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EXECUTIVE SUMMARY

The Arctic Operations Handbook Joint Industry Project (JIP) was launched in February of
2012 supported by a number of companies and knowledge institutes. The JIP was initiated
by a number of Dutch companies in the framework of the Maritime Innovation Program
(MIP) and was awarded a subsidy from the Dutch Ministry of EL&I (Economic affairs,
Agriculture & Innovation). With it the JIP participants committed to issue an open source
document to ensure that the work from the JIP is offered to the international arctic offshore
community and the general public for further use.
The participating companies have the ambition to execute projects in arctic areas, such as
installation and operations of oil and gas production facilities. The term arctic as used here
refers to areas where ice, permafrost and low temperatures may influence offshore
operations, field development and decommissioning.
Currently, there is no specific standard for companies operating in arctic offshore areas. To
support this industry and to ensure services can be provided in a safe manner with minimum
environmental impact, it was proposed to prepare guidance/standards for such operations.
This project has taken an important step in gathering existing rules & regulations, identifying
the areas which require additional guidance, and has taken some steps in defining guidance.
The focus is on the operational activities for installation of fixed, floating and subsea units,
dredging, trenching, pipe laying and floating oil/gas production. Detailed design of facilities
& equipment was not covered in this JIP as it is already supported through ISO 19906 for
Arctic Offshore Structures.
The development of guidelines and regulations in modern industry are expected to be
functional, goal based, as much as possible relying on procedures and technology already in
general use and, in this case, focused on arctic operations.
As part of the work scope the JIP has taken the initiative to liaise with Class Societies, Arctic
Governmental Authorities and international standards organizations such as ISO. A
diversified group of Dutch operators and knowledge centers have assessed deficiencies in
existing standards and it is therefore considered useful and beneficial for the ISO TC67 SC 8
and SC 7 to use this report when preparing their new ISO norms.
This Arctic Marine Operations Challenges & Recommendations Report presents existing
rules & regulations, identifies the areas which require additional guidance, and in those cases
where possible defines recommendations for arctic operations. The index used in this report
is based on ISO 19901-6; Petroleum and natural gas industries — Specific requirements for
offshore structures — Part 6: Marine operations. The index has been adjusted and
complemented with aspects specific for arctic operations.
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The following key observations/guidance have been gathered within the scope of this Joint
Industry Project;
 It was noted from the gap analysis that there was limited (ISO) guidance for pipe lay,
trenching and dredging operations, let alone for the arctic areas. It was therefore chosen
to provide a number of best practices for these operations, considering the arctic
environment. The efforts concentrated on the aspects that would be new in the arctic
when comparing with open water operations in non-arctic areas.
 Site specific operations should be considered when planning and carrying out operations.
 Considerable effort was performed to align the knowledge on weather conditions and in
particular on the requirements for monitoring and forecasting as well as the requirements
for decision based tools.
 For the transportation & logistic aspects input relied heavily on the existing guidance for
arctic shipping which is further developed and was evaluated and transferred to
recommendations for the specific services of this guide.
 This report provides guidance as required specifically for contractors expecting to work
in arctic areas on the aspects of health, safety, training and also stakeholder mapping.
 A frame work is provided to perform environmental impact assessments both in early as
well as detailed stages of design in order to ensure that impacts can be managed and
mitigated.
 Specific attention was given to the evaluation of the loads on and the operation of
disconnectable floating production units.
The other volumes of this report contain results of the gap analysis performed in the project
as well as relevant results of the pilot projects of the Arctic Operations Handbook (AOH)
JIP;
 The IceStream – Pilot project, described in volume 3, has shown that the egg code
(which is a method to describe characteristics of ice fields), when used as a basis to
establish a visualization of the ice field, can serve as input to numerical models with
which ice loads can be predicted on floating structures. More field data is required to
support development of new analytical models.
 The Environmental Impact – Pilot project, described in volume 4, has developed an
enhanced approach (interaction of linked sensitivities) for understanding the
environmental impact of operations in an early project stage in a semi-quantitative
manner. Application of such an approach is recommended to assess, evaluate and reduce
the environmental impact of operations in arctic areas.
 A state of the art review for marine icing on vessels has been performed and has been
documented in volume 5, Marine icing on arctic offshore operations – Pilot project. It
highlights that although there are many approaches, there is no common approach and no
industry standard for marine icing calculations. It strongly recommends more field
observations and improved prediction models to determine sea spray formation and icing
accretion.
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Key recommendations from the Arctic Operations Handbook JIP are:
 Prepare more detailed operational standards including waiting on weather and ice,
uptime and risk and hazard management.
 Develop equipment standards especially for the niche operations in this report.
 Prepare ice management guidelines, in concert where possible with the ISO TC67 SC 8
Work group 4, ice management.
 Guidance text for marine operations in arctic conditions has been prepared in this report.
It is recommended that this can be incorporation into ISO 19901-6, or other ISO
documentation.
 Implementation of an operational ice level into the ISO documentation for defining the
ice action at which the (vessel) position may no longer be retained, due to structural or
station keeping capability.
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INTRODUCTION

As a fair share of the earth’s natural resources are located in the Arctic, the offshore
industry is preparing for future activities in these areas. The term Arctic refers to areas
where ice, permafrost and low temperatures may influence offshore operations and field
development. These areas can be found in e.g. the Beaufort Sea but also the Caspian
Sea (see Exhibit 1 of Arctic Operations Handbook JIP). Operators, designers, regulators
and research institutes gained extensive experience in offshore operations during the
last decades. There are however many challenges to deal with when moving to these
areas, which implies that design requirements and operating criteria need to be
redefined, design procedures need to be reengineered, new operation procedures need
to be worked out, etc.
In 2011, the Dutch offshore industry took the initiative to develop guidelines and
standards that indicate operational restrains in the Arctic areas. This initiative has led to
the initiation of the Arctic Operations Handbook (AOH) Joint Industry Project. This
project will conduct a survey of the available guidelines. The survey relates to dredging,
pipe lay and trenching operations and to fixed and floating platform installation,
operation and decommissioning. An overview of suitable existing guidelines will be given
and proposals will be drawn up to develop missing guidelines.
In the preparation phase of the Arctic Operations Handbook JIP, a few gaps in the
guidelines were already identified. Pilot projects have been initiated to work out
proposals for corresponding appropriate guidelines. The three pilot projects are
IceStream, Environmental Impact and Ice Loads (mainly concerning consequences of
icing on structures above the water level).
This document contains the results of the study performed within the IceStream pilot
project, which is executed by MARIN in cooperation with Bluewater (leader of this pilot
within the AOH JIP), SBM Offshore and IntecSea.
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BACKGROUND

The Arctic Operations Handbook JIP identified that guidelines are required for
evaluation of measures to predict and control the flow of ice around offshore floating
structures. A controlled ice flow needs to prevent that ice accumulation and
corresponding loads on the structures exceed design levels. The flow of ice can be
controlled by an optimized shape of the floater, or with methods to physically manage
the ice, such as ice breaking, or methods to break up any accumulation that might
occur, such as water jets.
In order to make a sound evaluation of the measures to control the ice flow, a guideline
is required that describes the following four items. The IceStream project focuses on the
second item.
1. the environmental conditions (wind, waves, current and (managed) ice) that
need to be assessed in combination with the operational conditions (transit,
manoeuvring, dynamic positioning, etc.) for dredging, pipe lay, trenching,
offloading, etc;
2. the appropriate physical modelling of an ice flow such that it can be included in
experimental and numerical tools that are used to assess the conditions given in
item 1.;
3. the acceptable levels of accumulation of broken drift ice and the corresponding
loads on the floater and its appendages in order to evaluate the outcomes of the
experimental and numerical tools that are in accordance with 2. for the
conditions given in 1.; and
4. best design and operational practices to control the ice flow around floating
structures with appendages and/or moon pools.
The environmental conditions in item 1. are related to the operational area and the type
of operations with their related allowed environmental conditions. A review of guidelines
(gap analysis) will be performed within the AOH JIP to set such definitions.
In item 2, of it is investigated which physical processes correspond to these
environmental factors, and in what sense they are relevant for evaluating the flow of ice.
This IceStream work package will look into this subject. The result of this work
establishes a description of level ice conditions which is able to indicate the severity.
This obtained definition is useful in the determination of operational limits and
additionally provides a solid basis for future operational prediction tool developments.
The outcome of IceStream may be used for setting up a method for determination of the
loads imposed by the ice, as stated in item 3. Once the experimental and numerical
tools are in accordance with the definitions following from 2. and are ready to be used,
best design and operational practices for the control of ice flow can be distinguished.
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PROBLEM DEFINITION

Given particular environmental conditions in which an operation will be conducted, sea
ice may be present. A number of numerical tools are developed for the investigation of
the behaviour of floating structures in broken ice fields (1),(2), (3), (4). Among these
models, there is no consensus about how application of particular simplifications or
specific assumptions in these models influence the predicted ice flow behaviour around
floating structures.
IceStream will contribute to solving this problem by conducting a study having the
following main objective:
To deliver a description of the geometry and physical processes that influence and
contribute to the ice flow process, such that it specifies the requirements for appropriate
modelling
Basically, we want to know why ice (e.g. individual floes, groups of floes, etc.) behaves
the way it does. A number of present environmental forces and processes related to ice
behaviour are shown in Figure 1. It will become clear that many of these processes are
interrelated and are important in the appearance of the ice field. In the numerical
modelling, one of the most crucial properties of an ice field is the strong polydispersity
(5); the objects (ice floes) have a very inconsistent size, shape and mass. Thus, the
geometry and the dynamics of an ice field are closely related.
The problem is divided into two sub problems; the first one considers the geometrical
appearance of the ice field in a static way, and the second concerns the sea ice
dynamics. This report is thus divided into the following two parts:
1. Geometry description of an ice field
2. Description of the dynamics of an ice field

Wind

Collisions
Ridging

Breaking

Melting
Freezing

Current

Figure 1 – IceStream investigates the relevant processes for ice flow, required for
numerical modelling
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Descriptions drawn up on the processes related to the above two topics will finally be
used for an evaluation of a number of existing numerical tools used for ice-structure
interaction. Input and modelling processes and theories will be described so that an
overview is created of the current state of the art of these numerical models.
Based on the IceStream outcome, the input and requirements for numerical tools on the
flow of ice can be defined. Furthermore the outcome can be used to better define the
conditions in physical model tests, for validation purposes. With this guideline, next
steps can be taken in the evaluation of the flow of ice around a floating structure,
assessment of the accompanying loads and control measures that can be taken.
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GEOMETRY OF AN ICE FIELD

In the process of determining the flow of ice around a floater, occurrence of
accumulations, the resulting loads on the structure, and the effectiveness of ice flow
control measures, the starting point is the set of ice field characteristics. A lot of
emphasis is on the description of the ice conditions, as existing tools on ice flow
evaluation show a large spread in their results.
Figure 2 shows a possible contributor to this wide spread in results and also clarifies
why it is so important to describe and include the assessed conditions more accurately
in numerical prediction tools. The two examples illustrate models using different
approaches to model the ice particles, using either circular discs or polygon shapes for
the ice particles. The effort it takes for the floater to shift aside circular shaped ice
particles will be different from shifting aside polygon shaped ice particles, even if they
would be of equal size. This was demonstrated by Daley (1), refer to section 5.5.
Adapting a more realistic representation of the broken ice field in numerical tools will
reduce the undesired influence of the shape models. The question is how to obtain such
a representation. First a clear definition is required of the actual ice conditions, indicating
its severity, that can be used as input for prediction methods.
Many indications of the severity of the ice conditions are based on the ice
concentration, which is the fraction of a particular area which is covered by ice. Model
tests in ice have indicated that the ice concentration is one of the most important factors
influencing the loads that are experienced by a floater.
Ideally the ice conditions at the operation site would be described by a (small) number of
parameters, which give just sufficient information to define the appearance of the ice,
specific for a location. Besides the ice concentration, the size and shape of the particles
and the ice thickness are interesting parameters to incorporate.
For navigation in ice, sailors need this much information for a safe passage through the
ice as well. Therefore, we can make use of similar tools to indicate the ice severity; ice
charts. These charts contain up to 10 parameters to describe one particular ice
condition. This set of parameters is gathered in what is called the “Egg-code”.

Figure 2 – Importance of well defined ice conditions with top right DECICE (4) and bottom
right by Løset (6)
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EGG-CODE

The “Egg-code” is the system for defining sea ice conditions by the World Meteorology
Organization (WMO). It has received this name due to the oval shape of the symbol, in
which the parameters are gathered. The basic data concerning concentrations, stages
of development (age) and form (floe size) of ice are included in this simple form. Since
this code represents international convention, it is used in coding of all visual sea and
lake ice observations (7).
4.1.1 Establishment and initial purpose of the egg-code
Information on sea ice conditions may be very important and can serve many purposes
and needs. For navigation purposes, the most up-to-date information is required to
determine the right course for which acceptable ice conditions are to be encountered.
Ice charts provide this information in the form of assigning egg-codes to particular areas;
an example is shown in Figure 3. The chart helps captains on board of ice going ships
finding the easiest passage through the ice or to avoid the ice when possible. In other
situations periodic averages might be of more relevance, for example to determine
strengthening of a structure or to define the weather window of a particular operation.
The ice charts follow from observations that may be made from space (satellites), an
aircraft, a helicopter, the deck of a ship or a shore base. Electronic aids such as radar or
visual observations are applied depending on the utilized platform. The type of ice
observations that can be made are dependent on the perspective from which the ice is
viewed. From the air, ice thickness estimation is difficult, however floe shapes are very
clear. The thickness is more easily estimated standing on a ship, when sailing through
the ice the sheets may turn over giving a view on the cross section. Standing so close to
the water surface, it is more difficult to gain an idea of ice coverage and the size of the
present floes. Figure 4 gives an example of an ice chart based on a helicopter flight.

Figure 3 – Part of a DMI ice chart for the
East Greenland area

Figure 4 – Example of an ice chart produced
from a helicopter flight

IceStream – 25713

9

4.1.2 Explanation of parameters
A diagram with all egg-code parameters is given in Figure 5 below. Generally, only the
parameters displayed inside the oval shape are used, but in Canadian practice
sometimes additional ice classes are mentioned. The total concentration Ct in the area
is reported in tenths, and so are the partial concentrations of the thickest (C a), second
thickest (Cb) and third thickest (Cc) ice. Types of ice having a concentration lower than
one tenth are not reported within the oval.
Parameters Sa, Sb and Sc indicate the stage of development of respectively the thickest,
second thickest and third thickest ice, of which the concentrations are reported by Ca, Cb
and Cc respectively. The parameter S0 is used to indicate presence of ice which is
thicker than given by Sa, but having a concentration lower than one tenth. The symbols
in the code refer to descriptions of the stages of development, or ages, of the ice, and
are related to the thickness of the ice.
Floe sizes corresponding to Sa, Sb and Sc respectively are given by Fa, Fb and Fc. The
parameters stated here refer to the size of the ice particles (floes) and range from
several meters to over 10 kilometres. For tables and overviews of interpretations of eggcode parameters and realistic examples, refer to the MANICE (7) document.

Ct

S0

Total concentration

Ca

Cb

Cc

Cd

Partial concentration

Sa

Sb

Sc

Sd

Se

Stage of development (thickness related)

Fa

Fb

Fc

Fd

Fe

Form of ice (floe size related)

Figure 5 – The “Egg-code”
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CHARACTERISTICS IN APPLICATION OF EGG-CODE

The use of the egg-code parameters is very practical for getting a good understanding of
the ice conditions ahead when being at sea. All possible ice conditions can be described
with this method. A number of characteristics will be given here, which are of importance
when applying the egg-code to our particular purpose; obtaining a set of parameters to
describe the severity of the ice conditions, and creating an input for numerical models.
A team of ice experts has created a set of ice conditions with sketches of the
appearance corresponding to particular egg-codes which help demonstrating these
properties, mentioned below. The full report of the experts is given in (8).
Distinctiveness
The categorization of the three different ice types that are present makes it possible to
distinct the appearance of various ice fields. Only a small variation in parameters can tell
the difference between ice fields which appear to be very different. An example is shown
in Figure 6, where the difference between a natural, unmanaged ice field is illustrated
next to the managed condition of this particular scenario.
It can be seen here that the egg-codes on which these visualizations are based, are
almost equal (note that only two parameters have slightly changed), however the
sketches quite differ. Both cases have a total ice concentration of 8/10, of which 1/10 is
multiyear ice with a thickness of over 2.0m, 2/10 is medium first year ice (thickness
about 70-120cm) and 5/10 is first year thin ice having a thickness in the range between
30-70cm.
The distinction between the two cases is in the ice form, or floe size. The upper case is
taken as reference, where the bottom case is a managed version of the top one. The
medium and thin first year ice floes have been reduced from a size of between 100500m and 500-2000m in the unmanaged situation, to a size between 3-20m and 20100m in the managed condition.
Schematic representation

Ice Management

Egg-code

Figure 6 - Egg-codes translated to schematic representations of an ice field
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A range of conditions were visualized based on a given egg-code description. They give
an understanding of the appearance of the ice field and how the egg-code follows from a
particular ice field. Additionally it shows examples of how the various ice types are
distributed over the complete ice field and possible occurrence of clustering.
Variability
It was shown that the geometry of the ice field can be changed significantly by making
small alternations to the egg-code parameters. This property is beneficial for extracting
visualizations from the egg-code. However, another property is given by the fact that for
one egg-code, a large range of variations of visualizations is possible, which brings
some challenges to the extraction of visualizations from the egg-code. This arises due to
the following two causes:



Positioning of ice floes
Ranges of sizes and thicknesses of floes

The first is the fact that there are no indicators among the parameters pointing out the
positioning of the ice floes in the field, so starting from a particular egg-code the
distribution of the floes over the ice field is random. It is unknown if there is a general
pattern such as clustering of the floes leaving large open water areas, or uniform
distribution over the domain so that the open water and ice areas are spread.
Secondly, the parameters refer to ranges of ice floe sizes and thicknesses, which leaves
space for variations. The ranges may be as large as several hundreds of meters
depending on the value of the parameter.
This variability can be seen as a disadvantage when are thinking about developing a
method that takes an egg-code as a starting point from which we want to generate an
appropriate ice field.
Even if the created ice field complies with the parameters from the egg-code, the
visualization may look very different compared to a top view picture taken at the site,
due to a difference in floe size distributions and the distribution of the floes over the
domain. However, the statistical correspondence with the ice field will be much larger
than with an ice field generated only on ice concentration and average floe size.
In the following sections a method will be described for the creation of an ice field that
complies with the parameters given in the egg-code. Additionally, the above mentioned
items (floe sizes and floe distribution over the domain) will be investigated further and
the developed method will be adjusted such that these aspects are still included in the
most realistic way.
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ICE FIELD GENERATION

In order to avoid generating ice fields by hand each time, a method will be developed
which creates a domain containing ice particles such that it corresponds with the eggcode. Additionally the field must be as realistic as possible. The main requirements for
the adapted method are as follows:






Ability to specify the area of individual floes (corresponding to egg-code)
Shape of the floes is between circular and irregular
Properties (such as thickness, strength) must vary for individual floes
All ice concentrations must be possible to create (including very high ones)
Initial field should contain no ice floes overlapping each other

Since the egg-code is taken as a basis, it is required that there is the possibility to
predefine the areas of the individual ice particles. This enables generating the ice field
exactly according to the egg-code, and the option to perform checks. In addition, the
distribution of ice floe areas within one class can be investigated and adapted. Of
course, fulfilling this requirement is easiest by generating regular shaped ice particles,
such as circles or squares. However, it was stressed from the beginning that the shapes
of the floes must be as realistic as possible to avoid having them influencing the end
result.
As a basis, a two-dimensional field (top view) will be created and thicknesses will be
assigned to all ice particles. The same will be done with other relevant ice properties.
Although this part of the report only considers the static appearance of an ice field, the
highly dynamic character of the Arctic mentioned before, should be taken into account.
The consequence hereof is the fact that a mixture of a wide spread of ice types can be
present within one ice field.
Another important requirement defines that it should be possible to create ice fields for
the lowest up to the highest ice concentrations. Especially attention should be paid to
the high concentration, depending on the chosen method. When the particles would be
created and subsequently they are placed in the domain, it is likely that several ice floes
will overlap each other. As defined by the last item, it is important that an ice field will be
delivered which has no particles overlapping another, since many dynamic models
calculate the motions as a result of overlapping bodies, and need to start from a neutral
basis without overlaps.
4.3.1 Method introduction
The method chosen complying with the requirements stated below is based on the
‘Voronoi Treemap’ (9). Trees (left of Figure 7) are often used for the visualization of
hierarchical structures, but when the amount of data increases, the structure may
become very large and chaotic.
In this case treemaps (right of Figure 7) can be applied, which subdivide a rectangular
area according to the hierarchy. Here, each branch of the tree is given a rectangle,
which is subdivided into smaller rectangles representing the sub-branches.
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Figure 7 - Tree and corresponding treemap (9)

This subdivision at a particular level is done only in one direction (either horizontal or
vertical). This may have the consequence that in the case of many branches at a
particular level, very thin rectangles appear and the shapes (and sizes) are difficult to
compare.
As a solution to this problem, Voronoi based
treemaps were introduced, where the shapes
are not rectangular anymore so that the
areas can be distinguished and compared
better.
Figure 8 shows an example of such a
Voronoi treemap diagram. It can be seen that
it contains three levels. The highest level
divides the entire domain in 11 main sections,
of which the three lighter coloured sections
are first subdivided on a second level and
finally on a third level. The darker main
sections are only divided on one level.

Figure 8 – Voronoi treemap diagram (9)

When taking a glance at Figure 8, some
associations with the top view of an ice field
arise (compare the Voronoi diagram to Figure
9). The shapes of the floes are comparable to
the cells in the diagram and besides this,
there are more properties of the Voronoi
diagram that have advantages for our
purpose:





Section areas are predefined
The shapes are irregular but concave
Individual cells are specified
Subdivision without producing holes
and overlaps

Figure 9 – Picture of Arctic ice field (10)

The ice concentration in Figure 9 is quite high and the example of a Voronoi diagram in
Figure 8 does not show any distinction between different types of cells except for their
hierarchic level. However, since each created cell in the diagram can be given certain
properties, it is possible to for example assign ‘open water areas’ to a desired amount of
cells (resulting in the desired ice concentration).

IceStream – 25713

14

The Voronoi diagram is the basis in creating the visualization of the ice field. By itself, it
is not capable of adapting particular prescribed values for the areas of its cells. This
capability will be added to the Voronoi derivation procedure, by using what is called the
Weighted Centroidal Voronoi Tessellation (WCVT). As the egg-code only delivers some
parameters describing the ice field, these parameters need to first be translated into a
list of ice floes present in the field. The Voronoi diagram divides the entire domain into
cells, so next to the cells that become ice floes, we also have to specify cells of a
particular size to become water areas.
So, the procedure for establishing an ice field consists of two main parts:
1. Deriving the ‘tree’ of ice floe and water areas from the egg-code
2. Subdividing a domain resulting in an ice field, following the WCVT procedure
based on the obtained tree
4.3.2 Tree derivation
In tree structures and tree diagrams, the main asset is the subdivision into levels to
represent the data, as was seen from Figure 8. (Here, ‘A’ represents the highest level,
level 1, ‘B’ and ‘C’ are at level 2, ‘D’, ‘E’, ‘F’, ‘G’ and ‘H’ are at level 3, and level 4
contains the remaining items, at the bottom row.) To comply with the egg-code it is not
necessary to use different levels; it would also work by generating all cells in just one
level.
Refer to Figure 10, where on the left, the coloured treemap from Figure 7 is shown,
applying the hierarchic levels. On the right of Figure 10, the entire domain is immediately
subdivided into the lowest level areas that are defined, which also becomes clear from
the presented tree below. So, the depicted areas are left and right equally large, but on
the right only one level is used to allocate them. As a result, the areas have different
shapes and are differently distributed.
The benefit of the approach used in the left picture is that we have the control of
grouping particular areas together, ensuring that they are located close to each other.
Therefore, also in the visualization of the egg-code, we will make use of hierarchic
levels. Consequently, the ‘list’ of ice floe and water areas, now becomes a hierarchic
area structure, such as the tree in the left of Figure 10.

Figure 10 – Application of hierarchic levels in treemap
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The lowest level of Voronoi cells represents the individual ice floes and open water
surfaces. These areas are referred to as cells, Figure 11 shows that this is the fourth
level. The ‘field area’ is the top level and only defines the area of the evaluated ice field
(domain). Two more levels are then specified, which will be further explained below.
1. Field area
2. Section areas
3. Cluster areas
4. Cell areas
Figure 11 – Hierarchy of the ice field generation

Sections
The first subdivision made is that from field area into a number of section areas. In order
to make sure that the generated ice field complies with the egg-code, it is beneficial to
ensure that each of the section areas complies with the egg-code. So how do we
determine the size of the section areas based on this?
Refer to the egg code below. We assume that each section includes one ice floe of the
largest category, which is in this case category 3. Based on the ice concentration
corresponding to this largest type of floe (2/10th), the yellow area (20% of total ice field)
is reserved for this type of ice. Next, within this yellow area, ice floe sizes are
determined based on the size range corresponding to size category 3 and a distribution
function of ice floe sizes. The size distribution function is based on ice observations and
will be further explained in the following part of this section.
So, the yellow area is filled with individual floes, in this case four floes fit in the available
yellow area. Since it was defined that there is only one floe of this type per section, the
size of this floe determines the size of this section. In the example below, it results in
four sections. Next, each section has according to the egg code a specific area available
for the other floe types, in this case 1/10th for multiyear ice and another 5/10th for first
year ice. The remaining 2/10th is open water area.
Section 1

Section 1

Floe
2
Section 3

Section 3

Section 4

Section 4

Clusters
The sections could directly be subdivided into cells, the ice floes and water areas would
then be the right next level. However, as was mentioned, it can be beneficial to establish
groups of cells, to ensure that particular cells will be located close to each other. So,
first, the sections are subdivided into cells, representing ice particles and water areas.
Next, these cells are divided into several groups. This is done in the ‘cluster’ level. Most
importantly, a difference can be made between two extremes:
1. Each cluster has the same ratio ice floes versus water areas
2. Each cluster consists of only ice floes or only water areas
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Figure 12 – Clustering of ice floes, simulation performed by Herman (11)

The first extreme distributes the floes evenly over the domain, with the open water areas
in between. In the second case, large floe ‘clusters’ are obtained, where all the ice is
grouped together, leaving larger areas of water in between the ice groups. Besides
these two extreme cases, intermediate cluster compositions can be applied as well. The
possible difference in the result can be indicated by comparing the diagrams in Figure
12, where the drawn circles represent individual ice floes.
Both configurations may occur in reality, and by applying a certain composition of
clusters it is possible to create a field that looks more like either one of them. In the ice
field generation process, a scale of 1 to 4 is used to make distinction between different
levels of clustering. Here, 1 represents a random spread of ice particles over the domain
(such as the left image in Figure 12) and 4 an ice field that clearly distinguishes clusters
of ice (the right image in Figure 12). This clustering factor provides control over the
positioning of the floes However, this additional input parameter requires availability of
knowledge and/or data about clustering.
Making use of several hierarchic is beneficial in terms of computational time. By adding
an extra layer, more Voronoi diagrams have to be created, but each one of them
consists of fewer cells. The number of cells in the diagram is of very large influence on
the computational time, so that it pays off to split up a particular area and make for
example two Voronoi diagrams with each half the number of cells instead of all cells at
once.
Size distribution function
In the egg-code, for each ice category there is no information given on the form of ice
besides the smallest and largest floe size. It was already mentioned that there should be
a way to pick a floe size from a given continuous range. When determining the arrays of
floe sizes which will be used to create the ice field, one approach is to randomly pick a
floe dimension that is between the upper and lower limits, resulting in a uniformly
distributed floe size in the field. It was showed however, that in reality the probability of
presence of a large floe is smaller than the probability of presence of a smaller floe (8).
To account for this observation, in the ice field generation process a distribution function
is applied such that the probability of adding a small floe to the list will be larger than the
probability of adding a large one. In a number of studies, (12), (13), (14), a relation is
found between the number of appearances in a field and the floe size, which is referred
to as ‘fractal theory’ or ‘fractional dimensions’. Cammaert and Jolles (8) describe this
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relation, which depends mainly on the geographical location. An empirical value,
referred to as the ‘shape parameter’ is used to indicate the relation between floe size
and probability of occurrence.
The concept of ‘fractional dimensions’ defines the number of objects
with a
characteristic linear dimension greater than by the following power-law function:

Here,
is the minimum floe size considered in the ice field and
is the total
number of ice floes present in the field. The function is a straight line on log-log plot
where the shape parameter is the slope of the line. As mentioned, this parameter is
location dependent and typically varies between 1.17 and 2.5.
Figure 13 shows the power-law function for the ‘fractional dimensions’ principle, using a
shape factor of 1.17 and the smallest considered floe of 2.0m. Consequently, all floes
present in the field are larger than 2.0m; only 14% of the floes is larger than 10m, and
only a small fraction exceeds 100m.
1
0.9
0.8
0.7
0.6
N/Ntot

Since
the
egg-code
considers
concentrations (fractions of areas) and
fractal theory considers numbers of floes,
the two methods cannot directly be used
next to each other. The egg-code
basically divides the range of floe sizes
(corresponding to the horizontal axis in
Figure 13) into seven size segments,
indicated with the parameters 1 to 7.

0.5
0.4
0.3
0.2

As mentioned, in general smaller floes
will appear more often than larger floes,
and this principle will be applied to the
particular floe size which is indicated by
the egg.
Based on the cumulative distribution
function (derived from the above given
power-law function) a relation can be
established
between
a
randomly
generated number and the floe size
which will be applied for the generation of
a particular ice floe. Such a relation is
obtained for every floe size segment that
can be indicated in the egg.
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Figure 13 – Plot of the number of objects N
with linear dimension larger than L
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The primary objective is to generate an
ice field that complies with the given eggcode, so that means that the distribution
has to be applied to a particular floe size
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The cumulative distribution function states the probability of occurrence of a floe with a
linear dimension larger than a particular value. Turning this relation around (the
inverse), after rescaling, results in the plot in Figure 14 for the floe size range of 100 to
500 m.
In the ice field generation method, this is implemented by taking the ‘form of ice’
parameter, stating the smallest and largest possible floe in the segment. Randomly
selecting a number between 0 and 1 will give the floe size according to the distribution,
taking these limits into account. It can be seen from Figure 14 that based on a shape
parameter of 1.17 only values above 0.75 result in floe sizes over 250 m, thus making it
more likely to create a smaller floe.
4.3.3 Subdivision with WCVT procedure
Based on the hierarchic structure of areas (the tree), the actual visualisation process is
performed. The sequence of main steps in the visualisation process which are taken is
presented in Figure 15. The diagram will be explained in this section.
Based on the defined egg-code, a hierarchic scheme is made consisting of all ice floes
and water areas. The position of the ice floes and open water areas in the hierarchic
scheme defines in which cluster they are, and to which section in the main field they
belong. Remember from Figure 11 that three subdivision steps have to be made:

Definition of field
parameters
(egg-code)

Determine
breakdown of
area into main
sections, clusters
and cells
Subdivide the
domain into main
sections
Subdivide the
main sections into
clusters
Subdivide the
clusters into cells
(floes and water)

Place the required
number of generators
within boundary
Weighted Centroidal Voronoi
Tessellation
Apply
Voronoi
tessellation
Adjust
generator
positions &
weights

Calculate
difference
from target
areas

If difference → 0
deliver Voronoi
diagram

Plot and store
the obtained
subdivision data
Figure 15 – Overview of methods and techniques embedded in ice field generation
procedure
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1. Subdivide the field area into sections
2. Subdivide each section into clusters
3. Subdivide each cluster into cells
The visualisation process starts with the highest level in the hierarchic tree. It then works
from the top down; first the total field is subdivided into sections, subsequently these
sections are again subdivided into smaller areas, etc. In the end, at ‘cell’ level, the areas
of ice floes and open water areas are specified.
In Figure 16 the subdivision of a 200m by 200m field is presented, showing the three
subdivision steps. An example tree as shown below is used for this visualisation. In the
top diagram only the highest level subdivision is made (field area into section areas); as
can be seen this consists only of three main sections. In the middle diagram two of the
main sections are again subdivided, showing already that some groups of cells will be
larger than others. The diagram at the bottom shows the diagram with one of the main
sections even further subdivided. When looking carefully, the upper laying boundaries
can still be distinguished.
Each of the subdivision steps makes use of the same method; the Weighted Centroidal
Voronoi Tessellation (WCVT). This is an iterative method which starts from a set of sites
in the field, ‘generators’ and the Voronoi Tessellation based on the positions of these
generators. A VT works by the following principle: for each generator, there is a region
consisting of all points closer to that generator than to any other. The subdivision into
those regions, called Voronoi cells, is referred to as Voronoi Tessellation (VT).
Iterations of Voronoi Tessellations
In order to obtain a tessellation which consists of cells with the prescribed size of the
area, an iterative process is used, which starts from the generated VT. Over this
iteration process, the areas and shapes of the Voronoi cells are changed, such that the
areas converge to the areas that are prescribed.
In each iteration step, a modified VT method is used for this conversion process, which
results in so called Weighted Centroidal Voronoi Tessellations (WCVT’s). Finally, after a
number of iterations, a tessellation is obtained which has satisfactory cell areas.
For the reader interested in a detailed description of the tessellation procedure, in the
next paragraphs an explanation will be given of the used approach. Section 4.3.4
explains principles of the (original) Voronoi Tessellation (VT), and the WCVT method
used in the iteration steps is further described in section 4.3.5.
Paragraph 4.4 shows a number of obtained ice fields, and will discuss the features of
each of them. It will also demonstrate the randomness that is still present and the
possibilities of the user to influence the end result.
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4.3.4 Voronoi Tessellation
The Voronoi tessellation (VT) uses a number of randomly selected points, called
generators, to divide space into an equal number of regions. Consequently, the desired
number of areas determines the number of points that has to be selected. For each
generator, the corresponding region will consist of all points closer to this generator than
to any other. The Voronoi diagram is the subdivision of the domain into regions, where
the regions are called Voronoi cells.
In general, this approach results in cells
that are convex polygons; the segments
are all points that are equidistant to two
generators and the vertices are points that
are equidistant to three generators.

350
300
250
200
150
100
50
0
-50
-100
-150
-50

0

50

100

150

200

250

300

350

Figure 17 – Example of Voronoi diagram

400

In Figure 17 an example of a Voronoi
diagram is given, with six generators within
a [300x300] domain. The blue lines
indicate the boundaries, the red lines are
the segments equidistant to two particular
generators each. It can be seen that
naturally, they are only bounded by other
segments such that some segments have
infinite length. If the boundaries are
incorporated in the Voronoi cells and the
segments are thus all finite, it is referred to
a bounded Voronoi diagram.

There are a number of methods for the derivation of the Voronoi diagram. Two methods
proved to be useful for the ice field generation process; those will be explained here.
Curve drawing
The first one is very straightforward and directly based on the property of the segments,
always laying equidistant to the two generators on which it is based. Drawing equidistant
lines between all pairs of generators results in the chaotic plot shown in Figure 18,
where all 15 possible line curves are drawn. The lines are perpendicular to the
connecting line between the two considered generators.
A large number of these lines are not relevant (they will not appear in the Voronoi
diagram) since the two corresponding generators are too far apart. By definition, on a
relevant line there is at least one point where the distance to its two generators is
smaller than the distance to all other generators. If no such part of or point on the line
exists, the line can be removed.
The remaining lines need to be shortened (cut off), therefore it is practical to know at
which parts of the line the above condition is valid. This indicates that this part of the line
is included in the final Voronoi diagram. In Figure 19, the non relevant lines have been
removed and the relevant segments on the remaining lines are indicated.
Finally, the lines are clipped such that the Voronoi diagram enclosing the generators in
the domain remains. This is done by finding the nearest intersections with line segments
indicated with an “o” in Figure 19. It can be seen here also that this is done for the
boundary lines (in blue) as well. The intersections form the vertices of the generators.
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Figure 18 - All line curves between the
pairs of generators
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Figure 19 - Only the relevant line curves
remaining

The benefit of this method is that it is very straightforward, and can be applied in all
cases. Boundaries can be taken into account independent of the shape of the domain. A
negative aspect from this method is the calculation time;
lines need to be drawn
and evaluated (with the number of generators). Methods can however be found to
avoid assessing all possible lines and proceed straight with the relevant ones. As will be
shown further in this report, the application of target areas can be implemented (in two
different ways) without problems.
Circumcenter derivation
The second method derives, instead of the lines equidistant to two generators, the
points (nodes) equidistant to three surrounding generators. As was explained earlier, in
this way the vertices of the Voronoi cells are obtained directly. These nodes, with equal
distance to three surrounding generators, are defined to be the circumcenters of these
three points in space. A circumcenter is the center of the circumcircle (the circle passing
through the three generators), and is also defined as the point where the perpendicular
bisectors of the three sides of a triangle intersect.
In order to know which three generators have to be evaluated each time, and how the
vertices should be connected to each other, the Delaunay tessellation is used. This is a
triangulation for a set of points, such that no point is inside the circumcircle of any
triangle.
Starting from the Delaunay triangulation of the generators, for each triangle the
circumcircle is obtained, as is indicated in Figure 20. For the determination of the
Voronoi diagram the circle is not further required, but the center of this circle is. As
mentioned, these form the vertices of the Voronoi cells.
In Figure 21 the circumcircles and –centers are drawn for the four triangles neighboring
to the middle generator (162, 162). It can be seen that the circumcenters are used to
construct the Voronoi cell corresponding to the generator positioned at (162, 162). When
comparing this plot with Figure 17 (derived by means of Matlab function) it can be seen
that the shape of the cell exactly corresponds. In Figure 19 the exact same shape can
be recognized as well.
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Figure 20 – Delaunay diagram with one
circumcircle around a triangle
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Figure 21 – Delaunay diagram with the
circumcircles and circumcenters forming
one Voronoi cell

Determination of circumcenters is a very direct way to obtain the vertices which form the
Voronoi cells and when based on the Delaunay triangulation (which can be done by a
Matlab function directly) it is a quicker method. However, as can be seen in Figure 21,
this method does not involve the presence of the boundaries. For this, a separate
method must be implemented. Additionally, the application of target areas will cause
extra challenges.
4.3.5 Weighted Centroidal Voronoi Tessellation
In order to control the areas of the Voronoi cells, an iterative process is required.
Weights are assigned to the generators, which can be imagined to be a set of circles of
certain radius instead of points (weighted VT). Due to this approach, the segments will
shift depending on the weights assigned to the two relevant generators (further away
from the generator having the largest weight).
The process is iterative because the weights assigned to the generators are not linearly
related to the areas of the Voronoi cells. After each iteration, the current cell areas are
compared to the set target areas (defined in the tree established based on the eggcode); A generator which cell is smaller than required is given a larger weight and vice
versa.
Since, partly depending on the number of generators, a significant number of iterations
is required, the effort needed for each iteration should be optimized. For this reason a
procedure of the centroidal VT (CVT) is followed, in which the generators are centroids
(centers of mass) of the corresponding Voronoi cells.
Often Lloyd’s algorithm is used to obtain this diagram. This method calculates the
Voronoi diagram and sub sequentially moves the generators to the centers of mass of
their Voronoi cells in each iteration. A CVT is finished when the distance shifted by the
generators between two iterations is smaller than a particular value.
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The principle of CVT’s is
shown in Figure 22, where
the first Voronoi diagram is
drawn in the background
(which corresponds to the
generators and Voronoi
diagram shown before).
The
randomly
chosen
starting positions of the
generators are indicated
with a *.
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Figure 22 – Starting and final Voronoi diagram with the
shifting generators over 36 iterations

In each iteration the
generators are shifted to
the center of mass. All
positions of each generator
are shown for the (in this
case)
36
required
iterations. The final Voronoi
diagram is drawn in red
with the final generators
marked by ‘o’.

To obtain Voronoi cells which comply with predefined areas captured in the hierarchic
tree described in section 4.3.2, weights are assigned to the generators which are
updated each iteration. This is based on the difference between the area of the Voronoi
cell and the set target area value for this cell.
Figure 23 shows a similar
plot as Figure 22 above,
except here, the application
of weights is included. It
can be seen that the
amount of iterations has
increased and the final
shape of the Voronoi cells
is different. The top left cell
was given a large target
area, which becomes clear
from the diagram.
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Figure 23 – Starting and final Voronoi diagram with
predefined weights, generators over 249 iterations

The value of the weights
develops slowly, so in the
first couple of iterations
there is hardly any effect.
The development of the
weight values is shown by
four iterations in Figure 24.
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Figure 24 – Application of weights, indicated by the green circles; the 10 th (top left), 25th
(top right), 100th (bottom left) and 150th (bottom right) iteration are shown here

Curve drawing
When applying the iterative weights procedure, a distinction arises between two
approaches for the derivation of the equidistant lines to two generators, referred to as:
1. Additively weighted Voronoi tessellation
The equidistant line between two circles is originally a hyperbolic curve; in this case the
weights can be interpreted directly as the radii of the generators
2. Additively weighted power Voronoi tessellation
If the radii of the generators are taken to be the square of the weights, the lines in
between two generators are straight lines
Both methods can be applied without a problem, however, there is no analytic
expression for the hyperbolic curves in the additively weighted VT, which means that a
numerical solution must be found. The line curves are given by a set of points, so that
the effort in calculating the Voronoi cells is larger than for the weighted power VT.
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Circumcenter derivation
By application of weights, the circumcenter from three circles needs to be found instead
of three points. The fact that we consider circles instead of points, brings extra
challenges in the derivation of the circumcenter. The system of equations to solve for
the equidistant point to three circles cannot be solved uniquely; multiple solutions are
possible.
If none of the evaluated circles overlap, which is the case in the first number of iterations
when the weights (radii) are still small, already two possible solutions arise. As the
weights become larger, the probability of overlapping circles increases, and along with
this the number of solutions. This is shown below in Figure 25, where equidistance
curves are shown for the pairs circle 1&2 and circle 2&3. Intersections of these curves
indicate the number of solutions for the equidistant point to all three circles.
First, all possible solutions for three given circles have to be found. Then, the challenge
is to find the correct solutions out of all possibilities. A number of requirements and
constraints can be utilized to exclude unfeasible solutions. This set of constraints and
requirements needs to be complete and well defined, and increases the complexity of
the algorithm.
Limiting the weights simplifies the procedure by preventing many overlapping circles,
decreasing the number of possible solutions. However, more iterations will be required
since the Voronoi cell areas converge slower to their target area. Moreover, the problem
of obtaining multiple equidistant points cannot be excluded from this method.

Figure 25 – All possible bisector forms and the maximum number of intersections for
every pair, which is the number of solutions for equidistant point to three circles (15)
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4.4 RESULTS
As was discussed before, for each egg-code infinitely many ice field
configurations can be generated. Running the algorithm using the
same egg-code parameters may thus result in very different ice fields.
In Figure 26, three ice field visualizations are shown, all corresponding
to the same egg-code (as shown on the right) and having an equal
clustering parameter. The third row in the egg is displayed in grey,
since it considers stage of development which is thickness related,
and thus it does not cope with geometry in the top view.
Three different ice types are indicated with three shades of blue and water surfaces are
indicated with grey in Figure 26. It can be seen that the number of largest floe types
varies between the diagrams (two on the left, three in the middle, and for in the right
diagram). The egg-code states that this largest floe shape (the last row shows that this
is the middle value, ‘3’) covers 3/10th of the total area (middle value in the second row),
and it can be seen that, since the area remains equal, this is the case for each diagram.
When looking more closely, the main field sections (highest level subdivision) can be
distinguished.
Given that the sections are determined by the size of the largest floe, there is one floe of
the largest type in each section (so again, two sections in the left, three in the middle
and four in the right diagram). As the floe size is indicated with ‘3’ in the egg (last row),
the diameter ranges between 20 and 100m, where the largest ones can be found in the
left diagram (about 90m) and the smallest one appears in the right diagram (25m).
Due to the fact that the division into main sections is determined by the size of the
largest floe, it is possible to subdivide the rest of the section area such that each section
per definition complies with the egg-code. Another level can be distinguished however.
When looking closely at the figures, it can be seen that within the sections, clusters of
cells appear. The balance between water cells and ice cells in one cluster can be
adjusted. In Figure 26 it can be seen that some clusters hardly contain any ice cells, and
others consist of over 50% of ice.
The level of clustering is adjusted by changing this balance. To create a field which has
the least possible clustering, all ice cells are spread evenly over the domain. This is
obtained by applying an equal water/ice balance to each cluster. On the contrary, in a
field where a lot of ice clustering appears, this balance differs from cluster to cluster,
resulting in a field with large water surfaces and large clusters of ice floes.
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Figure 26 – Three generations of one egg-code (concentration 6/10) with equal average
clustering factor
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Figure 27 – Three generations of one egg-code (concentration 6/10) with an increasing
clustering factor from left to right

The application of the clustering parameter is demonstrated in Figure 27 above, again
all configurations are corresponding to the egg-code above. At first sight the three
diagrams may look quite similar, but when comparing them it can be seen that in the left
field, all ice particles are spread evenly over the domain, while in the right field the ice
particles are much more concentrated, and large open water areas can be
distinguished.
The layered structure which is used to establish the ice field is also a useful basis for the
storage of the properties of the cells. The geometry obtained from the Voronoi is
captured by two arrays; one consisting of all vertices (nodes) in the field, and one
consisting of the indices to the correct vertices of each cell.
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4.5

COMPARISON OF GENERATED FIELDS WITH CORRESPONDING
SCENARIOS
In the following section, the generated fields will be compared with available data. The
first step is to look into the delivered representative scenario sketches. A set of top view
pictures is gathered as well, to also compare the generated views with field data.
Although the amount of available data is poor, it was tried to find at least multiple
pictures with every scenario.
4.5.1 Correlation with representative scenario sketches
The representative scenario sketches are visualizations of common appearing eggcodes, which are created by hand. With these visualizations, no scale was given, but the
size of the (square) field that was generated by the algorithm, is indicated. It can be
seen that when comparing both visualizations for each scenario, their scale more or less
corresponds, but it must be noted that they are not one-to-one exactly.
A reference is made to numbered scenarios, which indicate the visualizations 1 to 6
mentioned in (8). Of each of the considered scenarios, the visualization from this report
is shown. On the next pages, scenarios 3 to 6 are presented. Scenarios 1 and 2 for now
have been skipped, since the geometrical parameters that appear are equal for the
scenarios 1, 2, and 3; only one image is depicted here.
Comparing the images for each scenario, shows that there is quite a good
correspondence between them. It is important to notice that it is not our goal to
reproduce the given sketches, but to generate a visualization of an egg-code, where of
course the properties of the ice field correspond to the parameters of the egg-code, and
which is a good representation of an actual ice field.
For high ice concentrations, such as the one in scenario 3, it can be seen that the
distribution of open water surfaces over the ice field is different. The sketch shows small
open water slots between the ice floes, but the generated field has fewer, larger open
water areas that more appear to be pools. To make the generated field better
comparable to the sketch, one could cover the entire field with ice floes, and eventually
decrease the size of each floe, creating open spaces between them.
In some cases it can be seen that the multiyear ice floes appear more frequently in the
generated ice fields than in the sketches. This occurs due to the fact that the generating
procedure will exactly stick to the given parameters in the egg-code, where in the sketch
a concentration of 1/10th is interpreted as ‘low amounts’. This can be seen for example
in scenario 4 and 4A. Actually, these scenarios are related to the same conditions,
except that scenario 4A represents the conditions before ice management activities, and
scenario 4 represents post ice management conditions.
All scenarios have been generated based on a clustering level which almost allows no
clustering; therefore it can be seen that in general the ice floes are quite spread over the
field. Only in lower ice concentration scenarios it can be recognized that some larger
open water areas actually arise and some ice particles appear to be more concentrated
together.
Due to the chosen approach, it is not possible to create a field which contains overlaps,
in other words, ice ridges or rubble fields cannot be generated with this procedure.
However, possibilities exist which can ensure the presence of those features, for
example by adjusting the ice floe properties.
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Scenario 3
1/10 ice cakes (2-20m)
of multiyear ice (thickness >2.0m)
3/10 small ice floes (20-100m)
of gray-white ice (thickness 15-30cm)
6/10 ice cakes (2-20m)
of gray ice (thickness 10-15 cm)
Ice field size 200m
Representative ice scenario from (8)

Generated ice field by the algorithm
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Scenario 4
1/10 ice cakes (2-20m)
of multiyear ice (thickness >2.0m)
2/10 small ice floes (20-100m)
of medium first-year ice (thickness 70-120cm)
5/10 ice cakes (2-20m)
of first-year thin ice (thickness 10-15 cm)
Ice field size 200m
Representative ice scenario from (8)

Generated ice field by the algorithm
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Scenario 4A
1/10 ice cakes (2-20m)
of multiyear ice (thickness >2.0m)
2/10 medium ice floes (100-500m)
of medium first-year ice (thickness 70-120cm)
5/10 ice cakes (500-2000m)
of first-year thin ice (thickness 10-15 cm)
Ice field size 1200m
Representative ice scenario from (8)

Generated ice field by the algorithm
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Scenario 5
1/10 ice cakes (2-20m)
of multiyear ice (thickness >2.0m)
3/10 small ice floes (20-100m)
of medium first-year ice (thickness 70-120cm)
2/10 ice cakes (2-20m)
of first-year thin ice (thickness 30-70 cm)
Ice field size 200m
Representative ice scenario from (8)

Generated ice field by the algorithm
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Scenario 6
1/10 ice cakes (2-20m)
of multiyear ice (thickness >2.0m)
3/10 small ice floes (20-100m)
of medium first-year ice (thickness 70-120cm)
2/10 ice cakes (2-20m)
of first-year thin ice (thickness 30-70 cm)
Ice field size 200m
Representative ice scenario from (8)

Generated ice field by the algorithm
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CONCLUSIONS

In this section, a proposed method was described that can be used to indicate the
properties and the severity of a level ice condition and can additionally be used as a
basis for creating the input ice conditions in numerical models. The benefit of the
adaptation of the so called egg code is that a small number of parameters are required
for defining the condition, and additionally these parameters describe realistic conditions
that are actually found in Arctic areas. The method is much more specific than just
indicating the ice concentration and average floe size, and it is suitable for usage in
numerical models on ice flow prediction.
This suitability for numerical model input was also demonstrated, by developing a
method to create a visualisation of the given egg code parameters, which can represent
the input ice conditions for numerical models. Due to the randomness of the appearance
of ice fields, the method can obtain an infinite number of variations for one equal set of
parameters. Consequently, two visualisations based on the same egg code will be very
different, however, the coverage of ice with a particular size will be equal in both cases.
To have more control on the positioning of the ice floes, an additional parameter had be
added. This parameter influences the level of clustering of the ice floes in the field, e.g.
up to what level they will appear in groups.
The approach consists of two parts:
1. The parameters of the egg code and that for clustering are used to set up a
hierarchic tree which consists of all ice particles and open water areas, divided
into several clusters and sections.
2. Based on this hierarchic tree, a subdivision algorithm called the ‘Centroidal
Weighted Voronoi Tessellation’ divides the ice field domain into smaller and
smaller areas, finally ending up with the required areas for ice particles and open
water surfaces.
Ice experts manually established a set of ice fields based on corresponding egg code
parameters. Automatically generated ice fields by the algorithm based on the same egg
codes were compared to these examples and both visualisations were found to be very
similar. Even very high ice concentrations up to 10/10th coverage can be generated
without creating overlaps between the floes, which makes it suitable for numerical
modelling.
It must be noted that the proposed method is applicable to all level ice conditions, that
can be expressed by the egg code, but other ice features such as icebergs and ridges
are not included, as these are not included in the egg code. In the presented approach,
there is a possibility to add the presence of these features in the future, however this
requires further investigation on how these features can be represented.
Another recommendation regarding this approach is to look into a method for creating
small open water ‘leads’ in between two neighbouring ice floes. This can be obtained by
starting off with floe areas that are slightly larger than prescribed, and afterwards
reducing the size again, creating some space in between two ice floes.
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DYNAMICS OF AN ICE FIELD

With the developed procedure, compositions of ice fields can be made based on user
defined and statistical area specific input parameters. From the figures in the last part of
the previous chapter, the highly variable shape and size (and mass) of the ice floes
becomes clear. This strong polydispersity has consequences for the dynamics of the
ice.
In this part of the report an overview will be given on available data and research
projects that contribute to the understanding of the dynamical behavior of an ice field.
Sources are full scale measurement campaigns, model test experiments, numerical
model descriptions and results, and approaches from rules and guideline documents.
An ice field is among others driven by wind and currents, but the interactions between
ice floes affect the overall ice behavior as well. A distinction can be made between
influencers affecting the small scale (tenths of km) or the large scale (thousands of km)
motions of the ice (and corresponding time scale), which is also found in the approach of
the developed models. An example is for example the Coriolis force, which affects large
masses particularly, and will have much less influence on smaller individual ice floes.
When evaluating the physical processes in an ice field, both large scale and small scale
influencers will be taken into account, although the emphasis will be on the small scale
forces.
As mentioned, the Arctic environment is a complex system where many processes
come into play. The identified forces are part of theories that have been developed in
order to explain particular observations. Many of them are universally accepted since
they have been proven. However, there are some complex processes observed that are
difficult to explain with theory, and there are some processes that are difficult to observe
properly, such as internal processes resulting in ice fractures and ice ridges.
Therefore, a number of phenomena will be briefly
addressed here first, such as cluster formation of
ice floes (as was also a topic in the geometry
description in chapter 4), development of ridges
and leads, and ice jets. This will mainly be done
based on observations. In the following
paragraphs it is then further explained which
forces drive the ice resulting in these phenomena.
5.1

OBSERVATIONS

When observing an ice field, it can be seen that
the ice floes are not uniformly distributed over the
ocean; they tend to appear in clusters. Refer to
the satellite image shown in Figure 28. Also when
sailing for example the Arctic ocean, alternating
open water areas and groups of ice floes will be
passed.
Figure 28 – Fragment of Landsat image showing
clustered sea-ice floes off the Antarctic coast (16)
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Figure 29 – Picture of a ridge in an ice
sheet (17)

37

Figure 30 – Picture of the cross section of
the sail of an ice ridge (18)

In the geometry description this item has already been looked into, but it is maybe even
more important to find out what dynamic processes are behind this. What modeling
aspects should at least be included in a numerical model in order to simulate the flow of
ice realistically? It turns out that the correct geometry description for the ice field is the
first, and a vital, step for obtaining realistic clustering behavior. Additionally, internal
processes play a role.
Other phenomena that are observed in the Arctic ocean are ice ridges, or pressure
ridges. Due to the highly dynamic behavior of the sea ice in the Arctic and the presence
of land here, the ice is sometimes heavily compressed. As the ice floes collide with each
other, pieces of ice break off at the collision edge and are being submerged under the
floes or pushed on top of the floes (Figure 29). As this continues while the two ice floes
are pushed against each other, a pile of ice is forming on top of the ice sheets, called
the sail (Figure 30), and one is forming underneath the two ice floes, called the keel.
Due to melting and freezing, the ice particles can freeze together, forming a solid and
strong mass of ice. By conducting research into the characteristics of these ridges, a lot
has been learned about the formation of ice ridges. From the above brief summary it can
already be seen that external forces such as wind, but also internal forcing, building up
internal stresses, and thermodynamic processes are involved, making it a complex
event for modelling its flow.
Besides internal pressures in the ice resulting in pressure ridges, stresses in an ice
sheet can become large enough to split the sheet into multiple pieces. This is observed
for example near the coast, where large ice sheets are attached to land. Strong winds
directed off-coast pull the ice away from land and can finally rip off large ice sheets,
forming leads in between the two remaining ice sheets.
Leads can also form further away from the coast due to ice drift or sheets being pulled
apart. Their shapes are long and linear, ranging from a few meters to a kilometer in
width (19). An example can be seen in Figure 31.
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Figure 31 – A lead of open water in the polar ocean (20)

Figure 32 – Jet Propulsion Laboratory synthetic aperture radar image of the marginal ice
zone on September 19, 1979 [after NORSEX group, 1982] (21)
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In the satellite image in Figure 32, the ice edge is shown with numerous plumes of ice
trailing off. Experiments conducted during this research program showed that the ice
velocities at the edge of the ice sheet were significantly higher than the velocities of the
floes further away from the edge, causing the development of these ‘ice jets’.
According to Johannessen et al. (21), based on NORSEX measurements, the coupling
between the wind and the ice drift is stronger near the ice edge; the wind coefficient
increases. There are a number of potential reasons mentioned; the ice at the edge is
more free to move, the ice surface roughness increases towards the edge, effects of
wave radiation pressure could play a role, and possibly an ocean current is present.
In the following chapter, physical processes present when an ice field emerges will be
identified according to observations in full scale and theory and modeling approaches
reflecting the current understanding of the observed processes. A distinction will be
made between the external forces and their influence on the behavior of the ice field,
and the internal forces and processes affecting the ice floe motions.
5.2

EXTERNAL FORCES

5.2.1 Wind
At the short term, the wind is the primary force driving the ice. A drag force is created on
the ice floe top surface by winds blowing over the oceans, which cause the ice particles
to drift. The amount of generated drag depends on the velocity of the wind and on the
roughness of the surface, where a rough surface generates more drag than a smooth
surface. According to (19), the relationship between wind and sea ice drift is very strong,
where the general guideline gives that freely drifting sea ice moves at two percent of the
wind speed. This represents 70 percent of the sea ice motion on the short term
(daily/weekly).
Drag force
In her numerical model, Herman (5) has included the floe size dependency of the ice
response to external forcing, where larger floes have a larger equilibrium velocity than
smaller ones. This is of importance for simulating correct clustering behavior of the ice
floes. Because of their large masses, large floes react more slowly to changes in the
external forces, and their motion direction deviates more from the wind direction due to
the Coriolis force (refer to paragraph 5.2.3).
Clusters are then formed due to this different response to external forces on small and
large floes. Because of the before mentioned phenomena, the large floes dominate. The
small floes accumulate in front of the large floes since they are moving more slowly (16).
The formation of these clusters due to external forces demonstrates again that it is
important to model a realistic ice field geometry with the appropriate variation in floe
sizes, in order to simulate the ice floe motions realistically (22).
5.2.2 Current and waves
Current drag acts in the same way as the wind, however on the bottom surface of the
ice sheets. As the current velocity is lower than that of the wind, the environmental force
of the current has less influence than the wind. However, the density of the water is
larger and the bottom surface of the ice is usually rougher than the top surface.
Typically, the forces resulting from the ocean current act in opposite direction of the wind
force. As a result, it is acting as a drag on the wind driven ice motion (19).
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Current profile
In a number of numerical models,
(16), (23), the model of Ekman is
used to obtain the direction of the
currents with respect to the wind. This
theory was developed after an
expedition of Nansen, where ice was
observed to drift with an angle of 20
to 40 degrees to the right of the
prevailing wind direction. The Ekman
spiral (24) explains this phenomenon
by a force balance between pressure
gradient force in the ocean, Coriolis
force (5.2.3) and turbulent drag. The
figure on the right shows a Northern
blowing wind creating a surface
stress and as a result an Ekman
spiral in the column of water
underneath.
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Figure 33 – Ekman spiral (24)

The spiral establishes from an ocean surface current accelerating in the direction of the
wind. Due to the Coriolis force, this current will also accelerate in a direction right to the
wind (northern hemisphere). The resultant current direction is a few degrees right of the
wind direction, and follows from the balance between the force of the wind, the Coriolis
effect and the resistance drag of the subsurface water. The surface current acts as a
drag on the water layer below, and again the forces balance result in a current motion of
this layer, which is again another few degrees right of the direction of the surface current
direction. With increasing depth, this event repeats, but the transmitted force decreases,
and thus the current velocity decreases.
Since this theory includes a number of assumptions and simplifications, it is difficult to
actually observe the effect in the ocean or atmosphere. In open water conditions the
Ekman spiral has hardly been observed, however under sea ice the phenomenon was
seen to occur during a number of expeditions, such as the AIDJEX in 1970-1978 (25).
The reason for this can be found in wind and waves, which modify the current flow close
to the surface and weaken the Ekman spiral. The presence of sea ice of course reduces
these effects.
Ice-water interaction
All evaluated numerical models for managed ice assume given values for velocities and
directions of wind and current; the ocean and atmosphere are not influenced by the
presence and motions of the ice. Additionally, a particular ice floe is not affected by the
presence of other floes, except when they are in direct contact. Possible shading effects
and coupled hydrodynamic behaviour are not taken into account.
Up to now no research can be found that investigates the existence and effect of
coupled hydrodynamic behaviour to assess the necessity to include such coupling in
developed models. In many evaluated numerical models, the assumed absence of this
coupling effect is stated, but the possible consequences of this assumption are not
mentioned.
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When evaluating the ice being in contact with a floating structure, ventilation and
backfilling are particularly relevant ice-water interaction processes. The ventilation effect
occurs when the floater rides on top of an ice particle, whereby the ice is pushed
downward and rotated; parts that are located below the still water line still have their top
surface free of water. This effect contributes significantly to the resistance, almost
independently of the velocity (26). Backfilling is the filling of the ventilation gap with
surrounding water as the ice particle rotates further (3).
According to Lu (27), it is important to take into account the hydrodynamic effects
(ventilation and backfilling) during the ice breaking and ice rotating phase. However, in a
number of papers it is assumed that the waterline is always flat (3), or the assumptions
regarding these effects have not been mentioned (28), (29).
Waves
In the central pack, where the ocean is fully covered by ice, waves are practically nonexistent. However, there are areas where the waves have considerable influence on the
geometry and the dynamics of an ice field. The most important example of this is the
marginal ice zone (MIZ), forming the ice edge. In this region, the ice concentration is
lower and open water processes start to have influence on the dynamics.
Broström and Christensen (30) define five regions in the MIZ with a specific character:
 Open ocean, with waves having open water characteristics.
 Edge zone, with ice floes widely scattered such that only few interaction between
them takes place. These floes do influence the wave characteristics, by damping the
oscillations. Larger floes are broken into smaller sizes.
 Transition zone, having frequent medium size ice floes. The floe-floe interactions are
dominant in this zone, where the rate of collision depends on ice concentration and
wave amplitude.
 Interior MIZ, where the remaining waves have small amplitude and long wavelengths.
In this way, the waves are still able to break up large floes into smaller pieces, but
can also break off parts of the ice that is accounted as pack ice.
 Solid ice, in which waves propagate over long distances. The wave energy is
dissipated by leads and pressure ridges.
In general, the assumption is made
that strong wave fields create
stronger impacts and a more
frequent occurrence of these
collisions. It has been difficult to
relate the collision rate with
observed parameters. Furthermore,
Squire (31) concludes on evaluated
publications on observations:
1. Heave response of ice floes
increases for increasing
Figure 34 – Ice edge with waves (18)
wave periods
2. Roll response is largest for intermediate wavelengths, for short and very long
waves the roll response is negligible.
3. Shorter wave period components are amplified by the strain transfer function of
a bending floe in the MIZ.
4. Ice floes easily fracture due to ocean waves, when the floe size is at least a
significant fraction of the wavelength.
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5.2.3 Coriolis force
A mass experiences the Coriolis effect because of its inertia and the rotation of the
earth. The Coriolos force, along with the centrifugal force, appear when transforming
Newton’s laws to a uniformly rotating reference frame. Given the ‘slow’ rotation velocity
of the earth, only one rotation per day, the Coriolis force is quite small, and the effect
only becomes significant for large masses and motions occurring over large distances
and long periods of time (32). In the following paragraph a further explanation will be
given of this effect and how the ice dynamics are influenced by this force.
The Coriolis effect can be demonstrated when observing a rotating carousel, as shown
in
Figure 35, with two individuals on top (indicated with green and orange). A ball is thrown
from person Green to person Orange, while the carousel rotates in counterclockwise
direction. In the left figure the straight path of the ball is shown, when looking from a
fixed reference point above the carousel. In the right figure the path of the ball is shown,
from the perception of person Orange. It appears as if the ball deflects to the right, due
to the counterclockwise rotation of this person.

Figure 35 – Coriolis effect demonstration with rotating disk

This example represents the situation for the Northern hemisphere on the earth, where
all phenomena perceived by us like person Orange in the example, as we move along
with the counterclockwise rotation of the earth (seen from the North pole). The Coriolis
force thus causes objects to accelerate because of the rotation of the earth; objects
deflect to the right on the Northern hemisphere, and to the left on the Southern
hemisphere. As mentioned, the Coriolis force is small at small scales, but it affects
global processes such as currents and winds. Since the Coriolis force increases towards
the poles, it is an important external force to take into account when modeling sea ice
motion (at the large scale).
5.2.4 Surface tilt
To begin with, the force resulting from sea surface tilt only has a very small contribution
to the motions of sea ice compared with wind and current forces, especially at a small
scale. Over longer periods (months to years) the effects of sea surface tilt on the sea ice
motions become more visible.
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Figure 36 schematically shows
how the sea surface rises due
to the topography of the ocean
floor. The mountain on the
ocean floor creates additional
gravitational attraction and a
subtle change in direction (red
arrow), causing extra water to
pile up around the mountain.
For a mountain on the ocean
floor with a height of 2000 m,
this effect results in a rise of the
sea surface of around 20 cm.
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Figure 36 – Induced sea surface slope produced by
seamount on the ocean floor (33)
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INTERNAL PROCESSES

In order to explain the establishment of the observed features in the beginning of this
chapter, internal processes have to be evaluated as well. It is important to know how the
ice particles interact, but also how they deflect or change shape due to freezing and
melting processes. Again, not all processes contribute largely to the ice motions at the
short term and small scale. Most of them will be briefly discussed, evaluating whether
they are of importance for the numerical modeling at the scale of our interest later.
The internal stress reflects the level of compactness of the ice, which plays a role in the
ice motions and the developed ice features discussed in section 0. On one hand,
external forces influence the internal stress in an ice field, for example when the wind
forces the ice floes against the coast. On the other hand, scientists have also found the
relationship working in opposite direction; in case an ice field is compact, consequently
the wind driving forces become smaller.
5.3.1 Full scale experiments
For the above reasons, one of the objectives of a number of full scale measurement
experiments was to find a relation between deformation of ice and the internal stress in
the ice. With this ‘law’ known, predictions on the deformation of ice, and thus the
formation of leads and ridges, can be improved.
Ice dynamics experiment
The Arctic Ice Dynamics Joint
Experiment (AIDJEX, 1975-1976),
(25), (34), was initiated in order to
establish a realistic formulation for a
law describing internal ice stress and
its spatial propagation. In order to
gain understanding about the
relation between the stresses in the
pack and its deformation, it was
proposed to observe the deformation
of the ice from the motion of several
points and at the same time infer the
stress gradient from the balance of
forces at each point. It was assumed
that the acceleration and all other
forces were measured.

Figure 37 – AIDJEX pilot study 1972 (NSIDC
courtesy Tom Marlar/CRRL) (35)

The measurement points were positioned such that an ‘infinitesimal element’ of about
100 km arose. For a number of reasons it was practically impossible to relate the stress
to the ice deformation. In the momentum balance, only spatial derivatives appear, and
not the stress itself. Additionally, the error of the estimated stress was the accumulation
of errors in measurement of the other terms in the balance, which made it quite noisy.
Based on the experiment, an ice model was developed, of which still a number of
features are included in recently developed models.
Experiments in the Marginal Ice Zone
A couple of projects were dedicated to investigate the processes playing a role in the
marginal ice zone (MIZ), where open water processes and sea ice processes meet each
other and interact. The dynamics of the ice field therefore change. Due to incoming
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ocean waves, ice floes bend and break, and increasingly collide with each other,
resulting in a changed shape and size (36). Field operations of the Marginal Ice Zone
Experiment (MIZEX) were conducted from 1983 to 1987 (37). The objectives were to
collect and analyze a benchmark dataset, to understand the processes governing the
evolution of the MIZ, and to evaluate the ability of existing models to predict the MIZ
seasonal evolution.
In the MIZ north of Svalbard, remote sensing experiments were carried out during
September-October 1979. The experiments of the Norwegian Remote Sensing
Experiment (NORSEX) involved both ground measurements from the ship and aircraft
and satellite remote sensing. It was found here that convergence of the ice occurs when
the wind blows in ‘down-ice’ direction (along-edge winds with the ice to the right) (21).
Additionally, ice velocity jets occur during ‘down-ice’ winds.
The SAR satellite image shows ice features trailing off the ice edge. Data from the
drifting buoys on ice and surface water confirm that these features are ice jets, as the
measured velocities are significantly higher close to the ice edge (0.27 m/s), compared
to more inward in the ice field (0.20 m/s).
SHEBA
Another project that had as one of the objectives to qualitatively relate the ice stress to
deformation activity was the Surface Heat Budget of the Arctic Ocean (SHEBA) field
experiment in 1997-1998.

Figure 38 – Ice Station SHEBA base, Canadian
Coast Guard Ship Des Grosseilliers (right) with
CCGS Louis S. St-Laurent (38)

The Canadian Coast Guard Ship
Des Groseilliers was allowed to
become frozen in the pack ice for a
year, serving as a base for scientific
observations. From the ship,
measurements were made of
oceanic
and
atmospheric
processes. At several locations
within 15 by 15 km in the Canadian
sector of the Beaufort Sea, the
internal ice stress was measured,
and additionally the ice motions
were derived from satellite images.

According to Richter-Menge (39) there was a strong temporal correspondence in the
stress activity at the different sites, which suggests that they all responded to the same
loading event. However, significant spatial variability was measured. The ice thickness
distribution, the dominant loading direction and nearby local deformation activity are
mentioned as involved phenomena.
From the site measurements, conclusions are drawn on the ice deformation process at
regional scale. Winds dominantly drive the ice, and the internal ice stress builds up until
the ice sheet fails. As a result, lead and ridge systems develop. The persistence of the
forcing conditions (such as wind and current) mainly determine the extent of the failure
region.
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5.3.2 Internal stress
In the following paragraphs a number of concepts will be presented that describe the
processes related to internal stresses and forces, to gain understanding and for
application in numerical models. The full scale measurements have led to insights that
have been used to develop modelling approaches for ice dynamics.
A number of important observations made during the experiments described above are
 Ice field convergence and trailing off occurring due to specific forcing by wind
parallel to the ice edge,
 The increased velocity of the ice when approaching the ice edge,
 The fact that there is a large correspondence between the temporal internal ice
stress measured at various sites,
 The fact that there is a large variation between the spatial internal ice stress
measured at various sites
All of these observations are in a way related to the internal stress state of an ice field.
In this paragraph the term ‘granular temperature’ will be explained, and in the following
paragraphs processes such as thermodynamics, breaking and friction will be described.
Granular temperature
In our evaluation, broken ice fields are considered, either because the location is in the
marginal ice zone (MIZ) or because the ice is pre-broken by icebreakers. As a result, it
is possible to say that the ice field consists of a large number of discrete elements (ice
floes). Given this fact, numerical model developers have found similarities with granular
gases and flows (16) and that gives the opportunity to utilize principles from these
models.
With the term ‘granular temperature’, among others, the tendency of granular material to
form clusters can be explained. It was already mentioned that environmental forces
such as the wind can cause cluster formation of the ice floes, due to their range of sizes
and thus masses; according to Herman (16), clusters are initiated by random density
fluctuations. The stability and progress of these clusters can be further evaluated with
the granular temperature.
The granular temperature is defined based on the kinetic energy associated with the
random motion of the floes (average fluctuation kinetic energy) (40). In the developed
clusters, naturally, the density of particles is higher than in the surrounding areas. As a
result, the collision frequency within cluster regions increases. Because of the fact that
the interaction forces are dissipative (friction and/or inelastic collisions), the granular
temperature, or energy density, decreases at relatively rapid rate (40), correspondingly
resulting in a pressure decrease.
In other words, the behaviour of the ice floes within the cluster becomes less random,
and they start moving as a unity. The large floes, which gained the highest velocity due
to wind forcing, are slowed down, and the largest floes are additionally driven by the
cluster velocity, such that their speed can increase up to 30% compared with their wind
driven velocity (16).
Therefore, within the clusters, the floes tend to stay close to each other, moreover, this
lower pressure attracts particles in the neighbourhood to the clusters. In this way, the
density and size of the cluster further increases, until other mechanisms intervene,
possibly breaking up the cluster (41).
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5.3.3 Breaking
Following from the last paragraph, it becomes clear that breaking of ice is a result of
internal processes in the ice. The different ways in which the ice may fail (failure modes)
are the consequence of the type of loading. A distinction can for example be made
between the way the wind acts on the ice sheet, either compressing or tensioning the
ice sheet. Ridges or leads may form due to this loading, respectively.
Richter-Menge (39) describes the measured stress events during the experiments
conducted during the SHEBA project, where an event is ‘the sustained period of
relatively high stress’. A stress event lasted for 3-10 days. A distinction was made
between the rapid changes in the stress magnitude and the changes over a longer
duration. According to Richter-Menge, the large and rapid stress changes, taking in the
order of hours, are associated with the formation of ridges, leads and rubble fields.
This process of failure is found similar to the behaviour of a granular hardening plastic;
the internal stress builds under loading until the ice cover fails, resulting in lead and
ridge systems. Depending on the persistence of the forcing conditions and the prevailing
environmental conditions, a failure region grows larger.
The ISO 19906 draft (42) for ice interaction with offshore structures identifies five main
failure modes for ice as a consequence to a particular interaction scenario: creep,
crushing, bending, buckling and splitting. Which failure mode occurs, depends on a
number of variables, such as the ice thickness, velocity and temperature, the presence
of ridges and the structure shape. Loads associated with the particular interaction
scenario are largely dependent on the failure mode.
Numerous research projects have been carried out and are ongoing to get a better
understanding about the occurrence and the process of the various failure modes (for
example (43), (44), (45), (46)). It is found difficult to derive physical laws for the
prediction of the failure mode in particular loading case and the associated forces,
especially because in most cases, combined failure modes appear.

Creep

Crushing

At low indentation rates (<1-3 mm/s) the ice
yields, consequently the ice smoothly
surrounds the obstacle without cracking or
breaking.
For various aspect ratios and high rates, a
partial contact with non-uniform pressure
develops over the contact area, resulting in
crushing, where pulverized material escapes.

Bending

When ice interacts with a sloped structure, it
will bend up/down until it breaks.

Buckling

Usually when thin ice is compressed,
buckling of the ice sheet occurs.

Splitting

Cracks develop above certain stress levels
mostly for wide contact areas and is
associated with tensile failure

Figure 39 – Overview of the different failure modes of ice (47)
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Daley and Riska (46) have, in their process of developing an ice load model, established
a hierarchy of mechanical processes by making four categories of scales of ice-structure
interaction:
1. Ice pack scale

Ice cover description

Ice cover formation and change

2. Local floes scale

Ice field interaction
process
Floe impact process

Meso-scale ice cover geometry
and group mechanics
Floe geometry and mechanics

Ice/structure contact
process

Local contact mechanics

3. Single floe scale
4. Floe edge scale

Practically, only the lower three scales are covered in the model. Starting from the
smallest scale, the failure events are evaluated. Every event may represent a failure
process at a certain hierarchy, and it may also contribute to processes leading to failure
at a larger scale. The following example is given, indicating the various levels in the
hierarchy in which the events occur. Crushing is a hierarchy of the two failure events
‘cracking’ and ‘extrusion’. The crushing process occurs until the ice sheet fails in flexural
failure mode, and in its turn, a flexural failure event is a component in rubble formation.
It is stressed by Daley and Riska to distinct between observations, idealizations and
modelling mechanics. In order to be able to describe the processes observed,
idealizations in the interpretation of the failure process are made, before they can be
captured in a mechanical model. Mostly, the models are based on common
observations (and measurements), but the idealizations or the models are different.
Several methods are evaluated for mechanics at the smallest scale (item 4.), subdivided
into continuum, stochastic, and discrete ice load models. In the continuum models
calculus is applied to solve the problem, but a requirement is that the system is smooth;
properties cannot have sudden changes. In stochastic models, the observations are
used to describe for example pressure and fragment size distributions. This has the
consequence that the mechanics are not modelled, but an outcome of the failure
process is assumed. Discrete models can be chaotic, but they allow for variance in
properties and functions.
At global scale (item 2.) in the generally used approach, a distinction is made between
thee loading limiting mechanisms identified by Croasdale (48), which is also adopted in
the ISO code (42):
1. Limit stress

Deformation and failure
processes govern the ice
action; the forces directly
depend on the ice stress

2. Limit
momentum

Kinetic energy limits the ice
action; the momentum is
dissipated before envelopment
occurs
Driving forces (wind, current,
surrounding pack ice) are
insufficient to fail the ice (no
envelopment)

3. Limit force
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5.3.4 Thermodynamics
The reason for ‘thermodynamics’ to be mentioned here, is the close relation with the
internal ice stress and the ice thickness. Thermodynamics concerns the freezing and
melting processes of the ice, thereby directly influencing the ice thickness. Ice forms
when the atmosphere has cooled down the ocean sufficiently. As cold water becomes
denser, it will sink, causing a warmer layer of water to float on top. Before ice starts to
form, the water layers below the water surface have to reach the freezing point.
Ice growth
Due to the presence of the formed layer of ice, it becomes more difficult to exchange
heat between the ocean and the atmosphere. In order to grow the ice layer at the
bottom, the heat of the water is conducted by transporting it through the layer of ice and
then emitting it to the atmosphere.
Brine

Figure 40 – Sketch of the orientation of sea
ice crystal structure (49)

Thus, the ice is colder at the top surface,
which is in touch with the atmosphere, and
the ice is warmest at the bottom, where
the temperature is equal to the water
temperature. As a consequence, the ice is
also weakest at the bottom.
An additional reason for this is the fact that
‘brine pockets’ arise, cavities consisting of
liquids with high salt concentrations, which
get trapped in the ice during the growth
process. The brine pockets drain out over
time, so as they end up in the lower ice
layers, the ice gets weaker at the bottom.
Figure 40 shows a schematic layout of the
structure of ice; as can be seen it is a
columnar structure. The dark surfaces
indicate frozen interfaces and the lighter
surfaces are interfaces with sea water.
The brine pockets are indicated as well.

Albedo
The level of solar energy that is absorbed is an important factor in
thermodynamic processes of the ice. The non-dimensional reflection
coefficient , or albedo (‘whiteness’), is used to specify the reflecting
power of a surface (diffuse reflectivity). Albedo varies between 0 and
1, where 0 corresponds to a perfect absorber, which is black, and 1
is white, being a perfect reflector.
Open oceans have an albedo of approximately 0.06, meaning that
only 6% of the solar energy is reflected by the ocean, the rest is
absorbed by the water. This means that the open ocean is easily
warmed by solar energy. Bare ice already reflects more than half of
the incoming solar radiation, and if there is snow on top, rises to
0.90, keeping the surface cooler. Refer to Figure 41.
Figure 41 – Albedo for I) Open ocean, II) Bare sea ice, III) Sea ice with
snow on top
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5.3.5 Friction
According to sliding experiments, where ice collected from the Beaufort Sea during April
2003, 2007 and 2009 was used, the friction coefficient depends on the ice temperature
(50). The maximum friction coefficients found varied between 1.0 and 1.6.
A growing number of research outcomes support the statement of Fortt and Schulson
(50): “Brittle compressive failure of sea ice on scales large and small appears to be
governed by frictional sliding and by a mechanical property – the coefficient of friction –
that applies to all scales.” As a result, measurements of this property can be performed
in a controlled environment, and the outcome can directly be applied at full scale.
It was found from the measurements that for each set of data, the normal stress
is
linearly proportional to the shear stress with reasonable correlation coefficients, so the
sliding deformation obeys Coulomb’s failure criterion.
For low velocities, the friction coefficient increases with
increasing velocity (‘velocity-strengthening’), and the
dominating mechanism of deformation is creep. The
maximum friction coefficient is found at intermediate
velocity; for sea ice this is an order of magnitude higher
(8 · 10-5 m/s) than for freshwater ice (8 · 10-6 m/s).
At higher velocities, velocity-weakening occurs; the
friction coefficient decreases for a further increase in
velocity. The sliding behaviour was noisy and brittle-like.
Surface fracture and melting are the dominant
processes in this velocity region.
Sea ice creeps more easily than freshwater ice, so at
low velocities, when creep dominates, sea ice has a
lower coefficient of friction than freshwater ice. Surface
fracture and melting processes are driven by the fracture
toughness of the material, which is similar for sea ice
and freshwater ice, thus resulting in a similar coefficient
of friction for both types of ice.

Figure 42 – Photograph of a
specimen of first-year sea ice
after sliding 8 mm (8 · 10-5
m/s and -10°C) (50)
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RELEVANT PROCESSES FOR FLOATER INTERACTION

In the previous sections an overview was given of the processes that influence the
behaviour of an ice field, which also explains the appearance of an ice field. A number of
processes were already identified to be influencing only at larger scale or longer time
scale. In this section, the relevance to ice-structure interaction of these aspects is
reviewed.
It is important that the ice approaches the floating structure, driven by external forces
such as wind and current, instead of running the structure through a stationary ice field
as would be done in model tests. This is required to include the correct inertia forces.
Additionally it was shown in the previous section that the ice appearance and behaviour
is largely affected by these forces. However, it has not been investigated yet what the
influence is of the behaviour of the ice on the way the ice flows around the structure. To
give an example, it has not been shown what the difference is between a scattered ice
field approaching a floating structure or a heavily clustered field.
When operating in pack ice, waves are generally not present and therefore can be
neglected in the numerical model. If the operations are located in the marginal ice zone
(MIZ) however, waves contribute to the breaking of ice floes into smaller pieces, and to
the flow of the ice.
Coupling of hydrodynamic effects between a group of ice floes has not been
investigated thoroughly, but it is assumed that these effects have a significant influence
on the mutual behaviour of the ice particles, and thus on the ice flow around a floating
structure. At smaller scale, it was investigated by Lu (27) that it is important to
incorporate ventilation and backfilling effects when ice particles are rotated and being
submerged.
Other external forces described were the Coriolis force, which relates to the rotation of
the earth, and surface tilt effects, induced by the topography of the ocean floor. It was
also explained that these forces are mainly important for evaluation of large scale and
long term behaviour of the ice, and as such has negligible influence on the short term
and smaller scale evaluation of the flow of ice. However there are models that include
terms for both these forces (2), even though they are small. It is not indicated in this
literature what the significance is of including these terms, and if the uncertainty is not
larger than the terms themselves.
Correct modelling of the dissipative floe collisions must result in cluster formation, as
was explained based on the ‘granular temperature’ principle. Due to these dissipative
collisions, the random motions of (mainly the smaller) ice floes are limited and
consequently large wind driven floes tend to drive the smaller floes in groups.
Breaking of ice is a very complex process, that has to be evaluated at multiple scales in
order to determine the exact behaviour. The hierarchic approach proposed by Daley and
Riska (46) gives a lot of insight in the processes acting at the various scales. Local
contact mechanics contribute to failure of the ice floes according to a particular failure
mode. At larger scale, limiting mechanisms are defined; limit stress, limit momentum and
limit force. ISO (42) has adapted this approach. It is important to develop a model that
incorporates all of these processes to model the behaviour correctly at each scale. A
number of recommendations is done for the model approaches at different scales (46).
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Thermodynamic processes play an important role in mostly the vertical geometry of the
ice floes. It determines the thickness of the ice floe and the ice properties over the
thickness, such as the density, the salinity and the strength. Since the consequences of
these thermodynamic processes change very slowly (days, weeks), they can be
neglected when evaluating a flow of ice over a shorter periods of time (hours). Instead,
care must be taken in the modelling of geometric properties of the ice at a specific time
in the season at a specific location.
Finally, friction can influence the motions of the ice significantly. For this reason it is
important to incorporate correct modelling of both ice-ice and ice-floater friction effects.
At laboratory scale, a number of research projects (50) have been performed in order to
determine the friction coefficient of the ice.
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MODEL APPROACHES

Based on the modelling purposes, different approaches are applied that are based on
specific assumptions for the physical processes. An overview of the evaluated numerical
models can be found in Appendix 2. For sea ice dynamics, a distinction is made
between models based on two main theories (36), which will be described below. The
characteristics of the two approaches and the differences between them results in the
fact that all found and considered existing models are based on one of the approaches.
In the remaining of this section it is evaluated how the existing models incorporate the
identified physical processes of relevance.
Viscous-plastic
The first theory treats the sea ice as a highly fractured two-dimensional continuum (51).
A plastic constitutive law relates the internal ice stresses and the rates of strain. The
description of the rheology allows the pack ice to diverge when there is small or no
stress, but under convergence conditions it is able to resist compression and shearing
motion.
The ‘viscous-plastic’ class of numerical models is derived from this theory, which
consists of a large number of large scale Arctic sea ice models. Since this approach
copes with continuum ice sheets, it is able to model the sea ice dynamics in the central
ice pack very well. Referring back to section 5.3.3, this type of loading and
corresponding failure mode is related to the limit-stress mechanism. The deformations in
the ice develop very slow and as a result, the ice slowly ‘grows’ around a structure,
referred to as creep.
This approach is however less accurate in regions where sea ice is broken up. The
marginal ice zone is an example of this, where open water environmental processes
have created smaller ice particles.
Collisional
In order to be able to better model sea ice that has been broken up, the second theory
models an ice field as a collection of many individual particles colliding with each other.
These collisions determine the rheology.
Just like the viscous-plastic theory, the collisional theory equates the rate of work done
by internal stresses to the rate of energy dissipated in deformation. However, in the
collisional approach, the internal stresses and the energy dissipation are explicitly
determined in terms of rigid body collisions between floes, as described by Shen (52).
The mean floe diameter and a statistical distribution of the floe velocities are involved in
the collisional rheology.
Following from the approach and the purpose, this theory is more applied to smaller
scale (that could still cover numerous km’s, but not the entire Arctic area as was
mentioned for the viscous-plastic approach). Again evaluating the limiting mechanism
related to this type of modelling, as described in section 5.3.3, because of the fact that
the collisions are the dominating internal process here, it is the limit-momentum which is
very important. In this case the limiting mechanism in the modelling is given by the
kinetic energy of the floe, due to its velocity at the time it collides with an ice structure or
an offshore structure.
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Collisional approach
 Ice is modelled as multiple bodies
 Internal stress in the field represented
by collisions
 Modelling broken ice
 Smaller scale (up to several km’s)

Viscous-plastic approach
 Ice is modelled as a two-dimensional
continuum
 Relate internal stress with strain
 Modelling large ice sheets
 Larger scale (up to whole Arctic)

Figure 43 – Typical ice field very near the
ice edge: Greenland Sea, summer 1983.
Floe size is ~50-200 m. (52)

Figure 44 – Typical pack ice field in the
central Arctic: Beaufort Sea, spring 1971.
Floe size is ~5-20 km. (52)

Comparison and choice of approach
Figure 43 and Figure 44 show the different geometries for an ice field, very near the ice
edge in the marginal ice zone, consisting of a number of individual ice floes, and a pack
ice field in the central Arctic, respectively. The different geometries demonstrate the
necessity for the two different introduced approaches for modelling the Arctic sea ice.
Characteristics of the two modelling approaches are stated with the two different fields.
In recent publications on sea ice modelling (40), a composite rheology is used, in which
both the viscous-plastic and the collisional theory have been included. In this case, the
collisional theory is used to obtain the internal stresses while the ice concentration is
below unity; the internal stresses increase as the concentration increases. The viscousplastic model is then applied when the concentration approaches unity. Through
pressure ridging, the ice thickness increases.
Following from the above descriptions, it becomes clear that for our purposes,
evaluating the flow of ice around a floating structure (thus at small scale), the collisional
modelling approach applies. As this approach only allows rigid motions of the ice floes, a
solution as above described by Feltham (40) may be applied.
Note that this model, as well as a number of other models mentioned in the previous
chapter, is developed with the objective to evaluate the ice dynamics, and not to
evaluate the interactions of the ice with a (floating) offshore structure. However, these
models have provided good descriptions of various interpretations of processes
contributing to the overall sea ice dynamic system. They were incorporated in this
research in order to create a complete overview of the involved processes (and still
there are many more sources not mentioned here).
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For comparison, a few known ice-structure interaction models are evaluated here, to
give insight in the current state of development of the recent models, their idealizations
and modelling mechanisms. They are also included in the overview table in Appendix 2.
All of the below models incorporate the collisional modelling approach. However,
improvement of the models evaluated below could be done by implementing modelling
techniques used in viscous-plastic models.
5.5.1 External forces
A notable fact about the evaluated numerical models that evaluate ice-structure
interaction is that a number of them, such as DECICE (53) and Daley (1), use the
concept of a towing tank as a reference, including the corresponding (boundary)
conditions. As a result, no environmental driving forces were incorporated, but instead
the floater or offshore structure was given a forward velocity. Below an overview will be
given of the characteristics of various numerical models, based on the processes that
were discussed in the previous paragraphs.
Wind
In order to compare model tests performed at the Institute for Ocean Technology (IOT)
and the numerical simulations performed with DECICE (53), (54), wind was excluded
from both experiments. Daley (1) also mentions in his paper that their GPU (graphics
processing unit) modelling approach does not include environmental driving forces.
Specific details about including or excluding forcing from wind are not mentioned by
Metrikin (3), but it appears as if also in these simulations, wind was not incorporated.
The numerical model was among others used for comparison with model tests in the
HSVA ice basin, during the DYPIC testing campaign (55).
It is a logical decision in the above cases to not include effects from the wind for the
sake of comparison, however, as was demonstrated by among others Herman (5), there
is a large influence on the behaviour of the field of ice floes by the wind. An important
effect of a wind field is the variety in balance velocity and the resulting formation of ice
floe clusters. It would be particularly interesting to investigate the difference ice flow
around an offshore structure, for example between a scattered ice field and one that is
shows heavily clustering. Whether this effect would be correctly arising in these
numerical models is unknown.

Figure 45 – A visual comparison of the numerical simulation (left) with the ice basin trials
(right)
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Current and waves
Just as the wind forces, currents were assumed nonexistent for the evaluated numerical
models. However, there were drag models included such that if the floes were given a
velocity after a collision, it would be slowed down due to the drag of the water. Daley (1)
mentions a ‘simple water drag model’ for the GPU model developed at Memorial
University of Newfoundland, Canada.
The model developed at the Norwegian University of Science and Technology, by
Metrikin (3), uses a physics engine to model the translational and rotational
displacements of the ice particles and the floater. This physics engine also approximates
the hydrodynamic damping and the inertia of the water by a translational and angular
damping.
Lau (53) explains that the majority of the drag results from unbalanced pressure forces,
thus that the contribution from fluid friction is negligible for small floes. For this reason, in
the evaluated case, a life boat progressing through broken ice, only form drag of ice
floes was taken into account in the simulation. The value of the drag coefficient was
based on a rectangular floe with an aspect ratio of 1:10 (thickness to size).
To investigate the influence of the
drag coefficient on the resistance
of the life boat sailing through the
broken ice field, the drag
coefficient was varied over a range
of 0.0 to 1.5 for a number of
velocities. A linear relation was
found between the drag coefficient
and the resistance, as shown in
Figure 46. The influence of the
drag coefficient is found to be
negligible. According to Lau (53),
“the trend was expected, as the
transfer of drag force to the lifeboat
would only be possible during
initial impact”.

Figure 46 – The influence of the ice drag coefficient
on the ship resistance

On hydrodynamic coupling, not much is mentioned in the publications on the numerical
models. Most of them do not consider any influence of the water besides buoyancy and
current drag. In Metrikin (3) it is mentioned that the added mass effects from the water
on the bending failure are not taken into account. Additionally, the effect of the inertia of
the ice sheet on the bending failure is neglected.
It was mentioned that so called ventilation and backfilling processes influence the
behaviour and the loads from the ice particles on the structure, and that for realistic
modelling, these processes should be included. Besides Metrikin (3), the authors do not
mention the influence of neglecting this effect. The importance of the processes is
stressed in this paper, and for future efforts the involvement of ventilation and backfill is
intended.
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Vessel-water interaction
Although the interactions between vessel (or offshore structure) and water is not part of
the processes involved in a broken ice field, there are some remarks placed about the
evaluated models that will be mentioned here.
Daley (1) used a simple net-thrust versus speed relation based on a water resistance
model and a thrust deduction model to have the vessel moving forward. This relation is
used to settle the vessel at its open water velocity. Compared to the open water speed
of the vessel, the ice forces will reduce the velocity, such that the net thrust can be used
to obtain the time-averaged ice resistance.
The same approach is used by Lau, where the open water resistance was approximated
by a 5th degree polynomial least squares fit of the resistance versus the speed, where
the speed was measured during the corresponding open water test in the model basin.
Due to this approach, the very low velocities are less accurate (error up to 60%).
A 6 DOF ‘floater model’ is used in Metrikin for the simulation of the floater’s motions,
assuming calm water conditions. This is valid for a floater far away from the ice edge,
such that there are no waves present, and progressing at very low velocities, such that it
can be assumed that no radiation waves are generated. In the equation of motion of the
floater, environmental forces such as wind and ice forces as well as other external
forces such as propulsion and rudder forces are included.
Coriolis force and surface tilt
For the same reasons as for the atmospheric and current influences, the Coriolis force
and surface tilt effects are not specified in the MUN model and the DECICE model by
Daley and Lau respectively. In the 6 DOF floater model as part of the NTNU model by
Metrikin the Coriolis term is stated in the equation of motion. Assuming that the
equations of motions for the ice particles are based on the same conditions, this model
accounts for these environmental phenomena.
5.5.2 Internal processes
In the evaluated models, the internal stress is represented by collisions between several
ice floes, so they are of the collisional type of model. Most of the models assume the
bodies to be rigid, in some cases there is a possibility to allow deformations and even
breaking.

Figure 47 – Ice field geometries in (1)
Left: Random ice floe field with sizes between 2 and 20 m (concentration 42%); Right: hexagonal
floes of 10 m size (concentration 46%)
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Internal stress
As was already discussed, the geometry of the ice floes and the entire ice field can have
an important effect on the behaviour of the ice field. In Daley (1) for example, two
different approaches were followed for generating floe shapes. In one case, the ice field
was an assembly of randomly shaped floes which were polygons drawn on a number of
ice floes from a top view photograph of an ice field. By copying these floes into the
domain, the aimed ice concentration was obtained.
It can be seen from Figure 47 that a field of variable floe size was established. In the
other case, the ice field consisted of hexagonal ice floes of equal size, evenly distributed
over the domain. It was found that the hexagonal shaped floes clearly resulted in a
higher resistance then the random shaped floes, for the equal ice concentration of 60%.
The author mentions that it appeared that mechanical interlocking was the reason for
this found result.
Additionally, a simplification was applied by only evaluating motions in two dimensions,
leaving out for example rafting and rubbling. A remark was placed that this might have
influence on the found relationship between the resistance and the velocity and the ice
concentration.
It is mentioned by Quinton (56) that
DECICE was developed in two
versions, one in 2D and one in 3D.
Generally the 3D model is used for
performing
simulations
with
structures in ice. As a result, 3D
effects become visible such as
floes sliding under the hull, Figure
48.

Figure 48 – Screen shot from DECICE simulation
run with relatively small floes (53)

The internal stresses in a discrete
modelled ice field depend on the
collisions between the various
individual ice floes. Daley (1)
discusses
inelastic
collisions
following
a
conservation
of
momentum, where part of the
energy is dissipated due to ice
crushing and drag of the water.
Figure 49 presents the interaction
contact force model which Løset
(2) applied in his discrete model.

Figure 49 – Disc rheology model, Løset (2)

In this model, the ice floes are represented by circular discs. The dashpot shown on the
left is apparently ‘removed upon solid contact’, which is used to model a ‘remote contact
force’. When two ice floes approach each other, freeze bonds act between them. The
dashpot only works in compression and does not act anymore when there is no space
left between the two floes (at solid contact). Apart from normal forces, there is also a
tangential component which also allows slip along the contact.
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The MUN model (1) uses the same approach in discrete element modelling, where the
loads between elements are transferred by contact springs. According to Daley (1), the
chosen values for normal and tangential stiffness are similar those used in other models
like Løset. From (53) it appears that DECICE also uses the same value for the spring
stiffness, but here the effect of the spring constant was investigated for the ship
resistance during transit in broken ice.
The result is presented in Figure 50. The
variations were performed using a drag
coefficient of zero, for a range of spring
stiffness’s between 1·106 N/m2 and 1·108
N/m2. Lau (53) states that ‘the result
showed a negligible influence of spring
stiffness on the resistance within the range
of stiffness variation, despite some data
scattering’. It can be seen that there is no
trend for the spring stiffness variation, but Figure 50 – Influence of contact spring
stiffness (53)
that there is quite a lot of scattering.
So, these models represent interactions between ice particles with a force resulting from
a spring-damper system present between the colliding floes. These forces are included
in the equations of motion, which allow motions in either two (Daley) or three (Lau)
dimensions.
Breaking
Metrikin et al. (3) describes the distinction between breakable and unbreakable floes in
their numerical model, where unbreakable ice floes have a lateral area which is smaller
than the ice thickness squared and are treated as rigid bodies with 6 degrees of
freedom.
The breaking process of breakable floes, only considering breaking by bending failure, is
described as well. These particles are allowed to penetrate the hull of the floater. Based
on this penetration depth, the ice crushing force is calculated. The sum of vertical forces,
made up of crushing and friction forces, determines the stresses in the ice floe. The
breaking of the ice is done based on a calculation of the maximum stress in a semiinfinite ice sheet resting on an elastic foundation, resulting from a vertical distributed
load. A number of features are intended to be implemented in this model in the future,
such as a fracture mechanics approach, which is in this case the cohesive zone method
(CZM).
In DECICE, the ice floes were modelled by so called ‘simply deformable finite elements
(SDFE’s). These elements allow deformation and fracture, however, in the evaluated
simulation fracture of the elements was not allowed. The working principles of the
SDFE’s are not further described in the paper (53).
Thermodynamics
In none of the models, thermodynamic processes have been incorporated; the
processes are not mentioned in the publications either. As was already mentioned in the
previous section, are processes such as freezing and melting relatively important for
long term, and large scale simulations. However, models for ice-structure interaction
evaluate time periods that are shorter to have significant influence of thermodynamics.
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5.5.3 Boundaries
Some numerical models are used to compare the simulated ice loads with performed ice
model tests for the same testing configuration. For this reason, the numerical models
incorporate the same boundary conditions as the physical model tests; rigid vertical
walls. As was mentioned, it is logical to use similar boundary conditions for this purpose,
however, if the result is also used to give an indication of the ice loads on a vessel or
structure, the rigid walls may have unintended effects on the behaviour of the ice and
the obtained loads on the tested structure.
The influence of the wall boundary was investigated by Lau (53), by conducting a
simulation with a totally enclosed motor propelled survival craft (TEMPSC), progressing
with a velocity of 2.56 m/s through a broken ice field. Each time the simulation was
carried out with a different distance to the rigid wall. Both ice concentrations of 6/10th
and 7/10th were investigated.

Figure 51 – Simulation with a. small floes with low
concentration and b. large floes with high concentration

It was found that for an ice
concentration of 6/10th, the
distance to the vertical wall
did
not
influence
the
resistance on the vessel, but
for a concentration of 7/10th
there was a dependency of
the tank wall distance on the
measured
resistance.
Additionally accumulation in
front of the vessel was
observed (Figure 51b).

The simulation in Figure 51b, where the accumulation of ice in front of the vessel can be
seen, has a wall offset of 0.25 m (for a 0.0 m offset a similar effect was found). The term
‘offset’ is not defined in the paper, but it appears that the ‘wall offset’ indicates the
additional distance of the wall to the vessel compared to the distance between vessel
and wall in the ice tank facility.
In these runs, 7/10th concentration and 0.0 and 0.25 m offset, the pack ice was unable to
be cleared from the vessel. Interesting is, that during the physical model tests this effect
was not observed. The authors therefore conclude in the paper that the accumulation
was due to the ‘inaccurate simulation of the pack ice boundary condition’. To remedy
this phenomenon, the wall offset in the simulation was set to 0.50 m to give the pack ice
more space to move around the vessel. It is not mentioned if further measures are being
taken to improve the numerical model to have better correspondence with the model
tests (based on the same offset).
Further, in the MUN model, described by Daley, the simulations are also to be compared
with physical model tests, and the images in this publication also show to have rigid
boundaries constraining the motions of the ice floes. However, the possible influence of
these walls on the behaviour of the ice and the tested structure was not mentioned in
the paper.
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MULTI BODY MODEL

First efforts have been
made to evaluate the flow
of ice in MARIN’s aNySIM
multi body time domain
simulation program. The
program consists of a
central
multi
body
hydrodynamics core and
several modules. It is
MARIN’s main tool for time
domain
analysis
for
offshore
applications.
Dynamic response to wind,
waves and current can be
modelled and mooring and
DP systems can be
incorporated.

Figure 52 – aNySIM multi body time domain simulation

For modelling the large numbers of ice particles, aNySIM was used based on the XMF
framework and a physics engine was used for collision detection and solving the
equations of motion. A physics engine, in this case Vortex, is able to solve these
equations very efficiently.
Figure 52 shows a screenshot of what this simulation looks like, using a very simple
vessel sailing through the ice particles. The main objective in the development of this
model is to include the correct relevant phenomena that drive the ice field, such that it
results in a realistic prediction of the ice flow (around a floating structure).
It can be seen that the shape of the floes is convex and the size varies. The approach
presented in the first part of this report was used to establish this ice field, based on an
ice concentration of 7/10th. Only one type of ice was used here, with a floe size ranging
between 20 and 100 m. The ice floes are modelled as rigid bodies; they are not able to
break.
As was mentioned, wind and current drag effects are modelled on the ice particles,
driving them towards the station keeping vessel. In the near future, studies will be
conducted with the objective to find and validate the correct assumptions for the external
driving forces and the collisional forces between ice floes mutually. By conducting these
studies, it can be evaluated whether the observed phenomena such as cluster formation
occur in the time domain model as well.
In the model, no rigid boundary walls are present, but to constrain the ice floes anyway,
larger floes are placed around the domain. Due to their large masses they are not easily
moved away, however if the pressure within the ice field becomes too large, they will
slightly move outwards.
Other efforts consider breaking of the ice flows. It was found in this pilot study that a
number of processes are involved in the breaking of a floe. Possibly, each of the failure
modes and limit states requires a different modelling approach. To incorporate these
complex processes into the numerical model might involve adaptation of a number of
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additional discrete or continuous models. However, the breaking processes are
necessary for a correct and realistic modelling of the ice flow and should therefore be
incorporated in the numerical models.
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CONCLUSIONS

From the Arctic Operations Handbook it follows that there is a need for a clear definition
that indicates the severity of the ice conditions. In the same way as generally is done
using sea states for open water conditions, operational limits can be defined based on
this description.
In this pilot study it is proposed to utilize the egg code to indicate the ‘sea state’ of level
ice in an Arctic environment. On one hand it enables a definition of the operational limits
of a particular structure. On the other hand, a clear definition of the level ice severity
results in more specific requirements for realistic numerical modelling of broken ice
approaching (floating) structures.
To demonstrate this, within this pilot project an algorithm is developed for the translation
of the egg code parameters into a collection of ice particles that serves as an input to
numerical models. The approach ensures that the created ‘ice field’ complies with the
characteristics that are captured in the parameters of the egg code, such as ice
concentration and composition of various types of ice within the field. Based on a
number of examples it is shown that the proposed approach is capable of delivering an
ice field consisting of particles having a realistic shape and size according to the egg
code specifications.
The benefit of this method is that even though we speak of one particular condition (one
‘egg’), the variations in the ice conditions that are found in nature also appear in the ice
input in the numerical model. By running a simulation based on one egg code for several
hours in real time, a prediction is obtained of the response of the floating structure to a
particular ice condition. Advantageously, these conditions can be directly linked to the
actual conditions at the site.
A study into the dynamic processes that take place in an evolving ice field has been
performed as a second part of this pilot project. Starting from observations and full scale
measurements of ice fields, an attempt was made to identify processes contributing to
the evolution of the ice field. However, based on this information it is not always
straightforward to link a particular process influence to the dynamic behaviour of the ice.
Because of the high level of interaction between the various contributing processes, it is
in some cases difficult to identify individual processes. Therefore, simplifications may
necessarily already be applied to be able to obtain a description of an isolated process.
In order to better understand the separate influence of the various physical processes to
the dynamic behaviour of the ice field, more data is required.
On one hand, this considers full scale data, but on the other hand, model tests can give
more insight into the individual processes, since they are conducted in a controlled
environment. A follow up Joint Industry Project is being set up, which aims at
investigating the dynamic processes further by making use of numerical models and
physical model tests in ice. In this IceStream JIP a numerical tool will be developed,
where the physical laws will be validated by means of the performed model tests. A
cooperation with Oceanic Consulting Corporation (St. John’s, Canada) is established for
this purpose. Refer to the JIP proposal that was jointly written by Oceanic and MARIN
(57).
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Additionally it was found that different processes may occur at different scales. As a
result, in some cases only processes at the evaluated scale have to be included, but in
other cases these processes are the result of one or several processes that take place
at smaller scale. If required, these smaller scale processes need to be evaluated first, in
order to end up with the correct larger scale process. Possibly, a hierarchic mechanical
model can be developed to deal with such processes, as was shown for the failure
process of the ice.
In order to get an idea of the state of the art of currently existing numerical models used
for the prediction of the ice loads on floating structures, a small number of models was
discussed. Several of these models are used to have their results compared with
physical model tests conducted at ice tank facilities, and for this reason these numerical
models do not include external processes or forces that are also not present in the
testing facility. Additionally, particular features are modelled such that the boundary
conditions are similar, such as vertical tank walls.
For this reason, a gap arises between the environmental and internal processes that
were described in this IceStream document on one hand, and the processes that are
included in the numerical models, which mainly use physical model tests as a
benchmark. This makes it difficult to assess the influence of the individual physical
processes.
It is concluded that it is not required to include all physical processes described in this
document; for example, some of them are only relevant on very large (time) scale.
However, the inconsistency of the found results implies that a more thorough
investigation should be performed to which processes are relevant when evaluating the
ice loads on a floating structure, as this cannot be done based on literature and existing
numerical models for ice-structure interaction only.
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APPENDICES

8.1

GREENLAND EXPEDITION SUMMARY

In August 2012, MARIN joined an expedition on board of the RSS James Clark Ross,
starting from Iceland to the East Greenland coast. The expedition was organized by the
NIOZ (Royal Netherlands Institute for Sea Research) and WHOI (Woods Hole
Oceanographic Institution) with the goal of gain a broader understanding about the
system upstream the Denmark Strait which delivers the cold water southbound. Since it
was very likely that ice would be encountered during the four weeks sailing, MARIN took
place aboard. More information about the oceanographic research can be found at the
‘Greenland Frozen Coast’ website (57).
A total week was spend in conditions involving sea ice; apart from earlier moments
where icebergs were encountered. The conditions seen showed a wide range of
varieties, from open water (less than 1/10 ice coverage) to very close pack ice (over
8/10 ice concentration) with floe sizes of several kilometres. Moreover, smooth surface
level ice was alternated by large rafted and ridged pieces of ice, and young and
multiyear ice were mixed up within one area.
This is supported by the conditions generally found in the Arctic region; it is known for its
highly dynamic character induced by currents and winds, and presence of land. The
accompanying behaviour of the present ice makes that many types of ice mixed up
throughout an ice field are encountered in these areas. Landfast ice which is broken off
the coast of Greenland is found together with multiyear ice which has drifted down south
from the higher northern Arctic areas.
The main objectives were to:






Observe the appearance of the ice conditions,
Get an idea of the level an kind of variations are present within an ice field,
Take note of the dynamic behaviour of ice floes and total fields,
Relate the ice charts to the actual conditions encountered,
Witness the crew’s handling of the ship while sailing through ice

A logbook was kept over the relevant period and the ice charts were followed and
compared to the encountered conditions. A lot of time was spend on the bridge, in order
to see the sailors manoeuvre the ship through light and heavy ice conditions. The
complete overview of activities is written in a separate SeeIce report (18).

Type

Collisional

Viscousplastic/
Collisional
Collisional

Viscousplastic

Collisional

Collisional

Collisional

Collisional

Collisional

Institute

Memorial University of
Newfoundland

Centre for Polar Observation and
Modelling, University College
London

Institute of Oceanography,
University of Gdansk

Los Alamos National Laboratory

Institute of Marine Research
Helsinki

Norwegian University of Science
and Technology Trondheim

Norwegian University of Science
and Technology Trondheim

Clarkson University, Potsdam, New
York

DECICE; Oceanic Consulting
Corporation

Author

Daley

Feltham

Herman

Hunke

Lepparanta

Loset

Metrikin

Shen

Zhan, Lau,
Molyneux

Structure in
ice

Ice
behaviour
prediction

Structure in
ice

Structure in
ice

Ice
behaviour
prediction

Ice
behaviour
prediction

Ice
behaviour
prediction

no

no

yes

yes

yes

yes

yes

no

Wind

no

no

yes

yes

yes

yes

yes

no

Current

yes

yes

yes

yes

yes

yes

Coriolis

possible

no

no

no

no

no

yes

no

Breaking
failure

no

no

no

yes

yes

no

no

no

Thermodynamics

8.2

Ice
behaviour
prediction

Structure in
ice

Purpose

IceStream – 25713
69

OVERVIEW NUMERICAL MODELS

A number of numerical models was discussed in this report, based on their properties
and assumptions. The following table provides an overview of these numerical models
with the main characteristics, based on provided literature. A number of items are not
discussed in papers; in this case the cell is left blank.

