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ABSTRACT: This paper intends to introduce the applicability of HydroQus to a problem of a tanker collision against a semi-submersible type
floating offshore wind turbine (FOWT). HydroQus is a plug-in based on potential flow theory that generates interactive hydroforces in a
commercial Finite element analysis (FEA) code Abaqus/Explicit. Frequency response analyses were conducted for a 10MW capacity FOWT to
obtain hydrostatic and hydrodynamic constants. The tanker was modeled with rigid elements, while elastic-plastic elements were used for the
FOWT. Mooring chains were modeled to implement station keeping ability of the FOWT. Two types of fracture models were considered:
constant failure strain model and combined failure strain model HC-LN model composed of Hosford-Coulomb (HC) model & localized necking
(LN) model. The damage extents were evaluated by hydroforces and failure strain models. The largest equivalent plastic strain observed in the
cases where both restoring force and radiation force were considered. Stress triaxiality and damage indicator analysis showed that the
application of HC-LN model was suitable. It could be stated that applications of suitable failure strain model and hydrodynamics into the

collision simulations were of importance.

1. Introduction

Along with the continuous upsizing of offshore wind turbine (OWT)
units to reduce the cost of power generation, commercial farms are
also becoming larger. As commercial farms become larger, ships must
be allowed to pass through them, increasing the likelihood of
collisions with OWTs. A cargo ship collided with an OWT at a 330
2023).
Furthermore, collisions can lead to significant damage to floating
OWTs (FOWTs), such as structural damage and loss of stability due to
flooding, while ships can cause economic and environmental losses

MW commercial wind farm in Germany (Jasmina,

such as cargo loss and oil spills, as well as loss of life. To prepare for
this, the Det Norske Veritas (DNV) offshore standard (DNV, 2013)
provides design guidance for accidental ship collisions.

Dai et al. (2013) studied the collision of a fixed wind turbine with a
monopile substructure and a 230-ton vessel and provided suggestions
for collision risk reduction. Moulas et al. (2017) studied the collision
of an OWT with a 4,000-ton ship on monopile and jacket
substructures. They considered different ship speeds and collision

angles, but environmental loads such as wind and wave loads were not

considered. Bela et al. (2017) performed a collision analysis between a
5,000-ton vessel and an OWT with a monopile substructure. The
effects of ship speed, wind load, and soil stiffness on the collision
were analyzed, but hydrodynamic forces acting on the ship were not
considered.

Echeverry et al. (2019) performed a collision analysis of a spar-type
FOWT and Marquez et al. (2022) studied the collision of a reinforced
concrete barge-type FOWT with a 3,000-ton ship. Both studies used
MCOL to consider hydrodynamic forces, but did not consider wave
and wind loads. Zhang and Hu (2022) studied the collision of a
spar-type FOWT with a 4,000-ton ship. User subroutines were used in
LS-DYNA (LSTC, 2023) to

hydrodynamics. The drag force on the rotor area was calculated and the

implement aerodynamics and
wind thrust load was applied as a point load to the center of the rotor.
Since it was difficult to accurately model the initial mooring layout,
instead of directly modeling the mooring lines, the linearized restoring
matrix proposed by Jonkman (2007) was applied.

This study aims to address the collision of a 10 MW semi-
submersible FOWT with a 5,000 ton ship using Abaqus/Explicit
(Simulia, 2021). In order to generate fluid forces in Abaqus, either
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arbitrary Lagrangina Eulerian (ALE) or coupled Eulerian Lagrangian
(CEL) must be utilized. However, the adoption of ALE or CEL
requires too long computational time, so in this study, HydroQus
developed by Han (2022) and Yoon et al. (2023) is used to perform the
collision analysis of ship and FOWT. HydroQus is a plug-in of the
commercial finite element analysis (FEA) code Abaqus that generates
real-time hydrodynamic forces. HydroQus calculates hydrodynamic
forces such as radiation force, wave excitation force, as well as
restoring force acting on the FOWT in real time. Yoon et al. (2023)
verified the accuracy of HydroQus and performed a collision analysis
between a ship and an iceberg. The mooring of the FOWT was
modeled using beam elements and joint elements. The HC-LN model,
a synthesis of the Hosford-Coulomb (HC) model and the localized
necking (LN) model, was used to accurately predict the structural
damage caused by the collision. A user subroutine developed by Cerik
et al. (2019) was applied to implement the HC-LN model in Abaqus.

2. Theoretical Background

2.1 Governing Equations for HydroQus

According to Newton's second law, the governing equation of
motion for a floating body can be expressed as Eq. (1). A4; is the mass
of a floating body, and ; is the acceleration of a floating body. The
subscript ¢ and j represent 6 degrees of freedom, 1 =surge, 2 =sway, 3
= heave, 4 = roll, 5 = pitch, and 6 = yaw. The restoring force F,** is
calculated from the hydrostatic stiffness ¢;; and the displacement of a
floating body wu; as shown in Eq. (2). According to Cummin’s
equation, the radiation force F7° is expressed as Eq. (3). It is
important that ¢, should be long enough for the impulse response
function Z;; to converge stably to zero. The wave damping coefficient
5,

calculate the impulse response function as shown in Eq. (5). The added

(w) obtained through frequency response analysis is used to

mass m,; () can be calculated by Eq. (4). The wave excitation force
F*Y for the regular wave is defined as Eq. (6). 7 is the response
amplitude operator (RAO) of the wave excitation force obtained by
frequency response analysis, A is the wave height and ¢ is the wave
phase. The mooring force #/"" due to the mooring line and the impact

force ' due to the collision of the FOWT with the tanker are

i

calculated in Abaqus.

M (t) = FI() + Ft) + )+ F () + F2t) )
Fi () = Gy (t) (@)
Fi”ld(t):7nij(00)dj(t)+\/ﬂﬂl(ij(t—T)u}(t)dT 3)
m”(OO) :m”»(w)-i—/ OQK”(T) Sinu()m) dr ()

/ mb’i‘j(w)cos (wt)dw ®)
0

F"(t) = —F,(w)cos (—wt +¢) ©

vl iy

For modeling the mooring lines, the catenary equations presented in
the studies of Masciola et al. (2013) and Jonkman (2007) were used,
and are given by Egs. (7)=(14). | and h denote the vertical and
horizontal positions of the fairlead, respectively. # and V are the
horizontal and vertical forces at the fairlead. £4, W, and L are the
properties of the mooring line: axial stiffness, weight per unit length,
and unstretched length. Cj; is the friction coefficient between seabed
and mooring line and Zj is the laid length on seabed. By calculating
Eq. (10) and Eq. (11), the location along the line segment s is derived,
which are used to model mooring lines.
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()= W[ H( 7 1] Jorly an
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_ |y forvy>0
/\7{0 otherwise 13)
|4
LB:L?W (14)

2.2 Process of Fluid-structure Interaction

Abaqus is a commercial FEA code that includes a variety of material
constitutive equations and a robust contact algorithm. However,
Abaqus is not capable of generating hydrodynamic forces based on

potential flow theory on its own. To solve this problem, the authors of
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Fig. 1 Flow chart of fluid-structure interaction scheme using HydroQus

this paper developed HydroQus, a hydrodynamic plug-in compatible
with Abaqus/Explicit. HydroQus can generate linear or nonlinear
restoring forces, radiation forces, and 1* and 2™ order wave excitation
forces. The hydrodynamic coefficients used in the calculations must be
obtained in advance from a frequency response analysis. For the wave
excitation force calculation, the wave height / (or significant wave
height ) and wave period 7" (or peak period 7,) must be defined.
HydroQus calculates the hydrodynamic forces using the displacement,
velocity, and acceleration at the center of mass (CoM) of the FOWT at
t=t, (current time) in Abaqus and gives them to Abaqus/Explicit.
Abaqus solves the equations of motion for the FOWT and the ship,
respectively, using the hydrodynamic forces. During this process,
Abaqus is responsible for generating the drag-based mooring tension
forces and collision forces. The displacements, velocities, and
accelerations at the CoM obtained by solving the equations of motion
are fed back to HydroQus and used to generate the hydrodynamic
forces at t= ¢, (next time). This procedure is summarized in Fig. 1.

2.3 Flow Stress and Fracture Model

To accurately represent the hardening behavior after onset of
necking, the combined Swift-Voce hardening model proposed by Sung
et al. (2010) is applied in this study. The Swift-Voce hardening law is
given by Eq. (15), where « is the weighting factor between Swift law
and Voce law. The Swift law and Voce law are given by Eq. (16) and
Eq. (17), respectively. Cerik and Choung (2020) derived A4, ¢, n, k,,

@, and g through tensile tests and numerical analyses.

kle,] = ak,e,]+(1—a)k, le,] (15)
kle,) = Ale, +e,)" (16)
k,le,] =k + Q(1—exp[— B¢, ]) a7

The fracture strain in the HC model proposed by Mohr and Marcadet

(2015) is given by Eq. (18). Where 7 is the stress triaxiality and 9 is
the Lode angle. From Eq. (18) and Eq. (19), a is the load angle
sensitivity, b is the fracture strain modulus, c is the stress triaxiality
sensitivity, and n; is the transformation exponent. The load angle
parameter functions f,, f, and f; are calculated through Eqgs. (20)-
(22). To consider the stress path effect, the damage indicator D in Eq.
(23) is introduced. It is assumed that fracture initiates when the

damage indicator reaches 1.0.

el 8] =b(1+¢) " gln.0] (18)

gln,0] =
1
1 w

({%((flffz)a‘*'(f17f3>a+(f27f3)a>} +c(2n+ f1+ f5) ' (19)

fi10]= %oos[%(m)] (20)

YAUES %COS[%CH?)} @21

1,10 :—gcos{%(vr?)] (22)

dD= # 23)
erolnd]

The LN fracture strain model proposed by Pack and Mohr (2017) is
given by Eq. (24). Where d is the Hosford exponent and p, is the
transformation exponent. Stress triaxiality functions g, and g, are
calculated using Eq. (25) and Eq. (26). A necking indicator /V is
introduced to consider the stress path effect (see Eq. (27)). Fracture is
considered to occur when /V reaches 1.0.

el = b({%((gl —,)" +4i +g§)}d) : 4)
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3. Setup of FOWT-tanker Collision Simulation

3.1 Frequency Response Analysis

Fig. 2 is the model of FOWT used for the frequency response
analysis. The frequency response analysis model consisted of
approximately 5,500 diffraction elements and 4,500 non-diffraction
elements. Tower and RNA were not included in the model, but were
included in the mass information. Table 1 shows the mass information
of the FOWT.

Frequency response analysis was performed using Aqwa (Ansys,

Table 1 Principal dimensions and mass information of the FOWT

Item Value

Draft (m) 15.5
Displacement (t) 10728.0

Vertical center of mass from waterline (m) 458
2nd moment of inertia for roll (t-mm?) 1.96E13
2nd moment of inertia for pitch (t-mm?) 1.96E13
2nd moment of inertia for yaw (t-mm?) 1.30E13

2022). The results of frequency response analysis in head sea
condition are shown in Fig. 3 which includes the heave and pitch
motion response amplitude operators (RAOs). The corresponding
radiation coefficients for surge, sway, heave, roll, pitch and yaw
motions are shown in Figs. 3(b)-3(g). It can be seen that the added
masses nearly converged to a certain value as the frequency increased.
The wave damping coefficients also nearly converged to zero as the
frequency increased. Fig. 3(h) shows the 1% order wave excitation
force RAOs in the heave and pitch directions.

L

Lo\

Fig. 2 Frequency response analysis model
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Fig. 3 Frequency response analysis results: (a) Motion RAOs; (b) Radiation coefficients in surge direction; (¢) Radiation coefficients in

sway direction; (d) Radiation coefficients in heave direction; (e) Radiation coefficients in roll direction; (f) Radiation coefficients

in pitch direction; (g) Radiation coefficients in yaw direction; (h) Wave excitation forces
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Fig. 3 Frequency response analysis results: (a) Motion RAOs; (b) Radiation coefficients in surge direction; (c) Radiation coefficients in
sway direction; (d) Radiation coefficients in heave direction; (¢) Radiation coefficients in roll direction; (f) Radiation coefficients

in pitch direction; (g) Radiation coefficients in yaw direction; (h) Wave excitation forces (continuation)

3.2 Finite Element Models for Collision Simulation

The tanker used in the collision simulations is shown in Fig. 4. In
this study, the tanker was assumed to be a rigid body of R3D3 and
R3D4 shell elements, while a MASS element, and a ROTARYI
element were used to represent the mass. The main dimensions and
masses of the ship are shown in Table 2.

The FOWT was modeled with shell elements S3R and S4R. The
element size was the longitudinal stiffener spacing, but the element
size was reduced to 1/8 of the longitudinal stiffener spacing in the area d/v
where collisions were expected. The FEA model of the FOWT is % >

summarized in Fig. 5 and Table 3.

Fig. 4 Finite element model of tanker
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Table 2 Modeling information of tanker

Item Value
Length overall (m) 114.94

Molded breadth (m) 15.05

Molded depth (m) 10.01

Draft (m) 4.9

Displacement (t) 5000

Vertical center of mass from baseline (m) 5.48
2™ moment of inertia for roll (t-mm?) 1.22E11
2" moment of inertia for pitch (t-mm?) 3.02E12
2™ moment of inertia for yaw (t-mm?) 3.08E12
Element type g;’gi

Number of elements 47,734

N Fairlead point V4
4 ‘[ ‘Watcr depth / Anchor pnim—l
x

‘&'
y X
Fig. 6 Layout of mooring lines

Table 4 Modeling information for mooring system

o |
y X

Fig. 5 Finite element model of floater

Table 3 Modeling information of floater

Item Value
Column span (m) 45.00
Column height (m) 33.00
Outer column diameter (m) 12.00
Tower column diameter (m) 9.00
Steel mass (t) 3400
2" moment of inertia for roll (t-mm?) 8.57E12
2" moment of inertia for pitch (t-mm?) 8.57E12
2" moment of inertia for yaw (t-mm?) 1.29E13
Element type :ig
Number of elements 31,483

The initial layout of the mooring lines was determined using the
catenary equation. The mooring lines were modeled using beam
element (B31) and joint element (UJOINT) connecting the beam
elements to allow rotation. The seabed was modeled as a rigid element.
The modeled seabed and mooring lines layout is shown in Fig. 6.
Table 4 presents the modeling information of seabed and mooring line.

The DTU 10 MW wind turbine (Borg et al., 2015) released by the
LIFES50+ project was used to model the tower and RNA (see Table 5).

Item Value
Line diameter (m) 0.147
Axial stiffness (N) 1.845E9
Mass per unit length (kg/m) 430.0
Unstretched length (m) 850.0
Water depth (m) 150.0
Anchor to fairlead (m) 800.0
Fairlead from water line (m) 13.01
Friction coefficient 0.5
. B31
Element type of line UJOINT
Seabed stiffness Rigid
Table 5 Modeling information of tower and RNA
Item Value
Rotor diameter (m) 178.3
Hub diameter (m) 5.6
Hub height (m) 119.0
Number of blades 3
Rotor mass (t) 227.96
Nacelle mass (t) 446.04
Tower mass (t) 628.44
Element type :ig

<1
y X

Fig. 7 Overall system layout of FOWT
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Fig. 7 shows the FEA model of the complete FOWT including
mooring lines, floating body, tower, and RNA.

3.3 Material Properties for Finite Element Model

In this study, the floating body of the FOWT is made of AH36 steel
for ship structures. In this study, the combined Swift-Voce hardening
law was used to define the flow stress of this steel. The material
constants of the combined Swift-Voce hardening law were determined
based on the tensile test results by Park et al. (2020) (see Fig. 8). They
also conducted a series of fracture tests. Their results were used in this
study to obtain the fracture strain locus as shown in Fig. 9.

1200.00

1000.00

800.00

600.00

true stress (MPa)

400.00
200.00
0.00

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40
equivalent plastic strain

Fig. 8 Flow stress curve for AH36
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Fig. 9 Fracture strain curve for AH36

7

(@)

3.4 Collision Analysis Cases

The objective of this study is unfolded into two. The first objective
is to determine the impact of hydrodynamic forces on structural
damage in a FOWT-tanker collision. Therefore, the cases were divided
into those before and after considering hydrostatic restoring force and
radiation force in the collision simulations. The second objective is to
determine the impact of the fracture model on the structural damage
assessment. For this purpose, the cases were divided into those with
the HC-LN fracture model applied and those defined by a constant
failure strain ¢,. In this case, ¢, was assumed to be 0.2, which has been
the most widely used failure strain. Six cases were generated, which
are summarized in Table 6. In all cases, the initial forward velocity of
the tanker was assumed to be 5 knots (9.26 km/h). The collision
analysis model is shown in Fig. 10.

Table 6 Collision cases

Case Hydrodynamic force F:;ggge \:1:1121;?;
Casel-1 n/a e, =02
Casel-2 n/a HC-LN
Case2-1 Buoyancy e =02 5 knot
Case2-2 Buoyancy HC-LN (926 knvh)
Case3-1 Buoyancy + Radiation e =02
Case3-2 Buoyancy + Radiation HC-LN

4. FOWT-tanker Collision Simulation Results

4.1 Equivalent Plastic Strain

The equivalent plastic strain is an important measure for
determining the extent of damage. The equivalent plastic strain
distribution just after the collision process is finished are shown in Fig,
11. Comparing the corresponding cases before and after considering
hydrostatic force and hydrodynamic force (for example, comparing
Casel-1, Case2-1 and Case3-1, or Casel-2, Case2-2, and Case3-2),

there are no significant differences in the equivalent plastic strain

(b)

Fig. 10 Relative position between FOWT and tanker: (a) Side-view; (b) Top-view
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Fig. 11 Equivalent plastic strain distribution: (a) Casel-1 & Casel-2; (b) Case2-1 & Case2-2; (c) Case3-1 & Case3-2

distributions and maximum equivalent plastic strains. When
comparing the constant failure strain model with the HC = LN model
(e.g., Casel-1 and Casel-2), constant failure strain model shows
similar damage extents as the HC-LN model, although the maximum
equivalent plastic strains were developed up to 0.2 with the constant
failure strain model.

4.2 Damage Extent

In this study, the damage extent is defined as the failed area of the
side shell. The ratio of the damage extent with constant failure strain
model divided by that with HC-LN model is shown in Fig. 12. In all
cases, this ratio exceeds 1.0, which means that the constant failure

strain model predicts larger damage extents than the HC-LN model.
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4.3 Triaxiality and Damage Indicator
The stress triaxiality and damage indicators of Case3-2 were
analyzed as an example. The stress triaxiality immediately after the

collision occurred is shown in Fig. 13(a). It can be seen from Fig. 13(a)
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that the stress triaxiality in the collision area corresponds to the biaxial
tension. A stress path at a fracture initiation location was formed with
this stress triaxiality and the necking damage was accumulated. After
the collision was completely terminated, the necking indicator and
ductile fracture damage indicator are shown in Fig. 13(b)-(c),
respectively. As expected, we can see that the LN necking damage

indicator was developed much larger than the HC damage indicator.

5. Conclusions

The authors of this study developed HydroQus, a hydrodynamic
plug-in that can calculate hydroforces such as hydrostatic restoring
force and hydrodynamic radiation/wave excitation forces. Using
HydroQus to implement the hydrodynamic forces acting on the
FOWT, a FOWT-tanker collision analysis was performed. Two
different fracture models (constant failure strain model and HC-LC
model) were applied to the collision simulations with and without the
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Fig. 13 Stress triaxiality, LN necking indicator and HC damage indicator of Case3-2; (a) Stress triaxiality; (b) LN necking indicator; (c)
HC damage indicator
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application of hydroforces to reasonably determine the damage
extents.

The effect of hydroforces on the damage extents from the collision
was relatively limited. This was presumed to be due to the fact that the
collision occurs in a very short instant. A comparison of the failure
areas caused by the collision showed that the constant failure strain
model predicted larger fractures by about 15% compared to the
HC-LC model. Since the size of the failure determines the speed and
amount of flooding, a more scientific and reasonable failure model was
required for the FOWT's impact analysis. The analysis of stress
triaxiality and damage indicators confirmed that the use of the HC-LN
model was justified.

The pitch motion of the ship generated by the waves changes the
direction and magnitude of the impact force and should be considered
in the future. The impact of ship hydrodynamics on collision
simulations needs to be considered in the future. The ability of
moorings to constrain the FOWT needs to be evaluated, as modeling

moorings requires special effort.
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