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ABSTRACT

For the nearest years the design load level for offshore structures in Arctic regions is
likely to be controlled by first-year sea ice ridges and rubble fields if the icebergs are
not present in the area. Drifting ridges may hit fixed or moored surface structure such
as platforms or ships, or they may gouge the seabed endangering pipelines and
wellheads. Both the temporal and spatial properties of the consolidated layer and the
unconsolidated part (the ice rubble) of the ice ridge are important input into ridge-
load models. A better understanding of the ice rubble behaviour will enable us to
determine the ice-ridge load more accurately. This thesis deals with two separate but
connected subjects, namely: the ice strength field heterogeneity of both first-year sea
ice ridge and level ice and the mechanical behaviour of the ice rubble.

Field mechanical testing of first-year sea ice by uniaxial compression has been done
in order to improve the knowledge of the ice fields strength heterogeneity. The in-
plane ice strength non-homogeneity of different ice fields on the landfast level ice in
the Spitsbergen fjords were investigated. A typical ice strength variability was found
to be about 20-40% for the vertical ice samples and 10-20% for the horizontal ones.
The weak zones were found within the entire ice fields. It was established that the
strength of the ice samples taken from a certain depth from the ice cover surface at
the different locations of the same ice field varied by a factor of 3 to 4. Furthermore,
two first-year sea ice ridges have been examined with respect to the 2D spatial
strength distribution: one in the North-western Barents Sea and one in the Arctic
Ocean nearby Spitsbergen. The ice ridges are characterized by high strength
heterogeneity of 40-55%, where the ice strength varied more than 3 times along both
vertical and horizontal directions.

Special Finite Difference program “Inhomogeneity” was used to study the influence
of the ice strength heterogeneity on the ice loads. It was shown that the ice
heterogeneity might be one of the reasons for the scale effect.

In order to investigate the nature of freeze bonds between the ice blocks, series of
field and laboratory small scale tests were conducted with submerged ice blocks. The
small scale field tests were carried out in Adventfjorden on Spitsbergen. An opening
was made in the landfast level ice. The level ice was sawed into cubic blocks which
then were submerged down into the water. Some of the ice blocks were cut in two
parts and then frozen together in order to simulate the freeze bonds between the ice
blocks. The other blocks were submerged without forming the adfreeze bond. In
addition to that, laboratory tests with both artificial ice (fresh and sea water) and
natural sea ice were conducted in the cold laboratories at the University Centre in
Svalbard (UNIS). The temporal development of the freeze bonding strength and the



local strength of the ice blocks in the ice rubble, their changes with block size,
confinement and ice properties were studied. The average freeze bonding strength
from the field tests was found as 32 + 18 kPa after 48 hours of submerging. The
corresponding freeze bonding strength from the laboratory tests was 67 + 52 kPa for
the natural sea ice and 274 + 142 kPa for the artificial freshwater ice within 60 hours
of testing. Moreover, the ratio of freeze bonding strength to the strength of the
submerged ice was found in the range of 0.008 to 0.082 with an average around 0.03
after 48 hours of submerging in the field. The corresponding strength ratio varied
from 0.14 to 0.38 for the artificial fresh water ice and from 0.015 to 0.40 for the sea
ice within 60 hours of testing in the laboratory.

A pseudo-discrete continuum model has been developed to study the behaviour of the
ice rubble and in particularly its initial failure mechanism that is associated with the
breakage of the freeze bonding contacts (rubble skeleton). The model is a
combination of discrete particle assembly generation and Finite Element analysis of
this assembly. The model provides a possibility to simulate the contacts between the
ice blocks. A parametric analysis simulating 2D direct shear tests shows that the
pseudo-discrete continuum model is very sensitive to both strength and morphology
of the freeze bonds between the ice blocks. An attempt to extend the model to study
large deformations within the ice rubble (that is associated with rotation,
rearrangement of the ice blocks and their breakage) was considered.
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Chapter 1 Introduction

1 INTRODUCTION

1.1 General

Hydrocarbon deposits have been discovered in ice-infested waters in the European
Arctic (Barents, Pechora and Kara Seas), North American Arctic (Beaufort Sea),
North Caspian Sea and Offshore Sakhalin. For the development of production
facilities in such areas emphasis will be on the adequate design of structures and
pipelines that can resist actions from the ice features.

The ice loads on offshore and coastal structures depend on many factors describing
both the ice field and offshore structure. The ice strength is one of the key parameters
for the calculation of the ice loads. The strength depends on the physical properties of
the ice, such as salinity, temperature, density and as a result the ice porosity. All these
parameters are continuously changing with the space and the time which leads to a
large variation in the ice strength values. As a result the temporal and spatial
variations of the ice properties are of high importance for both probabilistic and
deterministic analysis of ice loads.

A better knowledge about ice properties within the sea ice ridges together with
knowledge about their deformation behaviour will lead to more precise estimation of
the ice load. Thus, the capital costs for the offshore structures will decrease resulting
in more economic field development for the Arctic offshore.

1.2  Objectives, scope and organization of the thesis

The main intent of this work has been to increase the knowledge about mechanical
properties of the sea ice features in general and to study the ice rubble behaviour via
numerical modelling. Special attention has been a focus on ice strength spatial
distribution within both level ice and ice ridges. The influence of the ice strength
heterogeneity on the ice loads was investigated using a special numerical program.
Another aim of the thesis was to investigate the morphology and strength of the
freeze bonds between ice blocks in the sea ice ridge. The in-situ ridge investigations
together with small-scale field and laboratory testing has been carried out. Based on
these results, a pseudo-discrete continuum model was established to study the ice
rubble deformation behaviour.
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The main objectives of the thesis are:
1. Field and laboratory experiments:

- To estimate the ice strength heterogeneity both in-plane and through the ice
thickness, within first-year sea ice features.

- To investigate the morphology of the freeze bonds between the ice blocks
within ice ridges.

- To study the temporal development of the freeze-bonding strength by small
scale testing.

2. Numerical work:

- To investigate the influence of the ice strength heterogeneity on the ice loads
using the special 2D Finite Difference numerical program - “Inhomogeneity”.

- To develop and verify a numerical model that can be used to simulate the
mechanical behaviour of ice rubble.

- To study the behaviour and to derive the mechanical properties of the ice
rubble from numerical simulations of direct shear tests.

The present work is a follow up of previous research on ice rubble behaviour by
Dr. Pavel Liferov. He introduced (Liferov, 2005) the numerical model that was
verified and extended within the present study.

The thesis consists of seven papers submitted to or accepted in scientific journals and
international conference proceedings. This thesis is organized as follows:

Chapter 2 gives a brief introduction to ice physics and mechanics. The formation and
structure of the first-year sea ice ridges are also discussed.

Chapter 3 analyses field measurements of the uniaxial compression strength of first-
year sea ice. The chapter consists of three papers. One of them deals with the ice
strength spatial distribution within the ice ridges and drift ice that were examined in
the Barents Sea (2005) and Arctic Ocean (2006). Besides it reports morphology data
of the freeze bonds between ice blocks in the ridge sails. Two other papers describe
and analyze the in-plane strength variability for the different ice fields in landfast
level ice in Spitsbergen fjords during the years 2004 and 2005.

Chapter 4 discussed the influence of the ice strength heterogeneity on the ice loads
based on numerical simulations that were conducted using the 2D Finite Difference
program “Inhomogeneity”. The program was introduced and the wide range of
numerical experiments were performed. The chapter comprises one paper.
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Chapter 5 describes and discusses small scale field and laboratory testing of ice
rubble during the years 2005 and 2006. The strength of the freeze bonds between the
ice blocks together with the local strength of the corresponding ice blocks in the ice
rubble were examined. The influence of different aspects such as time, block size,
confinement, ice salinity and ice temperature on the corresponding strength values
were under investigation. The chapter consists of one paper.

Chapter 6 describes the ice rubble material model with focus on application of Mohr-
Coulomb material model. The review of classical theory of elasto-plasticity and brief
introduction into the finite element numerical modelling are given in this chapter.

Chapter 7 deals with an analysis of the deformation and strength of ice rubble. Finite
element numerical modelling was performed to simulate the rubble behaviour. The
chapter consists of two papers.

Chapter 8 presents the main conclusions of the present study and gives the
recommendation for further work.

1.3  Readership

The present work was carried out to improve the knowledge about ice field strength
heterogeneity that is one of factors that can be responsible for non-simultaneous ice
failure of an ice feature which may link to the ice strength scale effect. There is still a
lack of information since the strength variability has not been considered in detail yet.
Special attention was given to study the ice rubble morphology and deformation
behaviour. The target readership is engineers and scientists working with, and person
interested in:

- Hydrocarbon field development in ice-infested waters.
- Ice research with focus on first-year sea ice features.
- Design of structures subjected to loads from level ice and ice rubble.

- Field activities in Arctic waters.

1.4 Reference

Liferov, P. (2005). First-year ice ridge scour and some aspects of ice rubble
behaviour. Doctoral Theses at NTNU 2005:84, Department of Civil and Transport
Engineering, Norwegian University of Science and Technology, Trondheim, 155 p.
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2 SEA ICE ENVIRONMENT

2.1 Introduction

Sea ice features are often a key consideration in the engineering as well as in
geophysical perspective. They may determine the design load for marine and coastal
structures such as platforms, ships, pipelines and bridges. From a geophysical point of
view they are important for both ice volume estimations and for analysis of the
strength of pack ice. The current knowledge about sea ice features and their loads on
structures is not exhaustive, both physico-mechanical properties and morphology
characteristics need more investigations. It is vital to increase the background
information for both analytical and numerical ice load prediction models.

2.2 Sea ice features

2.2.1 General

Sea ice in the ocean can be found in a number of different forms depending on the
physical process that the ice has been exposed to after the formation. Sea ice that is
unaffected by deformation is known as level ice. Other sea ice features correspond to
various forms of deformed ice, such as rafted ice, ridges, rubble, stamukha and
hummocks.

The sea ice condition can be divided into drifting and landfast ice. The landfast ice is
normally the level sea ice which is attached to the shore. In landfast ice the thermal
expansion and tide may cause stresses and loads on nearby structures. But the design
load level is usually determined by the drift ice features i.e. ice ridges and
surrounding level ice fields if icebergs are not dominating in the area. Furthermore,
the ice is usually categorized based on the age as first-year, second-year or multi-year
type. The present thesis deals with first-year features only. Since the main work of the
study deals with ice ridges, the formation and structure of these features will be
briefly discussed in the next section.

2.2.2 First-year ice ridges

Ice ridges form when the level ice cover is compressed or sheared by environmental
driving forces and are often found in the transition area (shear zone) between the
landfast and the drift ice. They are in general long, non-symmetrical and curvilinear
three-dimensional features. The ice broken during the ridge formation creates ice
rubble both above (sail) and below (keel) the water level, which is in hydrostatic
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equilibrium. The central part of the ridge along the water line is refrozen forming the

consolidated layer of the ridge.

A typical sketch of the cross-section of a first-year ridge together with the basic
geometrical parameters that describe the ridge shape is schematically shown in
Fig. 2.1. Fig. 2.2 shows photo of first-year ice ridges from the North-Western Barents

Sea area.

Air i
Consolidated layer

Sail blocks Water line

hiI e = - T

hrub

Water

Fig. 2.1. Principal cross section sketch of an ice ridge.

Fig. 2.2. Photo of first-year ridges in the Barents Sea, May 2005.
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Published studies of the morphology and shapes of the first-year ice ridges is given
by Tucker and Govoni (1981), Veitch et al. (1991), Leppédranta and Hakala (1992),
Leppédranta et al. (1995), Timco and Burden (1997), Bonnemaire et al. (2003),

Zubakin et al. (2005) and Hgyland (2007).

The macro porosity (#) and total porosity (7;) of an ice ridge can be defined after

Hgyland, (2002) as follows:

sea water

V&'ea water + Vpure ice + Vbrine pockets
77 _ sea water + ‘/brine pockets
=
sea water + Vpure ice + ‘/hrine pockets

The parameters in these equations are defined in Fig. 2.3.

VDure ice

Vbrine pocket

Vsea water

Fig. 2.3. Definition of porosity in a ridge (after Lgset et al., 20006).

Typical key parameters of a first-year ice ridge are:
- Sail height: H= 1-6 m (often 2-4 m)
- Keel depth: Hy= 4-25 m (often 8-15 m)
- Keel to sail ratio: Hi/H= 4-5

2.1

(2.2)

- The ratio between the consolidated layer and level ice thickness:

ho/hi=1.2-2.1 (often 1.5-1.8)
- Salinity: 4-8 ppt
- Macro-porosity: 25-40% (often 30-35%).
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The internal morphology of ridges from various locations is reported by Sayed and
Frederking (1989) from the Beafort Sea, Veitch et al. (1991) from the Gulf of
Bothnia, Bonnemaire et al. (2003) and Hgyland (2007) both from the Barents Sea.
Hgyland (2007) found that the average thickness of the ice blocks in the sail was
0.38 m and the ice blocks with thickness up to 2 m were found. Altogether 432 blocks
were inspected. The average length/thickness, the width/thickness and the
length/width ratios from the same study were 3.5, 2.4 and 1.6, respectively.
Fig. 2.4 shows ice blocks from the sail and ice rubble blocks from the keel of the
same ice ridge.

N YW

4 1

e h

"_ L. L
£ s

a) Ridge sail b) Ridge keel (underwater video)

Fig. 2.4. The typical view of the ice blocks within the same ice ridge,
Barents Sea, May 2005.

The internal morphology of the ice ridge is important for the description of the ice
rubble deformation behaviour. Most of the studies like Prodanovic (1979), Urroz and
Ettema (1987) and Timco et al. (2000) aiming that the rubble strength is generally
treated in accordance with soil mechanics theory for granular materials and in
particular the linear Mohr-Coulomb failure criteria is used, where the strength
deviation is based on angle of internal friction and cohesion:

T=ctan@+c (2.3)

where 7 and o are the shear and normal stresses on the failure surface respectively,
@ is the angle of internal friction and c is the cohesion.
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The reported values of the rubble strength show a great scatter. Heinonen and
Maittanen, (2000) obtained from in-situ tests that the rubble cohesion is 2.3 kPa and
the angle of internal friction is 14°. Most of the experiments were performed in the
laboratory and the corresponding strength results were in the range: 0 - 25 kPa for the
rubble cohesion and 8 - 70° for the angle of internal friction.

2.3  Ice physics and mechanics

2.3.1 Physical and mechanical properties of sea ice

Several parameters affect the ice loads on marine and coastal structures, in particular,
the type of ice feature, the ice properties, the scenario of ice-structure interaction and
the structure’s geometry. The influence of ice properties on the ice load are
schematically shown in Fig. 2.5.

The temperature of sea ice is highly variable and mainly controlled by air
temperature, wind speed and snow cover thickness. During the winter the temperature
profile through the sea ice is assumed to be approximately linear, ranging between the
mean air temperature at the upper layers and the freezing point of sea water at lower
layers. During the spring the temperature profile will become non-linear
corresponding to a parabolic or “C-shape” as the result of the air temperature increase
and as the thermal changes propagate through the ice cover. Fig. 2.6 shows typical
temperature profiles through the first-year landfast ice in Van Mijenfjorden, Svalbard.

As Fig. 2.5 shows that the ice strength is dependent on several physical properties and
the temperature is one of them. The temperature affects the brine volume of the ice
and will therefore have an important indirect effect on the strength of the saline ice
(Kdmarainen, 1993). The pure ice content increases with decreasing temperature and
as a result the ice becomes stronger (higher strength) and harder (higher modulus of
elasticity). In addition the ice becomes more brittle with decreasing temperature.

Salinity of the sea ice is another important parameter that together with temperature
govern the brine volume and thereby the porosity. When the ice crystals form, the salt
accumulates into the cells that are called the brine pockets. Any temperature gradient
in the sea ice will result in brine cells migration along the gradient in the direction of
higher temperature which leads to continuous brine drainage within the ice. The
increase of brine volume corresponds to strength decrease, since the presence of
impurities (brine, air) reduces the pure ice content. The salinity profile of the level ice
typically has a “C-shape” profile as shown in Fig. 2.7.
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| ICE LOADS
|

| Ice properties

Crystallography
Strength
; — Tensile
— Shearing

Adhesion p
Material

Roughness

Fig. 2.5. Ice properties affecting ice loads on structures.
(after Lgset et al., 2006).

Tempearture, °C
-20 -15 -10 -5 0

0.00

—— Winter

Fig. 2.6. Typical temperature profiles through the first-year sea ice
in winter (middel of March) and in spring (end of April),
Van Mijenfjorden, Svalbard, 2004.
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Salinity, ppt
2 4 6 8 10
0.0

02
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Fig. 2.7. Typical salinity profiles through the first-year sea ice in
Van Mijenfjorden, Svalbard, April, 2004.

As already mentioned the temperature together with the salinity and the density
determine the air and brine volume contents and as a result the porosity within the ice.
The porosity of ice is a key parameter for the thermo-mechanical behaviour of ice,
and it is of interest to derive the porosity from relatively simple measurements of ice
temperature (7;), ice salinity (S;) and ice density (p;). The present derivations follows
Cox and Weeks (1983) for ice colder than -2°C and Leppéranta and Manninen (1988)
for warm ice. Sea ice consists of pure ice, water, salt and air. The salt is either
dissolved in the water (brine) or exists as solid salts. The vital assumption behind
these models is that the pure ice, the brine and the solid salts exist in thermal
equilibrium and the relationship between the components is given by the temperature
and the salinity. The air is assumed to exist independently of the other substances.

For the ice colder than -2°C, the brine and air volume can be written as:

pl Si
FT ) (2.4)
Vazl- Py g s AT 2.5)
Dy F(T,)’

where the functions F1(T) and F2(T) are unique functions of the temperature that

given by Cox and Weeks (1983). The density of pure ice (0,;)is defined from
Pounder (1965) as:

Pri=0.917-1.403-107;, (2.6)
where T; is given in °C.

11
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In the warm ice there is no solid salts, and the formulas for the brine and air volume
become:

_pi-Si
Vo= Sopp” Q2.7)
Va=1-P 1. 'Ob—lJ 2.8)
o pi

Where the salinity (S,) and density (p,) of the brine is given by Leppédranta and
Manninen (1988) at different temperature based on UNESCO equations for S, (7;)

and Pb (Sb, T,').

In general the ice becomes weaker and softer with increasing porosity. But there is no
proper link between the ice porosity and the corresponding strength. The ice strength
shows substantial variation in both the vertical and horizontal planes due to changes
of the ice properties. The reasons behind these variations are explicitly defined but the
corresponding effect on the ice strength is not fully understood.

The mechanical behaviour of ice is also affected by the grain size distribution (type of
material) and loading rate. The grain size is the crucial factor to distinguish between
nucleation control (brittle material) and propagation control (ductile material)
fracture. When the ice behaves brittle the fracture will be unstable and nucleation
controlled while for the ductile failure it will propagate in a stable manner
(Lgset et al., 2006). For low strain rate the ice can be considered as a ductile material
that is subjected to yielding. For high strain rates the ice demonstrates brittle
behaviour.

2.3.2 Mechanical behaviour of sea ice

Sea ice is a polycrystalline material. The common forms of natural polycrystalline ice
are granular and columnar ice. The granular ice is a conglomerate of randomly
oriented crystals. If the crystal orientations are truly random, then the mechanical
properties of ice are isotropic. Sea ice is mostly composed of secondary ice with a
columnar crystal structure when the crystals are elongated in the vertical direction
with their c-axes randomly distributed in the horizontal plane. Sea ice is transversely
isotropic (orthotropic) material and its mechanical properties are the same in all
directions in the horizontal plane because the c-axes are randomly oriented in the
horizontal plane (S2 ice). While with a preferred orientation of the c-axes in the
horizontal plane (S3 ice), then sea ice is fully anisotropic. Thus, the mechanical
behaviour of sea ice in the horizontal plane differs from that in the vertical direction.

12
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Fig. 2.8 shows a typical creep diagram for sea ice. The time-depended deformation
curve is usually divided into different stages: instantaneous deformation, primary
creep deformation (transient), secondary creep deformation (steady state) and a
tertiary stage resulting in failure. The total strain is often decomposed based on
Sinha’s model (Sinha, 1983). The model represents time-dependent deformation
mechanisms containing both viscoelastic (primary creep) and viscoplastic (secondary
creep) strain terms in addition to the elastic deformation.

=g+ +¢", (2.9)

where &°is the immediate elastic strain, £ is the viscoelastic (or delayed elastic)

strain and £" is the viscoplastic (creep or permanent) strain.

primary secondary tertiary
[— | |
Strain o | _‘I
— s -
Se
glte’ o
gd
e° &
i T Loading L x Unloading Time

Fig. 2.8. Strain history diagram for creep test.
(A constant stress is applied at time 7y and removed at time #;).

The elastic strain is interpreted as elastic response of the crystal lattice due to applied
stress and described by Hooke’s law as:

==, (2.10)

| Q

where o is the applied stress, E is the modulus of elasticity (the material parameter).

Both viscoelastic (recoverable) and viscoplastic (permanent) strains are

time-dependent parameters. The recoverable strain (e”) represents the effect of the
grain boundary sliding on the total deformation of the material and the permanent

13
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strain (&€") describes the effect of the movement of dislocations in crystals on the
deformation body (Lgset et al., 1998). According to Sinha (1983) the viscoelastic
strain is expressed in terms of stress o and time ¢ , while the viscoplastic strain is
given in rate form by Norton’s law as:

£ =clcjll[g]s[l—exp [—[athbH , @.11)

(R . G n
£ =g, [%J , (2.12)

where ¢, b are the constants, d is the average grain diameter, d,; is the unit of grain
diameter, s is the stress component for the delayed elastic strain, E is the modulus of
elasticity, a, is the inverse of relaxation time, é‘o is the visco-plastic strain rate for

the unit stress o, . The stress exponent n is normally equal to 3.

The deformation, failure mechanisms and strength of ice are significantly affected by
the strain rate. Typically, the strain rate is classified into the following ranges: ductile,
transitional or brittle. Depending on the type (grain size) of ice and the state of the ice
(stress, strain, strain rate and temperature), the ice behaviour transforms from almost
purely ductile through a transition phase and into brittle behaviour. The ice fails in
brittle manner if the strain rate is high enough or the ice temperature is low enough.
The assumption that the nucleation controlled failure implies the brittle behaviour and
propagation controlled failure defines the ductile behaviour is usually made. The
formation of the first cracks manly depends on the vicoelastic strain. Based on the

laboratory observations it was found that the critical value of e’ (that is inversely
proportional to grain size) can be used to define the loading conditions resulting in
crack formation. The brittle-to-ductile transition behaviour is demonstrated by
Sanderson (1988) for the S2 columnar ice and given in Fig. 2.9. Thus, depending on
the loading conditions, the ice behaviour can be expressed by continuum mechanics
approach describing elastic and ductile deformations or by fracture mechanics
characterising brittle processes in crack formation.

14
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Fig. 2.9. Formation of first cracks during tests at constant strain-rate
(after Sanderson, 1988). The shaded section represents crack formation.
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3 FIELD MEASUREMENTS OF ICE STRENGTH SPATIAL
HETEROGENEITY

3.1 Introduction

This chapter deals with field measurements of the uniaxial compression strength
within the first-yea sea ice features. First-year sea ice ridges and surrounding level ice
(drift ice) in the Barents Sea (2005) and Arctic Ocean (2006) were examined with
respect to ice strength spatial distribution. Furthermore, the in-plane strength
heterogeneity within the different ice fields in landfast level ice in Spitsbergen fjords
during the field testing programs of 2004-2005 was analyzed and discussed. The
major purpose behind these field studies are the following:

1. To improve the knowledge of field measurements of sea ice strength. Recently the
surface layer of sea ice fields has been examined in-situ using an express method
known as the drop ball technique. Most available studies on the sea ice strength are
based on the uniaxial compression test data. But only a few of them deals with
field testing. Usually, the ice samples were collected on the site, transported to the
laboratory and then compressed. The borehole-jack test is an alternative way of
testing ice strength in the field, but the boundary conditions are less clear than in a
uniaxial compression experiment.

2. To study the spatial distribution of ice strength within different first-year sea ice
features. It can be important for design ice load evaluations. The presence of
weak/strong zones (both in vertical and horizontal directions) in level ice and first-
year ice ridges is the main explanation for non-simultaneous failure, which may
further be linked to the apparent size effect in nominal pressure. As a result by
taking into account the ice strength variability, the estimated ice load can be
reduced.

3. To establish the proper link between physical and mechanical properties of sea ice.

This chapter consists of three papers, each composing a section. Section 3.2 presents
investigations for the first-year sea ice ridges. In addition the morphology data of the
freeze bonds between the ice blocks for the ridge sails was described and analyzed.
Sections 3.3 and 3.4 deal with the landfast level ice data. All sections are almost
identical to the referred papers with some misprints corrected.
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3.2  Morphology and 2D spatial strength distribution in two Arctic first-year
sea ice ridges

Svetlana Shafrova' and Knut V. Hgyland
The University Centre in Svalbard (UNIS), Longyearbyen, Norway
Norwegian University of Science and Technology (NTNU), Trondheim, Norway

Abstract

Geometry and morphology of two first-year sea ice ridges, one in the North-western
Barents Sea in 2005 and one in the Arctic Ocean in 2006, were examined. Altogether
130 freeze bonding contacts between the ice blocks in the ridge sail were examined;
and the average freeze bond length and width were 0.28 m and 0.14 m, respectively;
the average length/width ratio was 2.2 (2005) and 1.8 (2006). The average freeze
bond length to average block length ratio was 0.33 (2005) and 0.35 (2006).
Furthermore the uniaxial compression tests were conducted in the field on the first-
year sea ice. The temperature, salinity and density were measured for each ice sample
and the brine and air volume was calculated. Both vertical and horizontal ice samples
were tested. The ratio between vertical and horizontal strength was 2.0 for the level
ice and 1.1 both for the consolidated layer and for the unconsolidated part of the ice
ridge. Weak zones were discovered in the ice ridges, and the ice strength varied by a
factor of more than 3 along both vertical and horizontal directions. The strength
variation for the vertical samples within different parts of an ice ridge was at the same
level: 50-55% for the 2005 feature and around 40% for the 2006 ridge. The
corresponding strength variation for the level ice (2006) was estimated as 42.2% for
the vertical samples and 25.2% for the horizontal ones.

Key words: First-year ice ridges; The Barents Sea; The Arctic Ocean; Morphology;
Uniaxial compression strength; Spatial distribution of properties.

1. Introduction

Sea ice ridges are formed by compression or shear in the ice cover. When a ridge
forms, most of the ice blocks go below the waterline and form the keel, whereas a
smaller amount of ice pieces form the sail above the waterline. The sail is composed

! Corresponding author.
E-mail address: svetlana.shafrova@unis.no
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of dry ice blocks with snow- and/or air filled pores. The keel consists of a
consolidated layer of refrozen ice that grows through the cold season, and
unconsolidated or partly consolidated ice rubble beneath. During the initial phase of
the consolidation the originally low ice temperature is spent in creating freeze bonds
between the blocks. Thus, the ridge is a combination of ice blocks (that are bonded
together and aligned in different directions) with slush, water and air between.

In the Arctic region, first-year sea ice ridges and rubble fields often give the design
load level for the offshore structures (when icebergs aren’t present, or if they are
managed). Ridges may drift and hit fixed or moored surface structures such as
platforms or ships, or they may scour the seabed endangering pipelines and
wellheads. Both the temporal and spatial variation of properties of the ice rubble
(unconsolidated part) and the consolidated layer are important input into the ridge-
load models.

Different ridge actions have been described in the literature. Bjerkas (2006) found
both crushing and bending when examining the Nordstromsgrund lighthouse (vertical
waterline with diameter of 7.5 m) in the Gulf of Bothnia. On contrast Wright and
Timco (2001) found no first-year ridge crushing against the wide (about 100 m,
almost vertical waterline) Molikpaq platform. However, they did find that failure of
the level ice behind the ridges often took place. Inclined structures on the other hand
tend to provoke bending failure and subsequent rubble build up, and this was
observed by Brown and Maéittinen (2002) both at the Kemi I lighthouse (diameter
9.9 m) and the Confederation bridge piers (diameter 14.1 m). However, it is
interesting to note that a similar rubble build-up (wedge) was also observed by
Bjerkas (2006) in front of the vertical Nordstromsgrund lighthouse. Thus, three
typical modes of interaction between a first-year ice field and a structure can occur:
(1) failure of a consolidated ridge or rubble field against the structure; (2) failure of
level ice on the structure; (3) failure of level ice surrounding a ridge or a ridge-field.

The ice rubble (the unconsolidated part) will deform and fail during an ice ridge-
structure/sea bed interaction. Let us identify at least three different physical
mechanisms that can take place during rubble deformation: (1) Failure of the freeze
bonds between the ice blocks; (2) Rotation and rearrangement of the blocks;
(3) Failure of the ice blocks. In other words, the strength and morphology of the
freeze bonds, the size, shape, orientation and strength of the rubble blocks are all
important for estimating the overall ice ridge strength. Several investigation have
been done on the strength and the morphology of the freeze bonds and
Dolgopolov et al. (1975), Ettema and Schaefer (1986), Kidrnda and Nykénen (2004),
Shafrova et al. (2004), Liferov (2005), Vershinin et al. (2005) and Shafrova (2007) all
argue for their importance in relation to rubble strength and/or ice ridge action. There
is more available information on the morphology (size, shape and orientation) of the
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ice blocks constituting the ridge and a correlation between the morphology of the
freeze bonds in between the blocks and the morphology of the blocks themselves will
obviously be useful. The importance of the block shape and size has been investigated
in particular by Hopkins and Hibler (1991) and Tuhkuri and Polojirvi (2005) in their
discrete numerical simulations. Vershinin et al. (2005) also argue for the importance
of the general morphology of the ice ridge.

Ice ridges fail non-simultaneously across the height and width of the structure. One
possible explanation is the inhomogeneity and the presence of the weak zones
throughout the ridges. Thus, the investigation of the spatial ice strength distribution
through the ice ridge is needed.

The University Centre in Svalbard (UNIS) does annual ice ridge investigations in the
Marginal Ice Zone (MIZ) in the vicinity of Svalbard, and the main objectives of the
2005 and 2006 expeditions included:

- study of the ice ridge morphology with focus on freeze bonds between the ice
blocks;
- estimation of 2D spatial distribution of the ice strength through the ice ridge.

The results of the current investigations could be used for the verification and
improvement of the existing numerical/analytical models for predicting ice ridge
loads from ice ridge interaction with structure or/and seabed.

2. Site and Experimental set-up

Two first-year ice ridges were examined, one in the MIZ southwest of Svalbard in the
Barents Sea (2005) and another north of Svalbard in the Arctic Ocean (2006). In
2005, the investigations were done on 9-13 of May, and the ridge was found between
Hopen and Edgegya (Fig. 1). In 2006, a suitable ice floe was located around
81° N, 9° E, and the field studies were carried out on 19-24 of May.

The geometry of the ice ridges was estimated from drilling cross-section in the ridges.
The surface topography was mapped with a theodolite (Fig. 2). The size and
inclination angle to the horizontal plane of the ice blocks and freeze bonds between
them were measured in the ridge sail. The inclination angle was determined using
compass and defined from 0 to 180°.
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Uniaxial compression tests were conducted in the field to measure ice strength. Ice
samples 70 mm in diameter and 175 mm long were tested. The strength is defined as
the maximum force divided by the initial sample cross-section, and throughout the
paper is called 0. The piston speed corresponded to a nominal strain rate of 107%™
The compression rig (Kompis) and testing procedure is described by Shafrova and
Moslet (2006a) and by Moslet (2007). The ice samples were weighed before the test
and then compressed. The density was estimated from the measured weight assuming
that the volumes of the samples were identical. Immediately after compression, the
ice temperature was measured. Then the samples were melted and salinity was
evaluated. The porosity was calculated as described by Cox and Weeks (1983) for the
ice colder than -2°C and by Leppiranta and Manninen (1988) for the warm ice.

Ice samples, both from the level ice and from the ice ridges, were tested. The samples
from the ridge were characterized as consolidated layer or rubble-blocks in relation to
the thickness of the consolidated layer as found by drilling, taking into account the
local variations. In 2005, the ice cores were taken in straight line across the ridge
(Fig. 2a). Vertical and horizontal ice samples relative to the ice ridge surface were
examined. In 2006, vertical ice cores from a straight line across the ridge (Fig. 2b)
and horizontal samples taken from a single hole were examined. In addition to that,
the vertical and horizontal ice samples from the level ice were tested. Those were
sampled every meter in a straight line towards to the ridge. When taking the
horizontal samples, we first used a large core (200 mm) and then a small core
(70 mm).

3. Results
3.1 Geometry and consolidation

A more detailed analysis of the 2005 ridge is given by Hgyland (2007). The main
results will be briefly repeated here in comparison with the 2006 feature. The
topography maps of the ice floes for 2005 and 2006 expeditions are given in Fig. 2,
and Table 1 gives the key data on geometry and consolidation. Respectively 50 and
29 holes were drilled in the cross-sectional mapping of the ridges in 2005 and 2006,
and the corresponding cross-sections are given in Fig. 3. We used the mechanical
drilling to estimate the average thickness of the level ice and the consolidated layer.
The effective thickness of the consolidated layer (hcl )eff was defined as the ratio of the

cross-sectional area of the consolidated layer to its bottom perimeter (see also
Table 1).
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Table 1. The key geometrical parameters, the maximum sail height (H'“), the

max

maximum keel depth (H,), the level ice thickness (/;), the thickness of the

consolidated layer: the average ((hcl)av ), minimum (hcnllin ), maximum (/*"), and

effective ((hd )gﬂ ) values.

H™ | H'™ | (h,). || ()| Holes

(m) (m) (m) (m) (m) (m) (m) )
2005 | 2.1 82 048 105+0.52 037 222 091 50
2006 | 3.3 108 080 1.76+1.12 023 4.11 1.11 29

3.2 Ridge morphology

The ice blocks and the freeze bonds were examined in the sails of the ridges. We
measured length, width and inclination angle of the freeze bonds. The inclination
angle was defined as the angle between the horizontal plane and the long axis of the
freeze bonds, as shown in Fig. 4a where a typical view of the freeze bonds is shown.
Altogether 130 freeze bonding contacts were investigated in 2005-2006 and Table 2
gives the key results. In 2005, the ridge keel was examined using the underwater
video camera. The ice rubble blocks from the ridge keel, both from underwater video
and blocks that floated up on the side of the ridge are shown in Fig. 4b.

The size and the inclination angle were measured on respectively 210 and 50
randomly chosen blocks in 2005 and in 2006. The 2005 data are summarized and
analyzed by Hgyland (2007), and the key values for 2006 are given in Table 3. In
2006, the average block thickness was 0.35 m whereas the maximum value was
1.2 m. The 22 blocks (44% from the total amount of inspected blocks) had thickness
between 0.25 m and 0.35 m and 42 blocks (84%) had thickness between 0.1 m and
0.45 m. Fig. 5 shows frequency histograms of the relative length for the ice blocks
and for the freeze bonds (all 2005 and 2006 data).

The frequency histograms of the inclination angle for both the ice blocks and the
freeze bonds are given in Fig. 6. The inclination angle for the freeze bonds was
mostly located within sectors of 0-60° and 120-180°. The freeze bonds were less
inclined than the ice blocks. For the statistical treatment of the results, the measured
data was recalculated into the values below 90° and the adjusted data are also given in
Tables 2-3.
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Underwater video Blocks that popped up during anchoring
to the floe

b) Keel
Fig. 4. The typical views of the ice blocks and freeze bonds (sail) in the ridge, (2005).

3.3 Uniaxial compression tests

Table 4 summarizes the relative strength (o,,,=0/0,,), the coefficient of variation

(k,) and the number of tests with the different types of ice. Hgyland (2007) presents
the 2005 data, where the ice strength was analyzed in relation to the physical
properties (basically porosity and temperature), sample orientations and failure
mechanisms. In this paper we focus on the spatial distribution of the ice strength, and
its relationship to the spatial distribution of the porosity. In addition we compare
ridge- and level ice strength spatial variation.
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Table 2. The key morphological values for the freeze bonds between the blocks, [ e

Wi

and A 5 are the length, the width and the area of the freeze bonds and oy, is the

angle between the horizontal plane and the long axis of the freeze bonding area
(ranging from '0 to 180° and 0 to 90°), [ » 1s the length of the ice blocks.

Wy, () | Ly (m) | AL ) | ay, ) | L w, O] L, (m) | /8" C)

2006

av 0.13 0.24 0.041  79'/56 1.8 0.96 0.35

st.dev | 0.08 0.17 0.047  38/15 0.8 0.66 -

n 11 11 11 11 11 50 -
2005

av 0.14 0.27 0.045  75/31 2.2 0.83 0.33

st.dev | 0.08 0.16 0.050  61/22 1.5 0.42 -

n 119 119 119 119 119 210 -
Total

av 0.14 0.27 0.045  75/33 2.2 0.86 0.32

st.dev | 0.08 0.16 0.050  60/23 1.5 0.48 -

n 130 130 130 130 130 260 -

Table 3. The key morphological values, £, is the block thickness, [, and w, are the

block length and width and o, is the angle between the horizontal plane and the long
axis of the block ('0 to 180° and >0 to 90°).

h, (m) | w, (m) [, (m) o (°) Lyih, () | wyihy, (-) | Liw, ()
2006
av 0.35 0.68 096  69'/47* 3.1 2.1 1.6
st.dev | 0.23 0.58 0.66 46/23 1.6 1.2 0.53
n 50 50 50 49 50 50 50
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Table 4. Overview of the in-situ tested samples with relative strength values
(o,,=0/0,,) and coefficients of variation (k, ) for the different types of ice.

rel —

Year Ice type Direction O, () k, (%) n(-)
Vert 0.17-2.3 52.7 30
Sail
Hor 0.19-2.2 44.1 21
Vert 0.10-2.7 54.7 35
2005 Cons. layer
Hor 0.26-2.5 50.1 28
Rubble- Vert 0.08 - 2.2 49.9 68
blocks Hor 0.64— 1.4 23.8 14
Vert 0.48-2.3 42.2 41
Level ice
Hor 0.40-1.8 25.2 41
Vert 0.28-1.8 37.9 42
2006 Cons. layer
Hor 0.56-1.4 29.7 12
Rubble- Vert 0.28 - 1.7 40.1 38
blocks Hor 0.58 — 1.4 36.4 6

3.3.1 Spatial strength distribution
3.3.1.1 Level ice

In 2006 the ice samples were taken along a straight line towards to the ridge (Fig. 2b).
The distance between the sampling points was 1 m, and the total length of the
investigated profiles was 10 m for the vertical ice sampling and 9 m for the horizontal
one. The maps of the vertical and horizontal ice strength distribution in the level ice
are given in Fig. 7. The ice strength varied considerably within short distances, and
the strongest ice was in the bottom layers. The vertical and horizontal spatial
distributions of porosity for 2006 level ice are given in Fig. 8, whereas Fig. 9 shows
typical temperature, salinity and density profiles for the level ice (data from the
compressed ice samples).

Furthermore the strength data was recalculated in terms of relative values (o,,; ) and

the corresponding frequency histograms are given in Fig. 10. The strength histogram
for vertical samples is more flat and stretched along x-axis compared to the horizontal
one, so it shows a larger strength variation.
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Fig. 7. The ice strength distribution for the level ice, (2006).
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n is the number of compressed ice samples, k, is the coefficient of variation, S is the

skewness, E is the excess; [, 0 and a, b are the parameters of the corresponding

lognormal and gamma distributions.
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3.3.1.2 Ice ridge

In 2005, vertical ice cores were sampled along a straight line across the ridge mostly
every meter over a distance of 17 m. The horizontal samples were taken from two
parts of the ice ridge: in front of the sail and behind it. Horizontal samples from
9 sampling points were tested. The maps of the spatial strength distribution in the
2005 ridge (through the cross-section given in Fig. 3a) are shown in Fig. 11.

In 2006, vertical ice samples were taken every two meters in along a straight line
across the ridge (Fig. 3b). The length of the profile was 8 m. Horizontal samples from
a single hole were tested. The results are shown as a map of the strength distribution
along the line (Fig. 12a) and as a profile for both vertical and horizontal samples
taken from hole 11 (Fig. 12b). The frequency histograms for the relative ice strength
in different parts of the ridges are given in Fig. 13.

The ice strength variation in the vertical direction is shown in Fig. 14. The strength
decreased through the consolidated layer but it is difficult to see any trend for the ice
rubble-blocks. The rubble-blocks were significantly weaker than both the level ice
and the consolidated layer even for comparable physical properties (temperature and
salinity). Generally, their strength was below 0.5 MPa. But local spots with higher
strength were also found. The absolute minimum and maximum values of the ice
rubble-block strength were 0.03 MPa and 1.67 MPa respectively. The rubble-blocks
strength variability for the vertical samples was less for 2005 and higher for 2006
than the corresponding strength variability inside the consolidated layer. For the
horizontal samples the strength variability is the lowest ones, but only a few samples
were tested.

The porosity of the ice samples from the ice ridge (not the same as the macro porosity
of the ridge) versus the depth is given in Fig. 15. The 2005 data show increasing
porosity with the depth through the sail and the consolidated layer. No trend can be
found for 2006 data.
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Fig. 11. The ice strength distribution for the ice ridge, Barents Sea, (2005).
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Fig. 12. The ice strength distribution for the ice ridge, Arctic Ocean, (2006).

3.3.2 Strength versus physical properties

The maps of spatial strength and porosity distributions demonstrate generally a
similar pattern with strong, low-porous ice close to the bottom of the ice sheet
(Figs. 7 and 8). Table 5 gives a summary of the main physical and mechanical
properties (temperature 7, salinity S _ , total porosity (Hmt)m, and ice strength o) of

the different types of ice for vertical and horizontal samples.
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Fig. 13. Frequency histogram for relative ice strength in the ice ridge,
(vertical samples only).
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Fig. 14. The depth versus ice strength, ridge data.
(the 2005 data has also been published by Hgyland, 2007).
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Fig. 15. The depth versus porosity, ridge data.
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Table 5. Summary of the ice properties for the different types of ice, the ice strength
(Gav + the standard deviation), the ice temperature (Tav ), the salinity of ice ( Sav) and

the total porosity of ice ({7, ] )

Ice type o (MPa) T (0 S, (ppt) ) (%)
Vertical samples, 2005
Sail 1.53£0.95 -2.20+0.59 3.98 £1.46 157+5.2
Cons. layer 1.22 £0.80 -1.89 £ 0.33 4.56 £0.93 159+£5.5
Rubble-blocks | 0.48 £0.38 -1.51 £0.23 4.88 £0.99 22.0+£49
Horizontal samples, 2005
Sail 1.46 £0.66 -1.78 £0.29 325+£1.23 16.5+4.0
Cons. layer 1.22 £0.60 -1.78 £0.27 4.16 £0.63 18.1£4.9
Rubble-blocks | 0.55 +£0.26 -1.44 £ 0.20 3.90+£0.78 205+33
Vertical samples, 2006
Level ice 1.86 £1.24 -2.29 +0.20 4.88 +0.80 123 +£25
Cons. layer 1.63 £0.82 -2.28 +£0.35 5.25+£2.79 149 £6.7
Rubble-blocks | 0.54 £0.26 -1.77 £ 0.26 528 +£2.19 202+7.1
Horizontal samples, 2006
Level ice 0.94 £0.35 -1.92 £ 0.32 4.08 £0.83 14.6 £3.5
Cons. layer 1.52 £0.45 -1.88 £0.31 3.05+0.73 12.7+4.9
Rubble-blocks | 0.27 £0.10 -1.66 £ 0.16 3.09 £0.71 19.0+4.4
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One can see that the horizontal samples were warmer than the corresponding vertical
samples. In addition to that, the salinity of the horizontal samples was less than the
salinity of the vertical samples for all types of ice.

Table 6 gives more details on the strength as a function of porosity for the 2006
samples. Both the strength and its variation decreased with increasing porosity. The
table also shows that the strength of vertical level ice samples was higher than the
corresponding strength of the consolidated layer only for the porosities less than 10%.
For the two other comparable groups vertical samples from the consolidated layer
were actually stronger.

Table 6. The average and the standard deviation of the strength versus groups of
porosity (2006)."

Ice ridge

Porosity Level ice Consolidated layer Rubble-blocks

(%) o (MPa) | n(-) o,  (MPa) n(-) o  (MPa) n(-)

Vertical samples
5-10 3.38£1.55 9 1.78 £0.93 12 - -
10-15 1.54 £0.72 26 1.78 £0.84 15 0.65 £0.27 11
15-20 0.96 £ 0.37 6 1.40 £ 0.64 7 0.50 £0.18 13

20-25 - - 1.42 £0.79 7 0.42+£0.23

25-30 - - 0.78 1 0.65 +0.31 6
30- - - - - 0.14 £ 0.06

Horizontal samples

5-10 - - 1.38 £0.59 2 - -

10-15 1.11 £0.35 23 1.57 £0.47 9 0.18 1

15-20 0.74 £0.20 14 1.33 1 0.30 £ 0.08

20-25 0.53+£0.23 3 - - 0.27£0.13 2

'The 2005 data has been published by Hgyland (2007).

Figs. 16 and 17 show both vertical and horizontal ice strength as a function of the
total porosity separately for the level ice and ice ridge. The vertical to horizontal
strength ratio is shown in Table 7 and 8. The main trend is that the vertical level ice
samples were the strongest followed by the consolidated layer samples (vertical and
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horizontal respectively) with the horizontal level ice samples being the weakest
(o) > o0, > 0,' > o). Ice from the rubble blocks was weaker than any other ice
samples. In other words, we found a trend of higher vertical than horizontal strength
(in particular for the sail and the level ice). In addition to that, a trend of decreasing
strength ratio with the ridge depth may exist. By contrast, the 2006 level ice strength
data (Table 8) shows that both ice strength and strength ratio increase with depth.

4 ‘ ‘
3.5 Ao _____________ ____________ —+—Levelice V
3l N_ o o —+—Levelice H
£ —— Cons.layer V
= 25 N - o —— Cons.layer
ﬁ) 2 g " """"""" """""" —+— Rubble-blocks
E 1.5 e e T L S R
)
1
0.5 A
0

T T T T
0-5 5-10 10-15 15-20 20-25 25-30 30-
Porosity, %

Fig. 16. The ice strength versus groups of porosity, (2006).

8 ] ‘
+ + Vertical + Vertical
6 » Horizontal 6 » Horizontal
B £
0 =,
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a) Level ice (2006) b) Ridge (2005-2006)

Fig. 17. The ice strength versus porosity.
The lines are fit to maximum values for vertical (point line) and horizontal (solid line)
strength.
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Table 7. The ratio between the vertical and horizontal strength for the groups of
porosity (2005-2006).

Ice ridge
Poro- ) .
sity Level ice Sail Cons. layer Rubble-blocks
(%) | 6¥1c" n, n | g’ n N | g N N gVt NN
.52 26 23
10-15 179 18 18 1.28 10 7 1.07 32 18 - - -
1.3885.. 6 14
15-20 1% 3 12 135 11 10| 1.20 16 12| 1.23 30 9
20-25 - - - - - - - - - 096 32 9
25-30 - - - - - - 030 4 4 - - -

“all level ice
columnar ice only

Table 8. The average strength (¢”, o), the ratio between the vertical and horizontal
strength (0"/0") and coefficient of variation (k,) for the groups of samples in
relation to the sampling depth (Level ice, 2006).

Vertical samples Horizontal samples Ratio
Depth oV k, n o k, n o’ /o" k,
(m) (MPa) (%) () (MPa) (%) () ) (%)

0-02 | 0.83+025 298 11 | 092+£0.18 193 7 [093+£0.32 343
02-04 | 1.71+0.78 457 10 | 0.78£0.24 31.3 11 [245+1.35 558
04-0.6 | 206 +091 442 11 | 0.72+£0.19 267 8 |[3.05+x1.58 51.8
0.6-0.8 | 3.03+1.66 548 9 | 1.17+£042 362 15 |3.10x249 804

Table 9 shows the average values of the air and brine volumes versus corresponding
ice strength for groups of porosity. As can be seen the brine volume was the major
contributor to the total porosity for porosities less than 20% and 15% for the vertical
and horizontal samples respectively. For the higher porosities the air volume became
essential and comparable with the brine volume.
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Table 9. The air (7,,, ) and brine volume (73,,,,, ) contents for the groups of porosity
(2005-2006).

Ice ridge

Level ice Consolidated layer Rubble-blocks

POTOSity Nair Norine n Nair Norine n Nair NMbrine n

(%) (%) (%) | )| (%) (%) | C) | (%) (%) | )

Vertical samples

5-10 1.20 8.09 9 1.19 742 14 - - -
10-15 1.83 10.5 26 3.53 8.65 22 3.44 9.57 15
15-20 5.04 11.5 6 4.18 13.7 16 4.25 13.3 30

20-25 - - - 541 17.1 9 6.92 15.8 32
25-30 - - - 12.6 15.3 5 7.54 194 15
30- - - - - - - 14.7 19.2 6

Horizontal samples

5-10 - - - 0.90 8.30 2 - - -
10-15 3.44 939 23 2.67 9.54 18 - - -
15-20 6.01 10.8 14 6.86 10.8 12 7.67 10.3 9
20-25 10.4 11.3 3 9.74 11.5 3 10.3 12.3 9
25-30 - - - 17.7 9.27 4 - - -

4. Analysis
4.1 Geometry and consolidation

UNIS has so far investigated 5 ridges in the Barents Sea in the years 2002-2005
(Hgyland, 2007) and one in the Arctic Ocean (2006). The average keel depth to sail

. /H™") for those ridges was 3.7 and varied from 1.5 to 5.1 with the

height ratio (H,

coefficient of variation of 31%. The ratio was lower than the average value of 4.4
found by Timco and Burden (1997) based on data from 97 first-year ice ridges. They
also reported that there is a large scatter in the keel-to-sail ratio. The ratio varied from
1.25 up to 10 and the corresponding coefficient of variation was 41%. However, 65%
of examined ridges (63 features) had a ratio from 2.8 to 5.2. Our data fits well to this
range.
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The thickness of the consolidated layer in 2006 (1.76 m) estimated by the drilling
corresponds well to results of 1.7-1.9 m found by Hgyland (2002) for the landfast
ridges in West Spitsbergen fjords. In 2005, the consolidated layer was only 1.05 m
thick. However, the ratio between the surrounding level ice and consolidated layer
thickness was 2.2 in both years. This is a bit higher compared to the other published
results (see Hgyland (2002) for a review). Hgyland (2002) reported that for the
landfast Spitsbergen ridges, the £ /h ratio increased during the season and

approached its maximum by the end of the season. Our measurements were carried
out in May, thus a higher ratio is expected.

Table 1 shows a considerable variation of the consolidated layer thickness. Hgyland
(2007) found that maximum-to-average thickness ratio for z was around 2, and the

minimum-to-average thickness ratio was 0.38. The variation becomes even lager
when 2006 data are included, and the ratios changes to 2.1 and 0.36 respectively.
These data shows larger variation than Timco and Burden (1997) reported. As
discussed by Hgyland (2007), a larger variation may be expected on ridges in drifting
ice. While some of the ridges described by Timco and Burden (1997) were situated in
the landfast ice. Thus, it is reasonable to find higher variation in our data.

The consolidated layer is a major contributor to the total ice ridge load on a structure.
Even though most estimation use level ice-like models and apply only the average
thickness and strength, we think that both thickness — and strength variation are
important (the ice strength variation will be discussed in Section 4.3). The thickness
variation can be characterized in several different ways: as the standard deviation,
coefficient of variation, or similar statistical measures. Perhaps the simplest way is to
use the effective thickness ((hcl)eﬁ, ), one then sticks to one parameter, which is

sensitive to thickness variations and can be used in the simplest formulas.

4.2 Ridge morphology

As showed in the introduction, several authors consider information about the
morphology of the freeze bonds to be important for the mechanical behaviour of ice
rubble. Our results (Tables 2 and 3) show that the length to widths ratio (/ /W fb) for

the freeze bonds was slightly higher than the corresponding ratio (/,/w),) for the ice
blocks but is in the same range. The frequency histograms of the relative length for
both the ice blocks and freeze bonds show large scatter in the data (Fig. 5), and they
look similar. The relative length varied from 0.2 to 4.0 in both cases. In addition, the
higher frequency corresponds to the same ranges (0.6-1.4). Therefore, we suggest
using a correlation between the corresponding lengths and introduce the average

freeze bond length to the average block length ratio (l;’}: /L"). This ratio was
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0.33 (2005) and 0.35 (2006) for the two ridges. Introduction of such a parameter
facilitates the building of discrete and pseudo-discrete models of ice rubble
behaviour. In a recent paper by Shafrova (2007) the shear strength of ice rubble is
investigated using a pseudo-discrete continuum model where the freeze bonds are
included.

The length of the freeze bonds (contact area) is one of main input parameters that
affect the strength properties (mainly the cohesion). Shafrova et al. (2004) and
Liferov (2005) analyzed the direct shear test simulations, and suggest that shear
strength of rubble is linearly proportional to the contact area. They observed that
increasing of size of the contact area from 7.6 m*/m to 14.7 m*/m leads to increasing
of rubble strength from 5.9 kPa/m to 10.8 kPa/m.

The main contribution to ice ridge load comes from the keel (in particular when it
comes to scouring). We have conducted detailed investigations of the morphology in
the ridge sails only. This is, of course because the sail is easier to examine, and
because there is reason to believe that the keel morphology is quite similar. The
underwater videos (Fig. 4b) show that the ridge keel may consist of rubble blocks
connected to each other by freeze bonds, like in the sail. The keel blocks are smoother
and more eroded than the blocks in the sail, but visually they look similar.

The blocks size and the inclination angles given in Table 3 compare well with the
other ridge data from the Barents Sea 2002-2005 presented by Hgyland (2007), and
with other available literature data reviewed in the same paper.

4.3 Uniaxial compression tests
4.3.1 Spatial strength distribution
4.3.1.1 Level ice

Several investigations (1991-2005) have been conducted in order to evaluate the in-
plane strength heterogeneity for the both landfast and drift level ice. The results of the
published field studies (together with the current data) are summarized in Table 10.
The Table shows that the typical in plane ice strength heterogeneity in terms of
coefficient of variation is 20-40% that corresponds to strength variation by a factor of
2t05.

Our results (Fig. 7) can be compared with the field studies for the Sakhalin offshore
area by Polomoshnov et al. (1992) and Astafiev et al. (2001) where vertical ice
samples were taken along a straight line and tested in uniaxial compression in the
laboratory. The distance between sampling points was 20 m, and the total length of
the profiles was 100 m. The investigations were carried out within several seasons
from 1982 to 1995, and a typical map of ice strength distribution for the drift level ice
in the Sakhalin area is given in Fig. 18. As can be seen, the strength of the drift ice
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Table 10. Key information on ice strength in-plane heterogeneity.

Type of ice, k, Strength 1 ’
Author(s) Location (%) variation b n Comments
Surkov and Landfast ice Line 100 m, step
Truskov Chaivo Ba ’ 45 < 3 times V | 125 | 10 m, 2-4 differ.
(1993) Y depth
Takeuchi et | Landfast ice, 26 > 3.5 times H | 256 Line 38 m, step
al. (1995) Lake Saroma 0.6-2.2 MPa 0.15 m Single depth
Truskov et Drift ice, i < 3 times v | 125 SCtZOS;()l ?r?XSl ?1(1)f?;
al. (1996) Sakhalin area 1.3-3.7 MPa p ’ ’
depths
158 times 8 Areas 100x100 m?,
- " 3) -
8-45 0.73-9 MPa 536 | Step 0.39 - 25 m,
Farafonov Landfast ice, Surface layer
2006 A B
( ) mur Bay 5.7 times Cross 160x16Q m,
- 0.4-4.4 MP V | 28 | step 20 m, 2 differ.
e a depths
2
> 2 times Area3.1x3.1 m",
41 6 V | 25 | step 0.78 m, depth
3.6-8.1 MPa 0.05 m
Shafrova Lagdfast ice, > 5 times Area 10x10 m’, step
and Moslet | Spitsbergen 27 V| 36 2 m. deoth 0.3 m
(2006b) ﬁords 2.3-12 MPa > p .
2
3.4 times 2 Areas 150x150 m~,
20-36 3.9.13 MP V | 98 | step 25 m, depth
e a 0.3m
2.5-4 times
30-55 VvV | 41
Current Drift ice, 0.58-7 MPa Lines 10 m, step 1 m
paper Arctic Ocean 1.7-5 times 3-4 differ. depths.
20-38 H | 41
0.35-1.8MPa

"' The direction of ice samples is either vertical (V) or horizontal (H).

2 .
Number of compressed ice samples.

3 Express method, drop ball test.
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varied by a factor of 1.5-3 along both horizontal and vertical directions, and this
agrees well with our results. Furthermore, Astafiev et al. (2001) and Polomoshnov et
al. (1992) reported that the zones of maximum ice strength occupy 10-20% of the
examined area. If we define maximum strength as 2 times average strength value -
0, > 2, we find that the areas with the maximum strength were 14% (o,,, > 2) and
12% (o,, > 1.5) for the vertical and horizontal ice strength maps respectively
(Fig. 7). The size of our study area is one tenth of the area in the Sakhalin
investigations. Thus, the hypothesis of decreasing ice strength variability with the
reduction of length scale is considered to be questionable. Further investigations
should be done preferably with confined tests (e.g. borehole jack).

rel

Snow

Depth, m

Distance, m
01-2 EH2-3 M 3-4
Strength, MPa

Fig. 18. The ice strength distribution for the drift ice. Vertical ice samples,
after Astafiev et al. (2001).

As shown in Fig. 7a, the ice strength varied by a factor of 4 for samples from a
constant depth in the level ice. This agrees well with strength maps by Shafrova and
Moslet (2006b) who investigated the in-plane strength non-homogeneity of the
different ice fields from the Spitsbergen fjords (Table 10). They reported that the
strength of ice samples taken from the same depth at the different points in the
landfast level ice field can vary by a factor of 3 to 4.

4.3.1.2 Ice ridges

The maps of the absolute strength distributions of the different parts of the ice ridge
show that strength data for ridged ice from the same ice depth varies significantly.
Local zones with high strength were adjacent to the regions of low strength.
Moreover their arrangement pattern seems to be random (stochastic). The size of
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these zones also changes randomly. The presence of those zones demonstrates the
high variability of properties in geophysical materials such as sea ice, and the strength
of ridge samples varied by a factor of more than 3 in both vertical and horizontal
directions. We found a higher strength variation for the vertical samples for all types
of the first-year sea ice features (Table 4 and Table 8) compared to the horizontal
ones.

One of the main objectives of the 2006 expedition was to compare strength and other
physical properties of level ice with corresponding data from different parts of an ice
ridge. We found that the strength variability in the level ice was partly higher (vertical
samples) and partly lower (horizontal samples) compared to the consolidated layer.
The level ice strength varied from 0.35 MPa to 6.96 MPa, whereas the consolidated
layer strength varied within a narrower range of 0.48 MPa to 3.49 MPa. The bigger
range of the level ice strength is due to bigger differences in relation to ice texture
between vertical and horizontal ice samples. But the horizontal level ice samples
themselves had smaller variation than both horizontal and vertical consolidated layer
samples. Thus, no clear trend of the level ice strength homogeneity compared to the
strength homogeneity within the ice ridge can be found in our data (in Section 4.3.2
we discuss these differences and similarities in relation to physical properties). The
situation with the ice-rubble blocks is not clear, but only a few horizontal samples
were tested.

The field data do not support the statement that strength inhomogeneity in ice ridges
is any higher than in the level ice. However, when considering about ice action on
structures, high variation in the consolidated layer thickness and the total thickness of
the ridges make those ice features more inhomogeneous than the level ice.

The ice rubble blocks were weaker than both the consolidated layer and level ice. As
shown in the strength maps of the ice ridges, solid ice samples from the rubble blocks
were collected at the depth down to 6 m. Even though the average strength of the ice
from the rubble blocks was less than 0.5 MPa, some ice samples (even from the depth
about 5 m) have strength exceeding 1 MPa. The relative strength distributions for the
ice rubble blocks and consolidated layer exhibited some similarity (Fig. 13). The
strength variation within the different parts of an ice ridge was at the same level:
50-55% for the 2005 feature and around 40% for the 2006 ridge, and the frequency
histograms for the consolidated layer and ice-rubble blocks were similar for both
years.

Four theoretical distributions (normal, t location-scale, gamma and lognormal) were
tested to determine the distribution law for the relative ice strength. The results of
goodness-of-fit analysis for the best fit distributions for the different ice features show
that the ice strength data can be described (in 5 out of 6 cases) by asymmetrical
lognormal or gamma distribution