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1. Introduction

Floating ice is a significant hazard to offshore structures. The design of such
structures requires a method for predicting the ice forces and pressures that they will
experience. Adequate design further requires that the ice movement around the
structure is estimated. Thus the design problem includes two problems. First the
characteristics of the maximum loading must be assessed. This requires knowledge
about load maxima, locally and globally, and also about the frequency content of the
load, so that dynamic responses can be checked. Second, the ice movement around
the structure must be clarified. Jamming between platform legs or rubble pile
development will modify the effective size of the structure and possibly increase the
loads. Ice ride-up may cause topside damage. For a structure to performwell, theice
must clear properly around it.

In the past, the problems of ice load and ice movement around a structure have
mainly been treated separately. The concept model in this report will show that both
these aspects follow from a simulation of ice action on a structure.

The earliest published method for predicting ice loads was devel oped by
Korzhavin in the 1940’s to predict ice forces on bridge piers. Korzhavin developed
an empirical formula which related the average ice pressure to the ice strength, the
geometry of the interaction and the speed of the interaction. Korzhavin’s method was
a recipe for calculating the design ice load for vertical structures, and not a
description of the mechanics of the ice failure process. In this sense, Korzhavin’'s
formula is not an ice load model. This applies to most of the design load
formulations. Naturally the design formulations should be based on the physics of
load through a theoretical model to evaluate the load. Here we will define ice load
models as descriptions of the ice failure process.

At present all ice load models are derived from observations of ice-structure
interaction and ice failure. The models idealize the ice failure process in some way
and use the methods of the mechanics of materials to describe the failure process. It
is important to recognize and distinguish among these three aspects, shown in Figure
1. Many ice load models share common observations (and measurements), but differ
in either the idealizations or in the mechanical and mathematical methods employed.

Figure 1. Ice Failure

Ice Load Models OBSERVATIONS /\'

| IDEALIZATIONS | continuum failure series of failure

betweem limits events
| |
MODELLING leul discrete
MECHANICS calculus mathematics

Continuum Mechanics Event Mechanics
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The concept model that is presented here represents a new approach to ice load
models. The model views ice failure as a process comprised mainly of a series of
discrete events, rather than as a continuous process. This approach naturally requires
adifferent set of idealizations and methods. Figure 2 illustrates the four major scales
that are considered. The new approach was formally applied to the local contact
problem by Daley (1991) in order to provide a plausible description for the
experimental data of Joensuu and Riska (1988).

Chapter 2 will discuss the general principles of the conceptual model. The model
is based on a hierarchy of failure types. Chapter 3 will discusslocal failure process.
A number of continuum modelswill be described in Section 3.1. Section 3.2 will
describe various discrete stochastic ice load models. Section 3.3 will describe
various early discrete ice load models, the Daley (1991) model and subsequent
additional developments. Chapter 4 will describe the mechanics of floe-structure
interaction. Chapter 5 will describe global 1oad models which include pack ice-
structure interactions. Chapter 6 will describe variations on the new conceptual
model, showing how it applies to different engineering problems. Chapter 7 will
discuss why the new approach is worthwhile with reference to ice failure
observations and measurements. All models make idealizations, so that no model can
ever describe all the details that take place when ice fails. Our contention is simply
that a discrete event model is best able to describe the important aspects of ice
failure. Chapters 8,9 and 10 present recommendations, conclusions and references.

Ice Loads on Structure
Load Frequency
Mw ‘/\

Time [Load

Hierarchy of Chaotic/Stochastic Processes T

Ice Cover Ice Field Floe
inti Interaction Impact
Des'Crllpfl'OH —>» | Proces —> Propcess —>
I
A AT

Ice/Structure
Contact
Process

Ice Cover Formation| | Meso-Scale Floe Geometry Local Contact
and Change Ice Cover Geom. & Mechanics Mechanics
\“ @DQE‘BO & Group Mec
AN 2 \
. OV . - , .
Top Vie <0 Top Vi — | Side View 1 Side View
Ice Pack Local Floes One Floe Floe Edge
® Breakup ® Floe Splitting ® Flex. Failure ® Crushing
® Ridge/Rubble ~ ® Grounded Rubble ® Tipping ® Shearing
Formation ® pack Clearing ® Floe Clearing ® Extrusion
® Shear Zones (Clearing)

Hierarchy of Mechanical Processes
Figure 2. Scales of | ce-Structure Interaction Mechanics



2. Ice Load Conceptual Model

The conceptual model presented here is based on observations of ice failure. The
model is ageneralization of recent developments in the mechanics of ice loads. The
idea of load limiting mechanismsiswell known in ice mechanics. Intheiceload
model by Daley (1992) the ice edge failure was treated as a hierarchy of failures,
each being superseded by “lower level” failure (i.e. failure of the supporting
mechanism). In Daley’s model, all the failure events were various types of shear
cracks. The present model extends this to any type of lower level failure. The
hierarchy of failure might be, for instance, micro-cracking until spalling and
extrusion, continuing until flexural failure, continuing until rubbling and grounding,
continuing until floe splitting and clearing.

The concept of a hierarchy of mechanisms is more general than the idea of load
limits, because it contains the idea that the limits interact and that repeating limits
are created. One failure event on any given level is preceded by a process of failure
events on a smaller scale level. But every failure event is itself part of a process
loading to failure at a larger scale. This concept is sketched in Figure 3.

Nested Hierarchy of Discrete Events

—

pileup

Nested
Failure i€ process
Events 5
a
© te process
o
3]
@ te process *
T o
5} }
D
T| continuum continuum continuum
process g » process P Jrocess > o0
limit event limit e;/ent limit event
Example
shear fractures  flexural failure
ﬁ rubbling events
pra / S
. 8| of flexural failures
/ ice H gl 8 *
\ =] c
\ Zlg mofshearfractures
crushing HE] g .
. crushing bending
(a hierarchy of events) ag) orocess + > momems* —V;gﬁg';ﬁon
@ shear fracture  flexural failure
structure p—— 1

Figure 3. Nested Hierarchy of Failure Events.
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The process as described in Figure 3 appears to be a straight chain of events.
Thiswould be the case for aone dimensional view of ice failure. In two and three
dimensions there can be branching in the hierarchy. An example of this on alarge
scaleis how rafting would occur in thin ice, with ridging occurring in thicker ice,
both acting on the same floe. On alocal scale, both extrusion and fracture are
affecting the local loads. In al casestheice load is defined by the interaction of the
various processes. Chapter 6 will examine specific issues and describe conceptual
ice load models for various situations.

One might ask why it isimportant to view ice failure as a linked hierarchy of
failure events. Why not just model the ‘design’ failure event. The reason is that each
failure event is a local limit and defines the value of the local load peak. It also sets
the conditions for the next step in the process, leading to the next load peak. Only by
considering this set of events can the correct global maximum be properly modeled.

The present conceptual approach encompasses all scales of ice failure. For this
reason the following chapters will discuss existing models of local and global ice
loads. This will allow the new approach to be seen in context, and in some cases
provide the components of the new approach.



3. Local Ice Load Models

The aim of this chapter isto provide an overview of local ice load models. As
thisis an area of continuing research and development, afull treatment is beyond the
scope of this presentation. The main issues and approaches used in continuum and
discrete ice load models will be described, in order to see the proposed conceptsin a
proper context. The proposed concept model is seen as an extension and
generalization of existing approaches.

3.1 Continuum Ice Load Models

The common feature of all continuum ice load models is that the behavior of the
solid isidealized as being continuous. Statistical mechanics assumptions are
employed to “smooth over” the minor failure events. The major failure events are
seen as limits, between which the continuum solution is valid.

The first true ice load model was developed by Kheisin and others (Kheisin,
Kurdyumov and Likhomanov, 1975). The model was based on data from
experiments of dropping steel balls on an ice cover. The geometric idealization of the

Kheisin's process is shown in Figure 4. A crushed layer of thickness t is presumed to form
extrusion between the sphere and the intact ice. The crushed ice is assumed to be a viscous
model medium. The outer surface of the crushed layer is called the breakup surface. The

crushed layer thickness is assumed proportional to the local pressure. Using these
assumptions the authors are able to derive equations for the layer thickness, the
pressure distribution, the force time history and the velocity of the sphere.

For example, the maximum force during the contact is;

11 5

F max=118[V ° [M°® [ﬂsukp); [12R)s 1)

where M is the mass and V is the velocity of the sphere. The material properties of
the ice are expressed by the tepmghe viscosity of crushed ice akgl, a term
representing the breakup behavior.

Figure 4. Sphere striking an ice surface. (Kheisin and others, 1975)
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Varsta’'s
wet/dry
model

Varsta (1983) studied the ship-ice contact process. Ice crushing tests were
performed in which water was sprayed into the contact zone during some of the tests.
These “wet” tests were found to produce higher pressures and led to the search for an
improved model of ice loads. Varsta introduced the idea that the contact was
comprised of both direct contact with hard ice and contact through a layer of crushed
ice. The two types of contact were assumed to be superimposed, and together would
explain the differences between wet and dry contact pressures. The wet contact was
essentially the same as the Kheisin model, while the dry contact required a new
model. Varsta used finite element analysis coupled with the Tsai-Wu failure criteria
to model the dry contact. Figure 5 illustrates Varsta’'s approach.

An important aspect of Varsta’s model is the idea that part of the contact is
direct contact with solid ice. The direct contact was seen as responsible for the very
high localized pressures that were observed with small pressure transducers.

Varsta used the finite element method to calculate the stresses in the ice edge
that resulted from two types of loading. In the first case, termed ‘wet’, the pressure
was uniformly distributed on the ice edge. This was an idealization of the pressures
that would result from viscous extrusion, along the lines of the Kheisin model. In the
second case, termed ‘dry’ contact, the load was applied as a uniform displacement of
the ice edge, as would happen when a rigid steel plate would contact a flat elastic ice
edge. (see Fig. 4). In the case of dry contact the stresses are lower in the center. If
the ice stresses are compared for the two cases, the ice was seen to be capable of
sustaining higher loads in the ‘wet’ contact case, as was observed experimentally.

&

AN

ce

contact comprised of
direct contact and
crushed ice layer

Figure 5. Wet-dry contact model (Varsta, 1983).
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The developments by Varsta were continued by one of his colleagues (Riska,
1987). Riskaintroduced a new method of calculating ice loads based on the idea of

Riska’s nominal ice pressures. The contact geometry was modeled with finite elements and

nominal used to calculate the state of stress at each point in the ice, dueto a unit pressure

pressure applied in the contact zone. Riska calculated the “failure number” for each point.
model The failure number was the fraction of failure that each stress state represented. The

Tsai-Wu form was used to define the failure surface. Figure 6 illustrates a case in
which A = 0.088. This means that the worst state of stress in the ice is 8.8% of
failure for an applied pressure of 1 MPa. Inverting this results in a nominal failure
pressure g, = 11.3 MPa.

Riska was able to show good agreement betweendisgiues and measured
small area pressures for both laboratory ice crushing tests and the ice ramming trials
of a large vessel. The values depend on both the 3D failure properties of ice and
the interaction geometry. The drawback with this approach is that it offered no
explanation of the pressure-area effects.

top surface of ice contours of failure number A

@ _ A
© |
o
\ | : Amac = 0.088

< | 2

Symmetry o O

Plane ] . C
o I L L [ [ 1

of ice ACD

prom = 1/A =11.3 MPa

Figure 6. Nominal pressureice load model (Riska, 1987).

The next significant development was based on experimental results by Timco
(1986). During level ice indentation tests Timco noticed a region in front of the
indentor that appeared to be undergoing damage, and then suddenly pulverized.

Timco's Figure 7, a composite taken from Sanderson (1988) and Timco and Jordaan (1987)
damage/ _ illustrates this idea. As the ice approaches the structure (1) the stress in the ice builds
pulverization  and causes damage. At a critical state of damage (2) the ice pulverizes (almost
model instantly), causing a rapid drop in the force. The ice is then extruded as the gap is

closed and the pressure rises. At (4) the cycle starts again. To model this process
mathematically, one must describe how the damage grows with time and stress, the
critical damage level that will cause pulverization and the flow (extrusion) properties
of the granular media. This model is an extension of the Kheisin model, with the
added features of damage growth and instantaneous pulverization. This model has
gained much support and has resulted in a growing interest in damage mechanics and
the properties of crushed ice. Note that this model has two aspects that are treated
with continuum mechanics; the growth of damage and the extrusion of a granular

medium.
O Daley R&E



Karna’'s
hybrid
pulverization
model

I
(1) cumulative damage (é) rapid pulverization
(3) extrusion (4) end of extrusion -> (1)
Extrusion
Force
(1 @
v, 2)
-«
(3)

Ice Undergoing Damage

Figure 7. Finite depth pulverization and extrusion.

Figure 8 shows a variation on the finite pulverization model (Karna 1993), based
on an extensive set of level ice indentation tests performed at VTT, the Technical
Research Centre of Finland in conjunction with TKK, the Helsinki University of
Technology (Muhonen et.al. 1992). This model combines the continuum damage
approach with large shear cracking events.

—

/ Cleavage Force
;Crack

Failure Zone

Shear Crack
Figure 8. Finite pulverization coupled with major shear flakes.

Karnd’'s model is strongly reminiscent of an concept proposed by Saeki and Ozaki
(21979), as shown in Figure 9, in which a range of behaviors from crushing (with
damage) to flaking is proposed. The type of behavior was said to depend on the
speed of indentation.

(7 paeyR&E



Micro cracking

N

—Crushing

Crushing Intermediate Flaking

Figure 9. Failure Modes depending on speed of Indentation (Saeki and Ozaki,
1979)

) The idea of various failure modes was again discussed by Timco (1986). He

Timco’s observed that failure mechanisms were dependent on the indentation rate and aspect

Failure Map ratio of the contact zone. Figure 10 shows the failure mechanisms that Timco
observed. Figure 11 shows the failure modes plotted as a function of indentation rate
and aspect ratio. The strength of Timco’s map is the recognition of the multiple
failure mechanisms that can take place. The drawback of this kind of map is that the
various modes are seen as dependent on fixed external parameters (aspect ratio and
indentation rate). The present concept model views the various failure modes as
being part of an interdependent hierarchy.

D —
Crushing —
R | Circumferential
Flaking ey BB cracking
b I Micro cracking
, RN Radial Cracking
\ .
S Cleavage Cracking

Figure 10. Ice Failure Modes on a Vertical Structure (from Sodhi (1992) and
Timco (1986))
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Creep crushing
| crushing . with X
L with ;  radial and circumferential
' radial [ cracking s
“ cracking

/

Radial
Cracking

crushing

radial / circumferential
cracking and buckling
(no crushing)

Buckling

U

Indentation Rate, V/ID ———»

creep creep buckling

\

Aspect Ratio, D/h——

h Circumferential
f Cracking

f

Spalling 3 Crushing

Figure 11. Failure Mechanisms and Failure Mode Map (Timco, 1986)

Theideaof continuum damageiniceisillustrated in Figure 12. Theiceis
Continuum viewed as containing numerous small cracks which serve to lower the effective
ice damage  stiffness of theice. Figure 12 illustrates the definition of the true local stress o on an
models infinitesimally small element of uncracked ice, and the nominal stress g on a small
by finite element of ice containing numerous cracks. These stress tensors assume that
the cracks are small enough that their effects can be spatially averaged.

stresses in a damaged solid

~ - nominal stresses

$033
a \
‘GA” true stresses
33
~ (0) 022 ~
0, «&— % / o = 0y
K“\ ) 11—
\J / —
A 33

0-33
Figure 12. Definition of true and nominal stressesin a damaging solid.

<
— Q

Models based on damage mechanics and extrusion have been reported by
MeKenna, Jordaan and Xiao (1991) and Selvadurai et.al. (1992). The damage based
pulverization models have continued to focus research on the micromechanics of
damage and fracture. Topics of active research include:

* grain boundary dliding, diffusion
» didocation pileup

(7 paeyR&E
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* eladticity

» delayed elasticity

e intra-sub-granular microstructural damage (slip bands +)
e micro-cracks

s creep

The main continuum mechanics methods for ice load cal cul ation have been
presented. The continuum methods employ cal culus to solve the mathematics of the
problem. Thisrequiresthat all parameters be locally smooth (differentiable),
between spatial or temporal boundaries. The strength of these methods is based on
the rich and powerful mathematical and numerical tools that have been developed.
Damage mechanics, fracture mechanics, the finite element method, and fluid
mechanics are all available to treat ice failure. The only drawback with these
methods is that they must be applied to smooth systems. If any function or property
changes suddenly, the problem must be broken into piece-wise smooth parts. This
can work fine for afew sudden changes, but becomes unmanageable if too many
sudden changes take place.

The next sections will describe a different approach to ice failure, in which the
process isviewed as a series of discrete events. Only recently have suitable
mathematical and numerical tools been developed which alow these approaches to
be vigorously pursued. The major change in approach is that the processis viewed as
aseries of related events. The individua events can be based on continuum
mechanics, but the overall behavior is solved with the use of discrete mechanics and
discrete mathematics. The strength of this method isthat it can naturally handle a
large set of interrelated sudden changes in the system. It isour view that thisisa
more appropriate way to view ice failure.

(7 paeyR&E
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3.2 Stochastic Ice Load Models

Several discrete ice failure models have been developed to examine the
stochastic aspects of ice forces. These models assume that the ice failureis
comprised of a series of random discrete failure events.

Kry (1978) introduced the concept of independent failure zones as away of
In d ependent understanding the loads on wide structures. Kry was primarily concerned with the
failure zones  gaigical aspects of theice load. Ashby et al. (1986) showed (see Figure 13) that
+ finite the independent failure zone idea must necessarily be joined to the idea of afinite
failure depth failure depth (L;), in which the failure may be flexural, crushing or another failure

' Ay

D
Li |
b. L Li
B,

Figure 13. Non-simultaneous failure model (Ashby et.al., 1986)

The idea of non-simultaneous failure was extended by Sanderson (1988) to a
multi-zonal multi-zonal failure model. While Kry and Ashby et.al. had tried to explain why ice
failure model load intensities would decrease on wider structures, Sanderson’s model (Figure 14)
also attempted to explain why the time histories of ice loads showed so much
variation. With a random number of zones failing at any time, Sanderson’s model
showed highly varying forces.

(7 paeyR&E
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>
'

-

average Lj

Figure 14. Multi-zonal stochastic ice edge failure model (Sander son, 1988)

Distance, x

Two further extensions of the idea of non-simultaneous failure came with the
emergence of fractal geometries (see for instance Pietgen et.al. 1992). Bhat (1990)
proposed the idea of afractal ice edge profile (Figure 15) in which the finite failures
would generate fractal surfaces. The pressure-area effect isanatural outcome of such
a contact geometry. The idea was extended to three dimensions by Palmer and
Sanderson (1991) as shown in Figure 16. The fractal crushing volume will also
naturally lead to a pressure-area effect in the loads on a structure.

fractal
failure zones

S/ S S S S S S S
STRUCTURE
Figure 15. Fractal Contact Geometry (Bhat, 1990)
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Figure 16. Three dimensional fractal crushing of a brittle solid (Palmer and
Sander son, 1991).

The authors emphasize that the crushing pattern in Figure 16 is not meant to be
taken literally. It merely emphasizes the idea of a hierarchy of ice failure that leads to
observable symptoms such as the pressure-area effect, the broad range of fragment
sizes, and the highly variable nature of the force time history. The mechanical basis
for Figure 16 isfound in the investigations of Steacy and Sammis (1991), who
showed that fracture stresses are highest when like-sized fragments are in contact.
Thistends to result in one of the pair of like-sized neighbors breaking. Figure 16 isa
fractal pattern that minimizes the number of like-sized neighbors.

The above statistical and fractal models view ice failure as a set of discrete
events. These methods are all founded in observations of ice failure, and are
plausible attempts to describe various empirical observations such as the pressure-
area effect and the observed distribution of fragment sizesin crushed ice. Their
shortcoming is that they assume an outcome of the ice failure process, rather than
modeling the mechanics of the failure process.
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3.3. Discrete Ice Load Models

It isimportant to note that while the earliest quantitative models of ice failure
were based on continuum mechanics, many early qualitative ice failure models and
descriptions were clearly of discrete processes. The following sections will describe
several discrete event ice load models, from simple load limit models to the latest
multi-level chaotic ice load models.

Ice strengthened oil production platforms were constructed in Cook Inlet Alaska

Matlock’s in the 1960’s. Peyton (1966) observed the ice failure on the legs of the platforms.
discrete Matlock, Dawkins and Panak (1969, 1971) took these observations and developed a
failure process model of the ice load. The ice behavior was idealized as a series of brittle
models fractures as shown in Figure 17. The brittle flaking events were idealized as a series

of independent cantilever failures, as shown on the right of the figure. The model
was able to explain why the structure was dynamically excited at certain ice
velocities. Unfortunately, Matlock’'s model lacked the ability to effectively predict
load levels, and so was not developed further. It can now be seen that the Matlock
model was on the right track, but lacked one important feature. The ice failures were
assumed to be independent. This was most likely assumed for pragmatic reasons.
The numerical and mathematical tools to handle a system comprised of
interdependent discrete events were not available in the late 1960’s.

brittle fracturir&

ice cover XXX
e, == D °

— 5 M —

n\g
structure n=.T 5 432 1]
‘ ( ( (j ) (@)
T }—z,i

sketch of process idealization of process

Figure 17. Discreteiceload model (Matlock et. al. 1971).

Another early qualitative description of ice edge failure was presented by Varsta
and Riska (1977) (see Figure 18). The failure was viewed as a combination of

ship-ice ) : . o :

P . crushing, shearing and flexural failure. The model was used to qualitatively illustrate
edge failure : . >
model why the ice loads contained several local peaks and lasted longer than a Kheisin type

of model would predict.
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crushed volume

bending fracture
due to tension

Figure 18. | ce edge failure process on the side of a ship (Varsta and Riska, 1977)

shear fractures

Croasdale, Morgenstern and Nuttall (1977) presented an ice load model based on
Croasdale’s  an upper-bound plasticity solution. Slip planes are assumed to form based on a
plastic limit Trescayield criterion. Croasdale (1980) again presented the model and added the
failure diagram shown in Figure 19. A sequence of parallel shear failure planes was
models postulated. Croasdale only showed aload calculation for the first failure. This
approach is based on intact material properties and only seeks a maximum quasi-
static value for usein design. It does, however, lead one to think of a process model
of the type described by Daley (1991).

structure f structure
< <
N\ ice ice
—_— \initial failure next failure

load initial failure

subsequent failures

indentation distance
Figure 19. Croasdale’s Upper-bound plasticity ice load model (Croasdale, 1980).

The early models of discrete failure (Figs 18, 19) viewed the discrete failure asa
single limit which would define the peak load. While these early models obviously
recognized that a sequential failure process was at work, no mechanics based model
of the process was developed. The following paragraphs will describe the
development of discrete ice failure process models.

(7 paeyR&E
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A set of laboratory experiments were conducted in 1988 (Joensuu and Riska,
1989). Some ice blocks were crushed with a plate window and filmed. Otherswere
crushed with a steel plate affixed with small PV DF pressure sensors. Figure 20
illustrates the experimental arrangement. One of the measured force time seriesis
also shown in Figure 20. The startling feature about this plot is the regularity of the
pattern, which is characterized by triangular ramps within ramps. Thisplotis
prototypic of all the force time series, abeit the most regular. An even more
startling observation came from the video records filmed through the window. The
ice-plate contact was noted to be aline, athin wavering line at the watershed of the
contact.

TEST 39, Fn [KN] + [s]
Fn

30.0 +

moving indenter

20.0

10.0 +

0.0

I I I I I I I I
0 01 02 03 04 05 06 o7 ost

Figure 20. Block crushing tests (test 39, Joensuu and Riska, 1988)

The search for an explanation of the Joensuu-Riska tests lead to the development
of adiscrete event ice failure model (Daley, 1990, 1991). The sharp dropsin force
led to the assumption that the load time history was being governed by sudden
fracture events. Extensive review of the video records of the testsled Daley to
hypothesize that the sudden fracture events were flaking.

moving indenter

I |
v

direct contact
zone

pressure after flake

Ice
Y

Figure 21. Mechanics of Contact Model (Daley 1990)
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A very simple model of the failure mechanics was proposed as shown in Figure
21. The indentor comes into direct contact with the ice block. Asthe penetration
increases the stresses in the block increase until aflake isformed. The force required
to cause the flake becomes alocal force peak. In the first implementation of thisidea,
al possible failure planes were iteratively checked for each small step movement of
the indenter. Whenever the stresses on any plane exceeded a simple coulomb failure
criteria, aflake was formed and removed. This modified the ice geometry and the
interaction continued. The sequence of flakes and force peaksis shown in Figure 22.

X

force drops occur
Force due to flaking

force builds as
direct contact grows

Multi-level Flakes

Figure 22. Flaking sequence and forcetime history.

Comparisons with the measurements and observations showed excellent
agreement. Figure 23 shows a comparison of forces. In addition the contact model
was able to explain the pressure-area rel ationship, the thin line of direct contact, the
piece size distribution, and the source of randomness in the load measurements.

ice load model

40 test 76 (Joensuu and Riska)
test 76
35
Force 30
(kN) 25
20
15
10
5
0 ¥
0 0.2 04 0.6 0.8 1

Time (s)
Figure 23. Comparison of Joensuu-Riska test with ice load model (Daley 1991)
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Thefull details and behavior of the Daley contact model are found in the
referenced material. The rest of this chapter will review enhancements that have
been developed in other investigations.

Fransson et a (1991) reported on tests similar to the Joensuu-Riskatests . They
were independently coming to the same approach, and after reading Daley (1990)
they developed severa enhancements. The first was to consider a sloped indentor,
which changed the breaking pattern somewhat. They also reported the possibility of
cracks running normal to the indentor that would split the ice block, referring to the
work of Kendall (1978). A similar type of crack was reported by Muhonen et al
(1992).

Kujala (1993 &, b) developed a chaotic flaking model to investigate the loads on
the side of a ship in pressured ice, which is essentially the same as the loads on a
wide vertical structure. Kujala added several features to Daley’s model. Kujala’s
model included treatment of the rubble pile above and below the ice, and flexural
failure of the ice. The flexural failure was caused by a combination of the
unbalanced rubble (mass of ice on top was approximately equal to ice below, with
net force being strongly downward) and eccentricity of the in-plane load.

Kujala also added the idea of curved flakes as illustrated in Figure 24. By
assuming, quite reasonably, that the principle stress direction was radially oriented,
and that the crack would run at a constant angle to the local principle stress, Kujala
derived a spiral flake shape. While the calculations proved more difficult than for
straight cracks, the new model was generally similar to straight flake models.

ice edge

1st order flake

2nd order flake
___________ J— _>

crack runs at angle o
to the local stress

Figure 24. Curved Flakelce Load Model (Kujala, 1993 b)
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A number of additional applications of discrete ice failure processes in the areas
of ice cover evolution and icebreaking resistance of ships can be found in Daley
(1992). The preceding presentation covers the main developments to date concerning
both continuum and discrete ice |load models. The aim of the concept model isto
examine the broader possibilities of discrete processice load models.

The main features which contrast discrete ice load models with continuum
approaches are:

+ Continuum models often include one or two discrete events, which are
treated as limits on the continuum solution. The effort is focused on the
behavior between such events, albeit with the aim of predicting the
event.

» Discrete models include some simple continuum behavior, but focus on
the discrete failure events as a process.

»  Both approaches can be chaotic; continuum normally are not, discrete
normally are.

» Discreteice load process models contain a hierarchy of failures, each
being superseded by “lower level” failure (i.e. failure of the supporting
mechanism)
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3.4 Discussion of Local Ice Load Models

The above sections have described a variety of approachesto local icefailure, as
the basis of local ice load models. All are concerned with the behavior of ice at the
ice-structure interface. All represent descriptions of how the ice is broken into
pieces.

In the figures above, all pulverization is called ‘crushing’ as if there were only
Pulverization one mechanism, and as if crushing was not connected to spalling and faulting. The
Mechanisms figures below will summarize the various ways that solid ice can become pulverized
ice. Each of these mechanisms has a basis in observations, although there is active
debate as to the importance of the various mechanisms.

1. Damage MechanicgGrowth of a field of microcracks occurs under applied load
until critical explosive growth occurs, causing near instant creation of pulverized
ice. Figure 25 shows pulverization as the result of microcracking. This is the idea
behind damage mechanics models of ice load. Observations of this type of
damage and a discussion of the mechanics of microcracking can be found in
Sinha (1989, 1991).

i i critical intensity of micro cracks coalesce
Micro micro cracking micro cracking to form pulverized ice
Cracking - - -

tO t1 @®
t4
Figure 25. Pulverization due to microcracking.
2. Explosion of FlakedJpon release of stress when flakes are formed, microcracks
grow rapidly, producing pulverized ice. Figure 26 illustrates the mechanism.

Flake
Explosion
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flake forms,
stress released

flake explodes
to form pulverized ice

y

=
Do @

Figure 26. Pulverization dueto flake explosion upon stress release.

=>

3. Macrocracks + Comminution. Macrocracks rel ease pieces of ice into the extruding
stream. In the stream they are repeatedly broken as they interact and are extruded.
Figure 27 illustrates the mechanism. The macro crack occurs almost instantly, but
the pulverization takes time to occur.

A\
DQ DQ .
YA 04 L)
y,
7

=

7
d g

Du @ (o

Figure 27. Pulverization dueto comminution of flakes created by macro cracks.

o~

4. Rapid Cascade of Macrocracks. Ice evolves into a state of stress that causes a
macrocrack. The first macrocrack does not restore the ice to atemporary balance,
so that another macrocrack will immediately occur. A cascade of macrocracks
occurs very rapidly, until the material is sufficiently pulverized to flow enough to
relieve the stresses. Figure 28 illustrates the mechanism. In this concept the macro
cracks will form depending on the stress state in the cracked body, which is
rapidly changing as the cracks occur. Once acritical level of breakage has
occurred, the assemblage of pieceswill not be able to sustain the load and will
rapidly relax and extrude.
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Figure 28. Pulverization dueto arapid cascade and coalescence of macr o cracks
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The above mechanisms will not likely occur in isolation. Figure 29 illustrates the
case of many or al of them occurring together. Figure 29 also shows a flexural
crack, to illustrate the point that a hierarchy of cracking occurs.

extruded rubble

spalls

/micro cracking

flexural crack

cleavage crack

comminution / extrusion

Figure 29. | ce-structur e contact showing various and simultaneous breakage
mechanisms.
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4. Floe-Structure Interaction

Dynamic
Chaotic
Loads

(7 paeyR&E

While chapter 3 focused on the local contact between the ice and structure, this
chapter will look at the larger scale of floe-structure interaction. Refer again to
Figure 2 to see the hierarchy of the problems. In floe-structure interaction models,
there must still be a contact model, in addition to a model of the floe motions,
flexural failure, tipping and rubble formation.

The interaction of Daley’s ice load model with a dynamic structure was
investigated by Riska et.al. (1993). The modeled system is illustrated in Figure 30.
The ice floe, local and global structure were included in the system. The ice failure
was two dimensional, and naturally chaotic. The structural response was mildly
chaotic, as is shown by the phase diagram of response in Figure 31. The response
dynamics are affected by the chaotic ice failure, but dominated by the regular and
linear dynamic properties of the structure. This model builds upon the local contact
model by adding larger scale ice response and failure mechanisms

CHAOTIC ™~
ICE FAILURE
PROCESS

LOCAL

STRUCTURE STRUCTURE

CcHAOTIC
ICE FALURE Sxic e STRUCTURE
PROCESS p Ks

C AN
I vy
Fy

Figure 30. Single Zone Dynamic Ice Load M odel (Riska et. al. 1993).
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Figure 31. Responseto Chaotic | ce Failure, in Phase Space, (from Riska et.al.
1993)
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Figure 32 (from Sanderson, 1988) illustrates some of the issues to be considered
in this case. If no rubble is formed around the structure, then flexural failure of the
floe edge is the only mechanism to consider. If the ice does not clear, then ice rubble
may form and may ground. In this case the effective size, mass and shape of the
structure changes. Crushing failure may occur at the outer edge of frozen rubble.

Sloping Face + Clearing Grounded Rubble
LQ _ ‘ -

Frozen Rubble

Figure 32. Floe-Structure Interaction with and without Rubble For mation
(Sanderson, 1988)

This brings us to an illustration of the hierarchy of limits that occurs when afloe
strikes a structure, as shown in Figure 33. When the floe edge first strikes the
structure, alocal shear failure occurs. Asthe ice penetrates further, the force
required to cause further shear failuresincreases. In part (a) of Fig. 33, a series of
shear failures have occurred. In (b) aflexural failure has occurred and a second is
imminent. The force required to cause aflexural failure grows with each failure,
because the previous pieces brace the free edge. The third limit is described as the
rubbling limit and refers to the force required to build arubble pile. The force
increases as the size of the rubble pile grows. After each bending failure there are
further shear failures. Each higher level failure causes anew limit line to be formed
on the lower level. These repeating limits are an essential aspect of these hierarchical
limits. Figure 33 isonly a conceptual sketch. Nevertheless it illustrates the overall
concept that is being presented here. This hierarchy of limitsisjust concerned with
intermediate scale failure processes. A similar hierarchy is present on smaller and
larger scales.
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Shearing Limit

Hierarchy a)
of Limits

Rubbling Limit
Bending Limit ‘

v

v

Repeating Limits

v

Figure 33. Floe-Structure I nteraction showing Hierarchy of Limits
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5. Global Ice-Structure Interaction

Limit Loads

Global ice structure interactions are concerned with the large scale mechanics
(see Fig. 2). Very large floes or floe groups are of concern at this scale. The concept
of limitsiswell established at this scale. Figure 34 (based on Croasdale 1984)
illustrates the multiple mechanisms that can be expected to limit the ice load.

There are two thing lacking in the concept shown in Figure 34. The first is that
these limits are part of an interconnected hierarchy of limits. The other isthat Figure
34 fails to recognize the even larger scale mechanics that creates the pack ice. This
largest scale process (pack ice mechanics) must be examined in order to know what
floe sizes and energies are to be applied to the ice-structure interaction. And again
the pack ice mechanicsis a hierarchy of failure processes.

Load Limiting Mechanisms
(4) Floe Splitting

®) R_idf_%e BUil'di“g } Limit Force (3) Limit Momentum
Limited Wind Force

Ice Crushing o
. } Limit Stress
Flex. Failure

Figure 34. Load Limitsin Global Ice-Structure Interactions (modified from
Croasdale 1984)

Theissues of pack ice mechanics and the state of stress in the pack is a complex
issue. The following items will only give some ideas of how the pack ice could be
treated in a manner consistent with the general approach of ahierarchy of limits.

First consider Figure 35, which illustrates the geometry of aridge field (Daley,
1992). Thisfigure was created by outlining and separating level ice from ridged and
rubbled ice. The geometry of the rubble is fractal, showing a pattern that is typical of
percolation. The authors believe that such patterns arise because of a hierarchy of
failures, much as occursin local ice failure. In this case, flexural failure and rubble
building are the main mechanisms. A discussion of the behavior of complex systems,
and how they tend to evolve to acritical state can be found in (Ruthen, 1993).

The breakup of pack ice under shear was examined by Erlingsson (1988).
Erlingsson noted that the patterns in the pack ice could be explained as a repetitive
sequence of shear failures, each resulting from one of four basic stress conditions
(Figure 36). Thisideais very similar to the concept of ahierarchy of limits.

(7 paeyR&E
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Theideathat similar fracture processes may be occurring on small and large
scales was put forward by Schulson and Hibler (1991). They argued that the wing
crack mechanism could be observed in satellite imagery of seaice, aswell asin
small sample of icein the lab. This may be further evidence of the broad similarity of
failure processes on awide range of scales.

Much more work is clearly required to understand global ice failure and global
loads. An approach based on a hierarchy of failure events provides a framework for
this work.

650 m

A
V

Level Ice

500 m

Rubble Ice O
\ ? QW%M 0 %@

Figure 35. Baltic Ridge Field (Daley, 1992).
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Figure 36. Fracture M echanics of an I ce Field (Erlingsson, 1988)
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6. Applications of the Conceptual Framework

Local
Loads

(7 paeyR&E

The general concept presented in this report describes ice |oads as the outcome
of amulti-level ice breakup process. Each level of breakup repeats until afailure
occurs on alower level. The specific ice loading process will depend on theice and
structural parameters. The following figures will show examples of the types of

processes that occur in local and global ice failure processes.

Figure 37 shows the elements of alocal ice load model. The various aspects of
the failure process will occur repetitively. The actual sequence of mechanisms will

depend on the specific conditions.

Mechanics of Local Loads
- General Model

Direct Contact
extruded rubble ‘ 1 aahaahs
\
| Elastic / Plastic |
‘Strain
|
Crack
‘ Formation -
[
Fragment Internal Crack }
Formation ‘
& repeating
‘ cycles
Fragments Fragments
Trapped Free -
—
<
Comminution ﬂ Fragments Fragment
‘ 5 Fly Break-up
\ \
L ]

Extrusion
Note: During Loading, this process

repeats many times, returning
through the network. The
path may change on each Rubble

repetition.

e —

Clears

Rubble

| E—

Piles
[

Figure 37. Conceptual Elementsof Local | ce Loads
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Figure 38 shows the elements of afloe-structure ice load model. The box titled
local crushing will be the model shown in Figure 37. As the crushing continues the
forces which cause flexural failure and rubbling will build. So too will the forces
which will split the floe. During this time the momentum of the floe is decreasing,
and in the absence of sufficient additional wind forces, the floe may come to rest.
The specific properties of the floe will determine which limit will occur first. Further
failureswill occur as further limits are reached. The interaction will continue until
the floe clears the structure, by some movement of the floe, either as a single floe or
in parts.

. Mechanics of
Single Floe Floe Interaction Loads

Winds Winds and
Currents

Floe Gains
Momentum

Contact with
Structure

\
Local Crushing

Limit Stress
Floe \
Local Ridging
Limit Stress
Structure ]
Floe Splits

Limit Fracture

Floe Stopped
Limit Momentum

Floe / Rubble
Clears

Figure 38. Conceptual Elements of Floe-Structure I nteraction

Figure 39 shows the elements of a pack ice-structure ice load model. Again the
box titled local crushing will be the model shown in Figure 37. Thisis a somewhat
more complex version of the model shown in Figure 38. The additional complexity
comes from the direct ice-ice forces applied by the surrounding pack ice.

(7 paeyR&E



31

Mechanics of

Pack Ice Pack Ice Loads

Winds and
Currents sabhababa

Stress in
Pack Ice

Contact with
Structure

\
Local Crushing
Pack Ice Limit Stress

Local Ridging
Limit Stress

Winds

Structure

| - |
Floe Splits Rubble Field
Limit Fracture Formation

Ridges form

in Pack
Limit Force

Q

Floe / Rubble
Clears

Figure 39. Conceptual Elementsof Pack | ce-Structure Interaction
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7. Discussion of Experimental Evidence

Observations of ice loads in nature are hampered by the difficulty of measuring
the true loads and breakup events. Experiments in the lab or the field are performed
so that natural phenomena can be observed in a controlled and complete manner.
Experiments serve as away of isolating natural physics so that theoretical models
can be developed. The following section will describe a number of ice mechanics
experiments, with the aim of showing how the experimental evidence supports the
conceptual moded that is presented here. The reader should refer to the original
reports for afull description of the experiments.

The experiment by Joensuu and Riska (1988) were described earlier (see Figure
20). The high speed of data acquisition in those tests was part of the reason that the
discrete sequence of failure events were observed. Full scale test (Riska, Rantalaand
Joensuu, 1990) in on the Icebreaker Sampoo showed many similar phenomena,
including the multiple saw-tooth nature of the pressures, and the thin line of direct
contact that results from repeated flaking.

Tests by Fransson et. a. (1991) confirmed the results by Riska and Joensuu and
provided further evidence of the appropriateness of Daley’s mathematical model
(Daley, 1990, 1991).

A series of field experiments were conducted in the Canadian Arctic. These tests
are called the Medium Scale Indentor Tests (MSI Tests) ( see Frederking et. al, 1990,
Jordaan and McKenna, 1991, Muhonen, 1991, Sandwell, 1990, 1992 and 1993).
These tests are the largest scale controlled ice load tests that have been performed. A
review of the test results can be found in Daley (1994). In terms of the present
concept model there are two points of significance. The first is illustrated by Figure
40, which shows two pressure-area records from two tests with a wedge indentor.
There is a remarkable similarity in the form and magnitude of the pressure peaks. If
ice failure were dependent on random flaws and random failures in the ice, then such
similarity between two tests would be highly unlikely. The tests support the idea that
ice failure is primarily a deterministic breakup process. The differences between the
plots can be attributed to randomness, but are more likely due to the chaotic nature of
the process. Chaos will cause some variations in the process, but will leave the major
trends unchanged, as seems to be the case here.

Hobson's Choice '90 TW1_01 and TW1_02
10

il ]

A1\ .

Test 01 // v A\V | -

&5 5 \/M RW“ \% (w Wedge Indentor —|
F M A
5 A |
2 Wy w Wi

o, Test 02 / |
1
0.1 0.2 0.5 1 2
AREA (m2)

Figure 40. Two Pressure-Area Recordsfrom M S| Tests (Daley, 1994)
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The second point is shown in Figure 41, showing results for test TFRO2. The test
was one in which aflat rigid indentor was forced into a shallow pyramid of ice. The
plot shows arepeating series of events. The pressures steadily rise during a sequence
of minor failure events, until amajor failure occurs. The local trend is one of rising
pressures, but the larger trend due to the limits imposed by the major failuresis one
of falling pressures. The reason for the two trends seems to be due to the interaction
of extrusion and flaking processes, with flaking acting repeatedly to limit the buildup
of loads caused by extrusion over a growing area.

Hobson's Choice Test TFR02

100
major flake failures
g =
S ‘,A“‘“—---‘/f_‘: . o
~ ///A - 1__‘ N\ 7
" _ \/ ,/”7\ NG - — -
2e 10 \-t/‘"’ //\\ ﬂ rl‘ \Iv"v/ \ \\\ T
2 V =/ ' { N
% / \ ystem capacity
ul li T (12 VMIN)
[ yad
o /
/
tocally rising pressure
1 due to extrusion
0.01 0.1 1 10
AREA (sg.m)

Figure 41. Hobson's Choice Data Showing Discrete Failures (Daley, 1994)

Figure 42 is a sketch that explains how extrusion may affect the flaking
mechanics and thus the overall ice load, as was seen in Figure 41. Figure 42 shows
four views, with and without extrusion and local and global flakes. In Fig 42 (a),
local ice flakes form without the influence of crushed and extrudingice. Theice
pressure is highly concentrated at the center of contact, and the flaking cracks are
freeto run. In Fig 42 (b) we consider the addition of crushed and extruding ice which
extends out to the edge of the nominal contact area. The extrusion has two important
effects. Thefirst isthat theice forceis spread laterally. Both the direct contact and
the contact with crushed ice contribute to the total force. The more important effect
isthat the pressure in the extruding ice will tend to add a confining stress on the
solid ice and thus raise the force level required to propagate the crack. The extrusion
pressure will grow exponentially as the width of the nominal contact grows. Both the
direct contact and extrusion pressures will grow together. Now consider the
situation of the global cracks and flakes as shown in Fig. 42 (¢) &(d). The crack
paths are outside the local contact zone and are unaffected by the presence or
absence of the extrusion process. Thetotal forceis all that matters to drive the global
crack.
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This argument may explain why Fig.41 shows growing pressures between major
cracks, but major peaks that do not increase. The question of what governs the major
cracks and why the major peaks exhibit a decreasing trend is not yet answered.

direct
contact

pressure crushed ice
l/ pressure

- = ¢

i i
macro-crack

(a) (b)
@ total force @
—

¢

(c) (d)

global
macro-crack

Figure 42. Extrusion with Local and Global Flaking (Daley, 1992).

Dynamic indentor tests (Muhonen et.al 1992) were conducted in Finland at the
Technical Research Centre of Finland. Figure 7 shows one of the observations of
those tests. The tests showed a combination of splitting, flaking and possible
microstructural damage.

Extrusion of ice was experimentally examined by Tuhkuri (1990). The tests
showed an exponential growth in pressures as the pulverized ice layer thickness
decreased, and as the distance to a free edge increased. In a further series of ice load
experiments, Tuhkuri (1993) found evidence for a combination of flaking and
extrusion processes happening together. Further, Tuhkuri’s tests provide evidence of
the type of fragmentation described in Figures 27 and 28. Further discussion of
fragmentation is given in Tuhkuri (1994).

A final set of data that is very interesting are the results of Veitch (1993, 1994)
in which an ice block was indented by a set of cutting tools with various cutting
angles. These tests give a lot of insight into the process of flaking and crushing. As
the conceptual model presented here is developed into an engineering tool, it will be
important to compare and contrast results will all available experimental data.
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8. Recommended Research

The conceptual approach presented in this report raises many guestions. Many of
the issues are already the subject of active research, although the concept of a
hierarchy of failure processes puts the issues in a new light and emphasizes some
issues as being of particular importance. The topics listed below are the key issues
that require work. The first topics concern local loads and are fundamental issuesin
the science and mechanics of breakup. The second group are larger scale issues,
which tend to be less well defined scientifically at this stage. The last issues are ones
of implementing engineering tools. All are important.

Concerning local 1oads the topics that require study are;

flaking mechanics

« 3D flaking

» curved flakes

* ductileflakes

» effect of extrusion on flaking

pulverization mechanics
e microcrack expansion
e comminution

e internal macrocracks
e macrocrack cascade

e extrusion processes

direct contact processes (pressure melting, ductility, damage)

Concerning the larger scale loading processes, topics for study include;

interaction between processes
(for instance between crushing and rubble building)

pack ice formation mechanics and geometries including
large scale fracture mechanics

ridge field formation

ice-structure interaction dynamics

And finally, related technical concerns include;

(7 paeyR&E

discrete processes and chaos

working software to implement a hierarchy of
limits methodol ogy for load calculation
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9. Summary and Conclusion

(7 paeyR&E

A new conceptual model of ice load has been presented. Ice failure is modeled as
ahierarchy of failure events. The hierarchy coversall scales from sub-crystalline to
the whole ice cover, although practical cases cover scales from local crushing to floe
splitting. Each type of failure event represents either the culmination of aprocess at a
smaller scale and a step in aprocess leading to afailure event at alarger scale. For
example, crushing occurs until aflexural failure happens, flexural failures are the
component events in rubble formation. Crushing itself is a hierarchy of cracking and
extrusion processes.

To put the new approach in perspective, the main ice load models and
components were reviewed. The concept model was based on recent work on local
ice failure, which was based on experiments and observations. The new approach
generalizes those results.

The new approach relies on discrete mechanics, while many previous methods
were based on continuum mechanics. One need only watch ice break up to see that it
does not appear to be a smooth process. The methods of discrete mechanics and
mathematics are not yet as well developed as continuum methods. This provides one
of the challenges of the proposed approach.

To illustrate the general approach, three example cases of ice load models; ice
edge crushing, single floe-structure impact and pack ice-structure interaction, are
sketched as flow charts. These serve to illustrate the nature of the interaction of
failure events. The local load model is more developed, as this topic is more mature
than that of global loads.

A list of recommended research topicsis given. The mechanics of cracking and
flaking, the mechanics of pulverization and extrusion, the interaction of discrete
processes and the implementation of software tools are seen as the key issues.

As with any new idea, this conceptual model is not fully developed and still
quite brittle. The approach has many advantages, but many aspects still require
development. The strength of the approach is that it naturally covers the whole scale
of ice failure processes, and in away that reflects the mechanics of the breakup of a
solid.



37

10. References

Ashby, M.F., Pamer, A.C., Thouless, M., Goodman, D.J., Howard, M.W., Hallam, S.D., Murrell, SA.F.,
Jones, N., Sanderson, T.J.O., and Ponter, A.R.S., Non-simultaneous failure and ice loads on arctic
structures. Proceedings of the Offshore Technology Conference, Paper No. OTC-5127, Houston,
1986.

Bhat, S.U., 1989, “Failure Analysis of Impacting Floes”, Proc. 8th Intl. O.M.A.E., The Hague, 1989

Bhat, S.U., 1990, “Modelling of Size Effects in Ice Mechanics using Fractal Concepts” Jnl. Offshore
Mechanics Arctic. Engineering, Vol. 112, pp 370-376.

Blenkarn, K.A., Measurement and analysis of ice forces on Cook Inlet structures” Proceedings second
Offshore Technology Conference, Houston Tx,.OTC 1261, Vol Il, pp 365-378, 1970.

Croasdale, K.R., “the Limited Driving Force approach to Ice Loads”, In proc. OTC, Houston, 1984.

Croasdale, K.R., "lIce Forces on Fixed, Rigid Structures" Part |l of CRREL Special Report 80-26, IAHR
Working Group on Ice Forces on Structures, State-of-the-Art Report, T.Carstens, Editor, June 1980.

Croasdale, K.R., "The limited driving force approach to ice loads”, In Offshore Technology Conference
1984, Houston, Paper No. OTC 4716, pp 57-64.

Croasdale, K.R., Morgenstern, N.R. and Nuttall, J.B., "Indentation Tests to Investigate Ice Pressures on
Vertical Piers", Jnl. of Glaciology, Vol.19, No.81, 1977.

Daley, C. G., “Ice Edge Contact - A Brittle Failure Process Model” Acta Polytechnica Scandinavica,
Mechanical Engineering Series No. 100, Helsinki 1991, 92 pp. Published by the Finnish Academy of
Technology

Daley, C.G., “Aspects of Ship-Ice Interaction in a Natural Ice Cover”, Report No. M-120 by the
Laboratory of Naval Architecture and Marine Engineering, Helsinki University of Technology,
Espoo, 1992.

Daley, C.G., “Compilation of MSI Tests Results and Comparison to ASPPR”, Report by Daley R&E to
National Research Council of Canada, 1994.

Daley, C.G., “Ice Edge Contact - An Iterative Failure Process Model”, Report No. M-103 by the
Laboratory of Naval Architecture and Marine Engineering, Helsinki University of Technology,
Espoo, 1990.

Erlingsson, B., "Two-dimensional Deformation Patterns in Sea Ice", Journal of Glaciology, Vol.34, No.
118, 1988.

Fransson, L., Olofsson, T., and Sandkvisk , J., “Observations of the Failure Process in Ice Blocks
Crushed by a Flat Indentor”, Proccedings POAC ‘91, St. Johns, Canada, 1991.

Frederking, R., Blanchet, D., Jordaan, I.J., Kennedy, N.K., Sinah, N.K. and Stander, E., “Field Tests of
Ice Indentation at Medium Scale, Ice Island, April 1989” Client Report for Canadian Coast Guard
and Transportation Development Centre, By Institute for Research in Construction, National
Research Council, Ottawa, October, 1990.

Jefferies, M.G., and Wright, W.H., “Dynamic Response of the ‘MOLIKPAQ’ to Ice-Structure
Interaction”, Proc. of Seventh Intl. OMAE, Houston, Tx. 1988.

(7 paeyR&E



38

Joensuu, A., Riska, K., "Jaan ja Rakenteen Valinen Kosketus"(Contact Between Ice and Structure)
Helsinki University of Technology, Laboratory of Naval Architecture and Marine Engineering,
Report M-88, Otaniemi, 1988. (in Finnish)

Jordaan, 1.J., and McKenna, R.F., “Processes of Deformation and Fracture of Ice in Compression”, in
Ice-Structure Interaction, Jones S.J., et.al. (Eds), IUTAM-IAHR Symposium St. John’s,
Newfoundland, Canada, Pub. by Springer Verlag, 1991.

Jordaan, 1.J., and Timco, G.W., 1988 “Dynamics of the Ice Crushing Process”, J. of Glaciology, Vol. 34,
No. 118, 1988

Karna, T., 1993 “Finite Ice Failure Depth in Penetration of a Vertical Indentor into an Ice Edge” Anals of
Glaciology, Vol 19. (submitted).

Kendall, K., 1978, “Complexities of Compression Failure”, Proc. Roral Soc. of London. A 361, pp 245-
263.

Kheisin, D.E., Likhomanov, V.A., Kurdyumov, V.A., 1975 "Determination of Specific Breakup Energy
and Contact Pressures Produced by the Impact of a Solid Against Ice”, Symp. on Physical Methods in
Studying Snow and Ice, Leningrad, CRREL Translation TL539, 1975.

Kry, P.R., "A Statistical Prediction of Effective Ice Crushing Stresses on Wide Structures" Proceedings
IAHR Ice Symposium , Luled, Sweden, 1978.

Kujala, P., “A Ship in Compressive Ice - Analysis of the ice failure process” Report No. M-165 by the
Ship Laboratory, Helsinki University of Technology, Espoo, 1993. (a.)

Kujala, P., “Modelling of the ice edge failure process with curved failure surfaces” Intl. Symposium on
Applied Snow and Ice research, April 18-23, Rovaniemi, Finland, 1993. (b.)

Matlock, H., Dawkins, W.P. and Panak, J.J., "A Model for the Prediction of Ice-Structure Interaction”,
Proceedings first Offshore Technology Conference, Houston Tx,.OTC 1066, Vol |, pp 687-694,
1969.

Matlock, H., Dawkins, W.P. and Panak, J.J., "Analytical Model For Ice-Structure Interaction”,
Proceedings A.S.C.E, Jnl. of the Eng. Mech. Div., Aug. 1971.

McKenna, R.F., Jordaan, I.J., and Xiao, J., 1990 “Analysis of Damage and nergy Flow in the Crushed
Layer During Rapid Ice Loading” Proc. IAHR Ice Symposium, Espoo Finland.

Muhonen, A., “Medium Scale Indentation Tests - PVDF pressure measurements, ice face measurements
and Interpretation of crushing video”, Client Report by Helsinki University of Technology, Ship
Laboratory, Feb.20, 1991.

Muhonen, A., Karna, T., Eranti, E., Riska, K., Jarvinen, E., and Lehmus, E., “Laboratory indentation
tests with thick freshwater ice”, VTT Research Notes 1370, Espoo, Finland, 1992.

Peitgen, H., Jurgens, H., and Saupe, D., Chaos and Fr&gdiger-Verlag, New York, 1992
Peyton H.R. "Sea Ice Strength” Univ. of Alaska Geophysical Institute Report AUG R-182, Dec. 1966.

Riska, K., 1987 “On the mechanics of the ramming interaction between a ship and a massive ice floe”,
Thesis for degree of Doctor of Technology, Technical Research Centre of Finland, Publications 43,
Espoo, Finland.

Riska, K., Baarman, L., and Muhonen, A., “Modelling of Ice Induced Vibration of Slender Offshore
Structures”, Report No. M-172 by the Arctic Offshore Research Centre Helsinki University of
Technology, Espoo, 1993.

(7 paeyR&E



39

Riska, K., Rantala, H. and Joensuu A., "Full Scale Observations of Ship-lce Contact”, Helsinki
University of Technology, Laboratory of Naval Architecture and Marine Engineering, Report M-97,
1990.

Ruthen, R., “Adapting to Complexity” Scientific American, January, 1993

Sanderson, T.J.O. Ice Mechanics - Risks to Offshore StrucRubs Graham and Trotman, London,
1988.

Sandwell., “1990 Ice Indentator Tests - Field Test Report and Executive Summary” Report of Project
112390 by Sandwell Inc., Calgary, Alberta, Vol. | and Il November 1990.

Sandwell., “Medium Scale Uniform Pressure Tests on First-Year Sea Ice at Resolute Bay, N.W.T. 1993”
Draft Final Report, Project 113077 by Sandwell Inc., Calgary, Alberta, to National Research Council,
Institute for Mechanical Engineering, Ottawa, Vol. | and I, August 1993.

Sandwell., “Reduction and Analysis of 1990 and 1989 Hobson’s Choice Ice Indentation Tests Data”
Final Report, Project 112588 by Sandwell Inc., Calgary, Alberta, to Conoco Inc. Exxon Prod. Res.
Co., Mobil R and D Corp. and National Research Council of Canada, August 1992.

Schulson, E.M., and Hibler, W.II, “The fracture of ice orscales large and small: Arctic leads and
wing cracks” Jnl. of Glaciology, Vol.37, No. 127, 1991.

Selvadurai, A.P.S. and others 1991, “New Ice Load Model” Report by Selvadurai and Associates Inc. and
Fleet Technology Limited, submitted to COGLA, Ottawa, April 1991.

Sinah, N.K., “In Situ Multi-year Sea Ice Strength Using NRCC Borehole Indentor”, Proc. of the 10th Intl.
Conf. O.M.A.E., 1991

Sinha, N.K., “Kinetics of Microcracking and Dilation in Polycrystalline Ice” in Ice-Structure Interaction
Jones, McKenna, Tillotson and Jordaan (Eds), IUTAM/IAHR Symposium, St. John’s, Canada, 1989,
publ. by Springer-Verlag, 1991

Sodhi, D., “Ice Structure Interaction with Segmented Indentors”, Proc. of IAHR Ice Symp., Banff,
Canada, 1992.

Steacy, S.J. Sammis, C.G. "An automaton for fractal patterns of fragmentation”, Nature, Vol.353, 19
Sept. 1991.

Timco, G.W., "Indentation and Penetration of Edge-Loaded Freshwater Ice Sheets in the Brittle Range",
Proc. Fifth Conference on Offshore Mechanics and Arctic Engineering, Tokyo, 1986.

Tuhkuri, J., and Riska, K., “Results from Tests on Extrusion of Crushed Ice” Report No. M-98 by the
Ship Laboratory, Helsinki University of Technology, Espoo, 1990.

Tuhkuri, J., “Analysis of ice fragmentation process from measured particle size distributions of crushed
ice” submitted to the Jnl. of Cold Regions Science and Technology, 1993.

Tuhkuri, J., “Laboratory Tests of Ship Structures under Ice Loading” Report No. M-166 by the Ship
Laboratory, Helsinki University of Technology, Espoo, 1993.

Varsta, P., 1983 On the mechanics of ice load on ships in level ice in the Baltic Sea, Thesis for degree of
Doctor of Technology, Technical Research Centre of Finland, Publications 11, Espoo, Finland.

Veitch, B., and Kivela, J., “Results of Ice Cutting Experiments with Cutting Tools Representing
Propeller Blade Sections”, Report No. M-183 by the Ship Laboratory, Helsinki University of
Technology, Espoo, 1993.

(7 paeyR&E



40

Veitch, B., “Results of Ice Cutting Experiments with Cutting Tools Representing Propeller Blade
Sections”, Paper to be presented at IAHR Ice Symposium, Trondheim Norway, 1994.

(7 paeyR&E



41

APPENDIX A - REPORT & FIGURES ON DISK

Disk 1 containsafolder ilcm_1, containing the text of this report and half of the
figuresin *.wmf (Windows MetaFile) format. Disk2 contains afolder ilcm_2,
containing the rest of the figures. The report was prepared in Microsoft WORD v6.
Y ou may need to use the Edit, Links... feature in WORD to reestablish the links to
the figures, which were not stored with the text. The figures were created with

Corel DRAW! v3, but are stored in a.wmf format for easier retrieval and use by
WORD. Y ou may contact Claude Daley, Daley R&E @ (613) 825-4582 if you have
any questions.
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