Ocean Engineering 194 (2019) 106653

Contents lists available at ScienceDirect

ENGINEERING

Ocean Engineering

journal homepage: www.elsevier.com/locate/oceaneng

ELSEVIER

L)

Check for

Numerical analysis of local and global responses of an offshore fish farm  [&&s
subjected to ship impacts

Zhaolong Yu®"", Jorgen Amdahl®”, David Kristiansen ¢, Pal Takle Bore *"

@ Department of Marine Technology, Norwegian University of Science and Technology (NTNU), Norway
Y Center for Autonomous Marine Operations and Systems (AMOS), Norwegian University of Science and Technology (NTNU), Norway
¢ SINTEF Ocean, Norway

ARTICLE INFO ABSTRACT

Keywords:

Offshore fish farm

Ship collision

Coupled simulation
Local and global analysis
Structural damage

Due to limited nearshore areas and great impact to local ecosystems, the aquaculture industry is moving the fish
farms into more exposed sea regions where the environmental conditions are much more severe. Like other
offshore installations operating at sea, fish cages are also exposed to the risk of collisions from attendant or
visiting vessels. This paper evaluates the structural strength of the world’s first offshore fish farm operating in
Norway subjected to supply vessel collisions by the use of nonlinear finite element simulations. The fish cage is a
semi-submersible floating structure consisting of ring-stiffened columns connected by braces. A standard 7500-
ton supply vessel is used as the striking vessel. Both local shell deformation analysis using LS-DYNA and beam
deformation analysis using USFOS are carried out. In the local shell analysis, collision scenarios with both
decoupled and coupled methods are simulated for several representative impact locations. The decoupled model
adopts prescribed paths for ship motions, while in the coupled model, the ship motions are calculated based on
hydrodynamic forces from linear potential theory as well as inertia and collision forces. In the global beam-
column analysis in USFOS, the force-deformation curves of the supply vessel from local shell analysis are used
as the input. The resulting damage and energy absorption are compared with those from local shell simulations.

The results are discussed with respect to the impact resistance, energy absorption and structural damage.

1. Introduction

With the fish farming industry going into more exposed seas, the fish
cages become larger and much more fish can be accommodated than
ever before. However, harsher environmental loads and frequent
aquaculture operations imply risk for accidental actions, such as ship
collisions, where damage potential and possible consequences can be
severe. Like other offshore installations e.g. jackets and jack-ups (Yu and
Amdahl, 2018b; Le Sourne et al., 2016), submersible platforms and wind
turbines (Biehl and Lehmann, 2006; Le Sourne et al., 2015), fish farms
are exposed to the risk of collisions both from service vessels and mer-
chant vessels on erroneous track. This may represent major threats to the
safety and integrity of the fish farms. A major collision may cause
extensive structural damage, and in extreme cases, the fish farm may
collapse completely with fish escape as a result. Escape of farmed fish
will cause major economic losses for the fish farming company and is
considered to have negative impact on the wild stocks. More seriously, a
collision event may also represent a safety threat for the personnel both

on the ship and the fish farm. Hence, this should be avoided by either
proper safety measures to reduce the likelihood of collision, by direct
design or favorably by a combination. Design aspects of accidental loads
from ship collisions are, however, not included in the present Norwegian
technical standard for the design of fish farms (Stand-
ard-Norway-NS9415, 2009).

In addition to resisting the direct actions during collision, the
damaged structure should maintain sufficient residual strength so that it
can resist operational and environmental loads before it can be repaired.
Realistic estimates of the environmental load levels at a given site and
structural condition rely on adequate descriptions of the marine envi-
ronment, including the exposure to wind, waves and current.

Ship collisions have been considered for decades in the offshore in-
dustry. In the design against ship collision actions, the kinetic energy of
the vessel is determined by a risk assessment. The design practice in the
North Sea that has been used for decades, was to consider impact from a
supply vessel of 5000 tons, with a kinetic energy of 11 MJ for bow or
stern impact and 14 MJ for sideway impact considering hydrodynamic
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Fig. 1. Illustration of the ocean farming concept ‘OCEAN FARM 1’, illustration by Global Maritime.

Table 1

Principal dimensions of the striking vessel.
Displacement 7500 tons
Length 90 m
Breadth 18.8m
Depth 7.6 m
Draft 6.2m

Fig. 2. The FE model of the bulbous bow.

effects. Over the years, the experienced collision energy has increased
significantly due to increased ship sizes and impact velocities according
to Kvitrud (2011), who summarized collision accidents in Norway in the
period 2001-2010. In the latest version NORSOK-N003 (2017), dis-
placements of the design supply vessel has increased to 6500-10 000
tons and the design impact velocities has increased to 3 m/s for head-on
collisions and 2 m/s for side collisions (Moan et al., 2017). This yields a
significantly larger design energy of about 50 MJ for head-on collisions.
The NORSOK standards are developed for offshore structures used for oil
and gas production, but standard collision actions for offshore fish farm
has not been established. The intention of this work is to investigate the
collision resistance and permanent damage of a selected fish farm as a
function of the collision energy. No comparison is made with acceptance
criteria as they have generally not been established, but possible eval-
uation criteria are discussed with the simulation results. It is emphasized
that structural damage is investigated only; penetration of the net may

occur for small impact energies, and the potential of fish escape can be
large, even if integrity of the structure is not put in jeopardy.

The fish cage structure analyzed is the ocean farming concept ‘Ocean
Farm 1’ designed by Global Maritime, and it is considered the world’s
first offshore fish farm. Based on world-class Norwegian aquaculture and
offshore technology, Ocean Farm 1 aspires to address central issues
related to sustainable growth in the aquaculture industry. The idea
behind the Ocean Farming concept is to introduce a design robust
enough to be safely installed and operated at exposed coastal sites.
Instead of a traditional ‘gravity’ type cage, using a flexible floating collar
and a weight system to support the net, it consists of a rigid frame
supporting the net and a superstructure/wheelhouse containing living
quarters and rig controls. To avoid drifting off, the structure is kept in
place by eight mooring lines (Bore and Amdahl, 2017). An illustration of
the concept is seen in Fig. 1. We emphasize that the dimensions used in
the studies differ slightly from real dimensions of Ocean Farm 1.

The fish farm is a tubular structure consisting of braces and ring
stiffened tubes. Many studies have been carried out on the impact
response of tubular structures. Recent experimental studies on the
indentation of tubular members or stiffened tubes are reported in Cerik
et al. (2015), Qu et al. (2017), Firouzsalari et al. (2019), and Zhu et al.
(2017). Empirical and analytical solutions to the indentation response of
tubes were given in Wierzbicki and Suh (1988) and Amdahl (1980)
decades ago. Le Sourne et al. (2016) and Pire et al. (2018) further
developed the analytical solutions to predict the response of offshore
wind turbine jackets to ship impacts. The model consisted of analytical
solutions for several characteristic deformation modes of tubes, and has
been verified to be of reasonable accuracy with numerical simulations.
Numerical methods are also used to simulate the impact response of
tubular structures, such as Le Sourne et al. (2015), Travanca and Hao
(2015) and Wang et al. (2016). A comprehensive review on the impact
response of tubular structures subjected to ship impacts is given in Yu
and Amdahl (2018b).

Numerical simulations are used in this paper. For practical reasons,
the striking vessel selected is a 7500-ton offshore supply vessel, which is
larger than typical fish harvesting vessels and well boats, but it is not out
of range. Thus the analysis results are conservative with respect to safety
considerations of the fish cage. In section 2, the fish cage model, the
striking supply vessel model and the collision scenarios are described in
detail. The analysis is split into two steps, i.e. local deformation in the
vicinity of contact using LS-DYNA (Hallquist, 2007) and global response
analysis of the structure using USFOS (Soreide et al., 1999). Sections 3
and 4 present the decoupled and coupled simulation results,



Z. Yu et al.

Ocean Engineering 194 (2019) 106653

LS-DYNA
(structural analysis)
Providing nodal displacements and e y < .
velocities in the current timestep ioviding Hydrodynamic Ioads
Step 1 Step 3
Usercomm subroutine variable e el o )
(store velocity history and external p| [ SET GEIIEC UIAG S l_"outlne
information) (calculate hydrodynamic loads)
A Providing nodal velocity history

and impulse response functions

Read and stored in the
first timestep only

Step 0

Impulse response functions in a text file
(prepared externally)

Step 2

Fig. 3. Illustration of the coupling algorithm, from Yu et al. (2016).

respectively, with detailed shell modelling in LS-DYNA. Section 5 dis-
cusses results from global collision analysis using USFOS. Section 6
discusses design considerations and possible evaluation criteria. Section
7 concludes the paper.

2. Model descriptions
2.1. The striking supply vessel

A modern standard supply vessel bow is used in the study. The
principal dimensions of the vessel are given in Table 1. The bow model is
shown in Fig. 2. The element size is generally 120 mm. The plate
thickness varies from 7 mm for the decks to 12.5mm in the bulb. The
stiffener spacing is approximately 600 mm, with ring stiffeners and
breast hooks of approximately 250 x 15 mm in the bulb. The bulbous
part is almost cylindrical and is relatively strong. The forecastle pro-
trudes 1.2 m ahead of the bulb. Both decoupled and coupled simulations
are carried out in the local structural analysis using LS-DYNA.

2.1.1. Decoupled ship collision simulation

In assessing the responses in ship collisions, the traditional approach
is to decouple the problem into two parts: the external dynamics and the
internal mechanics, as suggested by Minorsky (1958). The external dy-
namics models simplify the effect of fluid as constant added masses such
that the whole collision system is un-damped and the principle of con-
servation of momentum and energy applies. This allows for a fast esti-
mation of the dissipated energy and global motions after the collision.
Examples of the external dynamic models are Pedersen and Zhang (1998)
and Liu and Amdahl (2019). The lost energy will be dissipated by
structural deformations and friction in the assessment of internal me-
chanics based on experiments, numerical simulations or analytical
methods, (see e.g. (Ohtsubo et al., 1994; Paik, 2007; Marinatos and
Samuelides, 2015; Cho and Lee, 2009), where the struck ship is normally
fixed in space, and the striking ship moves along a prescribed path. The
final penetration is obtained when the area under the force-penetration
curve equals the energy loss resulting from the external dynamic cal-
culations. The procedure is termed the “decoupled method”, and has
been widely used due to its simplicity and reasonable accuracy.

2.1.2. Coupled ship collision simulation

In contrast to the decoupled method, where ship motions are pre-
scribed and hydrodynamic loads are much simplified, coupled models
have been proposed to enable integrated ship collision simulations
considering hydrodynamic loads and ship motions in more detail. Ex-
amples of the coupled models are provided by Petersen (1982), Tabri

et al. (2010), Samuelides and Frieze (1989), Le Sourne et al. (2012), Pill
and Tabri (2011) and Yu et al. (2016) with various simplifications. This
paper adopts the advanced coupled model by proposed by Yu et al.
(2016), which implements hydrodynamic loads based on linear poten-
tial flow theory into the nonlinear finite element code LS-DYNA by
means of user defined load subroutine. It is assumed that before collision,
propeller and rudder forces are in equilibrium with the hydrodynamic
forces acting on the hull. Departure from this state due to a sudden
change in the external forces causes a change in the hydrodynamic
forces acting on the hull (Petersen, 1982). The governing motion
equations are:

S| 0+ u(eo))i + [ Kt — ) [y (2) iy (1=0)Jdr

6
k=1
+Cjk'//k :Fj(t)(/:1276) ¢9)

where M , Ajx(co) andCj, are components of the generalized ship mass
matrix, the added mass matrix at infinite frequency and the restoring
matrix of the ship. The indexj = 1, ..., 6 represents surge, sway, heave,
roll, pitch and yaw, respectively. if (t = 0) is the velocity component of
the striking ship in the ks degree of freedom just before impact and F;(t)
is the generalized collision force in the js degree of freedom.

t
/ K(t —7)-i7(7)dr is the convolution integral connected with free-surface
0

memory effects and K (t) is the so called impulse-response or retarda-
tion function connected with directions j and k. It provides a radiation
load in j direction acting on the vessel at the actual time t as a conse-
quence of an impulse speed in k direction experienced by the ship at a
previous time instant t-7. Kj(t) is given alternatively by:

2 [ 2 [
Ky (t) = - /0 Bji(w)cos wtdw " /0 (Aj(o0) —Ay(0))w sinwtdw — (2)

Aj(w) and Bjx(w) are the frequency-dependent added mass and linear
wave-radiation damping, respectively.

The coupling between nonlinear FEA structural solver and the linear
hydrodynamic model is made possible by the user defined load sub-
routine (LOADUD). The coupling algorithm between structural and
hydrodynamic solvers is shown in Fig. 3. During the simulation, LS-
DYNA first passes information of nodal displacements, velocities and
accelerations for the current timestep to the user subroutine. The
selected node is the one at the ship center of gravity (COG). The velocity
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Side view

Fig. 4. The FE model of the striking ship.

Fig. 5. The finite element model of the fish cage for USFOS collision analysis.

histories of COG are then stored through the user common subroutine.
The time increment is typically in the order of 107%s in ship collision
simulations. For maintaining efficiency without losing accuracy, the
velocity histories are stored every 10~3s. With the above information,
the hydrodynamic loads can be calculated in the user load subroutine.
The obtained hydrodynamic loads are applied on the ship COG, and LS-
DYNA’s structural solver then calculates structural deformation and ship
motions, and provides information of ship motions for the next timestep.
Verification has been carried out where the collision forces are extracted
from LS-DYNA simulations and applied to the motion solver SIMO
(Marintek, 2012), considering the resulting ship response based on
linear potential flow theory. Motions measured from LS-DYNA simula-
tion compared reasonably well with the SIMO results, demonstrating
good accuracy of the implementation. More detailed description of the
procedure is given in Yu et al. (2016).

In the coupled simulations, the ship’s hull girder is represented by a
long rigid beam from the bow back towards the center of gravity of the
vessel; see Fig. 4. The rigid beam and the deformable ship bow are
connected to a rigid shell plate at the rear of the bow model. The beam

properties are calibrated to represent correctly the total mass and inertia
of the ship with respect to the center of gravity, taking into account the
contribution of the bow model. The 6DOF hydrodynamic forces and
moments are applied as user-defined loads at the COG of the ship.
Because the user defined load subroutine does not allow applying
bending moments directly, the bending moments have to be transformed
into force pairs. Therefore, several small rigid beams are created for
applying bending moments in roll, pitch and yaw. The intersection of the
beams is located at the center of gravity (see Fig. 4).

2.2. The fish cage model

The floating fish cage consists of many ring-stiffened tubes and col-
umns that constitute a space frame. The cage is slack-moored at sea. The
total displacement is approx. 16700 tons with a diameter of 110 m and
the cage is designed to accommodate 1.5 million salmons. The finite
element model of the whole fish cage is illustrated in Fig. 5, and is used
for the global response analysis with USFOS. USFOS (Soreide et al.,
1999) is a program aimed at ultimate strength and progressive collapse
analysis of framed offshore structures. The basic idea of the program is
to represent one physical element in the structure by one finite element,
which is efficient but still preserves good accuracy. Nonlinear material
properties are accounted for by means of yield hinge theory and inter-
action formulas for stress resultants. USFOS has been used by many
researchers and designers in the analysis of framed structures such as
jackets and jack-ups (Yu and Amdahl, 2018b) and floating bridges (Sha
et al., 2019). In the global collision analysis with USFOS, the ship
stiffness is modeled by two spring systems, representing stiffness of the
ship stem on the upper layer and bulb stiffness on the lower layer. The
two spring systems are rigidly connected by a rigid beam, and nodal
masses are used to represent the ship mass including hydrodynamic
added mass. It is important to allow the ship to detach from the fish cage
at the end of impact. Therefore, a two-spring system is used in each layer
as shown in Fig. 5. Spring 1 is the nonlinear spring that is defined by the
force-deformation curve obtained from the local collision analysis in
LS-DYNA with the detailed ship model. Spring 2 has an “infinite” stiff-
ness in compression and zero stiffness in tension to facilitate separation.
With the used mass-spring system, the interaction between the ship and
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Fig. 6. Finite shell element sub-model for LS-DYNA local analysis.
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Fig. 7. Arrangement of ring stiffeners and the finite element model.

Table 2
Material properties for the ship and brace/leg models.
Material Density Gy E K n €plateau  €n
(kg/m®) (Mpa)  (Gpa)  (Mpa)
supply 7850 275 207 830 0.24 0.01 0.69
vessel
fish cage 7850 355 207 780 0.22 0.00 0.63

the fish cage can be accurately modeled.

For local strength assessment of the fish cage, a detailed shell finite
element sub-model is made as shown in Fig. 6. The selected part is
indicated by the dashed line in Fig. 5. The middle column is 35.1 m in
height with a column diameter of 2.75m. The column outer shell
thickness varies from 23 mm to 40 mm. The columns are equipped with
ring stiffeners T300 x 200 x 10 x 15, which are arranged every 3 m. The
connecting transverse tube is 2.25 m in diameter and the tube thickness
varies from 19mm to 40 mm. Ring stiffeners with dimensions of
T300 x 200 x 10 x 15 are arranged every 3.2m. The arrangement of
ring stiffeners of the fish cage is shown in Fig. 7.

The four-node Belytschko-Lin-Tsay shell element is used. The shell
element size for the local cage model is in general 100 mm, which is
typically adopted in ship collision analysis. This preserves good effi-
ciency without losing accuracy. This shell element size is consistent with
acceptable element size range, i.e. 5-10 times of the shell thickness, that

gives adequate performance of fracture models with coarsely meshed
shell elements (Storheim, 2016). More refined meshes are used for the
ring stiffeners and stringers. Five elements are used for the stiffener web
and four elements are used for the stiffener flange. This is considered
sufficient to develop buckling modes (see Fig. 7). For simplicity, the ends
of the column, the supporting tubes and the supporting braces, marked
in black in Fig. 6, are fixed in all degrees of freedom. This boundary
conditions are later discussed by comparison with global USFOS
analysis.

2.3. Material modelling

When ship-structure interaction is accounted for, proper modelling
of the material behavior is essential. This is because the relative strength
of the striking and struck objects are very sensitive to material strength
and fracture. A rupture of structures can easily turn the strong structure
into the weak.

The steel material properties used for modelling the ship and the fish
cage are given in Table 2. The power law hardening model is used to
model plastic strain hardening for steel where the coefficients K and n
are determined form the stress-strain curves for the material. A yield
plateau is defined to delay the onset of hardening, and the plateau in the
stress-strain curve of steel is observed in many uniaxial tensile tests, e.g.
Noh et al. (2018). For the steel used in the fish cage, the plateau was
specified to be zero, and this allowed use of the traditional power law
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model. For the mild steel that is typically used in supply vessels, the
guaranteed minimum yield strength is 235 MPa. However, there is no
strict requirement for the upper bound of the material strength. As the
crushing bow represents a “load” in this context, the material is assumed
to behave as a NV DW27 material with a yield strength of 275 MPa and
significant strain hardening to simulate a more realistic yield strength
(Storheim and Amdahl, 2014). This is in accordance with the design
principles outlined in DNV RP C208 standard (DNV-RP-C208, 2016).
The state-of-art Rice-Tracey-Cockcroft-Latham (RTCL) damage
criteria (Tgrngvist, 2003) is used to model ductile fracture, which
combines the model by Rice and Tracey (1969) for tension dominated
damage and the model by Cockcroft and Latham (1968) for shear
dominated damage. A cut-off value of —1/3 of the stress triaxiality T =
%was introduced (ojis the i major principal stress, o.is the

von-Mises equivalent stress), below which the material is dominated by
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Fig. 10. Collision energy and resistance for collision scenario 1. The
displacement is measured as displacement of the ship hull and includes de-
formations of the bow as well as the structure.

compression and no fracture will occur. The damage rate D is defined as:

0 if T<-1/3 (compression)
o] . .
He 0'_2,,8“’ if —1/3§T<1/3 (shear) 3)
T-1
exp (3T> [ if T>1 / 3 (tension)

where ¢, is the major principal stress and &, is the rate of equivalent
plastic strain. An important feature with this criterion is that in uniaxial
tension conditions (T = 1/3), the damage evolutionDis exactly matched
by the rate of equivalent plastic strainé.,. This is convenient with respect
to calibration, because the critical damage most easily can be found from
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Fig. 12. Initial buckling of the fish cage structure at a displacement of 1.6 m (Scenario 1).
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Fig. 14. Cross sections of ring stiffened columns subjected to lateral impact (Yu
and Amdahl, 2018b).

uniaxial tensile tests. From this, a normalized damage criterion can be
expressed as:

1 .
Dnvrmalizedze_ / Ddt @

where, &.is the critical equivalent plastic strain in uniaxial tension.
Fracture is triggered when the normalized accumulated damage
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Fig. 15. Structural deformations at different total displacements (Scenario 1).

Diormalizeq T€aChes 1.
To account for the mesh size effect, ¢, is mesh scaled in accordance
with the relationship:

Er=n+ (e,,—n);—e 5)

e

where g, is the failure strain in the simulation of uniaxial tension tests

(2)
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with a mesh size of [, = t, and n is the power law exponent.

The adopted solver for the RTCL fracture criterion was implemented
by Alsos et al. (2009) and Storheim et al. (2015) and has been calibrated
and validated to be of good accuracy with plate tearing tests by
Simonsen and Tornqvist (2004), indentation experiments of double
sided shell structure by Tautz et al. (2013) and large scale collision tests
by Peschmann (2001).

2.4. Collision scenarios for local structural analysis

2.4.1. Decoupled simulations
Four collision scenarios are analyzed for the decoupled simulations,
as shown in Fig. 8.

Scenario 1: Bow collision with the column

Scenario 2: Bow collision with the middle of the transverse sup-
porting tube

Scenario 3: Bow collision with one quarter span of the transverse
supporting tube and diagonal braces for scenarios

Scenario 4: Bow collision with the other quarter span of the trans-
verse supporting tube

The relative position of the ship and the fish cage is adjusted ac-
cording to the operational draft of both structures. The striking ship is
assumed to move with a prescribed velocity of 3 m/s. The penalty based
contact algorithms are used to model the contact between the vessel and
the fish cage, and the internal contact in the ship and the fish cage itself.
A friction coefficient of 0.3 is assumed for all the contacts.
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2.4.2. Coupled simulations

A scenario 5 is established for the coupled collision analysis in Fig. 9.
The collision angle is a = 60°. The ends of the column, the supporting
tubes and the supporting braces are fixed against all degrees of freedom
motions. The striking ship is given an initial velocity of 3m/s in
accordance with the latest version of NORSOK-N003 (2017) rather than
prescribed trajectories in decoupled simulations.

3. Local decoupled collision simulation results
3.1. Collision scenario 1: bow impact on the middle column

In scenario 1, the supply vessel collides with the main column as
shown in Fig. 8. The resulting energy dissipation and collision resistance
are shown in Fig. 10. A total energy of about 31 MJ is dissipated for a
total ship displacement of 2.8 m, where fracture initiates. The total
displacement of the ship equals the sum of the deformation and motion
of the ship bow and the deformation of the cage.

The collision forces for the stem and bulb attain a peak after a
displacement of 1.6 m and then drop drastically. The energy dissipation
before the drop is around 16.3MJ. Up to this point, the column
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deformation is generally local. The column top with a stiffened plate is
quite strong and is able to crush the ship stem as shown in Fig. 11. At the
lower contact point, the ship bulb is strong and crushes the column
causing only minor bulb deformation while the column undergoes sig-
nificant local denting; see Fig. 12.

Design formulations for the indentation resistance of unstiffened
tubes are given in NORSOK-N004 (2004). The model takes the following
form:

B B\ (wa\i [4 1 N1?
R/Rcf<22+1‘25>(6) a0y ©)

where, Ris the indentation resistance,s, is the material yield stress, B is

the contact width, D is the tube dimeter and t is the wall thickness. R, =

o, \/é is a characteristic resistance of the tube against local denting. N

is the axial force applied on the tube and Npis fully plastic axial yield
force of the cross section.

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

R D7 wa 1 N\?
S (Y peyy e R
R. 3D 4( N,,> @

Fatt and Wierzbicki (1991) extended Wierzbicki and Suh (1988)’s
model to consider indentation of ring stiffened columns by using the
smeared thickness method. The equivalent thickness tyis found by
equating the total bending moment over a characteristic length (equal to
the spacing between stiffeners) of the stiffened shell to that of an
unstiffened shell of assumed thickness. The resulting indentation resis-
tance of ring-stiffened tubes is:

Rty [2mw, 1 NY
R RIE 4(1 N,,) (8

Fig. 13 compares the force-indentation curve from numerical simu-
lations and from the analytical models. It shows that the NORSOK model
and the Wierzbicki and Suh model for unstiffened tubes captured the
development of resistance with indentation reasonably well in the initial
stage. When the ring stiffeners get involved in the deformation and in
the late stage when the brace starts global bending, the predicted
resistance with unstiffened tube models becomes lower. With the

Fringe Levels
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Fig. 18. Deformation of the ship bow (scenario 2).
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Fig. 19. Deformation of the fish cage at different total displacements (Scenario 2).

(a) (b) (c)

Fig. 20. Local buckling of tube cross sections at a displacement of (a) 2.1 m; (b) 4.5m; (c) 4.5m.
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Fig. 21. Variations of transition indentation ratios from denting to bending
with different L/D and D/t (Yu and Amdahl, 2018a). 0
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smeared thickness method for ring stiffened tubes, the model predicts
much higher resistance than that from numerical simulation. This is
mainly because the bulb exerts a very concentrated action as shown in
Fig. 14(a), while the used analytical models for dent formulations are
based on a transverse, plane object as shown in Fig. 14(b). Anyway, the
numerical simulation result falls within the analytical resistance curves
for stiffened and unstiffened tube models.

Fig. 22. Collision energy and resistance for scenario 4.

Global deformation starts with a sudden drop of forces due to initi-
ation of local buckling, as shown in Fig. 15. This eases the contact be-
tween the ship stem and the top column plate. Considering the high
diameter/thickness ratio (= 120), this is expected. According to ISO

10
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Fig. 23. Deformation of the fish cage for different dissipated energy levels (scenario 4).
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Fig. 24. The time variation of the collision forces (scenario 5).

19902 standard for fixed steel offshore structures, the ultimate bending
moment capacity of the cross-section corresponds to first yield only, and
the cross-section is thus not capable of developing a plastic hinge. Local
buckling forms at the junction of shells where the thickness changes
from 19 mm to 40 mm; The whole structure starts to deflect globally. As
the local buckle develops, the bending moment and collision force drop.
Deformation continues after initial buckling, and lateral column
deflection increases significantly. For a total energy dissipation of 31 MJ
corresponding to a displacement of 2.8 m, the left end of the transverse
tube undergoes onset of fracture and the corresponding stress triaxiality
distribution is shown in Fig. 16 (a). It is interesting to find that the tube is
under compression globally, but this induces local buckling and material
bulging. Fracture occurs due to the combined local bending and mem-
brane loading caused by global compression loads. This is similar to the
case of local fracture of square tubes under axial crushing; refer Fig. 16
(b) (Costas et al., 2019). Such fracture pattern does not propagate fast
and considerable capacity is maintained after initial fracture.

11

3.2. Collision scenario 2: bow impact on the middle of the transverse tube

In collision scenario 2, the ship stem hits the middle of the transverse
supporting tube. The collision resistance and the internal energy are
plotted in Fig. 17. It shows that the structure can absorb about 8.2 MJ
before initiation of fracture at a displacement of 1.5 m. This energy is
significantly lower than the value in scenario 1. However, because
fracture occurs due to progressive buckling as in scenario 1, the crack
does not propagate fast and the structure still preserves considerable
capacity. From the resistance and energy curves in Fig. 17, final collapse
occurs at a total displacement of 7.0 m corresponding to a total energy of
40 MJ. Fig. 18 shows that the ship undergoes little damage during
collision, and most of the energy (36 MJ) is dissipated through defor-
mation of the cage.

Fig. 19 shows deformation of the fish cage at different total dis-
placements. For a total displacement of 1.5 m, local buckling occurs at
the shell connection, where the thickness shifts from 19 mm to 40 mm.
As collision continues, additional buckling occurs in other places,
including the transverse tube on the right side and the main column. The
buckled cross section is shown in Fig. 20. Buckling at the intersection of
the main column and the diagonal braces is induced by torsional
moments.

3.3. Collision scenario 3 & 4: bow impact on the quarters of the
transverse tube

In collision scenario 3, the ship crushes both the horizontal tube
quarter close to the diagonal brace. A significant part of the energy is
absorbed by membrane stretching of the braces. This effect may be
exaggerated because of the fully fixed boundary conditions.

During collision, tubular braces/legs deform first by local indenta-
tion. Local denting continuously degrades the plastic bending capacity
of the tube. When a certain indentation is reached, the brace starts to
collapse as a beam forming a three-hinge mechanism. Upon further
deformation, axial membrane forces will occur. In the design of such
structures, one should be careful to rely on the membrane forces to
dissipate too much energy because of the sensitivity to the axial flexi-
bility of the boundaries (Yu and Amdahl, 2018b). For the studied fish
cage, the diagonal brace of the fish cage has a thickness of 15 mm, a
diameter of 1 m and a length of about 20 m. This gives a large length
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Fig. 25. Ship motions during the collision (a) side view (b) top view; the red lines indicate ship trajectories over time. (scenario 5). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 26. (a) Vertical displacements at the center of gravity and the bow; (b) the
yaw and roll motion with time (scenario 5).

over diameter ratio of 20 and a diameter over thickness ratio of 66.7.
Based on the established transition ratio chart from denting to global
bending by Yu and Amdahl (2018a) as shown in Fig. 21, the brace with
given dimensions starts global bending immediately. In addition, the
tube has a characteristic resistance for dentingR. = %oytz\/é =

0.16(MN), which is significantly lower than 1.4 MN recommended by
the updated DNV-RP-C204 (2016) standard for maintaining cross sec-
tions compact. This implies that the tube cross section will be signifi-

cantly dented and the dented cross section loses the capability to
dissipate energy by bending. Consequently, the energy that can be
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dissipated by the braces through local denting and plastic hinges is quite
limited, and the brace dissipates most energy through membrane
stretching provided that the supporting columns acting as boundaries
are strong enough against the pull-in2zrts, = 33.5(MN). This is far
larger than the force level in Figs. 10 and 17. During design, it is often
not credible to rely on membrane stretching to dissipate a significant
amount of energy and are thus not discussed in detail.

In collision scenario 4, the ship crushes the other quarter of the upper
transverse supporting tube away from the diagonal brace. The collision
resistance and internal energy are shown in Fig. 22. Initial fracture oc-
curs at a displacement of 2.4 m, corresponding to an energy dissipation
of 14 MJ. As fracture occurs due to local bending and membrane loading
caused by global compression loads, the crack does not propagate fast
and considerable capacity remains. From Fig. 22, the structure can
absorb around 40 MJat a displacement of 8.0 m without complete
collapse. However, such large displacements should be avoided in order
not to penetrate into the cage, causing fish escape.

The deformation of the fish cage structure at different total dis-
placements is shown in Fig. 23. When the ship moves 1.2 m into the fish
cage structure, initial local buckling occurs on the left side of the
transverse tube, corresponding to an energy dissipation of 5.5 MJ. As the
collision continues, buckling occurs at several similar places as in sce-
nario 2.

4. Local coupled collision simulation-scenario 5

Scenario 5 is simulated using the coupled solver, considering hy-
drodynamic loads and ship motions. The initial collision angle is 60°.
The collision force components are plotted in Fig. 24. The collision lasts
for about 7.5, which is relatively long and comparable to ship natural
periods. All three force components are significant. Fig. 25 shows both
side view and top view of ship motion trajectories at the bow and at the
ship center of gravity. The temporal variation of the vertical displace-
ment is plotted in Fig. 26(a). These plots show that the pitch and heave
motions are significant. The ship bow moves a maximum of 1.15m
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Fig. 27. Internal and friction energy from LS-DYNA and the external dynamic model (scenario 5).
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Fig. 28. Contact force versus deformation of bow at forecastle deck and bulb (Left) and force-time histories (Right).

upwards, while the maximum heave displacement at the ship center of
gravity is 0.25m. The sway and yaw motions are indicated by the red
trajectory lines in Fig. 26 (a). The time histories of the roll and yaw
motions are plotted in Fig. 26 (b). These plots show that the yaw angle is
small because, the tube deforms and tends to “wrap” around the ship
stem after some time and therefore locks the ship with respect to yaw
motion.

The temporal variation of the internal energy and the friction energy
is plotted in Fig. 27, and is compared with external dynamic models by
Liu and Amdahl (2019). A friction coefficient p = 0.3 is adopted in the
simulation. The plots show that the 3DOF external dynamic model with
p=0.3 underestimates the energy dissipation, while energy predicted
by the 6DOF model is expected to be even lower. This is mainly because,
ship motions are locked to some extent due to tube deformations. The
collision duration is long with complicated ship trajectories. During the
process, the normal vector of the contact surface changes significantly.
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In this case, the simplified external mechanics models may give inac-
curate predictions and yield unconservative results. However, if we give
artificially a large friction coefficient to enable a forced sticking case, the
predicted internal energy becomes close to simulation results but with
smaller friction energy. This indicates that during the external dynamic
calculations, the forces in the tangential direction includes not only the
friction force but also the tangential deformation resistance, also known
as the moving loads. This is consistent with findings in Liu and Amdahl
(2019). Additional information regarding assumptions and limitations
of the external dynamic models can be found in Yu et al. (2019).

5. Global response simulation in USFOS
Local LS-DYNA analysis with shell modelling gives significant details

of structural deformations in the vicinity of the impacted zone. This,
however, yields a large number of elements and requires considerable
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Fig. 30. (left) velocity histories for the ship, the cage center column and the cage at bulb; (right) collision force versus total ship displacement.

computational resources. In addition, the shell model contains only a
small part of the fish cage, and the boundaries are fixed in all degrees of
freedom. This neglects the interaction between the cage motion and
structural deformation. For collision scenarios close to the boundaries,
the resulting resistance may be exaggerated, see e.g. scenario 3. In order
to verify the boundaries of the local shell model, and to study the global
collision response of the fish cage, USFOS is a viable tool with efficient
beam formulations and with good accuracy.

The fish cage model used in the USFOS analysis is shown in Fig. 5. It
is moored with eight mooring lines. The ring stiffeners are not modeled,
but are smeared onto the associated tube. The ship with associated mass
(7500 tons displacement plus 10% added mass for head-on collisions in
accordance with NORSOK-N003 (2017)) is modeled as a concentrated
mass connected to the fish cage model with nonlinear springs; one for
the contact with the stem at forecastle deck and one for the contact with
the bulb. The force-penetration relationships that are assumed for the
bulb and the forecastle are shown in Fig. 28 (left). They are based on
information given by Storheim and Amdahl (2014) with the same supply
vessel model. The ship was given an initial speed of 3.6 m/s corre-
sponding to a kinetic energy of 53.5 MJ after 0.1 s when the gravity and
buoyancy forces have been applied. The good agreement of the input
resistance curve and the resistance obtained from simulations indicates
correct implementation. Notably, the bulb has a high resistance to
deformation. Each deformation spring is connected to an elastic spring
that allows the contact to unload completely towards the end of the
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collision.

The force-time histories from the simulation are plotted in Fig. 28
(right). The peak force at the forecastle deck and at the bulb location is
almost equal, but the bulb force has a somewhat longer duration. The
actual deformations of the bulb and the forecastle are indicated in
Fig. 28 (left). It is noticed that the deformation of the bulb is only 0.3 m,
while the stem at forecastle deck undergoes 0.7 m deformation for this
force level. Hence, the bulb dissipates only about 1.2 MJ, while the stem
at forecastle deck dissipates approximately 4.8 MJ. The diagrams show
that the bulb and forecastle have spent a considerable time on the elastic
unloading part of the deformation curve, so accurate modelling of
unloading may be essential.

While the bulb undergoes very little damage, the vertical column is
subjected to a significant local indentation of 0.75m, approximately
27% of the column diameter, as shown in Fig. 29 (left). The associated
denting energy calculated by USFOS is around 4.9 MJ, and is based on
the denting curve given in NORSOK-N004 (2004), see Fig. 29 (right).
According to NORSOK-N004 (2004), the dent reduces the plastic
moment capacity by 60%. This reduction is also realized in the USFOS
simulations by creating a plastic hinge at the location of the bulb
contact.

From the simulations, the total plastic energy dissipated by the ship
and local denting is about 11 MJ at the time of the maximum impact
force for the bulb, i.e. after 1.25s. The fish cage has dissipated 29 MJ
energy mainly by structural deformation of the column in the hit area.
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Fig. 31. Deformed configuration of fish cage at maximum collision force (deformations are magnified by 3 times for better illustration).
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Fig. 32. Energy dissipation for strength, ductile and shared-energy design,
from DNV-RP-C204 (2016).

The total kinetic energy has been reduced from 53.5MJ to 13.5MJ,
where the ship contributes with 7.5 MJ and the kinetic energy of the fish
cage is 6 MJ at this stage and is dominated by motion of the hit frame-
work and fish farm rotations while the translational speed of the whole
cage is still small (0.15m/s).

The impulse for the bulb and the forecastle for the entire impact,
calculated from the force histories in Fig. 28 (right) amounts to
18.3 MNs and 13 MNs, respectively. Thus, the impulse should give the
vessel a change of velocity equal to roughly 3.8 m/s, i.e. the vessel
should move with a speed of about 0.2m/s in the opposite direction
after collision. The plot in Fig. 30 (left) confirms this. The mass and
added mass of the fish farm is 33400 tons. Hence, the fish farm should
get a speed of 1 m/s, which agrees well with the simulated speed at the
end of contact. The displacement of the cage center column at the end of
collision is virtually zero, and confirms that the impact is highly
impulsive. Thus, the local model will provide reliable information of the
collision damage.

It is interesting to notice that a simple rigid body model would pre-
dict the remaining kinetic energy to be 10.6 MJ at the end of the first
impact period (before any partial restitution). This is close to the actual
value after 2.8s in Fig. 30, but it should be recognized that the two
bodies do move in opposite direction and not as one body.

The collision forces for the bulb and the forecastle are plotted versus
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total vessel displacement in Fig. 30 (right). The curves resemble those
from local LS-DYNA simulations in Fig. 10. Fig. 31 illustrates the plastic
deformations in the fish cage. The overall picture resembles that of the
local analysis of scenario 1, most of the damage has been absorbed in the
locally modeled region. The supporting columns connected to transverse
tubes act as supporting boundaries and their stress states are far from
yielding. This shows that it is reasonable to assume clamped conditions
at the boundaries. Members outside the direct contact area are seen to be
affected to some extent, but the associated energy is negligible
compared to the total energy. USFOS predicts that the thin-walled frame
at the top center joint undergoes local buckling amounting to approxi-
mately 10% of the brace diameter during plastic rotations.

6. Discussion

Local shell analysis and global beam analysis have been used to
investigate the structural response of the fish farm cage under supply
vessel impacts. As there is no direct design standard for offshore fish
farms against ship impacts, established standards and researches for
offshore oil and gas may be useful. The design of offshore platforms
against ship impacts may be carried out in the ductile, shared-energy or
strength design domain (DNV-RP-C204, 2016) (see Fig. 32):

Strength design: The installation is strong enough to resist collision
forces with minor deformation, so that the ship is forced to deform and
dissipate the major part of the energy.

Ductility design: The installation undergoes large plastic deforma-
tion and dissipates the major part of the collision energy.

Shared energy design: Both the installation and the ship contribute
significantly to energy dissipation.

From the above local and global analysis, the relative strength of the
ship and the offshore fish cage falls predominantly within the ductile
design domain, where the fish farm dissipates most of the impact energy
through structural deformations. In the design of offshore installations
against collisions, structural damage can be allowed provided that it
does not impair the main safety functions and does not lead to pro-
gressive collapse of the structure or sinking due to puncturing and
flooding of buoyancy compartments. Further, the structure should have
sufficient residual strength in damaged condition to resist waves and
current loads with a certain return period (say 1 year) before it can be



Z. Yu et al.

repaired. For fish farms it may also be relevant to introduce a require-
ment related to net penetration and damage in order to avoid or limit
fish escape.

7. Conclusions

This paper presents a combined local and global analysis procedure
of supply vessel collisions with an offshore fish farm. The striking ship
was selected to be a standard offshore supply vessel with a displacement
of 7500 tons. Energy absorption capacity and collapse patterns of the
offshore fish farm, and the relative strength of the supply vessel and the
fish cage were investigated.

In the local collision analysis, the decoupled simulations show that
the fish farm is capable of absorbing considerable energy through
structural deformations before complete collapse. In general, the resis-
tance of the fish cage is smaller than that of the striking vessel (especially
the bulbous bulb), and most of the impact energy is dissipated by the fish
cage. However, the column top with a stiffened plate represents a hard
spot of the fish farm, and is capable of crushing the ship stem signifi-
cantly. The middle column and the transverse tubes are very thin-walled
with large diameter/thickness ratios, and are thus susceptible to local
buckling and denting. This limits the energy that the tubes can dissipate
by plastic bending or by crushing the ship bow.

A single scenario was also analyzed using coupled simulations where
ship motions in 6 degrees of freedom were accurately predicted based on
potential flow theory for the hydrodynamic loads. The analyses showed
the striking ship undergoes significant pitch motions. In addition, the
deformed transverse tube is observed to warp around the ship bow and
thus constraints further ship motions. External dynamic models do not
capture the ‘motion locking’ effect and predicts lower energy than that
from the coupled simulation.

From the global analysis using USFOS, structural damage of the fish
cage mainly concentrates on the impacted region, with less damage
outside the direct contact area. The analysis confirms the major con-
clusions for energy absorption and structural damage from the local
shell analysis. Possible acceptance criteria for designing offshore fish
farms against ship collisions are discussed in view of those adopted for
offshore oil and gas structures.
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