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ABSTRACT 
The Arctic ocean has been the focus of increasing 

activities in oil and gas, marine traffic and fisheries as the 
resources in the Arctic area becomes more attractive for 
exploitation. There have been several studies on the response of 
ships and structures in ice covered waters, mainly for oil and gas 
applications. This paper presents a scenario simulation model for 
fisheries, crab pot retrieval, in partially ice covered waters. Snow 
crab fisheries in the Barents Sea is an ongoing commercial 
activity where partial ice covers may drift over crab pots which 
need retrieval. This scenario is unique in the sense that the ship 
and ice can be expected to experience wave forcing in addition 
to the ice–structure interaction. The complexity of such scenarios 
favor simplified models and a coupled simulation model 
consisting of ship hydrodynamics, ice hydrodynamics, ice–ice 
and ice–ship interactions. A case vessel is presented together 
with a scenario simulation model which is used to assess the ice 
impact forces during operations and the amount of ice interaction 
which can be expected in the region where the pot string is 
retrieved from the ocean.  
 
INTRODUCTION 
 The Arctic oceans have become an area of importance for 
several nations as technology allows the exploitation of the 
natural resources in the region. Marine operations in the Arctic 
is associated with remoteness, rapidly changing conditions and 
the presence of ice and snow both on land and on the oceans. The 
Arctic oceans have recently been the focus on research and 
development for offshore oil & gas exploitation and seaborne 
transport as the region contains undeveloped hydro-carbon 
resources and the receding ice cover has promised to make the 

northeastern sea route between Europe and Asia navigable in 
larger parts of the year.  

The Barents Sea is at the same time one of the most 
productive areas of marine biomass and exploitation of its 
seafood resources has long been an important part of the 
economies of the northern regions of Europe. The warming 
climate which has made more of the Artic oceans available has 
also lead to the migration of fish stocks to the north and east [1]. 
The migration of fish into the Arctic ocean and increased 
exploitation of existing Arctic species such as king crab and 
snow crab has added fisheries to the list of marine operations in 
the Arctic oceans. The patterns of fisheries are dictated by the 
migration pattern of their target species, which may pull the 
fisheries fleet close to the ice edge. Fishing vessels that find 
themselves operating close to the ice edge may encounter regions 
of broken ice fields due to the shifting nature of the ice edge. 
This is a particular issue for operation of stationary fishing gears 
such as crab pots where ice may move over already deployed 
gear and leave the fishermen with the option of operating in ice, 
or risk losing the gear due to ice damage.  

A numerical simulation model for ice–ice and ice–structure 
interactions has been developed and compared with 
experimental and field measurement data [2,3]. A model for the 
fishing vessel and gear are used in this paper to study the ice 
impact forces, resulting motions and ice buildup of a vessel 
operating in partially ice covered waters. The ice impact forces 
are calculated based on a viscoelastic-plastic rheological model 
[4]. The 6 degrees-of-freedom (DOF) rigid body motions of the 
vessel are simulated by considering its interactions with a 
number of broken ice pieces driven by waves. The ice buildup 
on the hauling side of the fishing vessel is tracked and its effect 
on the hauling operations is evaluated. This paper, in general, 
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presents a unique scenario simulation and relevant results that 
can be used for analyses of fisheries operations in ice. 

Studies of hydrodynamic interaction between broken ice 
pieces has been conducted in [5,6], and the application of 
simplified rigid body models for calculating broken ice field 
dynamics has been presented in [7,8]. The rigid body models for 
a broken ice floe field is computationally effective and produce 
good agreement with experiments. The rigid body dynamic 
formulation of a broken ice field was considered a good 
candidate for implementation of ship-ice interaction in the 
presence of waves. This paper shows the use of simplified 
models for ice hydrodynamics in was with hydrodynamics for 
vessels in waves.  
 
MATERIALS AND METHODS 

This paper presents numerical simulations of ice accretion 
and impact forces of a crab fishing vessel operating in broken ice 
with the presence of waves. The dynamics and hydrodynamics 
of the fishing vessel and ice in waves is modelled and the surface 
region where the crab pots are retrieved are found by application 
of a numeric simulation model for the fishing gear.  The 
simulation model for ice-ice and ice-structure interaction and 
hydrodynamics presented in [2,3] is combined with a time 
domain simulation model of a vessel and a model for a string of 
crab pots based on [9]. The numerical simulation model was 
implemented in FhSim [10] which was used to make a scenario 
simulation model used for systematic variations of parameters.  

FISHERIES VESSEL 
A hull form is the first step in evaluating the effect of ice, current 
and waves. The hull form is needed in order to generate a 
dynamic vessel model which can respond to waves and interact 
with the ice floes and simulate retrieval of gear. The vessels 
engaged in snow crab fisheries from Norway are repurposed 
vessels due to the recent development of the fisheries. The 
vessels are of medium size and with older hull forms, often 
without bulbous bows which are common on ocean going 
fisheries vessels. The main dimensions and year of build of 
vessels engaged in crab fisheries in the Barents sea is seen in 
table 1.  
 

Vessel Length Breadth Build year 
Arctic Pioneer 44.9m 8.5m 1967 
Northeastern 51.6m 8.5m 1970 
Prowess 60.2m 11m 1988 
Table 1. Main particulars and build year for three vessels engaged in 

snow crab fisheries in the northern Barents Sea. 
A vessel hull form was modelled for use in simulations to 

represent the currently used vessels without bulbous bows. The 
main particulars of the case vessel are given in Tab. 2. The body 
plan of the vessel in seen in Fig. 2 with sections in 3m increments 
from -3 m aft of AP to 60m. The figure show 21 sections with a 
common midship section. 

 
 

Length  63m 
Breadth  11.2m 
Draught 3.8m 
Displacement 1700 tons 

Table 2. Main particulars for case vessel  
   
 

 
Figure 1. Section plan for case vessel with similar characteristics as 

Norwegian snow crab fisheries vessels. Numbers in figure show offset in 

mm from baseline and center line. 

DYNAMIC VESSEL MODEL 
The dynamic response of vessels in waves can be predicted 

with potential theory programs operating in the frequency 
domain. However, the results from the potential theory is 
difficult to extent into a simulation of a vessel operating in ice as 
the interaction forces between the vessel and the ice influence 
both vessel and ice motions. The added mass, damping and wave 
excitation force of the fisheries vessel was calculated by 
application of the 2D potential theory code VERES [11]. The 
potential theory coefficients in the frequency domain was then 
transformed to the time domain by a linear system approximation 
of the convolution integral of Cummin's equation [12] as 
proposed in [13]. This results in an equation system on the form 
shown in Eq. 1. The excitation forces 𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤  are the wave-to-force 
RAOs derived from potential theory while 𝐹𝐹𝑤𝑤𝑒𝑒𝑒𝑒  are external 
forces from connected models. 

 
6

, , ,
1
( ) , 1..6ij ij j ij j ij ij j wave i ext i

j
M A x B x C x F F iµ∞

=

− + + + = + =∑     (1) 

 
Where ijµ  is the output of a LTI companion system which 

approximate the added mass and damping derived from potential 
theory, details can be found in [13 ,14]. External forces can be 
applied to the right side of the equation in addition to the wave 
excitation force. In this paper the important external force is the 
ship-ice interaction force which can be calculated and included 
in this equation system to make the potential theory results 
interact with an broken ice field model with individual floe 
dynamics.   
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CONTACT DETECTION AND ICE FORCE 
CALCULATION 
In the simulation of ice‒ice and ice‒structure interactions, 
determining the contact surfaces between interacting ice floes 
and structures at each time step is a critically important and time-
consuming calculation. An efficient 3D contact detection 
algorithm, called the fast common-plane (FCP) method [15], was 
used in the present numerical model. Herein, a common plane 
(CP) is a plane that, in some sense, bisects the space between the 
two contacting particles [16]. As a result of using CP, the 
expensive particle-to-particle contact detection problem reduces 
to a much faster plane-to-particle contact detection problem. 
Once the CP is established between two particles, the normal to 
the CP defines the direction of the contact normal, which in turn 
defines the direction of the normal contact force between the two 
particles. As compared with the conventional CP algorithms, the 
FCP approach recognizes that a common plane has identifying 
characteristics, which dramatically reduce the search space for 
the common plane. A thorough description of the FCP approach 
can be found in [16]. 
When a CP is found and the two ice floes are intersecting (see 
e.g. Fig. 2), the depth of overlap ( cδ ) and the intersection area (

cA ) can be determined by solving a simple segment‒plane 
interaction problem described in [2]. Multiple contacts are 
allowed in the simulation of ice‒ice and ice‒structure 
interactions and a viscoelastic-plastic rheology (see e.g. Fig. 3 
and details can be found in [4]) is applied at all contacts. Hence 
the normal contact force at time step p , ( )c

n pF t , is expressed as: 
 

( )c
n p ns c nv nF t k k vδ= −     (2) 

 
where nsk  is the normal elastic stiffness; nvk  is the normal 
viscous damping coefficient; nv  is the relative velocity (between 
the two contacting objects) in the normal direction. The 
magnitude of the normal contact force is controlled by a plastic 
limit expressed as: 
 

( )c
n p c cF t Aσ≤      (3) 

 
where cσ  is taken to be the uniaxial compressive strength of ice. 

The tangential contact force at time step p , ( )c
t pF t , is 

expressed as:  
 

1( ) ( )c c
t p t p ts tF t F t k v t−= − ∆     (4) 

where ( )c
t pF t  is the tangential contact force at time step 1p − ; 

tsk  is the tangential elastic stiffness; tv  is the relative velocity in 
the tangential direction; t∆  is the time step. The magnitude of 
the tangential contact force is controlled the Coulomb limit 
expressed as: 
 

( ) ( )c c
t p n pF t F tµ≤    (5) 

where µ  is the frictional coefficient.   

 

 

Figure 2. Illustration of the common plane and the normal and 

tangential contact forces between two interacting ice floes 

 

Figure 3. Illustration of the ice‒ice (and ice‒structure) interaction force 

model [14] 

Kinematics of the Ice Floe 

The dynamic responses of the ice floe in current and wave were 
obtained from the solution of the 6×6 linear system, derived by 
applying Newton's second law in the body-fixed frame: 
 

6

1
( ) , 1,...,6ij ij j ij j ij j i

j
M A r B r C r F i

=

 + + + = = ∑  

  (6) 

where ijM  are the components of the generalized mass matrix; 

ijA , ijB  and ijC  are the 6×6 added-mass, damping and restoring 
coefficients, respectively; iF  are the components of the 
excitation forces. 
The added mass and damping coefficients of the ice floes and the 
structure were calculated by WAMIT [14] in the frequency 
domain. The present numerical model requires a time-domain 
formulation of the frequency-dependent hydrodynamic 
coefficients. The added mass and damping forces from 
frequency-domain WAMIT data were transferred to the time 
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domain as with the vessel model by application of a linear system 
adaptation described above.  
 
The excitation forces on a relatively small body in wave (the 
characteristic cross-sectional dimension of the ice floe and the 
structure is smaller than 1/5 of the wavelength considered in the 
present study) can be written as [17]: 
 

 3

1
, 1, 2,3

i

p
i ij ij

jS

F pn ds A a i
=

= − + =∑∫∫    (7) 

where  is the pressure in the undisturbed wave field and 

1 2 3( , , )n n n=n  is the unit vector of normal to the body defined 
to be positive into the fluid. The integration is over the wetted 
surface of the body. Further, 

1a , 
2a  and 

3a  are the acceleration 
components along the x-, y- and z-axes of the undisturbed wave 
field and are to be evaluated at the geometrical mass center of 
the body. 
The first term in Equation (6) is the Froude-Kriloff force. The 
second term physically represents the fact that the undisturbed 
pressure field is changed due to the presence of the body 
(diffraction force), in which an approximate method is applied 
by using the velocity potentials due to forced motion of the body 
(added mass and damping) instead of the diffraction potential, 
for details see [17] and [18].  

In addition to the Froude-Kriloff and diffraction forces, the 
viscous drag force is calculated using Morison's equation: 

1 ( )
2

v
d dC Aρ= − −w i w iF V V V V    (8) 

where ρ  is the water density; 
dC  is the drag coefficient ( 1.0≈

); dA  is a reference area (e.g. the cross-sectional area of the body 
perpendicular to the flow direction); 

wV  is the wave-induced 
particle velocity; 

iV  is the velocity of the ice floe. 
Furthermore, the Coriolis effect is taken into account when 
solving the 6-DOF equations of motions in the body-fixed frame. 
Therefore the expression for the force components in Equation 
(5) can be written as: 
 

 +  +  + = p v Cor cF F F F F    (9) 

where 1 2 3 4 5 6( , , , , , )F F F F F F=F  is the total external force acting on 
the ice floe; pF  is the Froude-Kriloff and diffraction forces; vF  
is the viscous drag force; CorF  is the Coriolis force which is a 
fictitious force induced by a non-uniformly rotating frame (i.e. 
the body-fixed frame) relative to the inertial frame (for details 
see e.g. [19]); cF  is the ice‒ice and ice‒structure interaction 
force. 

SIMULATION SETUP AND PARAMETER VARIATION 
The dynamic vessel model and the ice interaction model was 

combined into a scenario simulation model in order to carry out 
systematic parameter variations. The scenario was configured to 
mimic a snow crab fisheries vessel which is retrieving a string of 

pots on the starboard side and encountering a broken ice field 
along the path of the pot string. The ice floes may interfere with 
the retrieval operation on the starboard side of the vessel and two 
regions capable of detecting ice floes while traveling with the 
vessel was defined: A region covering the starboard side to detect 
possible interference and a smaller region to detect critical 
interference. An overview of the simulation scenario is seen in 
Fig. 4  

  

 
 
Figure 4. Illustration of simulation model with vessel, desired track 

along the crab pot string and detection regions on the starboard side.  
 
 

 
Figure 5. Schematic illustration of retrieval of a crab pot string.  
 
The region of possible interference vas defined as covering 

the length of the ship and 20m starboard from the centerline of 
the hull. The critical interference region was defined by 
simulation the retrieval operation without ice present as seen in 
Fig. 5. The vessel was equipped with a pot string model based on 
the cable model used in [9]. The pot string was retrieved while 
the vessel was travelling at 1.5m/s. while the intersection of the 
pot string with the still water surface was calculated and used to 
define the critical region for simulations with ice present.   

p
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The vessel was navigated with simple PI control algorithms 
for surge force & yaw torque and waypoint navigation. The 
output of the PI controllers was applied directly to the vessel, but 
the vessel maintained its dynamic nature and experience velocity 
reductions from ice impacts and wave forces.    

SYSTEMATIC PARAMETER VARIATIONS 
The ice concentration, floe size, vessel forward speed and 

significant wave height was varied systematically as shown in 
Tab. 3 which resulted in 72 simulation cases. The ice floe sizes 
and thickness were varied uniformly by 20% around the given 
floe size. The ice floe fields were preprocessed and used as input 
to the simulation. The ice floe field was 300m x 300m for the 
10m cases and 600m x 600m for the 20m cases.  

  
Parameter Value 
Ice Concentration 30%, 50%, 70% 
Significant wave height 2m, 3m, 4m 
Vessel forward speed 1 m/s, 1.5m/s, 2.0m/s, 2.5m/s 
Floe size / thickness 10m/0.5m, 20m/1m 
Number of variations 72 

Table 3. Parameter variations for numeric simulations. 

The vessel was travelling towards the ice floe field with an angle 
of 28 degrees towards the incoming waves and ice floes. A 
screenshot at the start of the scenario is seen in Fig. 8. Waves 
were generated from a JONSWAP spectrum with mean wave 
period of 11 seconds.  

RESULTS 
The results from the scenario simulations are presented 

below starting with determining the extents of the critical 
interaction region and continuing with ice impact forces and 
amount of ice floe interaction. Detailed time series from the 
simulations were kept, but only aggregated results are shown 
below due to space considerations.  

CRITICAL ICE REGION 
The critical interaction region was determined from a single 

simulation. The crab pot string model was a discrete cable model 
with a heavier and shorter cable section representing pots. The 
cable was retracted into an endpoint representing a winch placed 
7.2m above the surface 8m from the vessels centerline. The 
intersection between the gear and still water surface was found 
from the direction of the tension vector at the end of the gear. It 
was observed that there were fluctuations in the position of the 
intersection point as the pot string model was retracted and 
elements disappeared at the retraction end. The distribution of 
the longitudinal and transverse intersection coordinates relative 
to the winch point is seen in Fig. 6.  
 

 
Figure 6. Relative frequency of water entry point relative to crane 

tip for retrieval of crab pot linel. 
 

Positive values for the longitudinal direction is towards the bow 
and positive transverse direction is towards starboard (away 
from vessel). The geometry of the gear and vessel is seen in Fig. 
7. The violet line is the crab pot string and the red line is the 
desired course track mirroring the crab pot string on the surface.  
   

 

 
Figure 7. Illustration of simulation model with vessel, and retrieval 

of crab pot string.   
  
 

The extent of the critical region was determined to be 20m 
in the longitudinal direction and 8m in the transverse direction.  

ICE IMPACT FORCES AND ACCRETION 
The simulations for parameter variations was conducted on 

a standard laptop computer with an Intel Core i7 CPU and 16gb 
RAM. The complete parameter sweep was completed within 16 
hours. The results of each simulation run was a collection of time 
series for variables such as ship speed, instantaneous ice-ship 
impact force and detected ice floes in the starboard & critical 
regions travelling with the vessel. The time series were truncated 
to cover only the time from the first ice floe entered the starboard 
detection region to the point where the last ice floe left the 
starboard detection zone. A screenshot of the start of a parameter 
variation simulation is seen in Fig. 8.  
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Figure 8. Illustration of simulation model with vessel, vessel 
contact geometry and ice floe field. 10m ice floes. 

 

ACCRETION 
Ice floes in the starboard and critical region showed little 

variation with the parameters ship forward speed and significant 
wave height. There were variations when considering floe size 
and ice concentration. The median number of floes in the two 
regions are shown in Fig 9.  

 

 
 
Figure 9. Median number of ice floes in the starboard and critical 

regions for 10m and 20m ice floe size and 30%, 50% and 70% ice 
concentration.  

 

IMPACT FORCES 
The time series of the ice-vessel impact forces were 

fluctuating due to varying blockages and piling of ice floes and 
the peak values of the absolute value of the 3D force was 
extracted. The peak values were sorted and the mean of the 
largest 30% of peak values, significant force, are shown in Fig. 
10.  

 
 

Figure 10. Variation of significant force between vessel speed, 
significant wave height, floe size and ice concentration.  

 

DISCUSSION 
This paper has presented the application of a simplified ice-

ice and ice-vessel interaction model together with the inclusion 
of wave induced forces on both vessel and ice floes. The ice floe 
model is simplified and the ice floes cannot be broken apart. The 
significant force of the ice floes shows an increasing tendency 
when the vessel is moving faster through the ice floe field. This 
is an expected effect since the impact energies increase. There is 
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also an increasing tendency for increasing wave height. This 
effect is in the results in Fig. 10 less visible due to fluctuations 
in the impact data. It is possible that the distribution of significant 
wave heights in the simulation setup is too narrow for a 
meaningful parameter study of the wave effects in the model 
setup. There are several aspects regarding simulation setups 
remain for further analysis: 

 
1. The ice floe fields are identical for each 

concentration and floe size, but are initialized in 
waves of different length between significant wave 
height simulations. 

2. The ice floes experience forces in opposite 
directions in the initial phase when distributed over 
a wave crest. 

3. The time from simulation start until the vessel 
impacts the ice floe field is different depending on 
vessel speed. This gives slightly different ice floe 
distributions during traversal of the ice floe field.  

4. The impact forces sensitive to blockages and piling 
of ice floes. 
   

The model nevertheless gives reasonable significant force 
levels with a marked increase when the floe size increase. Since 
the model neglects floe failure this is expected, but also a 
weakness since one can expect more severe interaction forces 
and possible floe failure with larger floes instead of clearing the 
floes as with smaller floes. A method to counter the effects of 
variations of ice floe field is to repeat the scenarios with several 
floe fields with identical mean size and concertation, but with 
different distribution of the floes.  

The ice accretion has been recorded and while there is a 
almost linear relationship between floes on the starboard side of 
the vessel, the vessel hull clears the floes at larger ice 
concentrations as seen in Fig. 9. From the same figure, it is 
evident that larger unbreakable floes gives fewer floes in the 
critical region. This result should be investigated further since it 
may well be the effect of large unbreakable floes which are 
cleared by the hull.   

CONCLUSION 
A simplified ice floe model with wave excitation and 

hydrodynamic potential damping has been developed and used 
in a scenario simulation. The significant force calculated by the 
model seems reasonable but more work is needed to verify the 
results and remove methodical pitfalls in such parameter 
variation studies.  
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