operability of the MP lowering process. The 10-
year wave data from April to September at the North Sea Centre (Li et al.,
2015b) was used for the operability analysis. Assuming the MP lowering
operation lasts for one hour, the corresponding operability for different cases
are calculated for this site using the derived allowable sea states in Figure
4.2. Table 4.2 presents the operability for different cases using the most
preferable headings as well as the results from case 1 using various headings.
The absolute errors of the operability for different cases are also shown with
respect to case 1 which is considered to be the most accurate numerical
model.

Table 4.2: Operability for MP lowering at North Sea Center in the period
from April to September using different methods and heading angles

Method Calculated Operability absolute error
w.r.t Case 1 (%)

Case 1 (A2B2C2D2) 57.5% /
Case 2 (A1B2C2D2) 72.8% 15.3%
Case 3 (A2B1C1D2) 28.2% -29.3%
Case 4 (A2B2C1D2) 50.3% -7.2%
Case 5 (A2B2C2D1) 33.4% -24.1%

Case 1 (best headings) 57.5% /
Case 1 (180 deg) 49.2% -8.3%
Case 1 (165 deg) 52.0% -5.5%
Case 1 (150 deg) 55.1% -2.4%

The results show that using long-crested waves overestimates the oper-
ability while the other three cases provide conservative results. The values
in the table indicate the importance of each factor in the numerical method.
For the studied scenario, the shielding effects are the most important factor,
following by the nonstationary analysis approach and the wave spreading.
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Although the MP radiation damping is less important than the other fac-
tors, the exclusion of the radiation damping underestimates the operability
by around 7% for this site.

The comparison of the operability using three headings with the most
preferable headings for case 1 shows that it is possible to increase the oper-
ability by varying the heading of the HLV in different sea states. Because the
sea states in the North Sea Center from April to September are dominated
by short waves with Tp less than 8 sec, 150 deg heading gives the largest
operability compared with the other two headings due to the advantages of
shielding effects from the HLV. However, the system may experience strong
motions in long and short-crested waves with 150 deg heading.

4.5 Allowable sea states for MP initial hammering
process

Li et al. (2016c) (Paper 6 ) proposed a methodology to assess the allowable
sea states for the MP initial hammering process for use during the planning
of the operation.

4.5.1 Operational procedure for MP hammering

The commonly applied hammering procedure is shown in Figure 4.4. The
lowering process is assumed to have been completed and the hydraulic cylin-
ders in the gripper have been connected to the MP.

After the lowering process, the initial mean inclination of the MP is mea-
sured and corrected by changing the stroke length of the hydraulic cylinders.
Once the mean inclination is corrected, a pre-compression force is applied
on the cylinder rod and the hammer blows initiate and drive the MP to
deeper penetration. Due to the coupled HLV-MP motions in waves, the
time interval elapsed between the previous inclination correction and the
end of the hammer blows allows the gripper to move to another position.
The hammer blows then create a new MP inclination which depends on the
motions of the system and the length of the time interval after the correc-
tion. After each group of hammering blows, correction of the mean MP
inclination is required to avoid cumulative inclination angle errors prior to
the next hammering.

Due to the high resistance from the soil, the hydraulic cylinders can not
correct the mean inclination of the MP themselves at a certain penetration
depth. However, it is possible to apply the available thruster forces and
change the mooring line length. These external forces can change the mean
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position of the vessel and they are transferred to the hydraulic cylinders
which correct the mean inclination of the MP. When the MP is driven deep
enough into the soil, its inclination cannot be corrected due to high soil
resistance. The hydraulic rods are retracted. The MP is then driven to
its final penetration. The inclination of the MP before retracting the rods
determines the final inclination of MP since no corrections can be applied
afterwards.

The hammering 

process is initiated

Place the hammer on 

top of MP

Pre-compress the hydraulic 

cylinders; Hammer a few 

number of blows

Retract the hydraulic 

cylinders and drive MP to 

final penetration

Can the MP 

inclination still 

be corrected 

by gripper?

NO

YES

Measure MP 

inclination

Correct MP inclination 

using hydraulic cylinders

Initial hammering 

process

Is MP 

inclination 

within the 

tolerance?

YES

Correct MP inclination 

using thrusters or (and) 

mooring lines

NO

Figure 4.4: Flowchart of the MP hammering procedure

The initial hammering process is shown in Figure 4.4 which includes the
hammering-measuring-correcting activities before retracting the rods of the
hydraulic cylinders. This section focuses on the initial hammering process.

4.5.2 Critical events and limiting parameters

The possible critical events and limiting parameters from the initial ham-
mering process that may lead to an unsuccessful operation are summarized
as follows.
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r Failure of the hydraulic system. The extreme force on the hy-
draulic system may exceed the allowable values. These forces include
the dynamic component due to HLV-MP dynamic motions and the
correction force which is required to correct the mean inclination of
the MP. The exceedance of the allowable forces on the system will
result in a hydraulic system failure and it is a critical event which
will delay the entire operation and may also pollute the environment.
The corresponding limiting parameter is the total force on individual
hydraulic cylinder.r Insufficient thruster and mooring line forces available. The
thruster and mooring lines may not provide sufficient forces during the
final correction of the MP’s mean inclination. The limiting parameter
is thus the available correction force.r Unacceptable MP inclination. MP inclination may exceed the al-
lowable limit and result in an unsuccessful installation, and the typical
values are below 1◦ (Strandgaard and Vandenbulcke, 2002). The max-
imum inclination of the MP before retracting the hydraulic cylinders
determines the final inclination of the MP. This event is not critical
but restrictive for the installation requirement and its limiting param-
eter is the MP inclination due to the coupled HLV-MP motions.

In Li et al. (2016c) (Paper 6 ), the thruster and mooring line capacity
was assumed to be sufficient during the hammering phase. From numerical
studies on the dynamic responses of the coupled system, i.e., Sec. 3.4, it
was found that the MP can reach unacceptable inclination angles during
normal operational conditions, and the cylinder contact forces may exceed
the allowable working limits. Thus, both MP inclination and cylinder con-
tact force are considered to be limiting parameters for the initial hammering
process.

4.5.3 Methodology to assess the allowable sea states

The initial hammering process is completed when the thrusters and the
hydraulic cylinders cannot correct the inclination of the MP. The allowable
sea states must ensure that the hydraulic system is intact and MP inclination
is acceptable at this installation stage. Li et al. (2016c) (Paper 6 ) defined
two “critical penetration depths”: dc1,the penetration depth at which the
MP can stand alone in the soil without any support from the vessel; dc2,
the penetration depth at which the hydraulic cylinders and thrusters are
not able to correct the MP inclination.
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Figure 4.5: Methodology to find the allowable sea states for the initial ham-
mering process

To ensure a safe hammering operation, it is necessary to satisfy:

dc2 ≥ dc1 (4.1)

which requires the hydraulic cylinders to be able to support the MP until
it can stand alone in the soil. As observed from the dynamic responses in
Figure 3.16, the forces on the hydraulic cylinders increase significantly with
increasing penetration depth, so it is beneficial to retract the cylinder rods
once reaching dc1. Thus, the completion of the initial hammering process is
achieved when the MP penetration depth reaches dc1. The procedure shown
in Figure 4.5 is then proposed to find the allowable sea states for the initial
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hammering process.

r For a given sea state, calculate the “critical penetration depth” dc1 for
which the MP (and the hammer on top) can stand in the soil without
any external supports from the HLV.

r The limiting criterion in the first several hammering actions is the force
on individual hydraulic cylinders. The extreme force should include
both the dynamic force due to the relative HLV-MP motions and the
one required to correct the MP from a certain mean inclination to a
zero mean value. The limiting force criterion should be checked for
each penetration depth less than dc1 to make sure the operation is
acceptable for the following activities. If the requirement fails at any
penetration, the input sea state is considered “unacceptable”, and a
lower sea state should be selected and evaluated.

r When reaching dc1, the hydraulic cylinder rods are about to be re-
tracted. If both the dynamic cylinder forces and MP’s inclination at
dc1 are within the limits, the given sea state is acceptable without any
further correction of the MP inclination. On the other hand, if the MP
inclination exceeds the allowable value, a last correction is required.
Thus, the total correction and dynamic force on the hydraulic rods are
calculated and it is acceptable if the total force is below the allowable
value.

4.5.4 Allowable sea states for initial hammering process

Based on the proposed procedure, the allowable sea states for a given in-
stallation site can be derived in the planning phase of the operation. The
characteristic values of the limiting parameters, i.e., the cylinder contact
force and the MP inclination were obtained based on numerical simulations
in Li et al. (2016c). The extreme forces on the hydraulic cylinders included
the extreme dynamic force and the correction force. The extreme dynamic
force was calculated as the maximum value in three hours, corresponding to
a probability of exceedance of around 10−4 (DNV, 2011b) and was obtained
from the steady-state time domain simulations using the empirical mean
upcrossing rates (Naess, 1984a,b; Naess et al., 2007).

The correction force was calculated from quasi-static analysis by mod-
elling this process without waves, and the detailed analysis can be found
in Li et al. (2016c) (Paper 6 ). The mean inclination to be corrected af-
ter each hammering activity was taken as the maximum inclination over
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10 min corresponding to the duration for the measurement and correction
activities.

The allowable limits for the extreme hydraulic cylinder forces were se-
lected based on common designs used in the industry. The allowable MP
inclination was chosen as 0.5◦. Based on the proposed procedure in Figure
4.5, case studies were performed from which different unacceptable condi-
tions can be identified. The reasons for those cases to happen were given
and can be useful for future improvement of the installation procedure, com-
ponents design and contingency actions. It is recommended to reduce the
second order motions in short waves and to migrate the first order resonant
motions in long waves.
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Figure 4.6: Allowable sea states for MP initial hammering operation for
typical HLV headings

By assessing different wave conditions, the allowable sea states for the
initial hammering process can be obtained and are shown in Figure 4.6
corresponding to three typical installation heading angles of the HLV. As
shown here, the allowable sea states for MP hammering operation can be
predicted by applying a systematic methodology to all possible environmen-
tal conditions during the planning phase. The allowable sea states can be
used to support the on board decision-making together with the weather
forecast.
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Chapter 5

Conclusions and
recommendations for future
work

This thesis examined the installation of monopiles in particular the lowering
and the initial hammering processes. First, methods for modelling and dy-
namic analysis of each phase were studied. Based on the dynamic analysis,
the operational limits in terms of allowable sea states were assessed. The
main conclusions, original contributions, and recommendations for future
work are presented in this final chapter.

5.1 Conclusions

The main conclusions of the thesis are summarized as follows:

r A new numerical approach was developed to account for shielding
effects from the floating installation vessel for nonstationary lowering
operation of monopiles. The shielding effects reduce the responses
of the monopile lifting system significantly in short waves while the
influence decreases with wave length. The best heading angles when
considering shielding effects ranged from close to quartering seas in
short waves to heading seas in long waves. The performance using a
jack-up vessel was compared with that using the floating vessel. In
short waves, the floating vessel gives lower responses because of the
shielding effects, while jack-up vessels are recommended in long waves
to prevent the large crane motions induced by floating vessels.

71
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r Shielding effects are insignificant and can be ignored for the jacket
system because the vessel motions dominate the responses of the jacket
in both short and long waves. Short-crested waves affect the responses
in both incident and disturbed waves significantly. The spreading of
wave energy narrows down the differences between the responses in
incident and disturbed waves.r A new approach was developed to account for the monopile’s radiation
damping during the nonstationary lowering process. The inclusion of
radiation damping greatly reduced the responses at the monopile rota-
tional natural frequency. The motions induced by the crane dominate
the responses of the system in long waves and are not affected by the
radiation damping of the monopile. The radiation damping should be
considered in short waves and can be neglected in long waves when
the vessel motion dominates.r The allowable sea states for monopile lowering operations were as-
sessed. Shielding effects from the vessel are more considerable than the
radiation damping from the monopile. Assuming long-crested waves
results in dramatic overestimation of the allowable sea states in both
short and long wave conditions. Using steady-state analysis at the
most critical draft of monopile underestimates the allowable sea states
greatly compared with the nonstationary approach. Operability anal-
ysis was performed for one selected site. The exclusion of shielding
effects, wave spreading and the nonstationarity of the process result
in more than 15 % absolute error in the operability analysis. The
radiation damping of the monopile gives around 7 % absolute error.r The results for the coupled vessel-monopile system during the initial
hammering process showed that the penetration depth of the MP and
wave condition greatly influence the dynamic responses. The slowly
varying second-order motions dominate the system in short waves and
shallow penetration depths and first-order resonance motions domi-
nate in deep penetration depths. The trend of the system dynamic
behaviour is not sensitive to the soil properties, and the critical depths
for allowable cylinder contact forces depend on the soil properties.r A systematic methodology to obtain the operational limits was pro-
posed and the allowable sea states for the initial hammering process
were assessed using this methodology. The critical event for the initial
hammering process was identified to be the structural failure of the
hydraulic cylinders on the gripper, while the restrictive event was the
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unacceptable monopile inclination at the end of the initial process.
The limiting parameters are the cylinder contact force and the incli-
nation of the monopile, respectively. The proposed methodologies can
be generalized for planning of other marine operations.

5.2 Original contributions

Many issues related to monopile installation have been studied in the thesis.
The main contributions of the thesis can be summarized as follow:

• Development of a new approach to consider shielding effects from the vessel
for nonstationary processes

The approach is able to account for shielding effects from the instal-
lation vessel during nonstationary lowering or lifting operations of objects
close to the splash zone. It can be used for more complicated structures
such as jacket foundations, spools, and sub-sea templates, which can be
modelled as a collection of slender structures. The approach was developed
in an external Dynamic Library Link (DLL) which interacted with MAR-
INTEK SIMO program in the time-domain simulations. The DLL can be
adapted in other programs with an external interface (e.g., ANSYS AWQA).

• Development of a new approach to account for radiation damping of struc-
tures during nonstationary lowering operation

The approach applies for slender structures with low lowering/lifting
speeds. It interpolates the retardation functions at different drafts of the
structure to include the radiation damping for nonstationary processes. This
approach was also developed in DLL interacting with SIMO program, and
can be adapted for other programs.

• Evaluation of influences from different numerical approaches on the oper-
ability of the monopile lowering operation

The influences of different approaches were compared and quantified
when assessing the operability. The comparisons provides a basis to im-
prove numerical analysis for nonstationary lowering operation of slender
structures.

• Development of a systematic methodology for assessing operational limits
of marine operations

The methodology combines the operational procedure, numerical simu-
lations and safety criteria. The methodology was developed based on the
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monopile initial hammering operation, and can be generalized to other ma-
rine operations.

• Establishment of operational limits for monopile lowering and initial ham-
mering processes

Using the proposed methodology, the operational limits in terms of al-
lowable sea states for monopile lowering and initial hammering processes
were assessed. The results are useful for planning of the operations.

5.3 Recommendations for future work

• Further development and validation of the approach to consider shielding
effects and radiation damping for nonstationary process

The approaches developed in the thesis are based on Morison’s formula
and apply for low winch speeds. The applicability for larger diameter struc-
tures with increasing winch speeds should be studied. The validation of the
approach can be performed by comparing the results from simulations using
a numerical wave tank or from model tests.

• Further development of the numerical models and method for monopile
installation

The environmental conditions in the current numerical method only in-
clude waves, wind and currents are not considered. The wind and currents
may change the mean inclination of the monopile during the initial ham-
mering process. In addition, the soil models were simplified by distributed
non-linear springs. Thus, the numerical models and methods can be im-
proved to be more realistic and robust.

• Extension of the methodology for assessment of operational limits

The thesis only deals with the monopile lowering and hammering activ-
ities. It is necessary to assess the allowable sea states of other individual
activities and combine them to establish the operational limits of the com-
plete operation. The methodology should hence be extended to consider
different activities, sequence, and continuity.

• Design of the installation equipment based on the numerical analysis

The dynamic responses and operational limits obtained in the thesis can
be used for the local analysis and design of the equipment for MP installa-
tion, such as the gripper device. Better design of the equipment can reduce
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the risks for the equipment during installation.

• Reliability-based methodology for assessment of operational limits
When assessing the operational limits, a probabilistic approach should

be applied to take into account the uncertainties in numerical models, en-
vironmental conditions, etc. Future work can be devoted to evaluate the
uncertainties and propose reliability-based methodology to assess the oper-
ational limits.

• Optimization of the operational limits
The operational limits were established based on the identified critical

events. It is therefore important to focus on improving the procedure and
the system components related to those events to optimize the operational
limits and so as to maximize the weather window.

• Analysis of installation of turbine components
The installation of turbine components including tower, nacelle and ro-

tor assembly (RNA) are also critical and challenging operations. Analysis
of both foundation and turbine installation are helpful for planning the in-
stallation of the whole wind farm.

• Development of alternative cost-efficient installation methods
Traditional installation methods for monopiles and turbine components

require large crane vessels. More cost-efficient and safe installation methods
are urgently needed to reduce the overall costs of offshore wind farms.
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This study addresses numerical simulations of the lifting opera-
tion of a monopile for an offshore wind turbine with a focus on
the lowering process. A numerical model of the coupled system
of the monopile and vessel is established. The disturbed wave
field near the vessel is investigated and observed to be affected
by the diffraction and radiation of the vessel. The shielding ef-
fects of the vessel during the continuous lowering operation are
accounted for in this study by developing an external Dynamic
Link Library (DLL) that interacts with SIMO program in the time-
domain simulations. The DLL is implemented by interpolating
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lift wire and the contact forces in the gripper device in the
disturbed wave fields, are compared with those in incident wave
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waves. A comparison of the responses when using a floating
vessel and a jack-up vessel is also studied and can be used to
support the choice of installation vessel type.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Various support structures have been proposed for offshore wind turbines (OWTs) at different
water depths and soil conditions. With bottom-fixed OWTs, the industry prefers working with four
types of foundations: gravity-based, monopile, jacket and tripod [1]. Of these foundations, monopiles
are the most commonly used foundations in water depths up to 40 m, and it is estimated that more
than 75% of all installations are founded on monopiles [2]. A typical monopile is a long tube with a
diameter of 4e6 m. It is driven into the sea bed using a large hydraulic hammer if the soil condition is
suitable. The pile diameter is limited by the size of the available driving equipment.

The installation of a monopile generally includes the following steps:

1. Upending the monopile from a horizontal position on the vessel to a vertical position.
2. Lowering the monopile down through the wave zone to the sea bed. The hydrodynamic wave loads

induce themotions of the monopile when it passes through the wave zone. The monopile should be
precisely landed at the designated point on the sea bed.

3. Driving the monopile into the sea bed with a hydraulic hammer.

This study focuses on the second step, i.e. the process of lowering the monopile.
Lifting operations are the most common means of installing monopiles and of many other offshore

structures. Numerical studies have been commonly used to estimate the response characteristics of
offshore lifting operations, including the installation of sub-sea templates [3], suction anchors [4],
foundations and topsides of platforms, wind turbine components [5] and so on. A few experimental
studies have also been conducted to obtain accurate hydrodynamic coefficients, e.g., the hydrodynamic
mass and damping of ventilated piles [6], or to tune the critical parameters for numerical models, e.g.,
the damping or stiffness level of important support structures in the lifting system [7].

In lifting operations with objects (e.g., monopiles) lowered from air into the splash zone and to-
wards the sea bed, the dynamic features of the system change continuously. A process dominated by
transient or highly non-linear responses must be analysed differently from a stationary case. There are
generally two approaches to simulate such cases [8]:

1. Find the most critical vertical position of the object by simulating a lowering in harmonic waves,
and then make steady state simulations in irregular waves at this position.

2. Simulate a repeated lowering with different irregular wave realizations, and study the extreme
response observed in each simulation.

It was demonstrated that the secondmethod providesmore realistic results [8]. The reason is that an
unrealistic build-up of the oscillations that are observed in stationary cases is avoided. Therefore, to
providemore accurate estimates of the operations, analyses of the entire lowering process are required.

In lifting operations conducted by floating vessels, hydrodynamic interactions between the struc-
tures in waves are of great importance. Studies have been performed to investigate the heavy lifting
operations in the oil and gas industry considering shielding effects, such as the lifting of a heavy load
from a transport barge using a large capacity semi-submersible crane vessel [9e11]. The studies found
that the hydrodynamic interaction had little effect on the responses of the crane tip, but affected the
responses of the transport barge and thus greatly affected the lifting operations because of the small
dimension of the barge compared with that of the crane vessel [11]. Therefore, the hydrodynamic
interaction between two floaters close to each other should be taken into consideration when esti-
mating responses.
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In the case of lifting a monopile using a floating vessel, due to the small dimension of the monopile
compared with the vessel, the hydrodynamic effects of the monopile on the vessel are minor and can
be ignored. However, the shielding effects of the vessel are expected to have a large influence on the
responses of the monopile. The wave fields near the floating vessel are altered from the original
incident waves, and three-dimensional effects would occur due to the diffraction and radiation from
the vessel even if the incident wave is long-crested. If the lifting system and the vessel are placed in
proper positions relative to the incident waves, the responses of the lifting system in waves can be less
than those if the lifting system is exposed in the incident waves because of the wave shadow effects.
Thus, it is crucial to study the vessel shielding effects when conducting lowering operations through
waves in the vicinity of the vessel.

According to DNV-RP-C205 [12], with small structures close to a floater of large volume, the radi-
ation and diffraction effects on fluid kinematics should be considered when calculating the forces on
the structure. To account for those effects, the typical approach is to obtain the transfer functions of the
fluid kinematics at the position of the operation near the floating vessel in the frequency domain and
then to calculate the forces on the lifted object using the fluid kinematics obtained from the transfer
functions. This approach is only valid when the lifting system is in a stationary position, i.e., when it has
a stationary mean position. However, as discussed above, due to transients and the non-linearity of the
system, the entire lowering process should be conducted with time-varying positions of the lifted
objects. Therefore, time-domain methods to estimate the entire lowering process while considering
the shielding effects by the vessel are required.

The current work focuses on the lowering phase of the installation of a monopile foundation with
consideration of the shielding effects of the vessel. The fluid kinematics near the installation vessel
were studied first. Time-domain simulations were performed using multi-body code SIMO [13]. The
wave forces on the monopile during lowering were calculated using an external Dynamic Link Library
(DLL) that included the shielding effects from the installation vessel. The responses of the lifting system
in disturbed wave fields were quantified and compared with the responses in undisturbed incident
waves. The simulation model and the methodology are presented first, followed by discussions of the
results. Finally, conclusions and recommendations are given to guide future lifting operations with
regards to issues of shielding effects.

2. Modelling of the lifting system

2.1. Model description

A floating installation vessel was chosen for the monopile installation. The main dimensions of the
vessel are presented in Table 1. The vessel was a monohull heavy lift vessel. The crane was capable of
performing lifts of up to 5000 tons at an outreach of 32 m in fully revolving mode. The main hook
featured a clear height to themain deck of the vessel of maximum 100m. The vessel had been designed
with a combination dynamic positioning system and eight-line mooring system. The positioning
system allowed the operations of the vessel in shallowwater and in close proximity to other structures.
Therefore, the lifting capacity and the positioning system of the floating vessel made it capable of
performing the installation of monopiles in shallow-water sites. The monopile used in the model was a
long slender hollow cylinder with main dimensions listed in Table 1.

Fig. 1 shows a schematic layout of the arrangement of the operation. The system included two rigid
bodies, i.e., the floating installation vessel and themonopile. A hook is generally used to connect the lift
wire and the sling that attached the monopile. In the current model, the sling was assumed to be very

Table 1
Main parameters of the floating installation vessel and the monopile.

Vessel Monopile

Length overall [m] 183 Total mass [tons] 500
Breadth [m] 47 Length [m] 60
Operational draught [m] 12 Outer diameter [m] 5.7
Displacement [tons] 52,000 Thickness [m] 0.06
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stiff. Hence, the hook and the monopile were considered to be rigidly connected and were modelled as
one body for simplicity.

The dynamic responses of a floating crane and a heavy load with a flexible boom were studied in
Ref. [14] by modelling the crane boom using finite element method (FEM). The dynamic factor analysis
showed a difference of less than 5% between the elastic boom and the rigid boom in their study. It was
also shown that the influence of the elastic boom decreased significantly with the decrease of the load
mass. In their study, the maximum lifting capacity of the crane was 3600 tons and the load considered
was above 1300 tons,more than 30% of the crane capacity. By comparison, themonopilemass is around
10% of the crane capacity in the current study. Thus, the effect of the elasticity of the crane boom is
negligible. The crane was rigidly connected to the vessel in the numerical model, and a low constant
flexibility of the crane was included.

The global coordinate systemwas a right-handed coordinate systemwith the following orientation:
the X axis pointed towards the bow, the Y axis pointed towards the port side, and the Z axis pointed
upwards. The origin was located at [mid-ship section, centre line, still-water line] when the vessel was
at rest. The positions of the crane tip and the monopile were chosen based on practical operations.

Two types of couplings between the vessel and the monopile were included in the numerical
model: the wire coupling through the main lift wire and the coupling via the gripper device. The lift

Fig. 1. Monopile lifting arrangement (a) and definitions of global coordinate system (b).
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wire started at the bottomof the cranewhere awinchwas located; thus, the lift wire could be extended
through the winch to lower the monopile. The function of the gripper device was to control the hor-
izontal motions of themonopile during lowering and landing as well as to support themonopile during
driving operations. The gripper device was also rigidly fixed to the vessel.

2.2. Coupled equations of motion

The two-body coupled lifting system included 12 degrees of freedom (DOFs) of rigid body motions.
The 12 equations of motion are given in Eqn. (1).

ðM þ Að∞ÞÞ$€xþ D1 _xþ D2f ð _xÞ þ Kxþ
Zt

0

hðt � tÞ _xðtÞdt ¼ qðt; x; _xÞ (1)

where,
M the total mass matrix of the vessel and the monopile;
x the rigid body motion vector with 12 DOFs;
A the frequency-dependent added mass matrix;
D1 the linear damping matrix;
D2 the quadratic damping matrix;
K the coupled hydrostatic stiffness matrix;
h the retardation function of the vessel, which is calculated from the frequency-dependent added

mass or potential damping;
q the external force vector that includes the wind force qWI, the 1st and 2nd order wave excitation

forces qð1ÞWA and qð2ÞWA, the current force qCU and any other external forces qExT.
The coupled stiffness matrix K includes the hydrostatic stiffness of the vessel, the stiffness from the

mooring line, and the coupling between the vessel and themonopile via the lift wire and gripper device.

2.3. Modelling of the vessel and the monopile

The potential added mass and damping coefficients, the hydrostatic stiffness and the first order
wave excitation force transfer functions were calculated in WADAM based on the panel method [15],
and then the retardation functions in Eqn. (1) and the 1st order excitation force were obtained. In the
current vessel model, the following simplifications were applied:

1. Waves were considered as main factor, and wind and current forces were not included.
2. The exciting forces on the floating vessel in the model consisted of only the 1st order wave exci-

tation force vector qð1ÞWA, and no 2nd order wave forces were included as shielding effects are only
relevant in the wave frequency range.

3. The mooring line system was simplified into linear stiffness terms in surge, sway and yaw. The
viscous effects from the vessel hull and the mooring system were simplified into linear damping
terms in surge, sway and yaw. The roll damping of the vessel was also included.

The external forces on the monopile included the gravity force, the buoyancy force, as well as the
hydrodynamic wave forces. Because the structure was a hollow steel cylinder of low thickness, the
wave forces acting on the bottom of the monopile were negligible. The main contributions, therefore,
were the wave forces normal to the monopile's central axis.

In an operational sea state, the diameter of the monopile is relatively small comparedwith thewave
length, and the ratio of wave height to structure diameter is low. According to thewave force regimes in
Refs. [12], the inertial force is the governing force on the monopile. Furthermore, the motion of the
monopile is large and the submergence increases during the lowering phase; thus, the linear theory
from the panel method based on a mean position is not applicable. The instantaneous position of the
monopile must be considered at each time step. Thus, Morison's formula should be used, and the
monopile should be simulated as a slender body using strip theory. The horizontal wave force fw,s per
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unit length on each strip of a vertical moving circular cylinder can be determined using Morison's
equation [16].

fw;s ¼ rwCM
pD2

4
$€zs � rwCA

pD2

4
$€xs þ

1
2
rwCqD

���� _zs � _xs

����$� _zs � _xs
�

(2)

In this equation, the positive force direction is the wave propagation direction. €zs and _zs are fluid
particle acceleration and velocity at the centre of the strip, respectively; €xs and x_ s are the acceleration
and velocity at the centre of the strip due to the body motions; D is the outer diameter of the cylinder;
and CM, CM and Cq are the mass, added mass and quadratic drag force coefficients, respectively.

The first term in the equation is the wave excitation force, including diffraction and FroudeeKrylov
force (FK term). The second term is the inertial term and the third term is the quadratic drag term. CM
and Cq are dependent on many parameters, such as the Reynolds number (Re), the Kaule-
ganeCarpenter number (KC) and the surface roughness ratio [16]. The outer surface of the monopile
was assumed to be smooth, and Re number had a magnitude of 106 to 107. The KC number in the
operational sea states was in the range of 1e3. According to [12], the quadratic drag coefficient can be
chosen as Cq ¼ 0.7, which takes into account the flow separation of the water outside of the monopile.

The monopile was a bottomless cylinder that partly filled with water as it was lowered. This water
influenced the hydrodynamic coefficients of the cylinder. Moreover, the submerged length of the
cylinder increased with time. Several numerical studies have been conducted to estimate the hydro-
dynamic coefficients and excitation forces on bottomless cylinders with finite wall thickness, and the
results showed a great dependency of these parameters on the wall thickness and the submergence of
the cylinder [17e19]. Therefore, it is necessary to investigate the hydrodynamic coefficients of the
bottomless monopile considering different submergences. The added mass coefficients of the
monopile at different submergences were calculated using WADAM [15]. The results were three-
dimensional (3D) hydrodynamic added mass of the whole body. However, in order to use strip the-
ory to simulate the hydrodynamic forces in SIMO, 2D coefficients are required. Hence, the 2D added
mass coefficients were obtained by dividing the 3D coefficients by the submerged length.

Fig. 2 shows the non-dimensional 2D added mass coefficients in transverse directions at different
submergence. The figure shows that the 2D added mass coefficients increase with submerged length.
However, at submergences of greater than 5 m, the non-dimensional 2D added mass coefficients
approach to a constant of approximately 1.8 at the wave frequencies considered. Furthermore, the total

Fig. 2. Non-dimensional 2D added mass coefficient.
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excitation forces calculated using Morison's equation and strip theory with the 2D added mass co-
efficients were compared with the 3D excitation forces calculated directly using WADAM. Good
agreement was obtained at submergences larger than 5 m. Because the response at submergence of
less than 5 m is not as critical as at greater submergences, an asymptotic value of CM ¼ CA ¼ 1.8 was
chosen as the 2D added mass coefficient in Eqn. (2). Thus, forces at each strip can be obtained and then
integrated along the submerged part to obtain the total force and moment. It was also confirmed that
the resonant flow motions (sloshing) inside the monopile did not occur at the wave frequencies of
interest. Moreover, in the simplified 2Dmodel the effects of water exchange and flow separation at the
end of the monopile were not considered.

The water depth at the installation site is 25 m, and the significant wave height for performing such
lifting operations is normally below 2.5 m. According to the ranges of validity for various wave theories
[12], the wave conditions considered in the numerical study are near the boundary of the 1st order
linear waves and the 2nd order waves. The non-linearities in waves and the fluctuating wave elevation
in shallow-water depth will induce the high-frequency components in wave load and result in larger
responses of the structure [20]. These are relevant in predicting extreme loads on the monopile in
severe conditions during its operational phase. However, as the installation phase is very transient and
the sea states are low, the effects of the non-linearities inwaves on the lifting system are expected to be
very small and the linear wave theory is used for calculating the wave forces in the current model.

2.4. Mechanical couplings

The coupling between the on-board crane and themonopile was achieved using a lift wire. Thewire
coupling force was modelled as a linear spring force according to the following equation [13]:

T ¼ k$Dl (3)

where T is the wire tension, Dl is the wire elongation and k is the effective axial stiffness, which is given
by:

1
k
¼ l

EA
þ 1
k0

(4)

where E is the modulus of elasticity, A is the cross-sectional area of the wire, 1/K0 is the crane flexibility
and l is the total length of the wire, which increases as the winch runs during the lowering operation.

From the positions of the two ends of the wire, the elongation and thereby the tension can be
determined. The material damping in the wire was included in the model.

The physical model of the gripper device is normally a ring-shaped structure with several contact
elements in the inner circumference which behave like bumpers during installation (see section view
Fig. 3(a)). Thus, the gripper force in the numerical model was simplified by a spring-damper system.
The gripper device was modelled as a contact point attached to the vessel. A cylinder fixed to the
monopile with a vertical axis was modelled at the same time, and the contact point was placed inside
the cylinder (see Fig. 3(b)). When the monopile tends to move away from the gripper, the contacts
between the cylinder and the contact point will provide restoring and damping forces for the monopile
and control its horizontal motions. With the lowering of the monopile, the contact force always occurs
at the gripper position which corresponds to the contact point in the numerical model. Rotation
symmetric stiffness and damping around the axis were assumed and were defined by specifying
restoring and damping forces Fi at several relative distances Ddi between the contact point and the
cylinder axis. An interpolation was used for all the other relative distances and the gripper forces at
each time instance can be obtained. The physical and numerical models for the gripper coupling are
illustrated in Fig. 3. Sensitivity studies to quantify the effects of the gripper stiffness on the responses
during the lowering of a monopile were performed in Ref. [21]. The study showed that the gripper
contact force and the relative motion between themonopile and the gripper devicewere very sensitive
to the gripper stiffness, while the influence on the monopile rotational motion and lift wire tension
were minor. In the current study, a representative gripper device stiffness was used for all the
simulations.
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The properties of the lift wire and the gripper device are presented in Table 2.

2.5. Eigen value analysis

The eigen value analysis was conducted in the frequency domain to investigate the eigen periods of
the rigid body motions of the lifting system. The natural modes and natural periods were obtained by
solving Eqn. (5).h

� u2ðM þ AÞ þ K
i
$x ¼ 0 (5)

whereM is the mass matrix of the vessel and the monopile. A is the added mass matrix; for the vessel
the added mass with infinite frequency was used. K is the total restoring stiffness matrix, which is split
into three contributions: hydrostatic restoring, mooring restoring and coupling between the vessel and
the monopile. The coupling restoring includes the wire coupling and the gripper device coupling. x is
the eigen vector that represents rigid body motions with 12 DOFs in the two-body coupled system and
6 DOFs if a single body is considered. The eigen values of the vessel alone and of the monopile alone
were studied as well as the eigen values of the coupled system.

The natural periods and natural modes of the vessel and of the monopile are listed in Table 3 and
Table 4, in which the dominated rigid motions are emphasised. The natural periods of the heave, pitch
and roll motions of the vessel indicate small motions in short waves and larger motions when thewave
period is close to the natural periods. In lifting operations, the motions of the vessel affect the motions
of the monopile through the lift wire and the gripper device, the motions of which in three directions
are formulated in Eqn. (6):

Fig. 3. Illustration of (a) physical and (b) numerical models for gripper device coupling.

Table 2
Main parameters of the mechanical couplings.

Lift wire Gripper device

EA/l0 [kN/m] 7.00E þ 04 Stiffness [kN/m] 4.00E þ 03
k0 [kN/m] 5.00E þ 05 Damping [kNs/m] 8.00E þ 02
Damping [kNs/m] 1.40E þ 03
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s ¼ ðh1 þ zh5 � yh6Þbi þ ðh2 � zh4 þ xh6Þbj þ ðh3 þ yh4 � xh5Þbk (6)

where h1 to h6 are the rigid body motions of the vessel and (x,y,z) is the position of the crane tip or
gripper relative to the fixed coordinates of the vessel body. It is expected that the vessel motions will
play an important role in the response of the monopile when the wave periods are approximately
Tp ¼ 9 s to 14 s.

In the case of the monopile by itself, the vessel was assumed to be a fixed structure and the lift wire
and the gripper provided the restoring force for the monopile; the natural periods of the monopile in
Table 4 correspond to the initial position of the monopile in air before being lowered and the eigen-
vectors refer to the monopile body-fixed coordinate with the origin at the center of the monopile (see
Fig. 4). The 1st mode is dominated by the heave motion of the monopile, and the stiffness in heave is
mainly from the lift wire axial stiffness. Modes 2 to 5 are dominated by a combination of the rotational
motion in vertical plane and the translational motion in the horizontal plane, and the last mode is pure
yawmotion. The eigenvectors in Table 4 show that modes 2 and 3 are symmetric and correspond to the
same eigenperiods, but occur in different planes. It is the same for mode 4 and 5. The mode shapes are
illustrated in Fig. 4, where the eigenvectors from Table 4 are magnified by a factor of 10. The eigen-
modes are shown in different planes in order to observe the differences. The eigenperiods for modes 4
and 5 are much longer than modes 2 and 3. This can be explained as follows: both the translations and
the rotations inmode 2 and 3 tend to increase the relative displacement between themonopile and the
gripper. In this case, the gripper should provide enough restoring force to force the monopile move
back to its initial position. On the other hand, the rotations and translations in modes 4 and 5 coun-
teract each other and result in less displacement of the monopile relative to the gripper. The restoring
provided by the gripper is then reduced compared with the previous case and results in longer
eigenperiods. This can also be observed from the eigenmodes in Fig. 4.

In the coupled system of the vessel and the monopile, it is difficult to interpret the twelve eigen
modes because of the coupling effects. However, it was observed that in general the motions of the
vessel slightly decreased the natural periods of the rotational modes of the monopile, and the natural
period of the vessel roll motion was also reduced due to the effect from the lifting system.

During the installation, the position of themonopile changeswith the runningwinch. This results in
changes in the total restoring force due to changes in the length of the lift wire and in the gripper

Table 3
Eigenperiods and eigenvectors of vessel rigid body motions.

Mode 1 2 3 4 5 6

Surge [m] �0.15 �0.06 0.00 0.00 1.00 0.00
Sway [m] 0.00 0.00 0.06 0.86 0.00 ¡0.79
Heave [m] �0.29 1.00 0.00 0.00 0.00 0.00
Roll [deg] 0.00 0.00 1.00 0.02 0.00 0.03
Pitch [deg] 1.00 0.19 0.00 0.00 0.00 0.00
Yaw [deg] 0.00 0.00 �0.01 1.00 0.00 1.00

Natural period [s] 9.44 10.65 13.54 93.89 99.98 105.36

Table 4
Eigenperiods and eigenvectors of monopile rigid body motions.

Mode 1 2 3 4 5 6

Surge [m] 0.03 �0.23 �0.23 0.39 �0.32 0.00
Sway [m] �0.03 �0.22 0.24 0.32 0.39 0.00
Heave [m] 1.00 0.00 0.06 0.00 �0.03 0.00
Roll [deg] �0.28 ¡0.96 1.00 ¡0.82 ¡1.00 0.00
Pitch [deg] �0.29 1.00 0.96 1.00 ¡0.82 0.00
Yaw [deg] 0.00 0.00 0.00 0.00 0.00 1.00

Natural period [sec] 0.72 1.01 1.02 3.58 3.67 40.04
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position relative to the centre of the pile. Additionally, the added mass matrix increases due to the
increasing submergence. Fig. 5 shows how the eigen periods of modes 1 to 5 varied depending on the
vertical position of the lower end of the monopile. The wave spectra are also included to show the
modes that dominated the response at different sea states. The natural periods of mode 1 (which is

Fig. 4. Illustration of eigenmodes of monopile rigid body motions (eigenvectors are magnified by a factor of 10).

Fig. 5. Eigen frequency of monopile rigid body motion vs. position and representative wave spectra.
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heave dominated) decreased slightly with increasing submergence due to the increase in the length of
the lift wire. The other four modes all increased greatly due to significant contributions from the added
mass.

For wave spectra with a peak period Tp greater than 5 s, there is little wave power near the natural
period of the first three modes. However, modes 4 and 5 could be excited and dominate the responses
at Tp ¼ 5 s and Tp ¼ 6 s, especially at a large submergence. With increasing Tp, the power of the wave
spectra moves away from the natural periods of the monopile, and thus the resonance motions of the
monopile would be reduced. Note that all the natural periods shown here are undamped periods and
hence would increase slightly if damping were included.

3. Modelling of the shielding effects

The wave field around the floating vessel is different from incident wave field due to the presence
and the motions of the vessel. The linear wave potential theory splits the total velocity potential into
the radiation and diffraction components given by Ref. [22]:

f ¼ fD þ fR ¼ fI þ fS þ fR (7)

wherefD is the diffractionpotential andfR is the radiationpotential.fD canbe further brokendown into
the sumof the incident velocitypotentialfI and the scatteringvelocitypotentialfS,which represents the
disturbance to the incident wave caused by the presence of the body in its fixed position. By applying
boundary conditions, i.e., the free surface condition, the seabed condition, the body surface condition
and the far field condition, the boundary value problem can be solved bynumericalmethods such as the
panel method in the frequency domain. Thus, the hydrodynamic coefficients of the vessel and the fluid
kinematics at any point in thewavefield in the frequency domain can be acquired. Thewaves affected by
both radiation anddiffraction of the vessel are defined as disturbedwaves in this paperwhich account for
the vessel shielding effects, and the undisturbed waves are defined as incident waves.

To calculate the wave forces on the monopile in the disturbed wave field during lowering, the fluid
kinematics z€s and _zs in Eqn. (2) should be based on the disturbed fluid kinematics. Because the position
of the monopile varies with time and with the increasing length of the lift wire, the fluid kinematics at
each strip of the monopile are time- and position-dependent. Therefore, the following approach was
chosen to simulate the lowering process of the multi-body system in the time domain while consid-
ering the shielding effects:

1. First, generate time series of disturbed fluid kinematics at pre-defined wave points in space. The
boundary of the wave points should cover all possible positions of the wet part of the monopile
during the entire lowering process.

Calculate the disturbed fluid kinematics time series, i.e., wave elevation, velocities and accelerations
at pre-defined wave points, using the fluid kinematics transfer functions in the frequency domain that
are obtained using WADAM. The transfer function expresses the amplitude ratio and the phase angle
between the disturbed fluid kinematics and regular incident wave amplitude. Knowing incident wave
realisation x(t), the Fourier transform of the kinematics of the disturbed wave Y(u) can be calculated in
the frequency domain based on X(u), the Fourier transform of x(t), and the disturbed fluid kinematics
transfer functions H(u), i.e., Eqn. (8). Thus, using inverse Fourier transform of Y(u), the time series of
wave elevations, fluid particle velocities and accelerations in disturbedwaves at each pre-definedwave
point can be obtained before the time-domain simulations.

YðuÞ ¼ HðuÞ$XðuÞ (8)

2. Then, at each time step of the simulation, determine the instantaneous position of the monopile
based on the solutions from the previous time step. For each strip on the monopile, find the closest
pre-defined wave points by comparing the coordinates of each strip on the monopile and the pre-
defined wave points. By applying a 3D linear interpolation between these closest wave points, the
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kinematics (elevations, fluid velocities and accelerations) at the centre of each strip in disturbed
waves are achieved. The interpolation of the fluid kinematics is illustrated in Fig. 6.

3. Obtain the forces at each strip in disturbed waves using Eqn. (2) and then integrate along the sub-
mergedpart of themonopile to acquire the totalwave forces andmoments on the structure.Note that
due to the running winch and the motions of the monopile itself, the wet length of the monopile
changes with time. Thewave elevation also affects the submergence of themonopile. Therefore, it is
necessary to integrate the forces up to the instantaneous wave elevation to account for non-linear
force components. The instantaneous wave elevation can also be determined by an interpolation
of the wave elevations at pre-defined points given the instantaneous position of the monopile.

4. Finally, perform the time-domain simulations of the coupled vessel-monopile system in irregular
waves using the multi-body code SIMO and an external DLL that interacts with SIMO at each time
step. SIMO calculates the wave excitation forces on the vessel and the coupling forces between the
vessel and the monopile. The wave forces on the monopile in disturbed waves are calculated in DLL
using the interpolation method described above, and the total wave forces on the monopile are
returned to SIMO, with which the motions of the coupled system are solved. The time-domain
simulation approach is illustrated in Fig. 7.

4. Fluid kinematics in the disturbed wave field

Fig. 8 shows the response amplitude operator (RAO) of wave elevation, fluid particle velocities and
accelerations as a function of frequency with wave directions of 0 deg and 45 deg.

The RAOs that are given refer to the pre-defined wave points at the mean free surface when the
monopile was at rest with coordinates of (�20m, 30m, 0m) in the global coordinate system. The RAOs
of fluid kinematics in incident waves are shown for comparison.

In long waves (with u < 0.4 rad/s), the RAOs in disturbed waves are nearly identical to those in
incident waves, which indicates that the diffraction and radiation of the vessel are negligible in long-
wave conditions. However, as the frequency increases, the RAOs in disturbed waves deviate from those
in incident waves, and the difference increases with frequency. When the wave length is shorter than
the dimension of the vessel (approximately u > 1.0 rad/s), the RAOs in disturbed waves are much lower
than those in incident waves (with the exception of the Y-velocity at Dir ¼ 0 deg), mainly due to the
diffraction of the vessel while the radiation is minor in short waves. At a frequency near u ¼ 0.5 rad/s,

Fig. 6. Interpolation of fluid kinematics in disturbed waves.
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the RAOs shift away from the main trend of the curve due to the large resonance motions of the vessel,
which occur close to the natural frequencies of the vessel motions. With an increase in the frequency,
the effects of the diffraction of the vessel dominate the RAOs.

The RAOs also depend greatly on the wave directions. Comparing the RAOs in Fig. 8 at 0 deg and
45 deg shows that larger discrepancies in the fluid kinematics of the two wave fields occur at 45 deg.
Additionally, when Dir ¼ 0 deg, the fluid particle velocity in Y direction is not zero as it is in incident
waves, which indicates the presence of 3D effects from the diffraction and radiation that could induce
extra wave forces on the monopile in the direction perpendicular to that of long-crested incident
waves.

Fig. 9 shows the variations in the fluid kinematics in all wave directions. The results in the figures,
which also refer to point (�20 m, 30 m, 0 m), include four representative wave frequencies that cover
long and short waves. Although the RAOs in disturbed waves are very close to those in incident waves
in all wave directions in long waves, in short waves the results change considerably with direction. In
general, the RAOs are reduced when the waves come from the leeward side relative to the vessel and
may greatly increasewhen thewaves come from thewindward side. It is noticed that the RAOs of wave
elevation and kinematics in X direction are amplified at wave directions that are larger than 180 deg in
short waves, whereas the kinematics in Y direction decrease at Tp ¼ 7 s. In fact, the fluid kinematics in
the disturbed wave field are also sensitive to the position of the monopile relative to the vessel and the
wave length, and cancellations may occur if this position is close to the nodes of the disturbed fluid
kinematics profile. When the waves come from the leeward side, a great reduction in the RAOs occurs
due to the vessel shielding effects, which results in a reduction of wave forces on the monopile during
installation. Therefore, operations should be performed on the leeward side of the vessel in order to
minimise the responses.

The variations in the fluid kinematics at the heading angle of 45 degwith respect to depth and to the
horizontal position near the monopile installation region are shown in Figs. 10 and 11. The results in
Fig. 10 correspond to points at (x ¼ �20 m, y ¼ 30 m) with varying depth, and the results in Fig. 11
correspond to points at the mean free surface (z ¼ 0 m) with varying X and Y positions.

As previously observed, in long waves the RAOs in disturbed waves are close to those in incident
waves. Moreover, in long waves the RAOs of the fluid kinematics decay very slowly and vary little in the
horizontal plane compared with those in short waves. 3D effects are observed in short waves along the
horizontal plane as shown in Fig. 11, in which the contours of the elevation RAOs do not follow the
incident wave direction of 45 deg. The 3D effects are also present in Fig. 10, e.g., at Tp ¼ 7 and 9 s, at
which the fluid particle velocities do not follow the decay rate as those in incident waves at depth of
less than �10 m. The 3D effects come from the diffraction and radiation of the vessel; thus, the effects

Fig. 7. Time-domain simulation approach considering vessel shielding effects.
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would vary from vessel to vessel. To account for the 3D effects when calculating the wave forces on the
monopile, a 3D interpolation of the fluid kinematics is required.

5. Time-domain simulations

5.1. Time-domain simulation method

Step-by-step integration methods were applied to calculate the responses of the lifting system
using an iterative routine. The equations of motion were solved by Newmark-beta numerical inte-
gration (b ¼ 0.1667, a ¼ 0.50) with a time step of 0.01 s. The 1st order wave forces of the vessel were
pre-generated using Fast Fourier Transformation (FFT) at the mean position. The fluid particle motions
used to calculate the hydrodynamic forces on the monopile were calculated in the time domain using
the interpolation of the pre-generated fluid kinematics at pre-defined wave points in disturbed waves.
The winch started at 300 s to avoid initial transient effects with a constant speed of 0.05 m/s, and
stopped at 700 s. Thus, the total lowering length was 20 m. During the lowering process, the gripper
device provided horizontal forces to the monopile.

Fig. 8. RAOs of fluid kinematics vs. wave frequency (x ¼ �20 m, y ¼ 30 m, z ¼ 0 m).
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The environmental condition of the time-domain simulations was Hs ¼ 2.5 m. The wave spectral
peak period (Tp) varied from 5 s to 12 s, thus covering a realistic range. At each combination ofHs and Tp
the irregular waves weremodelled by JONSWAP spectrum [12]. In order to account for the variability of
stochastic waves, 20 realisations of irregular waves were generated at each of the environmental
conditions using different seeds. Thus, 20 repetitions of the lowering simulations (400 s for each seed)
corresponded to an operation with a duration of approximately two hours.

5.2. Sensitivity study on the resolution of the pre-defined wave points

The response of the lifting system with varying resolutions of the pre-generated wave points was
studied. As mentioned, the fluid kinematics at pre-defined wave points were generated based on linear
wave theory, whereas those at other locations in space were obtained using a 3D linear interpolation.
Theoretically, when a higher resolution is used, more accurate responses can be estimated. If a low
resolution is chosen, the number of wave points might not be sufficient to represent the variation of the
fluid kinematics in space, which would result in a large uncertainty in the simulation results. However,
a high resolution of wave points results in a large number of points at which the fluid kinematics must
be pre-generated, and therefore the efficiency of the interpolation is reduced; a high resolution in-
creases the simulation time significantly. Therefore, a reasonable resolution of wave points should be
determined to provide results with an acceptable level of accuracy while at the same time shortening
the simulation time.

The wave points spread in all three directions in space. The sensitivity studies in the horizontal (XY)
plane and in the vertical (Z) directionwere performed separately. The gaps between points in the three
directions were chosen as the parameters in the sensitivity study (see Fig. 12). The parameters of the
different cases are listed in Table 5. The gaps in Z directionwere fixed, and all points were evenly spaced
when studying the different horizontal resolutions. In the sensitivity study in the vertical direction, all
the wave points were chosen at a fixed (x0 y0) position, and only one-dimensional interpolation in Z

Fig. 9. RAOs of wave elevation and fluid particle velocities at varying directions (x ¼ �20 m, y ¼ 30 m, z ¼ 0 m).
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direction was used when calculating the wave forces on the monopile. A hybrid case (case 6) was
included that had gaps of 0.5 mwhen the depth larger than�2 m and gaps of 2 mwhen the depth was
less than �2 m. This case was selected because that the fluid kinematics decay with decreasing water
depth, and it is interesting to study the effects of the resolutions of wave points near the free surface. In
the other cases the wave points were all evenly spaced.

As shown in the eigen value analysis, only in relatively short waves were the resonance motions
excited, and in short waves the responses are more sensitive to the interpolation resolution due to the
shorter wave lengths compared with long waves. Hence, the environmental conditions for the sensi-
tivity study focused on relatively short waves with two wave directions, as shown in Table 5. Note that
the ratio between the gap and the wave length can be used to characterise the convergence. Thus, the
regular wave lengths l with periods equal to the irregular wave peak periods were also included in
Table 5 for reference.

Fig. 13 compares the extreme response statistics with different wave point resolutions in the XY
plane and in the Z direction. The extreme values presented are the mean values of the maximum
responses from 20 irregular wave seeds during the lowering phase. The results in the horizontal
plane show that the results from the first three cases are close to each other with errors of the
responses in case 2 and case 3 being less than 5% compared with case 1. However, the results from
case 4, which had gaps of 8 m, deviate from those with higher resolutions. For some responses, e.g.,
the monopile tip motions and rotations, the errors are approximately 10%e20% compared with case
1. Therefore, a resolution with gaps of 4 m in the XY plane was chosen in the time-domain
simulations.

Similarly, the results in the vertical direction show increasing errors with decreasing resolutions,
and the errors of the motions and rotations of the monopile in case 8 are approximately 5%e10% in
most of the environmental conditions. The differences in the results from cases 6 and 7 are minor,
which indicates that the responses were not very sensitive to resolution near the free surface. This is
due to the extreme responses occurred at a large draft inwhich thewave forces on themonopile are the
summation of the forces from all the strips instead of dominated by the forces at strips near the free
surface. However, for structures with a smaller draft and large dimension in horizontal plane the
extreme responses occur when the structures are near the free surface. The resolution of wave points
near the free surface might be critical, and therefore higher resolutions should be used. In this study, a
resolution of 2 m in the vertical direction was used.

Fig. 10. RAOs of wave elevation and fluid particle velocities vs. water depth (x ¼ �20 m, y ¼ 30 m).
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6. Results and discussion

6.1. Operational criteria

The operational criteria of the lifting operation of a monopile should be established by assessing the
whole installation phase, including the upending, lowering and landing operations. Because this study
is limited to the lowering phase, the critical responses of this phase are given.

1. Lift wire tension. The tension in the lift wire should never exceed themaximumworking load of the
wire, which depends on the property of the wire. According to DNV-RP-H103 [23], a slack wire and
snap forces should be both avoided. In addition, extreme dynamic loads on the wire should be
limited by checking the dynamic amplification factor (DAF) [23].

Fig. 11. RAOs of wave elevation of disturbed waves in XY plane (z ¼ 0 m).

Fig. 12. Parameters in sensitivity study of wave point resolution.
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2. Gripper contact force. The gripper device was the main support structure that controlled the hor-
izontal motions of the monopile. The relative motion between the monopile and the gripper
induced huge impulse forces. The extreme contact loads should be estimated in order to perform
the structural analysis of both the gripper device and the monopile to ensure their structural
integrity at different environmental conditions.

3. Monopile motions. The motions of the monopile, particularly its rotations and the displacements of
its end tip, affect the landing process that follows the lowering process examined in this study.
Extreme motions should be estimated to ensure a successful landing at the designated position.

This study focuses on predicting the extreme responses during the lowering phase in various
environmental conditions. Operational criteria should be established by further analysis, e.g., a

Table 5
Parameters for sensitivity study of wave point resolutions and environmental conditions.

Sensitivity study case no. 1 2 3 4 5 6 7 8

Dx [m] 0.5 2 4 8 e e e e

Dy [m] 0.5 2 4 8 e e e e

Dz [m] 2 2 2 2 0.5 0.5/2 2 4

Environmental condition no. 1 2 3 4

Tp [s] 5 7 5 7
Dir [deg] 0 0 45 45
l [m] 39 75 39 75

Fig. 13. Extreme response statistics with different resolutions in XY plane (a) and in Z direction (b).
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structural analysis based on the predicted extreme responses. By applying these criteria, safe opera-
tional environmental conditions could be predicted. The results of the time-domain simulations pre-
sented below will focus on the critical responses given above.

6.2. Response time series and spectra

Fig. 14 and Fig. 15 show the time history of the responses of the lifting system during lowering at
two wave conditions. The responses in the figures include the motions of the monopile end tip, the
contact forces of the gripper and the tensions in the lift wire. The lowering phase started when the
winch was activated at 300 s. The monopile was lowered though the splash zone until the winch
stopped at 700 s. During the process, the length of the lift wire increased with a fixed speed, and the
added mass of the structure increased with its submergence. Both increases contributed to a contin-
uous decrease in the natural frequencies of the lifting system. While the increasing wave forces acting
on the monopile induced motions, the gripper device was placed to control its horizontal motions.

Comparing the responses in incident and disturbed waves shows that in short waves with
Tp ¼ 5 s and Dir ¼ 45 deg, the rotations of the monopile, lift wire tensions and contact forces of the
gripper device are significantly reduced when shielding effects are considered, whereas in long waves
with Tp ¼ 11 s the influence of shielding effects is much less. These results again indicate that the
shielding effects of the vessel have more influence on the fluid kinematics in short waves, which is
consistent with the RAOs of the fluid kinematics shown in Fig. 8.

The response spectra of the lowering phase were obtained using Fourier transformation of the time
series. Fig. 16 shows the response spectra at Tp ¼ 5 s and 11 s with direction Dir ¼ 45 deg. In short
waves, the resonant motions of the monopile are excited near the wave period, which corresponds to
the peak frequency of the spectrum. The hydrodynamic wave loads on the monopile dominate the
response of the system in this case. In long waves, however, there are two peaks in the motion
spectrum. The frequencies of the secondary peak with u z 1.1 rad/s match the natural frequencies of
the monopile rotational motion, while the frequencies of the main peak with u z 0.5 rad/s are the
wave spectrum peak frequencies. Due to the couplings of the monopile and the vessel, the increasing
response of the vessel in longwaves dominates themotions of themonopile. The peak frequency of the
wire tension is consistently twice of the rotational peak frequency, which means that one cycle of
rotational motion induces two cycles of variations in the wire tension.

For both wave conditions, the peaks at u z 1.1 rad/s in the response spectra, which is close to the
natural frequency of the rotational motions of the monopile, are significantly reduced when the
shielding effects of the vessel are considered. However, in long waves with Tp¼ 11 s the response peaks
corresponding to the long wave peak period do not decrease in disturbed waves. These results indicate
the significant influence of the shielding effects on the monopile motions, particularly in short waves
when the wave frequencies are close to the natural frequencies of the monopile.

6.3. Response statistics

Fig.17 compares the extreme values of the critical responses during the lowering process in incident
and disturbed waves with a wave direction of 45 deg. These extreme values presented are the mean
values of the maximum responses from 20 irregular wave seeds used in the lowering phase. The
extrememonopile tip distance in the figures refers to the maximum offset of the monopile tip from the
designated landing position in the XYplane during lowering. The rotational motions of the monopile in
the figure are the maximum rotations relative to the horizontal plane and were calculated by
combining the pith and roll motions. The responses of the lifting systemwere sensitive to the shielding
effects of the vessel as shown.

In incident waves, the extreme responses of the lifting system first decrease and then increase as the
wave length increases. The maximum rotations and tip distances occur at Tp ¼ 6 s, which is close to the
natural periods of the rotations. The rapid increase in the motions and rotations in long waves is due to
the increasing crane tip motions that are induced by the vessel motion (see Eqn. (6)). The extreme
motions of the crane tip in X and Y directions at varying wave periods are shown in Fig. 18. The main
contribution to the rapid increase in the crane tip motions comes from the vessel roll motion at a large
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lifting height. It should be mentioned that the increasing distance from the monopile tip to the desig-
nated position would result in difficulty during the landing operations and huge landing forces if the
landing devices were used at the designated position as discussed in Ref. [21]. Fig. 18 also indicates that
the effects of the monopile motions on the vessel motions are negligible. Because the gripper contact
forces and lift wire tensions are more dependent on monopile motions at its own natural periods, these
extreme responses do not increase as much as the monopile motions in long waves as shown in Fig. 17.

In the disturbed wave filed, the extreme responses are greatly reduced in short waves compared
with long waves with Dir ¼ 45 deg. As shown above, the fluid kinematics in disturbed wave field
depend greatly on the wave directions; the shielding effects of the vessel on the responses of the lifting
system are expected to vary with wave direction. The comparison of the RAOs at Dir ¼ 0 deg and
Dir ¼ 45 deg in Fig. 8 suggests that at smaller wave directions the shielding effects would be reduced,
particularly in short waves. Therefore, the current results at Dir¼ 45 deg do not represent the shielding
effects at different wave directions. Results at various wave directions are required.

6.4. Responses at different wave directions

The sensitivity of the extreme responses at different wave directions was studied. Fig. 19 compares
the statistics of the extreme rotations of the monopile in disturbed waves with those in incident waves
at four irregular wave conditions.
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Fig. 14. Time series of responses in incident and disturbed waves (Hs ¼ 2.5 m, Tp ¼ 5 s, Dir ¼ 45 deg).

L. Li et al. / Marine Structures 39 (2014) 287e314306



In incident waves, the responses with waves coming from the port side are similar to the responses
with waves coming from the starboard side due to the symmetry of the vessel about its X axis. This
means the responses are independent of whether the monopile is in the windward side (Dir ¼ 180 to
360 deg) or the leeward side (Dir ¼ 0 to 180 deg) of the vessel. However, when shielding effects are
taken into account, the responses are greatly affected.

In relatively short waves (Tp ¼ 5 and 7 s), the responses are significantly reduced when the
monopile is placed on the leeward side of the vessel when shielding effects are considered, and the
rotational motions of the monopile and wire tension greatly increase when the monopile is on the
windward side of the vessel. Therefore, the lifting operation should be performed on the leeward side
of the vessel to utilise the shielding effects of the vessel. With increasing wave length, the differences
between the extreme responses in disturbed and incident waves are rapidly reduced. The directional
plots show that the responses in both incident and disturbed waves are almost symmetric about the
beam sea direction because the installation of the monopile was carried out close to mid-ship in the
longitudinal direction.

When only the extreme responses of monopile rotations from Dir ¼ 0 to 90 deg are considered, the
extreme responses reach their minimum values at approximately Dir ¼ 45 to 60 deg in short waves,
whereas in long waves the minimum values occur at approximately Dir ¼ 15 to 30 deg. Both the
resonance motions of the monopile and the vessel motions affect the responses of the lifting system,
and the factor that dominates the responses depends on both the wave direction and the wave length.
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Fig. 15. Time series of responses in incident and disturbed waves (Hs ¼ 2.5 m, Tp ¼ 11 s, Dir ¼ 45 deg).
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As shown in the eigen value analysis, in short waves, the resonance motions of the monopile were
excited and affected the responses of the lifting system. The RAOs of the fluid kinematics near the
monopile position varied with the wave direction and in general reached a minimum near the beam
sea condition (Dir ¼ 90 deg), and they increased gradually when the direction moved towards
following sea or heading sea conditions. Hence, the resonancemotions of themonopile decreased from
Dir ¼ 0 deg to 90 deg. On the other hand, although the vessel motions were minor in short waves, the
crane tip motions always increased as the wave direction moves from heading sea to beam sea con-
ditions due to the roll motion of the vessel and the large lift height. Thus, near heading sea conditions,
the resonancemotion dominated and the extreme responses decreased as thewave directionmoved to
quartering sea conditions. However, when the direction increased further, due to the increase in the
vessel roll motion and the decrease in the resonance motion, the crane tip motions began to dominate
the response of the system. Hence, the extreme responses increased again until Dir ¼ 90 deg. The
minimum values were approximately Dir ¼ 45 to 60 deg.

However, in long waves, the resonance motion of the monopile was secondary because the wave
peak periods were away from the eigen periods of the monopile. At the same time the vessel motions
increased significantly so that the crane tip motions dominated the responses of the system even at a

0 1 2 3 4
0

5

10

M
−

ro
ll 

[d
eg

2 s/
ra

d]
T

p
=5sec,Dir=45deg

0 1 2 3 4
0

5

M
−

pi
tc

h

0 1 2 3 4
0

0.5

1

tip
−

x 
[m

2 s/
ra

d]

0 1 2 3 4
0

0.5

1

tip
−

y 

0 1 2 3 4
0

1

2
x 10

5

w
ire

−
T

 [k
N

2 s/
ra

d]

frequency [rad/s]

0 1 2 3 4
0

2

4

T
p
=11sec,Dir=45deg

0 1 2 3 4
0

1

2

0 1 2 3 4
0

0.2

0.4

0 1 2 3 4
0

0.2

0.4

0 1 2 3 4
0

2

4
x 10

4

frequency [rad/s]

incident−w
disturbed−w

incident−w
disturbed−w

Fig. 16. Spectrum density of responses during lowering in incident and disturbed waves (Hs ¼ 2.5 m).

L. Li et al. / Marine Structures 39 (2014) 287e314308



relatively small wave direction of approximately 15e30 deg. Thus, the responses continued to increase
when the wave direction increased towards beam sea conditions.

Therefore, the minimum extreme responses at different sea states occurred at different wave di-
rections. In order to utilise the shielding effects to increase the weather window as much as possible,
the most suitable wave directions at different wave lengths should be applied.

Because themotions of themonopile are dominated by the vessel motion in longwaves, the lift wire
and the gripper control the motions of the monopile in a way that follows the motions of the vessel. At
Tp ¼ 11 s, the rotational motions of the monopile decreased slightly at Dir ¼ 0 to 180 deg; thus, the
extreme tensions in the lift wire in disturbed waves were very close to those in incident waves in all
wave directions. In spite of this, the extreme gripper contact forces were greatly decreased at Dir¼ 0 to
180 deg. This is due to the high stiffness of the gripper device and the sensitivity of the contact force to
the monopile rotational motions. Therefore, to reduce the contact forces, the lifting operation should
be conducted in the leeward side of the vessel even in very long waves.

The differences in the extreme responses in disturbed and incident waves, including the extreme
rotations of the monopile, the extreme tensions in the lift wire and the extreme contact forces of the
gripper are quantified in Table 6 at directions from 0 deg to 90 deg at four wave period conditions. The
ratios in the table are given as percentages and were calculated as the difference of the responses in
disturbed and incident waves divided by the response in incident waves. The bold figures show the
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maximum reduction of the responses in different wave periods. The corresponding wave directions are
shown to decrease with increasing wave period.

The maximum decrease in the responses in short waves is approximately 70% for both monopile
rotational motion and gripper contact force. In long waves (Tp¼ 11 s), the ratios become approximately
35% and 50%, respectively, which shows the decrease in shielding effects with increasing wave period.
The reduction in the tensions in the lift wire is somewhat less compared with the other two responses.

6.5. Comparison of responses using floating and jack-up vessels

The jack-up installation vessel is another choice in the installation of a monopile. The hull of the
jack-up vessel is raised above the sea surface on legs, and the vessel is fixed to the sea bed during lifting
operations. The greatest advantage of a jack-up vessel is that it provides a stable working platform for
lifting operations so that only the wave forces on themonopile itself matter during the lowering phase.
However, because only the legs of the jack-up vessel are in the water during the operation, the
shielding effects from the jack-up vessel are very small and can be ignored. Thus, the waves on the
monopile are incident waves in all wave directions, and may induce larger motions compared with the
disturbed waves that occur when the floating vessel is used. It is interesting to compare the responses
of these two types of vessel to select the most suitable vessel in different environmental conditions.

Fig. 20 compares the extreme monopile rotations in different wave directions when using the jack-
up vessel and the floating vessel. The responses when using the floating vessel were calculated to
include the shielding effects of the vessel, whereas only the incident waves were considered in the case
of the jack-up vessel.

In short to intermediate waves, the resonance motions of the monopile dominated; thus, the
extreme rotations when using the floating vessel were lower than using jack-up vessel at Dir ¼ 0 to
180 deg due to the shielding effects of the floating vessel. With increasing wave length, the motions of
the floating vessel increased and began to dominate the responses, and hence the responses when
using the floating vessel exceeded those when using the jack-up vessel, particularly in large wave
directions. The responses were even larger when using the floating vessel if the installation was per-
formed in the windward side of the vessel.

Therefore, to reduce the extreme responses, it is better to use the floating vessel in short to inter-
mediate waves and to use the shielding effects of the vessel, whereas in long waves (in the current
model Tp > 11 s), the jack-up vessel is better. If the floating vessel is used in long waves, the operations
should be carried out close to heading seas or following seas to avoid large roll motions of the vessel.

7. Conclusions

In this study, a numerical coupled model of lowering an offshore wind turbine monopile was estab-
lished. A continuous lowering processwas analysed. The effects of vessel shielding on the responses of the
lifting system were calculated by establishing an external DLL and implementing it in SIMO. The wave
forces on the monopile were calculated during lowering by interpolating fluid kinematics between pre-
defined wave points near the floating vessel. It is concluded that the shielding effects from the vessel

Table 6
Differences in percentage between extreme responses in disturbed and incident waves.

Dir [deg] Monopile rotation Lift wire tension Gripper force

5 s 7 s 9 s 11 s 5 s 7 s 9 s 11 s 5 s 7 s 9 s 11 s

0 �25.0 �23.7 �27.1 �27.2 �13.2 �8.0 �3.8 �0.9 �43.9 �35.4 �27.5 �27.2
15 �49.9 �48.4 �48.5 ¡36.3 �19.9 �11.1 ¡5.0 �0.7 �56.7 �50.2 �45.9 �40.9
30 �68.8 �63.2 ¡56.4 �34.5 �21.5 ¡11.2 �4.8 ¡1.1 �69.7 �62.0 �59.2 �48.6
45 �75.3 ¡68.9 �54.4 �17.1 ¡22.1 ¡11.2 �4.4 0.1 �71.5 �64.9 ¡60.4 ¡51.6
60 ¡78.1 �65.9 �40.6 �8.1 �21.2 �10.4 �3.6 0.7 �73.6 ¡67.7 �55.0 �47.0
75 �77.1 �60.0 �31.4 �6.3 �19.6 �8.5 �3.3 0.9 ¡74.7 �65.5 �56.3 �45.9
90 �39.1 �28.7 �15.6 �3.8 �10.1 �2.3 �0.7 1.0 �56.0 �51.1 �46.2 �35.7
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reduce the extreme responses of lifting operations conducted in the vicinity of the vessel at proper vessel
heading angles. The shielding is more significant in short waves than in long waves.

The fluid kinematics in disturbed waves show a great dependence on the wave direction; the RAOs
are reduced when the wave comes from the leeward side of the vessel and may increase greatly when
the wave comes from the windward side. In addition, the shielding effects of the vessel depend greatly
on the position of the lifted object relative to the vessel. The reduction in the extreme responses that
results from shielding effects is expected to decrease when the lifted object is located further away
from the vessel.

The numerical simulations show that the extreme responses, i.e., the rotations of the monopile, the
tension in the lift wire and the contact force of the gripper, reachedminimumvalues at wave directions
of approximately Dir ¼ 45 to 60 deg in short waves, and the extreme motions of the monopile in
disturbed waves could be reduced by more than 50% compared with those in incident waves. In long
waves, theminimum extreme values were acquired at directions approximately Dir¼ 15 to 30 deg, and
the reduction of the extreme rotation and gripper contact force is greater than 30% due to shielding
effects. Therefore, the responses can be greatly overestimated in the design of marine operations if
shielding effects are not considered. This fact implies an underestimation of the weather window in
such operations.

Although the shielding effects of the vessel cause a great reduction in the extreme responses at
many sea conditions, the vessel heading angle should be adjusted carefully in very long waves that

Fig. 20. Extreme monopile rotations by using jack-up and floating installation vessels at different wave directions (Hs ¼ 2.5 m).
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have peak periods close to the natural periods of the vessel, conditions inwhich the vessel motions can
induce severe motions in the lifted object through the crane tip. Use of a jack-up vessel is recom-
mended in cases of very long waves to prevent these large crane tip motions that are induced by
floating vessels.

The approach proposed in this study to consider the shielding effects of the vessel is also applicable
to simulating operations of more complicated structures, such as jacket foundations and sub-sea
templates, which can be modelled as a collection of separate slender elements [24]. For continuous
lowering simulations of large volume structures such as gravity-based structures (GBS), the hydro-
dynamic coupling between the vessel and the GBS must be calculated continuously with an increasing
draft of the GBS using numerical method such as panel method to consider the shielding effects of the
vessel, which is beyond the capability of the current approach. Another limitation of the current
approach is that only long-crested waves are considered. The vessel crane tip motions as well as the
shielding effects from the vessel will be influenced by the spreading of the waves. The shielding effects
are expected to be less in short-crested waves than in long-crested waves, especially in short waves
with vessel heading close to beam seas. Moreover, the most suitable directions that have the minimum
extreme responses might also shift if short-crested waves are considered. The influence of the short-
crested waves on the shielding effects will be studied in the future.
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ABSTRACT  
 

In this paper, the shielding effects from an installation vessel during 

lifting operations are investigated. The study compared the lifting 

operations of two commonly used offshore wind turbine substructures: 

the monopile and the jacket substructure. The fluid characteristics near 

the vessel are firstly studied in the frequency-domain. The numerical 

model of the coupled lifting system is established and eigenvalue 

analysis is carried out. The shielding effects from the floating 

installation vessel during the lifting operation are accounted for by 

interpolating wave kinematics between pre-defined wave points near 

the vessel in the time-domain simulations. The responses of the 

monopile and the jacket considering shielding effects are compared 

with those assuming wave kinematics due to incident waves only. The 

results indicate that a great reduction in the responses can be achieved 

when the shielding effects are considered during lowering the 

monopile, while the effects are very limited when installing the jacket 

foundation. The effects on the monopile and the jacket are compared 

and discussed in detail. 

 

KEY WORDS: Lifting operation; shielding effect; monopile; 

jacket; time-domain simulation. 

 

INTRODUCTION 

 

Among offshore wind turbine (OWT) cost challenges, offshore 

installation is a critical issue and is getting more and more important 

when larger machines need to be installed further from the coast. 

Compared with onshore work, offshore operations are much more risky 

and expensive, both from the financial and the engineering point of 

view. Due to the great environmental loads, larger support structures 

are called for, which will in turn raise challenges for the offshore 

operations. Besides, the components of OWTs should be installed to 

very precise tolerances, so the weather window for the installation will 

be very limited Twidell and Gaudiosi (2009). Therefore, it is of great 

importance to study new methods and optimize current methods for 

offshore installation. 

 

Monopiles are the most commonly used WT foundations due to the 

structural simplicity, manufacturing and installation expenses (Moller, 

2008). However, monopiles are limited by water depth and the data 

showed a decline in recent years as the technology moves to deeper 

water (Kaiser and Snyder, 2010). Hence, projects using jackets are 

increasing, which are more cost-effective in deeper waters. The present 

work focuses on the lifting operation of OWT monopiles and jackets. 

 

Offshore lifting operation is one of the most important operations for 

offshore installation and has been investigated for years by many 

researchers (Mukerji, 1988; Van den Boom et al., 1990; Baar et al., 

1992; Witz, 1995; Cha et al., 2010). The previous studies focused on 

establishing numerical models for the coupled system and to predict the 

extreme responses in complex environmental conditions. Compare with 

lifting operations in the oil and gas industry, the structures in wind 

farms are relatively smaller and lighter. However, instead of one large 

structure at a single position, several tens or even hundreds of structures 

have to be installed over an area of often several square kilometers 

(Junginger and Faaij, 2003). In order to complete the installation of one 

unit, only a limited time window is available before significant wave 

heights or wind speeds become too high. Thus, the ability to both install 

a wind turbine unit at a higher sea state and to move quickly between 

units and the site are crucial for efficient installation. One of the 

challenges is to choose a proper vessel to perform the lifting operations. 

 

The installation of substructures can be carried out either by a jack-up 

vessel or by a floating vessel. A jack-up vessel provides a stable 

working platform for the operations. However, the operability of a jack-

up vessel is limited by the water depth and the positioning process is 

time consuming and requires a low sea state. On the other hand, 

floating vessels have more flexibility for offshore operations and will 

be effective in mass installations of a wind farm due to fast 

transportations between units. However, jack-up vessels are more 

commonly used for installation of wind turbine tower and rotor and 

nacelle assembly, and floating vessels can hardly fulfil the installation 

criteria due to the motions induced by wind, waves and currents. 

 

For lifting operations conducted by floating vessels, hydrodynamic 

interaction between the structures in waves is of great importance. 

Studies have been performed to investigate the heavy lifting operations 

in the oil and gas industry considering the interactions, such as the 
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lifting of a heavy load from a transport barge using a large capacity 

semi-submersible crane vessel (Mukerji, 1988; Van den Boom et al., 

1990; Baar et al., 1992). The studies found that the hydrodynamic 

interaction had little effect on the responses of the crane tip, but 

affected the responses of the transport barge due to its small dimension 

compared to the crane vessel, and thus greatly affected the lift-off 

operations (Baar et al., 1992). The sheltering effects from columns and 

caissons of a gravity based substructure (GBS) on the barge during a 

float-over installation were studied by Sun et al. (2012). It has been 

shown that the motions of the barge and the contact forces between the 

barge the GBS can be amplified due to the hydrodynamic interaction. 

 

The shielding effects in those studies were considered by calculating 

the coupled hydrodynamic coefficients in frequency-domain when all 

the bodies were at their mean position. This implies that the motions of 

all bodies in the system are assumed to be small. However, it is not 

always the case when considering a continuous lowering operation that 

the positions of the lifted objects change continuously with time. Li et 

al. (2014a) introduced a method to account for the shielding effects 

from the installation vessel on a monopile during the entire lowering 

process. The wave forces on the monopile were calculated using 

Morison’s equation by interpolating the disturbed wave kinematics at 

pre-defined wave points at each time step. It was concluded that the 

responses can be greatly reduced in short waves considering shielding 

effects. The study also showed the possibility to place the vessel and 

lifting system in a good position to minimize the responses using the 

shielding effects. Thus, it is essential to study the shielding effects of 

the vessel when performing lifting operations for various structures. 

 

In this paper, the approach used for modelling shielding effects by Li et 

al. (2014a) will be further studied. Two lifting systems will be included 

in the study, i.e, the lifting of a monopile and a jacket. The shielding 

effects on the two systems will be compared by performing time-

domain simulations. Conclusions and recommendations will be given 

based on this study. 

 

DESCRIPTION OF THE LIFTING SYSTEMS 
 

Installation Vessel and Crane 

A floating installation vessel was chosen for the installation Li et al. 

(2014a). The main dimensions of the vessel are presented in Table 1. 

The vessel was a monohull heavy lift vessel. The positioning system 

allowed the operations of the vessel in shallow water and in close 

proximity to other structures. The water depths for the monopile and 

the jacket installation are 25 m and 40 m, respectively. The crane was 

capable of performing lifts of up to 5000 tons at an outreach of 32 m. 

The main hook featured a clear height to the main deck of the vessel of 

maximum 100 I. Therefore, the lifting capacity and the positioning 

system of the floating vessel made it capable of performing the 

installation of monopiles and jackets in shallow-water sites. 

 

Table 1: Main parameters of the floating installation vessel 

Vessel 

Length overall [m] 183 

Breadth [m] 47 

Operational draft [m] 12 

Displacement [tons] 52000 

 

The Monopile and the Jacket 

The monopile used in the model is to support a 5 MW offshore wind 

turbine and it is a long slender hollow cylinder with main dimensions 

listed in Table 2. A 10 MW wind turbine jacket foundation is applied in 

the current study. The jacket has a height of 64.75 m and a footprint of 

22 m times 22 m. The total mass of the jacket and the transition piece 

(TP) is over 1200 tons. The geometry of the 10 MW jacket was 

interpolated from existing jacket designs, i.e, the 5 and 20 MW 

UpWind turbines (Vries, 2011). Common wind turbine and 

substructure scaling laws are applied (Hoving, 2013). The main 

parameters for the 10 MW jacket are shown in Table 3, and the detailed 

information of each member can be found in Li et al. (2014b). The 

significant difference in mass and geometry will lead to different 

dynamic behaviors of the monopile and the jacket systems. 

 

Table 2: Main parameters of the monopile 

Monopile 

Total mass [tons] 500 

Length [m] 60 

Outer diameter [m] 5.7 

Thickness [m] 0.06 

 

Table 3: Main parameters of the jacket 

Jacket 

Total height [m] 64.75 

Foot print [m] 22x22 

TP position* [m] (0,0,65.25) 

leg outer diameter [m] 1.9 

Brace outer diameter [m] 1 

Jacket mass [tons] 1017 

Transition piece mass [tons] 250 

Total mass [tons] 1267 

* refer to the center point of the jacket bottom 

 

Lifting Arrangement 

The lifting system of the monopile and the jacket are shown in Fig. 1 

and 2, respectively. For both systems, only two rigid bodies are 

included, i.e, the floating vessel and the substructure. The hook is 

replaced by a lifting device which can be inserted into the monopile and 

TP so to perform the lifting operations. Hence, only the main lift wire is 

necessary to connect the crane and the substructure. For the monopile 

system, a gripper device rigidly connected to the vessel is applied to 

control the motions of the monopile during the lifting operations, while 

there is no such device used for the jacket installation. 

 

It was demonstrated that the elasticity of the crane boom mattered for 

heavy lifting operations of a load with more than 30% of the crane 

capacity (Park et al., 2011). For the current cases, the effect of the 

elasticity of the crane boom can be neglected. The crane was rigidly 

connected to the vessel in the numerical model, and a low constant 

flexibility was included. 

 
Figure 1: Lifting arrangement of the monopile 

 

The global coordinate system (GCS) was a right-handed coordinate 

system, with the following orientation used: X axis pointed towards the 

 

Liftwire

Crane vessel 

Monopile

Gripper 

device 

Y 

Z 

0 

Sea bed 
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bow, Y axis towards the port side, and Z axis upwards. The origin was 

located at [mid-ship section, center line, still water line] when the 

vessel was at rest. Fig.3 shows the definition of global coordinate 

system and wave directions for the jacket system and the same global 

coordinate was applied for the monopile system. 

             
Figure 2: Lifting arrangement of the jacket 

 
Figure 3: Definitions of the global coordinate and wave direction 

 

Table 4: Coordinates of COG and coupling points for two lifting 

systems 

Point X [m] Y [m] Z [m] coordinate syst. 

COG of vessel -7.25 0 2.17 VCS 

COG of MP 0 0 0 MCS 

crane tip (MP) -20 30 80 MCS 

hook point on MP 0 0 34 MCS 

gripper position -20 30 4.5 MCS 

COG of jacket 0 0 39.7 JCS 

crane tip (Jacket) -15 45 80 JCS 

hook point on jacket 0 0 66 JCS 

 

Beside the global coordinate system, the body fixed coordinate of each 

of the body is also defined. The body fixed coordinate moves with the 

body and is used to define the coupling points between bodies. Three 

body fixed coordinates were defined as follows: 

 

1) the vessel-fixed coordinate system (VCS) is overlapped with the 

global coordinate when the vessel was at rest;  
 

2) the monopile-fixed coordinate system (MCS) originated at the 

middle of the monopile with axis parallel to the global coordinate 

system in the initial condition.  
 

3) the jacket-fixed coordinate system (JCS) originated at the bottom 

center of the structure with axis parallel to the global coordinate system 

in the initial condition.  

 

The COG for each body as well as the coupling points are then 

summarized in Table 4 referring to different coordinate systems. 

 

NUMERICAL MODELS 
 

Coupled Equations of Motion 

The two-body coupled lifting system included 12 degrees of freedom 

(DOF s) of rigid body motions. The 12 equations of motion are given in 

Eqn. 1.     
     

1 2

0
, ,

t

f

t d t  
     

  
M A x D x D x Kx

h x q x x

  

 
 (1) 

where, 

M  the total mass matrix of the vessel and the substructures; 

x  the rigid-body motion vector with 12 DOF s;  A  the frequency-dependent added mass matrix at infinite wave 

frequency; 

1D  the linear damping matrix; 

2D  the quadratic damping matrix; 

K  the coupled hydrostatic stiffness matrix; 

h  the retardation function of the vessel, which is calculated 

from the frequency-dependent added mass or potential damping; 

q  the external force vector that includes the wind force WIq , 

the 1st and 2nd order wave excitation forces 
(1)

WAq  and
(2)

WAq , the 

current force CUq  and any other external forces CUq . 

 

The coupled stiffness matrix K  includes the hydrostatic stiffness of 

the vessel, the stiffness from the mooring line, and the coupling 

between the vessel and the substructure via the lift wire and gripper 

device 

 

Wave Forces on the Structures 

The potential added mass and damping coefficients, the hydrostatic 

stiffness and the first order wave excitation force transfer functions of 

the vessel were calculated in WADAM based on the panel method 

(DNV, 2008), and then the retardation functions in Eqn. 1 and the 1st 

order excitation force were obtained. In the current vessel model, waves 

were considered as main factor, and wind and current forces were not 

included. The exciting forces on the floating vessel in the model 

consisted of only the 1
st order wave excitation force vector 

(1)
WAq . 

 

The external forces on the monopile and the jacket include the gravity 

force, the buoyancy force, as well as the hydrodynamic wave forces. 

The monopile and the jacket members are seen as slender elements. For 

each member, the wave forces normal to the member’s central axis 

were calculated by applying Morison’s formula. Each member was 

divided into strips and the forces on the whole slender elements were 

calculated by strip theory. The wave forces fW,s per unit length on each 

strip of a moving circular cylinder normal to the member can be 

determined using Morison’s equation (Faltinsen, 1990). 
2 2

,
4 4

1
| | ( )

2

W s w M s w A s

w q s s s s
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(2) 

In this equation, the positive force direction is the wave propagation 

direction. s  and s  are fluid particle acceleration and velocity at the 

center of the strip, respectively; sx  and sx  are the acceleration and 

Liftwire 

Crane vessel 

Jacket 
Y 

Z

0 

Sea bed 
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velocity at the center of the strip due to the body motions; D  is the 

outer diameter of the member; and MC , AC  and qC  are the mass, 

added mass and quadratic drag force coefficients, respectively. 

The first term in the equation is the wave excitation force, including 

diffraction and Froude-Krylov force (FK term). The second term is the 

inertial term and the third term is the quadratic drag term. MC  and qC  

are dependent on many parameters, such as the Reynolds number (Re), 

the Kaulegan-Carpenter number (KC) and the surface roughness ratio 

(Faltinsen, 1990).The quadratic drag coefficient for the monopile was 

chosen as Cq = 0.7, and Cq = 1.0 was used for all the jacket members 

 

Both the monopile and the jacket four legs are flooded and filled with 

water during installation, while all the other braces of the jacket are 

hollow. Therefore, different mass coefficients should be applied. The 

added mass coefficient of the monopile at different submergences was 

studied by Li et al. (2014a). In the current model, the following 

coefficients were used: monopile CM = CA = 1.8; jacket legs CM = CA = 

1.9; jacket braces CM = 2.0 and CA = 1.0. 

 

The forces on each strip was calculated first and integrated to obtain the 

forces on the whole member. The monopile was a single member, 

while the jacket included 40 members in the numerical model. The 

forces on each member were then summed up to get the forces on the 

whole jacket structure. It should be mentioned that there was no vertical 

wave force on the monopile since it was bottomless. The slamming 

forces on the jacket were observed to be little in the operational sea 

states and were neglected in the time-domain simulations. 

 

Mechanical Couplings 

The couplings in the numerical model include the lift wire couplings 

and the gripper device coupling. The wire coupling force was modelled 

as a linear spring force according to the following equation 

(MARINTEK, 2012): 

 

T k l    (3) 

where T is the wire tension, ∆l is the wire elongation and k is the 

effective axial stiffness, which is given by: 

 

0

1 1l

k EA k
   (4) 

where E is the modulus of elasticity, A is the cross-sectional area of the 

wire, 1/k0 is the crane flexibility and l is the total length of the wire, 

which increases when the winch runs during the lowering operation. 

From the positions of the two ends of the wire, the elongation and 

thereby the tension can be determined. The material damping in the 

wire was included in the model. 

 

The gripper device is normally a ring-shaped structure with several 

contact elements in the inner circumference which behave like bumpers 

during installation. Thus, the gripper force in the numerical model was 

simplified by a spring-damper system (Li et al., 2014a). Rotation 

symmetric stiffness and damping around the axis were assumed to 

calculate the coupling forces. Sensitivity studies to quantify the effects 

of the gripper stiffness on the responses during the lowering of a 

monopile were performed by Li et al. (2013). In the current study, a 

representative gripper device stiffness was used for all the simulations. 

 

Shielding Effects Modelling 

Due to the small dimension of the monopile and the jacket members 

compared to the vessel, the hydrodynamic effects on the vessel from 

the substructure are minor and can be ignored. However, the shielding 

effects from the installation vessel may be relevant for the wave forces 

on the monopile as well as the jacket in the wave zone. The waves 

affected by both radiation and diffraction of the vessel are defined as 

disturbed waves in this paper which account for the vessel shielding 

effects, and the undisturbed waves are defined as incident waves. 

To calculate the wave forces on the monopile and jacket in the 

disturbed wave field during lowering, the fluid kinematics s  and s  

in Eqn. 2 should be based on the disturbed fluid kinematics. Because 

the position of the structure varies with time and with the increasing 

length of the lift wire, the fluid kinematics at each strip are time- and 

position-dependent. Therefore, the approach proposed by Li et al. 

(2014a) was applied to simulate the lowering process of the multi-body 

system in the time domain while considering the shielding effects. The 

approach in Li et al. (2014a) was only for one slender element and it 

was further developed in this paper to be used for jacket structure 

which is modelled as a collection of slender elements. The approach is 

briefly discussed below: 

 

1. First, generate time series of disturbed fluid kinematics at pre-

defined wave points in space. The boundary of the wave points should 

cover all possible positions of the wet part of the substructures. 

 

2. Then, at each time step find the closest pre-defined wave points for 

each strip on the element. Apply a 3D linear interpolation to obtain the 

kinematics at the centre of each strip in disturbed waves. 

 

3. Calculate the forces at each strip in disturbed waves using Eqn. 2 and 

then integrate along the submerged part of the slender element to 

acquire the total wave forces and moments on the element. The forces 

on each element are integrated up to the instantaneous wave elevation. 

 

4. Finally, perform the time-domain simulations of the coupled vessel-

monopile system. The wave forces on the substructures in disturbed 

waves are calculated in DLL using the interpolation method described 

above, and the total wave forces on the substructure are returned to 

SIMO, with which the motions of the coupled system are solved. 

 

EIGENVALUE ANALYSIS 
 

The eigenvalue analysis was conducted in the frequency domain to 

investigate the eigenperiods of the rigid body motions of the lifting 

system. The natural modes and natural periods were obtained by 

solving Eqn. 5 in the frequency domain. 

 
2[ ( ) ] 0    M A K x  (5) 

where M  is the mass matrix of the vessel and the monopile. A  is the 

added mass matrix; the added mass with infinite frequency was used 

for the vessel. K  is the total restoring stiffness matrix, which is split 

into three contributions: hydrostatic restoring, mooring restoring and 

coupling between the vessel and the monopile. The coupling restoring 

includes all the mechanical couplings. x  is the eigenvector that 

represents rigid-body motions with 12 DOFs in the two-body coupled 

system and 6 DOFs if a single body is considered. 

 

Table 5: Eigenperiods and eigenvectors of vessel rigid body motions 

(water depth = 25 m) 

Mode 1 2 3 4 5 6 

Surge [m] -0.15 -0.06 0.00 0.00 1.00 0.00 

Sway [m] 0.00 0.00 0.06 0.86 0.00 -0.79 

Heave [m] -0.29 1.00 0.00 0.00 0.00 0.00 

Roll [deg] 0.00 0.00 1.00 0.02 0.00 0.03 

Pitch [deg] 1.00 0.19 0.00 0.00 0.00 0.00 

Yaw [deg] 0.00 0.00 -0.01 1.00 0.00 1.00 

Period [sec] 9.44 10.65 13.54 93.89 99.98 105.36 
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The natural periods and natural modes of the vessel and of the 

monopile are listed in Table 5 and Table 6, in which the dominated 

rigid motions are emphasized. The natural periods of the heave, pitch 

and roll motions of the vessel indicate small motions in short waves and 

resonance motions when the wave period is close to the natural periods. 

It is expected that the vessel motions will play an important role in the 

response of the substructure when the wave periods are approximately 

Tp = 9 sec to 14 sec. 

 

Table 6: Eigenperiods and eigenvectors of monopile rigid body motions 

lifted by a fixed vessel (draft of MP = 20 m) 

Mode   1 2 3 4 5 6 

Surge [m] -0.01 -0.60 -0.55 0.05 0.05 0.00 

Sway [m] -0.01 0.54 0.60 0.05 -0.05 0.00 

Heave [m] 1.00 0.00 -0.02 0.00 0.02 0.00 

Roll [deg] -0.04 -0.91 -1.00 -0.93 1.00 0.00 

Pitch [deg] -0.05 1.00 -0.91 1.00 0.93 0.00 

Yaw [deg] 0.00 0.00 0.00 0.00 0.00 1.00 

Period [sec] 0.79 2.28 2.28 6.63 6.75 40.04 

 

In the case of the monopile by itself, the vessel was assumed to be a 

fixed structure and the lift wire and the gripper provided the restoring 

force for the monopile; the natural periods of the monopile in Table 6 

correspond to MP submergence of 20 m and the eigenvectors refer to 

the monopile body-fixed coordinate with the origin at the center of the 

monopile. The 1st mode is dominated by the heave motion, and the 

stiffness in heave is from the lift wire axial stiffness. Modes 2 to 3 are 

dominated by a combination of the rotational motion in vertical plane 

and the translational motion in the horizontal plane. Modes 4 and 5 are 

dominated by pitch and roll motions and the last mode is pure yaw 

motion. The eigenvectors in Table 6 show that modes 2 and 3 are 

symmetric and correspond to the same eigenperiods, but occur in 

different planes. It is the same for mode 4 and 5. The eigenperiods for 

modes 4 and 5 are much longer than modes 2 and 3 due to different 

contributions of the restoring from the gripper device and the lift wire. 

 

In the coupled system of the monopile and the floating vessel, in 

general the natural periods of the rotational modes of the monopile 

slightly decreased, and the natural period of the vessel roll motion was 

also reduced. As the changes are small, the coupled eigenperiods are 

not shown here. 

 

Compared to the eigenperiods of the monopile with those of the free 

floating vessel, it can be seen the relevant eigenperiods of the monopile 

(mode 4 and 5) are shorter than those from the vessel. Hence, it can be 

expected in short waves the wave excitation forces on the monopile 

will dominate the responses of the lifting system, while in long waves 

the motions of the vessel will play a more important role. 

 

Table 7: Eigenperiods and eigenvectors of jacket rigid body motions 

lifted by a fixed vessel (draft of jacket = 30 m) 

Mode 1 2 3 4 5 6 

Surge [m] -0.15 -0.06 0.00 0.00 1.00 0.00 

Sway [m] 0.00 0.00 0.06 0.86 0.00 -0.79 

Heave [m] -0.29 1.00 0.00 0.00 0.00 0.00 

Roll [deg] 0.00 0.00 1.00 0.02 0.00 0.03 

Pitch [deg] 1.00 0.19 0.00 0.00 0.00 0.00 

Yaw [deg] 0.00 0.00 -0.01 1.00 0.00 1.00 

Period [sec] 9.44 10.65 13.54 93.89 99.98 105.36 

 

Table 7 shows the eigenvalues of the jacket when the vessel is assumed 

to be fixed. Only the lift wire provides restoring force for the jacket. 

Similar to the monopile case, the 1st eigenmode is dominated by heave 

motion with very low natural period due to the high axial stiffness of 

the lift wire. Eigenmode 2 and 3 are symmetric modes and dominated 

by pitch and roll motions with contributions from surge and sway. 

Modes 4 and 5 are also symmetric and corresponding to the pendulum 

modes, so they are dominated by combined translations and rotations. 

Mode 6 is the uncoupled mode of the jacket’s yaw motion with very 

long eigenperiod. 

 

Table 8: Eigenmodes of the coupled jacket-vessel system (draft of the 

jacket = 30 m) 

Body Mode 2 3 4 5 6 

Vessel Surge [m] 0.00 0.00 -0.03 -0.05 0.00 

Vessel Sway [m] 0.00 0.00 0.00 -0.02 0.03 

Vessel Heave [m] 0.00 0.01 -0.06 0.95 0.00 

Vessel Roll [deg] -0.06 0.00 0.00 -0.03 0.47
Vessel Pitch [deg] 0.00 -0.02 0.17 0.23 0.00 

Vessel Yaw [deg] 0.00 0.00 0.00 0.00 0.00 

Jacket Surge [m] -0.01 -0.37 -0.40 -0.29 0.02 

Jacket Sway [m] 0.37 -0.01 -0.01 0.00 0.56
Jacket Heave [m] -0.05 0.00 -0.01 1.00 0.38 

Jacket Roll [deg] 1.00 -0.01 -0.03 -0.09 1.00 

Jacket Pitch [deg] 0.02 1.00 1.00 0.78 -0.01 

Jacket Yaw [deg] -0.02 -0.02 -0.02 -0.01 -0.02 

Natural period [sec] 7.94 8.10 9.15 9.93 14.54 

Body Mode 7 8 9 10 11 

Vessel Surge [m] -0.02 0.00 -0.14 0.89 0.13 

Vessel Sway [m] 0.00 -0.02 -0.87 -0.12 0.64 

Vessel Heave [m] 0.00 0.00 -0.01 0.00 0.00 

Vessel Roll [deg] 0.00 -0.05 0.01 0.00 -0.02 

Vessel Pitch [deg] 0.00 0.00 0.00 0.00 0.00 

Vessel Yaw [deg] 0.02 0.00 -1.00 0.02 -0.84 

Jacket Surge [m] 1.00 -0.05 0.76 1.00 0.90
Jacket Sway [m] 0.05 1.00 -0.74 -0.15 1.00 

Jacket Heave [m] 0.00 -0.04 0.01 0.00 -0.01 

Jacket Roll [deg] 0.03 0.64 -0.07 -0.01 0.07 

Jacket Pitch [deg] -0.70 0.03 -0.07 -0.08 -0.07 

Jacket Yaw [deg] 0.00 -0.01 -0.03 -0.05 -0.06 

Natural period [sec] 31.26 33.33 94.15 100.84 106.31 

 

From the eigenperiods in the table, it can be seen that at this draft Mode 

2 and 3 are of high importance for wave conditions with peak periods 

from 8sec to 10sec, which are also close to the natural periods of the 

vessel. The coupled eigenmodes of jacket and the floating vessel are 

shown in Table 8, where mode 1 (dominated by jacket heave) and 

mode 12 (dominated by vessel yaw) are exclusive. It can be seen that 

the eigenperiods of modes 2 to 6 are in the range of 8 to 15 sec, which 

are critical for the wave conditions concerned. The other modes are less 

critical during lifting. 

 

Compared to Table 5 and the eigenvalues of the jacket connected to a 

fixed crane in Table 7, the eigenvalues of the jacket modes 2 to 3 and 

the vessel eigenmodes in vertical plane are fully coupled. Hence, the 

eigenvalues are shifted compared to the individual cases. Moreover, the 

symmetries of the eigenmodes for the jacket disappear in the coupled 

system due to the influence by the crane tip position. On the other hand, 

the eigenvalues of jacket pendulum modes change little after coupling 

with the floating vessel. The coupled eigenmodes provide a good 

understanding of when and how the system will be excited in different 

wave conditions. 

 

Compare to the monopile case, the eigenperiods of the jacket and vessel 

are more coupled, which indicate that the motions of the jacket will be 

more influenced by the vessel motions. Moreover, unlike the monopile 

system, the jacket motions will not be excited in short waves due to the 

all the coupled natural periods are relatively high. The low natural 

periods in the monopile system are due to the gripper device, which 
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provides large restoring stiffness for the monopile in horizontal plane 

compared to the lift wire. 

 

WAVE KINEMATICS IN DISTURBED WAVES 
 

Before carrying time domain simulations, the kinematics near the 

position of the structures in disturbed waves are studied in frequency 

domain and compared with those in incident waves. Fig. 4 shows the 

variations of the wave elevation RAOs (Response Amplitude Operator) 

in disturbed waves. The results correspond to points at the mean free 

surface with varying X Y positions. The initial position of the four 

jacket legs (black circles) as well as the MP (red circles) are also shown 

in the figure. The RAOs for incident wave elevation are always 1 at any 

positon. 
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Figure 4: RAOs of wave elevation in disturbed waves in XY plane (Dir 

= 150 deg, Z = 0 m) 

 

It can be observed that the RAOs depend greatly on the wave frequency 

and the positions relative to the vessel. In long waves, the RAOs are 

close to those in incident waves, which indicate the diffraction and 

radiation of the vessel are minor. However, as the wave period 

decreases the RAOs in disturbed waves decrease significantly. Due to 

the large footprint of the jacket foundations, the wave kinematics are 

always smaller at the side close to the vessel (with small Y coordinate) 

compared to the side away from the vessel, especially in short waves. 

The RAOs at the MP positions are much less than all the four jacket 

legs. 
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Figure 5: Comparisons of RAOs of fluid Y -velocities in different wave 

directions and frequencies (Z = 0 m) 

 

The RAOs also depend on wave direction. Fig. 5 compared the RAOs 

of Y component of the fluid particle velocity at four jacket legs and MP 

position in disturbed and incident waves, respectively. The results 

correspond to the positions at the mean free surface, and the index of 

the legs refers to Fig. 3. The RAOs at different positions vary little with 

wave directions with Tp = 12 sec, while in short waves, the RAOs 

changed rapidly with both direction and position. The Y -velocities at 

leg 3 are higher than the other three legs in most conditions and the 

kinematics at MP are close to those at leg 1 and smaller than other three 

legs except in heading seas. 

 

In heading sea condition, the Y -velocities in incident waves are always 

zero, while it is not the case in disturbed waves due to the 3D shielding 

effects from the vessel. The velocities in disturbed waves are reduced 

greatly compared to those in incident waves with wave direction moves 

to quartering seas. 

 

From the wave kinematics discussed above, it can be expected the 

shielding effects will be more significant in short waves than in long 

waves, in quartering seas than in heading seas and the effects on the 

monopile are expected to be larger compared to the jackets. 

 

TIME DOMAIN SIMULATIONS 
 

Time-domain Simulation Method 

Step-by-step integration methods were applied to calculate the 

responses of the lifting system using an iterative routine. The equations 

of motion were solved by Newmark-beta numerical integration (ȕ = 

0.1667, Į =0.50) with a time step of 0.02 sec. The 1st order wave forces 

of the vessel were pre-generated using Fast Fourier Transformation 

(FFT) at the mean position. The hydrodynamic forces on the 

substructure were calculated in the time domain using the interpolation 

of the pre-generated fluid kinematics at pre-defined wave points in 

disturbed waves. The resolution of the pre-generated wave points has 

been studied by Li et al. (2014a). In this study, a resolution of 4 m in 

XY plane and 2 m in Z direction was used. 

 

The environmental conditions of the time-domain simulations were Hs 

2.0 m with Tp varied from 6 sec to 12 sec, thus covering a realistic 

range. For each combination of Hs and Tp the irregular waves were 

modelled by JONSWAP spectrum (DNV, 2010). For the each wave 

condition, the same incident waves were applied for the monopile and 

jacket systems. Linear wave theory and long-crested wave 

approximation were applied for all conditions. In order to account for 

the variability of stochastic waves, 10 realizations of irregular waves 

were generated at each of the environmental conditions using different 

seeds, and each realization lasted 20 minutes. Thus, 10 seeds 

corresponded to an operation with duration of approximately three 

hours. 

 

In order to compare the behavior of the two lifting system easily, the 

winch was fixed in the time-domain simulations and steady-state 

responses were analyzed. The draft of the monopile and the jacket was 

chosen as 20 m and 30 m, respectively. 

 

Response Time Series and Spectra 

 

Response of the monopile lifting system 

Fig. 6 and Fig. 7 show the time history of the responses of the MP 

lifting system at two wave conditions with wave direction Dir = 150 

deg. The responses in the figures include the motions of the MP end tip, 

the contact forces on the gripper and the tensions in the lift wire. 

Comparing the responses in incident and disturbed waves shows that in 

short waves with Tp = 6 sec, the responses are significantly reduced 
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when shielding effects are considered, whereas in long waves with Tp = 

12 sec the influence of shielding effects is much less. 

 

These results again indicate that the shielding effects of the vessel have 

more influence on the fluid kinematics in short waves, which is 

consistent with the RAOs of the fluid kinematics shown in Fig. 4. 
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Figure 6: Time series of MP responses in incident and disturbed waves 

(Hs = 2.0 m, Tp = 6 sec, Dir = 150 deg) 
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Figure 7: Time series of MP responses in incident and disturbed waves 

(Hs = 2.0 m, Tp = 12 sec, Dir = 150 deg) 

 

The response spectra were obtained using Fourier transformation of the 

time series. Fig. 8 shows the response spectra at Tp = 6 sec and 12 sec 

with direction Dir = 150 deg. In short waves, the resonant motions of 

the monopile are excited in incident waves, which correspond to the 

peak frequency of the spectrum, 0.94 /rad s  . The hydrodynamic 

wave loads on the monopile dominate the response of the system in this 

case. 

In long waves, however, there are two peaks in the motion spectrum. 

The frequencies of the secondary peak with 0.94 /rad s  match the 

natural frequencies of the monopile rotational eigen frequency, while 

the frequencies of the main peak with 0.45 /rad s   are the vessel 

roll natural frequency. Due to the couplings of the monopile and the 

vessel, the increasing response of the vessel in long waves dominates 

the motions of the monopile. The peak frequency of the wire tension is 

consistently twice of the rotational peak frequency, which means that 

one cycle of rotational motion induces two cycles of variations in the 

wire tension. 

0.5 1 1.5 2
0

0.01

0.02

T
p
=6sec, Dir=150deg

h
e
a
v
e
 [
m

2
s
/r
a
d
]

0.5 1 1.5 2
0

5

10

ro
ll 

[d
e
g

2
s
/r
a
d

]

0.5 1 1.5 2
0

5

10
M

P
-t

ip
-x

 [
m

2
s
/r
a

d
]

0.5 1 1.5 2
0

1

2

M
P

-t
ip

-y
 

0.5 1 1.5 2
0

5
x 10

4

w
ir
e
-T

 [
k
N

2
s
/r
a
d
]

frequency [rad/s]

0.5 1 1.5 2
0

1

2

3

T
p
=12sec, Dir=150deg

 

 

0.5 1 1.5 2
0

5

10

0.5 1 1.5 2
0

2

4

0.5 1 1.5 2
0

1

2

0.5 1 1.5 2
0

5000

10000

frequency [rad/s]

incident-w

disturbed-w

 
Figure 8: Spectrum density of MP responses in incident and disturbed 

waves (Hs = 2.0 m) 

 

For both wave conditions, the peaks at 0.94 /rad s   in the response 

spectra, which is the natural frequency of the rotational motions of the 

monopile, are significantly reduced when the shielding effects of the 

vessel are considered. However, in long waves with Tp = 12 sec the 

response peaks corresponding to the vessel natural frequency do not 

decrease in disturbed waves. These results indicate the significant 

influence of the shielding effects on the monopile motions, particularly 

in short waves when the wave frequencies are close to the natural 

frequencies of the monopile. 

 

Response of the jacket lifting system 

Similarly, Fig. 9 shows the spectra of the responses of the jacket lifting 

system at a direction of 150 deg in short and long wave conditions, 

respectively. 

 

In long waves with Tp = 12sec, the responses in disturbed waves are 

almost identical with those in incident waves. One reason is that the 

wave kinematics at all four legs are close to incident wave kinematics 

in this wave conditions as can observed in Fig. 4 and 5. The most 

important reason, on the other hand, is that in the long wave condition, 

the vessel motions dominate the response of the whole system, which 

will not be affected by the shielding effects. 
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Comparison between the two lifting systems 

The standard deviations (STD) of the responses in different wave 

periods and directions are obtained in disturbed and incident waves for 

directions from 180 deg to 135 deg, see Fig. 10 and Fig. 11 for 

monopile and jacket lifting systems, respectively. 
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Figure 9: Spectrum density of jacket responses in incident and 

disturbed waves (Hs = 2:0m) 

 

For the monopile lifting system, the significant decrease of the tip 

motion in x direction can be observed in all wave conditions when 

considering shielding effects, and the effects are reduced with 

increasing wave length. The motions in y and z directions are greatly 

affected by vessel roll motion which increases significantly when the 

wave direction moves to quartering seas in incident waves. At heading 

sea conditions, 3D effects from the vessel can be observed where the 

MP tip y motion increase dramatically when including shielding effects. 

 

The STD for the motions reach their minimum near Dir = 150 to 135 

deg in short waves, whereas in long waves the minimum values occur 

at close to head seas. Both the resonance motions of the monopile and 

the vessel motions affect the responses of the lifting system, and the 

factor that dominates the responses depends on both the wave direction 

and the wave length. Therefore, in order to utilize the shielding effects 

to increase the weather window as much as possible, the most suitable 

wave directions at different wave lengths should be applied for the MP 

lifting system. 

 

For the jacket system, however, the STD of the jacket motions are 

much less influenced by the shielding effects from the vessel compared 

to the MP system. Although great decrease of jacket tip y motion can 

be observed near quartering sea in short and medium waves when 

considering shielding effects, the responses in x and z directions vary 

little. This is due to that in short waves the excitation forces on the 

members are very small, and the x and z motions of the jacket can be 

dominated by the vessel motions. The y motion is dominated by the 

resonance motion of the jacket in short waves. In longer waves, as the 

vessel motion increases rapidly, the responses from the incident waves 

and the disturbed waves are almost the same. Since the motions of the 

jacket in short waves are so small and are not critical for the operations, 

the shielding effects can be ignored when estimating the critical 

responses of the jacket lifting system. The proper wave directions can 

be chosen as close to heading seas in both short and long waves. 

6 sec 8sec  10 sec 12 sec
0

0.5

1

1.5
D1

D2
D3

D4

M
P

-t
ip

-x
 [

m
]

6 sec 8sec  10 sec 12 sec
0

0.5

1

M
P

-t
ip

-y
 [

m
]

6 sec 8sec  10 sec 12 sec
0

0.2

0.4

M
P

-t
ip

-z
 [

m
]

T
p
 [sec]

incident-w
disturbed-w

 
Figure 10: Standard deviation of MP motions in incident and disturbed 

waves (Hs = 2:0m, for each Tp the directions from left to right are D1 = 

180 deg, D2 = 165 deg, D3 = 150 deg, D4 = 135 deg) 
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Figure 11: Standard deviation of jacket motions in incident and 

disturbed waves (Hs = 2:0m, for each Tp the directions from left to right 

are D1 = 180 deg, D2 = 165 deg, D3 = 150 deg, D4 = 135 deg) 

 

In general, the jacket resonance motions are very small and the motions 

of the vessel can dominate the response of the jacket even in short 

waves. This is very different from those for the MP lifting system, 

where in short waves the MP resonance motion dominates. The reasons 

for the differences can be summarized as follows: 

 

1. The response amplitudes at resonance are higher for the MP than the 

jacket due to the larger excitation force acting on the structure with 

larger dimension. 

 

2. The footprint of the jacket is very large which results in the larger 

1297



distance of the legs and braces relative to the vessel hull compared to 

the MP. Hence, the fluid kinematics in disturbed waves on the MP are 

much lower than the average values on the jacket members. 

 

3. Due to different lifting configurations and properties, the eigenvalues 

of the two systems are very different. For the MP system, the critical 

eigenperiods for the monopile are in the short wave ranges which are 

distinct from the vessel eigenperiods. This ensures the resonance 

motions of the MP in short waves can be greatly reduced by the 

shielding effects. The low eigenperiods are due to the application of the 

gripper device for the operation. While for the jacket, all the 

eigenperiods are coupled with the vessel and in relatively long wave 

range. This makes the shielding effects less important. 

 

CONCLUSIONS 
 

The current study investigates the shielding effects from the installation 

vessel on two lowering operations: the lowering of the monopile and 

the jacket structure. 

 

The fluid kinematics in disturbed waves show a great dependence on 

the wave direction and wave periods. The RAOs of the kinematics can 

be reduced greatly in short waves in quartering seas. Due to different 

lifting configuration, the RAOs of the wave kinematics at the monopile 

positions are in general much smaller than the average RAOs at the 

four legs of the jacket. 

 

The effects of vessel shielding on the responses of the lifting system 

were calculated by using an external DLL and implementing it in 

SIMO. The wave forces on the monopile and the jacket were calculated 

by interpolating fluid kinematics between pre-defined wave points near 

the floating vessel in the time-domain. In this paper, the steady-state 

responses for a given submergence were studied. The analysis on the 

entire lowering process of the monopile can refer to Li et al. (2014a). 

 

The results show significant reduction of the responses of the MP 

lifting system in short waves and close to quartering seas when 

considering shielding effects, while the reduction decreases in long 

waves. The responses reached minimum values close to quartering seas 

in short waves due to the reduction of the wave excitation force by the 

shielding effects. In long waves the minimum were acquired at 

directions close to heading seas. This is because the vessel roll motion 

can induce large motions for the lifting system when the wave direction 

moves to quartering seas. However, for the jacket lifting system, the 

vessel motion can dominate the responses of the jacket even in short 

waves and the shielding effects are only observed in short waves where 

the responses of the system are very small. The different behavior of 

the two systems when considering the shielding effects are due to the 

differences in 1) the response amplitude at resonance; 2) the fluid 

kinematics at the structure positions; and 3) the eigenperiods of the 

system. 

 

It is recommended to include the shielding effects from the vessel when 

planning the operation for the monopile and to choose the most suitable 

heading angles in different wave conditions. The weather window for 

the lowering of monopile is expected to increase by considering the 

shielding effect. However, the shielding effects can be ignored when 

evaluating critical responses of the jacket during the operation, and near 

heading sea conditions are suitable for the jacket lowering operation in 

both short and long waves. 
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ABSTRACT 
 
This paper addresses numerical simulations of the lifting operation of 
an offshore wind turbine monopile foundation considering both 
shielding effects from the vessel and the spreading of the waves. A 
numerical model of the coupled monopile-vessel system is established. 
The disturbed wave field near the vessel is investigated and observed to 
be affected by the diffraction and radiation of the vessel. The shielding 
effects of the vessel during the lifting operation are accounted for in 
this study by interpolating fluid kinematics between pre-defined wave 
points near the vessel using SIMO software and an external Dynamic 
Link Library (DLL). The effects of short-crested waves on the wave 
field and on responses of the system are investigated by implementing 
the directional spreading function in the wave spectrum. Based on the 
time-domain simulations, the critical responses of the lifting system in 
various conditions are studied. The results indicate that the effects of 
the wave spreading are considerable in both incident and disturbed 
waves. The shielding effects are less significant in short-crested waves 
than in long-crested waves. 
 
KEY WORDS: Lifting operation; short-crested waves; shielding 
effect; monopile; time-domain simulation. 
 
INTRODUCTION 
 
Monopile (MP) substructures are the most commonly used foundations 
for offshore wind farms in water depths up to 40 meters. It has been 
estimated that more than 75% of all installations are founded on 
monopiles by the end of 2013 (EWEA, 2014). Monopiles can be 
transported to site by the installation vessel or a feeder vessel, they can 
be barged to the site or can be capped and wet towed (Kaiser and 
Snyder, 2013). An offshore crane is often employed to upend the 
monopile to a vertical position and lower it down through the wave 
zone to the seabed. During the lifting operation, the monopile and the 
installation vessel are coupled through the lift wire and a gripper device 
which limits the horizontal motions of the monopile during the 
lowering. The monopile is lowered at a position which is very close to 
the hull of the crane vessel, so the wave forces on the monopile are 
affected by the presence of the vessel. Furthermore, since the lifting 

operation is commonly performed at a relative low sea states, the waves 
may spread in different directions and affect the motions of the vessel 
as well as the wave forces on the monopile. Therefore, it is of great 
interest to evaluate the effects of the wave spreading as well as the 
shielding effects from the vessel on the behavior of the lifting system. 
 
Studies have been performed to investigate the heavy lifting operations 
in the oil and gas industry considering shielding effects, such as the 
lifting of a heavy load from a transport barge using a large capacity 
semi-submersible crane vessel (Mukerji, 1988; van den Boom et al., 
1990; Baar et al., 1992). The studies found that the hydrodynamic 
interaction had little effect on the responses of the crane tip, but 
affected the responses of the transport barge and thus greatly affected 
the lifting operations because of the small dimension of the barge 
compared with that of the crane vessel (Baar et al., 1992). The 
sheltering effects from columns and caissons of a gravity-based 
substructure (GBS) on the barge during a float-over installation were 
studied (Sun et al., 2012). It has been shown the motions of the barge 
and the contact forces between the barge the GBS can be amplified due 
to the hydrodynamic interactions. Therefore, the hydrodynamic 
interaction between two floaters close to each other should be taken 
into consideration when estimating responses. 
 
The approach to consider the shielding effects in those studies were to 
calculate the coupled hydrodynamic coefficients in frequency-domain 
when all the bodies are at their mean positions. This implies that the 
motions of all bodies in the system must be very small. However, when 
considering a continuous lowering operation that the positions of the 
lifted objects change continuously with time, the above method is not 
applicable. The main difficulty associated with this process lies in the 
large motion that the load might experience in waves during being 
lowered. Bai et al. (2014) introduced a 3D fully non-linear potential 
flow model to simulate the wave interaction with fully submerged 
structures either fixed or subjected to constrained motions in time-
domain. The scenario of a cylindrical payload hanging from a rigid 
cable and subjected to wave actions was studied. However, the 
approach is limited to regular waves up to now and the simulation 
efficiency is low. The further application on more complicated 
operations and in irregular waves with longer duration is questionable. 
 



In the case of lifting a monopile using a floating vessel, due to the small 
dimension of the monopile compared with the vessel, the 
hydrodynamic effects of the monopile on the vessel are minor and can 
be ignored. Li et al. (2014) introduced a method to account for the 
shielding effects from the installation vessel on a monopile during the 
entire lowering process. The wave forces on the monopile were 
calculated using Morison’s equation by interpolating the disturbed 
wave kinematics at pre-defined wave points at each time step. It was 
concluded that the responses of the monopile can be significantly 
reduced in short waves when considering shielding effects. The study 
also showed it is possible to minimize the responses by choose a proper 
vessel heading using the shielding effects. However, only long-crested 
waves were considered when evaluating the shielding effects. 
 
In the real sea condition, short-crested waves are found providing better 
accuracy for the wind generated seas and appear to be three-
dimensional and complex (Chakrabarti, 1987; Goda, 2010; Kumar et 
al., 1999). The directional spreading of wave energy may give rise to 
forces and motions, which are different from those corresponding to 
long-crested waves. A large number of studies have been performed in 
recent years focusing on the directional wave effects on the forces and 
responses of various offshore structures e.g., large surface piercing 
circular cylinders (Isaacson and Nwogu, 1987; Nwogu, 1989; Zhu and 
Satravaha, 1995; Tao et al., 2007), long pipelines (Battjes, 1982; 
Lambrakos, 1982) , TLP platforms (Teigen, 1983), box-shaped 
structures (Isaacson and Sinha, 1986; Nwogu, 1989), and multiple 
floating bodies (Inoue and Islam, 2000; Sannasiraj et al., 2001). These 
studies showed significant effects on the loads and responses due to the 
spreading of the waves. The general observations were that the 
directional spreading of wave leads to a reduction of the loads in the 
main wave direction while the loads in the direction normal to the main 
wave direction can be greatly amplified due to the lateral disturbance in 
short-crested waves. The reduction of the loads due to the wave 
spreading sometimes can bring saving in fabrication costs. However, 
the spreading may also lead to a significant increase of the estimated 
fatigue life of an offshore structure (Marshall, 1976). For lifting 
operations with multi-body coupled systems, very little work has been 
published with short-crested irregular waves. However, the industry has 
been aware of the importance of the short-crested waves for lifting 
operations using a floating crane by establishing relevant guidance. 
 
DNV (2014) recommended to assess whether long crested or short 
crested sea is conservative for the analysis concerned. It is suggested to 
investigate the effect of short-crested sea when the vertical crane tip 
motion is dominated by the roll motion in head sea ±15 deg. For 
simplicity, long-crested waves with a heading angle of ±20 deg can be 
applied to account for the additional effect from short-crested sea. 
Nevertheless, the guidance is very general and can hardly be applied for 
different situations. Moreover, there is no guidance or published work 
regarding how to evaluate the effects of the short-crested waves when 
accounting the shielding effects from the installation vessel. 
 
The focus of the paper is to study the influences of the directional 
waves and the shielding effects of the vessel on the responses of the 
monopile lifting system. Time-domain simulations are performed using 
multi-body code SIMO (MARINTEK, 2012) and an external Dynamic 
Link Library (DLL) that included the shielding effects from the 
installation vessel (Li et al., 2014). The results in short-crested waves 
are compared with those in long-crested wave fields with the same total 
energy. The simulation model and the methodology are presented first, 
followed by discussions of the results. Finally, conclusions and 
recommendations are given for lifting operations regarding shielding 
effects and the influences from short-crested waves. 
 

DESCRIPTION OF THE LIFTING SYSTEMS 
 
A floating installation vessel was chosen for the monopile installation. 
The main dimensions of the vessel are presented in Table 1. The lifting 
capacity and the positioning system of the floating vessel made it 
capable of performing the installation of monopiles in shallow-water 
sites. The monopile used in the model was a long slender hollow 
cylinder with main dimensions listed in Table 1. Fig. 1 shows a 
schematic layout of the arrangement of the operation. The system 
included two rigid bodies, i.e., the floating installation vessel and the 
monopile. The two bodies are coupled through the lift wire and the 
gripper device. The set-up of the lifting system refers to Li et al. (2014). 
 
Table 1: Main parameters of the floating installation vessel and the 
monopile (Li et al., 2014) 
 

Vessel Monopile 

Length overall [m] 183 Total mass [ton] 500 
Breadth [m] 47 Length [m] 60 
Draught [m] 12 Outer diameter [m] 5.7 
Displacement [ton] 52000 Thickness [m] 0.06 
Lifting capacity [ton] 5000 Draft [m] 20 

 

 
(a)  

 
(b)   

Figure 1: Monopile lifting arrangement (a) and definitions of global 
coordinate system (b) 
 
The global coordinate system was a right-handed coordinate system 
with the following orientation: the X axis pointed towards the bow, the 
Y axis pointed towards the port side, and the Z axis pointed upwards. 
The origin was located at [mid-ship section, center line, still-water line] 
when the vessel was at rest. The crane tip position was chosen as [-20 
m, 30 m, 80 m] in the global coordinate when the vessel was at rest. The 
water depth at the installation site was 25 meters, and the draft of the 
monopile in the time-domain simulations was constant 20 meters. 



Table 2: Eigenperiods and eigenvectors of rigid body motions of coupled vessel-monopile lifting system (draft of MP = 20 m) 
 

body Mode  1 2 3 4 5 6 7 8 9 10 11
Vessel Surge [m] 0 0 -0.01 0 0.01 -0.03 -0.05 0 0 0.89 0 

Vessel Sway [m] 0 -0.01 0 -0.01 0 0 -0.06 0.03 0.91 0 0.55 
Vessel Heave [m] 0 0 0 0 0 -0.09 0.99 0 0.02 0 0.01 
Vessel Roll [deg] -0.03 0.01 0 -0.02 0 0 -0.12 0.57 0 0 -0.05 
Vessel Pitch [deg] 0 0 0 0 -0.01 0.3 0.2 0 0 0 0.01 
Vessel Yaw [deg] 0 0 0.01 0 -0.01 0 0 -0.01 1 0.02 -0.76 

MP Surge [m] 0 0.02 0.45 -0.01 -0.05 -0.02 -0.06 0.01 -0.63 1 0.46 
MP Sway [m] 0 0.56 -0.02 -0.03 0 0 -0.02 -0.12 0.59 -0.01 1 
MP Heave [m] 1 0 0 -0.01 0 0.02 1 0.32 0.01 0 -0.02 
MP Roll [deg] 0 -1 0.05 1 -0.02 -0.01 -0.29 1 0.05 0 0.1 
MP Pitch [deg] 0 0.07 1 0.01 1 1 0.63 -0.01 0.08 -0.01 -0.04 

Natura l period [sec] 0.59 3.21 3.86 6.61 7.45 9.49 10.66 13.95 94.83 101.18 107.78 

 
 
Two types of mechanical couplings between the vessel and the 
monopile were included in the numerical model: the wire coupling 
through the main lift wire and the coupling via the gripper device. The 
function of the gripper device was to control the horizontal motions of 
the monopile during lowering and landing as well as to support the 
monopile during driving operations. The gripper device was also rigidly 
fixed to the vessel. The detailed modelling of the mechanical couplings 
can refer to Li et al. (2014). 
 
The equations of motion for the two-body coupled lifting system 
included 12 degrees of freedom (DOF s) and are given in Eqn. (1). 
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where, 
M  the total mass matrix; 
x  the rigid-body motion vector; 
A  the frequency-dependent added mass matrix ; 

1D  the linear damping matrix; 

2D  the quadratic damping matrix; 

K  the coupled hydrostatic stiffness matrix, including the 
hydrostatic stiffness of the vessel, the stiffness from the mooring line; 
h  the retardation function matrix of the vessel, which is 
calculated from the frequency-dependent added mass or potential 
damping using the panel method program WADAM (DNV, 2008); 
q  the external force vector. In the current model only the first 

order wave excitation forces forces (1)
WAq  are included for the floating 

vessel, and no second order wave forces were included. The wind and 
currents were also excluded for simplicity. 
 
The external forces on the monopile included the gravity force, the 
buoyancy force, as well as the hydrodynamic wave forces. The wave 
forces normal to the MP’s central axis were calculated by applying 
Morison’s formula (Faltinsen, 1990). The monopile was divided into 
strips and the forces on the whole slender elements were calculated by 
strip theory. The wave forces fW,s per unit length on each strip of a 
moving circular cylinder normal to the member is as follows: 
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s  and s  are fluid particle acceleration and velocity at the center of 

the strip, respectively; sx  and sx  are the acceleration and velocity at 

the center of the strip due to the body motions; D  is the outer diameter 
of the member; and MC , AC  and qC  are the mass, added mass and 

quadratic drag force coefficients, respectively. The monopile was 
simulated as a slender body using strip theory, and the added mass and 
quadratic damping coefficients were selected according to Li et al. 
(2014). 
 
The coupled eigenvectors and eigenvalues of the monopile-vessel 
lifting system are provided in Table 2, where the yaw motion of the 
monopile is excluded. The bold figures show the dominated rigid 
motions for each eigenvector. Modes 1-5 are dominated by monopile 
motions when the vessel is almost still. The vessel motions in heave, 
pitch and roll motions are coupled with the monopile motion and 
dominate modes 6-8. The other three modes are dominated by the 
vessel horizontal motions and corresponding to very long natural 
periods. It can be seen that the eigenvalues of modes 4 to 8 are in the 
range of 6 to 14 sec, which could be critical for the wave conditions 
concerned. The other modes are less critical for the responses during 
lifting. Moreover, in short waves with Tp less than 7.5 sec the resonant 
motions of the MP can be excited while in longer waves the 
contributions from the vessel motions may play an important role. 
 
MODELLING OF THE SHIELDING EFFECTS 
 
Due to the presence and the motions of the floating vessel in waves, the 
wave field near the vessel is different from the incident wave field. The 
hydrodynamic coefficients of the vessel and the fluid kinematics at any 
point in the wave field can be acquired in the frequency domain using 
potential theory. The wave fields including the effects of both radiation 
and diffraction of the vessel are defined as disturbed waves in this 
paper, which account for the vessel shielding effects. The undisturbed 
waves are defined as incident waves. 
 
To calculate the wave forces on the monopile in the disturbed wave 

field, the fluid kinematics s  and s in Eqn. (2) should be consistent 

with the disturbed fluid kinematics. Because the position of the 
monopile changes in time, the fluid kinematics at each strip of the 
monopile are time- and position-dependent. Therefore, the approach 
proposed by Li et al. (2014) was applied to calculate the responses of 
the multi-body system in the time domain while considering the 



shielding effects. However, the approach from Li et al. (2014) only 
considered long-crested waves and it is further developed in this paper 
to be able to include short-crested waves. The approach is briefly 
discussed here. 
 
1. First, generate time series of disturbed fluid kinematics (fluid particle 
velocities and accelerations) at pre-defined wave points considering 
both shielding effects and wave spreading. 
 
2. Then, at each time step of the simulation, determine the 
instantaneous position of each slender element based on the solutions 
from the previous time step. For each strip on the element, find the 
closest eight pre-defined wave points and apply a three-dimensional 
(3D) linear interpolation to obtain the fluid kinematics for this strip in 
disturbed waves. 
 
3. Calculate the forces at each strip in disturbed waves using Eqn. (2) 
and then integrate along the submerged part of the slender element to 
acquire the total wave forces and moments on the structure. 
 
4. Finally, perform the time-domain simulations of the coupled vessel-
monopile system in irregular waves using the multi-body code SIMO 
and an external DLL that interacts with SIMO at each time step. The 
wave forces on the substructures in disturbed waves are calculated in 
DLL using the interpolation method described above. The total wave 
forces on the structure are returned to SIMO, and the motions of the 
coupled system are solved. 
 
FLUID KINEMATICS IN SHORT-CRESTED WAVES 
 
A short-crested sea is considered to be made up of component waves 
with different amplitudes, frequencies and directions. It can be 
characterized by a two-dimensional wave spectrum, which is often 
written as 
 

( , ) ( ) ( , )S S D     (3) 

( , ) 1D d



  


  (4) 

 
It has been observed that the directional spreading function ( , )D   is 
generally a function of both frequency and direction. However, for 
practical purposes, one usually adopts the approximation 

( , ) ( )D D   ; that is the frequency dependence of the directional 

function is neglected. One of the most widely used ( )D   is the cosine 
power function given by DNV (2010) 
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where θ0 is the main wave direction about which the angular 
distribution is centered. The parameter n is a spreading index 
describing the degree of wave short crestedness, with n→∞ 
representing a long-crested wave field. C(n) is a normalizing constant 
ensuring that Eqn. (4) is satisfied. It is found that 
 

1 (1 2)
( )

(1 2 2)

n
C n

n
 


 

 (6) 

Where Г denotes the Gamma function. Consideration should be taken 
to reflect an accurate correlation between the actual sea state and the 
index n. Typical values for the spreading index for wind generated sea 
are n = 2 to 4. If used for swell, n ≥ 6 is more appropriate (DNV, 2010). 
Because lifting operations are usually carried out in relatively low sea 
states, the spreading of the waves can be significant. 

The spectra of the ith component of kinematics (refers to fluid particle 
velocities or accelerations) in disturbed waves associated with a 
specified incident wave spectrum may be obtained in terms of the 
transfer functions Hi(ω, θ) acquired from linear potential theory for 
different wave frequencies ω and directions θ. The required spectra are 
denoted by Sii For long-crested wave, the spectra are related to the 
incident wave spectrum S(ω) in the main wave direction θ0 as follows 
 

2
0 0( , ) ( , ) ( )ii iS H S      (7) 

 
For short-crested waves, the directional spreading function ( )D   
should be taken into account, then 
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To calculate the wave forces on the monopile in the disturbed wave 

field during lowering, the fluid kinematics s  and s in Eqn. (2) 

should be based on the disturbed fluid kinematics.  
 
The fluid kinematics transfer functions in disturbed waves for 
unidirectional waves can be directly obtained from the panel method in 
the frequency domain, while the averaged transfer functions in short-
crested waves can be calculated from Eqn (9). Thus, the realizations of 
the disturbed kinematics are generated. To compare the effects of the 
spreading on the responses of the monopile, the transfer functions of 
wave kinematics are first studied. The RAOs (the amplitude of the 
transfer function) of the kinematics in incident and disturbed waves 
considering long and short-crested waves with the same total energy are 
presented. 
 
The RAOs of the wave elevation, fluid particle velocities in incident 
long-crested waves are compared with those in short-crested waves 
with different spreading indices, shown in Fig 2. The results at two 
regular wave frequencies are presented. The wave kinematics RAOs are 
symmetric about heading sea and beam sea directions. Compared to 
RAOs in long-crested waves, the RAOs of X-velocity reduce 
significantly in directions close to heading seas when implementing 
wave spreading index n = 2, while the RAOs close to beam seas 
increase. This is because the wave energy in the main wave direction 
reduces and the energy from the directions around the main direction 
contributes to the averaged RAOs. The same results can be observed 
for RAOs for Y-velocity. As the spreading indices increase, the wave 
energy is more concentrated to the main wave direction and the 
averaged RAOs in short-crested waves approach to those in long-
crested waves. For wave elevation and particle velocity in Z direction, 
the RAOs in short-crested waves remain the same as those in long-
crested waves since the wave spreading does not influence the 
quantities in the vertical direction. 
 
When accounting for shielding effects from the vessel, the symmetry of 
the wave kinematics about the heading sea direction disappears. Fig. 3 
to Fig. 5 provide the RAOs of wave elevation and fluid particle 
velocities in X and Y directions in disturbed waves with and without 
wave spreading, respectively. It is visible that the RAOs in disturbed 
waves are greatly affected by the vessel in short waves, while in long 
waves the RAOs are close to those in incident waves. This is due to the 
ability of the vessel diffraction decreases with increasing wave length. 
The RAOs in the leeward side of the vessel (from 0 deg to 180 deg) are 
significantly reduced in short waves when considering shielding 



effects, while the RAOs in the windward side (from 180 deg to 360 
deg) can be amplified, see T = 7 sec in Fig. 3 and T = 5 sec in Fig. 5.  
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Figure 2: RAOs of fluid kinematics in incident long and short-crested 
(n = 2, 4, 6) waves (x = -20 m, y = 30 m, z = 0 m) 
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Figure 3: RAOs of wave elevations in disturbed long and short-crested 
waves (n = 2, 4, 6) waves (x = -20 m, y = 30 m, z = 0 m) 
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Figure 4: RAOs of Y-velocity in disturbed long and short-crested 
waves (n = 2, 4, 6) waves (x = -20 m, y = 30 m, z =0 m) 
 
When only unidirectional waves are considered, the differences 
between the RAOs in incident and disturbed waves are significant in 
short wave lengths. However, these differences are reduced 
considerably when including the effects from the spreading waves. For 

example, the averaged RAOs of X-velocity at T = 5 sec near 180 deg 
direction in disturbed waves are close to those in incident waves with 
spreading index n = 2 as shown in Fig. 5. This is because the spreading 
function averages the low RAOs in the leeward side and the large 
RAOs in the windward side of the vessel. Thus, it can be predicted that 
the shielding effects in short-crested waves would be less pronounced 
compared with the case when only long-crested waves are considered. 
Furthermore, similar to the results in incident waves, with increasing 
spreading index the disturbed RAOs in spreading waves are moving 
close to those in long-crested waves. 
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Figure 5: RAOs of fluid X-velocities in incident and disturbed waves 
with and without spreading (x = -20 m, y = 30 m, z = 0 m) 
 
TIME-DOMAIN SIMULATIONS 
 
Step-by-step integration methods were applied to calculate the 
responses of the lifting system using an iterative routine with a time 
step of 0.02 sec. The first order wave forces of the vessel were pre-
generated using Fast Fourier Transformation (FFT) at the mean 
position. The fluid kinematics used to calculate the hydrodynamic 
forces on the monopile were calculated in the time domain using the 
interpolation of the pre-generated fluid kinematics at pre-defined wave 
points in disturbed waves.  
 
The environmental condition of the time-domain simulations was 
chosen as Hs = 2.0 m. The wave spectral peak period Tp varied from 6 
sec to 12 sec, thus covering a realistic range. At each combination of 
Hs and Tp the irregular waves were modelled by JONSWAP spectrum 
(DNV, 2010). In order to account for the variability of stochastic 
waves, 10 realizations of irregular waves were generated at each of the 
environmental conditions using different seeds. The duration of each 
realization was 20 min. Thus, the whole simulation corresponded to an 
operation with a duration of more than three hours. 
 
RESULTS AND DISCUSSIONS 
 
Responses in Long- and Short-crested Waves Without Shielding 
Effects 
 
In the lifting operation of the monopile, the motions of the vessel affect 
the motions of the monopile through the lift wire and the gripper 
device, the motions of which in three directions are formulated in Eqn. 
(9): 

1 5 6 2 4 6

3 4 5

ˆ ˆ( ) ( )

ˆ( )

z y i z x j

y x k

     

  

     

  

s  (9) 

where η1 to η6 are the rigid body motions of the vessel and (x, y, z) is 



the position of the crane tip or gripper relative to the fixed coordinates 
of the vessel body. Fig. 6 compares the standard deviations of crane tip 
motions (x = -20 m, y = 30 m, z = 80 m) in Z direction in incident 
waves with different spreading indices. The results are given with 
heading angles from 0 deg to 180 deg. The maximum Z-motions occur 
near beam sea due to the roll motions of the vessel. The motions 
increase with the wave peak period since the roll natural period of the 
vessel is close to 14 sec. Due to the spreading of the waves, it is clearly 
observed that the maximum crane tip motions close to beam sea are 
decreased and those close to heading and following seas are increased. 
The crane tip Z-motions in short-crested waves are larger than those in 
incident waves from 0 deg until near 60 deg with Tp = 8 sec and until 
near 45 deg with Tp = 12 sec. Thus, it is non-conservative to only apply 
long-crested waves at these directions if crane-tip Z-motions are critical 
to the whole lifting system using this vessel.  
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Figure 6: Crane-tip z-motions in incident waves with and without 
spreading (Hs = 2.0 m) 
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Figure 7: Standard deviation of MP tip motions in incident waves with 
and without spreading (Hs = 2:0m, for each Tp the directions from left 
to right are D1 = 180 deg, D2 = 165 deg, D3 = 150 deg, D4 = 135 deg) 

The motions of the lower tip of the monopile during the lifting 
operation in incident waves are compared with different wave 
spreading conditions in Fig. 7. The results at four heading angles are 
provided. There are two contributions for the monopile motion: one is 
the direct wave excitation force on the MP and the other one is the 
induced motion from the vessel though the mechanical couplings. In 
short waves and near heading seas, the wave excitation force on the MP 
is dominant and the vessel motion is minor. Thus, the MP tip X-motion 
decreases at close to heading seas when considering wave spreading, 
while the tip Y-motion increase considerably. The roll motion of the 
vessel influences the lifting system in long waves, and the MP motions 
in Y and Z directions in short-crested waves are much higher those in 
long-crested waves at the directions considered, which are consistent 
with Fig. 6. 
 
Responses in Long- and Short-crested Waves Considering 
Shielding Effects 
 
Figures 8 and 9 compare the response time series (i.e., monopile tip 
displacements, lift wire tension and gripper device force) in disturbed 
long-crested and short-crested waves with spreading index n = 2. The 
response in short-crested waves are higher than those in long-crested 
waves when accounting for the shielding effects from the vessel. The 
reasons can be better explained by studying the response spectra. The 
spectra of the responses time series are plotted in Fig. 10. In order to 
compare the shielding effects, the response spectra in long-crested 
incident waves are also presented. 
 
In short waves with Tp = 6 sec, the resonant motions of the monopile 
are excited, which corresponds to the peak frequency of the spectra at ω 
≈ 0.95 rad/s. The hydrodynamic wave loads on the monopile dominate 
the response of the system in this case. In long waves, however, two 
peaks in the motion spectrum are observed. The peaks at ω ≈ 0.95 rad/s 
match the natural frequencies of the monopile rotational motion, while 
the peaks at ω ≈ 0.45 rad/s correspond to the vessel roll natural period. 
Due to the couplings of the monopile and the vessel, the increasing 
responses of the vessel in long wave dominate the motions of the 
system. The peak frequency of the wire tension and heave motion is 
consistently twice of the rotational peak frequency as one cycle of 
rotational motion induces two cycles of variations in the Z-motion and 
the wire tension. 
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Figure 8: Time series of monopile responses in disturbed waves with 
and without spreading (Hs = 2.0 m, Tp=6 sec, Dir=150 deg) 
 



For both wave conditions, the peaks at ω ≈ 0.95 rad/s in the response 
spectra, which correspond to the natural frequency of the rotational 
motions of the monopile, are significantly reduced when the shielding 
effects of the vessel are considered. In long waves with Tp = 12 sec the 
response peaks corresponding to the vessel motion do not decrease 
when considering shielding effects. These results indicate the 
significant influence of the shielding effects on the monopile motions, 
particularly in short waves when the wave frequencies are close to the 
natural frequencies of the monopile. 
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Figure 9: Time series of monopile responses in disturbed waves with 
and without spreading (Hs= 2.0 m, Tp=12 sec, Dir=150 deg) 
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Figure 10: Response spectra in incident and disturbed waves with and 
without wave spreading (Hs= 2.0 m, Dir=150 deg) 

By comparing the results in short and long-crested waves, it can be 
observed the reduction of spectra peaks at ω ≈ 0.95 rad/s in long-
crested waves are more pronounced than those in short-crested waves 
when considering shielding effects. The reason is that the averaged 
wave kinematic RAOs in disturbed waves with spreading index n = 2 
are higher than those in long-crested waves (see Fig. 3 to Fig. 5). 
Furthermore, the spreading of waves increases the peaks with ω ≈ 0.45 
rad/s, which is consistent with Fig. 6 that the crane tip motion in short-
crested waves are higher than those in long-crested waves with a 
heading angle of 150 deg. 
 
The Influences of Wave Spreading on the Shielding Effects 
 
Figures 11 and 12 compare the standard deviations of the monopile tip 
motions in incident waves with those in disturbed waves with long- and 
short-crested waves, respectively. For both cases, it can be seen the 
shielding effects reduce the responses significantly in short-waves and 
the reduction decreases with wave length. The shielding effects are 
more pronounced in long-crested waves than in short-crested waves. 
Thus, the reduction of extreme responses from shielding effects can be 
over-predicted if only considering long-crested waves. 
 
Besides, the differences between responses at various headings in short-
crested waves are much smaller than in long-crested waves. This is due 
to the spreading of the wave energy at neighbour directions, and the 
responses are averaged over directions. Moreover, from the results in 
disturbed waves at different wave periods and heading angles, it is 
possible to obtain the most suitable operational heading angle with 
minimum responses. In both long and short-crested cases, the most 
suitable angle is observed close to quartering seas in short waves and it 
moves towards to heading seas with increasing wave length. However, 
the responses at the most suitable heading angles in long-crested waves 
are always lower than those in short-crested waves. Thus, the wave 
spreading should be considered to avoid non-conservative results. The 
influences from the wave spreading are expected to reduce when using 
higher spreading index. 
 
CONCLUSIONS 
 
This study investigates the influences of the short-crested waves and 
the shielding effects from the floating installation vessel on the 
responses of the monopile lifting operation. The wave kinematics near 
the vessel were studied first in the frequency domain, followed by time-
domain simulations. The shielding effects were included in the time-
domain by interpolating fluid kinematics between predefined wave 
points near the floating vessel. The effects of the wave spreading on the 
responses in incident and disturbed waves were examined in detail. It is 
concluded that short-crested waves affect of the responses in both 
incident and disturbed waves significantly. The shielding effects can 
reduce the responses significantly, but the reduction are less in short-
crested waves than in long-crested waves. Because the operational sea 
states are commonly short-crested, it is important to consider the effects 
from the directional waves to avoid non-conservative estimate of 
motions. 
 
The averaged RAOs of the wave kinematics were obtained by applying 
the cosine spreading function and were compared with the RAOs in 
long-crested waves. The RAOs in incident long-crested waves can be 
greatly affected by the directional waves due to the spreading of the 
wave energy. The vessel shielding effects can result in a great decrease 
of the kinematics nearby and at the leeward side of the vessel, 
particularly in short wave lengths. However, the decrease is less 
considerably when accounting for the wave spreading. 
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Figure 11: Standard deviation of MP tip motions in incident and 
disturbed waves in long-crested waves (Hs = 2:0m, for each Tp the 
directions from left to right are D1 = 180 deg, D2 = 165 deg, D3 = 150 
deg, D4 = 135 deg) 
 

6 sec 8sec  10 sec 12 sec
0

0.5

1

1.5
D1D2

D3D4

M
P

−
tip

−
x 

[m
]

6 sec 8sec  10 sec 12 sec
0

0.5

1

M
P

−
tip

−
y 

[m
]

6 sec 8sec  10 sec 12 sec
0

0.2

0.4

0.6

0.8

M
P

−
tip

−
z 

[m
]

T
p
 [sec]

incident−short (n=2)
disturbed−short (n=2)

 
 
Figure 12: Standard deviation of MP tip motions in incident and 
disturbed waves with wave spreading (n = 2) (Hs = 2:0m, for each Tp 
the directions from left to right are D1 = 180 deg, D2 = 165 deg, D3 = 
150 deg, D4 = 135 deg) 
 
 

The shielding effects from the vessel bring pronounced reduction in the 
standard deviation of the monopile responses, in particular in short 
waves. Thus, it can be beneficial to utilize the effects to increase the 
operational weather window. The most suitable heading angle of the 
vessel are observed close to quartering seas in short waves and it moves 
towards to heading seas with increasing wave length. On the other 
hand, the responses considering shielding effects may be 
underestimated if only long-crested waves are applied. The spreading 
of wave energy narrows down the differences between the responses in 
incident and disturbed waves. This results in higher responses in short-
crested waves than in long-crested waves at the most suitable heading 
angles. Therefore, short-crested waves are critical in predicting 
responses for the present scenario in both incident waves and disturbed 
waves with consideration of the shielding effects from the vessel. 
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1 Introduction

Offshore operations are risky and expensive due to unstable
and choppy offshore environmental conditions. For a large off-
shore wind farm, several tens or hundreds of wind turbine units
need to be installed over a short period of time. Only a limited
time window is available to install one unit before the condition
becomes harsh. The most practical approach is to limit operations
to a certain period of the year (e.g., from March to September) to
reduce the average weather down time. Despite this practice,
weather down time is still relatively high. The largest down time
is observed in offshore crane operations due to wave and wind
forces, but currently the crane operation remains the most impor-
tant method for offshore wind farm installation. To better plan
these operations and increase the weather window during the
design phase, reliable and accurate numerical models for predic-
tion of the system behavior are of great importance. This study
focuses on the lowering operation of a monopile substructure for
offshore wind turbines.

Offshore lifting operations have been investigated by many
researchers over several decades. The study of interest in the oil
and gas industry featured the lifting of substantial loads from a
transport barge by means of large capacity crane vessels [1–5].

These studies have focused on building accurate numerical mod-
els for the mechanical coupling system between the load and the
crane, as well as the hydrodynamic coupling between the crane
vessel and the transport barge. The behavior of the lifted objects
through the splash zone presents another challenge. The design
loads must be predicted to increase the safety of the operation.
The most critical part is selection of the correct hydrodynamic
coefficients, i.e., the added mass, damping and slamming coeffi-
cients, etc. Examples of studies on the hydrodynamic coefficients
can be found in Refs. [6–8]. Usually model tests or computational
fluid dynamics methods are required to obtain accurate coeffi-
cients for response analysis of the lifting system.

The structures used in offshore wind farms are relatively
smaller and lighter, and the installation appears to be easier com-
pared with the installations in the oil and gas industry, which are
usually one of its kinds. Nevertheless, instead of one large struc-
ture installed at a single position, repetitive installations must be
performed for each unit in a wind farm. Thus, the ability to install
one wind turbine unit at a higher sea state is crucial for efficient
installation of the wind farm and reduction of costs.

In lifting operations with objects (e.g., monopiles, suction
anchors, and subsea templates) lowered from the air into the
splash zone and toward the seabed, the dynamic features of the
system change continuously. A process dominated by nonlinear
responses must be analyzed in a manner different from that of a
stationary case. Generally, two approaches are used to simulate
such cases for statistical evaluation [9]. The first approach uses
steady-state simulations in irregular waves at the most critical
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vertical positions, and the second approach simulates repeated
lowering using different irregular wave realizations. The second
method provides more realistic results because an unrealistic
buildup of the oscillations that are observed in the stationary cases
is avoided [9]. Therefore, to provide more accurate estimates of
the operations, analyses of the entire lowering process are
preferred.

However, additional challenges in analysis of the entire lower-
ing process are due to the time-varying properties, i.e., the mass,
damping, and stiffness of the lifting system. The use of traditional
frequency-domain analysis to solve the problem is not applicable
in this situation. The hydrodynamic properties from frequency-
domain analysis express the boundary condition on the mean
body surface, where the lifted structure experiences a large change
of position when it moves downward toward the seabed. There-
fore, time-domain solutions that consider the nonstationary proc-
esses are required. Li et al. [10] studied the entire lowering
process of the monopile in the time-domain with emphasis on the
shielding effects from the installation vessel. The wave forces on
the monopile were calculated using Morison’s formula by interpo-
lating the disturbed wave kinematics at predefined wave points at
each time step. The same installation scenario is studied further in
this paper with a focus on modeling of the hydrodynamic forces
on the monopile.

Because of the simple shape of a monopile with a relatively
small diameter, the slender body approximation is often applied.
If the diameter is less than one-fifth of the wavelength, the empiri-
cal Morison’s formula is employed to calculate the forces [11].
The effects of diffraction and radiation are considered insignifi-
cant in this approach, which has been widely applied for slender
cylindrical structures [10,12,13]. Based on the slender body
approximation, the second-order wave loads also can be included
to predict accurate responses of the structure under various condi-
tions [14–17]. In addition, a comparison between the slender
approximation and the three-dimensional (3D) potential theory
has been conducted, and examples can be found in Refs. [12],
[13], and [17]. The results showed favorable agreement between
the two methods except for high frequencies, at which the diffrac-
tion effect became important.

The operational sea states are normally low with short waves
and the wavelength can be close to five times the structure diame-
ter. In this situation, the diffraction and radiation from the struc-
ture might be critical. This point is more relevant for installation
of the offshore wind turbine monopile substructure. As mentioned
previously, the accuracy of the response analysis for one single
operation would affect the installation efficiency of the entire
wind farm. In addition, larger support structures with larger diam-
eters are of increasingly interest for higher capacity wind turbines
in deeper water sites [18]. In this case, the assumption that ignores
the diffraction and radiation from the structure is questionable.
Therefore, it is of interest to evaluate this assumption and develop
more accurate numerical models for the lowering operation of the
monopile.

This paper investigates the lowering operation of a monopile
with a diameter of 5.7 m. The purpose is to examine the impor-
tance of radiation effects of the monopile during the lowering
operation. A new approach is proposed to implement the radiation
effects in the time-domain numerical simulation of the lowering
process. Hydrodynamic modeling of the forces on the monopile
with a fixed draft is first studied and three different methods are
compared. The comparisons indicate the importance of potential
damping in the presented lifting system, which is absent in the
slender body approximation. The proposed method thus accounts
for the potential damping of the monopile during the lowering
process. Linear interpolation between the retardation functions at
predefined drafts is implemented in the time-domain analysis. The
responses of the lifting system are compared for the proposed
method and that using the slender body approximation in irregular
waves. In addition, a comparative study using two types of vessel
is performed applying the proposed method.

2 Description of the Lifting System

Two installation vessels are applied in this study, i.e., a fixed
(jack-up) vessel and a floating installation vessel. The fixed vessel
provides a stable platform for the lifting system, while the motions
of the floating vessel influence the responses of the monopile dur-
ing the operation. The main dimensions of the floating vessel refer
to Ref. [10]. The lifting capacity and the positioning system of the
floating vessel make it capable of performing the monopile instal-
lation in shallow-water sites. The monopile used in the model is a
long slender hollow cylinder with an outer diameter of 5.7 m, a
thickness of 6 cm, and a length of 60 m. Figure 1 shows a sche-
matic layout arrangement of the operation with uses of the floating
vessel. The system includes two rigid bodies, i.e., the floating in-
stallation vessel and the monopile. The two bodies are coupled
through a lift wire. The crane is rigidly connected to the vessel in
the numerical model, and a low constant flexibility of the crane is
included. The position of the monopile changes continuously
during the lowering process.

The global coordinate system is a right-handed coordinate sys-
tem with the following orientation: the X axis points toward the
bow, the Y axis points toward the port side, and the Z axis points
upward. The origin is located at midship section, centerline, and
still-water line when the vessel is at rest. The crane tip position
was chosen as 20 m, �30 m, and 80 m in the global coordinates
for both fixed and floating vessels. The water depth at the installa-
tion site is 25 m, and the monopile is lowered from air into the
water during the operation.

2.1 Equations of Motion. When using a floating installation
vessel, the equations of motion for the two-body coupled lifting
system included 12 degrees-of-freedom (DOF). For the floating
vessel, the following six equations of motion are solved in the
time-domain:

(M + A(1)Þ � €xþ D1 _xþ D2f ð _xÞ þKxþ
ðt

0

hðt� sÞ _xðsÞds

¼ FextðtÞ ¼ q
ð1Þ
WA þ Fcpl (1)

where M is the mass matrix of the vessel; x is the rigid-body
motion vector of the body with 6DOF; A is the frequency-
dependent added mass matrix; D1 and D2 are the linear and quad-
ratic damping matrices. The viscous effects from the vessel hull
and the mooring system were simplified into linear damping terms
in surge, sway, and yaw. The roll damping of the vessel was also
included. Additionally, K is the hydrostatic restoring matrix that
includes the hydrostatic stiffness of the vessel and the stiffness
from the mooring line; h is the retardation function calculated

Fig. 1 Lifting arrangement of the monopile using a floating
installation vessel
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from the frequency-dependent added mass coefficient or potential
damping using the panel method program WAMIT [19], and Fext is
the external force vector, including the first-order wave excitation

forces q
ð1Þ
WA and the coupling force, Fcpl of the lift wire connected

with the monopile which depends on the relative motions between
the vessel and the monopile. The second-order wave forces were
not included in the current model, and the wind and currents were
also excluded for simplicity. The equations of motion for the
monopile are formulated as follows:

M � €xþKx ¼ FextðtÞ ¼ FB þ FG þ FW þ Fcpl (2)

where the matrix K is the restoring matrix of the monopile includ-
ing hydrostatic restoring and restoring due to the lifting arrange-
ment. The external force on the monopile Fext consists of
buoyancy forces, FB, gravity forces, FG, hydrodynamic wave
forces, FW, and the coupling force with the vessel Fcpl. The wave
forces on the monopile FW can be calculated using different meth-
ods. The coordinate origin for Eq. (2) refers to the center of grav-
ity of the monopile, and all of the matrices in the equation refer to
this point. It should be mentioned that the mechanical coupling
force Fcpl is the internal force between the vessel and the monop-
ile and depends on the relative motions between the two bodies.
In addition to mechanical coupling, hydrodynamic couplings also
exist for the coupled system. The effects from the monopile on the
vessel are minor due to its small geometry compared with that of
the vessel. However, the diffraction and the radiation from the
vessel can significantly influence the hydrodynamic forces on the
monopile, which are known as shielding effects. Li et al. [10]
studied the shielding effects on the responses of the monopile lift-
ing system in detail. In the current study, the hydrodynamic cou-
plings are excluded. In Sec. 3, three methods are discussed and
compared to calculate the wave forces on the monopile when the
draft is assumed as fixed. Before focusing on the different meth-
ods for hydrodynamics, it is important to assess the natural peri-
ods of the system by assuming zero hydrodynamic forces on the
two-body system in Eqs. (1) and (2).

2.2 Natural Periods of the Lifting System. The natural
periods and natural modes of coupled vessel and monopile lifting
system are listed in Table 1, in which the dominant rigid motions
are emphasized. The draft of the monopile is chosen as 20 m in the
table, and the horizontal modes of the vessel (surge, sway, and yaw)
as well as the yaw of the monopile are not included in the table
because they are secondary for this study. The eigenvectors shown
in the table for each body refer to its own body-fixed coordinates.

Modes 1–3 and 7 and 8 are dominated by monopile motions
when the vessel is nearly still, where mode 1 is heave motion of
the monopile, modes 2 and 3 are dominated by rotational motion,
and modes 4 and 5 are dominated by pendulum modes that corre-
spond to a long natural period. In contrast, modes 4–6 are domi-
nated by the vessel pitch, heave, and roll motions, respectively.
Comparison of this table with the natural periods of the vessel

alone shows that the natural periods of the vessel pitch and heave
motions are little affected by the monopile but the coupled roll
natural period (mode 6) is slightly increased. Despite these effects,
the coupling between the motions of the two bodies is visible in
modes 4–6. The motions of the vessel affect the motions of the
monopile through the crane tip, the motions of which in three
directions are formulated in the following equation:

s ¼ ðg1 þ zg5 � yg6Þîþ ðg2 � zg4 þ xg6Þĵþ ðg3 þ yg4 � xg5Þk̂
(3)

where g1 through g6 are the rigid-body motions of the vessel and
(x, y, z) is the position of the crane tip relative to the fixed coordi-
nates of the vessel body. It is expected that the vessel motions
play an important role in the response of the monopile when the
wave periods are approximately Tp¼ 9 s–14 s. Moreover, due to
the antisymmetry of the vessel motions, the natural periods of the
two rotational modes (modes 2 and 3) and the two pendulum
modes (modes 7 and 8) are slightly different.

During the installation, the position of the monopile changes
with the running winch, and the increasing length of the lift wire
changes the total restoring stiffness. Additionally, the added mass
matrix increases due to the increasing submergence. Figure 2
shows how the natural periods of monopile dominated modes
(modes 1–3 and modes 7 and 8 in Table 1) vary with the vertical
position of the lower tip of the monopile. The natural period of
Mode 1 (which is heave dominated) decreases slightly with
increasing submergence. The other four modes all increase greatly
due to changes in the restoring forces and significant contributions
from the added mass. In the time-domain simulations, the rota-
tional modes (modes 2 and 3) and pendulum modes (modes 7 and
8) are observed and might dominate the responses of the lifting
system in various wave conditions.

Table 1 Eigenperiods and eigenvectors of the vessel-monopile lifting system

Body Mode 1 2 3 4 5 6 7 8

Vessel Heave (m) 0 0 0 �0.2 1.0 0 0 0
Vessel Roll (deg) �0.03 �0.01 0 0 �0.13 0.72 0 �0.04
Vessel Pitch (deg) 0 0 0 0.7 0.19 0 0 0
MP Surge (m) 0 0 0.1 0.03 0 0 1.0 �0.08
MP Sway (m) 0 �0.1 0 0 0 0.07 0.08 1.0

MP Heave (m) 1.0 �0.01 0 0.04 1.0 0.4 0 �0.02
MP Roll (deg) 0 1.0 0.01 0 �0.15 1.0 0.07 0.83

MP Pitch (deg) 0 �0.01 1.0 1.0 0.23 0 �0.88 0.07

Natural period (s) 0.59 5.03 5.05 9.45 10.65 13.81 35.25 36.22

Bold figures emphasize the dominant rigid motions at each mode.

Fig. 2 Natural periods of the monopile rigid-body motions
with varying positions (mode 1: heave motion dominant; mode
2 and mode 3: rotational motion dominant; and mode 4 and
mode 5: pendulum motion dominant)
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3 Hydrodynamic Forces on the Monopile With a

Fixed Draft

In this section, three different methods used to calculate the
hydrodynamic forces on the monopile (the wave force term FW in
Eq. (2)) are discussed and compared, and a new approach is pro-
posed for further study of the lowering operation. The draft of the
monopile is assumed as fixed in this section for simplicity.

3.1 Morison’s Formula Approximation (ME). For slender
bodies with a D/L ratio (diameter/wavelength) less than 0.20, the
empirical Morison’s formula [11] is often used to calculate hydro-
dynamic forces. The effects of diffraction and radiation are con-
sidered insignificant in the slender-body approximation of
hydrodynamic forces. The wave forces acting on the bottom of
the monopile are negligible due to small wall thickness. The main
contributions of the wave forces are normal to the monopile’s
central axis and Morison’s formula is applied. The monopile is
divided into strips and the forces on the entire slender structure are
calculated using strip theory. The wave forces fW,s per unit length
on each strip of a moving circular cylinder normal to the member
can be determined using Morison’s formula as follows [20]:

fw;s¼ qwCM
pD2

4
� €fs�qwCA

pD2

4
� €xsþ1

2
qwCqD _fs� _xs

�� �� � ð _fs� _xsÞ
(4)

where €fs and _fs are fluid particle acceleration and velocity at the
center of the strip, respectively; €xs and _xs are the acceleration and
velocity at the center of the strip due to the body motions; D is the
outer diameter of the member; and CM, CA, and Cq are the mass,
added mass, and quadratic drag force coefficients, respectively.
The distributed wave forces fw,s are integrated along the monopile
to obtain the total wave forces and moments, FW to solve the
equations of motion in Eq. (2).

The first term in the equation is the wave excitation force, includ-
ing the diffraction and Froude–Krylov (FK) force. The second-term
is the inertial term and the third term is the quadratic drag term.
The added mass coefficient for each strip is constant and is inde-
pendent of wave frequency. The wave excitation force is calculated
based on the added mass coefficient. Therefore, it is important to
choose proper coefficients for different strips along the monopile to
provide accurate added mass and excitation force for the entire
structure. The hydrodynamic coefficients of the bottomless monop-
ile from different submergences were investigated using the panel
method in WAMIT. The results were 3D hydrodynamic added
mass of the entire submerged part. However, to use strip theory and
Morison’s formula, the two-dimensional (2D) added mass coeffi-
cients were obtained by evaluating the 3D coefficients with differ-
ent submerged lengths. The following added mass coefficients are
therefore applied in the Morison’s formula for different strips, and
the strip size was chosen as 1 m

Ca ¼
1:0 ðDz < 2mÞÞ
1:6 ð2m � Dz < 5mÞ

1:95 ð5m � DzÞ

8><
>: (5)

where Dz is the distance from the considered strip to the bottom of
the monopile. For the strips close to the bottom of the monopile,
the added mass coefficients are approximately 1.0, whereas for
strips located further away from the bottom, the coefficients are
close to 2.0 because the wall thickness is small compared with the
diameter, and the water trapped inside the monopile follows the
motions of the structure.

On the other hand, the 3D added mass at different submergen-
ces could be recalculated using the 2D added mass coefficients.
Figure 3 compares the total added mass for the monopile using
the 2D added mass coefficients from Eq. (5) with those directly

calculated from the panel method. Good agreement is obtained
using the two methods for wave frequency smaller than 1.5 rad/s
while the 2D coefficients overpredict the added mass for higher
frequencies. For conditions with wave frequencies larger than 1.5
rad/s, the D/L ratio is larger than 0.2, and Morison’s formula is no
longer applicable.

The excitation forces calculated using the 2D added mass coef-
ficients are also compared with those obtained directly from panel
method (see Fig. 4). Good agreement is observed for wave fre-
quencies less than 1.5 rad/s. Therefore, Morison’s formula with
selected 2D added mass coefficients appears to be reasonable for
wave conditions with frequencies less than 1.5 rad/s. The drag
coefficient CD is a function of both the KC and Re numbers. For
the monopile model, the KC number is relatively small, and the
inertia force is dominant over the drag forces. Therefore, different
values of CD have limited effects on the responses except near the
natural frequency. Therefore, we used the constant value,
CD¼ 0.7 for all submerged strips, which is a reasonable value for
the current KC and Re range. More accurate CD values could be
obtained from full viscous-flow computation or well-designed
experiments, which are beyond the scope of this paper.

3.2 Potential Theory (PT) With Viscous Damping. As pointed
out, Morison’s formula is based on the slender body assumption
when the effects of diffraction and radiation are insignificant. How-
ever, with the increased diameter of an offshore monopile, the
applicability of Morison’s formula becomes questionable, espe-
cially in relatively short wave conditions in which the diameter of
the structure is close to one-fifth of the wavelength. In such cases,

Fig. 3 Added mass of the MP at different drafts (refer to the
point of MP at the mean free surface)
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the diffraction and radiation of the monopile might be important.
Thus, in addition to the viscous damping, it is important to examine
the effects of the potential damping on the responses of the monop-
ile. The second method uses the hydrodynamic coefficients and ex-
citation forces from potential theory to analyze the responses of the
monopile. This method can be used to check the validity of the
Morison’s formula approximation. However, one should bear in
mind that the 3D coefficients and forces from potential theory are
only applicable for a fixed draft when the motions of the monopile
are small, and they fail to apply to the continuous lowering case
due to the large change of position in the vertical direction. The
added mass and damping as well as the excitation forces from
potential theory with different drafts are shown in Figs. 3–5,
respectively.

3.3 Morison’s Formula Plus Potential Damping (ME 1 RT).
As discussed previously, Morison’s formula does not account for
the radiation and diffraction of the structure, and the coefficients
from potential theory cannot be applied in the nonstationary case
with time-varying draft of the structure. Therefore, a third method
is proposed to address the limitations. The idea is to use Morison’s
formula to calculate the excitation forces, account for the added
mass and quadratic drag coefficients using strip theory, and mean-
while include the potential damping. Because the goal is to calcu-
late the nonstationary lowering process, time-domain simulations
are required. Potential theory provides the frequency-dependent
added mass and damping coefficients, and the retardation function
is computed using a transform of the frequency-dependent added
mass and damping to be used in the time-domain, with reference
to the following equation:

hðsÞ ¼ 2

p

ð1
0

cðxÞcosðxsÞdx ¼ � 2

p

ð1
0

xaðxÞsinðxsÞdx (6)

The frequency-dependent added mass a(x) and damping c(x)
also can be derived from the retardation function

aðxÞ ¼ � 1

x

ð1
0

hðsÞsinðxsÞds

cðxÞ ¼
ð1

0

hðsÞcosðxsÞds (7)

The relationships in Eq. (7) between the frequency-dependent added
mass and damping are known as the Kramers–Kronig relationships.
Either frequency-dependent added mass or frequency-dependent
damping is required to calculate the retardation function. In the nu-
merical program, frequency-dependent damping is used for calcu-
lating the retardation functions. The radiation force in the time-
domain is thus formulated as a convolution integral formulation
representing the memory effect [21].

The retardation forces on the monopile corresponding to a
given draft in the time-domain simulations are added to the equa-
tions of motion. If we discretize the retardation function into
(Nþ 1) values with a time interval Ds, the radiation force term in
the steady-state (fixed draft) condition can be written as follows:

FS
RFðtÞ ¼

ðt

0

hðsÞ _xrðt� sÞds ¼
XN

n¼0

hðn � DsÞ � _xrðt� n � DsÞ � Ds

(8)

Fig. 4 Excitation force of the MP at different drafts (refer to the
point of MP at the mean free surface)

Fig. 5 Potential damping coefficients of the MP at different
drafts (refer to the point of MP at the mean free surface)
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where FS
RFðtÞ is the radiation force in the steady-state condition

corresponding to a fixed draft. The retardation function h depends
only on the time variable s in the steady-state condition. _xr is the
velocity of the structure at the reference point, which is located on
the mean free surface in the numerical model.

In this paper the methods using Morison’s formula and poten-
tial theory are, respectively, abbreviated as ME and PT, and the
method with correction from the retardation function is referred to
as MEþRT for convenience.

3.4 Comparisons Among Three Methods: ME, PT, and
ME 1 RT. The three methods discussed above are summarized in
Table 2, in which different hydrodynamic terms are listed. As
mentioned, Morison’s formula uses 2D coefficients tuned for dif-
ferent strips according to the results from the potential theory. The
proposed method MEþRT is expected to be validated by the
method PT in which all of the required coefficients are obtained
from the potential theory. The same viscous damping coefficients
were used for all three methods.

To compare the different methods and validate the proposed
method, time-domain simulations were carried out. The draft of
the monopile was set as a constant of 20 m such that the steady-
state coefficients corresponding to 20 m draft were applied in the
proposed method MEþRT. The frequency-dependent added
mass and damping calculated in the frequency domain were con-
verted into retardation functions using Eq. (6). The time-domain
simulations were performed using the SIMO program [22] in which
the Morison’s formula force on the monopile and the wave forces
on the vessel can be calculated. However, the retardation function
term on the monopile was calculated separately using an external

dynamic link library (DLL). The DLL calculates the radiation
forces based on the velocities from the previous time steps and
returns this term to SIMO, which solves the responses of the system.
The simulations in irregular waves were studied using JONSWAP
spectrum [23]. To simplify the comparison, only linear forces and
linear wave theory were applied. Due to the symmetry of the cir-
cular cylinder, only one wave direction of 0 deg (following sea
condition) was studied.

Figures 6 and 7, respectively, compare the response spectra of
surge and pitch motions of the monopile in two different irregular
wave conditions. The crane tip is assumed as fixed. A significant
drop in the response can be observed after adding the potential
damping to Morison’s formula when Tp¼ 5 s, which is close to
the rotational resonance natural period. As Tp is increased to 8 s,
two peaks are observed: one corresponds to the wave frequency
and the other peak corresponds to the rotational natural period.
The influences of potential damping on the peaks at wave fre-
quency are less than those at the resonance period, which occurs
because the diffraction and radiation from the monopile decrease
with decreasing frequency. The responses using MEþRT and PT
with viscous damping are generally quite similar except for the
peak of the pitch motion near the rotational resonance frequency
when Tp¼ 5 s. This observation is likely due to the differences
between the added mass matrix and excitation forces using 2D
coefficients and the 3D values from the panel method. Neverthe-
less, the method of MEþRT shows reasonable accuracy in the
responses of the monopile.

Figures 8 and 9 again compare the response spectra from the
three different methods with use of the floating installation vessel.
In this case, the crane tip moves with the vessel and the motions

Table 2 Three methods used to calculate the hydrodynamic forces on the monopile

Method ME PT MEþRT

Added mass 2D CA coefficient Potential theory A(x) 2D CA coefficient
Potential damping 0 Potential theory B(x) Potential theory B(x)
Excitation force 2D CM coefficient Potential theory F(x) 2D CM coefficient
Viscous damping Cq coefficient Cq coefficient Cq coefficient

Fig. 7 Response spectra of MP in irregular waves with
Hs 5 2.0 m, Tp 5 8 s, and Dir 5 0 deg (fixed crane tip, FFT, up to
z 5 0)

Fig. 6 Response spectra of MP in irregular waves with
Hs 5 2.0 m, Tp 5 5 s, and Dir 5 0 deg (fixed crane tip, FFT, up to
z 5 0)
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of the monopile increase compared with those when the vessel is
fixed. The decrease of the responses also can be observed after
implementing the retardation functions in Morison’s formula.
However, the decreases of the responses are much smaller com-
pared with those in the cases with a fixed vessel, especially if the
wave period is relatively long, because the vessel-induced
motions are not affected by the potential damping of the monop-
ile. The results from MEþRT are thus validated by the potential
theory method plus viscous damping.

3.5 Nonlinear Effects. The natural period of the monopile
pendulum motions is rather long. As a result, the difference-
frequency wave loads might provide great contributions to the
low-frequency resonant responses, and hence must be included in
the numerical methods for reliable dynamic analysis. Second-
order wave loading has been calculated primarily via the second-
order potential theory, which is computationally intensive and
costly. However, for a simple slender body, the slender body
approximation can be applied to consider nonlinear effects. The
second-order forces on a slender body have been widely studied,
i.e., in Refs. [14], [17], and [24]. The method is based on the
assumptions that the structure is slender compared with the wave-
length and that the water surface profile is unaffected by the pres-
ence of the structure. The current approximation is the most
suitable for the case in which the inertia force is dominant com-
pared with the drag force. In the slender-body approximation, the
second-order difference-frequency inertia force is due to the axial
divergence correction and fluctuation of the free surface. If the
body is free to move in the waves, the instantaneous positions of
the body also contribute to the second-order forces [17]. In this
study, nonlinear effects due to the instantaneous free surface and
the instantaneous body positions are taken into consideration, but
the effects from nonlinear waves are not discussed.

For the nonlinear force and motion calculations in the
time-domain, the second-order forces can be evaluated at each
time step and in each strip for instantaneous body positions and
integrated up to the instantaneous free surface. Next, the equation
of motion can be integrated for the following time step. Figure 10
compares the results using (1) the linear MEþRT method with
forces integrated up to the mean free surface z¼ 0, (2) the linear
MEþRT with forces integrated up to the instantaneous free sur-
face z¼ f, and (3) the nonlinear slender-body approximation con-
sidering both instantaneous free surface and body positions. The
potential damping is included in all three methods by implement-
ing the retardation function in the time-domain. The monopile
pendulum resonance motions are excited by integrating the forces
up to the instantaneous free surface. The pitch motion at the rota-
tional resonance is also greatly increased because the wave forces
increase from the instantaneous free surface effects. The influen-
ces from the instantaneous positions of the structure also can be

Fig. 8 Response spectra of MP in irregular waves with
Hs 5 2.0 m, Tp 5 5 s, and Dir 5 0 deg (floating crane vessel, FFT,
up to z 5 0)

Fig. 9 Response spectra of MP in irregular waves with
Hs 5 2.0 m, Tp 5 8 s, and Dir 5 0 deg (floating crane vessel, FFT,
up to z 5 0)

Fig. 10 Response spectra of MP in irregular waves with
Hs 5 2.0 m, Tp 5 5 s, and Dir 5 0 deg (fixed crane)
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observed in the figure in which the motions at both resonance fre-
quencies are amplified compared with those of the first two meth-
ods. It is therefore crucial to include the nonlinear effects in the
current lifting system.

Figure 11 compares the effects from the potential damping if
using the nonlinear equations to calculate the forces on the
monopile. The results are consistent with those observed previ-
ously using the linear Morison’s formula in which the peaks near
the rotational natural frequency are significantly reduced. How-
ever, there are negligible effects on the pendulum motions due to
minimal radiation from the monopile at such a low resonance
frequency.

4 Hydrodynamic Modeling on the Monopile With

Changing Draft

Section 3 showed that the potential damping could become
important when the resonance frequency of the system is in the
wave frequency range. The method used to include the potential
damping at a fixed draft adds the retardation function correspond-
ing to the given draft in the time-domain simulations. However,
during the entire lowering operation, the draft of the monopile
changes consistently and the steady-state condition is replaced by
nonlinear effects due to the large motions in the vertical direction.
The excitation and radiation forces also vary with time and corre-
spond to the instantaneous draft. As mentioned previously, the
second-order potential theory is not applicable in this situation
because the quadratic transfer functions are calculated given a
fixed draft and cannot be used when the structure undergoes large
motions. However, Morison’s formula calculates the excitation
force using a 2D mass coefficient, and thus, the excitation force
can be calculated based on the instantaneous draft and the second-
order effects can be accounted for by considering the instantane-
ous free surface and instantaneous body motion effects.

Although the lowering operation is a nonstationary process, by
assuming a small lowering speed, the entire lowering process can

be divided into stepwise steady-state conditions. Thus, the param-
eters from the steady-state conditions can be applied to the nonsta-
tionary process. The retardation function in this situation depends
on both s and the draft of the structure d. The reference point of
the retardation function is always located on the mean free surface
in the global coordinates, but changes in the body-fixed coordi-
nates due to the change of draft d. Therefore, the retardation con-
volution term in the time-domain equation for the steady-state
condition (Eq. (8)) must be modified to represent the memory
effects in the nonstationary process (see the following equation):

FT
RFðtÞ ¼

ðt

0

hðd; sÞ _xrðd; t� sÞds

¼
XN

n¼0

hdðt�n�DsÞ ðn � DsÞ � _xrdðt�n�DsÞðt� n � DsÞ � Ds (9)

where dðt�n �DsÞ is the draft at time instance ðt� n � DsÞ; hdðt�n �DsÞ
is the retardation variable at draft dðt�n �DsÞ ; and _xrdðt�n �DsÞ is the
velocity of the reference point when the draft is equal to dðt�n �DsÞ.

In the time-domain simulation, the following approach is pro-
posed to obtain the radiation force with time-varying draft during
the lowering process. The retardation functions at several drafts
along the monopile were precalculated based on the panel method.
Linear interpolations are subsequently applied between retarda-
tion functions at those precalculated drafts to obtain the retarda-
tion variables in Eq. (9) at any draft during the lowering process.
The interpolation of the retardation functions in the time-domain
is equivalent to the interpolation of the frequency-dependent coef-
ficients between different drafts. The proposed method is based on
the following assumptions:

(1) The lowering speed of the monopile should be small and
the stepwise steady-state conditions can be used to repre-
sent the continuous lowering process.

(2) The retardation function for the structure should decay rap-
idly such that the system will only “remember” the effects
within a small change of the draft, in this manner the
assumption is consistent with the assumption of the step-
wise steady-state condition.

(3) Linear interpolation of the retardation functions at prede-
fined drafts can be applied to calculate the values at instan-
taneous drafts.

The winch speed for the lifting system is 0.05 m/s, and it takes
20 s to increase the draft by 1 m, which is equivalent to approxi-
mately four cycles with a wave period of 5 s. Thus, assumption (1)
can be deemed reasonable because the change in the draft is suffi-
ciently slow to represent the entire lowering process as stepwise
steady-state conditions. The retardation functions of the monopile
with different drafts are shown in Fig. 12. It can be observed that
the values approach zero after 10 s. Thus, a cutoff of 10 s is suffi-
cient to provide accurate potential damping for the dynamic sys-
tem. Therefore, the system will only remember the effects within
10 s which corresponds to a draft change of 0.5 m. To validate
assumption (3), as an example the interpolated retardation func-
tion at a draft of 7 m is compared with the values directly obtained
from panel method (see Fig. 13). The interpolated values were
calculated from drafts of 5 m and 10 m. Good agreements between
the two curves can be observed. Therefore, the assumptions are
reasonable for the presented lifting system and the proposed
method is applied for further analysis.

5 Time-Domain Analysis of the Lowering Operation

Time-domain simulations of the entire lowering operation were
performed. The winch was started at 200 s with a constant speed
of 0.05 m/s and was stopped at 700 s. Thus, the total lowering
length was 25 m. The environmental conditions were Hs¼ 2.5 m
with Tp varying from 5 s to 12 s, thus covering a realistic range. At

Fig. 11 Response spectra of MP in irregular waves with
Hs 5 2.0 m, Tp 5 5 s, and Dir 5 0 deg (fixed crane, cosine
method, up to z 5 f)
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each combination of Hs and Tp, irregular waves were modeled by
JONSWAP spectrum. To account for the variability of stochastic
waves, 20 realizations of irregular waves were generated at each
of the environmental conditions using different seeds.

Step-by-step integration methods were applied to calculate the
responses of the lifting system using an iterative routine. The
equations of motion were solved using Newmark-beta numerical
integration (b¼ 0.1667 and a¼ 0.50) with a time step of 0.01 s.
The first-order wave forces of the floating vessel were pregener-
ated using the fast Fourier transformation (FFT) at the mean posi-
tion. The forces on the monopile were calculated using the
external DLL to account for the changing draft radiation forces.
Second-order forces on the monopile were included by accounting
for the effects from the instantaneous free surface and body posi-
tions. The responses of the lifting system were analyzed using
both fixed and floating vessels, and the results and discussions are
presented in Secs. 5.1 and 5.2.

5.1 Responses Using a Fixed Vessel. Figures 14 and 15
show the response time history of the monopile during lowering at
two wave conditions. The responses in the figures include the
motions of the monopile in surge, heave, and pitch as well as the
tension in the lift wire. The results using Morison’s formula and
accounting for potential damping by adding retardation functions
(MEþRT) are compared with those obtained directly from Mori-
son’s formula (ME-only).

It can be observed that the motions of the monopile decrease
significantly in short waves with Tp¼ 5 s with addition of poten-
tial damping, whereas the differences of the motions in long
waves with Tp¼ 12 s are much less. In short periods, the radiation
of the monopile provides relatively large potential damping to the
system, and the radiation is minor in long waves as observed in
Fig. 5. Due to a lack of potential damping, the responses by using
Morison’s formula might easily overestimate the responses of the
lifting system. Although the surge and pitch motions in long
waves are less sensitive to potential damping, the lift-wire tension
shows a great reduction with the addition of potential damping
due to the tension governed by the rotational resonance motion of
the monopile, which corresponds to a period of around 5 s. At this
period, the potential damping is able to damp the responses
considerably.

The entire time series can be divided into two phases: the low-
ering phase (from 250 s when the monopile end tip enters the
water up to 700 s when the winch stops) and the steady-state phase

Fig. 12 Retardation functions at different drafts

Fig. 13 Comparison of the retardation functions at a draft of
7 m

Fig. 14 Response time series of the entire lowering process
(fixed vessel, Hs 5 2.5 m, Tp 5 5 s, and Dir 5 0 deg)
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(from 700 s until the end of the simulation). The draft of the
monopile increases during the lowering phase and is stable in the
second phase.

The response spectra for the lowering and steady-state phases
can be obtained using a Fourier transformation of the time series.
Figures 16 and 17, respectively, compare the response spectra at
Tp¼ 5 s and Tp¼ 12 s for both the lowering and steady-state
phases. When Tp¼ 5 s, the surge of the monopile contains two
peaks at the rotational and pendulum resonance frequencies,

respectively. The pitch motion displays one main peak at the rota-
tional resonance frequency. When Tp¼ 12 s, in addition to the
peaks at the two resonance frequencies, the wave frequency peak
governs the surge motion and contributes to the pitch motion of
the monopile. By adding the potential damping in the time-
domain simulations, the spectra peaks at the rotational resonance
frequency are significantly reduced for both wave period condi-
tions. Although little potential damping exists at the pendulum
natural frequency, the responses at the pendulum resonance fre-
quency are still affected. Because the pendulum motions are
excited by the second-order forces due to the effects from instan-
taneous free surface and body motions, the second-order forces
are therefore reduced when the first-order motions decrease with
the addition of the potential damping. The reduction of the motion
at the pendulum frequency can be observed in the spectra with
Tp¼ 5 s, whereas little changes at this frequency are observed
with Tp¼ 12 s due to smaller responses in this wave condition.

Similar trends are observed for both the lowering and steady-
state phases, and the reduction of the peaks appears to be more
significant in the lowering phase due to nonlinear effects. More-
over, the spectra in the lowering phase show a broader frequency
range surrounding the peaks due to the variation in the natural
periods of the lifting system. The peak frequency of the wire ten-
sion is observed to be twice that of rotational resonance peak,
which means that one cycle of rotational motion induces two
cycles of variations in the wire tension. The pendulum motion
contributes little to the tension. Because the rotational resonance
peaks are always reduced by adding potential damping in both
short and long wave conditions, the wire tension can be reduced
greatly.

The standard deviations (STDs) of the responses at various
wave conditions are obtained, and Fig. 18 shows the STDs in the
steady-state phases with varying irregular wave peak periods.
Because the potential damping affects the responses at both

Fig. 15 Response time series of the entire lowering process
(fixed vessel, Hs 5 2.5 m, Tp 5 12 s, and Dir 5 0 deg)

Fig. 16 Response spectra of the lowering phase (fixed vessel, Hs 5 2.5 m)
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rotational and pendulum resonance frequencies, the STDs at two
resonance frequencies are compared individually by filtering the
response signals close to the resonance frequencies. The reso-
nance motions at the rotational natural period decrease with Tp

because the wave peak period moves away from the natural
period. The pendulum motions also decrease with Tp due to lesser
second-order forces. The STD of motions obtained using ME-only
and MEþRT is compared in the figure. The differences between

Fig. 17 Response spectra of the steady-state phase (fixed vessel, Hs 5 2.5 m)

Fig. 18 STD of the responses in the steady-state phase using a fixed vessel (Hs 5 2.5 m,
Dir 5 0 deg): (a) rotational resonance motion and (b) pendulum resonance motion
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the two methods are generally smaller for the pendulum resonance
motions, especially in long wave conditions. The differences
decrease with Tp for both motions. Because the responses in long
wave conditions using Morison’s formula are already quite small,
the potential damping can be ignored. However, Morison’s for-
mula can greatly overestimate the responses in short waves, espe-
cially if the wave frequency is close to the natural period of the
rotational motion of the monopile. Thus, the potential damping
should be taken into account in such cases to predict the responses
more accurately during the operation.

In addition to the resonance motions at the two natural periods,
the motions at the wave frequency also contribute to the total
motions. To analyze the contributions from the three frequencies,
the ratios between the variance (the square of STD) from each
contribution and the total variance are calculated. This ratio repre-
sents the percentage of energy from motions at different frequen-
cies contributed in the total energy of the motion. The ratios are
shown in Fig. 19 for the fixed vessel case. It should be mentioned
that the entire response time history is filtered and divided into
three components: the motions at two resonance frequencies and
the motions corresponding to the wave frequency, respectively.
When Tp is small and close to the rotational resonance frequency,
the wave loads excite the rotational resonance motion, and there-
fore the two contributions are mixed together. With increase in Tp,
the third component separates from the resonance motions and
also increases, especially for the surge motion. The rotational res-
onance motion always dominates the pitch motion of the monop-
ile in all Tp conditions. The potential damping decreases the
contributions from the rotational resonance motion and thus leads
to the increase of contribution from the motions in the wave
frequency.

5.2 Responses Using the Floating Installation Vessel.
When the floating installation vessel is applied, the responses of
the monopile are affected by the motions of the vessel in irregular
waves. Figure 20 shows the response spectra in the steady-state
phase with wave direction Dir¼ 0 deg. Comparing Fig. 20 with

the responses using a fixed vessel in Fig. 17, the motions of the
lifting system in both wave conditions increase because of the
moving crane tip. The increases of the monopile response are rela-
tively small with Tp¼ 5 s due to small vessel motions. In longer
waves, the wave peak period moves closer to the natural period of
the pitch, and the heave motion of the vessel and the vessel
motions increase and influence the motions of the monopile in
heave and pitch. The vessel motions also contribute significantly
to the tension in the lift wire where the peak near the wave fre-
quency in the spectra can be observed at Tp¼ 12 s. The vessel-
induced responses are minimally affected by potential damping in
long waves. The influences of potential damping on the total
motions of the monopile are expected to be smaller compared
with the fixed crane condition because the vessel considerably
affects the monopile motions in long waves.

The STDs of the responses at various wave period conditions
with use of floating vessel are shown in Fig. 21. The STDs are
also given at two resonance motions to compare the effects of
potential damping on different resonance motions. The effects
from addition of potential damping on the monopile in the floating
vessel case are observed to be similar to those of the case using a
fixed vessel. The pendulum motions are nearly same in the two
methods in long waves, whereas the rotational resonance motions
can still be greatly reduced.

The ratios between the variance from three contributions and
the variance of the total motions are shown in Fig. 22. Although
only small changes occur for the ratios of the surge motion, signif-
icant differences can be observed in the pitch motions compared
with those of the fixed vessel case in Fig. 18. The contribution
from the motions in the wave frequency increases greatly using
the floating vessel, especially in long waves due to the effects
from the vessel motions. By adding potential damping, this contri-
bution increases further because the rotational resonance motions
are reduced by the potential damping, while the vessel-induced
motions remain the same. The ratios of the pendulum motions
appear to change little in both cases after adding potential
damping.

Fig. 19 Ratios of energies from different contributions using a fixed vessel (Hs 5 2.5 m,
Dir 5 0 deg): (a) ME-only method and (b) ME 1 RT method
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6 Conclusions and Recommendations for Future

Work

The current study examines the lowering operation of an off-
shore monopile, and numerical studies are performed using differ-
ent approaches. Due to the limitations of Morison’s formula and
the potential theory, a new approach is proposed in this paper to
account for the potential damping during the lowering process of
the monopile. It is concluded that the conventional pure Morison’s
formula could overestimate the responses of the lifting system,
especially in relatively short waves, due to the exclusion of the
wave potential damping. For installation of a large wind farm,
the overestimation of responses might cause a great reduction in
the weather window and thus a significant increase in costs.
Therefore, the potential damping must be considered in the nu-
merical model to more accurately estimate the responses.

The responses of the monopile lifting system were first studied
at a fixed draft. By applying different methods to calculate the
hydrodynamic forces on the monopile, it was found that Mori-
son’s formula overpredicts the responses of the lifting system due
to the slender body assumption which neglects the diffraction and
radiation of the structure. By including potential damping on the
monopile in Morison’s formula, the responses can be more accu-
rately calculated. The importance of potential damping was vali-
dated by using conventional potential theory in the fixed draft
case. Besides, the nonlinear effects were found to be considerable
for resonant motions at low frequencies, and the effects from the
instantaneous free surface and the instantaneous body motions
should be accounted for in the time-domain simulations.

For analysis of the lowering process, a new approach was pro-
posed based on reasonable assumptions to account for the potential
damping by interpolating the retardation functions at various drafts.
The retardation functions were calculated at predefined drafts
assuming steady-state conditions. The numerical analysis was

performed by establishing an external DLL and implementing it in
the SIMO software. The wave forces on the monopile were calculated
during lowering using Morison’s formula with consideration of non-
linear effects, and the radiation term was included at each time step.

The results of the time-domain simulations were analyzed using
both fixed and floating installation vessels. The potential damping
significantly reduced the responses at the monopile rotational nat-
ural frequency in both vessel cases and in both short and long
waves. The influence on the pendulum motions was less important
and can be neglected in long waves. When using the floating in-
stallation vessel, the motions of the vessel increase the responses
of the monopile. The motions induced by the crane contribute
greatly to the total motions of the monopile in long waves. The
vessel-induced motions were found to be independent of the
potential damping of the monopile. Therefore, when the crane tip
motions further increase and the resonant motions are minor, the
potential damping can be neglected. It should be mentioned that,
the effect of potential damping was observed to be significant in
this specific lifting system, and the effect may differ greatly if the
natural periods of the lifting system are changed.

Although the proposed method provides more accurate results
than the pure Morison’s formula and implements the potential
damping in the nonstationary lowering process, limitations do
exist. The first limitation lies in the assumption that the lowering
speed should be sufficiently low such that the entire lowering pro-
cess can be divided into stepwise steady-state conditions. When
increasing the lowering speed, the validity of the assumption is
questionable. Therefore, validation with experiments or numerical
tools that can address the nonstationary process should be applied
in future work. Second, the excitation forces are calculated based
on the slender body assumption using strip theory, and a more
robust method should be studied for calculating the forces on a
large volume structure during the lowering process. Moreover, the
interactions between the monopile and the floating vessel need to

Fig. 20 Response spectra of the steady-state phase (floating vessel, Hs 5 2.5 m)
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be considered although they were excluded in the current model
for simplicity.
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Offshore installation operations require careful planning in the design phase to minimize associated risks. This study addresses numerical 
modelling and time-domain simulations of the lowering operation during installation of a monopile (MP) for offshore wind turbine (OWT) 
using a heavy lift vessel (HLV). The purpose is to apply different numerical approaches to obtain the allowable sea states and to assess the 
operability. Four critical factors regarding the numerical modelling approaches for the coupled HLV-MP lowering process are studied. 
Those factors include wave short crestedness, shielding effects from the HLV, radiation damping from MP and the nonstationarity of the 
process. The influence of each factor on the allowable sea states and the operability are assessed. A large number of time-domain simulations 
are performed considering random waves to derive the allowable sea states. The results indicate that the radiation damping from the MP is 
secondary while it is essential to consider the other features. The study can be used as a reference for numerical modelling of relevant 
offshore operations. 
 
KEY WORDS: MP installation, allowable sea states, heavy lift 
vessel, wave spreading, shielding effects, nonstationary process 
 
INTRODUCTION 
 
Installation of OWT components is more challenging than of land-
based wind turbines. It was estimated that the installation and 
assembly of offshore wind turbines make up 20% of the capital costs 
compared with around 6% for land-based wind turbines (Moné et al., 
2015). Because of the low profit margin of the offshore wind industry, 
it is essential to reduce the installation costs by improving the 
methodology during design and planning phase. 
 
Because of the structural simplicity and low manufacturing expenses, 
monopiles (MPs) are the most preferable bottom-fixed foundations for 
offshore wind turbines in shallow water (EWEA, 2014). The 
installation of MP consists of several steps. After arriving the offshore 
site, the MPs are upended to a vertical position, the then lowered 
through the wave zone so that it stands vertically on the seabed. A 
hydraulic hammer is used to drive it into the seabed to a 
predetermined depth. Although MPs are easy to install compared to 
other foundations, the installations have been carried out with various 
success because the challenges have not been taken seriously enough 
(Thomsen, 2011). Therefore, it is of great importance to evaluate and 
improve the allowable sea states by considering each activity during 
the operation. More importantly, the allowable sea states for a single 
operation would affect the installation efficiency of the entire wind 
farm. For this reason, accurate numerical models are required. 

There are generally two types of vessels for installation of monopiles: 
the jack-ups and the floating crane vessels. A jack-up vessel provides 
a stable working platform for the lifting and piling operations. 
However, the installation and retrieval of legs of the jack-ups are time-
consuming and weather sensitive. Compared to jack-ups, floating 
vessels have more flexibility for offshore operations and are effective 
in mass installations of a wind farm due to fast transit between 
foundations. Floating vessels have been used to install monopiles for 
several large offshore wind farms, e.g., Sheringham Shoal and Greater 
Gabbard wind farms. Hence, the potential of reducing installation 
costs by using floating installation vessel is huge. 
 
Very few studies on the installation of MPs have been published. 
Sarkar and Gudmestad (2013) suggested a method to install MPs by 
isolating the installation operations from the motion of the floating 
vessel using a pre-installed submerged support structure. The 
responses of a coupled vessel-MP system during the lowering process 
of the MP were studied by Li et al. (2013), where sensitivity studies 
regarding the mechanical couplings and the vessel type were 
performed. Furthermore, they introduced a method to account for the 
shielding effects from the floating installation vessel during the entire 
lowering operation of the MP (Li et al., 2014). It was concluded that 
the shielding effects can greatly reduce the responses in short waves. 
This method was further studied to compare the performance of two 
lifting systems i.e., the lifting of a monopile and a jacket wind turbine 
foundation (Li et al., 2015a). Moreover, the importance of radiation 
damping of the MP during the nonstationary lowering operation were 
examined by Li et al. (2015c). A new approach was proposed to 



implement the radiation damping effects into the time-domain 
simulation of the nonstationary lowering process. 
 
The previous work aimed at developing more accurate numerical 
methods to simulate the lifting operation of the MP, with special focus 
on the nonstationary process. In those studies, some simplifications 
were made in the numerical model, e.g., the hydrodynamic forces on 
the vessel were simplified by only considering the first order wave 
excitation forces in Li et al. (2013, 2014, 2015c), and the 
hydrodynamic interaction between the floating installation vessel and 
the MP was not included when studying the influences of MP 
radiation damping in Li et al. (2015c). Wave short-crestedness is 
another factor of influence for lifting operations (DNV, 2014) which 
has not been considered in the mentioned references. Moreover, the 
previous study did not provide the allowable sea states based on their 
numerical approaches. The allowable sea states are essential for 
planning the operations. 
 
In addition, some simplified approaches are often applied during 
numerical analysis of lifting operations, e.g., excluding the 
hydrodynamic interaction between submerged structures, and using 
steady-state analysis to represent nonstationary or transient operation 
activities. Those simplifications introduce uncertainties. However, the 
influences of the simplifications on the allowable sea states and the 
operability have not been quantified. Over-conservative results may 
increase the costs of the operation while non-conservative results may 
increase the operational risk. 

 
This paper is an extension of the previous work on MP lowering 
operation focusing on numerical studies. The purpose is to use 
different numerical approaches to evaluate the allowable sea states and 
quantify their influences on the operability. The numerical approaches 
in this paper deal with the following issues: 1) the accuracy to use 
Morison’s formula to calculate the hydrodynamic forces on the MP; 2) 
the effect from hydrodynamic interaction between the installation 
vessel and the MP on the lowering operation; 3) the feasibility to use 
simplified steady-state simulations for the nonstationary lowering 
process; 4) the influence of short-crestedness for such operation. 
 
First, a general description of the operation and the numerical model is 
given. Second, the dynamic modelling approach including different 
numerical approaches are presented. Third, the operational criteria for 
the MP lowering operation are provided followed by discussion of the 
results. Finally, conclusions and recommendations regarding practical 
implementation are given. 
 
MODELLING OF THE LOWERING SYSTEM 
 
System Components 
 
The system for MP lowering operation consists of a floating heavy lift 
vessel (HLV) and the MP substructure and they are coupled through 
the crane lift wire. A gripper device is placed on the deck of the vessel 
to avoid extreme motions of the MP during the operation. The gripper 
is normally composed of several hydraulic cylinders, and the details 
refer to Li et al. (2016). 
 
During the lowering operation, there is an initial gap between the 
hydraulic cylinder and the wall of the MP. The initial gap is chosen 
based on the stroke length of the hydraulic cylinders as well as the 
motions of the MP during lowering operation to avoid large contact 
forces that could cause structural damage on the hydraulic cylinders. 
The system set-up for the MP lowering process is illustrated in Fig. 1. 

The main particulars of the system components are shown in Table 1. 
After the MP being lowered down to the seabed, the gripper is then 
closed and the hydraulic cylinders provide compression to the MP 
before the hammering activity starts. 

 
Figure 1: System set-up for the MP lowering operation using a HLV 
 
Table 1: Structures' main particulars (Li et al., 2016) 

Parameter Notation Value Units 

-HLV 

Displacement 5.12E+04 Ton 

Length L 183 m 

Breadth B 47 m 

Draught T 10.2 m 
Vertical position of COG  
above keel VCG 17.45 m 

-Monopile 

Mass MMP 500 Ton 

Diameter DMP 5.7 m 

Thickness tMP 0.06 m 

Length LMP 60 m 
 
Modelling of the Mechanical Couplings 
 
The coupling between the HLV crane and the MP is achieved using a 
lift wire. The wire coupling force is modelled as a linear spring force, 
and the crane flexibility is accounted for. A winch is modelled for the 
crane which increases the lift wire length to lower the MP towards the 
seabed. 
 
The gripper device was modelled as a contact point attached to the 
vessel by Li et al. (2014). During the lowering of the monopile, the 
model was able to calculate the contact force between the HLV and 
the MP with changing position of the MP. During the lowering 
process, the hydraulic cylinder rods are normally retracted and the gap 
between the hydraulic cylinder and the MP allows certain relative 
motions between the MP and the gripper. Large axial loads and 
damage in the hydraulic cylinders may occur if the gaps between the 
hydraulic cylinders and the MP are too small. When the initial gap 
between the cylinder and the MP was chosen around 10 cm, it was 
found by Li et al. (2014) huge impact force occurred. In the present 
numerical model, the gripper device is excluded, but the relative 
motions between the MP and the HLV are calculated. The relative 



motions should be kept within a limit to avoid large impact force to 
ensure the structural integrity of the hydraulic cylinders. 
 
Equations of Motion for Coupled Dynamic Analysis 
 
The HLV-MP coupled dynamic system has 12 degrees of freedom 
(DOF s), and for each body, the following six equations of motion are 
solved in the time-domain (MARINTEK, 2012). 
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where, M is the total mass matrix; x is the rigid-body motion vector; 

 A is the frequency-dependent added mass matrix at infinite wave 

frequency; 1D and 2D are the linear and quadratic damping matrices; 

The viscous effects from the vessel hull and the mooring system were 
simplified into linear damping terms in surge, sway and yaw. The roll 
damping of the vessel as well as the quadratic damping on the MP 
were also included. Additionally, K is the coupled hydrostatic 
stiffness matrix from the HLV and the MP; h is the retardation 
function calculated from the frequency-dependent added mass or 
potential damping and ( )ext tF  is the external force vector that 

includes the first and second order wave excitation forces (1)
WAq  and

(2)
WAq , the mooring line forces for the HLV, moorF  and the 

coupling forces between the HLV and MP, cplF . The second-order 

wave excitation forces on the HLV were obtained based on the 
Newman’s approximation and only included the difference-frequency 
slowly varying forces (Newman, 1974). The eight catenary mooring 
lines for the HLV were also modelled, and both quasi-static analysis 
and a simplified dynamic analysis accounting for the effect of drag 
loading on the lines were applied.  
 
Different approaches for the hydrodynamic modelling on the MP are 
explained in Sec. 3. 
 
Natural Frequencies of the Coupled System 
 
The natural modes of the coupled HLV-MP system include DOFs. A 
detailed explanation of the modes and corresponding natural periods 
refer to Li et al. (2015c). The gripper is excluded when calculating the 
natural periods because the gap between the MP and the gripper 
allows relative motions. Fig. 2 shows how the natural periods of the 
system excluding the yaw mode of MP vary with the vertical position 
of the MP lower tip. It should be noted that all the modes are coupled, 
and only the dominating DOFs are mentioned here. It is expected that 
in short waves the MP rotational modes (modes 02 and 03) could be 
excited, and in longer waves the vessel motions in the vertical plane 
are critical. 
 
DIFFERENT NUMERICAL APPROACHES FOR DYNAMIC 
ANALYSIS 
 
In this section, different numerical approaches are explained in detail, 
including the modelling of the nonstationary process, hydrodynamic 
forces on the MP as well as the wave spreading. Discussions on the 
approaches and the commonly used assumptions during numerical 
modelling are also presented. 
 
Steady-state and Nonstationary Analysis Approaches 

During lowering operations with structures lowered through the wave 
zone and towards the seabed, the dynamic features of the system 
change continuously. There are generally two approaches to simulate 
the nonstationary process (Sandvik, 2012). (1) Perform steady-state 
simulations in irregular waves at the most critical vertical position of 
the object. (2) Simulate a repeated nonstationary lowering process 
with different irregular wave realizations, and study the extreme 
response observed in each simulation. It was demonstrated that the 
second method provides more realistic results because an unrealistic 
build-up of the oscillations occurs in the stationary case (Sandvik, 
2012). In principle, to provide more accurate estimates of the 
operations, analyses of the entire lowering process are required. 
 
However, in order to obtain reliable statistics of the extreme responses 
from the nonstationary analysis, a large number of simulations is 
required. Furthermore, the frequency-dependence of the 
hydrodynamic properties based on the steady-state conditions vary 
with time and can not be directly applied in a nonstationary analysis. 
For the coupled HLV-MP model, it is challenging to include the time-
varying hydrodynamic interaction between the two structures during 
the lowering process. Because of these issues, the simplified steady-
state method is widely applied to replace the nonstationary analysis. 
Thus, it is useful to compare the two approaches and their influence on 
the allowable sea states. 

 
Figure 2: Natural periods for the coupled HLV-MP system with 
varying MP positions. Dominant motion for each mode: mode01 (MP 
heave); mode02 and 03 (MP roll and pitch, MP rotational motions); 
mode04 (HLV pitch); mode05 (HLV heave); mode07 (HLV roll); 
mode08 and 09 (MP pendulum motions); mode10-12 (HLV yaw, 
sway and surge) 
 
Modelling of Hydrodynamic Forces on the MP 
 
Morison’s formula approximation for slender structure in 
incident waves 
 
For slender bodies with a D/L ratio (diameter/wavelength) less than 
0.20, the empirical Morison’s formula is often used to calculate 
hydrodynamic forces (Morison et al., 1950). The effects of diffraction 
and radiation are considered insignificant in the slender-body 
approximation. The MP is divided into strips, and the wave forces 
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,W sf  per unit length on each strip normal to the member can be 

determined from Morison’s formula (Faltinsen, 1990): 
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where, s  and s  are fluid particle acceleration and velocity at the 

center of the strip, respectively; sx  and sx are the acceleration and 

velocity at the center of the strip due to the body motions; D is the 
outer diameter of the member; and CM , CA and Cq are the mass, added 
mass and quadratic drag force coefficients, respectively. The 
distributed wave forces fW,s are integrated along the MP to obtain the 
total wave forces and moments, FW. CA for different strips along the 
MP are chosen according to Li et al. (2015c), where the excitation 
forces calculated using Morison’s formula at different drafts were 
compared with those from panel method and good agreement was 
achieved. 
 
In addition, the nonlinear effects due to the instantaneous free surface 
and the instantaneous body positions can be also included in the time-
domain by evaluating at each time step and each strip for 
instantaneous body positions and integrating up to the instantaneous 
free surface. The Morison’s formula can be applied for both steady-
state and nonstationary lowering analyses. Both incident wave 
kinematic and the disturbed waves that include the shielding effects 
from the HLV can be used in the formula. 
 
Multi-body hydrodynamics using potential theory 
 
The hydrodynamic interaction between the HLV and the MP changes 
their individual hydrodynamic properties, including wave excitation 
forces, potential added mass and damping coefficients. The interaction 
should be properly included if the two structures are in close vicinity, 
e.g., the hydrodynamic interaction between a transport barge and a 
floating crane vessel during lift-off operations (Mukerji, 1988; van den 
Boom et al., 1990; Baar et al., 1992). These studies showed that the 
hydrodynamic interaction affected the responses of the transport barge 
because of the small dimension of the barge compared with the crane 
vessel (Baar et al., 1992). In this case, the hydrodynamic interaction is 
expected to affect the responses of the MP greatly. 
 
According to the linear wave potential theory, the total velocity 
potential is expressed by (Lee, 1995): 
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where D  is the diffraction potential and R  is the radiation 

potential. D  can be further broken down into the sum of the incident 

velocity potential I  and the scattering velocity potential S  , which 

represents the disturbance to the incident wave caused by the presence 
of the body. The radiation potential itself is a linear combination of the 
components corresponding to the modes of motion such that 
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Here k  is the complex amplitude of the oscillatory motion in mode k 

of the six degrees of freedom, and k  is the corresponding unit-

amplitude radiation potential. For multi-body case, the boundary 
condition for the diffraction problem has changed by adding additional 
body surfaces. The decomposition of the radiation potential into 
components, corresponding to the modes of the rigid body motion, can 

be extended to multi-body interaction. This is done by defining k  as 

the velocity potential corresponding to a particular mode of one body 
while the other bodies are kept stationary. In this way, the total 
radiation potential consists of 6N components (N is the number of 
bodies). 

 
(a) added mass 

 
(b) damping 

Figure 3: Comparison of added mass and damping of MP alone and 
when coupled with HLV using panel method(draft = 15 m) 
 
By applying boundary conditions, the boundary value problem can be 
solved by numerical methods such as the panel method in the 
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frequency domain. In this study, the panel method program WADAM 
is applied (DNV, 2008). The results show that the HLV affects the 
properties of the MP in sway and roll more significantly compared to 
in surge and pitch due to the small distance in Y direction between the 
two structures. Fig. 3 compares the added mass and damping of MP 
alone and when it is coupled with HLV. The fluctuation of added mass 
with wave frequency increases when the MP is placed close to the 
HLV. A great increase of damping in the short wave range (around 1.5 
rad/s) is visible. Those changes come from the scattered waves 
generated from HLV when the MP oscillates around its mean position. 
The effect of hydrodynamic interaction on the excitation force on the 
MP will be shown later in this section. 
 
Simplified approach to consider shielding effects using Morison’s 
formula for nonstationary process 
 
In the current study, the hydrodynamic effects from the MP on the 
HLV are minor and can be neglected. However, the wave field near 
the HLV is altered from the original incident waves, and three-
dimensional effects occur due to the diffraction and radiation from the 
vessel. Thus, the hydrodynamic interaction between HLV and MP can 
be simplified as “one-way” interaction by considering the shielding 
effects from the HLV on the MP while ignoring the effects from the 
MP on the HLV. Moreover, the multi-body hydrodynamic properties 
using potential theory are based on a steady-state condition with a 
fixed mean draft of all structures and can not be directly applied for 
the nonstationary analysis. Therefore, the approach proposed by Li et 
al. (2014) is applied to calculate the forces on MP. 
 
The boundary value problem for the single body HLV in the wave 
field is solved by potential theory. Thus, the hydrodynamic 
coefficients of the vessel and the fluid kinematics at any point in the 
wave field in the frequency domain can be acquired. The waves 
affected by both radiation and diffraction of the vessel are defined as 
disturbed waves, which includes the vessel shielding effects, and the 
undisturbed waves are defined as incident waves. The following steps 
are followed to calculate the forces on the MP for the nonstationary 
process. 
 
1) First, generate time series of disturbed fluid kinematics at pre-
defined wave points near the MP using the fluid kinematics transfer 
functions from potential theory considering the radiation and 
diffraction of the HLV. 
 
2) Then, perform time-domain simulations. At each time step, find the 
closest pre-defined wave points for each strip on the MP. By applying 
a 3D linear interpolation between those wave points, the kinematics 
(elevations, fluid velocities and accelerations) at the center of each 
strip in disturbed waves are acquired. 
 
3) Calculate the forces at each strip using the disturbed wave 
kinematics by Eq. (2) and integrate along the submerged part of the 
MP to get the total wave forces. Note that the draft of the MP changes 
continuously during the nonstationary process. The total wave forces 
on the MP are then used to obtain the motions of the coupled HLV-
MP system. The details of this approach can be found in Li et al. 
(2014). 
 
To validate whether the slender structure assumption is reasonable to 
calculate MP wave forces, Fig. 4 compares the wave excitation force 
on the MP at a draft of 15 m for four cases: (1) MP alone using panel 
Method; (2) MP alone using Morison’s formula in incident wave; (3) 
HLV-MP coupled using panel method and (4) HLV-MP coupled using 
Morison’s formula.  

It is evident that the shielding effects from the HLV (coupled HLV-
MP case) reduce the excitation force on MP significantly in 
intermediate to short wave length. Good agreement between the 
Morison’s formula and the panel method is observed with wave 
frequency less than 1.5 rad/s in incident waves. For the HLV-MP 
coupled case, i.e., the disturbed wave case, the slender structure 
assumption is suitable even for shorter wave conditions because of the 
great reduction from the shielding effects due to HLV. In addition, the 
added mass calculated from 2D coefficients used in Morison’s 
formula are compared with the one from panel method, see Fig. 3 (a). 
The results show good agreement between the slender structure 
assumption and the multi-body potential theory in terms of 
hydrodynamic properties. Therefore, the simplified shielding effects 
approach is considered reasonable to calculate wave excitation force 
on the MP for the HLV-MP coupled condition during the 
nonstationary lowering process. 

 
Figure 4: Comparison of excitation force on MP in incident wave and 
when accounting for shielding effects due to the HLV (Dir = 90 deg, 
draft = 15 m) 
 
Morison’s formula plus radiation damping for nonstationary 
process 
 
As discussed previously, Morison’s formula does not account for the 
radiation and diffraction of the structure itself, and the coefficients 
from potential theory cannot be directly applied in the nonstationary 
case with time-varying draft of the structure. Li et al. (2015c) 
concluded that the radiation damping on the large diameter MP is of 
importance especially for short wave conditions. However, the 
hydrodynamic interaction between the HLV and the MP was not 
included in Li et al. (2015c), and the influences of the radiation 
damping of the MP in short waves for the coupled case were 
unknown. This study compares the effects by implementing the 
radiation damping on the MP for the coupled HLV-MP case. 
 
The approach proposed by Li et al. (2015c) is applied to implement 
the radiation damping effects from the MP for the nonstationary 
process by interpolating the retardation functions at pre-defined drafts 
of the MP in the time-domain. The radiation damping of the MP is 
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included together with the shielding effects from the HLV to include 
the complete hydrodynamic interaction. Fig. 3 shows the added mass 
and damping of the MP without and with the HLV. The retardation 
function is computed using a transform of the frequency-dependent 
added mass and damping from the coupled HLV-MP case to be used 
in the time-domain simulations. Limitations of this method were 
addressed in Li et al. (2015c) and further validations are required. 
 
Short-crested Waves and Shielding Effects 
 
A wave condition is classified as long-crested and short-crested based 
on the directions of wave propagation. Wind generated seas in real sea 
conditions involve short-crested waves (Chakrabarti, 1987; Goda, 
2010; Kumar et al., 1999). The directional spreading of wave energy 
may give rise to forces and motions which are different from those 
corresponding to long-crested waves. 
 
DNV (2014) recommends to check “whether long-crested or short-
crested sea is conservative for the analysis concerned”. For head sea 
short-crested sea will give increased roll motion of the crane vessel 
compared to long-crested sea, while long-crested sea will give 
increased pitch motion. It is therefore necessary to carry out analysis 
to conclude on this aspect. This study evaluates the influence of the 
short-crestedness when including the shielding effects from the HLV 
on the responses of the MP lowering system. 
 
The sea state is often represented by a wave spectrum as (DNV, 2014) 
 

( , ) ( ) ( , )S S D      (5) 

( , ) 1D d
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
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
  (6) 

 
For practical purposes, the frequency dependence of the directional 
function is neglected, that is, ( , ) ( )D D   . One of the most widely 

used ( )D   is the cosine power function given as 
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 (7) 

where θ0 is the main wave direction about which the angular 
distribution is centered. The parameter n is a spreading index 
describing the degree of wave short-crestedness, with n→∞ 
representing a long-crested wave field. C(n) is a normalizing constant 
ensuring that Eq. (6) is satisfied. Typical values for the spreading 
index for wind generated sea are n = 2 to 4. Because lifting operations 
are usually carried out in relatively low sea states, the spreading of the 
waves could be significant. 
 
For long-crested waves, knowing incident wave realization x(t), the 
Fourier transform of the kinematics of the disturbed wave Y (ω, θ0) 
can be calculated in the frequency domain based on X(ω), the Fourier 
transform of x(t), and the disturbed fluid kinematics transfer functions 
H (ω, θ0), see Eq. (8). 
 

0 0( , ) ( , ) ( )Y H X       (8) 
 
For short-crested waves, the incident wave realization includes 
different wave direction components and is generated from the two-
dimensional wave spectrum in Eq. (5). The Fourier transform of the 
incident wave at various directions X(ω, θ) can be obtained. Thus, the 
disturbed fluid kinematics for direction θ0 in short-crested waves are 
obtained as follows. 

2

1
0( , ) ( , ) ( , )Y H X d




         (9) 

where θ1 and θ2 are the limits for the directions. Using Eq. (2) and the 
disturbed wave kinematics from Eq. (9), the excitation forces on the 
MP accounts for both shielding effects and short-crested waves and 
can be applied in the nonstationary lowering analysis. 

 
Figure 5: RAOs of fluid X-velocities in incident and disturbed waves 
with and without wave spreading (T = 7 s) 
 
Fig. 5 gives an example of the RAOs of fluid particle X-velocity near 
the MP in incident and disturbed waves considering wave spreading. 
The shielding effects are clearly visible in that the RAOs in disturbed 
waves are greatly affected by the HLV. The RAOs in the leeward side 
of the HLV (from 0 deg to 180 deg) are significantly reduced for 
given wave period in disturbed waves while in the windward side 
(from 180 deg to 360 deg) the RAOs are amplified. 
 
When only long-crested waves are considered, the differences 
between the RAOs in incident and disturbed waves are significant. 
However, these differences can be reduced considerably when 
including the wave spreading. For example, the RAOs of X-velocity at 
T = 7 s near 180 deg direction in disturbed waves are close to those in 
incident waves with spreading index n = 3. This is because the 
spreading function averages the low RAOs in the leeward side and the 
large RAO values in the windward side of the vessel. It can be 
predicted that the shielding effects in short-crested waves will be less 
pronounced compared with the case when only long-crested waves are 
considered. 
 
TIME-DOMAIN SIMULATIONS AND CASE STUDIES 
 
Case studies are performed to study the influence of different 
approaches on the allowable sea states. The factors used in the case 
studies are summarized in Table 2. Five cases are defined for the 
HLV-MP lowering analysis. Among those, Case 1 accounts for all the 
factors that might affect the response of the system and represents the 
most accurate numerical method, while the other cases neglect one or 
two factors in order to study the influence of each factor. 
 
The spreading index n = 3, see Eq. (7), is used for the cases 
considering short-crested waves. For nonstationary lowering 
simulation, the winch in the crane starts from 300 s to 740 s with a 
speed of 0.05 m/s. The total lowering length was 22 m. Twenty 
repetitions of the lowering simulation are performed, corresponding to 
a duration of approximately two hours. The maximum relative 
motions between the HLV and the MP at the gripper position during 
the 20 simulations are used as characteristic responses to determine 
the allowable sea states. The most onerous draft of the MP are found 
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from the nonstationary lowering simulation, and 20 steady-state 
simulations are carried out. The same simulation length as the 
nonstationary simulations is applied, and the maximum relative 
motions are used to determine the allowable sea states for the steady-
state simulation. 
 
Step-by-step integration methods combined with an iterative routine 
were applied to calculate the responses of the lowering system. The 

equations of motion were solved by Newmark-beta numerical 
integration scheme with a time step of 0.02 s. The first and second 
order wave forces of the HLV were pre-generated using Fast Fourier 
Transformation (FFT) at its mean position. The wave forces on the 
MP are calculated in an external Dynamic Link Library (DLL) and 
interacts with SIMO program (MARINTEK, 2012) where the motions 
of the coupled system are solved in the time-domain. 

 
Table 2: Factors for case study in the time-domain simulations 

Factors A  
wave spreading 

B 
shielding effects

C
MP radiation

D
 Nonstationary

(1) long-crested incident wave no radiation damping steady-state simulation
(2) short-crested disturbed wave radiation damping lowering simulation

Simulation Cases HLV-MP lowering system

Case 1 (A2B2C2D2) short-crested disturbed wave radiation damping lowering simulation
Case 2 (A1B2C2D2) long-crested disturbed wave radiation damping lowering simulation
Case 3 (A2B1C1D2) short-crested incident wave no radiation damping lowering simulation
Case 4 (A2B2C1D2) short-crested disturbed wave no radiation damping lowering simulation
Case 5 (A2B2C2D1) short-crested disturbed wave radiation damping steady-state simulation

 

OPERATIONAL CRITERIA 
 
The operational limits in terms of allowable sea states for installing a 
MP should be established by assessing all installation phases, 
including the upending, lowering and hammering operations. 
However, this study is limited to the lowering phase. The potential 
critical events that can limit the operation in this phase are as follows. 
 
 Lift wire breakage. The tension in the lift wire should never 

exceed the maximum working load of the wire. A slack wire and 
snap forces should both be avoided. 
 

 Large MP tip displacement before landing. The motions of the 
monopile, particularly its rotations and the displacements of its 
end tip, affect the landing process that follows the lowering 
process. Large excursion of the MP tip may result exceeding 
distance from the designed installation position. 

 
 Failure of the hydraulic system in the gripper device. The 

exceedance of the allowable forces on the system will result in a 
hydraulic system failure. The failure will not only stop the 
operation but may also pollute the environment if leakage of 
hydraulic fluid occurs. 

 
Because no slings are applied for the lifting arrangement, the main lift 
wire tension is observed to be stable and no snap loads occur under 
reasonable environmental conditions for this installation system. The 
installed position of the MP can vary from the designed position in a 
relatively large range (around 2 m), which exceeds the motions of the 
MP in the operational sea states. In addition, the inclination angle after 
landing can be adjusted by moving the HLV using mooring lines and 
thus not considered as critical (Li et al., 2016). 
 
In this study, only the failure of the hydraulic system in the gripper 
device is considered as a critical event for determining the operational 
sea states. The corresponding limiting response parameter is the 
allowable gap between the MP and HLV at the gripper position. Due 
to large stiffness of the hydraulic cylinders, impact forces occur when 
the relative motion exceeds the allowable gap. Based on the dimension 
of the MP and the most common designs for the hydraulic cylinders 
used in the industry, the allowable gap is chosen as 1 m. Therefore, the 

sea states which result in relative motions at the gripper position larger 
than this allowable limit are considered unacceptable.  
 
RSULTS AND DISCUSSIONS 
 
From time-domain simulations at various wave conditions, the 
allowable sea states are obtained by applying the above operational 
criteria. Different modelling approaches are applied for the 
corresponding cases. The results are presented with discussions in this 
section. 
 
Effect of the Hydrodynamic Load Modelling Approach 
 
Figure 6 compares the allowable Hs and Tp values for Cases 1, 3 and 
4. Case 1 is the most accurate approach including all the features 
shown in Table 2, while Case 3 neglects the MP radiation damping 
and the shielding effects, e.g., the hydrodynamic couplings between 
the HLV and MP. Case 4 includes shielding effects but neglects the 
MP radiation damping. The maximum Hs values occur at wave period 
around 7 s for Case 1. The short waves excite the MP rotational 
resonant motions and the long waves excite the HLV motions in the 
vertical plane (see the natural periods of the system in Fig. 2), and thus 
the Hs values decrease for those conditions. 

 
Figure 6: Comparison on allowable sea states for Cases 1, 3 and 4 
 
Figure 7 presents the MP pitch motions in two representative sea 
states for the three cases. The shielding effects from the HLV are 
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observed critical and the resonant motions of the MP (ω ≈ 1.2 rad/s) 
are overestimated greatly for Case 3 without shielding effects, see Fig. 
7 (a). The allowable sea states are thus significantly underestimated, 
see Fig. 6 Case 3. The effects appear more significant in short waves 
than in long waves due to the larger diffraction from the vessel. The 
shielding effects can be ignored for wave period larger than 10 s when 
assessing the allowable sea states. Case 3 represents the most 
commonly applied simplification calculating the hydrodynamic forces 
on slender structures using Morison’s Formula in incident waves. The 
results here prove a great underestimation of the allowable sea states 
for the MP lowering operation using this simplification. 

 
(a) Hs = 1.0 m, Tp = 5 s, Dir = 150 deg 

 
(b) Hs = 0.3 m, Tp = 12 s, Dir = 180 deg 

 
Figure 7: Response time series and spectra of MP pitch motion for 
Cases 1, 3 and 4 
 
The responses in Fig. 7 also show that the MP radiation damping are 
secondary compared with the shielding effects. Larger peak is 
observed at the MP resonant frequency in short waves, and the 
differences are negligible in long waves. The exclusion of the 
radiation damping underestimates the Hs values by around 0.1 m for 
wave period less than 8 s, and the Hs values are almost the same as 
those from Case 1 for longer waves. 
 
Effect of Wave Spreading 

Another commonly applied simplification during numerical simulation 
is to exclude the wave spreading by using long-crested waves. Figure 
8 displays the allowable sea states by using long- and short-crested 
waves. For Tp less than 12 s, the long-crested assumption greatly 
overestimates the Hs. The spectra of MP roll and pitch motions at two 
wave conditions for Cases 1 and 2 are presented in Fig. 9. For both sea 
states, one can observe large differences in the spectra. In short waves, 
the long-crested wave assumption provides much lower responses at 
the resonant frequency, see Fig. 9 (a). As mentioned, the shielding 
effects are significant in short waves, however, the spreading of the 
waves averages the low wave kinematics in the leeward side of the 
vessel and the high values in the windward side, see Fig. 5. Thus, the 
MP experiences less shielding effects from the HLV for the same 
heading angles in short-crested waves than in long-crested waves, 
which results in higher allowable sea states in short waves, as shown 
in Fig. 8. 

 
Figure 8: Comparison on allowable sea states for Cases 1 and 2 
 
In longer waves, the shielding effects are minor. However, the 
spreading of the waves increases the HLV motions in the transverse 
direction, e.g., roll motions. Thus, MP experiences larger responses in 
short-crested waves in roll, see Fig. 9(b) top, where the spectra density 
of roll near the wave frequency for Case 1 are much higher than Case 
2 with long-crested waves. The pitch motions at resonance are lower 
using short-crested waves in this condition due to lower wave energy 
presented in the longitudinal direction at heading seas. Because of the 
significant increase of the transverse motions in short-crested waves, 
and resulting allowable sea states are lower than in long-crested 
waves. For operational sea states with Hs less than 2 m, the waves are 
normally dominated by short-crested wind seas. Thus, the spreading of 
the waves should be taken into consideration to avoid non-
conservative allowable sea states. 
 
Comparison between Steady-state and Nonstationary 
Analysis 
 
From the nonstationary lowering simulation, the most critical MP 
drafts are obtained for each wave peak period. It was found for most 
of the wave conditions, the most critical situation occurs when the MP 
draft is very shallow (around 2 to 3 m). With this draft, the gripper 
position is far from the COG of the MP and a small rotational angle of 
the MP gives large relative motions between the HLV and the MP. 
Another reason is that the MP experiences less damping at a smaller 
draft compared with increasing draft. Steady-state simulations at the 
most critical drafts were performed and the corresponding allowable 
sea states are compared with those from the nonstationary lowering 
simulations in Fig. 10. 
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(a) Hs = 1.4 m, Tp = 6 s, Dir = 150 deg 

 
(b) Hs = 0.8 m, Tp = 10 s, Dir = 180 deg 

 
Figure 9: Response spectra of MP rotational motions for Cases 1 and 2 
 

 
Figure 10: Comparison on allowable sea states for Cases 1 and 4 
 
A considerable reduction of the allowable Hs value can be observed 
for almost all Tp conditions. The reduction appears to be more 
significant in shorter waves because the resonant motions are 
accelerated in the steady-state analysis. Although the steady-state 
analysis provide conservative results, it may greatly increase the 

downtime and the costs for the operation. 
 
Effect of Vessel Heading Angle on the Allowable Sea States 
 
Because the shielding effects and the vessel motions are sensitive to 
the wave direction, three heading angles of the HLV are applied in the 
time-domain simulation, i.e., 150 deg, 165 deg and 180 deg. Fig. 11 
shows the allowable sea states for Case 1 with different heading 
angles, and the maximum sea states for each Tp values are also shown 
in circles. One can observe that the system prefers 150 deg in short 
waves with Tp less than 7 s. The most proper heading moves to 165 
deg and then to heading seas in long waves. This is because the 
shielding effects from the HLV are stronger close to quartering seas in 
short waves. In long waves, the shielding effects are minor, but the 
motions of the vessel increase greatly when the heading moves away 
from the heading seas because of the increasing transverse motions 
caused by short-crested waves. 

 
Figure 11: Comparison on allowable sea states for Case 1 with 
different heading angles 
 
Figure 12 presents the most preferable heading angles which give the 
maximum allowable Hs values for three different cases. Case 1 and 2 
show similar trend, but Case 3 results in different angles in short 
waves. This is because Case 3 excludes the shielding effects from the 
HLV and the most suitable headings are close to the heading seas to 
avoid large transverse motions of the vessel. Thus, the most preferable 
headings are affected by the approach applied in the numerical 
models. 

 
Figure 12: Comparison on the most preferable heading angles for 
Cases 1, 2 and 3 
 
The allowable sea states presented in Figs. 6 and 8 correspond to the 
most preferable headings shown in Fig. 12. For Cases 4 and 5, the 
headings are the same as Case 1 since all three cases consider both 
shielding effects and short-crested waves which are the only two 
heading-dependent factors. 
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Operability analysis 
 
For weather sensitive marine operations, it is useful to evaluate the 
probability of acceptable weather conditions. For this study, it is also 
important to show the influences of different factors affecting on the 
operational probability for a typical site. The wave data from the 
North Sea Center site in Li et al. (2015b) was chosen for the 
operability analysis. This site is suitable for MP foundations with an 
average water depth of 29 m, and the location is close to the Dogger 
Bank wind farm. The wave date were hourly sampled and generated 
from a hindcast model from 2001 to 2010. The wave data from April 
to September are used for the operability study, and the corresponding 
10-year scatter diagram is shown in Table 4. The operational sea states 
from Cases 1, 2 and 3 are highlighted in the table. 
 
Assuming the MP lowering process lasts for one hour, the 
corresponding operability for different cases are therefore calculated 
for this site using the derived allowable sea states. Table 3 presents the 
operability for different cases using the most preferable headings as 
well as the results from Case 1 using fixed headings. The absolute 
errors of the operability for different cases are also shown with respect 
to Case 1 which refers to the most accurate numerical model. 
 
Table 3: Operability for MP lowering at North Sea Center in the 
period from April to September using different methods and heading 
angles 

Method Operability (%) 
absolute error  

w.r.t Case 1 (%) 

Case 1 (A2B2C2D2) 57.5 / 

Case 2 (A1B2C2D2) 72.8 15.3 

Case 3 (A2B1C1D2) 28.2 -29.3 

Case 4 (A2B2C1D2) 50.3 -7.2 

Case 5 (A2B2C2D1) 33.4 -24.1 

Case 1 (180 deg) 49.2 -8.3 

Case 1  (165 deg) 52.0 -5.5 

Case 1  (150 deg) 55.1 -2.4 

 
Using long-crested waves overestimates the operability while the other 
three cases provide conservative results. The table also indicates the 
importance of each factor in the numerical method. For the studied 
scenario, the shielding effects are the most critical factor, followed by 
the nonstationary analysis approach and the wave spreading. Although 
the MP radiation damping is less important than the other factors, the 
exclusion of the radiation damping underestimates the operability by 
over 7% for this site. 
 
The comparison of the operability using three headings with the most 
preferable headings for Case 1 shows that it is possible to increase the 
operability by varying the heading of the HLV in different sea states. 
Because the sea states in the North Sea Center from April to 
September are dominated by short waves with Tp less than 8 s (see 
Table 4), using 150 deg gives the largest operability compared with 
the other two headings due to the advantage of shielding effects from 
the HLV. However, the system may experience strong motions in 
longer waves with 150 deg heading in spreading waves. 
 
CONCLUSITIONS AND RECOMMENDATIONS 
 
Obtaining the allowable sea states for offshore operations in the 
planning phase is important to minimize the risk and improve 
operation efficiency. The present work examines the allowable sea 
states and operability for the MP lowering operation using different 

numerical approaches. 
 
The numerical model consists of the HLV and MP with hydrodynamic 
interaction and mechanical couplings. The lowering process is 
nonstationary with time-dependent properties of the system. The 
factors considered in different numerical approaches include the wave 
spreading, the shielding effects, the MP radiation damping as well as 
the nonstationarity of the process. To account for the shielding effects 
from the HLV and the MP radiation damping during the nonstationary 
MP lowering process, the methods proposed by Li et al. (2014) and Li 
et al. (2015c) are applied. Five simulation cases are defined to study 
the influence of different factors. The responses obtained from time-
domain simulations are evaluated with the operational criteria to 
acquire the allowable sea states. The main conclusions and 
recommendations from this study are provided as follows. 
 
 The shielding effects from the HLV are more considerable than 

the radiation damping from the MP for the responses of the 
lowering system. Those effects are found to be critical in short 
waves when the diffraction of the HLV and the radiation of the 
MP are huge and can be neglected for waves longer than 10 s. 

 
 Long-crested wave assumption underestimate the responses and 

brings pronounced increase of the allowable sea states in both 
short and long wave conditions. The operation may experience 
more risks if the allowable sea states are derived using long-
crested waves. 

 
 Using steady-state analysis at a fixed draft of the MP 

overestimates the responses compared with the nonstationary 
approach. The resulting allowable sea states are over-
conservative in both short and long waves. 

 
 The preferable heading angles for different sea states are 

obtained, and they change from around 150 deg in short waves to 
take advantage of the shielding effects to 180 deg in long waves 
to avoid large transverse motions of the vessel due to wave 
spreading. 

 
 Operability analysis is carried out using 10-years’ sea states from 

April to September at the North Sea Center Site. The exclusion of 
shielding effects, wave spreading and the nonstationarity of the 
process result in more than 15% absolute error in the operability 
analysis. The radiation damping of the MP give around 7% 
absolute error. It is recommended to consider the shielding 
effects, wave spreading in the numerical approach and use 
nonstationary analysis. For site conditions dominated by short 
waves, the radiation damping of the MP should also be included 
when assessing the operability. 

 
 It is beneficial to use the most preferable headings at different sea 

states to increase the operability. 
 
This study provides a basis to improve numerical analysis for 
nonstationary lifting operation of slender structures using a floating 
vessel. The considerations may be different for other types of 
operations. However, it is important to evaluate and quantify the 
influences of each factor in the numerical study to acquire reliable 
allowable sea states and the operability for a specific site in the design 
phase. For MP installation, the lowering process is only one part of the 
group installation activities. Future work is needed to assess the 
allowable sea states of other individual activities and establish the 
operational limits for the complete operation.  
 



Table 4: Ten-year scatter diagram of Hs and Tp at the North Sea Center Site from April to September, with operational sea states for Cases 1, 2 and 3 
      Tp (s) 
Hs (m) 

1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 10-11 11-12 12-13 13-14 14-15 15-17 Sum 

0.1 0 0 8 0 0 3 13 0 1 6 0 0 12 0 0 43 

0.3 3 44 461 334 74 47 80 67 46 37 27 10 6 13 12 1261 

0.5 0 86 633 1803 788 245 152 221 165 81 28 20 31 12 13 4278 

0.7 0 31 707 2233 1632 686 215 242 177 180 60 26 33 14 13 6249 

0.9 0 3 228 2428 2008 1201 327 270 320 263 46 24 15 11 4 7148 

1.1 0 0 44 1486 1816 1151 595 265 181 235 89 36 34 7 7 5946 

1.3 0 0 3 590 1677 1017 524 278 165 194 80 36 7 13 1 4585 

1.5 0 0 0 175 1403 878 428 233 73 91 81 45 19 4 2 3432 

1.7 0 0 0 41 930 837 381 233 36 38 45 45 10 6 2 2604 

1.9 0 0 0 2 472 765 324 176 66 27 15 19 38 22 4 1930 

2.1 0 0 0 1 191 818 265 165 38 20 14 14 24 2 1 1553 

2.3 0 0 0 0 56 569 328 140 50 9 4 10 20 1 0 1187 

2.5 0 0 0 0 14 361 269 110 38 16 2 11 17 1 0 839 

2.7 0 0 0 0 1 239 267 112 34 9 2 1 12 0 0 677 

2.9 0 0 0 0 0 101 218 134 45 16 3 2 22 2 0 543 

3.1 0 0 0 0 0 35 170 77 65 16 3 0 7 4 0 377 

3.3 0 0 0 0 0 4 133 44 42 8 6 0 2 0 0 239 

3.5 0 0 0 0 0 1 117 53 51 12 3 0 0 0 0 237 

3.7 0 0 0 0 0 1 59 48 41 12 4 0 0 0 0 165 

3.9 0 0 0 0 0 0 44 26 43 13 5 1 0 0 0 132 

4.5 0 0 0 0 0 0 35 82 112 85 16 0 0 0 0 330 

5.5 0 0 0 0 0 0 0 8 31 75 25 1 0 0 0 140 

6.5 0 0 0 0 0 0 0 0 0 18 7 0 0 0 0 25 

Sum 3 164 2084 9093 11062 8959 4944 2984 1820 1461 565 301 309 112 59 43920 

Note: (1) Operational sea states for Case 1 are and 

(2) Operational sea states for Case 2 are and and 
(3) Operational sea states for Case 3 are 

 
ACKNOWLEDGEMENTS 
 
This work has been financially supported by the Research Council of 
Norway granted through the Department of Marine Technology, the 
Centre for Ships and Ocean Structures (CeSOS) and the Centre for 
Autonomous Marine Operations and Systems (AMOS), NTNU. 
 
REFERENCES 
 
Baar, J., Pijfers, J., Santen, J., 1992. Hydromechanically coupled 

motions of a crane vessel and a transport barge. In: 24th Offshore 
Technology Conference, Houston, USA. 

Chakrabarti, S. K., 1987. Hydrodynamics of offshore structures. WIT 
press.  

DNV, 2008. Wadam theory manual. Det Norske Veritas. 
DNV, 2014. Recommended Practice DNV-RP-H103, Modelling and 

Analysis of Marine Operations. Det Norske Veritas. 
EWEA, 2014. The European offshore wind industry - key trends and 

statistics 2013. Report, The European Wind Energy Association. 
Faltinsen, O., 1990. Sea Loads on Ships and Ocean Structures. 

Cambridge University Press. 
Goda, Y., 2010. Random seas and design of maritime structures. World 

Scientific. 
Kumar, V. S., Deo, M., Anand, N., Chandramohan, P., 1999. Estimation 

of wave directional spreading in shallow water. Ocean engineering 26 
(1), 83–98. 

Lee, C., 1995. WAMIT theory manual. Department of Ocean 
Engineering, Massachusetts Institute of Technology, USA. 

Li, L., Gao, Z., Moan, T., 2013. Numerical simulations for installation 
of offshore wind turbine monopiles using floating vessels. In: 
Proceedings of the 32nd International Conference on Ocean, 
Offshore and Arctic Engineering, June 9-14, Nantes, France. 

Li, L., Gao, Z., Moan, T., 2015a. Comparative study of lifting operations 
of offshore wind turbine monopile and jacket substructures 
considering shielding effects. In: The 25th International Offshore and 
Polar Engineering Conference, Hawaii, USA, June 21-26. 

Li, L., Gao, Z., Moan, T., 2015b. Joint distribution of environmental 
condition at five European offshore sites for design of combined wind 
and wave energy devices. Journal of Offshore Mechanics and Arctic 
Engineering 137 (3): 031901. 

Li, L., Gao, Z., Moan, T., 2015c. Response analysis of a nonstationary 
lowering operation for an offshore wind turbine monopile 
substructure. Journal of Offshore Mechanics and Arctic Engineering 
137 (4): 051902. 

Li, L., Gao, Z., Moan, T., Ormberg, H., 2014. Analysis of lifting 
operation of a monopile for an offshore wind turbine considering 
vessel shielding effects. Marine Structures 39, 287–314. 

Li, L., Guachamin Acero, W., Gao, Z., Moan, T., 2016. Assessment of 
allowable sea states during installation of OWT monopiles with 
shallow penetration in the seabed, under review in Journal of 
Offshore Mechanics and Arctic Engineering. 

MARINTEK, 2012. SIMO - Theory Manual Version 4.0. 



Moné, C., Simith, A., Maples, B., Hand, M., 2015. 2013 cost of wind 
energy review. Technical Report NREL/TP-5000-63267, National 
Renewable Energy Laboratory (NREL), CO, USA. 

Morison, J., Johnson, J., Schaaf, S., 1950. The force exerted by surface 
waves on piles. Journal of Petroleum Technology 2 (05), 149–154. 

Mukerji, P., 1988. Hydrodynamic responses of derrick vessels in waves 
during heavy lift operation. In: 20th Offshore Technology Conference, 
Houston, USA. 

Newman, J. N., 1974. Second-order slowly-varying forces on vessels in 
irregular waves. In: International Symposium on the Dynamics of 
Marine Vehicles and Structures in Waves, University College, 
London. 

Sandvik, P., 2012. Estimation of extreme response from operations 
involving transients. In: Proceedings of the 2nd Marine Operations 
Specialty Symposium, Singapore. 

Sarkar, A., Gudmestad, O., 2013. Study on a new method for installing a 
monopile and a fully integrated offshore wind turbine structure. 
Marine Structures 33, 160–187. 

Thomsen, K., 2011. Offshore wind: A comprehensive guide to 
successful offshore wind farm installation. Academic Press. 

van den Boom, H., Dekker, J., Dallinga, R., 1990. Computer analysis of 
heavy lift operations. In: 22nd Offshore Technology Conference, 
Houston, USA. 

 



A.6. Paper 6 175

A.6 Paper 6

Paper 6:
Assessment of Allowable Sea States During Installation of OWT

Monopiles with Shallow Penetration in the Seabed
Authors: Lin Li, Wilson Guachamin Acero, Zhen Gao, Torgeir Moan
Accepted for publication in Journal of Offshore Mechanics and Arctic

Engineering, 2016





Assessment of allowable sea states during installation of

OWT monopiles with shallow penetration in the seabed

Lin Li ∗1,2,3, Wilson Guachamin Acero1,2,3, Zhen Gao1,2,3 and Torgeir Moan1,2,3

1Centre for Ships and Ocean Structures (CeSOS), NTNU, Trondheim, Norway
2Department of Marine Technology, NTNU, Trondheim, Norway

3Centre for Autonomous Marine Operations and Systems (AMOS), NTNU,

Trondheim, Norway

Abstract

Installation of offshore wind turbines (OWTs) requires careful planning to reduce costs and

minimize associated risks. The purpose of this paper is to present a method for assessing the

allowable sea states for the initial hammering process (shallow penetrations in the seabed)

of a monopile (MP) using a heavy lift floating vessel (HLV) for use in the planning of

the operation. This method combines the commonly used installation procedure and the

time-domain simulations of the sequential installation activities. The purpose of the time-domain

simulation is to quantitatively study the system dynamic responses to identify critical events

that may jeopardize the installation and the corresponding limiting response parameters.

Based on the allowable limits and the characteristic values of the limiting response parameters,

a methodology to find the allowable sea states is proposed. Case studies are presented to show

the application of the methodology. The numerical model of the dynamic HLV-MP system

includes the coupling between HLV and MP via a gripper device, and soil-MP interaction

at different MP penetration depths. It is found that the limiting parameters are the gripper

force and the inclination of the MP. The systematic approach proposed herein is general and

applies to other marine operations.

Keywords: monopile installation, heavy lift vessel, initial hammering process, critical

events, limiting parameters, allowable sea states

1 Introduction

The installation of offshore wind turbines is costly due to the challenging environmental conditions

and a large number of wind turbine units need to be installed. To better prepare the operations and

∗ Corresponding author. Email address: lin.li@ntnu.no; Tel: +47 73 55 11 12, Fax: +47 73 59 55 28
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increase the weather windows during the planning phase, systematic and practical methodologies

for assessing this kind of operations are needed.

Monopiles (MP) are the most commonly used foundations in water depths up to 40 m. It

was reported that by the end of 2013 more than 75% of all installations are supported on MPs

[1]. The installation of a MP wind turbine includes the erection of the MP, transition piece,tower

sections and rotor and nacelle assembly. This study focuses on the installation of the MP which

in general includes the following steps: upending and lowering, and driving/drilling operations.

After arrival on site, the monopile is upended from a transportation barge or the crane vessel

and lowered through water so that it is standing vertically on the seabed. A hydraulic hammer

is placed on top of the pile and used to drive it into the seabed to a predetermined depth. In

case a rocky subsurface prevents driving operations, a drilling bit is inserted into the pile to drill

through the substrate [2]. The installation can be carried out using jack-ups which provide stable

working platforms for the installation, but their application is limited to a maximum water depth

around 45 m [3] and the lowering of the jack-up legs is time consuming and requires low sea states.

Floating vessels, on the other hand, have more flexibility for offshore operations and are effective

in mass installations of a wind farm due to fast transit between foundations. However, the motion

of floating vessels affects the responses of the installation system and bring more challenges for

load transfer operations.

There are very few publications dealing with the MP installation. Previous studies have been

focused on proposing new installation methods and developing more accurate numerical methods

to increase the installation weather window. Sarkar et al. suggested a method to install MP by

isolating the installation operations from the motion of the floating vessel using a pre-installed

submerged support structure [4]. They showed that the overturning moment on the structure

during MP hammering were the limiting parameter for MP installation. The dynamic responses

of a coupled HLV-MP system during the lowering process of the MP were studied in Ref. [5].

The performance using both a floating vessel and a jack-up was also compared in their study.

Furthermore, Li et al. introduced a method to account for the shielding effects (crane vessel

shelters the MP from the wave action) during the entire lowering operation of the MP [6]. The

vessel reduces the wave kinematics at its leeward side and thus the wave forces on the MP. It was

concluded that when accounting for the shielding effects, the responses obtained from the numerical

analysis can be greatly reduced in short waves by selecting a proper heading of the vessel. The

approach was further studied and extended to compare the performance during lifting of a MP

and a jacket OWT foundation, respectively [7]. Recommendations regarding the heading angles

of the vessel during the lifting operations of the two OWT substructures were given. In addition,

the importance of radiation damping of the MP during the nonstationary lowering operation were

examined in Ref. [8]. A new approach was proposed to account for radiation damping in the

time-domain numerical simulation of the nonstationary lowering process. This study showed that

accounting for the radiation damping on the large diameter MPs can reduce the responses of the

lifting system and may increase the allowable sea states especially for short wave conditions.
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As it is shown above, most of the previous research on the MP installation primarily focused on

the numerical modelling of different installation activities and calculation of dynamic responses.

However, for offshore installations it is of great importance to establish the operational limits in a

pragmatic way based on installation procedures and proper identification of critical and restricting

events. The procedure for the MP installation is well known by offshore installation contractors.

To identify the critical events for the whole installation, numerical analysis are required to study

the dynamic responses of each sequential installation activity. Each critical event has a limiting

parameter and corresponding allowable limit, e.g. structural failure of hydraulic cylinders due to

extreme contact forces which are limited by the allowable working loads. However, the severity of

these critical events can be reduced by mitigation actions by modifying the operational procedure

and by upgrading the equipments to increase the allowable limits. Thus, a systematic identification

of the critical events and the corresponding parameters to describe these events (limiting parameters)

is necessary to plan the operation, i.e. establish operational limits for installation, propose

contingency actions and select the equipment in a cost-effective manner. Moreover, it is useful

to have the operational limits in terms of environmental conditions (sea states, wind, current), and

this is the main purpose of this study.

This study proposes a systematic approach for predicting allowable sea states based on installation

procedures and coupled HLV-MP dynamic responses during MP installation at shallow seabed

penetrations (in this paper also known as initial MP hammering process), which is a critical phase

for MP installation. First, a general description of the MP’s hammering procedure is given. Second,

coupled HLV-MP dynamic model are established and used in steady-state time-domain simulations

for incremental seabed penetration depths. Based on the numerical results, the critical events and

corresponding limiting parameters are identified. Then, a systematic procedure to obtain the

allowable sea states for such operations is proposed. To demonstrate the method, cases studies are

conducted. Finally, conclusions are made and possible future work is presented.

2 MP hammering procedure and critical events

The system components and general MP hammering procedure are given in this section. Then,

based on this procedure, a preliminary assessment of the critical events and their limiting parameters

is given.

2.1 System components

The system set-up for the MP hammering process is illustrated in Fig. 1. The system is composed

of HLV, MP foundation, hammer and gripper device. The common design of the gripper device

includes several hydraulic cylinders. By varying the stroke length of the cylinders, the gripper

is able to correct the mean inclination of the MP during the initial hammering process. The

numerical modelling of the coupled system is discussed in detail in the next section. The main
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Figure 1: System set-up for the MP hammering process

particulars of the system components are shown in Table 1.

Table 1: Structures’ main particulars

Parameter Notation Value Units

- HLV
Displacement 5 5.12E4 Ton
Length L 183 m
Breadth B 47 m
Draught T 10.2 m
Metacentric height GM 5.24 m
Vertical position of COG above keel V CG 17.45 m
- Monopile
Mass MMP 500 Ton
Diameter DMP 5.7 m
Length LMP 60 m
- Hammer
Mass MHammer 300 Ton

2.2 General MP hammering procedure

After an initial self-penetration into the seabed, the MP is supported vertically by the soil and

laterally by the gripper device. Then the main lift wire is released. The commonly applied
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hammering procedure is described in the following steps.

1. Place the hammer onto the MP’s top: The hydraulic lines are connected to the

hammer, which is then lifted from the HLVs deck and placed onto the MP. The weight of the

hammer increases the MP’s self-penetration depth and moment of inertia and modifies the dynamic

properties of the system.

2. Measure and correct the mean inclination of the MP: Current and wave forces

normally cause an initial mean inclination of the MP which could be increased further at deeper

penetrations if the hammering process starts without any correction. The conventional way to

measure the verticality of the MP is using a handhold inclinometer on the outer surface of

the pile. Due to the first and second-order vessel-induced motions and the irregularity of the

pile surface, multiple measurements are required to ensure the accuracy. Despite this fact, the

uncertainties of the measurements are relatively large. A new measurement method based on

visual object recognition combined with vessel motion compensation is expected to increase the

accuracy of vertically measurement and also the efficiency of the operation [9]. The corrections of

MP inclination can be done using hydraulic cylinders on the gripper by varying the pressure in

the cylinders to change the stroke length, see Fig. 1.

3. Pre-compress the hydraulic cylinders and hammer a few number of blows: Once

the mean inclination is corrected, the hydraulic fluid supply valves are closed to keep the internal

pressure, and a pre-compression force is applied to allow the cylinder rods to be in contact with the

MP at all times to avoid gaps and subsequent impact loads. Corrective control of MP inclination is

possible if the contact forces are not beyond the capacity of the hydraulic cylinders and the mean

inclination is small. Therefore, during the initial hammering process only a few (around three)

blows are given. The penetration rate of the MP depends on the soil conditions, and decreases

with increasing depth. After each inclination correction, the hammer does not start immediately.

There is a time interval between each correction and hammering activities, e.g, the time spent on

preparation for hammering and waiting time between each blow. During this time interval, the

HLV-MP system moves continuously in waves. Thus, the following hammer blows create a new

MP inclination which depends on the motions of the system and the length of the time interval

after the correction. This step lasts around 10 min.

4. Measure MP’s inclination and correct it using hydraulic cylinders: After each

hammering operation, correction of the mean MP inclination is required to avoid cumulative

inclination angles prior to the next hammering. The hydraulic cylinders are only able to provide

force to correct the inclination before the soil resistance becomes too large. An average time using

inclinometers to measure the inclination will be less than 10 min.

5. Repeat step 3 and 4 until the hydraulic cylinders are not able to correct the

MP’s inclination: The previous two steps are repeated until the MP penetrates a few meters

into the soil. At a certain stage, it is not possible to correct the MP’s inclination by only using

hydraulic cylinders.

6. Correct the inclination using thrusters and varying mooring line tension: Due to
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mooring lines

NO

Figure 2: Flowchart of the MP hammering procedure

the high resistance from the soil, the hydraulic cylinders cannot correct the mean inclination of the

MP. Therefore, it is necessary to apply the available thruster forces and change the mooring line

length. These external forces will change the mean position of the vessel and they are transferred

to the hydraulic cylinders which correct the mean inclination of the MP. A typical maximum

combined thruster and mooring external force is around 400 kN for a HLV with characteristics

used in this study.

7. Retract the hydraulic rods and drive MP to the final penetration: When the MP

is stabbed deep enough into the soil, its inclination cannot be corrected due to soil resistance. The

hydraulic rods are retracted. The MP is then driven to its final penetration. The inclination of the

MP before retracting the rods determines the final inclination of MP since no corrections can be

applied afterwards. This final piling could last less than 30 min depending on the soil properties.

Note that a successful operation will require the system to be intact and the inclination to be

acceptable before this activity.

The flowchart of the MP hammering procedure is shown in Fig. 2. The initial hammering

process is defined in the flowchart which includes the hammering-measuring-correcting activities

before retracting the rods of the hydraulic cylinders. The focus of this paper is on the initial
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hammering process.

2.3 Critical events and limiting parameters

The possible critical events and limiting parameters from the initial hammering process (see Fig.

2) that may lead to an unsuccessful operation are summarized as follows.

� Failure of the hydraulic system. The extreme force on the hydraulic system may exceed

the allowable values. These forces include the dynamic component due to HLV-MP dynamic

motions and the static component which is required for the correction of the mean inclination

of the MP. The exceedance of the allowable forces on the system will result in a hydraulic

system failure and it is a critical event because it will not only stop the operation but also may

pollute the environment if leakage of the hydraulic fluid occurs. The corresponding limiting

parameters are the total force on individual hydraulic cylinder including the dynamic contact

force and correction force. The probability of exceeding the allowable working forces should

be kept small enough to ensure a sufficient safety margin.

� Insufficient thruster and mooring line forces available. The thruster and mooring

lines may provide insufficient forces during the final correction of the MP’s mean inclination.

If the HLV is a dynamic positioning (DP) vessel, the thrusters are used to compensate the

environmental forces and also to provide force to correct the mean inclination of the MP.

When the penetration depth and the MP mean inclination are large, the extra static force

required to correct the inclination can make the total forces exceed the thrusters’ capacity.

On the other hand, if only mooring lines are used to correct the MP inclination, the required

tensions may not be applied. The limiting parameters for this event are the available thruster

force and mooring line tension.

� Unacceptable MP inclination. MP inclination may exceed the allowable limit and result

in an unsuccessful installation, and the typical limit is below 1◦ [10]. Because the hydraulic

system and the thrusters are not able to correct the inclination of the MP after a certain

penetration, the maximum inclination of the MP before retracting the hydraulic cylinders

determines the final inclination of the MP. This event is not critical but restrictive for the

installation requirement and its limiting parameter is the MP inclination due to the coupled

HLV-MP motions.

The critical events and limiting response parameters differ if new procedures or equipment are

employed. In this study, the thruster and mooring line capacity are assumed to be sufficient during

the hammering phase and are not considered as limiting parameters in the numerical analysis. No

structural damage on the MP due to gripper contact forces is assumed. In addition, the failure

of the hydraulic system is driven by the extreme axial force exceeding the allowable design value,

and the lateral loads are assumed secondary. A summary of the hammering process activities,
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critical events, limiting parameters and allowable limits are listed in Table 2. For each activity,

a preliminary estimation of the operational duration is given as reference for weather window

analysis.

Table 2: Screening of MP sequential hammering activities, critical events and corresponding
parameters to describe the events (limiting parameters)

No. Activity Duration [min] Critical event Limiting parameter

1
Place the hammer
onto MPs top

45 /

2
Measure and correct
the inclination of the
MP

20 /

3

Pre-compress the
hydraulic cylinders
and hammer a few
number of blows

10 /

4

Measure MP
inclination and
correct it using
hydraulic cylinders

10
failure of hydraulic
system

individual hydraulic
cylinder force

5

Repeat step 3 and
4 N times while it
is possible to correct
the MPs inclination

20*N
failure of hydraulic
system

individual hydraulic
cylinder force

6

Correct the
inclination using
thrusters and varying
mooring line tensions

10

failure of hydraulic
system, insufficient
thruster capacity,
mooring line failure,
MP inclination not
acceptable

individual hydraulic
cylinder force,
thruster force,
mooring line tension,
MP inclination

7
Retract the hydraulic
rods and drive to
final penetration

30 /
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3 Methodology to establish the allowable sea states

According to DNV-GL recommendations [11], the design and planning phases of marine operations

shall evaluate allowable environmental conditions when the operations can be carried out and

provide weather criteria for starting and interrupting the operations. In order to do this, the

installation procedure and numerical models are used to identify potential restricting and critical

events of the various sequentially defined installation activities. For these events, the corresponding

limiting parameters are then identified. Next, characteristic responses need to be calculated from

frequency- and/or time-domain analyses. By comparing the characteristic values of the limiting

parameters at different environmental conditions with the allowable values, the allowable sea states

can be found.

As discussed earlier, the initial hammering process finishes when the thrusters and the hydraulic

cylinders cannot correct the inclination of the MP. The allowable sea states must ensure that

the hydraulic system is intact and MP inclination is acceptable at this installation stage. The

methodology proposed here requires the introduction of new parameters. Here let us define two

“critical penetration depths”:

� dc1 : the penetration depth at which the MP can stand alone in the soil without any support

from the vessel.

� dc2 : the penetration depth at which the hydraulic cylinders and thrusters are not able to

correct the MP inclination;

To ensure a safe hammering operation, it is necessary to satisfy:

dc2 ≥ dc1 (1)

which requires the hydraulic cylinders to be able to support the MP until it can stand alone in

the soil. Therefore, it is necessary to identify dc1 during the planning phase, and to calculate

the extreme forces on the hydraulic cylinders when the penetration depth is less than dc1. It

will be shown later in the paper that the forces on the hydraulic cylinders increase significantly

with increasing penetration depths, so it is beneficial to retract the cylinder rods upon reaching

dc1. In this paper, the completion of the initial hammering process is achieved when the MP’s

penetration depth reaches dc1. dc1 is calculated by evaluating the responses of the MP in relevant

sea states supported only by soil at various penetration depths (MP-soil interaction model refers

to subsection 4.1.3). In practice, safety factors should be included to ensure that the MP can stand

alone in waves at this penetration depth.

The following procedure is then proposed to find the allowable sea states (see Fig. 3).

� For a given sea state, the first step is to calculate the “critical penetration depth” dc1 for

which the MP (and the hammer on top) can stand in the soil for this sea states without any

external supports from the HLV.
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Figure 3: Methodology to find the allowable sea states for the initial hammering process

� Then, the force on the individual hydraulic cylinders which is the limiting criterion in the

first several hammering actions is calculated. The extreme force should include both the

dynamic force due to HLV-MP relative motions and the one required to correct the MP

from a certain inclination to zero mean value. The limiting force criterion should be checked

for each penetration depth less than dc1 to make sure the operation is acceptable for the

subsequent activities. If the requirement fails at any penetration, the input sea state is

considered “unacceptable”, and a lower sea state should be selected and evaluated.

� When reaching dc1, the hydraulic cylinder rods are about to be retracted. If both the dynamic

cylinder forces and MP’s inclination at dc1 are within the limits, the given sea state is

acceptable without any further correction of the MP inclination. On the other hand, if the

MP inclination exceeds the allowable value, further correction is required. Thus, the total

correction and dynamic force on the hydraulic rods are calculated and it is acceptable if the

total force is below the allowable values.
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When assessing the operational limits, a probabilistic approach should be applied to take into

account the uncertainties in measurements of the MP inclination, the extreme value estimates

of the contact forces, soil parameters of the offshore site, numerical models and human errors.

However, this study was simplified and these uncertainties were not considered. Based on the

proposed procedure, the allowable sea states for a given installation site can be derived in the

planning phase. In order to evaluate the responses of the system, a reliable numerical model

for the hammering process is required. In addition, proper allowable values for different limiting

parameters must be established. Before giving examples to find the allowable sea states, the

numerical modelling of the dynamic system as well as its characteristic responses are studied in

the next section.

4 Modelling and analysis of global dynamic responses of

the coupled HLV-MP system

In this section, the numerical models used to investigate the responses of the coupled HLV-MP

system at various seabed penetration depths are given to properly identify critical events and

develop the methodology that was proposed in the previous section (see Fig. 3).

The time-domain simulations provide the dynamic global responses of the HLV-MP system in

the steady-state condition at different penetration depths. Here the steady-state condition means

that for each time-domain simulation, the mean draft of the vessel and the mean penetration depth

of the MP do not change with time, and the wave realization follow a stationary distribution. The

hammering operation itself (involving impact forces from the hammer blows) is not modelled.

The hammering operation could happen at any time instance during the dynamic process when

the MP moves horizontally at the gripper connection level. As a result, a new mean inclination

angle of the MP is created. It is assumed that the soil force acts through the MP centre. The

hammer impact does then not affect this mean inclination because the impact and the MP are

perfectly aligned. The hydraulic cylinders are then used to correct the mean inclination before the

next hammering operation. The correction phase is the most critical one because the forces on

the hydraulic cylinders include both the dynamic component from the coupled HLV-MP motions

and the actual correction force. Thus, the total contact force during the correction phase can be

decomposed as the correction force from quasi-static analysis (see Sec. 5.2) and the dynamic force

from the steady-state time-domain simulations in this section.

Furthermore, a sensitivity study on the effect of soil properties on the dynamic responses of

the system with different soil properties are carried out in Sec. 4.3.

4.1 Theory and methodology for numerical modelling and analysis

The numerical model for this study was built using the MARINTEK SIMO program [12]. The

model includes the coupled two-body HLV-MP system with mooring line positioning system on the
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HLV and soil interaction forces on the MP at different penetration depths. The methodology for

the modelling and the time-domain simulation are explained in detail in the following subsections.

4.1.1 Equations of motion for coupled dynamic analysis

The HLV-MP coupled dynamic system has 12 degrees of freedom (DOF s), and for each body, the

following six equations of motion are solved in the time-domain.

(M + A(∞))ẍ + D1ẋ + D2f(ẋ) + Kx +

∫ t

0

h(t− τ)ẋ(τ)dτ

= Fext(t) = q(1)
WA + q(2)

WA + Fmoor + Fcpl + Fsoil

(2)

where, M is the mass matrix; x is the rigid-body motion vector of the body with 6 DOF s; A is the

frequency-dependent added mass matrix; and D1 and D2 are the linear and quadratic damping

matrices. The viscous effects from the vessel hull and the mooring system were simplified into linear

damping terms in surge, sway and yaw. The roll damping of the vessel as well as the quadratic

damping on the MP were also included. Additionally, K is the hydrostatic restoring matrix from

the HLV and the MP; h is the retardation function calculated from the frequency-dependent added

mass or potential damping coefficients and Fext is the external force vector, including the first-order

wave excitation forces, q(1)
WA, the second-order wave excitation forces, q(2)

WA, the mooring line

forces on the HLV, Fmoor, the coupling forces between the HLV and MP, Fcpl, and the soil reaction

forces on the MP, Fsoil. The second-order wave excitation forces were obtained based on the

Newman’s approximation and include only the difference-frequency slowly varying forces [13]. The

eight catenary mooring lines for the HLV were also modelled, and both a quasi-static analysis and

a simplified dynamic analysis accounting for the effect of drag loading on the lines were applied.

It should be noted that this numerical model only accounts for wave loads on the HLV and

MP. The mean wind and current speed will only create mean displacement , but the turbulence

in wind may also provide dynamic loads. For this specific system with floating vessel and MP, the

dynamic responses are governed by wave loads. Therefore, the effects from both wind and current

are not considered.

The hydrodynamic interaction between the HLV and MP affect the wave excitation forces, the

added mass and damping coefficients. In the current model, the hydrodynamic interactions mainly

affect the forces on the MP due to the vessel presence, which is considered as “shielding effects”

since the MP is a small structure compared with the HLV. The shielding effects from the vessel on

the MP were studied during the non-stationary lowering operation when installing the MP in Ref.

[6] by using interpolation of wave kinematics to calculate the wave forces on the MP. However, in

the current numerical case the mean wet surface of the MP did not change during the simulation,

and two panel models were built and the hydrodynamic interaction problems were solved using

the panel method program WAMIT [14] in the frequency domain. In the time domain simulations,

the effects on the wave excitation forces are included in the external forces on the right hand side
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of Eq. (2) by applying force transfer functions from WAMIT, while effects on frequency dependent

added mass and damping forces are included in the coupled retardation functions.

Step-by-step integration methods are applied to calculate the responses of the coupled HLV-MP

system using an iterative routine. The equations of motion are solved using Newmark-beta

numerical integration (β = 0.1667, α = 0.50) with a time step of 0.01s. The first-order and

second-order wave forces are pre-generated using the Fast Fourier Transformation (FFT) at the

mean position of the HLV and the MP. The gripper coupling, mooring, as well as the soil-MP

interaction forces are calculated in the time-domain. Short-crested waves with index n = 3 for the

spreading function cosn is applied for all sea states [15].

4.1.2 Modelling of the gripper device

The gripper device is normally a ring-shaped structure with several hydraulic cylinders in a radial

array which provide pressure and thus compression forces on the MP during the initial hammering

process. In the numerical model, the gripper device was simplified by four fender components with

chosen stiffness and damping coefficients. When the MP tends to move away from the gripper,

the fenders provide compression forces and limit its horizontal motions. Fig. 1 shows the gripper

model and the elastic model for the gripper contact elements are illustrated in Fig. 4. Sensitivity

studies to quantify the effects of the gripper stiffness on the responses during the lowering of a

MP were performed in Ref. [5]. The study showed that the contact force and the relative motion

between the MP and the gripper device were very sensitive to the gripper stiffness.

Figure 4: Elastic model of the gripper contact elements

In the present study, the parameters for the gripper are chosen based on specifications of typical

hydraulic cylinders which are applied in practice for MP installation. During the hammering

process, the valves of the hydraulic cylinders are normally closed. Because of the elasticity of the

fluid oil, the hydraulic cylinder behaves like a mechanical spring. The stiffness of the spring was

calculated according to Ref. [16] and depends on the fluid elasticity, the area of the piston and the

total compression volume for the fluid. Damping is caused by friction in the actuator and the pipe

system. By using technical data of hydraulic cylinders, the stiffness of the cylinder with closed
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valves was found to be about 107N/m to 108N/m, and was chosen to be 3 · 107N/m in the current

model. The damping in the numerical model is taken to be 20% of critical damping which is a

reasonable value for hydraulic cylinders [16].

It was also found from the numerical simulations that if an initial gap between the gripper

and the MP is applied, huge impact forces will occur as compared to the case with a zero initial

gap [6]. Because of the large inertia of the MP, initial gaps allow the MP to accelerate and the

velocities at contact with the gripper increases. A good strategy is to provide zero gap with proper

pre-compression forces to avoid gaps and consequently huge impact forces. In the current model,

a pre-compression force of 150 kN for each hydraulic cylinder is applied.

4.1.3 Soil-MP interaction

The soil-structure interaction model is important for the global dynamic analysis of structures

embeded in soil. Most of the relevant studies of the soil-MP interaction focus on installed piles,

and not during the installation phase. For offshore structures, the foundation piles are normally

subjected to axial, lateral and overturning loads. The method normally used to model the soil-pile

interaction under these loads is based on the Winkler modelling approach with combination of

p− y curves, see e.g., Refs [17, 18, 19, 20, 21]. This method assumes that the pile acts as a beam

supported by a series of uncoupled springs, each of which represents the local soil reaction forces.

These springs are described by non-linear functions (p− y curves) to define the soil reaction force,

p, at a given depth, as a function of the lateral displacement, y [22, 23]. The p − y curves for

offshore structures are based on the results of field tests on long slender piles, with diameters

around 610 mm and a large length to diameter ratio of 34 [24].

The conventional p−y method was extended for large diameter MPs by including additional soil

reaction terms [24, 25]. Four separate components of soil reaction were included in the proposed

design model: the traditional distributed p − y curve, the distributed moment curve due to the

vertical shear (skin friction) around the pile, the base shear curve and the base moment curve [24].

Results from 3D finite element parametric studies on large piles with diameters from 5 m to 10 m

indicated that p− y curve features were dominant for the long piles (length to diameter ratio is 6)

while the other three factors were negligible. However, for short piles (length to diameter ratio is

2), these additional terms became more significant, especially the distributed moment due to the

friction between the soil and the pile [24]. For the initial hammering process with soil-MP model

at shallow penetrations, the length to diameter ratio is less than 2. Therefore, both the p−y curve

and the distributed moment should be accounted for.

Besides the stiffness modelled by nonlinear springs, the soil damping needs to be considered to

study the dynamic behaviour of the system. Soil damping comes in two main sources: radiation

damping and hysteretic material damping. Radiation damping is negligible for frequencies less

than 1 Hz [17]. Therefore, the main contribution for the current model is from the hysteretic

material damping. The material damping can be estimated from a hysteresis loop created by

loading and unloading p− y curves [26].
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In this study, the soil-MP interaction is modelled using the extensively applied Winkler model

by means of distributed springs and the hysteresic material damping. The penetration of the MP

during the initial hammering process ranges from around 2 m (self-penetration) to around 6 to 8

m (depending on soil properties) after which the gripper can not correct the MP inclination. The

soil-MP interaction forces in the shallow penetration phases are three-dimensional, therefore the

2D Winkler model is extended to 3D by using non-linear springs distributed in both axial and

circumferential directions along the MP. The distributed springs include the traditional lateral

load-deflection p − y curve, the friction T − z curve which was found to be significant for large

diameter piles with shallow penetrations [24], the base shear curve and the tip load-displacement

Q− z curve.

Figure 5: Numerical models for the soil-MP interactions

The configuration of springs as shown in Fig. 5 is summarized as follows: 4 vertical springs

Kq−z to model Q− z curves at the bottom of the MP; 4 springs Tz on the side of the MP to model

the T − z curve for the friction force from both inside and outside wall of the MP, and the vertical

position of the Tz springs are calculated by considering the distribution of the friction along the

whole MP penetration length. For p − y curves, the whole penetration is divided into several

2m-layers, and 4 circumferential springs Kp−y are applied for each layer. On the bottom of the

MP, 4 springs Kshear are used to model the shear resistance force. The number of the distributed

spring is considered to be sufficient since the MP bottom tip will experience small displacement

(less than 10 cm for typical sea states).

An estimate of the stiffness for all the non-linear distributed springs shown in Fig. 5 are taken

from the API guideline [23]. The API approach is pertinent to the small diameter flexible piles

and it underestimates the soil reaction at the top of large diameter MPs [18, 27, 28]. From Ref.

[24], it was found that API and FEM methods result in different load-displacement curves. The

differences are however important for site specific soil types and vary even in the same field. In

this paper, the methodology is general and intended to cover typical soil parameters ranging from

soft to hard soil, so that it would be applicable to any soil whose properties fall within the ranges

considered here. Furthermore, from the sensitivity study on the soil properties in this paper in
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Sec. 4.3, it is concluded that the dynamic system behaviour during the operation does not change

with the soil properties. Therefore, representative values for the non-linear springs for the soil-MP

interactions are considered to be sufficient for this study. In addition, the cyclic loading effects,

such as accumulation of deformation and degradation are not considered. The soil properties used

to calculate the spring stiffness are shown in Table. 3. As mentioned earlier, the soil damping is

included in this model in terms of dynamic friction force. A typical soil reaction moment and MP

inclination curve under cyclic loads in the current MP-soil interaction model is shown in Fig. 6.
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Figure 6: Typical soil reaction moment versus MP inclination due to cyclic loading with period of
6 sec.

Table 3: Soil properties applied in the numerical model (refer to Ref. [29])

layer Type submerged unit weight internal friction angle unit skin friction unit tip resistance
[kN/m3] [deg] [kPa] [kPa]

0m-2m sand 10 36 20 1900
2m-4m sand 10 36 24.8 2300
4m-6m sand 10 37 39.1 3400
6m-8m sand 10 35 51.4 3700
8m-10m sand 10 35 51.4 3700

4.2 Dynamic response of the HLV-MP system at different penetration

depths

The purpose of the time-domain simulations is to identify the limiting parameters and critical

events. The numerical model was established using MARINTEK SIMO program [12] and was

verified with the one built in ANSYS AQWA [30] from where consistent results were obtained. To

compare the responses of the MP in different installation stages, five penetration depths of the
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Figure 7: Standard deviations of HLV motions at different MP penetration depths (pene) and
wave conditions from 3-hour time-domain simulations (Hs = 1.5 m, Dir = 150 deg )
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MP were considered, i.e., 2m, 4m, 6m, 8m, and 10m. The condition with HLV free floating is

also included for comparison against the coupled HLV-MP dynamic responses at various loading

conditions. The dynamic responses from the time-domain simulations include the motions of the

HLV-MP system, and forces from the coupling in the gripper, the mooring lines of the HLV as well

as the soil-MP interaction. The results presented in this section allow better understanding of the

dynamic system behaviour towards identifying the limiting parameters. The characteristic values

of the limiting parameters to determine the allowable sea states are evaluated later in Sec. 5.
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Figure 8: Standard deviations of MP inclinations and contact forces on one hydraulic cylinder at
different MP penetration depths (pene) and wave conditions from 3-hour time-domain simulations
(Hs = 1.5 m, Dir = 150 deg )

Fig. 7 compares the responses of the HLV in free floating (HLV − only) and the HLV coupled

with the MP at different penetration depths. This figure displays the standard deviations (STD)

of the HLV motions in 6 DOFs with respect to its COG. The responses at different wave peak

periods show different trends when the penetration of the MP changes. In general, the motions of

the HLV in the vertical plane (heave, roll and pitch) change little at different penetration depths.

The roll motion decreases slightly with increasing MP penetrations because of the stiffness and

damping contributed from the soil-MP interaction. When the wave peak period increases, the

motions in the vertical plane increase due to increasing first-order resonant motions of the HLV in

long waves.

On the other hand, the motions in the horizontal plane (surge, sway and yaw) show large

variations for different loading conditions. In short waves, the surge and sway motions decrease

rapidly with increasing penetrations. However, in long waves the motions first decrease and then

OMAE-15-1128 / Li et al. 18



increase for larger depths (8 m and 10 m). The yaw motion of the vessel increases rapidly with

the wave period.

Similarly, the responses of the MP inclination vary greatly with the MP penetration as observed

in Fig. 8. The first row in Fig. 8 shows the STD of the MP inclination and the second row

shows the STD of the individual hydraulic cylinder contact force. The reason why the horizontal

motions of the HLV-MP system show different characteristics in short and long waves is the change

of the natural modes periods of the system with the coupling between HLV and MP at different

penetration depths. This can be seen from the response spectra at different conditions.

Figures 9 to 11 show the response spectra of the surge and sway motion of the gripper, the yaw

motion of HLV at two wave peak period conditions. The gripper motions were calculated based

on the HLV motions according to the following equation:

s = (η1 + zη5 − yη6)̂i+ (η2 − zη4 + xη6)ĵ + (η3 + yη4 − xη5)k̂ (3)

where η1 to η6 are the 6 DOF rigid body motions of the HLV and (x, y, z) is the position of the

gripper in the HLV body-fixed coordinates, which is (x = −10m, y = 30.0m, z = 10.0m). Since

the x and z positions of the gripper are close to the HLV COG while it is 30 m away from the

HLV in y coordinate, the yaw motion of the HLV greatly affects the surge motion of the gripper.
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Figure 9: Response spectra of the gripper surge motion for two different wave peak periods at
different MP penetration depths (pene)

The natural frequencies of the moored HLV alone are around 0.1 rad/s for surge and sway

and around 0.2 rad/s for yaw. In contrast, for the coupled HLV-MP system, different modes are
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Figure 10: Response spectra of the gripper sway motion for two different wave peak periods at
different MP penetration depths (pene)

identified. The system properties change with MP penetration depth, and the dynamic responses

vary with wave conditions.

In short waves with Tp = 5 s, the surge, sway and yaw motions for different MP penetrations

are dominated by the second-order motions of the vessel. For sway, the peak frequencies shift to

the higher values and the amplitudes decreases with increasing penetrations (see Fig. 10a). This

is because of the increase on the contribution from the soil-MP interactions. For surge and yaw

motions, the response modes are more complicated. The original modes for yaw and surge of the

HLV change when the HLV is coupled with MP (see Fig. 9a, both surge and yaw contributes

to the gripper surge motion), and the yaw rotation center is shifted from the COG of the HLV

towards the MP due to large gripper and soil stiffness. As a result, the surge and yaw motions of

the HLV have large coupling and two modes are observed: one mode with surge and yaw in phase

and the other mode with surge and yaw out of phase. The natural frequency of the second mode

increases rapidly with MP penetration and become close to the peak frequencies of long waves (see

Fig. 11b).

With the increase of the wave peak period, the first-order motions of the vessel increase. For

shallow penetrations, the second-order motions are still dominating, while for deeper penetrations

the first-order motions dominate the total responses (see Fig. 9b). Since the natural period of

the motions in deeper penetrations are closer to the wave peak periods compared to those in

the shallow penetration cases, the first-order motions increase with the penetration (see Fig. 9b
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Figure 11: Response spectra of the HLV yaw motion for two different wave peak periods at different
MP penetration depths (pene)
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Figure 12: Response spectra of the hydraulic cylinder force for two different wave peak period
conditions at different MP penetration depths (pene)
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bottom). Therefore, the total motions begin to increase in long waves when the first-order motions

dominate (e.g., Fig. 7 top). The increase of gripper surge motions are the most significant because

of the contributions from both surge and yaw motions of the HLV. The cylinder contact forces

keep increasing with the penetration and wave period as shown in Fig. 8. The spectra of the force

on one hydraulic cylinder are shown in Fig. 12. For both short and long waves the first-order

responses dominate for penetrations larger than 4 m. The second-order components contribute in

short wave conditions, especially when the MP penetration is small. Due to the significant increase

of the soil stiffness with penetration depth, the gripper force in general follows the same trend for

different wave conditions. The cylinder contact force may exceed the design forces when the MP

is deep in the soil and the wave period is large, and it is beneficial to retract the cylinder rods to

avoid huge cylinder forces at larger soil penetration depths.

From the dynamic responses above, it is clear that the MP can reach unacceptable inclination

angles during normal operational conditions, and the cylinder contact forces may exceed the

allowable working limits. Thus, both MP inclination and cylinder contact force are considered

to be “limiting parameters” of the initial hammering process.
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Figure 13: STD of hydraulic cylinder contact forces at different MP penetration depths (pene)
when using a jack-up vessel (Hs = 1.5 m, Dir = 150 deg )

For comparison, the hydraulic cylinder forces when using a jack-up are shown in Fig. 13.

Because little motion of the jack-up in waves and high stiffness of the gripper device, the inclination

of the MP is negligible in all conditions, and the cylinder contact forces are in general smaller

compared with using the floating vessel. The cylinder force decreases with wave periods and

change little with the MP penetration depth. Since the jack-up is a fixed platform, the gripper

and the soil are only required to counteract the wave excitation forces on the MP which decreases

with wave periods. The increase of the penetration depth only changes the boundary condition of

the MP and does not affects the wave excitation force. The cylinder contact force in short waves

are observed larger when using a jack-up than using the floating vessel at shallow MP penetration.

This is because the shielding effect reduces the MP excitation force when employing the floating

vessel, while no shielding effect exists from the jack-up vessel [6]. The comparison shows that
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the limiting parameters for floating vessel installation activities are not considered critical when

using a jack-up vessel. The critical activity for a jack-up is during the installation and retrieval

phases, i.e., the phases when the legs are being set down onto and lifted up from the seabed. The

critical event due to the impacts from vessel motions in waves and “punch through” the soil is the

consequent failure of the structural components, see e.g. Refs. [3, 31].

4.3 Sensitivity study on the soil properties and effects on the dynamic

system behaviour

To generalize the methodology to different site conditions, sensitivity studies are performed using

three soil properties. The chosen soil properties cover most of the sandy soils for shallow penetrations.

The stiffness of the distributed springs Kp−y, Tz, Kq−z and Kshear as shown in Fig. 5 increase from

soft soil to hard soil, and here only the representative p− y curves for three soil properties at two

penetrations are shown in Fig. 14. Dynamic analysis of the HLV-MP-soil system are performed

in different sea states with MP at various penetrations, and the modelling parameters for the

sensitivity study are shown in Table 4.

Table 4: Parameters for sensitivity study on the soil properties

Soil identity Type MP penetration Sea states

1 soft soil sand 2m, 4m, 6m, 8m Hs=2m, Tp=6s; Hs=1.6m, Tp=8s
2 medium soil * sand 2m, 4m, 6m, 8m Hs=2m, Tp=6s; Hs=1.6m, Tp=8s
3 hard soil sand 2m, 4m, 6m Hs=2m, Tp=6s; Hs=1.6m, Tp=8s

* the properties for medium soil refer to Table. 3

Figure 15 displays the relation between the individual cylinder contact force versus the MP

inclination, which were found to be the limiting parameters for this operation. The results using

different soil properties with MP at various penetrations are included in the same figure. The axis

are the maximum inclination and maximum contact forces which are used to evaluate the allowable

sea states. The procedure followed for calculation of the maximum values is explained in Sec. 5.

For a given soil property, Fig. 15 shows that the contact force and the MP inclination at different

MP penetrations follow a trend. It can be observed from the figure that for both sea states, the

contact force increases while the MP inclination decreases in deeper seabed penetrations. For

different soil types, the force-inclination relation follows the same trend as shown in Fig. 15.

Although, the maximum forces for Hs = 1.6 m, Tp = 8 s scatter more at higher penetrations,

the results show good consistency in the force-inclination trend and therefore in the dynamic

system behaviour. Thus, it is evident that the force-inclination relation is not sensitive to the soil

properties. For a given allowable limit of the contact force, the MP inclination for different soils

are the same, but the critical penetrations corresponding to the limiting force are different - it is

deeper in soft soil than in hard soil. In other words, the allowable sea states do not depend on
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Figure 14: p− y curves for different soil types

the soil types, but the critical penetration depth to retract the hydraulic cylinders dc1 (see Fig. 2)

varies with soil properties.
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Figure 15: Extreme cylinder force in 3 hours versus MP maximum inclination in 10 min for
different sea states and soil properties at different penetrations

Thus, the methodology proposed to assess the operational limits for this operation can be

generalized for different soil conditions. In addition, this sensitivity study also proves that the soil

weakening effects due to cyclic loads may change the critical penetration depth, but the maximum

contact force and corresponding MP inclination are not influenced. Therefore, to identify the

limiting parameters and develop methodology to establish the allowable sea states for the MP

initial hammering operation, it is sufficient to use representative soil properties. In the following

case studies, the “medium soil” (see Table 4) is applied for all sea states.
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5 Case study on allowable sea states

The purpose of this section is to apply the proposed systematic methodology for preliminary

assessment of the allowable sea states via numerical examples. The characteristic values of the

limiting parameters, i.e., the cylinder contact force and the MP inclination are first obtained based

on numerical simulations. The corresponding allowable limits are also presented and followed by

typical case studies on allowable sea states.

5.1 Extreme dynamic forces on hydraulic cylinders

The extreme total force on the hydraulic cylinder includes the dynamic force from the steady-state

conditions which is presented in this subsection and the correction force during the correcting

phase which is discussed in the next subsection.

In this study, the extreme dynamic forces are calculated as the maximum value in 3 hours,

corresponding to a probability of exceedance of around 10−4. This value is chosen to ensure

structural integrity and is commonly used for marine operation activities [11]. In practice, the

equipment should be sized based on the required number of installations, and the extreme forces

used for selecting the equipment should be consistent with its service life. Besides, possible sources

of uncertainties (e.g., the environmental conditions) need to be included in terms of safety factors.

However, it is out of the scope of this study.

The extreme dynamic force on the gripper is estimated from the steady-state time domain

simulations using the empirical mean upcrossing rates. The upcrossings of high threshold limits are

statistically independent events, and thus a Poisson probability distribution is assumed adequate

for the extreme values [32]. The cumulative distribution function of the extreme value M(T ) of

the response process during the time T is then given by [33]

P (M(T ) ≤ y) = exp

(
−
∫ T

0

ν+y (t)dt

)
(4)

where ν+y denotes the positive mean upcrossing rate of the level y, which is defined as the frequency

of passing the level y. ν+y is found from time-domain simulations, and extrapolation is required

for low upcrossing rates values. The extrapolation strategy proposed in Ref. [34] is applied.

Figure 16 shows two examples of the fitting and extrapolation of the cylinder forces with low

and high extreme values, respectively. One clearly see that the present upcrossing method follows

the empirical points appropriately. The confidence interval of 95% is also shown to estimate the

deviation of the results. The 3-hour extreme values for different sea states are obtained using

this method and presented in Fig. 17. The extreme values in this figure are obtained using 10

samples of 40-minutes simulations. As shown, the extreme dynamic forces increase significantly

and non-linearly with both penetration depth and wave height.
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Figure 17: Extreme cylinder forces in 3 hours at different penetration depths (pene)

5.2 MP inclinations and correction forces

As mentioned, after every hammering operation before reaching the critical depth dc1 at which the

MP can stand alone in waves, the mean inclination of the MP should be corrected using hydraulic

cylinders. This mean MP inclination is created by the hammer blows when the HLV-MP system

experiences wave-induced motions. During the correction phase, the total force on the hydraulic

cylinder includes the dynamic forces induced by the waves and a correction force when changing

the cylinder’s rod length and mooring line tensions for correction of the MP inclination. As
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mentioned, in the numerical model the total correction force, Fc, is decomposed as a dynamic

and a correction component. The dynamic force in waves during the correction is consistent with

the one at steady-state condition with zero mean inclination and the extreme dynamic value is

obtained from Fig. 17. The correction force is then calculated here by excluding the waves.

1d

Figure 18: Illustration of the phases between hammering activities

Figure 18 illustrates the phase between each hammering activity. After each correction the

mean MP inclination is zero (Fig. 18 (a)). Due to the dynamic motions of the HLV-MP system,

after the hammer blows the MP has a mean inclination angle Ω1, and the penetration depth

increases from d1 to d2 (Fig. 18 (b)). The hammer blows do not influence this mean inclination

because it is perfect aligned with the MP. The soil is assumed to be in intact condition after

each hammering activity for MP mean inclination Ω1, so the soil reaction moment is M1 = 0.

Meanwhile, the HLV has an offset from its mean position, and its mooring lines tend to restore the

vessel towards its mean position and the MP inclination is reduced. The soil reaction force and

the mooring line tension reach equilibrium at the MP mean inclination angle Ω2 with soil reaction

moment M2 (Fig. 18 (c)). The phase from inclination angle Ω1 to Ω2 is considered to be mooring

line “restoring phase”. Then, by applying external forces on the system Fext, the mean inclination

angle Ω2 is corrected to a zero mean value (Fig. 18 (d)).

During the correction phase with MP mean inclination from Ω1 to Ω2 and further to 0, the

maximum correction forces on the hydraulic cylinders are used together with the extreme dynamic

forces in waves to calculate the total extreme forces on the hydraulic cylinders. The cylinder

contact force at any inclination angle Ωi between Ω1 and 0 deg needs to overcome the soil reaction

forces and the inertial moment at Ωi. The soil reaction force is calculated using the model shown

in Fig. 5, with initial intact condition at MP inclination Ω1. Then, the approach to estimate the

correction forces here is conservative.
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Figure 19: Responses of the HLV-MP coupled system after hammering and during the correction
phase (corresponds to Fig. 18 (b) to (d))

Figure 19 shows an example on the responses of the coupled HLV-MP system during the

restoring and correction phases (corresponds to Fig. 18 (b) to (d)) at MP penetration depth of

6m and an initial mean inclination angle from hammering Ω1 = 1 deg. The results in Fig. 19 are

for heading sea condition (while Fig. 18 illustrates the case for beam seas). During the “restoring

phase”, the MP mean inclination decreases from 1 deg to around 0.75 deg and the cylinder force

also decreases due to decreasing friction force from the soil. Next, by applying external forces at

time instance 500 s, the cylinder contact force begins to increase to overcome the soil reaction

force and the MP inclination decreases to zero. The maximum force from this process is taken as

the correction force, and Fig. 20 presents the correction force for different penetration depths and

initial mean inclination Ω1.
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Figure 20: Correction forces at different penetration depths (pene) and initial mean inclinations

As shown, the correction force increases significantly with the initial inclination angle Ω1 from
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the hammer blows. As discussed earlier, Ω1 depends on the coupled HLV-MP motion as well as the

time interval between the end of the previous correction and the end of each hammering activity.

This time interval is considered to be less than 10 min (refer to Table. 2). Therefore, the maximum

inclination over 10 min is applied as the characteristic value for Ω1 to obtain the correction force

using Fig. 20, while the probability of exceedance of 10−4 (used for the characteristic cylinder

forces) is not applicable because the inclination will not lead to structural failure. Similarly, the

final inclination of the MP in the initial hammering process is also chosen as the maximum value

over 10 min after the last correction. Fig. 21 shows the 10-min maximum inclinations in different

conditions. The inclination increases significantly with both Tp and Hs. In lower sea states with Hs

= 0.8 m, the inclination is below the limit value, but corrections are still required for a penetration

less than the critical penetration depth to avoid cumulative inclinations.
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Figure 21: Maximum MP inclination over 10 min at different penetration depths (pene)

5.3 Case studies

In this study the mechanical components of the gripper and their configuration were selected based

on the most common designs used in the industry. Assuming the rod diameter of the hydraulic

cylinder is around 140 mm, according to the technical data for 100 bar cylinders, the limiting force

is around 491 kN [35].

Piling tolerances are set by combining a number of aspects. The governing factor is the tolerance

on the lower flange of the turbine tower. In most cases this is 0.1◦. Counting back from this,

combining it with the maximum correction that can be made with a transition piece or shims, the

tolerance for the inclination of the piles is set. The values are normally between 0.5◦ and 1◦ for

MPs [10]. In the case study, 0.5◦ is applied as the allowable limit for MP inclinations.
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Figure 22: Case studies
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Figure 22 demonstrates four typical cases when determining the limiting sea states based on

the proposed methodology. These cases include three unacceptable sea states and one acceptable

case. The reasons for the different cases to occur in terms of the coupled HLV-MP motions are

explained as follows.

� Case 1: The given sea state does not satisfy the criterion at the beginning of the hammering

process (pene = 2 m) because of large cylinder forces. Both dynamic and static correction

forces are significant due to the first-order resonant motions of the HLV-MP system in long

waves. The motions of the HLV in vertical plane increase in long waves as the wave peak

frequencies move close to its natural frequencies.

� Case 2: The wave period in this case is shorter than in Case 1 and the motions are also

smaller. So the operation is acceptable before reaching the critical penetration depth dc1.

However, the MP inclination at dc1 exceeds the allowable limits, and the last correction using

thrusters (or mooring lines) are required. Because of large soil resistance, the total force on

the gripper exceeds the limits when applying the correction at dc1 which makes the given sea

state unacceptable.

� Case 3: As indicated in Section 4.2, in short wave conditions the motions of the vessel

are mainly due to the second-order slow-varying motions in the horizontal plane. These

motions may result in large correction forces for the MP in shallow penetrations, e.g., at 2

m. Compared to the the previous cases with long wave periods, Case 3 occurs at relatively

higher Hs since inclinations due to the second-order motions in short waves are less significant

compared to inclinations due to first-order resonant motions in long waves with the same

significant wave height as shown in Fig. 21.

� Case 4: With wave periods shorter than Cases 1 and 2, and lower significant wave heights

than Case 3, both first and second-order motions of the coupled system are in reasonable

range, so the cylinder forces and the inclination lie within the limits and thus the input sea

state is acceptable.

Therefore, the different reasons for the unacceptable sea states can be identified from the case

studies, and different strategies could be proposed to reduce the responses or mitigate critical events

accordingly. By assessing different wave conditions, the allowable sea states can be obtained. Fig.

23 shows the results corresponding to three typical installation heading angles of the HLV based

on the numerical models presented in this paper. As shown here, the allowable sea states for

MP hammering operation can be predicted by applying a systematic methodology to all possible

environmental conditions during the planning phase. The allowable sea states can be used to

support the on board decision-making together with the weather forecast e.g., to make decisions

on whether to initiate the hammering operation as shown in Fig. 2.
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6 Conclusions and recommendations

The current work deals with the vessel-monopile coupled system during the initial hammering

process. Because offshore installations require proper planning and execution of various installation

activities, it is important to find the operational limits in the design phase. In practice, the

installation activities are executed in sequence and the success of the following activities normally

depends on the previous step. Thus, the operational limits should be evaluated for each activity and

in sequential order. This study first presented the installation procedure for the MP hammering

process with sequentially defined activities as commonly used by offshore installation contractors.

Using a coupled HLV-MP model, numerical analysis were performed in the time-domain for various

conditions, from where the critical events and corresponding limiting parameters were identified.

Finally, a systematic methodology to find the allowable sea states for such operation was proposed.

This study provided realistic examples to find the allowable sea states in a systematic way for a

typical MP installation. The main conclusions of this study with recommendations are provided

as follows.

� Numerical analysis is essential to quantify the dynamic responses for the system, and time-domain

simulations are normally required for complex coupled systems including non-linearities. The

time-domain simulations of the coupled HLV-MP system shows that the penetration depth

of the MP and wave conditions greatly influence the dynamic responses. The slowly-varying

2nd order motions dominate the system in short waves and shallow penetration depths. The

natural modes and natural periods of the HLV-MP system change significantly with the

penetration depth. Because of the high gripper and soil stiffness coefficients at deeper

penetrations, the natural periods of the horizontal motions of the system reduce and the

first-order resonant motions are enhanced in long waves.

� The critical event for the initial hammering process is identified to be the structural failure
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of the hydraulic cylinders on the gripper, while the restrictive event is the unacceptable MP

inclination at the end of the process. The limiting parameters during the initial hammering

process are identified as the cylinder contact force and the inclination of the MP, respectively.

� The hydraulic cylinder force increases significantly with MP penetration in all wave conditions

and it is recommended to retract the hydraulic cylinder rods as soon as the MP reaches the

critical penetration depth (dc1) at which it can stand alone in waves. The critical depth dc1

can be obtained from available soil properties of the offshore site. The characteristic forces

on the hydraulic cylinders can be used as design criteria. It is also recommended to monitor

the forces on the hydraulic cylinders during the installation to avoid reaching the extreme

forces.

� The cylinder forces and MP inclination when using a jack-up vessel were compared with the

floating HLV-MP system. The observations from using a floating HLV are not applicable

for the jack-up vessel. Therefore, the critical events and limiting parameters depend on the

installation equipment and installation procedures.

� The sensitivity study using different soil properties shows that the system dynamic behaviour

is not sensitive to the soil properties, and the critical depths for allowable cylinder contact

forces occur at different penetrations.

� A methodology to obtain the allowable sea states is proposed. It can be applied in the design

phase using the results from time-domain analysis and the allowable limits. The extreme

hydraulic cylinder forces over 3 hours are estimated using mean upcrossing rates while the

inclinations of the MP are taken as the maximum over 10 min. The allowable values are

taken from the commonly used design specification for the hydraulic systems and installation

requirement for MP inclination. The allowable sea states can be used on-board together with

weather forecasts to support decision-making.

� From the case studies, different unacceptable conditions can be identified. The reasons for

those cases to happen were given and can be useful for future improvement of the installation

procedure, components design and contingency actions. It is recommended to reduce the

second-order motions in short waves and to mitigate the first-order resonant motions in long

waves.

� The proposed methodologies can be generalized for planning other marine operations.

7 Limitations and future work

This study describes a simplified installation procedure for MPs with a focus on the initial

hammering process of the MP. Assumptions and simplifications are applied. The thruster capacity

and mooring line tensions were assumed sufficient during the operation. No wind and current forces
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were applied. The soil models were simplified by distributed non-linear springs. Furthermore, in

practice there are many uncertainties associated with the measurements, inherent to the proposed

methodology, numerical models, environmental conditions, etc. Future work can be devoted to

address the above limitations.

This study provided the allowable sea states for the identified limiting parameters. It is also

important to focus on improving the procedure and the system components related to those

parameters to increase the allowable sea states. Possible solutions can be to upgrade the capacity

of the hydraulic cylinders to increase the allowable limits or to use motion compensation system

to reduce the motions of the coupled HLV-MP system for reducing the forces on the hydraulic

cylinders.

In addition, the initial hammering activity is only one part of the group installation activities

for MP installation. It is necessary to assess the allowable sea states of other individual activities,

such as MP upending and lowering operations and combine them to establish the operational

limits of the complete operation. The methodology will be generalized to other marine operations

in order to establish their operational limits in a systematic way.
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