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Abstract. Fish farming at exposed locations requires robust and reliable structures that 
facilitate sustainable, safe and efficient production. There is also a need for proper numerical 
tools and analysis methods that can be utilised for designing such structures and evaluating 
their performance under increased exposure. Some recent advances in developing and 
applying such tools are highlighted in the present paper. An analysis of the mooring loads of a
complete multi-cage fish farm exposed to currents and waves is presented. This analysis is 
based on numerical simulations performed with FhSim, which is a software framework 
developed at SINTEF Ocean for simulating marine systems and flexible net structures in the 
time domain. Previously, FhSim has been used to simulate loads on a single net cage, and the 
results have shown a good agreement with experimental data.  In the present work, a 
numerical model of a conventional fish farm with multiple interconnected net cages was built, 
and the effects of environmental conditions on the mooring loads and their distribution in the 
mooring system were investigated. Additionally, the sensitivity of the mooring loads to 
various parameters of the model were studied.

The results have shown that for fish farms operating in marine areas with high current 
velocities (over 0.5 m/s) under typical wave conditions, the mooring loads are dominated by 
the current-induced forces rather than the wave forces. Consequently, the assumptions and 
uncertainties associated with the model for viscous drag on the flexible net structure have the 
strongest effect on the mooring forces and thus the results of this analysis. Other considered 
uncertainties associated with the structural parameters of the model did not show such a 
strong effect on the predicted results. Thus, to significantly improve the present model, more 
research should be done to refine the load model for net structures.

1 INTRODUCTION
Calculating environmental loads on and corresponding motions of a large-scale 

aquaculture system under offshore conditions is a relatively new and very complicated task. 
The interest to this problem is growing in the light of the emerging tendency to develop fish-
farming facilities in open sea areas of the coastal zone, where the waves and currents are 
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stronger than they are in sheltered and thus more favourable for the traditional aquaculture 
areas of the Norwegian coast. Although it may take several years to collect relevant 
experience and experimental data on the behaviour of new aquaculture structures offshore, 
attempts have already been made to simulate possible scenarios numerically. As discussed 
below, various numerical models for aquaculture systems, including net cages, exist and are 
continuously developing. Meanwhile, laboratory experiments on structural response of net 
cages subjected to high flow velocities help revealing the weaknesses of existing numerical 
models, e.g., their prediction of inaccurate drag forces on the net structure for high solidities 
and large deformations (Moe-Føre et al., 2016). It is believed that appropriate numerical tools 
together with laboratory testing will help to design more reliable aquaculture structures, which 
will reduce the risk of fish escapes and thus also the impact of future fish farming on the 
environment.

In this paper, we test the capabilities of available numerical methods to simulate 
environmental loads on a flexible multi-cage system exposed to high currents and waves. The 
focus is placed on analysing the mooring loads and their distribution among the structural 
elements of the entire system. Several scientific papers on similar problems have emerged in 
the recent years, e.g., Shen et al. (2018), Chen and Christensen (2017), Kristiansen and 
Faltinsen (2015) and Endresen et al. (2014). However, the authors of these papers focused on 
modelling a single net-cage and therefore did not discuss, e.g., how environmental conditions 
and the loads due to them may be distributed over a large-scale fish farm consisting of 
multiple interconnected cages. Fredriksen et al. (2018) studied the loads due to waves and 
currents on a complete fish farm but did not evaluate the effects of the model parameters on 
the obtained loads. Thus, the objective of this paper is not only to predict loads on a complete 
fish-farm system using a numerical model, but also to conduct a sensitivity analysis of the 
obtained mooring loads by varying the model parameters.

2 MODEL CHARACTERISTICS
The numerical analysis in this paper was conducted by utilising FhSim (Reite et al., 2014),

which is a framework for software development and numerical modelling that has been under 
constant development at SINTEF Ocean. This software is designed for simulating marine 
systems in the time domain, using models described as ordinary differential equations 
(ODEs). The primary ODE models for simulating marine fish farms in FhSim include: net 
structures, cables, ropes, floating collars and buoys (Fig. 1). Detailed descriptions of all these 
models are provided by Endresen et al. (2014), and only general highlights are given below.

Moorings
All mooring lines and cable elements shown in Fig. 1 are modelled as collections of

interconnected rigid-bar elements constrained to provide desired structural properties of a 
cable, such as bending, axial and torsional stiffness, as well as buckling behaviour under 
compression forces. The constraint forces are applied to the ends of each rigid-bar element 
and are controlled through an elastic version of the Baumgarte stabilisation method (Johansen,
2007) to avoid numerical instabilities. The parameters of the Baumgarte stabilisation are 
directly related to the physical properties of a cable, such as Young's modulus, length and 
diameter.
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Figure 1: Illustration of the main elements of a net-cage system for fish farming.

Floating collar
The floating collar is modelled as a flexible continuous circular ring with six degrees of 

freedom with regards to rigid-body motion. Elastic deformation due to bending is accounted 
for by Euler-Bernoulli beam theory, while axial- and shear forces as well as torsion of the 
floater cross section are ignored. The structural response of the ring is modelled using the
principle of modal superposition, where the responses for a finite number of the generalised
natural modes are summed to give the total response of the ring. Forces that may act on the
ring include wave excitation loads, added mass and additional structural- and viscous 
damping. The derivation of the hydrodynamic forces and modal responses for a floating-ring 
model can be found in Li and Faltinsen (2012).

Net cage
A net cage consists of a net structure and embedded into it cable elements reinforcing the 

cage. As the net is flexible, it will deform when exposed to waves and currents and thus will 
reduce its exposure. Therefore, it is important to account for such deformations in the present 
analysis. 

In FhSim, the net structure is modelled according to Priour (1999) as a collection of 
triangular elements that are interconnected through nodes. All forces acting on the net and its 
mass are distributed among these nodes. Two expressions of the viscous hydrodynamic load 
on nets are available in FhSim: a Morison-type expression with a modified drag law and so-
called Screen model. The former is based on Morison’s equation and is validated for certain 
flow conditions by, e.g., Endresen et al. (2014). The latter is presented and validated by 
Kristiansen and Faltinsen, (2012). Additionally, the flow reduction due to the presence of a 
net structure is considered according to Endresen et al. (2013).

A sinker (bottom ring) is connected to the net structure as shown in Fig. 1. It is modelled 
similarly to a mooring cable but has a higher mass, and its both endpoints are connected
forming a continuous cable structure.

Environmental conditions
All the abovementioned components of the fish farm can be simulated under forcing from 

both waves and a current. The hydrodynamic forces that may act on the fish-farm elements 
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include wave excitation forces and viscous-drag forces from the water current. Wave 
excitation forces include Froude-Kriloff pressure forces, diffraction forces and non-linear 
forces due to relative velocity. Linear long-wave theory is used to calculate the excitation 
forces, as well as the velocities of water particles under wave conditions.

Model validity
The validity of the abovementioned numerical models was studied by Endresen et al. 

(2014) by comparing FhSim simulations against data from experiments with a scaled model 
of a net cage on moorings as the one shown in Fig. 1. In their study, the authors compared the 
tensions in anchor lines, bridles and buoys from the simulator to the corresponding data series 
obtained in the experiment. They concluded that FhSim was able to reproduce the main
dynamics and responses of the net cage when it was exposed to currents and waves. For two 
cases with different current velocities, 0.5 and 0.7 m/s in full scale, and no waves, the highest 
discrepancies of the forces in the anchor lines were 31% and 17%, respectively. In two cases 
with both current and waves, forces on anchor lines were 56% and 35% higher in the 
simulation than in the experiments.

3 NUMERICAL SETUP
The numerical setup chosen for this study represents a typical marine fish farm, which 

consists of eight net cages and a frame-type mooring system as shown in Figs. 2 and 3. Each 
net cage consists of a floating collar (two buoyant rings), a bottom ring, a cylindrical net 
structure with a conical bottom and bridles connecting the cage system to the frame moorings.
All relevant parameters of the model setup are summarized in Table 1 and Table 2.

Figure 2: The fish-farm model in FhSim.
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Figure 3: A sketch of the complete fish-farm model showing the mooring system.

Table 1: Characteristics of the net-cage system.

Parameter Value Unit
Collar diameter 51 m
Collar pipe diameter 0.5 m
Collar elastic modulus 900 MPa
Collar drag coefficient 1.0 -
Number net connections 20 -
Number sinker connections 20 -
Cage vertical wall depth 15 m
Cage cone-tip depth 32.5 m
Bottom ring depth 17.5 m
Bottom ring mass 80 kg/m
Ring diameter 51 m
Ring pipe diameter 0.4 m
Ring elastic modulus 900 MPa
Ring drag coefficient 1.2 -
Bridle length 48.4 m
Bridle diameter 0.05 m
Bridle weight 1.66 kg/m
Bridle elastic modulus 1870 MPa
Mooring frame size 100x100 m
Frame configuration 2x4 -
Mooring frame depth 8 m
Mooring rope diameter 0.064 m
Mooring rope weight 1.66 kg/m
Mooring elastic modulus 1670 MPa
Anchor line diameter 0.056 m
Anchor line weight 1.66 kg/m
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Table 2: Anchor lines.

Line Length [m] Line Length [m]
A1a/b 70/70 A9 91
A2a/b 130/131 A10a/b/c 57/55/58
A3a/b 112/111 A11a/b 133/133
A4a/b 60/60 A12a/b 199/201
A5a/b 235/235 A13a/b 212/210
A6a/b 259/258 A14a/b 248/256
A7a/b 108/108 A15a/b 335/335
A8 84 A16a/b 246/240

4 TEST MATRIX
Several simulations were performed using the numerical setup described above with 

various environmental conditions to evaluate the effect of the latter on the mooring loads for 
the entire fish farm. Additionally, structural parameters were modified in some of the 
simulations to identify how strongly the mooring loads depend on those parameters. The test 
matrix in Table 3 summarizes all the simulations analysed in this paper.

Table 3: Test matrix.

Case Hs [m] Tp [s] Wave direction 
[o]

Current [m/s] Current
direction [o]

Comment

#1 3 6 0 0 - Irregular waves
#2 3 6 0 0.5 0 -//-
#3a 1.6 4 272 0.67 272 -//-
#3b 1.6 4 272 0.67 272 Stiff collar 
#4 1.6 4 0 0.67 272
#5 1.6 4 192 0.67 192
#6 H=6 T=6 0 0 - Regular waves
#7 0 - - 0.67 0
#8 0 - - 0.67 / 0 0 Surface current
#9 0 - - 0 / 0.67 0 Deep current
#10* 1.6 4 272 0.67 272 Screen model
#11* 1.6 4 272 0.67 272 Shorter anchor 

lines
#12* 1.6 4 272 0.67 272 Shorter frame 

cables
*Simulations with the screen model 

The environmental loads that are considered in this study are those due to waves and 
current. Irregular waves (cases #1 – 6 and #10) were modelled according to JONSWAP wave 
spectrum with various significant wave heights (Hs), mean wave periods (Tp) and wave 
directions. In one of the cases (#6) a regular wave field was modelled with a constant wave 
height H and wave period T. The current velocities were modelled as time-independent and 
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uniform within a given layer but were depth-dependent in two of the simulation cases (#8 –
0.67 m/s on surface and 0 m/s from 0.6 m depth; #9 – 0 m/s on surface and 0.67 m/s from 0.6 
m depth). For convenience, both wave- and current directions in Table 3 are specified by 
giving the directions in which they are progressing, measured as azimuth angles (e.g., 0o is the 
direction towards north).

The only difference between Cases #3a and Case #3b is the values of the elastic modulus 
for the floating collars: 0.9 GPa (normal value) and 90 GPa (artificially high value to model 
rigid-body behaviour), respectively. These simulations are performed to find out if the 
stiffness of the floating collars has a significant effect on the mooring forces. In Case #10, the 
collar stiffness is the same as in Case #3a, while a different model for hydrodynamic forces on 
the net structure is applied (the screen model). Cases #11 and #12 differ from Case #10 only 
due to changes in the mooring system: anchor lines A6 – A8 are shortened by 10 %, 
respectively, and the corresponding anchor positions are moved from their original locations
(Fig. 3) by 10 – 20 m in Case #11; the length of frame cable Fr14 is modified from 100 to 95 
m in Case #12. These modifications are made to study the variation of the mooring forces due
to uncertainties in cable length and anchor positions.

5 SIMULATION RESULTS
From each simulation in Table 3, time series of the loads for all anchor lines, frame cables 

and bridles were obtained, and corresponding mean and maximum values were determined. A
summary of the maximum mooring loads is given in Table 4. An example of typical time 
series of the mooring loads obtained from Case #10 is demonstrated in Fig. 4.
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Figure 4: Mooring loads due to irregular waves and a current (Case #10).
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Table 4: Cables with maximum mooring loads.

Case
Force [tonne]

Anchor lines Frames Bridles

#1 2.8 (A8) 4.7 (Fr22) 2.4 (B46)

#2 22.1 (A10a) 30.3 (Fr22) 14.5 (B62)

#3a 24.4 (A8) 18.5 (Fr14) 14.0 (B9)

#3b 25.2 (A8) 18.1 (Fr14) 16.0 (B9)

#4 22.9 (A8) 16.6 (Fr14) 12.9 (B44)

#5 25.4 (A3b) 31.2 (Fr3) 17.1 (B10)

#6 2.9 (A9) 4.4 (Fr22) 2.2 (B62)

#7 24.6 (A10a) 33.9 (Fr22) 15.1(B62)

#8 2.2 (A10a) 4.2 (Fr22) 0.7 (B62)

#9 21.8 (A10a) 30.5 (Fr22) 13.3 (B62)

#10 19.9 (A8) 15.8 (Fr14) 11.4 (B9)

#11 20.2 (A8) 15.9 (Fr14) 11.0 (B9)

#12 22.0 (A8) 17.3 (Fr14) 10.7 (B9)

The loads shown in Fig. 4 are due to the superposition of irregular waves and a current. 
This graph can be compared to Fig. 5 showing the loads in a frame cable due to only currents, 
and to Fig. 6, which depicts the load in a bridle induced by regular waves.
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Figure 5: Current-induced loads in a frame cable (Cases #7 – blue and #9 – red).
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Figure 6: Bridle force due to regular waves (Case #6).

Finally, additional simulation results needed for the analysis of the effect of collar stiffness 
on the distribution of mooring loads is presented in Table 5. Here the maximum, mean and 
standard deviations of the forces in selected mooring lines are given for both Case #3a and 
Case #3b.

Table 5: Comparison of the results from the simulations with flexible and stiff collars (Cases #3a and #3b). 

Moorings
Force [tonne] Case #3a / Case #3b

Maximum Mean Standard deviation

A8 24.4 / 25.2 23.1 / 23.9 2.8 / 2.8

Fr14 18.5 / 18.1 17.3 / 16.5 2.2 / 1.9

B9 14.0 / 16.0 12.6 / 14.7 1.6 / 1.7

6 ANALYSIS AND DISCUSSIONS

Mean mooring loads
All simulations in this study indicate that the mean tension forces in the anchor lines, frame 

cables and bridles approached steady-state values within the first 15 minutes of the 
simulation, in full scale. Typically, the mooring forces were essentially transient within the
first 5 minutes, especially in the simulations with high current velocities (see, e.g., Fig. 4 and 
5). In the simulation with only regular waves, the transient response decayed within 
approximately 100 seconds, as shown in Fig. 6.

Thus, based on the above observations, we established a simple empirical rule that 
suggests using at least 15-minute long time series, in full scale, to identify mean mooring 
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loads with a 10% accuracy. Note, however, that most of the simulations from Table 3 resulted 
in time series that are much longer than 15 minutes (see, e.g., Fig. 4 showing a 1-hour 
simulation).

It was also found that the mean and maximum loads were distributed among all the cables 
of the entire fish farm in a similar way, i.e., the same anchor line typically showed both the 
maximum peak force and the largest mean force, compared to the forces in all other anchor 
lines of the system. This conclusion is also valid for frame cables and bridles, respectively.
Moreover, under realistic environmental conditions with both waves and a current (Cases #3 –
#5 and #10), the highest mean load was typically 80 – 90 % of the maximum observed load in 
the same cable. In the latter cases, the current-induced forces were obviously dominant.

Maximum mooring loads
The maximum observed loads for anchor lines, frame cables and bridles, respectively, are 

given in Table 4. These values appeared to be strongly dependent on the magnitude of the 
current velocity and its direction as well as the wave parameters. The most unfavourable 
combination is when the waves and current act in the same direction (e.g., Case #5).

A sea state with the significant wave height equal to 1.6 m and the mean wave period equal
to 4 s and a current of 0.67 m/s are considered as realistic environmental conditions for the 
considered fish farm. The simulations showed that under these conditions, the loads in the 
anchor lines may reach up to 25.4 tonnes (Case #5), in the frame cables – 33.9 tonnes (Case 
#7) tonnes, and in the bridles – 17.1 tonnes (Case #5). These values correspond to the
scenarios when the wave and current direction was approximately aligned with the longest 
side of the fish-farm rectangle, i.e., from north to south or the opposite (see Fig. 3).

One of the objectives of this study was to investigate how the load due to environmental 
forces is distributed among all ropes and cables of the entire mooring system of the fish farm,
including the frame, anchor lines and bridles.  For this purpose, the locations of the mooring 
elements with maximum loads were identified as given in Table 4. It can be noticed that the 
cables with maximum forces are typically located upstream with respect to the current and/or 
wave directions. This is illustrated in Figs. 7 and 8.

Figure 7: Locations of the moorings with highest loads (shown in red) with respect to the wave- and current 
direction in Case #5.
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Figure 8: Locations of the moorings with highest loads (shown in red) with respect to the wave- and current 
direction in Case #3a.

Wave and current effects on the total load
Relatively high sea states were considered in Cases #1 and #2. This was done to identify 

the wave effect on the mooring loads of the farm and to compare these loads with those due to 
a current. By comparing the results from Table 4, it can be seen that the loads due to a 
relatively high sea state (Case #1) are more than 5 times lower than the combined loads from 
a relatively high current and the same sea state (Case #2). Moreover, the simulation results 
from Case #7 show that the loads due to the current, in the absence of any waves, are also 
significantly higher than the wave-induced loads observed in Cases #1 and #6. Thus, for 
marine farming areas with high currents (over 0.5 m/s), the total load on the fish farm is found
to be dominated by the current-induced forces rather than the wave forcing, provided that Hs
does not exceed 3 m and Tp is lower than 6 s.

Effects of model parameters
As presented above, each component of the fish farm in FhSim is represented by its own

mathematical model, e.g., cable elements, net and floating collars. This representation 
involves a number of model parameters that control the physical properties and behaviour of a 
simulated component. By manipulating these parameters, very detailed or rather simplified 
simulations can be accomplished.

Although the objective of this study was to use a fish-farm model that is as accurate as 
possible, some simulations were conducted with modified model parameters that intentionally 
simplified the underlying physics of the modelled system. This was done to study the 
sensitivity of the mooring loads to certain model parameters, such as the structural stiffness, 
wave-spectrum and hydrodynamic-drag law. The results of this study may be useful for future
work related to numerical modelling of fish farms, where simplifications are needed for, e.g., 
reducing the computation time.

In Case #6, a monochromatic wave was simulated instead of the more realistic irregular-
wave spectrum as in Case #1. The simulation results (Table 4) suggest that similar maximum 
load levels can be achieved in these two cases if the monochromatic wave period T is equal to 
Tp and the wave height H is equal 2Hs (see Table 3). However, this conclusion can not be 
generalised as only two simulations were considered.
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Another parameter that was investigated is the floating-collar elastic modulus E. In Case 
#3a, a realistic value of E equal to 900 MPa was utilised, whereas in Case #3b E was set to 
900 GPa, which corresponds to a very stiff structure. Although the hydroelastic response of 
the flexible floater is very different from that of the stiff floater, which essentially behaved as 
a rigid body, the mooring loads obtained from these two cases differed by only approximately 
5 % for anchor- and frame cables and by 20 % for bridles (Table 5).

Force contribution from the viscous-drag model on the net structure seems to be the most 
influencing factor for the analysis of the mooring loads on the considered fish farm. This was 
concluded by comparing the results from Cases #7, #8 and #9. In the latter case, the drag 
forces induced by a current (0.67 m/s) affected only the lower parts of the net cages below 0.6 
m from the sea surface, whereas the floating collars and buoys were not subject to significant 
viscous forces as no current or waves were modelled at the sea surface. However, the 
magnitudes of the mooring forces from this case are comparable to those from Case #7, where 
the entire net-cage system, buoys and floating collars were subject to a uniform current with a
depth-independent speed of 0.67 m/s. This result implies that the mooring loads due to the 
uniform current were dominated by the forces on the net structure rather than those on the 
surface-piercing elements of the fish farm. The contribution of the latter was approximately 
10 %, according to Case #8, where only a surface current was simulated.

Another important aspect of the net-cage modelling is the wake effect of the net twine in a 
current. As the downstream flow is reduced in the turbulent wake of the net twine, the total 
hydrodynamic force on the net cage becomes dependent on its shape and orientation relative
to the undisturbed current direction. Various approximations can be used to model such 
hydrodynamic forces on a net structure. In this paper, a rather conservative Morison-type 
model was employed for all cases, except Case #10. In the latter, a screen-type model of the 
hydrodynamic forces was utilised. Kristiansen and Faltinsen (2012) demonstrated the validity 
of this model and its advantage compared to Morison-type models for high flow velocities 
and net solidity. Our simulation with the screen model predicted mooring forces 20 – 30 % 
lower than those from Case #3a, where the same environmental conditions were simulated. 
Thus, these simulations demonstrate the importance of the correct choice of the net model for 
the accurate prediction of the mooring loads of a complete fish farm. 

Effect of mooring configuration
The mooring system of a fish farm may slightly deviate from its design configuration due 

to various reasons, e.g., the anchors may move some distance under actions from waves and 
currents. Moreover, the lengths of the mooring lines and frame cables may not precisely 
match their design values. An attempt to account for such deviations was made in Cases #11 
and #12, where some moorings were shorter than the original ones in Case #10. The results 
from these simulations (see Cases #10 and #11 in Table 4) suggest that minor uncertainties in
the length and position of an anchor line have a negligible effect on the maximum mooring 
loads measured for the whole fish farm. However, as shown by Case #12, maximum mooring 
loads may increase almost proportionally with a decrease of the frame-cable length.
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7 CONCLUSIONS
The FhSim-based numerical model of a complete fish farm presented in this paper was 

found to be a flexible tool for the analysis of the mooring loads under exposed conditions.
From the performed numerical analysis, the following conclusions were drawn:
- For marine farming areas with high currents (over 0.5 m/s), the mooring loads were found 

to be dominated by the current-induced forces rather than the wave forces, provided that 
Hs does not exceed 3 m and Tp is lower than 6 s.

- Mooring cables with maximum forces were typically located upstream with respect to the 
current and/or wave directions.

- The assumptions and uncertainties of the model for viscous drag on the net structure had 
the strongest effect on the predicted mooring forces, compared to the effects of other 
possible uncertainties in parameters such as the floating-collar stiffness, cable length and 
anchor positions.

Note, however, that all results in this study were obtained based on a limited number of 
simulation cases with only one fish-farm system and therefore may not be directly 
generalised. Moreover, this analysis is rather conservative with respect to current modelling,
whereas nonlinear wave effects are not fully accounted for.
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