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Abstract

{cesstrict

is by a i distribution of pressure
across the impact zone. The interface between the structure and the parent ice consists of
a matrix of crushed and sintered ice, throughout which regions of intense pressure are
randomly dispersed.

The variation of localized pressures d during i i ion was
examined for several sets of data. Ice indentation tests conducted at Hobson's Choice lce
Island (1989), ship ramming trials of the Louis S. St. Laurent and the CanMar Kigoriak,
and one ice event which involved the offshore drilling structure 'Molikpaq' each exhibited
rapid fluctuations of pressure in space and in time.

Small regions of intense pressure are termed critical zones and arc identificd as
important elements in the crushing process. Fundamental properties of the high pressue
zones such as the average size, force and spatial density are quantificd. Critical zones are
of the order of 0.10m2 and may experience forces ranging from 0.1-4MN. The analyzed
data exhibited a reduction in the average pressure of a critical zone with increasing arca of’
instrumentation. A decrease in the spatial density of the critical zones (from 0.80 to
0.62 zones/m2) is proposed as a possible explanation for the noted scale effects.

Due to the random nature of the critical zones, a design methodology which combines
the statistical distributions for the zonal force, size, and number is proposed. Design
pressures over small areas may be obtained from a preliminary design curve which is fitted
to data from ice interactions with ships and stationary structures.
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Chapter 1

Introduction and Scope

Two different pressure-area relationships exist during ice-structure interaction; global
and local loads. Global loads refer to the total load sustained by the structure. These
loads may be applied over an area which encompasses any number of smaller, local areas.
Local ice pressures are required for the design of structural elements such as platings,

stiffeners, and stringers. A unique association between the local and global forces

d during ice-structure i ion exists. The i istribution of pressure
across the contact area strongly influences the magnitude of local pressures, and less

directly the global pressures.

The nonuniform distribution of pressure in the contact area is caused by small zones of
intense pressure which are dispersed throughout a larger matrix of background pressure.
The zones of high pressure are termed critical zones. Critical zones are characterized by
a parabolic distribution of pressure which is influenced by the degree of ice confinement,

tributary contact area, strain rate and the ice strength.



Although representative of a small portion of the contact area, critical zones support
most of the load within the interaction area. The region of background pressure accounts

for a smaller percentage of the total load. The intense pressures of the critical zone are

lower when the contact area is large , as evi by the ps

Global loads are computed through a process of averaging. The pressures associated
with global loads are substantially smaller than the locally experienced pressures. Design

equations for the offshore environment should discriminate between local and global

pressures. In view of the with i i i design
criteria have remained conservative. Knowledge of local pressures will lead to improved

design i which allow ion of ing in those areas where it is

most needed. A design methodology which incorporates the concept of critical zones is
proposed. The model should account for the random nature of the high pressure zones
and should also include a parameter which allows for the specific exposure of different

structural components.

Several basic parameters of the critical zone must be defined before such a model may
be established. Presently, little is known of the behavior of critical zones, An analysis

which involved several sets of data, covering a wide range of contact areas, was

to the basic s of the critical zone. The analyzed data
included medium scale indentation tests and full scale ice interactions involving ships and

offshore structures.



Numerous differences between the selected data sets exist. The effects of
instrumentation, ice strength, confinement, and the impact duration and velocity are
expected to influence the results. Different methods of ice load monitoring were used for
each test program, i.e. pressure transducers, strain gauges, and pressure panels. Figure
1.1 presents a comparison between the various areas of instrumentation. ~Spatial
resolution of the instrumentation systems ranged from 0.045m? for the Hobson's Choice
Indentation Tests, to 3.08m? for the Medof pressure panels installed on the Molikpaq.

_J Hobsons Choice | 1 )
“— 0.045m° 1 | CanMar Kigoriak
N 25’
1

_____ -

| Louis S. St Laureat
1 168

Medof Pagel
308"

Figure 1.1 Spatial Comparison of the Various Instrumentation Systems



The concept of critical zones will be applied to each data set. The high pressure zones
characteristic of the indentation tests will be compared with the pressures that are
representative of ship ramming trials. The critical zone parameters obtained from the ship
data will then be applied to the instrumented area of the Medof panels. Finally, the
concept of critical zones will be extrapolated to an interaction which involved a 2.7m thick

ice floe and the north face of the Molikpaq (see Figure 1.2).

comparison of instrumented first year ice floe with
areas from Figure 1.1 mui’hyear inclusions

60m
length of north face

Figure 1.2 Ice Interaction Event Encompassing the North Face of the Molikpaq



Chapter 2

Critical Zones: Essential Elements

in the Crushing Process

Crushing is a prevalent load limiting mode ofice failure during ice-structure interaction.
Frequently occurring with vertical structures and with sloping structures at high rates of
interaction, crushing is often accompanied by intense pressures and dynamic flucluations
inload. The cause of these load fluctuations has been the topic of much study (Xu 1981,
Nadreau 1987, Timco and Jordaan 1987, Hallam and ! ering 1988, for example). The
following is a description of the interaction process when dominated by the failurc mode
of crushing. Critical zones are identified as important elements in the dynamics of

crushing.



2.1 The Interaction Process

Investigation into the process of ice-structure interaction began in the 1960s, when the

search for and the need for navigati; aids prompted the initial installation

of offshore structures in the Baltic and at Cook Inlet, Alaska. At that time the

of ice-structt ion were little Design i

regarding the magnitude and distribution of ice loads was virtually non-existent,

The integrity of bridge piers in Russia was adversely affected by ice as early as 1962
(Khorzavin, 1962). Miittinen (1977) describes the collapse of the Kemi I lighthouse in
the Gulf of Bothnia as due to the dynamic effects of ice forces and greater than anticipated
ice crushing strength or pressure ridge loading. More recently, the ‘Molikpag', a mobile
arctic caisson located in the Canadian Beaufort, was subjected to intense dynamic

vibrations which approximated design loads and compromised the integrity of the sand

core, the primary of load attempts have been made
towards further understanding the interaction process. Design criteria for the arctic
cenvironment continue to evolve as the process of ice-structure interaction becomes more

clearly understood.

2.2 Interaction Zone Defined

Lee-structure interaction is characterized by varying intensities of pressure within the
contact zone. Multiple failure mechanisms occurring in the contact zone affect three
distinct regions of pressure. The first region, where intense local pressures are generated,

is termed the critical zone, A second region exists in which lower pressures are present.



This region may be likened to an area of "background pressure". The third region is one
in which pressures approximate zero. The cause of these distinct regions will be discussed

in detail subsequently.

Critical zones, Apy, are subject to high local pressures and pressure gradients (see
Figure 2.1). The presence of high stresses over local areas may be caused by spalls and
may also be attributed to the forced extrusion of damaged ice in a very narrow layer
between (nearly) solid ice and the structure (Jordaan et al,, 1990). Critical zones may
exist throughout the layer of ice immediately adjacent to the structure. They are more

likely to occur towards the center of the ice sheet where confining pressures are greatest.

Background pressure, AL, exists regardless of whether critical zones are present. The
pressure is associated with the ejection of granular ice in wide spaces. Such pressures are
not of sufficient magnitude to qualify as critical zones, but are nevertheless present, and do

contribute to the overall pressure when considering the total interaction area.

Areas in which pressures are close to zero, Ay, are associated with spalls. Propagation
of various fractures results in spall f rmation. In the process of ice-structure interaction,
fracture usually results from the propagation of flaws in zones with low confining
pressures (Jordaan et al, 1993). Medium scale indentor tests demonstrate that spalls
occur near the free ice surface, where confining pressures are lowest (Frederking ct al.,

1990).



Structure
Spall event

Ice sheet
w

Exlrusion

Figure 2.1 Three Regions of Pressure within an Interaction Zone
(Jordaan et al., 1990)

2.3 Damage Associated with the Crushed Layer

Dynamics associated with the crushing process have initiated much research in recent

years. The idea of a crushed layer of ice was first introduced by Kheisin and Ch

(1970). A cast steel ball was dropped on natural freshwater ice. The impacted area
comprised three distinct zones. The first zone (0-2cm) was one of total fracture and
comipression, exhibiting an upper layer of transparent ice as a result of partial melting.
The second layer (2-8cm) exhibited considerable translocation of crystals. Ice in this zone
contained numerous secondary inclusions in the form of air bubbles, which penetrated
along cracks (Kheisin and Cherepanov, 1970). The third layer (8-68cm) consisted of

radially distril cracks ing crystals irrespective of their size, shape, and

crystallographic orientation.



Medii 1e ind

tests at Hobson's Choice Ice Island (Frederking et

al, 1989) and laboratory

the ind ion process (Timeo and
Jordaan, 1987) also provide evidence of a distinct layer of crushed ice. As indentation
proceeds, zones of damage, defined as the cracking of ice in essentially compressive states
of stress (Jordaan and Timco, 1988), coalesce to form a well defined layer of crushed ice.
Microcracking and the propagation of tensile cracks are two forms of fracture which
oceur in the interaction zone. Microcracking in the ice starts some distance ahead of the
indentor in the zone of compressive stresses (Jordaan and Timco, 1988). Shear modulus
reduction and the enhancement of creep are the most important aspects of ice degradation

(Jordaan et al., 1988), and may be partly attributed to microcracking.

Spalling, defined as the movement of discrete ice pieces towards the free surface, is
produced by the unstable propagation of cracks in tension. Recent work by Jordaan et al.

(1993) used finite element analysis to simulate the occurrence of spalls. An immediate

of stress occurs to spalling. In effect, this stress redistribution
intensifies pressure in one or more regions within the interaction area, resulting in the

formation of critical zones.

2.4  Dynamics of the Interaction Process

The dynamics of the interaction process may be attributed to the physical mechanisms
active during the crushing and extrusion of ice in the contact zone. Repetitive crushing
and cle~ <ing have been observed frequently in the field as well as in the laboratory (Timco
and Jordaan, 1987). Indentation tests best illustrate the crushing process, simultaneously

providing controlled conditions under which fracture processes may be observed. In



spherical indentation tests the fracture process is seldom continuous (Jordaan et al., 1988).
Rather, periodic fracture events take place whereby pulverized material is extruded.
Extrusion tests performed upon crushed ice by Singh et al. (1993) demonstrated that the
extrusion of crushed ice was nearly continuous for slower tests (2.5mm/s), whereas
dynamical processes became dominant with increasing test speed. Variation in force was

reduced at the highest speeds (160mm/s).

Typical time series traces during indentation tests reveal sawtooth oscillations in load,
generally increasing as the maximum penetration is attained (Gagnon and Sinha, 1991).
As the indentor slowly proceeds forward, the state of stress in the contact zone rises and
there is a correspending increase in load. This causes a displacement in both the ice and
structure which is proportionally dependent upon their relative stiffnesses (Timco and
Jordaan, 1987). Microcracks start to form as the stress builds, relieving stress
concentr:tions in the ice and, when sufficient in number, decreasing the stiffness of the ice
sheet (Timco and Jordaan, 1987). As the contact area reaches its maximum sustainable

itiates a sudden load

load the ice immediately in front of the indentor fails. Ice failure i
drop and the indentor moves abruptly forward. Ice continues to be extruded, decreasing
the crushed layer thickness. The lateral extent of the crushed layer was also seen to vary,
fluctuating with the size of the fused zone (Singh et al., 1993). When the indentor
encounters a zone of relatively undamaged ice, once again the stress states in both the ice

sheet and indentor begin to increase.

This total process gives rise to an alternating series of ice pulverization events followed
by crushing and clearing which is controlled by the interaction rate and the relative
stiffness of the ice and the structure (Timco and Jordaan, 1987). Spalls and the

pulverization of already crushed ice will produce characteristic imprints upon the load



trace. Typically, load fluctuations include several quite large decreases and many smaller
decreases (Jordaan and Timco, 1988). The largest siress drops are a direct result of
spalling, whereas the more numerous smaller drops are a consequence of pulverization of
the existing crushed layer. The crushing process is dynamical in every aspect, from the
instantaneous variation of the crushed la, .r to the temporal and spatial variability of the

critical zones.

2.5 Pressure Melting

Pressure melting occurs as a consequence of intense pressures generated during the

crushing process. Load and pressure oscillations characteristic of the crushed layer were
examined by means of numerical analysis using finite element models (Jordaan et al.,
1993). This analysis demonstrated that load fluctuations may be directly related to the
process of pressure melting. It was proposed that variations in the viscosity and friction,
induced by the presence of a liquid layer, were important parameters in the crushing

process.

Dropped ball tests conducted by Kheisin and Cherepanov (1970) demonstrated the
existence of a liquid within the crushed ice layer. A liquid layer was produced during the
impact process by the transformation of work done by frictional forces into heat (Kheisin
and Cherepanov, 1970). Under pressure, the crushed material was suspected to contain 4
certain amount of the liquid phase. It was suggested that the crushed layer behaves as a

viscous liquid on impact,



Medium scale ice indentation tests conducted at Hobson's Choice Ice Isiand also
indicated a liquid phase. Rounded particles in the crushed layer and a temperature of 0°C
at the ice-indentor interface suggest the presence of a liquid. Further evidence of pressure
melting was provided by the incorporation of rust particles from the face of the flexible
indentor into grain boundary interstices (Gagnon and Sinha, 1991). A layer of ice with
rust particle inclusions several millimeters thick existed in the outer regions of the indented
face, indicating that substantial quantities of liquid water and rust accumulated in the low
pressure regions during the indentation process (Gagnon and Sinha, 1991). The authors
postulated that pressure melting, occurred at the ice-indentor interface and at interparticle

contacts. The lubricant produced then percolated throughout the crushed layer.

Te of the ice-ind interface during indentation were

obtained by a thermocouple mounted near the center of the indentor. Temperature trends
from the ice indentation tests are in accordance with the dynamics of the crushing process.
The thermocouple indicated regular decreases in temperature during increases in load.
This may be explained by intense local pressures, particularly near the center of the
indentor where critical zones are most likely to occur. Intense local pressures induce a
reduction in the melting point of ice. The depression in melting point with increasing
pressure arises from the fact that there is a reduction in volume when ice melts. If the
melting temperature is less than the local temperature, the ice will start to melt, removing
heat from the surroundings. Consequently, as the load increases, a drop in temperature
will occur in the high pressure zones (Jordaan et al., 1993). Refreezing occurs as a result
of reduced lateral confinement in the crushed layer. The pressure drops rapidly and the

melting temperature increases,



Gagnon and Sinha (1991) postulated that after each abrupt movement of the indentor,
the liquid, in direct contact with the cold indentor on one side and the cold intact ice on
the other, begins to cool and refreeze. In general, the net rises in temperature were
greater than the net falls since the time between events was insufficient for the heat

produced to be conducted away from the interface (Gagnon and Sinha, 1991).

It has been stated previously that the extrusion of the crushed ice is the primary

for the of energy provided by the indentor. The energy

required to form new surfaces, and that required to pulverize already crushed ice, is small

in comparison to the energy required to extrude the ice, a process which is highly

frictional. In order for pressure melting to proceed during the upswings in load, heat must

be absorbed from the ing ice. Asa the decreases with

increasing load. Pressure melting is not an energy dissipative process. Itisa

process, whereby energy, in the form of heat, is cyclically transferred between adjacent

regions of ice.

2.6 Sintered Ice: A Constituent of the Critical Zone

Relatively little work has been performed on the load bearing capacity of sintered ice.
Sintering may be defined as the process of neck formation between powder particles that
occurs when a powder compact is kept at temperatures below, but not far from, its
melting point (Maeno and Ebinuma, 1983). Sintering is driven by a combination of excess
free surface energy and externally applied pressures. Tests recently conducted on the
extrusion of crushed ice indicate that under large confinement and intense pressures, the

particulate ice loses its discrete, granular nature and becomes sintered, exhibiting behavior



similar to finegrained polycrystalline ice (Singh et al., 1993). Jordaan and Timco (1988)
also noted that pulverized ice was capable of resisting volumetric shear stress in a manner
similar to virgin ice. It is postulated that sintered ice, capable of sustaining intense
pressures, is a viable constituent of the critical zone.

It has been noted that the pattern of ions in ition to load

oscillations is a direct consequence of pressure melting. It is possible to envision a
scenario in which critical zones, coincident with the initiation of pressure melting, are
present only during upswings in load for brief, random intervals. Given that the local
melting at grain boundaries occurs at high pressure points, the melting could be short-
lived, since the action of melting and subsequent viscous flow would relieve the high stress
(Jordaan, personal communication). The transient nature of local melting is in accordance

with characteristic behavior of critical zones.

2.7  Extrusion Tests: Evidence for Critical Zoznes

The flow properties of crushed ice under plane-strain conditions were examined by
Singh et al. (1993). The following discussion is a synopsis of the tests resuits. A crushe.d
layer of 100mm thickness and density of 0.55g/cm3 was squeezed between rigid parallel
plates at various speeds ranging from 2.5mnvs to 160mm/s at -109C. A solid mass of
fused ice was observed in the central zone at the conclusion of the test (Singh et al., 1993;
Sayed and Frederking, 1992). A distinct boundary existed between the granular and fused
zones. This boundary, visible to the naked eye, was also supported by density
measurements. The density of the solid mass was nearly equal to that of polycrystallire
ice, while outside the fused zone, ti'z density remained unchanged from the initial value of

the crushed ice.



Sintering increased with the amount of applied pressure and the duration of loading.
The largest pressures recorded by the transducers during the plane-strain extrusion tests
were recorded near the center of the platen. In this region of high pressure, groups of

particles stick together, forming a fused mass of solid ice. At the edges of the high

pressure zone the presence of high shearing stresses enhances the damage process,

resulting in the breakdown of the crystal structure,

High pressures and the fused, solidified material suggest the presence of critical zones
By definition, critical zones are small regions of ice experiencing intense local pressures
and pressure gradients. It has been proposed that critical zones, sometimes referred to as
"hard spots", are comprised of relatively undamaged ice (Gagnon and Sinha, 1991). As
demonstrated by the crushed ice extrusion tests, sintered or highly compacted material is
capable of resisting stresses in a manner similar to polycrystalline ice. Critical zones may
actually be regions of highly damaged material which has fused to form a substance with

properties similar to, but unique from, polycrystalline ice.

2.8 Pressure Variation within the Crushed Layer during
Extrusion Tests

During crushed ice tests, pressures experienced by different transducers greatly varied,
depending upon their location in the extrusion channel. Pressures along the extrusion axis
ranged from maximum at the platen center to minimum ncar the channel exit. During
initial stages of extrusion the load was carried by a narrow central zone. Pressure varied
exponentially with a centralized peak. Increases in pressure effected a widening in the

load carrying zone, accompanied by a more rounded, parabolic distribution of pressure.
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Spalling alone does not account for the regular oscillation in load experienced during
the extrusion of crushed ice. Failure was not simultaneous throughout the channel, but
started just outside the critical zone, proceeding inwards towards the centralized zone.
Figure 2.2 presents the cyclic variation of pressure during the dynamic process of
extrusion. Initially the pressure distribution in the critical zone, extending 150mm radially
from the platen center, is convex and increases both in magnitude and area when the mean
pressure increases. A drop in pressure registers at point 2, indicating initiation of failure
which then moves towards the center. At point 3 the pressure within the critical zone,
currently reduced to 75mm radially from the center, drops as failure progresses.

Reduction in the contact area of the critical zone effects a sudden increase in pressure at

ion momentarily becomes concave. The high

the center, whereby the pressure distrib
pressure gradient near the center forces the ice in this area outwards towards low pressure
zones and, at point 4, the pressure distribution again becomes convex in the critical zone.

The process subsequently repeats itself.
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Figure 22 Cyclic Variation o Pressure
(Singh et al., 1993)



The lateral extent of compacted material is indicative of the approximate size of the
fused zone. As previously discussed, regions of fused material are associated with critical
zones. Extrusion tests demonstrated that critical zones formed at an early stage in the
slower tests. Conversely, since rapid extrusion is characteristic of faster tests, less

ccompaction occurs during the initial test stages.

2.9 Crushed Ice: Mohr-Coulomb versus Viscous Flow
Theory

At low pressures, crushed ice behaves in a manner similar to snow and can be modelled
as a frictional material following Mohr-Coulomb type behavior (Hallam and Pickering,
1988; Duthinh, 1991; Savage et al., 1992). In a series of tests executed by Singh et al.
(1993) it was shown that Mohr-Coulomb theory accurately predicted the pressure near the
exit for all cases examined. In comparison to centralized regions, ice towards the exit is
under reduced confinement. As such, grain boundaries exhibit large degrees of freedom,
enabling particles to act independently of one another. Additionally, laboratory
experiments on the flow of crushed ice (Sayed and Frederking, 1992) demonstrated slip
lines characteristic of Mohr-Coulomb behavior.

Mechanisms of compaction, pressure melting, and sintering transform areas of the
crushed layer into a fused material. Mohr-Coulomb theory is limited to cases where the
ice particles are distinct (Jordaan et al., 1990). It is not applicable to solidified material
exhibiting viscoelastic behavior, nor does it apply to areas in which a liquid exists. As
such, it does not pertain to central regions of the critical zone. Viscous flow theory is a
more acceptable model for the pressure distribution in these regions. In most cases the
distributions predicted by Mohr-Coulomb theory and viscous flow theory overlap, defining

a transition zone.



2.10 Modelliag of the Critical Zone

In order to develop a model for ice-structure i ion which may be ly
applied to general engincering applications it is necessary to simplify the complex,
heterogeneous process of ice crushing. Simplification of the interaction process involves
consideration of the most influential parameters of ice mechanics and the failure process.
The following sections (2.10-2.12) are based upon an ice load model developed by
Jordaan et al. (1990) with significant contributions from M. Maes. This model
approximates critical zones as elliptical in shape and models the extrusion of crushed ice
using the Navier-Stokes equations. Equations for the pressure generated by the flow of a

highly viscous, non-Newtonian, and possibly compressible material were also developed.

In developing a model to approximate the behavior of critical zones, an elliptical shape
was assumed. Variation of the eccentricity, e, of the ellipse yields diverse shapes ranging
from a perfectly circular critical zone (¢=0) to a flat strip (¢=1). It is assumed that the

elliptical zones are random in position, i and shape. The icity, e, is the

only shape measure (see Figure 2.3).

Figure 2.3 Variation of Elliptical Eccentricities



The thin space between ice and structure is modelled as an elliptic paraboloid with
variable curvature factor, y. Assuming the pole is in the center of the ellipse (=0, 0=0 in

polar coordinates) the polar equation of the ellipse at any point on its circumference (ry,

95) may be described by Equation 2.1, i.e.

DN D
(1-e2cosbs) 12

rs
Consequently, the thickness of the intermediate layer of crushed ice, 4, can be made to

vary as a quadratic in such a way that, at any circumferential point on the edge of the

critical zone, it has a thickness, /1, which may be given by Equation 2.2, i.e.
hg=hy(1+y) 2.2

Where /,, is the thickness at the center of the critical zone, its narrowest point (see Figure
2.4). The variable curvature factor, y , is the relative increase in crushed ice layer
thickness from its narrowest point (/) to its widest point (i) at the edge of the critical
zone. As illustrated in Figure 2.4, the widening of the three dimensional zone can be
adjusted with the variable curvature factor. A value of y=0 indicates a zonc of constant

thickness, whereas larger values indicate a wider zone. The parabolic variation of the

crushed layer thickness between h,, and /i, can be written as a function of 7 and © :

L+yr2( 0520)

1(r, 0)= by [ =

| 23

Substitution of (s, 8) into Equation 2.3 yields the crushed ice layer thickness at the

edge of the critical zone (k) in accordance with Equation 2.2.
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Figure 2.4 Various Crushed Layer ‘Ihicknesses

2.10.1 Pressure in the Extrusion Zone

A single partial differential equation for pressure in an extrusion zone with variable
thickness was generated by Jordaan et al. (1990) based upon the case of incompressibility

and Newtonian behavior.

19 _15P 30py__
ra'(’( Ul zae«h) =5)=M
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where the constant M is equal to:
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vo Kp

M=—""7"
ho 3

K is the frictional boundary condition for the ice-structure interaction, v, is the extrusion

velocity of the crushed ice, t is the viscosity of the ice, and p is the pressure.

Equation 2.4 was then applied to a single critical zone of elliptical shape with a short
axis length of b, and an eccentricity, ¢. The assumed boundary conditions are, first,

pressure at the edge of the critical zone is designated as py and second, for reasons of

symmetry, the flow velocity at the center of the elliptical zone is equal to zero.

A general solution to the partial differential equation may be found after lengthy
calculations involving the limiting cases of a circle (¢=0) and a flat strip (¢=1). The
following solution to Equation 2.4 was presented in Jordaan et al. (1990).

L e 26
Pt =P - ed) [y (1202 (1- 2 cos®)Z (142 g

Three profiles of the crushed layer were evaluated to determine the effect of layer
thickness on the distribution of pressure in the critical zone. First was the limiting case of
an extrusion zone with constant layer thickness (y=0). Appropriate substitution yiclds the
following pressure distribution equation:

Mb2 r2

b
Epgt e [
Pez = Ps ! b2 (1 - €2 cos20)
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5.6.2  Average Pressures: Medof versus Strain Gauge Data

An analysis of the average pressure associated with two burst files (3:20 and 3:21) for

each instrumentation system was conducted. Since the original data files were not

p were aged using a graphical method. For instance, the high
frequency loads recorded by the strain gauges were averaged by taking the mean of
individual peaks and troughs throughout the 60 second file duration (see Appendix A).
Similarly, the Medof panel pressures, obtained from the detailed panel plots, were also
averaged during the interval 3:20-3:22, corresponding to the first and second burst files.

Figures 5.18-5.20 demonstrate the comparison between the two instrumentation systems.

Comparison of N1 Averaged Pressures

1.407

[ Strain Gauge N1
[ Medof 482
W Medof 483

Pressure (MPa)

Event Event II

Figure 5.18 Comparison of N1 Instrumentation Average Pressures for Events I and IT
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Pressure (MPa)

Figure 2.5 (b) Parabolic Distribution of Pressure within a Circular Critical Zone with a
0.10m Radius (y=1)

Pressure (MPa)

Figure 2.5 (c) Parabolic Distribution of Pressure within a Circular Critical Zone with a
0.10m Radius (y = 3)



2.11 Application to Field Data

Jordaan et al. (1990) presented simplified equations governing the force and pressure
within a critical zone. The total force associated with a critical zone of given dimension 4,
shape e, and curvature of the extrusion zone v , can be calculated by integrating Equation

2.7 over the total arca:

J‘ Pez (r,8) rdrdé 2.8

2 < b2 (1-e2cos20 )

0<6<2n

This integral can be solved in a closed form using the mapping r->r*=r
(1+¢2c0529%)112, 8->0*=0 , which has a Jacobian equal to r*/(1-¢2c0s26*). This finally
results in:

Fim _‘th-L T L —sz 2.9
=42 - )1 m)A(L - )12 P eyin =

Alternately, since the area of an ellipse is equal to mab, which is the same as

nh2(1-¢2)"112, the above expression may be written as:

oo P Falt-H\2 w2 210
Pee ™ Ag b2 Pt 2 2- o) .

where pg, is the average pressure of the entire critical zone.
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Referring to Equation 2.6, a general expression for the peak pressure Py, oceurring at

the center of the zone (» =0, 6 = 0) may be stated as follows:

G e Mb2 (2 3

o7 P s e :
2.9-2.11 are i in the ication to field scale data. Using the
of the peak i pressure in an individual critical zone and the

approximate size of the critical zone (both parameters readily available in field data) the
force associated with that particular critica' zone may be determined. Average pressure
over one critical zone may then be calculated from the corresponding total force and area

of the zone.

2.12 Critical Zones: Setting a Stress Threshold

In order to determine the size of a typical critical zone a decision must be made about
which pressures are considered "critical" on a localized scale. Definition of a “threshold
stress" enables the construction of spatial boundaries for the critical zone. The threshold
stress is a set pressure above which, areas are deemed "active", and below which, arcas

are considered "inactive". In this manner the size of a critical zone may be determined.



The threshold stress was determined from two theories that are jointly used to describe
the pressure distribution within a critical zone. A clearer picture of the high pressure-area
is obtained by assuming the transition from Mohr-Coulomb behavior to viscous flow
theory defines the threshold stress for a particular critical zone. Using density and
compaction measurements, a distinct boundary may be drawn between the highly

centralized fused zone and the granular zone.

Ice in the outer extremities of the critical zone has a density not much different from the
initial crushed, granular layer (0.5g/cm3). hence it is suitable for Mohr-Coulomb analysis.
Mohr-Coulomb theory has been proven to accurately predict pressure near the edges of
the critical zones for all cases, as well as the overall pressure distribution during initial
stages of extrusion. The edges of the critical zone are areas of intense activity producing
radical variations in the size and shape of critical zones. Spalls and various other forms of
damage, ranging from the decomposition of crystal structure to cracking, may occur at the
perimeter of the critical zone. Intergranular cohesion and friction significantly influence

the distribution of pressure in these regions.

The innermost region, modelled using viscous flow theory, is considered to be
incompressible due to significant amounts of compaction which occurred during the initial
stages of extrusion. Experiments conducted by Singh et al. (1993) have shown that ice in
these highly confined regions has a density close to that of polycrystalline ice (0.8g/cm3).
The boundary between the two radically different regions of ice may be used to determine
the approximate distance from the center and pressures at which the transition between

Mohr-Coulomb and viscous flow theories occurs.



Previous work by Jordaan et al. (1990) demonstrated that the transition may occur
between 35-50 percent of the radial dimension of the critical zone (see Figure 2.6).
Experiments conducted on crushed ice show that the fused zone approximates 150cm
radially from the center of the critical zone. This value is a very rough estimate
considering that zonal dimensions vary in time with pressure, the failure mechanism, and
the crushed layer thickness. Crushed ice extrusion tests (Singh et al., 1993) indicate that
the transition from Mohr-Coulomb to viscous flow occurs roughly at 40 percent of the
short axis dimension of the critical zone. Stresses corresponding to this transition point
may be approximately 20-40 percent of the peak pressure at the center of the critical zone.
Using this criterion the transition from Mohr-Coulomb to viscous flow theory occurs at a

pressure of 2MPa, a reasonable value according to the crushed ice tests.

Definition of a threshold stress enables a distinction to be made between regions of high

pressure and regions of backgl pressure. The approxi size, force, and pressure

of the critical zones may be determined from field scale data, based upon the previously
discussed ideas. The concept of critical zones may be directly applied to the medium scale

tests, discussed

dotted lines are continuations of
Mohr-Coulomb and viscous flow
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Figure 2.6 Transition from Mohr-Coulomb to Viscous Flow Behavior
(Jordaan et al., 1990)




Chapter 3

Medium Scale Ice Indentation Tests

3.1 Introduction

Ice indentation tests provide a controlled environment in which to observe ice failure.
An investigation into the contact pressures generated by various interaction geometries
and indentor stiffnesses was conducted at Hobson's Choice Ice Island in 1989 and 1990.
Data from the 1989 and 1990 Ice Island Program provide a basis for the practical
application of the critical zone concept. Numerous pressure cells installed on the face of
the indentor documented the rapidly fluctuating pressures across the contact area as
penetration proceeded. The actuator force was also recorded, enabling a comparison to

be drawn between the applied load and the predicted force of the critical zone.



The Ice Island was a 20km? ice floe that calved from the Ward Hunt Ice Shelf in 1982,
Located northwest of Ellef Ringnes Island, the 45m thick shelf ice was bounded on cither

side by multiyear landfast sea ice and multiyear pack ice (see Figure 3.1). The indentation

‘were in i pack ice, 10-1im in thickness.
Crystallographic analysis of cores taken at the test site revealed layers of snow ice, frazil

ice, and columnar ice, with salinities ranging from 0% to 4% (Gagnon and Sinha, 1991).

MLSE:  multiyear landfast sea ice previously attached to the|
front of Ward Hunt Ice Shelf and still attached to the
ice island

MYPI: multiyear pack ice that has become attached and
since the ice island calving

Figure 3.1 Location of Test Site on Hobson's Choice Ice Island
(Frederking et al., 1989)
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A description of the ice indentation system was provided by Frederking et al. (1990).
In contrast to the three actuator configuration for the 1990 test program, the 1989 test
series used a single hydraulic actuator, mounted upon a large skid for facilitation of
positioning. The single actuator had a force capacity of 4.5SMN, a stroke of 300mm, and a
maximum velocity of 100mm/s. The actuator motion was controlled by a servovalve
which operated under closed loop control. Energy to operate the actuator was supplied
from a bank of hydraulic accumulators (oil over air pressurized to 35MPa). A high speed
data acquisition system was used to record local ice pressures, the actuator force, and the
displacement with respect to the ice face. Scan rates as high as 1000 readings per second

for each channel were used.

The tests were performed in an excavated trench, 3m deep and 65m long. The indentor
was lowered into the trench and towed the three meter distance between successive test
faces. The indentation surface was molded into a truncated vertical wedge, with shallow
sloping sides at 1:3 and a flat face. The wedge shape was selected to ensure an initial
contact area sufficiently small to initiate crushing failure at a load less than the capacity of
the actuator (Frederking et al., 1989). The vertical wedge also allowed for the rapid

increase of contact area with penetration of the indentor into the ice.

Two tests from the 1989 test program have been selected for analysis, NRC06 and
NRCO7 (see Table 3.1). Both tests used an 0.8m? compliant indentor, designed to
simulate the hull section of a ship. Loads and pressures measured with the flat flexible and
flat rigid indentors are similar in value, indicating that the indentor stiffness does not
significantly affect ice pressures and loads (Masterson et al., 1993). Additionally, velocity
was not found to have a substantial effect upon nominal ice pressures. The data recorded

during tests NRC06 and NRCO7 may be applied to a wide range of loading conditions.



Table 3.1 Test Results of 1989 Ice Indentation Program
(Frederking et al., 1989)

Test Ice Face Rate Max | Loading | Initial | Final Ice
Number | Shape | {(mm/s) Load Period Area Area | Pressure

N | © | @) | my) | Mear

NRCO06 | 120mm 19 1.8 1.9 0.12 0.24 6.7
1:3 slope

NRCO7 | 240mm 68 45 0.4 0.24 037 122
1:3 slope

* maximum average ice pressure

The flexible indentor was constructed from 17mm thick plate, welded to stiffeners at a
300mm spacing. It conformed to the current proposals for revision to the Canadian Arctic
Shipping Pollution Prevention Regulations (CASPPR). These revisions predict ice
pressures ranging from 7.7MPa to 15.4MPa, depending upon the class of ship, for a
300mm frame spacing. Based upon a plate thickness requirement of 20-28mm for
310MPa steel, plastic deformation could be expected in the 17mm thick plate selected for
the indentor. No permanent deformation was observed after NRCO6 (maximum average
pressure 6.7MPa). Permanent deformations of 17, 4, and 13mm were observed in the
center of each of the three indentor panels after NRCO7 (maximum average ice pressure

12.2MPa).



Extreme pressure gradients e«isted across adjacent pressure cells on the indentor face.
Total load versus penetration and nominal pressure versus penetration typically exhibited
high frequency sawtooth behavior, particularly at high rates of indentation, accompanied
by vibrations of the order of 20-40Hz (Masterson et al., 1993). The dynamics of the
indentation process indicate load buildup followed by pulverization and an enhanced rate

of ice extrusion.

3.2 Characterization of the Failure Zone
The following discussion of the failure zone is based upon an analysis of the 1990
Hobson's Choice test series by Meaney et al. (1991). The analysis is taken as

representative of both the 1989 and 1990 field tests.

Crushing was observed during i ion for all tests. Cl isti a fine matrix

ofice particles was ejected from the perimeter of the interaction zone. Three regions were
identified in the impacted area. First, spalled areas were present at the periphery of the
contact surface. There was also evidence of zones of crushed or pulverized ice, generally
associated with lower pressures and of a white or lighter hue. The whitish hue may be
caused by pockets of air which became entrained in the ice during the crushing process.
Third, regions of blue or darkly shaded areas existed where the crushed layer was absent.
The dark blue regions appeared undamaged when viewed on a macroscopic scale.
However, thin section analysis of the darkened regions revealed significant damage to the
crystal structure.  Typically, these regions occurred at the ice-indentor interface and

immediately behind the crushed layer.



Transition from the crushed ice to the parent ice was generally quite distinct
(Frederking et al., 1990). The crushed layer was designated as pulverized or sintered
material, white in color, and usually isolated from the less granular material behind it by an

individual macrocrack or a network of cracks. This layer typically contained large, 25mm

diameter or greater, relatively particles by finely pulverized ice. It
was noted during the test program that the crushed material at the periphery of the contact
face appeared to be less consolidated than the material at the center. Ice near the edge of’
the contact area was soft and could be easily broken off by hand (Frederking et al., 1990).
Ice was quite solid near the center of the contact area. The ability to extract an ice sample

from the crushed layer and prepare thin sections suggests that the material may have

undergone pressure melting and sintering during the interaction.

Crushed layer profiles were obtained by measuring the layer thickness on an
incremental grid imposed on the impacted face. The surface in Figure 3.2 represents the
test face with the crushed layer removed. Peaks correspond to a cmished layer thickness
of zero. A mean crushed layer thickness of 41lmm, with the maximum thickness reaching
173mm, was obtained for the first test of the 1990 program. The crushed layer is thinnest
in the stiffened regions. Contrary to what one might have expected, zones of intense
pressure did not coincide with areas in which no distinct crushed layer existed. This was
shown by an analysis that superimposed the final recorded pressures on the interaction
area (Meaney et al., 1991). A comparison of damaged ice at equal distances from the ice-
indentor interface revealed that ice situated behind the crushed layer sustained less damage
than ice behind regions without a crushed layer. It was postulated that the pulverized
material acted as a buffer for the mechanical energy input by the indentor (Meaney et al.,

1991).



Thin section analysis revealed significant damage in regions where the crushed layer
was absent. The term "intact" ice is a misnomer. The darkened regions of ice should not
be considered characteristic of the virgin material. In contrast to the parent crystal
structure of 5-10mm, regions with no distinguishable crushed layer are characterized by a

finegrained matrix with grain sizes of the order of one millimeter. In all zones, the severity

of damage decreased with increasing distance from the ice-structure interface.
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Figure 3.2 Surface Profile of Impacted Face with Crushed Layer Removed
(Meaney et al., 1991)

3.3 Distribution of Pressure within the Contact Zone

As previously discussed, critical zones are regions of ice that are subject to extreme
pressures.  These zones, highly variable in space and time, sustain extensive damage.
Healing of the ice through the combined processes of pressure melting and sintering forms
«a matrix similar to the parent material, which is capable of supporting pressures of the
order of 70MPa. Unlike the parent ice, the fused matrix has a higher compliance and is

more prone to viscous flow.




The indentor plating was instrumented with eight 12.7mm diameter pressure sensors
(Figure 3.3). The sensors provide valuable information about the fluctuating pressures
within the contact area. Typically, a sawtooth pattern was characteristic of all pressure
transducers (see Figure 3.4). Intense pressures across the contact arca indicate the
presence of critical zones. An investigation into the spatial and temporal variations of
pressure across the contact area was conducted by analyzing individual cycles of sawtooth
dynamics. Figure 3.5 presents three cases chosen for NRC06, where the mean pressure
was obtained by averaging data from the activated transducers. The cyclical rise and

abrupt decline of loading were examined in detail at numerous points for the three c:

e

(see Figure 3.6 for cases 1, Il and 11I).
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Figure 3.3 Location of Pressure Sensors on the Flexible Indentor



Hobson's Choice 1989 Indentation Tests
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Figure 3.4 Characteristic Sawtooth Pressure Pattern for NRCO6 (sensors P4-P5)

Hobson's Choice 1989: Mean Pressure for NRC06
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Figure 3.5 Cases Chosen for a Detailed Analysis of NRC06




Hobson's Choice 1989: Mean Pressure for NRC06
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Figure 3.6 Cases I and II: Selected Points for the Examination of Critical Zones

A visual presentation cf the active transducers for selected points in time is presented in
Figure 3.7. All transducers above a 2MPa threshold stress are considered active, hence

they are shaded. Regions of intense pressures are limited to very small areas, usually

only 3-4 A ison of the actuator force to the force of
the critical zone reveals that the critical zone accounts for as much as 98 percent of the
total load exerted on the contact zone. The force of a critical zone (directly proportional
to its radial extent and to its average pressure) is underestimated when the high pressure

zone extends beyond the instrumented area.
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Figure 3.7 Critical Zone Activity for Cases [ and II, NRC06

Tests conducted on tl= extrusion of crushed ice (Singh et al., 1993) indicate that in
arcas of high pressure, ice failure occurs at the perimeter of the critical zone, where the ice
is less dense and more prone to viscous flow. Failure then proceeds inwards towards the
center of the critical zone. The sequence of events that occurs during the failure process
has a pronounced effect upon the pressure distribution in the critical zone. Once failure is
initiated, the pressure in the center of the critical zone suddenly increases and the pressure
distribution momentarily becomes concave. The higher pressure near the center of the
critical zone forces ice in this area out towards zones of lower pressure, creating a convex

pressure distribution.



Indentation tests also provide evidence of the above mentioned failure process. Case |
shows the gradual inclusion of an increasing number of transducers as the load rises from
point A to point E (Figure 3.7, previous page). Immediately after point E, the ice fails and
there is a substantial decrease in pressure. The region of background pressure increases
while the radial extent of the critical zone decreases. Within 0.0C2 seconds a 58 percent
reduction in the area of the critical zone occurs. The critical zone shrinks from 0.044m? to
0.026m?, with the largest drops in pressure occurring on transducers PS, P6, and P7 (see
Table 3.2). As the size of the critical zone decreases so does its corresponding force.
Similarly the greatest decrease in pressure for Cases 11 and 111 occurs in the central region

of the critical zone (see Figures 3.8-3.11).

Table3.2 Pressure for Indivi T
Pressure Decrease (MPa)
NRCO06 NRC07
Pressure Cell Case | Case Il Case 111 Casel
(E-F) (K-L) (Q-R) (D-E)
1 -1.2MPa +0.8MPa -2.2MPa -4.5MPa
2 +1.1 +0.7 +2.0 -8
3 -0.9 -0.1 +0.1 0.1
4 -5.0 =232 +0.5 -24
5 -147 -147 -25.7 0.0
6 2.4 -2.8 -13.0 -13.3
7 -5.2 -0.2 0.0 -48
8 -0.1 +0.50 +0.6 -13.62




| Pressure Distribution Across Indenter Face: P4, PS, P6
Case I
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Figure 3.8 (a) Case I: Pressure Fluctuation Across Central Cells (Points A-C)
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Figure 3.8 (b) Case I: Pressure Fluctuation Across Central Cells (Points D-F)



Pressure Distribution Across Indenter Face: P4, PS5, P6
Case Il
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Figure 3.9 (a) Case II: Pressure Fluctuation Across Central Cells (Points G-1)
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Figure 3.9 (b) Case II: Pressure Fluctuation Across Central Cells (Points J-L)
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Hobson's Choice 1989: Mean Pressure for NRC06
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Figure 3.10 Case III: Selected Points for the Examination of Critical Zones
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Figure 3.11(a) Case III: Pressure Distribution Across Central Transducers (Points M-O)
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Figure 3.11 (b) Case III: Pressure Distribution Across Central Transducers (Points P-R)
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Figure 3.11 (c) Case IlL: Pressure Distribution Across Central Transducers (Points S-T)
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Case 11 documents the greatest single difference in pressure on one transducer at
consecutive instants in time. During the 0.002second interval between Q and R, pressure
decreases of 25MPa and 13MPa were registered on PS5 and P6, respectively. Less radical
drops in pressure occurred towards the periphery of the zone. A decrease in the critical
zone area was expected to occur as a result of the drop in central pressure. A reduction in
the radial extent of the critical zone after ice failure was evident from Cases I and II.
Similarly, the size of the critical zone should decrease during Case IIl. However, since the
full extent of the critical zone was not detected by the relatively small region of
instrumentation, the high pressure zone appears to remain constant (point Q to point S in
Figure 3.12). Fluctuations in area occur at the perimeter of the zone, in a region which

extends beyond the instrumentation.

The abrupt failure after load buildup for Case III was further investigated by

three di i pressure distributi for several instants in time (see

Figures 3.13-3.15). The time intervals 5.411sec, 5.413sec and 5.417sec correspond to
points Q, R, and S in Figure 3.10. In addition to demonstrating the spatial and temporal
variability of the critical zones, the three dimensional plots confirm that the zonal
distribution of pressure may be accurately modelled as a paraboloid (see Chapter 2).

Contour plots of the pressure distribution over the i area the three

dimensional graphs. The two dimensional representation of the pressure distribution
illustrates the steep gradient between the critical zone and the surrounding regions of

background pressure.
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Figure 3.12 Critical Zone Activity for Case I1I
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3.4  Extrapolation of the Critical Zone Area Beyond the
Instrumented Region

During ice-structure interaction, the contact area is comprised of three distinct regions
of pressure, i.e. critical zones, background regions, and spalled areas. The high pressure
zone supports a major portion of the applied load. Regions of background pressure
account for the remainder of the applied load, which is expected to be minimal. Spalled
areas have no load bearing capacity. The 4.15-4.20 second interval of NRCO6
demonstrates that the force of the critical zone, as estimated from the pressure sensor
data, represents 98 percent of the actuator force (sce point A, Figure 3.16). Subsequent
to this interval, the comparison between the critical zone and actuator force reveals a
consistent underprediction of the critical zone force (over the instrumented area). The
average force of the critical zone for combined tests NRC06 and NRCO7 is 0.82MN, only

43 percent of the mean actuator force.

The underprediction of the critical zone force (see Figures 3.16, 3.17) may be
attributed to the small region of the indentor that was instrumented. While the pressure
cells are an excellent indication of what is happening at the center of the indentor, they do
not provide information about other regions of the interaction zone. The difference
betv:zen the actuator and critical zone force increases as the interaction proceeds, i.e. as
the contact area broadens. During the initial stages of loading, the critical zone
approximates a shape previously identified as a "contact line" (Riska, 1987). As the
indentor advances, the critical zone widens, occupying a circular area which, typically,
extends beyond the instrumented region (Figure 3.18). At best, the pressure sensors
account for only 23 percent and 13 percent of the contact areas for NRC06 and NRCO7,
respectively. Consequently, there is an improved correlation between the compared forces

for NRC06.
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NRCO06: Comparison of Actuator Force vs. Critical Zone Force
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Figure 3.16 Actuator Force in Comparison to the Force of the Critical Zone over the
Instrumented Area for NRC06

NRCO07: Comparison of Actuator Force vs. Critical Zone Force
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Figure 3.17 Actuator Force in Comparison to the Force of the Critical Zone over the
Instrumented Area for NRC07
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Figure 3.18 Radial Expansion of the Critical Zone with Increasing Contact Width



3.4.1 Quantifying the Extended Area of the Critical Zone

If the critical zone is to be accurately depicted, its extent beyond the instrumented
region should be assessed. The maximum area of the critical zone is obtained by assuming
that the critical zone supports the total load applied by the indentor. Equation 3.1 was

formulated to account for the maximum extent of the critical zone.

F,
it - Y 31

Pezqr)

Acz(max) =

where ACZ(max) = Maximized area of critical zone

Faet = Force of the actuator

Pez = Mean pressure of the critical zone in the instrumented region

In Equation 3.1 it is assumed that the maximum area of the critical zone supports the
total force of the indentor. In actuality, regions of background pressure would support a
certain portion of the applied load and spalled regions would not carry any load. The
bearing capacity of the background region is not able to be assessed from the available
data. As a result, the actual area of the critical zone is indicated by a range of estimates.
The lower bound for the area of the critical zone is provided by the instrumented area and
an upper bound (the modified area of the critical zone) is provided by Equation 3.1.
Equation 3.1 assumes that the average pressures in the instrumented and extrapolated

areas of the critical zone are equal,



Figures 3.19 and 3.20 present a comparison of the maximum critical zone area
(calculated from Equation 3.1) to the instrumented area of the critical zone (indicated
from the pressure cell data) for tests NRC06 and NRCO7. The compared areas are
substantially different during the 4.85-5.10 second interval of NRC06. During this period,
the maximum area of the critical zone ranges from 0.08-0.13m2, 38-66 percent of the
contact area, respectively. The pressure sensors indicate an unchanging area of 0.052m2

for the critical zone during the interval noted.

The overall shape of the critical zone and the direction in which it extends may be
inferred from information about the contact width and the location of the active sensors
(with respect to the inactive sensors). During the 4.85-5.10 second interval the contact
width, 194mm, does not greatly exceed the instrumented width, 150mm. Additionally, the
critical zone is bounded on the left side by a row of inactive transducers (see Figure 3.21).
Since the lateral expansion of the critical zone is limited by the relatively narrow contact
width, it is presumed that the high pressure zone extends along the longitudinal axis of the
indentor. The maximum area of the critical zone, as extrapolated beyond the instrumented
region, is sketched in Figure 3.21. The most extensive critical zone occurred at 4.90
seconds during the NRCO06 testing period (see Figure 3.19). An upper bound for the arca

of the critical zone at this point is 0.13m2, 66 percent of the contact area.

Upon concluding test NRCO7 photographs were taken of contact zone (Frederking et
al., 1989). These photographs reveal a long, slender region with a dark, blue hue,
extending along the imprint left by the indentor. No distinct layer of crushed ice exists in
this region. It is inferred that recent pressures were of sufficient magnitude to extrude the

layer of crushed ice. As i in Chapter 2, i ing the final pressures on the
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contact face did not reveal a correlation between the highest pressures and the dark blue

region. The critical zone is believed to correspond to those areas of the contact area

where a distinct layer of crushed ice is present. As pressure in the critical zone peaks, the

layer of crushed ice is extruded, and the zone alters its shape and position.

It is possible

that regions previously occupied by critical zones correspond to the darkened zones (at

times, incorrectly termed "intact" ice) which have little or no layer of crushed ice.
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Figure 3.19 Comparison of Maximum and Instrumented Critical Zone Areas for NRC06
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Figure 3.21 Extrapolation of the Critical Zone beyond the Instrumented Region (NRC06)



3.5 Establishing Representative Values for the Basic
Critical Zone Properties

To incorporate critical zones into a statistical or deterministic model for ice load
p