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Abstract

ice

Medium-scale indentation tests, such as Pond Inlet 51984) and Hobson’s Cl
Ice Island (1989,1990), have shown that during rapid crushing events the failure
zone can be ch: ized by distinct gi ii‘hc behaviour of the damaged
ice and crushed material located at hard spots or ‘critical zones’ of moderate to
high confining pressures during interaction ecvents is scen as the key to dynamic
fluctuations in load and local peak pressures.

C ly, an i | program i igating the influence of microcracks
on the creep response of polycrystalline, !I‘alllll:l‘ freshwater ice subject to hydro-
static confinement was conducted. The main objective of the test program was
to better und d the creep behaviour of damaged ice ted at the contact
zone during ice-structure i i A series of ive stress pulses, which
ra.ndged from 0.3 MPa to 2.6 MPa, were applied *o intact and pre-damaged samples
under confining pressures of 0, 4, 10 and 20 MPa. The damage state was nominally
uniform for all tests which was developed by loading the ice sample at a constant
displacement rate of 1074 s~* to 2% axial strain.

Although the elastic response vas inally infl d by the pre-d ing path,
the itude and rate of crecp strain was significantly enhanced ind; I
of the hydrostatic pressure. Also, the creep deformation was non-lincar with ap-
plied deviatoric stress and exhibited a tendency for viscous processes to dominate at
higher load levels. One of the key findings was the magnitude of lateral strain, hence
volumetric deformation, and shear strain developed independently of the confining
pressures i igated. The iderable enh and linearity of creep
strain evident in the experimental program has significant implications when con-
sidering full-scale events. Furthermore, the ﬁm‘ling’lI point to possible simplifications
to ice-load models and constitutive relationships that may be utilized in continuum
analysis of ice-structure interaction.
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Nomenclature

A - constant, reference strain-rate per unit stress (mm-mm="'.s~".MPa~1),
b - power index & 1/n.
c - constant for reference grain size {mm).
d - material grain size (mm).
dy - reference grain size.
D(t~7) - creep compliance function,
e - equivalent strain (mm:mm-!).
é - equivalent strain-rate (nmmm~!.s"!).
E - elastic modulus (MPa).
Ey - elastic modulus of tLe Kelvin unit (MPa).
E. - elastic modulus of the Maxwell unit (MPa).
E, - is the initial modulus of intact material (MPa).
f(Ss) - damage effect parameter.
- constant.
n - power law constant, typically taken as 3.
Ny - number of grains per unit area.
N - is the rate of crack nucleation.
N, - is the rate constant.
P - hydrostatic pressure (MPa).
q - stress exponent.
s - constant = 1.
S - von Mises stress (MPa).
So - Schapery’s damage parameter.
t - time (s).
Tn - melting point (° Kelvin).
a - inverse relaxation rate (s~!).
€ - strain (mm-mm™!)
1) - ume-dependen! deformahon (mm:mm-~!).
- viscous strain (mm'mm=!).
€ - delayed elastic strain (mm:mm~?).
& - elastic strain (mm-mm-1),
& - deviatoric strain (mm-mm™).
& - volumetric strain (mm®mm=3).
€23 - principal strains (mm:mm™1).
é - strain-rate (mm:mm~".s~1),
A - reference viscous strain-rate (mm-mm™*
€ - reference strain-rate (mm-mm-"s7%),
é - volumetric strain-rate (mm®mm

x



- is the damage parameter.
- applied stress (MPa).

- critical stress for crack nucleation (MPa).
- deviatoric stress (MPa).

- normalizing or unit stress (MPa).

- volumetric stress (MPa).

- applied shear stress (MPa).

- viscosity of the Kelvin unit (MPa-s™!).
- viscosity of the Maxwell unit (MPa-

xi



Chapter 1

Ice—Structure Interaction:
Rationale for Ice Mechanics
Research

‘The majority of Canada’s offshor> natural resources, such as mineral deposits and
hydrocarbon reserves, are situated on the continental margins. Exploration and

recovery of these resources, in Arctic and sub-Arctic waters, presents a formidable

T

hallenge to the engineering and scientific di: One of the most important
factors to consider in design is the magnitude of ice pressure exerted on offshore
structures and vessels. Estimating reliable design ice loads is essential to ensure

structural integrity and economy of design.

The development of interaction models based on how ice deforms and ultimately
fails appears to be a relatively straightforward engineering design problem. How-
ever, past investigations have shown that average global ice pressures range from
10 MPa in small-scale laboratory tests to 0.5 MPa for impacts of multi-year sca

ice with artificial islands. This pronounced variation between measured index me-



chanical properties and full-scale ice behaviour is known as the scale effect. The
phenomenon has been generally associated with non-simultaneous, brittle failure
and statistical distribution of flaw size; see for example Iyer (1989) or Sanderson
(1988). Consequently, prediction of ice forces is typically empirical in nature and
based on extrapolation of data by considering the contact area or aspect ratio (Fig-
ure 1.1). Moreover, ice-structure interaction events are complex and depend upon
many factors, such as inherent material and mechanical properties of ice, degree of
confinement, structural compliance and contact geometry. Also, recent laboratory
and field investigations have indicated that friction or pressure melting and sintering
are active mechanisms. Although the crushing mode of failure is generally observed
during interaction events, the process can be compounded by mixed-mode deforma-
tion (i.c. crushing coupled with splitting, out of plane flexure, spalling, or buckling).
Typically during crushing events, regions of damaged and crushed ice are generated

at the contact zone and discrete particles are ejected at the free surface.

Experience with small-scale indentation tests (Kry, 1978), lighthouses (Maattanen,
1977) and Cook Inlet platforms (Blenkarn, 1970) revealed that during a predomi-
nantly crushing mode of failure, there was a cyclical variation in the load accompa-

nied by ibrati Although izing the signifi of ice-induced

b

past design d that only narrow, flexible structures
would be susceptible. In the winter of 1986, however, the Beaufort Sea structure
Molikpag experienced severe vibrations due to the repeated crushing failure of a
multi-year ice floe which produced an eight metre high pile of pulverized ice adja-

cent to the structure (Jefferies and Wright, 1988). A prominent feature of the
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was a phase-lock ph which enhanced the peak ice loads and

increased the amplitude of vibration.

In an effort to understand the scale effect and dynamics of the ice crushing crushing
process, 2 number of medium-scale indentation tests, such as Pond Inlet (Johnson
and Benoit, 1987) and Hobson's Choice Ice Island (Frederking et al., 1990) have been
jointly undertaken by government, industry and university research establishments.
Typical average global pressures exerted were on the order of 3-5 MPa, whereas local
peak pressures attained magnitudes of 60 MPa or more which had a characteristically

varied spatial and temporal distribution accompanied with steep pressure gradients.

Clearly, the design of offshore structures to resist ice forces is a demanding task which

must consider average global ( ion, stability),

and dis-

tributions of peak local pressures (framing members, plates) and dynamic vibrations
(working conditions, structural integrity). The complexity of ice-structure interac-
tions has hindered the development of any rigorous method for the calculation of
design ice forces. Although there are many empirically based methods oriented
toward deterministic or probabilistic design loads, the difficulty lies within the de-
velopment of a ‘simplified’ ice load model based on index mechanical properties and

field data which accurately predicts full-scale behaviour for a number of scenarios.

C ly, in the devel of itutive laws and failure criteria for ice,

numerical techniques, such as the finite element method (FEM) appear to be most

promising. However, any ly or ical model is de dent on the quality
of ice mechanics. Only by i

of input and basic




the underlying failure mechanisms involved can one develop a more realistic approach
in ice mechanics to analyse interaction events and establish a foundation upon which
accurate and reliable ice loads can be determined.

The focus of this thesis is to investigate the influence of microcracks on the creep
deformation of granular, freshwater ice subject to triaxial compressive stress stales,
The experimental program aims to ‘simulate’ the behaviour of the highly damaged
crushed material, subject to volumetric and deviatoric stress states, which is created
at the contact surface during ice-structure interactions. Using this approach, the

ultimate goal is the development of a realistic ice load model to aid in the design of

offshore structures. The scope of the work d hercin may be ized as
follows:
1. Literature review of the damage process in ice with specific reference to labo-

ratory and field data concerning compressive failure.

Ld

Description of the test program including laboratory apparatus and experi-

mental procedure.

L

Analysis and discussion of the test data.

Critical assessment of the major findings and recommendations for future re-

search.



Chapter 2

Deformational Behaviour of Ice

Recent investigations have shown that'the d; i iated with ice-sf
interaction events can be, in part, related to the physical attributes of the con-
tact zone. The process whereby an intact ice feature progressively damages and
crushed material is subsequently extruded with continued deformation is presently
the subject of considerable interest.

The scale effect necessitates the combination of full-scale observations, field mea-

and lled lab y i whereby key parameters for the

development, of an ice-load model can be characterized.



2.1 Continuum Viscoelastic Response

Unlike most engineering materials, ice naturally exists at high homologous tempera-
tures, typically > 0.85 Ty, where T, is the melting point in degrees Kelvin. Similar
to metals, concrete and rock at high temperatures, ice will creep when subjected to
any stress other than a purely hydrostatic stress state. This is evident in the flow
of glaciers, where the strains experienced at the base, subject, to enormous confin-

ing has ially the same i response when icc is loaded

under uniaxial conditions. Although creep is generally associated with a continuum

process, at higher loading rates it is significantly influenced by the presence of cracks.

Long-term creep is developed through three stages of varying strain-rates; an initial
transient creep rate, secondary steady-state phase and, finally, an increasing creep
rate (Figure 2.1). There is some debate as to whether the secondary or minimum
creep rate is a fundamental material property or merely marks the transition from
the primary to tertiary stages — see for example Sinha (1990a). The tertiary stage
is often associated with microcracking and large strains, which results in accelerated
deformation rates and possible failure (Gold, 1972). This has also been evident in
the time-dependent deformation of brittle rock (Costin, 1985). However, Sanderson
(1988) points out that dynamic recrystallization can also initiate tertiary creep.
Thus it is difficult to differentiate between the intrinsic deformational response and

that due to damage.



Strain A

Primary I |
|Seeond-lry n| Tertiary IIT
=

Time

Figure 2.1: Long-Term Creep for Polycrystalline Granular Ice Marking the Three
Stages, Primary I, Secondary IT and Tertiary IIL.

The time-d dent defc jonal behaviour of ice under load, modeled as a linear

viscoelastic solid under a uniaxial stress state, can be expressed as,
d o
dt) = _/; D(e - )gZdr, (21)

where 0 < 7 <t and D(t—) is the creep compliance (ratio of ¢/) when a constant

stress is applied at time t = 0. models simulating the viscoel

behaviour of materials typically employ the combination of spring (Hookean) and

dashpot (Newtonian) elements; see Figure 2.2,




[ Maxwell | Kelvin i

Figure 2.2: Generalized Viscoelastic Model. The First Two Elements, a Single
Spring and Dashpot, Comprise the Maxwell Body and the Sequence of Parallel
Elements Correspond to Kelvin Units.

The creep compliance for the rheological model shown in Figure 2.2 is given by

(Fiigge, 1967),
D(l—r]:ELmi-EELk[l—e:p(%(l—‘r))] +",'—mf, (22)

where E is the elastic modulus,
7 is the viscosity and

2 is the inverse retardation time.

Jordaan et al. (1990a) and Schapery (1991) point out that for the series of Kelvin

units a of jon times with a.

function is required. How-
ever, in practice, the determination of such a formulation proves to be difficult and

one resorts to approximate methods — sce Jordaan and McKenna (1988).

During continuous ice crushing and clearing events the force-time history is dynamic

in nature (1-60 Hz) and the time of loading can be considered rapid. The creep
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response can be thus generalized by considering the primary and secondary terms

and the total deformation expressed as,

e=etete (2.3)

where ¢, is the elastic strain,
€4 is the delayed elastic strain and

€. is the viscous flow.

Delayed elasticity (transient or primary creep) is a recoverable strain process whereby
grain boundary sliding occurs, through diffusional flow, due to the shear stresses

generated between grains. Viscous flow (power-law or secondary creep), however,

ble defc lar disl

as a result of i

is
The reader is referred to Hobbs (1974) and Sinha (1978) for further discussion on

the physics of creep in ice.

On discussing the creep process in ice, the approach taken in this thesis is to de-

scribe the nonli iscoelastic beh 1

byaf ¢ Burgers model (Figure
2.3). The absence of a Kelvin series, to describe the the non-linear deformational
characteristics of ice, precludes simple closed-form solutions using linear viscoelastic
theory based on the basic Burgers model. Consequently, Jordaan and McKenna
(1988) and Szyszkowski and Glockner (1985) propose that the viscosities be consid-

ered stress-dependent.



;O—JW\,—-I]—E::"]—«G—P

Figure 2.3: Four Element Rheological Model for Polycrystalline Ice. The Burgers
Model is a Combination of a Kelvin Unit, which Corresponds to Delayed Elastic
Strain, and a Maxwell Body, which Represents Elastic Deformation and Viscous
Flow.

There are many phenomenological and constitutive models proposed for the creep
behaviour of ice; see for example, Ashby and Duval (1985) and Duval et al. (1991).
Although there is general agreement on the form of a secondary creep expression

(i.e. power law), the ti is less well ch i This is
a consequence of the early work on creep of ice which concentrated efforts on the
long term flow of glaciers. The basic relationship more commonly adopted, as in

this thesis, for creep compliance i that due to Sinha (1978).
d)=Z+a (47‘) (3) (- emp[-(art]) + c(Z)" 24)

where o is the applied stress at time ¢t = 0, E is the bulk elastic modulus, ¢, is
a constant for a given reference grain size (dy), d is the ice grain size, a7 is the
inverse relaxation rate, ¢, is the reference viscous strain-rate at o, and b, s, and n

are constants.

The semi-empirical equation is valid for isotropic polycrystalline ice in which the
micre_iructure has not deteriorated due to the presence of voids or fractures. As
will be discussed in more detail later, the creep response is significantly influenced
by microcracki. §.
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2.2 The Progressive Damage Process in Ice

Damage connotes a change in structural integrity which results in the weakening of a
material by reducing the effective modulus or stiffness. There are many microstruc-

tural ch istics which can be attri to damage; these include, nucleation

and growth of cavities which cause grain boundary embrittlement, the creation of
fracture surfaces, and even the presence of voids, solid inclusions or pre-existing
defects, such as brine pockets and drainage channels. For the purposes of this inves-
tigation, the damage process associated with microcracks is of primary importance

and a description based on laboratory and field experience will be presented.

2.2.1 Mi ack Evolution Under C ive Stress States

Ice is a unique material, in that it can behave as a viscoelastic solid and yet exhibit
extreme brittleness under high loading or deformation rates. The propensity for
fracturing can be appreciated by the low valucs of fracture toughness (150-200
kPa:m'/%) and strain energy release rate (0.5-2.0 J:m?:s™%), which is of the same
order as glass. The splitting of ice floes several kilometres in dimension markedly

illustrates the brittle behaviour of ice (Figure 2.4). Although this describes a scenario

different from that of a ive damaging process under ive stress states,

it nevertheless demonstrates the extent to which fracturing may take place.

Recently, there has been significant research effort conducted on the characterization
of events leading up to initial cracl: formation and the subsequent damage process

in ice. These investigations include Cole (1985,1991), Hallam (1987) and Sinha
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(1984,1990b). The compressive fracture process can be essentially divided into two

distinct events: crack and crack coall Unlike def ion under

tensile stresses where a single crack dominates sudden failure, an array of stable

microcracks is formed under ion and the nucleation is idered to be,

at least initially, independent, of neighbouring events. Generally speaking, for high

deformation rates (¢ > 107 s71), the initial cracks form at approximately 0.05%
strain which corresponds to stress initiation levels on the order of 2 MPa (Cole,
1991). The cracks grow rapidly relative to the loading rate and show no tendency
to propagate after formation (Hawkes and Mellor, 1972). Thus their evolution can
be considered instantaneous growth to full size which is on the order of a grain
facet. Kalifa et ¢l (1990) studied crack nucleation through video recording and
determined that the nucleation of a crack occurs within 0.07-0.14 seconds. Also,
a number of investigations on polycrystalline freshwater ice have shown that the
cracks developed are predominantly aligned parallel with the principal compressive
stress axis and randomly oriented in a plane perpendicular to the stress axis; see
for example Kalifa et al. (1989) or Cole (1991). Interestingly, Jordaan and Timca
(1988) showed that, during small-scale indentation tests, cracks oriented parallel
to the loading direction were generated along lines of maximum shear. Continued
deformation causes the crack density to increase whereby interaction or coalescence
occurs and possibly culminating in abrupt failure. Although tlic characterization
of the microcracking process in ice is well understood, there is still debate on the

physical mechanism(s) ible for the jon of cracks.
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Gold (1972) was the first to conduct a comprehensive experimental study on the
failure process in ice where an analysis on the dependence of microcracking activity

with stress, strain and time was presented. It was obscrved that the cracking activity

4 tent distrib

consisted of two i i one ;

of cracks was a function

of the strain level and the other independent of strain. The former was considered

to be iated with a dislocation pileup mechanism, based on the Smith-Barnby

model, due to a resolved shear stress on the slip plane, and the latter was related to

the inhomogeneous crystalline structure.

Sinha (1984) proposed that a critical grain boundary sliding displacement was re-
sponsible for the onset of cracking activity. Analysis on hundreds of grains showed
that dislocation glide did not play a role in the formation of microcracks. Fur-
thermore, it was stated that the contribution of delayed elastic and viscous creep
components indicated that the fracture process was not truly brittle. However, this
could also be attributed to the relatively low strain rates employed in the experi-
ments (= 1075 to 10~4 s~?) since there was a sharp decrease in strain to first cracks
over a narrow range of increasing stress. This is also supported by observations made

by Gold (1972) and Kalifa ct al. (1989), where at higher loading and deformation

rates, the cracks were at grain b Obviously,
since ice is a viscoelastic solid, the influence of the creep components on fracture

events is significantly dependent on time or rate processes.

The increasing fraction of intergranular cracks at higher deformation rates was asso-
ciated with the anistropy of elastic material properties for neighbouring ice crystals

within the solid matrix, that is, random orientation of the c-axis (Cole, 1988; Sunder



16

and Wu, 1990). When a remote stress is applied, nonuniform strain energies develop

due to the i ibil iated with neighbouring grains which leads to stress
and the jon of cracks. Unfc ly, location does not neces-
sarily dictate the mechanism for crack nucl since disl glide will produce

both inter- and intragranular fractures. Also, similar grain size dependencies make

it difficult to determine the source of the microcracking events (Cole, 1988).

With increasing deformation, cracks may begin to interact or coalesce at higher
strains, but Cole (1991) did not observe growth of pre-existing cracks past the
peak strength. However, experience with other brittle materials, such as ceramics,
concrete, PMMA, and rocks, there has been observed growth of wing cracks — see for
example Ashby and Hallam (1986), Cannon et al. (1990), Horii and Nemat-Nasser
(1985). Wing cracks are out of plane extensions of pre-existing cracks inclined to
the major compressive stress axis (Figure 2.5). A tensile stress zone develops at the
tip of the fracture surface due to resolved shear stress and the crack is reoriented
in the direction of the major stress axis. Further increase in strain energy causes
the crack growth which could possibly propagate through the sample ends causing
failure.

From a scientific viewpoint, the und ding of physical h ibl

for cracks nucleation is important; however, for engineering purposes only the end
effect on material behaviour is critical. A parallel can be drawm to plasticity theory

where only the effects of dislocati are d for in the analysis.

In any event, it would be practically impossible to follow the myriad of microcracks

d

which are d during the p

process in ice. The key devel-
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opment is the structural deterioration due to a network of cracks which reduces the

effective modulus of the material resulting in a loss of deformational resistance.
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Figure 2.5: Schematic Illustration of Wing Crack Development in a Solid.

2.2.2 Macromechanics of the Ice Crushing Process

1 behaviour of ice has been founded on field

Present knowledge of the mech
measurements, controlled laboratory tests, as well as, past design experience. With
the development of Arctic oil fields, early ice mechanics research (1960-70's) con-
centrated on peak forces and found not only considerable scatter in the data but
also that ice strength was dependent upon a number of parameters. Indeed, Brown

(1926) was one of the first to recognize this: “... the term compression or crush-
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ing strength of ice is meaningless in-itself. The behaviour of ice in compression
is different at the same rates of loading at different temperatures and at different
rates of loading at the same temperature. The time factor is the all important
quantity.” Brown’s insight on the deformational response of ice is shown clearly in

Figure 2.6. Depending mainly on confi and deformation rate, ice can behave

as a nominally ductile creeping solid or an extremely brittle material.
Crushing Strength
(MPa)

10!

100 =

10!
1 L] 1 L] |
10°® 10°® 10 10°° 102
Strain Rate

Figure 2.6: Logarithmic Plot of the Variation in Uniaxial Crushing Strength of Ice
with Increasing Strain Rate.
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Forii ing strain-rates th ists a ding trend for higher peak strengths,

with a maximum occurring around é = 10~ s~'. This region has been termed the

ductile-brittl 1

zone and is of p: importance since the
crushing strength is a maximum. The transition is related to a change in the ob-
served deformational behaviour which can be mainly attributed to microcracking

b h ally 1l

activity. This is d in the lized stress-

strain curves for ice as shown in Figure 2.7.
Axial Stress -3
(MPa) A > 10

10 ]
_3
>10" Fracture or ‘Brittle’ Failure &

8.1 w
44 D <10

8

2 J 16:
<10
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Figure 2.7: Sch ic Ill ion of the Stress-Strain Behaviour and Failure Modes
for Ice under Uniaxial Compression.with Increasing Strain Rates.
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For the lower deformation rates (< 10~% s!) the behaviour is nominally ductile

and continuum creep response is observed. As the strain-rate approaches the brit-

1

tle regime, ~ 10~ s™! for uniaxial conditi the ity to form
increases. Although peak stress is attained at relatively low strain level (=~ 0.002),
there is a considerable degree of damage due to the prescence of microcracks; this
has been also observed by Cole (1991). Gold (1972) reported that when a rapid and

extensive network of cracks d ped, this caused a

‘whereby

the i loses resi: to def and creep is ] d from the pri-

mary stage directly to tertiary behaviour. It should be noted that the transition

strain-rate and degree of king activity are dependent upon the same pa-

rameters. For example, Jones (1982) and Cole (1985) have shown that the transition

strain-rate increases with confinement and finer grained ice respectively.

Prior to peak stress the cracks do not significantly influence the bulk mechanical
properties. This can be appreciated by the slope of the stress-strain curve where
microcracking leads to nonlinearity and ‘strain softening’ descending branch. This

is also evident in other brittle materials like concrete and rock; see for example

Dougill (1985). An imp feature of the st train curves shown in Figure
2.7 is the horizontal plateau reached after peak stress. This gives an indication of
the active deformational mechanism; that is, one of continued energy dissipation
through viscous creep (7 = o/é). Also, if the sample is reloaded at the same strain-
rate, then the plateau is followed and the stress-strain curve has become stabilized.
However, with a subsequent increase in strain-rate the sample is further damaged

and restabilizes (Figure 2.8).



21

Clé,=2x107%57")

Bles1x107%5"
Aley=1x107467)

Cle=22107's™" i
Alép=1x107sT)

Stress (MPa)

Blé=5x107%™")

i L n
000 o0l 0.02 0.03 004 008 0.08
Stroin

Figure 2.8: Typical Stress-Strain Curve for Polycrystalline, Granular Ice Loaded at
Various Strain Rates. Jordaan et al. (1990b).

The direct effect of microcracking or damage is the degradation of the mechanical
properties of the material, such as the loss in shear resistance (G) or bulk stiffncss
(E). Microcracking tends to reduce the overall structural resistance to deformation
and enhances the basic creep response (Figure 2.9). Meyssonnier and Duval (1989)
and Jordaan et al. (1990a) have shown that damage or prestrain causes a significant

degradation in the mechanical properties of ice.

At high strain-rates (> 10~ s71), which are more applicable to dynamic ice-

events, ph known as slabbing or axial splitting can
be observed in addition to microcracking. These events are associated with the out
of plane extension of a pre-existing crack inclined to the major stress axis (Figure

2.5). The growth of wing cracks result in the reorientation of the crack surface par-



22

we & * +

<
| undamaged (=) and predamaged ()

Suam

L s’oi\xt/L ‘|s1i=£a/\__ .‘2191L505 3%

Time (1)

Figure 2.9: Creep Enhancement Due to Microcracking or Damage. Jordaan et al.
(1991a).

allel to the principal stress direction; i.¢., maximum tensile force is perpendicul

to crack plane. At lower strain-rates (~ 10~* s~!) wing cracks are typically stable;
however the imposition of a small, lateral tensile stress causes the cracks to propa-
gate rapidly until failure. Evidence of wing cracks has been reported in other brittle
materials, such as concrete, rock, sulphur, glass and PMMA. Wang (1981) observed

this phenomenon in tests on multi-year sea ice.

The process of axial splitting or shear faulting, shown in Figure 2.10, is predomi-
nantly a function of confinement; see for example, Horii and Nemat Nasser (1985).

Axial splitting occurs at high strain-rates, under inally uniaxial conditions, with

no platen-specimen end restraints, where a single fracture, typically associated with

wing cracks, propagates through the material resulting in failure of the sample.

3
h
F
3
i
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[of ly, slabbing domi with i i fi or end effects where
continued deformation causes the cracks to coalesce which results in the formation
of a shear fault. This process is attributed to a family of stable wing cracks which
has coalesced along the fault surface, whereby a matrix of coarse and fine powdered
material is created — see Schulson (1990). The reader is also referred to articles by
Cannon et al. (1990), Murrell et al. (1991) and Schulson et al. (1989) for further dis-
cussion and experimental evidence on the axial splitting and slabbing phenomenon.

The shear zone is also evident during uniaxial compression testing of multi-ycar sca

ice at lower strain-rates than when the is observed in poly
ice (Kenny et al., 1991). This could possibly be attributed to the early development.
of wing cracks at pre-existing defects, evident in rock mechanics, or that the internal
porosity features (i.e. brine pockets, drainage channels) create a planc of weakness
for the fault to develop. Ashby and Hallam (1986) developed a wing crack model to
describe the failure of brittle materials and the concept of axial splitting and shear

faulting.

The ice crushing process has been thus far discussed only in terms of the uniaxial
behaviour; this hardly describes the complex stress states encountered during typical

ice-structure interactions. Any realistic constitutive model must take into account

the ‘hanical behaviour of ice under multiaxial stresses. For example, a biaxial
stress state would describe a level ice field advancing against a wide offshore struc-
ture. On the other hand, a triaxial stress state is experienced during iccberg impacts
or ramming of multi-year ridges. Figure 2.11 is a reproduction of the data from a

test series conducted by Jones (1982). Laboratory grown, equiaxed, polycrystalline,
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Axial Splitting Shear Faulting

Figure 2.10: Failure Modes of Ice under Compressive Stress States at High Strain
Rates (> 10-3 5~1) where § Represents the Applied Deviatoric Stress and p is the
Confining Pressure,
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frest ice was defc

d at a constant st te under hyd; i fi

There are essentially two main regions of interest: (1) the area bounded by lower
confining pressures (< 20 MPa) and higher strain-rates (> 10~* s7') and (2) the

family of horizontal curves for all other data points.
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Figure 2.11: Dataset from Constant Strain Rate Tests under Hydrostatic Confinc-
ment Conducted by Jones (1982).



In the region of increasing peak differential stress, for a given strain-rate, the defor-

mational behaviour is iated with a d;

process. With higher
confining pressures the peak stress stabilizes to a maximum, microcracking activity
is inhibited and pure creep observed. Thus the creep response of ice is invariant with
hydrostatic pressure and dependent only upon the differential or deviatoric stress,
this is also exhibited by metals and concrete. The majority of studies investigating
the behaviour of ice under multiaxial stress states are concerned primarily with the
‘strength’ of the material under constant strain-rate tests; see for example, Héusler

et al. (1988), or Murrell et al. (1991). Understanding the damage process and

1ofe ol beh d

of ice under

to high confining pressures is seen as
the key, since this is the principal mechanism involved during full-scale ice crushing

events.

A characteristic of ice due o the high working temperature, is the relatively low
magnitude of confining pressure required to induce a phase change. Jones (1982)
states that with respect to the pressure melting temperature, the hydrostatic con-
finement has no influence on the creep strain-rate but merely changes the effective
temperature. For further discussion on pressure melting the reader is referred to
works by Kheisin and Cherepanov (1970) and Barnes et al. (1971). Using Jones'
data, Nadreau et al. (1988) proposed that the tendency for the decrease in peak
differential stress at higher confining pressures, is in effect, due to pressure melt-
ing (Figure 2.12). A teardrop model was developed to describe an anisotropic,
three-dimensional failure surface for ice. Recently, Gagnon and Sinha (1991) have
reported that, pressure melting was evident during medium-scale indentation tests
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where interface temperature measurements and thin sections revealed the presence

of a melt.
0

o
o

Deviatoric Stress (MPa)
™
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-20 o' 20 40 -] 80 00 120 140
Confining Pressure (MPa)

Figure 2.12: Teardrop Model Developed by Nadreau et al. (1988).

However, the teardrop model is empirical and does not attempt to explain the un-
derlying physical mechanisms responsible for the observed mechanical behaviour.
Conceivably .he principal mechanisms involved during the deformation of ice under
multiaxial stress states are schematically illustrated in Figure 2.13. Referring to
Figure 2.11, for the lower hydrostatic pressures and higher strain rates there is a

z0ne where a progressi ing process associated with the development of mi-

crocracks. For a given strain-rate, upon the imposition of higher confining pressure
the damage is eventually supressed with pure creep becoming the dominant mode

of deformation. Further increases in the confinement, for a constant strain-rate and
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temperature, would result in creep deformation and pressure melting with the end
result being a phase change. Note that, during transitional periods there are stress

hanisms compete for domi Also, pressure melting coukd

states where the
be active on a localized level, for global stress states less than that required for a
phase change, due to intense stress concentrations at crack tips and triple points or

frictional mechanisms, such as shear along grain boundaries or crack surfaces.

Deviatoric Stress

Creep and
Pressure
Damaging Creep Melting
=
Confining Pressure
Figure 2.13: Multiaxial Def ion Mechani: in Ice for a Constant Strain Rate

Although laboratory tests cannot directly model the interaction events at full-scale,
one can develop a basic understanding of the failure process in ice, under nomi-

nally similar conditions, which could be the foundation for input into numerical or
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analytical models. However, damaging or microcracking, in-itsclf, does not fully cx-

plain ice-struct ion events. Likh and Kheisin (1971) were among
the earliest investigators to recognize this fact. During drop-ball impact tests it was
observed that the specific crushing energy (i.e resistance to impact) was not a funda-
mental index property but depended upon elastic deformation, creation of fracture
surfaces, frictional processes, clearing mechanisms and pressure melting. Clearly,
the failure processes during even small-scale interaction cvents are highly complex
and dependent upon a number of physical mechanisms. Consequently, primarily
due to the scale effect, laboratory investigations must be verified by observations

and experience gained at full-scale.

Previous field tests, Hans Island (1981), Pond Inlet (1984), and Hobson's Choice
Island (1989,1990), have the i of large and medi I

experimental programs. This has led to the development of new ice load models and
significantly advanced the level of und: ding of i i ion events.
Hans Island dramatically showed that global ice loads exerted during impact of large

multi-year floes (1-3 km diameter) was only on the order of 0.5 MPa. The medium-
scale indentation tests, whose main objective was to study dynamic ice-induced
vibrations, revealed that local peak pressures, which reached 60 MPa or greater, had
a varied spatial and temporal distribution with steep pressure gradients. Generally,
interaction models make assumptions regarding the physical characteristics of the

failure zone; thus the development and enhancement of such models require detailed

description. To better und d the i jon process during field events, an

account of the test series conducted at Hobson's Choice Ice Island in 1990 will be
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presented. Also, the discussion will bring to focus the logic underlying the present

test program.

For all tests, crushing was observed during indentation and discrete ice particles
were ejected from the free edges of the indentor (Figure 2.14). However, for several
tests spalling or flaking events, associated with large macrocracks, were observed.
Although a number of parameters were investigated in the test program, there were
characteristic features common to all of the failure surfaces. Illustrated schemati-
cally in Figure 2.15 are the typical features associated with the failure zone after

indentation.

There are essentially three distinct regions associated with the interaction zone;
first, spall areas on the periphery of the contact surface, second, regions of crushed
ice and discrete granular particles, generally but not exclusively associated with
low pressures, where the material is eventually extruded from the free edges with
continued indentation, and third, hard spots or critical zones consisting of damaged
ice which are considered to be centers of extrusion. Macroscopically, this region
appears to be ‘intact’ but thin section analysis revealed significant local damage

(Meaney et al., 1991).

The crushed layer typically contained large, 25 mm diameter or greater, relatively

d

d particles ded by finely pulverized ice, ing a grinding ac-
tion as the larger particles slide and rotate during extrusion. The development of
a crushed layer during indentation seems to be analogous to the shear zone gen-

erated in the uniaxial and triaxial laboratory tests. The steep pressure gradients






Decreasing Damage
Away from Ice-Structure Interface

Macrocrack

SECTION A-A

FRONTAL PLANE OF TEST FACE

Figure 2.15: Schematic Illustration of a Typical Failure Surface Exhibited During
the 1990 Medium-Scale Indentation Tests on Hobson's Choice Ice Island. The Test
Face can be Subdivided into Three Major Zones; (i) Spall Areas, (ii) Regions of
Crushed Material and (jii) Damaged Zones.
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exhibited, which can be related to zones of intense shear, appear to be the driving
force behind the grinding and pulverization of the ice, which is rapidly transported
to the periphery of the ice-structure interface. Although the features of the failure
surface suggest that peak pressures should correlate with the hard spots or critical
zones, superimposing the final recorded pressures on the interface did not produce
conclusive evidence for such a phenomenon. It is also important to note that the
crushed ice layer appeared to have sintered or have experienced pressure melting.
This was evident from density profiles of the failure zone and interface temperature
measurements. Thus regions of the crushed layer could be considered competent

material and experience significant loads during indentation.

Obviously, there has been a significant metamorphism in the material structure;
that is a transformation from an intact solid continuum to a densely microcracked
body and array of discrete particles. Not only the physical propertics of the ice have
changed but also the mechanical behaviour, since there is a gradual reduction in the
stiffness and shear resistance in the ice matrix — see for example Stone et al. (1989).
It is important to realize that any constitutive models must recognize this fact. For
example, the degradation of ice properties can be analyzed using continuum damage
mechanics and the crushed material, which lacks appreciable shear resistance, could

be modeled as a viscous fluid or Mohr-Coulomb material.

Conceivably, the local strain-rates would increase substantially toward the ice-
structure interface; i.c. from the parent ice, to regions of influence, to finally the
highly damaged zones and crushed ice layer. Also, there would be varying degree

of deviatoric stresses and confining pressures throughout the failure region. These
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ideas are illustrated in Figure 2.16. Crushed layer thickness measurements, density
profiles and thin section analysis of the failure zone (see Kenny et al., 1991) indi-
cated that the bulk of the deformation, related to energy dissipated or expended,

occurs within the near field. Jordaan and Timco (1988) have estimated that the

energy consumed by the crushed layer developed during small-scale indentation test

to be 99% of the total energy.

Early work by Kheisin and Cherepanov (1970) showed that the contact face was
characterized by subregions of crushed and damaged ice which they characterized
as a “distinct destruction surface”. Similar failure zone features were also reported
insmall-scale ice crushing tests by Fransson (1991), Riska (1991) and Lindholm et al.
(1990), as well as, ship-ice interactions by Riska et al. (1990). Hence, ice crushing
events can be generalized into a number of observed mechanisms: (1) spalling events
in regions of low confinement, (2) a damaging process within critical zones or hard
spots, (3) flow or ejection of crushed material due to pressure gradients, and (4)
pressure or friction melting and sintering. The behaviour of the crushed ice located
at hard spots or critical zones is seen as the key to dynamic fluctuations in load and

peak pressures exerted during interaction events.
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