Performance of large diameter steel tubes from a floating offshore wind
turbine under lateral impact loads

Yongli Ren?, Zhaolong YuP¢, Xugang Hua?, Jergen Amdahl®¢, Zhengging Chen?

@ Key Laboratory for Bridge and Wind Engineering of Hunan Province, College of Civil Engineering, Hunan
University, Changsha, Hunan, China

b Department of Marine Technology, Norwegian University of Science and Technology, Norway

¢ Centre for Autonomous Marine Operations and Systems, Norwegian University of Science and Technology,
Norway

ABSTRACT: Floating offshore wind turbines (FOWTS) are expected to be increasingly installed in the
world to harvest wind power in deep waters. Offshore wind turbines are often located near the coasts close to
the traffic lanes and are exposed to safety threats from collisions by passing and visiting ships. It is therefore of
great importance to investigate the impact mechanics in ship-FOWT collisions and propose practical design
methods to protect from the collision loads. This paper presents a series of experimental and numerical studies
on the performance of steel tubes from a NREL 5 MW spar-type FOWT under lateral impact loads. The exper-
iments are designed and conducted at a scale of 1:30, where a rigid indenter mounted on a pendulum system is
accelerated to collide into the scaled tubes. Global motions of the impacted tubes are accounted for an equivalent
single-degree-of-freedom (SDOF) model for the rigid FOWT motions. Finite element (FE) models were estab-
lished in LS-DYNA software. The effects of impact velocity as a crucial factor on the performance of the tubes
against impact loads were discussed. Existing theoretical solutions for the lateral indentation resistance of the

tubes were compared to the experimental and numerical results.

1 INTRODUCTION

Floating offshore wind turbines (FOWTS) has at-
tracted increasing attention in the world as they are
not restricted by sea water depth compared with bot-
tom fixed offshore wind turbines (OWTs) mounted
on monopiles, tripods and jackets. In analogy to tra-
ditional offshore oil and gas platforms, different float-
ing foundation concepts (floater) have been proposed
in relation to their working performance and eco-
nomic benefits, such as the spar type, semi-submers-
ible type, tension leg type and barge type floaters.
OWTs are often located near the coast close to the
traffic lanes, and exposed to the risk to be collided by
visiting ships for construction, operation and mainte-
nance and passing commercial ships. From the safety
point of view, it is crucial to assess the dynamic re-
sponses and damages of OWTs subjected to ship col-
lisions and to design the structures against such acci-
dent loads (Yu et al. 2022).

Dynamic responses and damage of different
foundation types of OWTs subjected to ship colli-
sions have been extensively studied by nonlinear fi-
nite element analysis (NLFEA), and the effects of im-
pact velocity, ship mass, soil stiffness and wind-wave
loads have been mainly discussed in previous studies.
For example, Moulas et al. (2017) used ABAQUS
software to study the effects of collisions of 4000 ton
class vessels with a monopile OWT and a jacket-type

OWT. Belaetal. (2017) used LS-DYNA solver to in-
vestigate the responses of a monopile OWT to colli-
sions with rigid and deformable ship bows at different
impact speeds. For ship collisions with FOWTSs, the
collision responses and damage of a typical NREL
5MW spar-type FOWT was studied by Echeverry et
al. (2019), Zhang and Hu (2022), and Ren et al.
(2022) using in-house codes or commercial finite el-
ement (FE) softwares, in which the effects of impact
velocity and wind loads can be found in their studies.
Yu et al. (2022) investigated dynamic responses of a
10 MW semi-submersible FOWT mounted on OO-
STAR floater under the collisions from ships of 7500
and 150000 tons in terms of parked and operative
conditions using NLFEA. A detailed review of re-
search related to ship-OWT collisions can be found in
the publication by Ladeira et al. (2022).

Steel circular section tubes are important struc-
tural members that are widely used in OWTs and
other civil and offshore structures because of their ar-
chitectural and mechanical advantages. Extensive
studies of steel tubes under lateral loads have been
previously conducted using experiments, numerical
simulations and analytical methods, and the results
can be found in the literature. A series of experiments
on thin-walled circular tubes under mid-span trans-
verse loading were reported in Refs. (Thomas, 1976)
and the deformation modes were identified for the
tubes with simply supported boundary conditions.



Saeide and Amdahl (1982) studied the deformation
characteristics of both horizontally free and fully axi-
ally constrained tubular members under impact loads
and demonstrated that the membrane force could in-
crease structural energy absorption. Soares and
Sareide (1983) conducted a plastic analysis of a later-
ally loaded circular tube with various boundary con-
ditions and presented a rigid-plastic analytical formu-
lation for ultimate load analysis. Jones and Shen
(1992) investigated the failure mechanism of a fully
clamped pipeline impacted by a rigid wedge-shaped
indenter at different impact positions. Based on their
experiments, a theoretical rigid-plastic method was
developed to predict the response of pipes.
Wierzbicki and Suh (1988) used theoretical analysis
to study axially preloaded circular steel tubes sub-
jected to transverse impact. They found that axial ten-
sion can enhance the bending resistance and lateral
collapse capacity of tubes, while axial compression
significantly reduces the collapse capacity. Yu and
Amdahl (2018) conducted a comprehensive review of
research on offshore tubular structures against ship
collisions, which provides a good understanding of
the impact responses of structures and assessment
procedures.

From the literature review, it is found that exist-
ing research works generally focus on the long slen-
der tubes impacted by a wide indenter. For OWT ap-
plications with large diameter tubes, ship collision
loads become more concentrated, and the cross-sec-
tion deformation mechanisms under such concen-
trated loading are still not clear.

This paper investigated the performance of large
diameter steel tubes scaled from the NREL 5 MW
spar-type FOWT against concentrated lateral impact
loads with a small indenter. An equivalent single-de-
gree-of-freedom (SDOF) model for rigid body mo-
tions of FOWT against collision loads was proposed
to account for the global motions of the impacted steel
tubes. New impact equipment and a steel tube with a
scale of 1:30 were designed to meet the experimental
requirements. The corresponding finite element
modes were established to reproduce the experiments
in LS-DYNA. The experimental and simulation re-
sults are finally discussed with respected to the defor-
mation behaviors of the steel tubes under lateral im-
pact loads and compared with the analytical models.

2 ASDOF MODEL FORRIGID BODY MOTIONS
OF FOWT SUBJECTED TO COLLISION
LOADS

In this study, the well-documented NREL 5 MW spar-
type FOWT (Jonkman, 2010) was selected for ship
collision analysis and its main dimensions are de-
scribed in Table 1.

By neglecting the influence of structural flexibil-
ities, rigid body motions of the NREL 5 MW spar-

type FOWT can simplified as a 2-DOF model as
shown in Figure 1 including the surge motion, g,
and the pitch motion, q,, respectively. This model
are described in a fixed global coordinate system
0X,X,X; with its origin fixed at the center of gravity
(COQG) of the undeformed system. COB in Figure 1 is
the center of buoyancy. According to the results of
Refs. (Zhang Z and Heeg C ,2021; Ren et al., 2022;
Meng et al. 2022), the equation of motion for the 2-
DOF model is given as follows:

(Mr+Mha)X + (G + Caero + Crad + Cvis)X

+(Kbu0y + Kmoor)X = Fc(t) (1)

where M, is the structural mass matrix, M,, is the
hydrodynamic added mass matrix, G is the gyro-
scopic matrix, Cg.., 1S the aerodynamic damping
matrix, C,,q 1S the radiation damping matrix, C,
is the viscous damping matrix, K, 1s the restoring
matrix, K, 1S the linear stiffness matrix of moor-
ing system, and X = [q,9,]T is the two-dimensional
DOF vector. F. is the contact force vector.
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Figure 1. 2-DOF rigid model of spar-type FOWT.
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Figure 2. Equivalent SDOF model with a steel tube.



Table 1 Parameters of the 5 MW FOWT (Jonkman, 2010)

Parameter Value

Tower height, hp 77.6 m

Spar height above taper top, hg, 14 m

Spar taper height, hg, 8m

Spar height below taper bottom, hg; 108 m

Spar draft, hg 130 m
Diameter of spar above taper, D, 6.5m
Diameter of spar below taper, D 9.4 m
FOWT’s COG below SWL, kg 78 m
FOWT’s COB below SWL, hg 62 m
FOWT’s mass, M, 8.066x10°kg
FOWT’s inertia in pitch, M, 1.895%x10'% kg-m?
Height from spar bottom to SWL 120 m

The experiment aims to investigate the local defor-
mation of the spar-type FOWT considering the mo-
tions of this wind turbine at the impacted region re-
ferring to Figure 2 (a). In order to fulfill that, the 2-
DOF rigid body motion model shrinks into a SDOF
with an equivalent mass, damping and stiffness as
shown in Figure 2 (b) and (c). The detailed derivation
process of the SDOF model can be found in the recent
work by the authors (Ren et al. 2023). The equivalent
mass and stiffness in this study are 4.74x10° kg and
35032 N/m, respectively. The damping is equal to
5~10% of critical damping that can be calculated by
using the mass and stiffness of the SDOF model.

3 EXPERIMENTAL SETUP
3.1 Experimental equipment and test instruments

To examine the deformation behaviors of large diam-
eter steel tubes from a spar-type FOWT subjected to
lateral impact loads, new experimental equipment
was designed as shown in Figure 3. Test specimens
of the scaled steel tubes with welded flanges (240 mm
x240 mmx6 mm) at the two ends were connected to

end plates by bolts such that they could slide along
the guide rails during and after impact. The mass and
the boundary spring stiffnesses can be adjusted ac-
cording to the SDOF model. The damping in the ex-
perimental SDOF system originates from the friction
between the sliders and the guide rails. The mass and
the maximum velocity of the single pendulum were
101 kg and 3m/s, respectively. The single pendulum
was released by air cylinder 1 to obtain the kinetic en-
ergy and then pulled back by air cylinder 2 after first
collision with the steel tubes to avoid second colli-
sion. Both diameter and length of the indenter
mounted on the single pendulum were 50 mm. Table
2 shows the parameters of end plates and guide rails.

Figure 3. Physical test equipment and instruments.

An accelerometer was mounted on a slider to
measure acceleration of the sliding component, as
shown in Figure 3 (a), and another accelerometer was
mounted on the pendulum to measure its acceleration,
as shown in Figure 3 (c). A piezoelectric force trans-
ducer (load cell) to measure the impact force was in-
stalled between the indenter and the pendulum, as
shown in Figure 3 (c). To monitor the strain, eight
strain gauges were attached onto the outer surface of
steel tube, as shown in Figure 3 (a) and (b). A high-
speed video camera was used to measure motions of
the sliding component and the single pendulum at a
speed of 1600 frames per second.

Table 2. Parameters of end plates and guide rails

Parameter Value
End plate length 1220 mm
End plate width 240 mm
End plate thickness 20 mm
Guide rail length 1000 mm
Guide rail diameter 50 mm




Table 3. Values of prototype and model.

Parameter Value

Prototype Model
SDOF model Mass, M., 4.735x10°kg  175.37 kg (182.55 kg)
Spring stiffness, K4 35032 N/m 1167 N/m (1960 N/m)
Tube length 18 m 600 mm
Tube diameter 6.5m 210 mm (200 mm)
Tube thickness 40 mm 1.33 mm (1.2 mm)

Note: The values in brackets were used in the experiments.

3.2 Experiment design and manufacture

Considering the experimental conditions and proto-
type dimensions, a geometric scale of 4 = 1:30 was
adopted in the present work. As a preliminary study,
a steel tube with a diameter of 6.5 m, length of 18 m
and thickness of 40 mm was scaled to conduct impact
tests, and the impact point is 4 m below the SWL,
namely, r =74 m. The FOWT’s mass and stiffnesses
were first converted to the SDOF model mass and
stiffness to then scale. The detailed values of proto-
type and model can be found in Table 3.

The steel tubes in the experiment were made of
Q345 steel (the yield stress is 345 MPa), which were
manufactured by cold rolling of steel plates and weld-
ing. The impact scenarios in the experiments were
summarized in Table 4.

3.3 Material properties

In order to obtain the strain-stress curves of the test
tubes, three groups of flat dog-bone specimens were
prepared according to the test method of specified in
GB/T 228.1-2010 for uniaxial tensile tests. The mate-
rial used were cut from the same parent steel plate as
for the tube specimens. Figure 4 shows the resulting
stress-strain relationships from the uniaxial tensile
tests in terms of different thickness (1.2 mm ,1.5 mm
and 2.0 mm).
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Figure 4. Engineering stress-strain curve of Q345 steel.
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Table 4. Steel tube specimen design.

Cases Total mass Steel tube’s Added mass Impact Diameter Wall thickness
(kg) mass (kg) (kg) velocity (m/s) (mm) (mm)
CS01 182.55 3.48 179.07 0.89 200 1.2
CS02 182.55 3.48 179.07 1.29 200 1.2
CS03 182.55 3.48 179.07 1.85 200 1.2
CS04 182.55 3.48 179.07 2.35 200 1.2
CS05 182.55 3.48 179.07 2.79 200 1.2

4 NUMERICAL MODELLING
4.1 Steel tubes, flanges and end plates

Nonlinear finite element code LS-DYNA was used to
reproduce the experiments and the FE models in con-
nection with the experimental cases were established,
as shown in Figure 5 (a) and (b). 4-node Belytschko-
Tsay shell elements with reduced integration were
used for the steel tubes in the numerical models
(LSTC, 2018), The mesh size of the steel tubes was 2
mm, as shown in Figure 5 (c). The two end plates and
the flanges were simulated by the same element type
as the steel tubes. 16 mass elements were attached on
the nodes of the end plates, corresponding to the mass
blocks in the experiment, as shown in Figure 5 (b).

4.2 Indenter and pendulum

The indenter and pendulum were simulated by 8-node
solid elements, and the connecting bolts between

them were simulated by beam elements which shared
common nodes with surrounding solid elements. The
mesh size of contact surface of the indenter was 2
mm, as shown in Figure 5 (d).

4.3 Boundary conditions

8 spring and damper elements were used to simulate
the stiffness and damping. One end of these spring
and damper elements shared common nodes with the
end plates, while the other end was fully constrained.
The stiffnesses were equal to the experimental stiff-
nesses. The total damping was equal to 45.3 N s/m,
which can be obtained from experimental-free-vibra-
tion attenuation curve plotted in Figure 6. The four
short edges of the two end plates were fully con-
strained in the direction of Y and Z but could move
freely in the X direction.



4.4  Material modelling

The piecewise linear plasticity model (MAT_PIECE-
WISE_LINEAR_PLASTICITY) was used to simu-
late the mechanical behaviors of Q345 steel in which
the effective stress—strain curves was obtained from
the true stress-strain curve transformed from the ex-
perimentally measured engineering stress-strain data.
Mild steel is known to be a strain-rate-sensitive mate-
rial, so that the Cowper-Symonds constitutive was
adopted to consider the strain rate effect (LSTC,
2018):

=1+ Bk )
where ag; and o, are the true dynamic yield stress
and static stress, respectively.

In this work, two different FE models for the
tubes were established for considering the strain rate
effects: (1) FE model without strain rate and (2) FE
model with strain rate of C=4000 and p=5 (Storheim
and Amdahl, 2016). The end plates, flanges, indenter
and pendulum were made of Q235 steel with a yield
stress of 235 MPa. The density, Young’s modulus and
Poisson’s ratio of the two steels are 7850 kg/m?, 2.06
x10™ Pa and 0.3, respectively.
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Figure 5. Finite element models of steel tube and pendulum.

4.5 Comparison of global motions with experiment

It can be seen from Figure 6 that the free attenuation
responses of FE Modelling and test model are in good
agreement in general, although there are some differ-
ences between the vibration amplitudes due to non-
linear damping in the experiment. The measured
model period is 1.9 s which is smaller than the period
of 2.438 s scaled from the prototype of the SDOF
model with a period of 73.14 s. This is because a
greater stiffness was adopted in the test. However,
these deviations from damping and stiffness have no
influence on the tube local damages, as the forces

from damping and stiffness have little contribution on

the resistance in a very short impact duration.
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Figure 6. Free decay test of SDOF model

5 RESULTS AND DISCUSSIONS
5.1 Analysis of experiment and simulation

Figure 7 shows plots of the typical impact force-time
history and impact force-deformation curves from the
experiment (EXP) and finite element method (FEM)
with various impact energies in the cases of CS01~05
in Table 4. Numerical simulation curves with and
without the strain rate effects are presented. The ex-
perimental and numerical curves show generally rea-
sonable agreement in the initial stage but tend to de-
viate after some time, and the experiments yielded
smaller peak forces than the numerical results. Figure
7 (b) shows that the slopes of the force-deformation
curves in the tests agreed with the numerical results
without strain rate at low impact energy, but not well
at high impact energy. However, when the strain rate
effects with C=4000 and p=5 were considered, the
differences in the slopes decreased at high impact en-
ergy. The results in Figure 8 showed that the impact
force-deformation curves could be divided into three
phases which reveal the deformable process of the
tubes: (I) initial collapse, where local dents that re-
semble the shape of the indenter formed on the tubes,
and the slopes of force-deformation curves in the tests
were steep and agreed well with the numerical mod-
elling results. (II) damage extension stage, in which
the damage on the tubes continuously extended in the
longitudinal and circumferential directions, and the
slopes between the tests and numerical models dis-
played some evident discrepancies if the strain rate
effects were ignored. (III) unloading, where some
elastic recoveries of deformations occurred on the
tubes prior to completely separate with the indenter.
Figure 9 (a) shows the tube damage for the cor-
responding cases of CS01~05. Results show that the
tube deformation modes were governed by local in-
dentation of the tube cross sections. With low impact
velocities, the tube damage resembled the shape of



the indenter with small damage extension along the
circumferential and longitudinal directions. As the
impact energy increased, the effects of the indenter
shape on the tube damage decreased, and the circum-
ferential and longitudinal damage extension domi-
nated and produced damage in the shape of a dia-
mond. The corresponding numerical simulations are
shown in Figure 9 (b) and (c), and they indicate that
the simulation results without strain rate and with
strain rate of C=4000 and p=>5 are similar in local de-
formation modes. When compared with experiments,
the sizes of dents in the numerical models without
strain rate were similar to the test results at low im-
pact energies. However, for high impact energies, the
sizes of dents in the models considering strain rate ef-
fects were more consistent with the test outcomes.
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ment, (b) FEM (without strain rate), (c) FEM (C=4000 and p=5).

The cross and longitudinal sections of the tubes
(CSOland CS05) after impacts are shown in Figure
10. Interestingly, top segments of the damaged tubes
from the experiments were almost flat. Numerical



simulation results, however, showed slightly higher
shoulders at the two corners of the deformed tube
cross sections than at the middle of the tubes. The dif-
ferences were very small, though. The longitudinal
deflections in the numerical models extended to the
tube ends even when the strain rate effects were con-
sidered. However, in the experiments, no visible de-
flections were observed near the tube ends.

5.2 Comparison with conventional theoretical
models

Theoretical models are useful tools for quick and re-
liable assessments of structural responses under acci-
dental loads and are also widely used in design rules
and standards (e.g., DNV RP C204). A few analytical
models are available in the literature for the indenta-
tion resistance of slender tubes subjected to the im-
pact by wide indenters.

Amdahl (1980) proposed a local denting model
based on a plastic yield line analysis, and the model
related the denting resistance to local indentation.
This model used a flat indenter and considered the
contact width effect. The model is adopted in
NORSOK N-004 (2004), and the form of the denting
resistance is as follows:

B 3
p=@e2) (B0 ®
where B is the contact width of the indenter, D is the
tube diameter, wq is the dent depth, N is the axial load,
and N, is the plastic yield resistance. The last term
was borrowed from Wierzbicki and Suh (1988) to ac-
count for the effect of axial functional loads in the leg.

R. is a characteristic resistance of the tube and is de-
fined as:

R, = o—yéﬁ (4)

Wierzbicki and Suh (1988) first derived a closed
form solution for the indentation resistance of tubes
under combined loading in the form of lateral inden-
tation, bending moment and axial force. The problem
was decoupled into the bending and stretching of a
series of unconnected rings and generators. The in-
dentation resistance is given as:

R=16 /%’%%ioyz}tz\/[l -2(1- %)3] (5)

Figure 11 shows the comparison of indentation
resistances in terms of experiments, numerical simu-
lations and theoretical models. It is found that the the-
oretical models predict much larger resistance (al-
most doubled) than the experimental and numerical
results, which is very unconservative. The reason is
that the analytical models based on the investigation
of tubes impacted by an indenter whose width is
larger than the tube diameter. Therefore, the large
contact loading rather than the concentrated in

previous experiments, which leads to different cross
section deformation patterns and thereby resistances.
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6 CONCLUSIONS

This paper investigates the deformation behaviors of
large diameter steel tubes from a FOWT under con-
centrated lateral impact loads using experiments and
numerical simulations. Results show that deformation
of large diameter tubes could generally be divided in
three phases: (I) initial collapse, (II) damage exten-
sion stage and (III) elastic unloading with defor-
mation recovery. The deformation modes of large di-
ameter tubes were governed by the local indentations
of tube cross sections. The dented shapes progres-
sively developed to resemble a diamond with increas-
ing impact energy. Numerical simulations with strain
rate effects reasonably reproduced the force-defor-
mation curves from experiments. By neglecting strain
rate effects, the simulation results became conserva-
tive. Existing models for indentation resistance over-
estimated the bearing capacity of large diameter
tubes. This indicated needs for new analytical models
for indentation resistance of large diameter tubes.
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