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a b s t r a c t

The dynamic behavior of a fish cage collar in waves was investigated using a numerical model based
on the finite element method. The floating collar and mooring system were divided into a series of line
segments modeled by straight massless model segments with a node at each end. To verify the validity
of the numerical model, research data from other authors were cited and compared with the simulated
results, the comparison of results showed a good agreement. The numerical model was then applied to
a dynamic simulation of a floating cage collar in waves to analyze its elastic deformation and mooring
line tension. The simulated results indicated that the greatest deformation of the collar taken place in
lastic deformation
ooring line tension
umerical simulation

the position of the mooring line connection point when incident waves were in the same direction. An
increase in the length of mooring line would help to decrease the mooring line tension of the collar.
Furthermore, the effects of collar dimension, including collar circumference, pipe diameter in cross-
section, and pipe thickness, on the dynamic behavior of the floating collar were discussed. The results of
this study provided a better understanding of the dynamic behavior of the fish cage collar.

© 2016 Elsevier B.V. All rights reserved.
. Introduction

Commercial marine fish farming is becoming prevalent in the
orld due to diminishing fishery resources in the ocean and

ncreasing demand of sea products. As one of the main culture
ethods, cage aquaculture plays an important role in marine fish

arming in China, of which yield accounts for about 50% of marine
sh farming. Marine cage aquaculture has become an alternative

or future development of the fisheries industry in China. However,
wing to the aggravation of near-shore pollution and occupation
f the sea area for coastal industrialization and tourism, cage farm-
ng locations need to be moved further offshore in exposed water.
herefore, the safety performance and reliability of the fish cage
nder the action of severe sea loads becomes the focus of attention.
In an open-sea area, a fish cage exposed to strong waves and cur-
ent may deform to such a large extent that normal functionality is
isabled. Therefore, extensive studies of hydrodynamic behaviors

∗ Corresponding author at: South China Sea Fisheries Research Institute, Chinese
cademy of Fishery Sciences, No. 231 Xingangxi Road, Guangzhou 510300, China.

E-mail address: huangx-hua@163.com (X.-H. Huang).

ttp://dx.doi.org/10.1016/j.aquaeng.2016.07.003
144-8609/© 2016 Elsevier B.V. All rights reserved.
of fish cages have been conducted over the recent years. For exam-
ple, Lee et al. (2008) presented a mathematical model for analyzing
the performance of a fish cage with a floating collar influenced by
currents and waves. Huang et al. (2008) analyzed the effects of
waves with a uniform current on marine aquaculture gravity-type
cages using a numerical model validated by physical model tests.
A risk analysis (Huang and Pan, 2010) and submergence charac-
teristics (Shainee et al., 2013) of single-point mooring cage system
in waves and current were conducted. Kristiansen and Faltinsen
(2012, 2015) proposed and discussed a screen type of force model
for the viscous hydrodynamic load on an aquaculture net cage.
Fredriksson et al. (2007a) studied mooring system tensions of a
large fish farm containing 20 net pens in the absence of waves,
using a numerical model and field measurements. Zhao et al. (2009,
2013) conducted analysis of dynamic behavior of a box-shaped net
cage and a column-shaped net cage in waves and current using a
numerical model, based on the lumped mass method and the prin-
ciple of rigid body kinematics. DeCew et al. (2013) reported that an

acoustic method was utilized to monitor the movement and defor-
mation of a small-scale fish cage deployed in currents, and results
were compared with field measurements.

dx.doi.org/10.1016/j.aquaeng.2016.07.003
http://www.sciencedirect.com/science/journal/01448609
http://www.elsevier.com/locate/aqua-online
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aquaeng.2016.07.003&domain=pdf
mailto:huangx-hua@163.com
dx.doi.org/10.1016/j.aquaeng.2016.07.003
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Fig. 1. A finite elem

Most of the aforementioned work is, however, based on the
ssumption that the load-bearing component floating collar of the
sh cage is rigid, undergoing no deformations. Actually a floating
sh cage collar made of high-density polyethylene (HDPE) may
ave great deformations resulting from strong winds and waves.
ite observations have confirmed that the deformations of larger
sh cages are more severe than those of smaller one. Therefore,
eeply understanding the deformations of a floating collar is of
ital importance to the reliable design of a fish cage with high secu-
ity. Dong et al. (2010) and Hao (2008) analyzed the in-plane and
ut-of-plane deformations of a flotation ring of a gravity fish cage
ased on curved beam theory, in which the flotation ring was  sim-
lified into a circular ring. Fredriksson et al. (2007b) predicted the
ritical loading of net pen flotation structures using finite element
odeling techniques, and conducted a series of experiments by

esting circular sections of HDPE pipe to localized failure for the
odeling approach. Li et al. (2013) studied dynamic responses of

he semi-immersed floater and the fish cage system consisting of
he floater and nets in waves and currents, in which large geometric
eformations and motions were observed in both floater and the
ets.

The objective of this paper is to analyze the deformations and
orces of a floating fish cage collar subjected to pure waves. The
tudy also considers effects of collar dimension on the deformations

nd forces of the fish cage collar. This paper is organized as follows.
ection 2 introduces the numerical model of the fish cage collar. To
alidate the numerical model, two cases of circular pipe described
n Hao (2008) and Li et al. (2013) are simulated and compared with
odel for the line.

the results from their works in Section 3. Afterwards, in Section 4,
the numerical model is used to simulate the elastic deformations
and the mooring line tensions of the floating collar in waves, and the
effects of collar circumference, pipe diameter and pipe thickness
are also analyzed. Finally, in Section 5, some conclusions are given.

2. Description of numerical model

2.1. Finite element model

A finite element model for a line is used to model the floating
collar and mooring system of the fish cage. As shown in Fig. 1, the
line is divided into a series of line segments which are then mod-
eled by straight massless model segments with a node at each end.
The model segments only model the axial properties of the line.
The other properties (mass, weight, buoyancy, etc.) are all lumped
towards the nodes, as indicated by the arrows in Fig. 1. The bending
properties of the line are represented by rotational spring-dampers
at each end of the segment, between the segment and the node.
Each node is effectively a short straight rod that represents the
two half-segments either side of the node. Forces and moments,
including weight, buoyancy, hydrodynamic drag, tension and shear,
bending, etc., are applied at the nodes. The equation of motion for
each line node is as follows:
M(p, a) + C(p, v) + K(p) = F(p, v, t) (1)

where M(p, a) is the system inertia load, C(p, v) is the system damp-
ing load, K(p) is the system stiffness load, F(p, v, t) is the external
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Fig. 2. Tension and pressure forces of the pipe structure.
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Fig. 3. Concentrated loads on the in-plane of the circular pipe.
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Fig. 4. Comparison of deformed shape to the pipe under concentrated loads.

oad, t is the simulation time, p, v and a are the position, velocity,
cceleration vectors respectively.

.2. Structural loads

Generally, for the collar made with HDPE pipe, the total struc-
ural loads include tension forces, bend moments and shear forces,
hich resulting from the movements and deformations of the fish

age collar influenced by waves. It is assumed that the torsional
ffects are ignored for each line model of collar structure. For the
ooring lines connecting the collar, the structural load is only

ension forces, considering that the bend stiffness is insignificant,
hich can be set to zero. The effective tension of each line segment

or the collar and mooring line structure is calculated together using
he formula:

e = Tw+ (P0A0 − PiAi) (2)
In the equation, Tw represents the wall tension that can be writ-
en by:

w = EAε − 2� (P0A0 − PiAi) + EAC
(

dL/dt
)

/L0 (3)
Fig. 5. Sketch of the circular pipe model for calculations.

where EA is axial stiffness of line, ε is total mean axial strain
that is given by (L–L0)/L0, L and L0 are instantaneous length and
unstretched length of segment, � is Poisson ratio, Pi and P0 are
internal and external (i.e. surrounding fluid) pressure, Ai and A0
are internal and external cross-sectional stress areas (see Fig. 2), C
is damping coefficient, dL/dt is rate of increase of length. For the
mooring lines of fish cage, Te is equal to Tw .

The bend moment of line segment for modeling collar structure
is given by:

M = EIk + kd
(

�b/100
)

Dc/dt (4)

where EI is bending stiffness of a segment, k is curvature, �b is target
bending damping, Dc is the bending critical damping value for a
segment, which is given by L0(mEIL0)1/2. The node experiences two
bend moments, M1 and M2, one from the segments on each side of
it.

Having calculated the bend moments at each end of the segment,
the shear force in the segment can be calculated. Because the model
segment is stiff in bending, the bend moment varies linearly along
the segment and shear force in the segment is the constant vector
equal to the rate of change of bend moment along the length. The
shear force is therefore given by:

Q = SZ × (M2 − M1) /L (5)

where SZ is unit vector in the segment axial direction, L is the
instantaneous length of the segment.

2.3. Hydrodynamic loads

An extended form of Morison’s equation (Morison et al., 1950)
is used to calculate hydrodynamic loads on each line segment of
the floating collar and mooring lines structure. There are two  force
components, one related to water particle velocity, the drag force,

and one related to water particle acceleration, the inertia force.
The inertia force consists of two  parts, one proportional to water
particle acceleration, and one proportional to water particle accel-
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The first validation case is chosen to calculate the deformations
ig. 6. Comparison of vertical displacement of point P1 at (a) wave height H = 5 m
nd (b) wave height H = 6 m.

ration relative to the line segment. The extended form of Morison’s
quation is as follows:

W = 1
2

�CdSVr |Vr |+�∀af +�∀Caar (6)

here FW denote the fluid force, � is the density of water, S is the
rag area, Vr is the water particle velocity relative to the segment,

 is the volume of water displaced by the segment, af is the water
article acceleration, ar is the water particle acceleration relative
o the segment, Cd and Ca are the drag coefficient and the added

ass coefficient. Here Cd and Ca are set to 1.2 and 1.0, respectively.

.4. Numerical algorithm method

As described previously, each mid-node experiences two  ten-
ion forces, two bend moments, two shear forces (one each from
he segments either side of the node). These loads are then com-
ined with other non-structural loads such as weight, buoyancy
this is given by �g∀) and hydrodynamic loads, etc. to give the total

orce and moment on the node. Afterwards, Eq. (1) is solved for the
cceleration vector, for each line node, and then integrated using
emi-implicit Euler integration with a constant time step (Orcina
(b)
Fig. 7. Comparison of displacement of point P2 in (a) x direction and (b) y direction.

Ltd., 2015). Then the values of the velocity and position at each node
at time t+1, are given by:

vt+1 = vt+atdt (7)

pt+1 = pt+vt+1dt (8)

where dt is the time step. At the end of each time step, the positions
and orientations of all line nodes and segments are again known
and the process is repeated. In this study, a commercial program,
OrcaFlex (Orcina Ltd., 2015), is chosen to accomplish the dynamic
analysis.

3. Model validations

To examine the validity of the numerical model, deformation
data of circular pipe under concentrated loads from Hao (2008)
and motion data of circular pipe in waves from Li et al. (2013) are
cited and compared with the simulated results using the model.

3.1. Validation 1 (deformations of circular pipe under
concentrated loads)
of circular pipe, from the work done by Hao (2008). For the numeri-
cal calculation, we use the parameters of Hao’s (2008) circular pipe:
the radius of the pipe is 8.46 m,  and the cross-sectional radius is
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Fig. 8. The configuration of the

Table 1
Properties of the floating collar for calculations.

Parameter Value

Circumference 60 m
Outer diameter of pipe 0.315 m
Wall thickness 0.019 m
Material HDPE
Density 953 kg/m3

Modulus of elasticity 950 MPa
Poisons ratio 0.42
Yield stress 24 MPa
Length of mooring line 60 m
Axial stiffness of mooring line 260 kN

Table 2
The deformation and displacement at different points of the floating collar.

Point of the collar Displacement (m)  Max  von Mises
strain (%)

Max von Mises
stress (MPa)

x y z

A (−10.10, 0.0, 0.0) 2.06 0.00 2.98 0.49 4.65
B  (−5.05, 8.75, 0.0) 2.12 0.11 2.94 0.30 2.90
C  (5.05, 8.75, 0.0) 2.08 0.14 3.04 0.17 1.60
D  (10.10, 0.0, 0.0) 2.21 0.00 3.10 0.25 2.39
E  (5.05, −8.75, 0.0) 2.08 0.14 3.04 0.17 1.60
F  (−5.05, −8.75, 0.0) 2.12 0.11 2.94 0.30 2.90
G  (0.0, 10.10, 0.0) 2.08 0.21 3.00 0.29 2.72

0
5

a
I
m
t
d

the figure, points A–H are attachments points, and points A′–F′ are
anchor points. The main properties of the floating collar are listed
H  (0.0, −10.10, 0.0) 2.08 0.21 3.00 0.29 2.72

.125 m;  the elastic modulus is 900 MPa. The concentrated loads of
000 N act on two endpoints of the pipe, shown in Fig. 3.

Fig. 4 shows the shape of the circular pipe when it is placed in
 horizontal plane and is exposed to concentrated loads of 5000 N.
t can be seen that the deformed pipe computed from the present

odel almost coincide with that from Hao (2008), in which the rela-

ive errors of the maximum displacement in horizontal and vertical
irection are all less than 5%.
 floating fish cage collar.

3.2. Validation 2 (motions of circular pipe in waves)

The second validation case is chosen to calculate the motions
of circular pipe in regular waves, from the work done by Li et al.
(2013). In the research of Li et al. (2013), the floating circular pipe is
connected by four mooring lines, which are simulated by nonlinear
springs (see Fig. 5). A zero force is defined when the springs are
under compression. The pipe is made of plastic with a density of
953 kg/m3 and has a diameter of 40 m and an outer diameter of
0.3 m in cross-section. The thickness of the pipe is 0.048 m and the
elastic modulus is 950 MPa. We select two  points P1 and P2 marked
in Fig. 5 to analyze the pipe motions and make a comparison with
that obtained from Li et al. (2013). Wave heights of 5 m,  6 m and
period of 8 s are utilized in the calculation.

Time histories of the vertical displacement of point P1 on the
floating pipe in regular waves are plotted in Fig. 6, and time histo-
ries of the displacement of point P2 in x and y direction are plotted
in Fig. 7. From Fig. 7, we can see that remarkable y direction dis-
placement at point P2 indicates a large structural deformation on
the floating circular pipe in waves. As shown in Fig. 6 and 7, the
calculated results obtained from the numerical model presented
in Section 2 are all in close agreement with that obtained from Li
et al. (2013), in which the largest relative error is only 6.5% for the
maximum displacement of points P1 and P2. Based on the above
analysis, the model is feasible in simulating the dynamic response
of a circular pipe in waves.

4. Numerical simulation of the floating fish cage collar

Fig. 8 shows the configuration of the floating collar, which is
connected by a six-point mooring system. The collar is simplified
into two circular pipes in parallel with attachment connections. In
in Table 1. During the calculation, wave height, wave period and
water depth are set to 6 m,  8 s and 20 m,  respectively.
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Fig. 9. Deformed shape of the flo

.1. Elastic deformation of the floating collar in waves

Fig. 9 shows the instantaneous deformed shape of the floating
ollar exposed to waves running in the positive x direction at differ-
nt times during one wave period. It can be found that deformation
ccurs to the collar in waves at different times and the deformation
s greater when t = T/2 and t = T than at other times. Hence the elas-
icity of the collar should be considered in the dynamic analysis of
hat (Endresen, 2011).

The deformation and displacement for each point position on
he floating collar is provided in Table 2 where the von Mises strain
vm and stress �vm can be written as follows:

vm =
√

ε2
zz + ε2

cc − εzzεcc (9)

vm =
√

(�1 − �2)2+(�2 − �3)2+(�3 − �1)2

2
(10)

here εzz is the axial strain due to direct tensile strain and bending
train, εcc is the hoop strain and �1, �2, �3 are the principal stresses.

Among all points A–H of the collar, the von Mises strain of point
 is the largest, and points B and F come second together because

he mooring line AA′ has a greater tension due to the same direc-

ion of the incident waves. For the displacement in y direction, the
alue of points G and H are the largest, while the value of points

 and D are zero due to the symmetry of the collar structure. For
he von Mises stress, the largest value is much less than the yield
                 t=T

ollar in waves at different times.

stress of the HDPE pipe. Furthermore, the relationship of the von
Mises strain and von Mises stress is given by Fig. 10. The analysis
above reveals that the deformation of the collar is under the range
of elastic deformation.

4.2. Mooring line tension of the floating collar in waves

It is known that the deformation of the fish cage collar is caused
not only by waves, but also by mooring line tension. Mooring line
tension is a high concern for the design of the fish cage collar and
mooring system. Therefore, we conducted the calculation of moor-
ing line tension of the floating collar in waves and the results are
shown in Fig. 11. It can be observed that, among all mooring lines,
the tension of mooring line AA′ is the largest, of which the peak
value is about 11 kN. The tension of mooring line CC′ and EE′ are
the same smallest, of which the peak value is only about 3 kN.
Furthermore, at the bottom of each curve (see Fig. 11), tension is
equal to zero, because mooring line is loose without bearing any
compression.

To investigate the tension of mooring line with different length,
three kinds of L/h = 3–5 are adopted where L denotes the length of
mooring line and h is water depth. Assuming water depth is con-

stant, which is equal to 20 m.  The calculated results are provided in
Fig. 12. We can see that the effect of L/h on mooring line tension is
significant. The increase in L/h helps to decrease mooring line ten-
sion, which can further reduce the deformation of the collar from
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Fig. 10. The elastic deformation behavior of the floating collar.
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et al. (2013). Using the numerical model, the elastic deformation
Fig. 12. Time-series of the mooring line tension for L/h = 3–5.

he analysis in Section 4.1. According to the simulation results, in
eality, increasing the length of mooring line would help to enhance
he performance of resisting natural risk to the fish cage in open sea.

.3. Effects of the floating collar dimension

The deformation and force of the fish cage collar in waves has
 close relationship with the dimension. Therefore, we  chose to
nvestigate the dimension impact of three collar circumferences
60, 80, and 100 m),  various pipe diameters (from 0.25 to 0.45 m)
n cross-section and pipe thickness (from 12.1 to 28.6 mm)  on the
eformation and force of floating collar exposed to waves, in which

he deformation is expressed with the von Mises strain of point A
nd the force is expressed with the tension of mooring line AA′ (see
ig. 8).
Fig. 13. Time-series of the (a) von Mises strain at point A and (b) mooring line
tension of the collar with different circumferences.

As seen from Fig. 13a, under the same conditions, the maximum
strain for collar with different circumferences has no significant
change, which indicates the effect of collar circumference on defor-
mation is small. For the mooring line tension, as shown in Fig. 13b,
the effect of collar circumference is significant. The maximum
mooring line tension reduces with an increasing circumference of
collar at the same pipe parameters in cross-section. This is the rea-
son that the increasing range of collar movement is much less than
that of collar radius with incident waves. Similar results have been
reported by Hao (2008).

Fig. 14 shows the calculated results of maximum strain and max-
imum mooring line tension with the variation of pipe diameter
in cross-section. It can be seen that the strain decreases with an
increasing outer diameter of pipe, whereas the trend of mooring
line tension is opposite. As shown in Fig. 15, with an increasing
pipe thickness, the strain decreases from 0.61% to 0.39% and the
mooring line tension increases from 10.4 to 11.3 kN. The increasing
range is relatively small for the mooring line tension, compared to
that in Fig. 14.

5. Conclusions

This paper presents a numerical model based on the finite ele-
ment method, for modeling the dynamic behavior of a fish cage
collar in waves. The validity of the numerical model is verified
by comparing the results with the data from Hao (2008) and Li
and mooring line tension of a floating fish cage collar are analyzed
and discussed in detail. Several primary conclusions are given as
follows:
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Fig. 15. Results of the deformation and force of the collar with different pipe thick-

ters of pipe at thickness of 0.0187 m.  (a) Maximum von Mises strain, (b) Maximum
ooring line tension.

1) The numerical model presented in this paper is suitable to sim-
ulate the dynamic behavior of a fish cage collar in waves.

2) Deformation occurs to the floating collar in waves. The great-
est deformation takes place in the position of the mooring line
connection point when the incident waves are in the same
direction.

3) An increase in the length of mooring line helps to decrease
mooring line tension.

4) The effect of collar circumference on the maximum strain of the
floating collar is small, but with increasing collar circumference
the maximum mooring line tension decreases.

5) With increasing cross-sectional diameter or thickness of pipe,
the maximum strain of the floating collar becomes smaller and
the maximum mooring line tension becomes larger.
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