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a b s t r a c t

Offshore wind turbines in the vicinity of ship traffic are exposed to increased risks of ship collisions. To
better understand the impact mechanism, this paper evaluates the dynamic responses of a monopile-
supported wind turbine under ship impacts, using both numerical and analytical methods. The
nonlinear finite element method is applied during the numerical simulations, and the wind load effects,
soil conditions, and rigid and deformable ship bows are considered. The analytical approach, originally
developed based on the energy method, is extended here to address the damping effects of monopile-
supported wind turbines. In the case study, the impacts are studied between a 4600-ton vessel and a
5-MW offshore wind turbine. The effects are presented of the aerodynamic damping, ship impact ve-
locity, mean wind speed, wind direction, and ship bow stiffness on the collision responses. A comparison
between the numerical and analytical results shows a generally good agreement for the maximum
contact force. Under an impact velocity of 1 m/s and 3 m/s, the discrepancy between the two methods is
5% and 7%, respectively. The developed engineering approaches can be used to address accidental
collision problems between ships and bottom-fixed offshore wind turbines.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Offshore wind energy is an attractive form of renewable energy
resources. Since 1990s, the offshore wind industry has been
expanding successfully. The global offshorewind power installation
reached a capacity of 19 GWby 2017 [1]. Today, offshorewind farms
have been constructed across more than 10 European countries.
The average water depth of those offshore wind farms is close to
30 m and most offshore wind turbines (OWTs) are supported by
monopile foundations [2].

The design of modern OWTs is primarily based on a semi-
probabilistic approach [3] focusing on the deign load cases
related to extreme environmental conditions [4,5] or fault condi-
tions [6]. Accidental events like ship collisions are not yet addressed
in practice, probably due to the marginal profitability of the
offshore wind energy sector and the low occurrence rate of such
events. Still, as an increasing number of offshore wind farms are
located close to ship traffic routes, the risks of collisions between
896@gmail.com (Z. Jiang).
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ships and OWTs increase [7]. During an accidental ship impact, the
consequence of structural failures of an unmanned OWT is nor-
mally lower compared to that of a ship, as ship damages can lead to
capsizing, or in the worst case, loss of human lives. Moreover,
dropped objects of the damaged OWT can also pose threat to ship
safety. Although these scenarios are not fully understood because of
the complex dynamic interactions between a ship and an OWT
during a collision, the collision loads from ships are very important
for the structural design of OWTs.

There are design standards, e.g., NORSOK [8], BSH [9] and IEC
[10], which provide guidance on how to design OWTs to resist the
ship collision-induced impact forces. According to DNVGL-ST-0437
[11], the primary structure, boat landings and other secondary
structures in and near the waterline are required to be designed for
supply vessel impacts as a normal event, in which the vessel speed
shall not be less than 0.5 m/s and the effects of hydrodynamic
added mass shall be included. Additionally, these primary struc-
tures are required to be designed for impacts as an abnormal event,
in which the vessel speed shall not be less than 2.0 m/s. However,
no specific ship size and impact energy requirement is given by the
standard. Compared to the DNVGL standard, the NORSOK N-004
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Standard [8] presents force-deformation relationships for multipile
collision scenarios of a supply vessel with a displacement of 5000
tons colliding with an infinite rigid vertical cylinder of various
diamaters.

Simplified analytical methods are useful tools to assess the en-
ergy dissipation of collisions between ships and offshore structures
and have been developed by researchers in the past. Buldgen et al.
[12] presented a simplified analytical method for estimating the
crushing resistance of an oblique cylinder impacted by the stem of a
striking ship. Pire et al. [13] developed analytical formulations to
assess the energy dissipated plastically at the base of an offshore
jacket structure impacted by a ship. Analytical procedures were
presented for analysis of the external dynamics of ship collisions
against bottom-supported offshore structures; see Pedersen and
Jensen [14], Pedersen and Zhang [15], and Pedersen [16]. In these
works, algebraic expressions were derived for the maximumvalues
of collision forces and energy released for local crushing on basis of
the principles of conservation of momentum and energy. However,
there exist several limitations for the simplified analytical method
as we cannot use it to estimate detailed collision behaviors
including time histories of the collision force, energy dissipation,
tower motion or structural damage. Numerical anaylsis, on the
other hand, provides a means to achieve a better understanding of
the collision damage and of the responses of an OWTat the expense
of increased computational resources.

A few researchers have studied the numerical analysis of ship-
OWT collisions [17e19]. Impact simulations between a jacket-
supported OWT and a large oil tanker were carried out by Ram-
berg [20] who considered the high impact energy, assumed a rigid
ship, and represented the contact between the structures by a
nonlinear spring. Moulas et al. [21] carried out the collision simu-
lation of vessels with two common types of fixed-bottom founda-
tions, namely the monopile and the jacket support structures. In a
work by Hao and Liu [22], a comparison of the foundations’ damage
and OWTs’ response wasmade for head-on collisions between low-
energy ships and OWTs, and three types of foundations were
considered including the monopile, the tripod, and the jacket
support structures. Bela et al. [23] investigated the influence of
impact velocity, impact location, wind loads and boundary condi-
tions on the behavior of an OWTwith amonopile support subjected
to the impact of a rigid ship. Howerever, the wind loads were
assumed to be constant during the simulation, which is an
oversimplification.

Despite the aforementioned studies, to the authors knowledge,
no work has addressed the interaction between wind loads and
OWT response in the analysis of ship-OWT collisions. In reality, for
an OWT,wind loads are the primary external loads, which cause the
tower to oscillate before the actual impact and affect the motion of
an OWTafter the impact. On the other hand, the OWTmotions may
also have an influence on the wind loads. Therefore, it is necessary
to take into account the interaction between thewind loads and the
wind turbine motions when dealing with the dynamic responses of
an OWT under a ship impact.

To obtain more accurate response evaluation of a monopile-
supported OWT subjected to ship impact, this paper considers
the interaction between the wind loads and the motion of OWT in
the dynamic analysis. To the authors’ knowledge, this is the first
attempt to consider this interaction for ship-OWT collision prob-
lems. Numerical simulations of a head-on collision between a
4600-ton vessel and the NREL 5-MWOWT (OC3 Phase II monopile)
are carried out by LS-DYNA [24]. The effects of various parameters
on collision response are investigated. In addition, a simplified
analytical approach is extended to calculate the maximum collision
force, the energy dissipation, and the maximum tower-top
displacement. These results are compared with those obtained by
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the numerical method.
The layout of the paper is arranged as follows. Section 2 de-

scribes the problem statement of the ship-OWT monopile collision
scenario. Section 3 presents numerical modeling of the ship-OWT
collision. Section 4 presents details of the simplified analytical
approach. Section 5 describes the details of the case study,
including the striking ship and the monopile-supported OWT
models and load cases. Results and discussions are presented in
Section 6, and finally, conclusions are presented in Section 7.

2. Problem statement

The impact angle between a ship and an OWT with a monopile
foundation is arbitrary in an accident, in which a head-on impact
causes the highest reaction force. If the OWT collapses due to a
large impact force and the wind turbine components fall onto the
ship, this scenario can lead to serious damagse of the ship and may
cause human deaths or injuries. Therefore, all collision scenarios
assume a head-on impact in this paper.

When a ship impacts an OWT, the operational conditions
(operational or parked) of the wind turbine depends on the wind
speed. The free wind speed also affects the magnitudes of wind
loads acting on the turbine. Hence, various collision scenarios with
the mean wind speed varying from 0 m/s to 30 m/s are selected.
Besides, the direction of wind speed relative to the ship impact
angle is arbitrary. Here, we consider three directions, i.e., 0�, 90�,
180�, which are shown in Fig. 1. It is assumed that the wind turbine
has an active yaw system and the rotor plane is always perpen-
dicular to the main wind direction.

3. . Numerical modeling

3.1. Structural modeling

The nonlinear finite element method based on explicit time
integration [24] is used here for analyzing the dynamic response of
structures. The discrete equations of motion at time instant tn are:

Man ¼ Pn � Fn þ Hn (1)

whereM is the diagnonal mass matrix including both the monopile
and the ship,an is the acceleration vector, Pn accounts for external
and body force loads, Fn is the stress divergence vector, and Hn is
the hourglass resistance. The primary nonlinearities, which are due
to geometric effects, inelastic material behavior and contact
behavior, are accounted for in F. Additional nonlinearities arise in P
due to geometry dependent applied loads. To advance to time tnþ1,
the central difference time integration is used:

an ¼M�1�Pn � Fn þHn� (2)

vnþ1=2 ¼ vn�1=2 þ anntn (3)

unþ1 ¼un þ vnþ1=2ntnþ1=2 (4)

ntnþ1=2 ¼
�
ntn þ ntnþ1�

2
(5)

where v and u are the global nodal velocity and displacement
vectors, respectively. The geometry is updated by adding the
displacement increments to the initial geometry:

xnþ1 ¼ x0 þ unþ1 (6)



Fig. 1. Direction of wind speed (Wind 0�: wind speed has the same direction as the impact velocity; Wind 90�: wind speed is perpendicular to the impact velocity; Wind 180�: wind
speed and impact velocity have opposite directions).
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The finite element models of a ship and a monopile OWT are
modeled using Patran [25]. In order to simplify the modeling, the
nacelle and rotor blades of the wind turbine are replaced by a
lumped mass located at the top of the tower. The connection be-
tween the tower and the transition piece is assumed to be rigid. As
the natural frequencies of an OWT affect the structure’s dynamic
behavior, a modal analysis must be performed for the simplified
OWTmodel. The damping ratio of 1% critical damping factor for the
lowest frequency mode is assumed for the OWT in the ship-OWT
collision simulations. This damping ratio level is consistent with
those specified for the structural components of the NREL 5-MW
OWT.

The numerical analysis of collision between a ship and an OWT
monopile is conducted using LS-DYNA. To consider the interaction
between the soil and themonopile, the distributed springsmodel is
used which idealizes the seabed contact with a flexible foundation.
The subsoil spring stiffness constants are depth-dependent and are
calculated based on a linearization of the p-y model. Two spring
elements in the x- and y-directions (Fig. 1) are applied at different
459
depths of piles. Each spring has two end nodes inwhich one node is
linked to the pile and the other node is fixed in all directions. The
bottom of the pile is fixed in translation in the z-direction and
constrained from rotation about the z-axis.

An elastic-plastic material model with the power-law hardening
is used for the deformable ship bow and the OWT. The material’s
stress-strain constitutive relation is given as follows:

s¼ k
�
εyp þ ε

p
�n

(7)

εyp ¼
�sy
k

�1
n (8)

where sy is the yield stress, εyp is the elastic strain to yield, εp is the
effective plastic strain, k is the strength coefficient and n is the
hardening exponent.
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3.2. Modeling of the wind load effect

During a ship collision, the tower top of a fixed-bottom OWT
may experience violent vibrations during the first few seconds. For
an operating wind turbine, such vibrations are expected to induce a
sudden change in the relative inflow wind speed and to affect the
aerodynamic loads and dynamic responses of the OWT conse-
quently, depending on the severity of the ship impact. As previous
researches [17] largely ignored this aspect during the numerical
simulations, the influence of the wind loads on the impact-induced
dynamic responses is not clear.

To consider the wind load effect on an operating OWT, modeling
approaches on different fidelity levels exist depending on the
purpose of the anlaysis. The high-fidelity approaches apply the
computational fluid dynamics methods to discretize the Navier-
Stokes equations in order to obtain accurate rotor aerodynamics
and the corresponding computational costs are also very high [26].
On the other hand, engineering approaches based on the classical
blade element momentum method [27] have been widely adopted
by aeroelastic codes, e.g., FAST [28] and HAWC2 [29]. One key step
of the blade element momentum method is to determine induced
velocities at the rotor plane by assumping equilibrium between the
applied aerodynamic loads and the induced flow field. After being
modified by features like dynamic inflow or dynamic stall, the
engineering approaches can reliably predict OWT responses in
various operational conditions. However, as the analysis purpose is
to assess the global motions and structural responses of OWTs, the
wind turbine structures including support structures and blades
are often modeled as beam elements and the control actions must
be considered.

The last modeling approach regards the wind excitation as an
independent phenomenon fromwave excitations and incorporates
the wind load effect as a damping source termed as “aerodynamic
damping”. Consider a tower-top in motion. When the tower-top is
moving forward, the rotor experiences a small increase in the
relative wind speed and in the thrust which will counteract the
tower-top motion [30]. Analogously, when the tower top moves
backward, the thrust descreases and hinders the motion in that
direction. This effect is considered a damping because it relates to
the velocity-proportional term in the equation of motion. The idea
of aerodynamic damping was originally proposed by Kühn [31] and
further deveoped by Tempel [32] and Salzmann [30]. This modeling
approach, albeit simplified, does not require finite element
modeling of wind turbine blades or determination of rotor aero-
dynamics in the time domain, thus allowing an efficient assessment
of fixed-bottom and floating support structures; see Ref. [33]. For
ship-OWT collision analysis, the focus will be on structural re-
sponses of wind turbine support structures and ship structures
which involve a large number of finite elements. Therefore, we
adopt the last modeling approach and represent the wind load
effect by considering the aerodynamic damping in addition to the
mean thrust force.

There are different methods for estimating the aerodynamic
damping of a variable-speed wind turbine in operation [30]. As
suggested in Refs. [34], the linearized aerodynamic damping can be
numerically estimated based on changes in the thrust force due to a
change in wind speed without considering the effect of the control
system:

caero ¼ dFThrust
dVmean

(9)

where dVmean denotes a small variation in themeanwind speed and
dFThrust denotes the corresponding change in the thrust force. For a
range of constant wind speeds, time-domain simulations were
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carried out in an aeroelastic code for a land-based wind turbine
with the blade pitch and rotor speed fixed for each wind speed, and
the damping values are estimated accordingly. Note that Eq. (9) is
only valid for operating wind turbines. For parked (standing-still or
idling) wind turbines, the mean wind loads and the aerodynamic
damping are deemed small.

As mentioned above, the numerical collision analysis is per-
formed in LS-DYNA in the time domain, and the coupling between
the main program and the simplified aerodynamic model is made
by the user-defined load subroutine LOADSETUD which provides a
means to apply nodal loads as a function of velocity. The architec-
ture of the coupling algorithm is shown in Fig. 2. First, the wind
loads and the aerodynamic damping caero for the mean wind speed
are precalculated using the HAWC2 code. The aerodynamic
damping includes the effect of wind shear across the rotor plane,
and a constant power law exponent of 0.14 is used for OWTs [10].
During the time-domain simulation, only constant wind speed is
considered, and the mean wind loads are applied on the tower-top
node. The wind drag loads on the tower are not considered as they
are negligble. At each time step, LS-DYNA passes information of the
velocity of the tower-top node to the user subroutine. The nodal
velocity history is stored, and the aerodynamic damping force
equivalent to caero*Vvib is calculated in the user load subroutine.
Here, caero is the precalcuted damping coefficient and Vvib is the
vibration-induced velocity of the tower-top node. It is expected
that Vvib increases immediately after the ship impact and reduces to
zero eventually. The obtained aerodynamic damping load is applied
on the tower top node, and LS-DYNA then calculates the structural
deformation and tower motion, and provides information of the
tower-top motion for the next time step.
4. Simplified analytical approach

A simplified analytical approach is used here to estimate the
collision results. The response of the OWT is assumed to be a linear
summation of the deflections due to wind load and collision force
separately. This simplified approach cannot consider the interac-
tion between the wind load and the collision force. Neither can this
method address the soil conditions or predict the collapse of the
OWT.

The deflection of the tower top under wind loads is calculated
based on the beam theory where the OWT is assumed as a canti-
lever beam of variable cross-section. The simplified OWT structure
is shown in Fig. 3. Here, section AB represents the tower with
various cross-section and section BC represents the transition piece
and the monopile with a constant cross-section. The deflection
should be calculated in sections due to the varying cross-section
areas and wall thicknesses.

For section ABwith variable cross sections (Fig. 3), the deflection
of the tower-top point, A, is given by

u1 ¼
Fw

Ewtk3
ðA1 þA2Þ (10)

A1 ¼
Ls
Lz

� 1þ lnLz (11)

A2 ¼
Ls
2

 
2
Lz

� 1
Ls

� Ls
L2z

!
(12)

where Fw is the wind load, E is the elastic modulus, k ¼ ðDz �
DsÞ=L2, Dz is the diameter of the tower base, Ds is the diameter of
the tower-top, L2 is the height of the tower Ls ¼ Ds=k Lz ¼ Ls þ L2, t
is the average wall thickness, and w is the coefficient of inertia



Fig. 2. Flowchart of the coupling algorithm for the numerical simulation in LS-DYNA.

Fig. 3. Schematic of a simplified OWT structure.
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moment which equals 0.393 for circular cross section [35].
For section BC with constant cross sections, the force and the

bending moment acting on point B are

FB ¼ Fw (13)

MB ¼ FwL2 (14)

Then, the deflection and rotation angle at point B under FB and
MB can be calculated accordingly, and we obtain the following
expressions
461
u2 ¼
FBL31
3EI

¼ FwL31
3EI

(15)

q2 ¼
FBL21
2EI

¼ FwL21
2EI

(16)

u3 ¼
MBL21
2EI

¼ FwL2L21
2EI

(17)

q3 ¼
MBL1
EI

¼ FwL2L1
EI

(18)

where L1 is the total height of the transition piece and themonopile
and I is the second moment of area of the cross section.

The deflection of the tower top under the wind load can be
obtained as

uA ¼u1 þu2 þu3 þ ðq2 þ q3ÞL2 (19)

The collision force, the energy dissipation, and the deflection of
the tower top subjected to ship impact are calculated based on the
principles of conservation of momentum and conservation of en-
ergy. The simple algebraic expressions proposed by Pedersen are
developed here with consideration of the damping effect. For de-
tails, refer to Pedersen and Jensen [14], Pedersen and Zhang [15],
and Pedersen [16].

The analysis system can be approximated as a two-mass system
inwhich one massms represents the mass of the ship and its added
mass, and the other mass, mt , represents the generalized mass of
the OWT structure. The simplified 2-D impact model is shown in
Fig. 4. Hence, the impact behavior of the wind turbine structure can
be represented by the following elastic stiffness relations:



Fig. 4. Simplified model of ship impact on OWT.
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Fc ¼ k11uc þ k12ut (20)

Ft ¼ k21uc þ k22ut ¼ �mt €ut þ ct _ut (21)

where kij is the generalized stiffness coefficients with subscripts i
and j, Fc is the internal collision force, Ft is the internal transmitted
force acting on the generalized topside mass mt , uc is the
displacement of the collision point, ut is the displacement of the
topside, ct is the linear damping term including structural damping
(Rayleigh damping), radiation damping of the support structure,
soil damping, and aerodynamic damping, and _ut is the velocity of
the topside.

The interaction between the ship and the wind turbine can be
approximated by the following simple relation

Fc ¼
(
nksðus � ucÞ for _us � _uc � 0

n0 for _us � _uc <0 (22)

where ks is a stiffness coefficient, and us is the displacement at the
collision point of the ship.

The maximum value of the collision force at the end of the first
crushing phase is reached when the velocity of the ship _usequals
the velocity of the contact point _uc. From Equation (20), we get

_us ¼ � k12
k11

_ut (23)

The displacement ut of the wind turbine mass is assumed to be
small during the first crushing phase. Thus, the generalized force Ft
can be approximated by

Ft ¼ � k21
k11

Fc (24)

The conservation of momentum can be expressed as
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Ic ¼ms

�
V0 � _us

�
¼
ðt1
0

FcðtÞdt (25)

It ¼ �mt _ut ¼
ðt1
0

�
FtðtÞ� ct _ut

�
dt ¼

ðt1
0

FtðtÞdt � ctutz
ðt1
0

FtðtÞdt

(26)

where t1 denotes the duration of the first phase. From Equations
23e26, the velocity _ut of the center of gravity of the topside
structure at the time ofmaximum collision force, Fc, is found below:

_ut ¼ �V0
k12
k11

þ k11
k21

mt
ms

(27)

At the end of the first phase, the displacement of the topside ut
is assumed to be small, and consequently the damping energy can
be neglected. Based on energy conservation, the following relation
holds:

1
2
msV2

0 ¼1
2
kcu2s þ

1
2
mS _u

2
s þ

1
2
mt _u

2
t (28)

where kc ¼ k11ks
k11þks

is the stiffness seen from the ship for zero

deflection of the wind turbine mass.
The maximum collision force at the end of first phase is found as

Fc ¼ kcus (29)

The deformation energy which is absorbed as plastic deforma-
tion during the first phase can be expressed as

Eship ¼
1
2
Fcðus �ucÞ¼ F2c

2ks
(30)

At the end of the second phase of the collision, all energies
except the absorbed plastic deformation energy are assumed to
exist in the forms of deformation energy and damping energy. That
is

1
2
msV2

0 � Eship ¼
1
2
�
F ;tu

;
t þ F ;cu

;
c
�þ ðt2

t1

ct _utdut (31)

At the end of second phase (t ¼ t2), the collision force F ;c is
considered small, and the energy distribution due to this force can
be neglected, i.e., F ;cu

;
cz0. We further assume that the damping

force (i.e. ct _ut)-displacement relationship is linear during this
phase, so this expression can be rewritten as

1
2
msV2

0 � Eship ¼ 1
2
F ;tu

;
t þ

ðt2
t1

ct _utdut ¼
1
2
kp
�
u;t
�2 þ 1

2
ct _utu

;
t (32)

Hence, the deflection of the tower top under the collision force
can be approximated by

u;t ¼
�ct _ut þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðct _utÞ2 þ 4kp

�
msV2

0 � 2Eship
�r

2kp
(33)

where kp ¼ k11k22�k212
k11

is the generalized stiffness of the uncon-

strained topside center of gravity.
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Finally, the deflection of the tower top subjected to the wind
load and the impact load is found as

utotal ¼uA þ u;t (34)

5. Case study

We consider the above-described collision in a case study where
a 4600-ton displacement multipurpose vessel impacts the NREL 5-
MW OWT supported by a monopile foundation [36]. In fact, any
ships can pose collision risks to OWTs, and the selected vessel is just
representative of a certain class considering the NORSOK N-004
standard [8]. The principal dimensions of the ship are listed in
Table 1. The surge added mass of the vessel is assumed to be 25% of
the displacement for bow collision [11].

The main area in the ship bow is meshed with shell elements
with a size of approximately 150mm, inwhich the element-length-
to-thickness ratio is within the range of 5e10 such that the local
stress and strain fields can be well captured [37]. The remaining
part of the vessel is meshed with rigid shell elements with a size of
600 mm. The total number of the elements for the ship is 66,053.
The finite element model of the vessel is illustrated in Fig. 5.

The NREL 5-MW OWT has a height of 143.6 m and a rotor-
nacelle assembly mass of 350 t. The structure consists of a
monopile, a transition piece, and a tower. The monopile and the
transition piece have a constant cross section with an outer diam-
eter of 6.0 m and a wall thickness of 60 mm. There are 36 m of the
monopile driven into the soil. The tower has a height of 77.6 mwith
a base diameter of 6 m and a top diameter of 3.87 m. The wall
thickness decreases from 27.0 mm near the bottom to 19.4 mm in
the upper region. The cut-in, rated and cut-out wind speeds for the
variable-speed pitch-regulated wind turbine are 3 m/s, 11.4 m/s,
and 25 m/s, respectively.

All structures are modeled with the Belytchko-Tsay shell
element with five integration points over the thickness. A finemesh
with a size of 200 mm is applied to the contact area and to the top
of the structure, and a coarse mesh size of 500 mm is used for the
rest of the wind turbine structure (Fig. 6). The numerical OWT
model consists of 29,768 shell elements.

The steel’s material parameters used for the deformabel ship
bow and the OWT are listed in Table 2. It is noted that the effective
density of the OWT is taken to be 8500 kg/m3 to account for paint,
bolts, welds and flanges that are not considered in the wall thick-
ness data.

In total, 36 collision cases are simulated; see Table 3. The ship
bow is assumed to be rigid in the first 33 cases to evaluate the ef-
fects of various parameters assumed in Le Sourne et al. [19] and
Bela et al. [23]. In the last 3 cases, in order to consider the energy
dissipated by the ship, a deformable bow is used. In cases 7e9,
16e24 and 34e36, the rated wind spped of 11.4 m/s is selected
because the corresponding wind-induced thrust forces are largest.
Three wind directions (0�, 90�, 180�; see Fig. 1) and three impact
velocities (1 m/s, 2 m/s and 3 m/s) are selected in cases 1e24 to
Table 1
List of the main dimensions of the multipurpose vessel.

Length overal (m) 98.5

Breath (m) 17.0
Depth (m) 8.8
Draft (m) 6.0
Displacement (ton) 4600
Second deck to upper deck distance (m) 2.65
Transverse bulkhead-1 to contact point distance (m) 12.05
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investigate the effect of the wind direction and the impact velocity.
The aerodynamic damping is not considered in cases 1e9 but is
considered in cases 10e18. To study the effect of the wind speed,
wind speeds varying from 0 to 30 m/s are selected in cases 25e33.
The wind turbine is parked when the wind speed is below 5 m/s or
above 25 m/s, and the condition of the wind turbine is given in
Table 3. In all simulations, the friction coefficient between the ship
bow and the OWT is set to 0.3, and the same friction coefficient is
applied to the internal structure contacts.

6. Results and discussions

6.1. Verification of the simplified OWT

The natural frequencies of an OWT influence the structure’s
dynamic behavior under ship impacts. For the present investiga-
tion, the focus is on the OWT’s global response and structural
deformation of the support structure. Hence, we only compare the
lowest natural frequencies of the simplified OWT against the those
of the systemwith a full rotor. The modal analysis of the simplified
OWT is carred out by Patran. The calculated natural frequencies of
the lowest eigenmodes in the fore-aft and side-side directions are
approximately 0.24 Hz. These results match those of the full system
predicted by the HAWC2 code, which indicates that the simplified
OWT model can reflect the structure dynamic behavior with a
reasonable accuracy. The simplified OWT model does not capture
the higher-order structural modes involving blade deformation;
these modes are more important for response dynamics of the
blades.

6.2. Effect of the aerodynamic damping

To investigate the effect of the aerodynamic damping on the
collision results, the comparisons between cases 1e9 and cases
10e18 are made.

Figs. 7e9 show the comparison of displacement histories of the
tower-top node in the x-direction (Fig. 1) for different wind di-
rections and different wind speeds. Fig. 7 shows that the tower-top
displacement increases slowly and reaches a steady state during
the first 10 s which is induced by the wind load acting in the x-
direction. In contrast, when thewind direction is 90�, the tower-top
displacement is small prior to the impact due to the small wind
load in the x-direction, as shown in Fig. 8. Comparing Figs. 7 and 9,
we see that the magnitudes of tower-top displacement are similar
when the wind velocity has contant mangnitude but with opposite
directions. The ship impact occurs around 10 s and its duration is
approximately 1.44 s. After the impact, there is no difference be-
tween cases 2, 5, 8 and cases 11, 14, 17 when the impact velocity is
perpendicular to the wind speed (Fig. 8). On the contrary, the
simulations with consideration of aerodynamic damping yield
much smaller amplitude of the tower vibration when the impact
velocity has the same or opposite directions of the wind velocity
(Figs. 7 and 9). This observation indicates that the aerodynamic
damping has a significant effect on the tower-top motion when
wind directions are parallel to the ship impact velocity. In addition,
this difference is the greatest when the wind speed is 11.4 m/s (see
Figs. 7 (c) and Fig. 9 (c)), as the aerodynamic damping for this case is
the largest. From Figs. 7e9, it is also seen that the period of the
tower oscillation after the impact is approximately 4.4 s, which is
close to the first eigen period of the OWT (4.2 s).

The maximum resultant tower-top displacements for a wind
speed of 11.4 m/s are compared in Table 4. It is clearly shown that
the discrepancy is largest when the impact velocity has opposite
direction of the wind velocity. The maximum resultant tower-top
displacement reaches 2.39 m when the aerodynamic damping is



Fig. 5. Finite element model of the ship.

Fig. 6. Finite element model of the OWT.

Table 2
Material parameters of the deformable bow and the OWT.

Material property Deformable ship bow OWT

Density r (kg/m3) 7850 8500
Young’s modulus E (GPa) 207 207
Poisson’s ratio v (�) 0.3 0.3
Yield stress sy (MPa) 275 355
Strength coefficient k (MPa) 740 760
Hardening exponent n (�) 0.24 0.225
Plastic failure strain εf (�) 0.3 0.3
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considered and the wind direction is 0�. This maximum is greater
than those of the wind direction of 90� or 180�. Accordingly, the
relative direction between the wind speed and the impact velocity
also has an influence on the maximum tower-top displacement.
Large tower-top displacement may arise when the impact velocity
and the wind speed are collinear.

The internal energy histories of the OWT for a wind speed of
11.4 m/s are compared in Figs. 10e12. During the first 10 s, the
values of internal energy for these cases are the same, as the in-
ternal energy is governed by the wind loads. Around 10 s, the en-
ergy dissipation increases rapidly due to the ship impact. There are
obvious fluctuations after the impact, and the peaks and valleys of
the internal energy are in good correspondence with those of the
tower-top displacement (Figs. 7e9). This is because the flexibility of
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the soil is taken into account in the simulations and the OWT os-
cillates after the ship impact. Except for the wind direction of 90�,
the peak values of the internal energy are much smaller when the
aerodynamic damping is considered, which means that the aero-
dynamic damping significantly affects the elastic energy stored in
the tower structure. On the other hand, the energy dissipated
through plastic deformation of the crushed OWT is on the same
level. Overall, consideration of the aerodynamic damping is more
imporant for elastic deformation than for plastic deformation of the
OWT.

The comparisons of maximum local indentation, maximum
contact force and maximum resultant tower-top acceleration for a
wind speed of 11.4 m/s are presented in Table 5. It is observed that
the aerodynamic damping has a limited influence on these
response variables. This can be explained by the fact that the
collision duration, i.e., 1.44 s, is so short that the effect of the
aerodynamic damping is limited during the collision phase. The
maximum allowable acceleration of the nacelle is 6 m/s2 according
to Simens Gamesa [38]. As shown in Table 5, the maximum resul-
tant accelerations for these cases are approximate 5m/s2, which are
below the maximum allowable acceleration and hence not critical
to the drivetrain components. The maximum local indentation
values for these cases are less than 0.2 m, which indicates that no
major repairs are required for the OWT under the considered ship
impact. The relatively small local indentation can be explained by
the selected impact location, which is 1.75 m below the connection
between the tower and the transition piece. For this impact loca-
tion, the tower wall is thick and the structural stiffness is large.

6.3. Effect of the impact velocity

To investigate the effect of the impact velocity, we vary the
velocity from 1 m/s to 3 m/s for different ship-OWT collision cases
inwhich themeanwind speed is fixed as 11.4 m/s (rated speed) and
the corresponding aerodynamic damping is taken into account; see
cases 16e24 in Table 3.

Table 6 presents the maximum resultant tower-top displace-
ment for these cases. When the ship impacts the OWT at 1 m/s, the
tower-top displacement does not exceed 2.5 m. When the ship has
a impact velocity of 2 m/s, the tower-top displacement grows to
3.16 m for a wind direction of 180�, whereas the OWT collapses for
wind directions of 0� and 90�. The collapse of the OWT for a wind
direction of 180� occurs at an impact velocity of 3 m/s.

Fig. 13 shows collapses of the OWT under different wind di-
rections. It can be observed that the collapse direction of and
location on the tower are different. The tower falls into the sea in
the same impact direction for a wind direction of 0� and at an angle
of approximately 44� relative to the impact direction for a wind
direction of 90�. In contrast, for a wind direction of 180�, the tower
tilts toward the ship and collapses, followed by the nacelle falling
onto the deck. This scenario can be regarded as the most dangerous
case. Therefore, a high ship impact velocity opposite to the wind
direction should always be avoided in an accident, considering the



Table 3
Summary of the load cases considered in the study.

Load case Ship bow Ship velocity [m/s] Wind speed [m/s] Turbine condition Aerodynamic damping [kNs/m] Wind direction (�)

1 Rigid 1 5 Operating 0 0
2 Rigid 1 5 Operating 0 90
3 Rigid 1 5 Operating 0 180
4 Rigid 1 25 Operating 0 0
5 Rigid 1 25 Operating 0 90
6 Rigid 1 25 Operating 0 180
7 Rigid 1 11.4 Operating 0 0
8 Rigid 1 11.4 Operating 0 90
9 Rigid 1 11.4 Operating 0 180
10 Rigid 1 5 Operating 51.5 0
11 Rigid 1 5 Operating 51.5 90
12 Rigid 1 5 Operating 51.5 180
13 Rigid 1 25 Operating 67.7 0
14 Rigid 1 25 Operating 67.7 90
15 Rigid 1 25 Operating 67.7 180
16 Rigid 1 11.4 Operating 90.4 0
17 Rigid 1 11.4 Operating 90.4 90
18 Rigid 1 11.4 Operating 90.4 180
19 Rigid 2 11.4 Operating 90.4 0
20 Rigid 2 11.4 Operating 90.4 90
21 Rigid 2 11.4 Operating 90.4 180
22 Rigid 3 11.4 Operating 90.4 0
23 Rigid 3 11.4 Operating 90.4 90
24 Rigid 3 11.4 Operating 90.4 180
25 Rigid 1 0 Parked 0 0
26 Rigid 1 3 Parked 0 0
27 Rigid 1 8 Operating 66.6 0
28 Rigid 1 14 Operating 82 0
29 Rigid 1 17 Operating 75.7 0
30 Rigid 1 20 Operating 67.7 0
31 Rigid 1 23 Operating 60.4 0
32 Rigid 1 28 Parked 0 0
33 Rigid 1 30 Parked 0 0
34 Deformable 1 11.4 Operating 90.4 0
35 Deformable 2 11.4 Operating 90.4 0
36 Deformable 3 11.4 Operating 90.4 0
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collapse direction of the OWT tower. The collapse location is at
15 m above the connection between the tower and the transition
piece for wind directions of 0� and 90�. Near the collapse location,
the tower has a thickness of 24.5 mm. For a wind direction of 180�,
the collapse location is approximately 35 m above the connection
and the tower has a thickness of 23.4 mm in that region. This dif-
ference is due to the different impact velocities. Besides, it can be
observed that the collapse of the tower is induced by structural
buckling under the wind loads after the ship impact, which in-
dicates that the stability of the OWT has reduced due to local
impact.
6.4. Effect of the mean wind speed

The actual wind condition is turbulent, but for collision simu-
lations, the aerodynamic forces in the first few seconds after the
impact will play a key role, and thus we only consider various mean
wind speeds for the analysis. If we consider turbulent wind, Monte
Carlo simulations with random seeds should be used which is
computationally expensive for such analyses. Therefore, twelve
simulations are carried out in which the mean wind speed varies
from 0 m/s to 30 m/s for a wind direction of 0�, and an impact
velocity of 1 m/s is selected; see cases 10, 13, 16 and cases 25e33.
The aerodynamic damping are taken into account in these cases,
and the corresponding values and the status of the wind turbine for
different mean wind speeds are presented in Table 3.

Fig. 14 shows the maximum resultant tower-top displacement
for a range of wind speeds. It can be observed that the maximum
resultant tower-top displacement initially rises along with the
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increase of wind speed and the highest value is attained when the
mean wind speed is close to the rated (11.4 m/s), and then the
maximum tower-top displacement slowly decreases with the in-
crease of wind speed until the wind speed reaches 25 m/s. For wind
speeds above 25 m/s, the maximum tower-top displacement in-
creases rapidly due to a lack of aerodynamic damping. It can be
concluded that the wind speed has a major influence on the tower-
top displacement. The maximum value of tower-top displacement
is 2.39m for ameanwind speed of 11.4m/s, which is approximately
1.4 times than that obtained without considering wind loads. This
indicates that ignoring the wind loads may underestimate the
maximum tower-top displacement.
6.5. Collision of a deformable bow with the OWT

In reality, the striking ship and the OWT structures deform
simultaneously during a collision. It is conservative for the OWT to
assume that the service vessel is rigid and the total energy is only
transfered to the OWT’s support structure. Therefore, a deformable
bow is considered in addition. Thewind loads and the aerodynamic
damping for the mean wind speed of 11.4 m/s are considered. The
impact velocity is assumed to follow the wind direction (cases
34e36).
6.5.1. Comparison with numerical results of the rigid bow
Fig. 15 shows the contact force histories obtained by the nu-

merical method considering both the rigid bow and the deformable
bow when the impact velocity is 1 m/s. It can be observed that the
maximum force is 7.67MNwhen the striking ship has a deformable



Fig. 7. Comparison of the tower-top displacement in the x-direction for a wind di-
rection of 0� .

Fig. 8. Comparison of the tower-top displacement in the x-direction for a wind di-
rection of 90� .
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Fig. 9. Comparison of the tower-top displacement in the x-direction for a wind di-
rection of.
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bow, much lower than the force (9.67 MN)when the striking ship is
rigid. As shown by the red dashed line, the contact force has a
longer duration and undergoes more fluctuations for the deform-
able bow. In addition, the maximum resultant tower-top
displacement and maximum local indentation are 1.92 m and
0.098 m, respectively, which are much smaller than the results
(2.39 m and 0.17 m) of the rigid-bow simulations.

The temporal variation of the internal energy absorbed by the
OWT and the deformable bow is plotted in Fig. 16, and the internal
energy of the OWT obtained under the rigid bow impact is also
given. It is seen that the total internal energy absorbed by the ship is

1.6 MJ, which is approximate 56% of the impact energy ( 12mVship
2 ¼

2.88 MJ). When the OWT is impacted by the deformable bow, the
maximum internal energy absorbed by the OWT is 1.96MJ, which is
44% less than that of the simulationwith the rigid bow (3.50 MJ). In
addition, for the case with the deformable bow, the energy absor-
bed by the plastic deformation is less, which agrees with the
smaller local indentation observed.
6.5.2. Comparison with the analytical results
The simplified analytical method is applied to cases 34e36.

According to Refs. [39,40], the damping ratios for the structural
damping, radiation damping, soil damping can be set to 1%, 0.07%
and 0.36%, respectively. The aerodynamic damping (90.4 kN,s/m)
calcultated by the HAWC2 code is used.

The comparison results between the numerical and analytical
methods for different impact velocities are presented in Figs.17e19.
It can be seen that the trends agree very well of the numerical and
analytical results including the maximum tower-top displacement,
the maximum contact force and the total energy dissipation of the
ship. These variables increase with an increasing impact velocity.
These values are also presented in Tables 7e9 where the discrep-
ancies are measured in percentage using the numerical results as
the references.

For an impact velocity of 3 m/s, the collapse of the OWT occurs
due to structural buckling when the tower-top displacement rea-
ches 4.65 m; see the red cross marked in Fig. 17. The analytical
method has a limitation and cannot evaluate the collapse of the
tower. Except for the tower-top displacement, the results obtained
by the analytical method agree well with those obtained by the
numerical method for this case. When the ship impacts the OWT at
1 m/s, the analytical results are also close to the numerical results,
especially for the maximum contact force. While for an impact
velocity of 2 m/s, the discrepancy of the maximum contact force
between the two methods is greatest (55%). This observation is
aligned with the comparison result of the energy dissipated by the
ship. During an actual collision, the ship absorbs muchmore plastic
energy, which yields lower maximum contact force and smaller
maximum tower-top displacement than the analytical results. In
addition, the differences between the numerical and analytical
results are mainly due to the assumptions made in the analytical
method espeically related to the boundary conditions. Still, the
estimation obtained by the simplified analytical approach is
acceptable for impact velocities of 1 m/s and 3 m/s.

The present analytical approach with consideration of the
damping effect is developed on the basis of Pedersen’s analytical
method. As the damping effect can be neglected during the first
crushing phase, there is no difference in both themaximum contact
force and the energy dissipated by the ship between the two
analytical methods. The discrepancies of the maximum tower-top
displacement between the two analytical and numerical results
are presented in Table 10. It is observed that the discrepancy be-
tween the present analytical and numerical results is smaller,
which indicates that the presented analytical approach gives a



Table 4
Comparison of the maximum resultant tower-top displacement for a wind speed of 11.4 m/s.

Wind direction [o] Maximum resultant tower-top displacement [m] Discrepancy [%]

Without aerodynamic damping With aerodynamic damping

0 2.56 2.39 7
90 1.91 1.91 0
180 2.48 2 24

Fig. 10. Comparison of internal energy for a wind direction of 0� .

Fig. 11. Comparison of internal energy for a wind direction of 90� .

Fig. 12. Comparison of internal energy for a wind direction of 180� .
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more accurate estimation with respect to the maximum tower-top
displacement compared to Pedersen’s analytical method.

Fig. 20 shows the plastic strain contour images of the impacted
transition piece for different impact velocities. It is observed that
both the damage area and maximum plastic strain increase along
with the impact velocity. The maximum strain for the impact ve-
locity of 3 m/s is approximately 0.1, which is smaller than the
corresponding failure strain. This reveals that failure does not occur
near the ship impact area.
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7. Conclusions

In this paper, both numerical and analytical methods are used to
investigate the collision between a ship and a monopile-supported
offshore wind turbine, and the interaction between the wind loads
and the tower-top motion is taken into account. Depending on the
wind direction, wind speed, aerodynamic damping, impact velocity
and ship bow rigidity, 36 collision cases in total are simulated and
analyzed.

The major findings when the rigid bow is used are as follows:

C The aerodynamic damping has a limited effect on the tower
response for a wind direction of 90�. However, for wind di-
rections of 0� and 180�, the amplitude of the tower vibration
and the corresponding elastic energy absorbed by the
offshore wind turbine are much smaller when the aero-
dynamic damping is considered.

C The impact velocity and the wind direction significantly
affect the wind turbine response. For wind directions of
0� and 90�, the tower falls into the sea at an impact velocity of
2 m/s. The tower falls onto the ship at an impact velocity of
3 m/s for a wind direction of 180�, which can be regarded as
the most dangerous case due to the second impact between
the nacelle and the ship deck. The collapse of the wind tur-
bine tower is due to structural buckling under the combined
load effects of ship impact, wind loads, and the tower-top
gravity.

C The tower-top displacement is influenced by the mean wind
speed. The maximum tower-top displacement is largest for a
mean wind speed of 11.4 m/s. Ignoring the wind loads may
underestimate the tower response.

The comparison between the numerical results obtained by the
rigid bow and the deformable bow is made. The deformable bow



Table 5
Results for cases 7e9 and 16e18.

Wind direction [�] Considering aerodynamic damping Maximum local indentation (m) Maximum contact force (MN) Maximum tower-top acceleration (m/s^2)

0 no 0.17 9.66 5.01
yes 0.17 9.67 4.70

90 no 0.19 9.82 4.87
yes 0.19 9.82 4.92

180 no 0.18 9.85 5.06
yes 0.18 9.85 4.84

Table 6
Maximum resultant tower-top displacement for cases 16e24.

Wind direction [�] Maximum resultant tower-top displacement [m]

velocity of 1 m/s velocity of 2 m/s velocity of 3 m/s

0 2.39 collapse collapse
90 1.91 collapse collapse
180 2.00 3.16 collapse
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yields lower maximum contact force, smaller local indentation and
less energy dissipated by the offshore wind turbine, and the force
obtained by the deformable bow has a longer duration and more
fluctuations.

A simplified analytical method is extended and applied to pre-
dict the maximum tower-top displacement, the maximum contact
Fig. 13. Collapse of the OWT: (a) ca
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force and the total energy dissipated by the ship, and compared to
the numerical results obtained by the deformable bow. The com-
parison shows that the analytical method can give an acceptable
estimation for impact velocities of 1 m/s and 3 m/s. Still, the
analytical method cannot evaluate the collapse of the offshorewind
turbine and the accuracy is relatively low for an impact velocity of
2 m/s.

The scope of this work is limited. The presence of wave forces
will affect the monopile vibrations, which are ignored in the pre-
sented work. Consideration of the hydrodynamic loads on the
monopile foundation during the analysis of ship-wind turbine
collisionwill be addressed in the future. Further, an extension of the
analytical work to floating wind turbines can be considered.
se 19; (b) case 24; (c) case 20.



Fig. 14. Maximum resultant tower-top displacement for different mean wind speeds.

Fig. 15. Comparison of contact force history (Vship ¼ 1 m/s).

Fig. 16. Comparison of internal energy history (Vship ¼ 1 m/s).

Fig. 17. Comparison of the maximum tower-top displacement.

Fig. 18. Comparison of the maximum contact force.

Fig. 19. Comparison of the total energy dissipated by the ship.
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Table 7
Comparison results for an impact velocity of 1 m/s.

Method Maximum tower-top displacement [m] Maximum contact force [MN] Energy dissipated by the ship [MJ]

Numerical 1.92 7.67 1.6
Analytical 2.22 7.3 1.24
Discrepancy 16% 5% 23%

Table 8
Comparison results for an impact velocity of 2 m/s.

Method Maximum tower-top displacement [m] Maximum contact force [MN] Energy dissipated by the ship [MJ]

Numerical 2.92 9.42 7.18
Analytical 3.86 14.6 4.94
Discrepancy 32% 55% 31%

Table 9
Comparison results for an impact velocity of 3 m/s.

Method Maximum tower-top displacement [m] Maximum contact force [MN] Energy dissipated by the ship [MJ]

Numerical 4.65-collapse 20.4 12.2
Analytical 5.49 21.9 11.1
Discrepancy 18% 7% 9%

Table 10
The discrepancies of the maximum tower-top displacement between the two analytical and numerical results for different impact velocities.

Impact velocity [m/s] Discrepancy between Pedersen’s analytical and numerical results [%] Discrepancy between the present analytical and numerical results [%]

1 20 16
2 37 32
3 23 18

Fig. 20. Plastic strain of the impacted transition piece: (a) Vship ¼ 1 m/s, (b) Vship ¼ 2 m/s, (c) Vship ¼ 3 m/s.
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