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ABSTRACT: The consequences of collision events can range from minor structural damages of the
supporting structure to complete collapse of the wind turbine, which may lead to disruptions of the elec-
tricity production and, at worst, to sinking of the striking ship with probability of loss of human lives or/
and pollution. For all these reasons, a collision risk analysis becomes mandatory at the pre-design stage
in order to identify the collision scenarios having the greatest probabilities of occurrence, to estimate the
consequences of collision events and to ensure safe operations through the wind farm service life. The
goal of this paper is to outline the behavior of the monopile foundations during ship collision by per-
forming non-linear finite element simulations. Many collision scenarios are analyzed in order to study the
sensitivity of the monopile to various parameters like impact striking ship velocity, nacelle mass, wind
direction, soil stiffness, vertical location of the impact point, wind orientation ... The internal energy dis-
sipated by deformation of the monopile, the crushing force and the indentation of the crushed area are
compared for different situations, as well as the overall displacements of the supporting structure.

I INTRODUCTION As the offshore wind industry is expanding, the

. g offshore wind farms will cover larger areas and will
L1 Offshore wind turbines be located closer to the traffic lanes for commer-
The wind energy sector is in full process of devel-  cial and passengers ships. As a consequence of this
opment and in a near future, many offshore wind  growth, the probability of ship collision events will
farms will be built in the coastal area. increase. The consequences of collision events can
Offshore wind farms can be built in shallow  range from minor structural damage to pollution
water, but also in deeper water. Depending on the  and loss of human lives if the ship is sinking.
water depth, several support structures are avail- When a vessel impact an offshore wind turbine,
able like gravity based structures, monopiles, jack-  there is first a local crushing of the impacted cyl-
ets, tripods and floating structures. This research  inder that occurs in a small area surrounding the
focuses on the monopile structural support impact point. This phenomenon has been investi-
system. gated by Wierzbicki & Suh (1988), Soares (1983),
The monopile structure is the most com-  Amdahl (1982) or Ellinas (1984) amongst others.
mon support system for Offshore Wind Turbines  These authors derived analytical simplified formu-
(OWT) because of its simplicity in fabrication and  lae to evaluate the crushing force of an impacted
installation. Nevertheless, it has the disadvantage  cylinder. The quasi-static calculations were per-
of being too flexible in deep waters (DNV-OS-J101  formed by using the energy theorems and were
2013). The possibility of deflection and vibration  limited to the case of a point load. These devel-
occurrence reduces the use of this foundation type ~ opments were recently extended by Buldgen et al.

to sites with maximum 25 meters water depth. (2014) to account for the influence of the shape of
The monopile structure is composed of cylindri-  the striking bow.
cal steel tubes that are hammered into the seabed However, when an offshore wind turbine is

using hydraulic equipment. The connection with  impacted, there is not only a local crushing, but
the tower is ensured through a transition piece  an overall motion of the structure is also expected.
which is also equipped with a mooring system for ~ Unfortunately, this topic is quite poorly reported
service vessels, a work platform and a ladder to  in the literature. A study available on this subject
access to the wind turbine. is due to Pedersen (2013), who used an analytical
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approach to study the external dynamics of ship
collisions against offshore structures.

Of course, these two behaviors do not necessar-
ily occur sequentially but are in fact concomitant.
This was studied by Amdahl & Eberg (1993) for an
offshore jacket. They pointed out that the cross-
section reduction due to the localized crushing
may have a large influence on the overall bending
capacity of the structure. Neglecting this observa-
tion could therefore lead to a drastic overestima-
tion of the collision resistance.

Apart from these analytical developments, some
numerical studies are also available in the literature,
but very few deal with monopiles. For example,
Biehl & Lehmann (2006) investigated the behavior
of three support structures in collision scenarios.
They analyzed the monopile, tripod and jacket
foundation types by performing finite element anal-
yses with the LS-DYNA software. More recently,
Buldgen et al. (2014) investigated the ship impact on
a jacket leg or brace by developing analytical formu-
lations to calculate the crushing force as a function
of penetration for a cylindrical element clamped at
the extremities. These developments were validated
by comparisons with numerical results that were
also obtained with LS-DYNA.

2 DAMAGE ANALYSIS

The purpose of this research is to understand the
collision mechanism, but also to see the influence
on the behaviour of the collided structure of vari-
ous parameters such as impact velocity, nacelle
mass, wind, soil stiffness ...

To achieve this goal, a series of non-linear finite
element simulations have been performed by using
the software LS-DYNA. The finite element model
contained both the structure of the wind turbine
and the striking ship which is an Offshore Sup-
ply Vessel (OSV). Different configurations for the
structure have been modelled in order to highlight
the modifications in behavior induced by changing
the boundary conditions or the loads. The numerical
simulations performed are displacements controlled.
In order to have a shorter computation time for the
FEM simulations, the striking ship has not been
modelled entirely. Indeed, as this research focuses on
identifying the negative effects caused to the OWT
structure in case of collision, the striking ship has
been considered a rigid body (Le Sourne et al. 2014),
which is a conservative assumption. However, in
reality, the striking ship will also suffer some defor-
mations as a result of the impact and the percent-
age of energy dissipated is shared between the OWT
and the striking ship. The particularities of the finite
element model of the wind turbine and also of the
striking ship are presented in Table 1 and Table 2.

Table 1. FEM model particularities—OWT.

Unit
Characteristic m Tones
Top diameter 4 -
Bottom diameter 5 -
Height 115 -
Wall thickness 0.06 -
Water depth 25 -
Nacelle mass - 350
Table 2. FEM model particularities—OSV
ship.

Unit
Characteristic m Tones
Type Bulbous Bow
Length 102.4 -
Breadth 23.23 -
Depth 25.89 -
Draft 4.12 -
Displacement - 5000
Water (added mass) - 250

During a collision event, when a certain value of
the tensile stress is reached, the structural element
will fail. For the finite element model, failure was
taken into account by using an erosive law. The
thresholds failure strain is calculated according to
Lehmann & Peschmann (2002):

& =6t et (M)
l,

where ¢ = failure strain, & = uniform strain,
&, = necking strain, 7 = wall thickness, /, = element
size.

2.1 Influence of the impact velocity

An important parameter for a collision event is
the impact velocity and therefore, a series of head
on collisions were analyzed. In the computation,
three different initial velocities of the striking ship
are considered: 2 m/s, 3.5 m/s and 5 m/s. Many off-
shore guidelines specify that the impact velocity
for a standard collision scenario corresponding to
supply vessels is 2 m/s (Pedersen 2013). The impact
velocity will decrease during collision due to reac-
tion force between the ship and the OWT and at
each time step a new value of the impact velocity
will be calculated by LS-DYNA.
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In order to study the influence of the striking
ship velocity on the behavior of the structure dur-
ing collision, a series of FEM simulations are per-
formed in which only the weight of the offshore
wind turbine structure is taken into account, with-
out the mass of the nacelle and rotor blades or any
other loads. Regarding the boundary conditions,
the soil stiffness is assumed to be infinite, so the
lower part of the monopile is clamped.

At the beginning of the collision event, local
crushing occurs in the impacted area. Once a cer-
tain value of the local indentation is reached, an
overall bending of the structure also develops. The
deformed shape of the structure during collision
for the maximum values of the top displacements
is shown in Figure 1.

The amount of energy dissipated through defor-
mations occurred during collision is presented in
Figure 2. The striking ship collides the wind turbine

v=2m/s v=3.5m/s v=5m/s
Figure 1.
collision.

Deformed shape of the structure due to

LS-DYNA user input

-A_2m/s
B 35m/s
c Sm/s

Y
>

A
4

Internal energy (kJ) (E+3)

Time (s)

Figure 2. Internal energy for different impact velocities.
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1 s after the beginning of the simulation, because
the gravity load is first imposed from 0 to 0.5 s. In
the case of an impact velocity of 2 m/s, when the
collision occurs, the internal energy starts increasing
and the maximum value is reached when the maxi-
mum deformations of the structure occurs. Looking
at the internal energy associated with a 5 m/s initial
velocity, it can be seen that the structure will con-
tinue to deform until collapse, even after the contact
between the ship and the structure is lost (Fig. 5).
The deformations occurred after the collision force
has decreased to 0 are due to the fact that the struc-
ture is pulled down by its own weight.

The cross section of the OWT structure is
deformed during collision and the deformed shape
is shown in Figure 3. It can be seen that for an
impact velocity of 2 m/s, the deformations are
not significant compared to the case of an impact
velocity of 5 m/s, for which the value of the local
denting reaches 1.7 m (Fig. 4). The reduction of the
cross section of the OWT tower directly influences
the overall bending capacity of the structure, as
Amdahl & Eberg (1993) already showed.

The crushing force time evolution is also influ-
enced by the mass and the velocity of the striking
ship. For an impact velocity of 2 m/s only one con-
tact occurs during collision in which all the kinetic
energy is consumed, as depicted in Figure 5. For
velocities of 3.5 m/s and 5 m/s, three and two con-
tacts respectively occur due to the dynamic nature
of the impact force which causes an overall motion
of the structure. When the collision starts, the
crushing force increases until the structure starts
moving faster than the striking ship and a loss of

v=2m/s v=3.5m/s v=5m/s
Figure 3. Crushed area indentation.
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Figure 4. Crushed area indentation for different impact
velocities.
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Figure 6. Crushing force and crushed area indentation
for an impact velocity of 2 m/s.
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Figure 7. Top tower displacements for different impact
velocities.

contact between the ship and the structure occurs.
Therefore, multiple contacts occur until the all the
kinetic energy is consumed.

The influence of the crushing force on the local
denting in the crushed area is shown in Figure 6. In
this graph it can be seen that when the value of the
crushing force increases, the value of the local dent-
ing increases also. When the value of the crushing
force decreases, an elastic relaxation occurs in the
crushed area.

During collision, the top of the wind turbine
experiences large displacements due to the overall
deformation of the structure. For an impact velocity
of 2 m/s, the maximum top displacements are less
than 5 m, while for an impact velocity of 3.5 m/s,
the value of the top displacements reaches 10 m
(Fig. 7). For a velocity of 5 m/s, the top displace-
ments exceed 20 m and the structure collapses.
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2.2 Influence of the wall thickness

Besides the influence of the impact velocity on the
behavior of the structure, the influence of the wall
thickness is also investigated. Three cases are ana-
lyzed with different values of the wall thickness:
0.05 m, 0.06 m and 0.07 m. The velocity of the
striking ship is considered 2 m/s and the soil stiff-
ness is assumed to be infinite.

The internal energy occurred due to deforma-
tions of the structure is depicted in Figure 8. This
graph shows that the maximum value of the inter-
nal energy is not significantly different, but after
the elastic relaxation of the structure, some diver-
gences can be observed.

The structure with a wall thickness of 0.07 m is,
as expected, more rigid compared to the one with
0.05 m and the deformations are smaller (Fig. 9).

The rigidity of the structure has obviously a
large effect on the top displacements as shown in
Figure 10.
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Figure 8. Internal energy for three different values of
the wall thickness: 0.05 m, 0.06 m and 0.07 m.
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Figure 9. Crushed area indentation for three different
values of the wall thickness: 0.05 m, 0.06 m and 0.07 m.

LS-DYNA user input

Top displacements (m)

4
Time (s)

Figure 10. Top displacements for three different values
of the wall thickness: 0.05 m, 0.06 m and 0.07 m.



2.3 Influence of the gravity loads

Besides the mass of the supporting structure of the
OWT, another important parameter is the mass of
the nacelle and rotor blades. The influence of the
gravity loads and the mass inertia is studied for an
impact velocity of 2 m/s and infinite soil stiffness.
For this comparison, three cases were analyzed:

— No gravity: in the FEM analysis the gravity force
is not included;

— Gravity: in the simulations the gravity force was
taken into account;

— Added mass: in this case, besides the gravity
force it was also taken into account the inertia
effect of the mass of the nacelle and rotor blades
(350 t).

Figure 11 shows that the internal energy maxi-
mum values do not differ significantly when com-
paring the three different cases, while the inertia
effect associated with nacelle and blades masses
are visible through the elastic response of the
monopile.

Accounting for the wind turbine inertia effect
leads also to a different time evolution of the
crushing force. As depicted in Figure 12, two suc-
cessive impacts occur for the two first cases, while
only one impact occurs when accounting for iner-
tia effects.

As shown in Figure 13, the crushed area inden-
tation for the case with no gravity and the one with
the gravity included are quite similar. When the
mass of the nacelle and rotor blades is included, it
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Figure 11. Internal energy for different load cases.
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Figure 12. Crushing force for different load cases.
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Figure 14. Top displacements for different load cases.

appears that a higher indentation occurs because
in addition to the horizontal impact force, a ver-
tical force, which corresponds to the nacelle (and
rotor) weight, is acting on the structure.

The mass inertia also directly influences the
structure top displacements. In Figure 14 is shown
that for the ‘Added mass’ case, the top displace-
ment occurs later because of the mass inertia and
the structure oscillates around its equilibrium
position.

2.4 Influence of the wind

Another important parameter for a collision anal-
ysis is the wind force and also the wind direction
comparing to the striking ship direction.

For evaluating the influence of the wind on the
behavior of the structure during collision, three
cases are analyzed:

— Added mass (explained previously);

— Wind force (+): the impact and wind forces have
the same direction;

— Wind force (—): the impact and wind forces have
opposite directions.

A 2 m/s impact velocity is considered and the
soil stiffness is assumed to be infinite.

Figure 15 shows that the internal energy for the
case “Wind force (+)’ is much higher comparing to
the ‘Added mass’ case, because the load applied by
the wind on the wind turbine rotor increases the
deformations. The maximum value of the internal
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Figure 15. Internal energy for different wind directions.
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Figure 16. Crushing force for different wind directions.

energy for the case in which the wind and impact
forces have opposite directions is lower than for the
case ‘Wind force (+).

The wind direction also influences the time evo-
lution of the crushing forces: two impacts occur for
the ‘Wind force (+) case and only one for ‘Added
mass’ and ‘Wind force (-)’ cases (Fig. 16).

Regarding the crushed area indentation
depicted in Figure 17, it is shown that the maxi-
mum indentation corresponds to the “Wind force
(=)’ case, while the minimum value for the indenta-
tion corresponds to the “Wind force (+)’ one. This
is due to wind direction comparing to the impact
force one. For the case in which the wind force
acts in the opposite direction as the impact force,
the structure behaves like a clamped—simply sup-
ported beam subjected to a perpendicular concen-
trated force.

Consequently the top displacements of the
tower are directly influenced by the wind force and
also by the wind direction. Figure 18 shows that
for the ‘Added mass’ case the structure oscillates
around an equilibrium position that is very similar
with the initial position of the structure, while for
the “Wind force (+)" and ‘Wind force (=)’ the top
displacements are positive, respectively negative
with respect to the impact force direction.

2.5 Influence of the vertical position of the impact
point (low tidelhigh tide)

Depending on the water depth and on the charac-
teristics of the striking ship, the impact location
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Figure 17. Crushed area indentation for different wind
directions.
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can be different. A sensibility analysis of the impact
point location was performed for three different
water depths: 15 m, 20 m and 25 m. The impact
velocity is always equal to 2 m/s, the wind force has
the same direction as the impact force and the soil
stiffness is assumed to be infinite.

The values of the internal energy and of the
crushed area indentation are similar for all the ana-
lyzed cases (Figs. 19 and 21).

Regarding the crushing force, for 15 and 20 m
water depth only one contact occurs between the
ship and the OWT, while two contacts occur for
25 m water depth. This is due to the increased lever
arm from the base of the structure to the impact
point (Fig. 20).

During collision, the structure suffers plas-
tic deformations and a new equilibrium position
will be found. In Figure 22, it is shown that for 15
and 20 m water depth, the new equilibrium posi-
tion corresponding to the deformed shape is closer
to the initial position than for the case with 25 m
water depth.

2.6 Influence of the soil stiffness

In all above analyzed cases, the soil stiffness was
assumed to be infinite, but in reality the soil will
undergo some deformations. For this reason, a sen-
sibility analysis is performed in order to investigate
the influence of the soil stiffness on the behavior
of the structure.
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Figure 19. Internal energy for different water depths.
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Figure 22. Top displacements for different water depths.

Two cases are analyzed:

— Wind force (+): the soil stiffness is assumed to be
infinite;

— Wind force (+) SSI: in this case, the soil has a
finite rigidity.
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In the FEM model, the soil stiffness is modeled
by using three translational and three rotational
spring elements that corresponds to the central
node of the bottom cross section. The central node
is rigidly connected to the bottom edge of the
monopile in order to transmit the loads to the soil
(Fig. 23).

For the case in which the soil stiffness is con-
sidered to be infinite, when the collision occurs,
the structure starts deforming in the crushed area
and also at the bottom of the monopile, near the
mudline. However, for the case in which spring ele-
ments model the soil rigidity, the bottom of the
monopile rotates due to the elasticity of the soil.
For a 2 m/s impact velocity, no deformation occurs
at the bottom of the monopile (Fig. 24).

For this reason, the deformations of the struc-
ture occurred in the case with infinite soil stiffness
are higher than in the case with an elastic soil and
as a consequence, the value of the internal energy
is also higher (Fig. 25).

When the impact occurs, the structure starts
deforming and for the case in which the soil stiff-
ness is infinite, a loss of contact between the
striking ship and the OWT occurs due to the
overall motion of the structure which tends to be
move faster than the striking ship until a second

Figure 23. Soil-structure interaction: spring elements.

Wind force (+)

Wind force (+) SSI

Figure 24. Plastic strain at the bottom of the monopile.



LS-DYNA user input

| A Wind force (+)

o

P : ‘

=14 i \'-A#/ B Wind force (+) SSI
sS12

=10

- 8 s

£°¢ / ! .

= 4

g 2

T

L T e B

= Time (s)

Figure 25. Internal energy for different boundary
conditions.

LS-DYNA user input

| _a Wind force (+)
B Wind force (+) SSI

...

<

I
=

Crushing force (kN) (E+3)
S N s (- @

=

Time (s)

Figure 26. Crushing force for different boundary
conditions.

LS-DYNA user input
M [
0.6 b _

0.4 il W

e

J
0.2 1

| o Wind force ()
B Wind force (+) SSI

Crushed area indentation (m)
&
-

.4
Time (s)

Figure 27. Crushed area indentation for different
boundary conditions.

LS-DYNA user input
| '_a_Wind force (+)
» B Wind force (+) SSI

D \A_A/

S = N W s U

Top displacements (m)

)
(5]

Tilﬁe (s)

Figure 28.
conditions.

Top displacements for different boundary

impact occurs. Figure 26 shows that for an elas-
tic soil, a loss of contact is also observed, but the
second impact takes place earlier than in the previ-
ous case. The crushing force corresponding to the
second impact is higher compared to the crushing
force of the first impact.

By comparing the crushed area indentation for
both studied cases, in Figure 27 is depicted that the
maximum value of the crushed area indentation is
higher for the case with infinite soil stiffness.

Due the elasticity of the soil, after collision the
structure tends to go back to its initial position, but
because of the deformations occurred during colli-
sion, the structure oscillates around the new equi-
librium position corresponding to the deformed
shape of the structure. Figure 28 shows that for
infinite soil stiffness the permanent deformations
of the structure are higher than for an elastic soil,
and the deformed shape of the structure is much
different in this case.

3 CONCLUSIONS

In this paper, a sensitivity analysis has been per-
formed for a series of parameters like impact veloc-
ity, gravity loads, wind direction, soil stiffness ...

Table 3. Overview of the influence of different
parameters.
Parameter  Influence on the behavior of the structure
Impact The most influential parameter, whose
velocity slight variation leads to significant
changes in the behavior of the structure
ranging from minor damage to collapse
Wall The flexibility of the structure is directly
thickness influenced by the wall thickness. The
greater the wall thickness the lower the
permanent plastic strains of the structure
Gravity This parameter influences the amount of
loads deformation in the crushed part of the
tower and the displacement at the top,
as well as its collapse behavior
Wind The presence of the wind load in the same
direction as the impact force amplifies
the displacements at the top of the
tower, but in the crushed area the
deformations are smaller compared
to the case in which the wind force is
opposite to the impact force
Impact The variation of the impact point position
point for various tide conditions and ship

height is less significant with respect to
the height of the structure; therefore,
the response of the structure is similar,
excepting the case in which the water
depth is 25 m where a second impact
occurs corroborating with the tower top
displacements results
Soil When considering SSI less energy is

stiffness dissipated through plastic deformations
and therefore, the internal energy is
lower and more energy is returned to the
system by means of oscillations




A series of numerical simulations were conducted
using the FE software LS-DYNA and the results
obtained have been compared in order to deter-
mine which parameters influence the behavior of
the structure during collision.

An overview of the influence of different param-
eters on the behavior of the structure is presented
in Table 3.

This paper presents the work performed dur-
ing the first step of the damage analysis for ship-
monopile collision events. The results obtained
by performing numerical simulations will serve as
a basis for future analytical developments aiming
to quickly estimate both the crushing resistance
of the monopile and the external dynamics of the
wind turbine.
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