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Abstract

Medium scale indentation tests were conducted at Hobson's Choice lce Island
in 1989 and 1990. Areas with different degrees of damage were found in the ice
close to the indentor in these tests. It is heﬁxeved that the fluctuation of the total
ice load and local peak pressure is determmed by the dynamic behaviour of the
ice at the hard spots or the ‘critical zones’. The high confinement pressure at hot
spots may have a great effect on the failure process. A review of the mechanical
prapemu of ice and the damage theory is gwen The effects of hydrostatic pressure
on ice and damage d d. One of the tests [rom
the kI‘-Inhszm s Chcuce Ice Island experiments is modelled using the finite element
metho

Damaﬁe theory and the effects of hydrostatic pressure are considered in the
theoretical modelling of the indentation process. The results of the numerical
modelling are compared with the results of the test and good agreement has been
found. Further investigation on the effects of hydrostatic pressure is suggested.
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Chapter 1

Introduction

Exploration for offshore natural resources, such as oil, gas, mineral deposits and
hydrocarbon reserves has been taking place since the early 1970's. Most of these
resources in Canada are situated on the continentai margins. Exploration and

recovery of these resources are chall d by the severe

In addition to the usual hazards in conventional environments such as waves and
ship collisions, offshore structures in Arctic and sub-Arctic waters must cope with
ice loading. It is recognized that the interaction of ice with marine structures is a

major design ideration. Difficulties in ice force estimation arise because of the

unique structure and behaviour of ice as well as the near-melting temperatures in
which it operates.

Ice in nature is a polycrystalline material with a large number of single crystals
in different orientations. This polycrystalline material could be classified into two
kinds: granular ice and columnar ice. Columnar ice is formed with the grains
growing parallel to the heat flow and with c-axis perpendicular to the column
length. This type of ice is referred to as S2 ice and can be found in lakes, rivers

and seas. Its mechanical properties are orthotropic. In granular ice, the grains are



randomly oriented. The size of the grain is found to range from fine to medium.
This type of ice can be found in icebergs, lakes and scas and can be treated as
a statistically isotropic material. Granular ice can be made in the laboratory by
freezing water seeded with randomly oriented fine ice crystals. Ice behaves in a
viscoelastic manner with its deformation dependent on the loading rate. When ice
is stressed it exhibits an i elastic d di

and i begins

to creep. The Burgers model which consists of a Kelvin unit and a Maxwell unit
is used to characteriz: the mechanical properties of polycrystalline ice. According
to Sanderson (1988), there are two typical aspects of ice behaviour: continuum

and fracture. Continuum behaviour includes elastic, ductile creep deformation and

damage process ch ized by unifc distri i ki

Hazardous ice features are classified as level first year ice sheet, deformed first
year ice features, multi-year ice floes and glacial ice features (icebergs and ice
islands). Considering these ice conditions, an offshore structure may be loaded by
discrete masses such as multi-year floes or icebergs, 2 continuous first-year ice cover
and a large ice feature surrounded by first-year ice. Ice features mentioned above
are set in motion under the effect of environmental forces.

‘When a marine structure obstrucis this motion, the interaction between the ice
feature and the structure may end immediately if the forces exerted by the structure
introduce sufficient inertial forces to stop the ice feature or change its direction of
motion. In this case there would not be any contact any more. If the driving force
is high enough, the structure will be fully enveloped in the ice feature soon after
the interaction starts. The width of the structure is the contact width and local

occurs during the i jon. In most cases, the ice cover




is large enough so that its movement will not be affected by the structure and the
structure is fully embedded in the ice. The force can be calculated from the local
stresses of the ice along the width of the structure. The total ice force is the sum
of local stresses.

The interaction between a vertical structure and an ice sheet is a very common
ice-load scenario. Because of the confinement effect of the ice in the area of load
application, a triaxial state of stress develops in the ice behind the indentor. If the
failure due to global fracture does not occur, the total ice force can be obtained by
analyzing the stresses in indentation. An appropriate model of the whole interac-
tion system including ice feature and structure and a good understanding of the
constitutive behaviour and size effects of ice are necessary to obtain an accurate
estimate of ice force.

The average global ice pressures recorded in small-scale laboratory indentation
tests, medium scale indentation tests and full scale impacts of multi-year sea ice
with artificial islands range from 10 MPa to 0.5 MPa and lower. The bigger the
scale of interaction, the smaller the average global pressure. This variation between

d index and full-scale ice behaviour is known as the

scale effect. This is generally iated with imul failure

and the statistical distribution of zones of high pressure in the contact area. The

ice i ion is further d by the various modes of failure

of the ice adjacent to the structure. Although the crushing mode is generally
observed during interaction events, the process can be compounded by mixed-mode
deformation, such as crushing coupled with splitting, out of plane flexure, spalling,

or buckling. Moreover, the interaction events depend on many factors. The factors



commonly involved are the loading rate (the speed of the ice sheet), temperature,
mechanical properties of ice and structure, degree of confinement and the shape of
the interface. The results of recent field and laboratory investigations indicate that
pressure melting and sintering are also active mechanisms.

The appearance of dynamic ice-structure interaction was thought to be most
pronounced in slender, flexible, bottom-founded structures with small, internal

damping such as lighthouses and small platforms. In the winter of 1986, however,

the Beaufort Sea structure Molik d severe vib

caused by the
repeated crushing failure of a muli-year ice floe which produced an cight meter
high pile of pulverized ice adjacent to the structure (Jefferies and Wright, 1988).
Since structural analysis is quite advanced, a good theoretical model for an
offshore structure is not difficult to establish. To simplify the analysis, it is only
necessary to consider those modes of structural vibration that will be excited during
the interaction. Sometimes it is sufficient to model the structure for its fundamental
mode of vibration by a single-degree-of-freedom system with a mass M attached to
a spring of stiffness K and linear damping element of coefficient C. The differential

equation governing its motion is:
Mé + Cé + Kz = F(t) (L.1)

where z is the displacement, # the velocity, Z the acceleration of the mass and F(t)
the interaction force generated between the ice sheet and the structure. Equations
similar to this can be derived for a multi-degree-freedom system through modal
analysis for each of the different modes of vibration. The condition of stability for

a structure can be found by solving the roots of the above equation.
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A variety of mathematical models have been developed for describing the ice-
induced vibration. Most of them treat the structure as a spring-mass-damper
clement, but they differ in how the interaction forces F(t) are assumed or treated.
The interaction between a moving ice sheet and a fixed structure results in loading
and deformation of both the structure and the ice sheet. Any theoretical treatment
must stress the interaction aspect of this problem.

Jefferies and Wright presented a conceptual framework for dynamic ice-structure

interaction during crushing events in the following steps:
1. The ice approaches the structure.

2. The structure deflects.

o

The ice crushes at its failure stress.

g

Due to the ice failure, there is a spring-back of both the structure and the
ice. The stored elastic energy is released and the the crushed ice is extruded

out of the zone in front of the structure.

o

The process repeats.

‘Through the analysis of this process, the action of several parameters has been

identified:

. The peak load is the fracture strength of the ice.

©

. The minimum load is controlled by the crushed ice extrusion mechanism.

3. The fr is lled by a combination of the ice velocity, the combined

ice-structure stiffness and the difference in the peak and the minimum ice

load.



4. The unloading rate will be controlled by the inertial effects and the extrusion

mechanism,

It is believed that micro-cracking plays an important role in transforming an
intact ice sheet into a heap of granular particles as observed in ice crushing. Crack-
ing activity in the vicinity of the indenter leads to failure of ice, resulting in sudden
unloading. In this case, the frequency of the fluctuation in the ice forces can be
related to the velocity and the length of the damage zone in the ice.

The most significant crushing processes are pulverization and clearing (Jordaan,
1988). In the initial stages of pulverization, sets of micro-cracks emerge and they
are distributed in certain patterns. The stain energy accumulates gradually in the
ice. This energy will be rapidly released when a large enough number of micto-
cracks appear, accompanied by an abrupt drop in the indentation force. The strain
energy is dissipated in the damage process, i.e., by the transformation from strain
energy into other kinds of energy through friction between ice particles moving
very quickly relative to each other.

The extrusion of pulverized ice was treated as a viscous flow by Jordaan and
Timeo (1988) and a stick-slip movement model was proposed by Jordaan and
McKenna (1991). Based on the energy dissipation analysis, a dynamic equilib-
rium equation might be established. At present, a precise calculation of each term
of energy is still impossible. There is still a need to conduct careful laboratory tests
to investigate the ice-structure interaction.

Numerical methods have been used to solve indentation problems related to the
damage process in ice. It is considered that the finite element method is a promising

approach in modeling ice and structure behaviour. Despite the accelerating growth



of literature on the subject of ice forces on structures in the last two decades, the
available models are not yet fully satisfactory. Practical design problems have been
dealt with by concentrating on empirical results and conservative idealizations.
‘The focus of this thesis is to investigate the ice behaviour in crushing. Some new
approaches about failure mechanisms involved are developed. The scope of this

work includes the following tasks:

. a literature review of the mechanical properties of ice,

an analysis and discussion of the volumetric stress effect on ice deformation

N

and failure in indentation,

a description of small scale laboratory tests and medium scale indentation

tests,

~

numerical modelling of a medium scale indentation test and comparison of

the modelling results with the experiment results, and

. conclusions and recommendations for future work.

o

The most iv.portant work is the numerical modelling of the medium scale in-
dentation tests conducted at Hobson’s Choice Ice Island in 1990. In this modelling,
some new ideas on the constitution of ice are applied through the finite element

method.



Chapter 2

Ice Mechanical Properties

2.1 Viscoelastic Model

The behaviour of viscoelastic materials is modeled by using combinations of two
basic elements: spring and dashpot. A four-element rheological mnodel for polycrys-
talline ice, i.e. Burgers model, was therefore presented by Jordaan ct al. (1988).
Parameters are calibrated from the results of small uniaxial ice tests. Through the
process of the calibration, this model can describe the behaviour of ice very well.
Satisfactory results are also obtained by finite element simulation of indentation

tests using Burgers model.
2.1.1 Elasticity of Ice

Granular ice, treated as an isotropic material in engineering problems, is charac-
terized by two constan' . in its elastic behaviour: the elastic modulus E, and the
Poisson’s ratio, v. The elastic strain of ice is represented by Hooke’s law as for

other materials:

e=o/E. (21)



"To obtain the elastic modnlus and Poisson’s ratio, one must take care in estimating
the time-dependent effect in the ice stress test. A true estimate can only be obtained
from a very rapid test. In static tests, the elastic modulus is determined by reading
the initial tangent value from a stress-strain curve. This proves to be not very
accurate since ice creeps at any stress. Dynamic methods are therefore employed
which can minimize the time-dependent effect.

The variation of elastic modulus and Poisson’s ratio with temperature, as given
by Sinha (1989a) for both granular and columnar ice, shows that temperature does
not have a strong effect. The elastic modulus and Poisson’s ratio are 9 GPa and
0.308 at temperature of ~50°C, and 10.6 GPa and 0.3605 at temperature of 0°C.
The elastic modulus is not highly dependent on grain size either (Sanderson 1988).
On the other hand, porosity has strong influence on the ice elastic properties.
Measured values for the elastic modulus of sea ice are highly scattered ranging
from 0.3 to 10 GPa for static tests and 6 to 10 GPa for dynamic tests. The scatter
is due to the presence of impurities in the sea ice. Theoretical and experimental
models for calculating the elastic modulus of sea ice as a function of brine volume
have been proposed.

Considering the present field of interest, for polycrystalline ice of low porosity,
the elastic modulus given by high frequency dynamic tests is about 9 to 9.5 G:Pa
in the temperature from ~5°C to —10°C (Mellor, 1983). The standard range of

Poisson’s ratio is 0.3 to 0.33.

2.1.2 Creep of Ice
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Figure ﬁ.l: Three Stages of Ice Creep

A typical creep curve is shown in Figure 2.1. There are three distinct regions
in this curve. First there is an initial transient creep which is also known as a
primary creep. The primary creep is followed by a secondary steady-state phase
and this secondary creep is also called minimum creep because in all three phases,
the second creep rate is the smallest. Finally, there is a tertiary creep and the creep
rate increases again.

Delayed elastic (transient or primary creep) creep is similar to elastic deforma-
tion in that it is totally recoverable. Delayed elastic strain is associated with grain
distortion and sliding due to the shear stresses generated between grain boundaries.

Sinha (1978) gave an expression for delayed elastic strain under constant stress:

() = 2o/ Byt — expl—(ortP)) @2
wherc ¢;,s,band ay aret . . ;ants depending on the temperature and grain size

d.
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‘The secondary creep strain ch viscous flow, ding to disloca-

tion movement within the grains, mostly slip in basal planes. The fact that basal
slip is much easier than slip on other planes make the stress distribution in a loaded
polycrystal become non-uniform as the loading starts. In randomly cciented gran-
ular ice, those grains that are the best oriented for basal shear will slip first and
therefore the stress will become concentrated on those less well oriented. On the
other hand, the most poorly oriented crystals tend to rotate in order to tutn to an
casier glide direction.

In the model of Sinha (1982), unlike the delayed elastic creep, the secondary
creep rate is independent of grain size. There is still some debate as to whether
the secondary or minimum creep is a fundamental material property or merely
marks the transition from the primary to tertiary stages. Under certain conditions,

the ice deformation will jump from primary to tertiary creep directly. Basically,

bl 1

as a result of i

this secondary creep is a
dislocation movements.
Glen’s Law (Glen, 1955), also known 2. Norton's Law or simply the creep power
law is the commonly accepted form of the constitutive equation for secondary creep
rate for ice, i.e.
é=Ao™, (2.3)
where n is a constant and A is a function of temperature in the form of:

A= Bexp(-Q/RT), (24)

where R = 8.314J mol~'K~"', is the universal gas constant; T is the temperature

in degrees Kelvin; Q is the activation energy and B is a material constant. Neither
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B nor Q is dependent on the ice type. In Sinha’s equation for columnar ice, Glen's

Law takes the form of:
& = &(a/a0)", (2.5)

where é,00 and n are all creep constants. In multiaxial stress states, this equation

can be written as:
& = 3¢g/2(s/00)"sij/ s, (2.6)

where s is the von Mises stress and ¢; and s;; are the strain and stress tensors
respectively.

The tertiary creep is often associated with microcracking and the very large
strain which may be the result of possible failure. It is also found that for ter-
tiary creep to occur, microcracking dc=s not necessary need to exist. According to
Sanderson (1988), tertiary creep could be also initiated by dynamic recrystalliza-
tion. Jordaan and McKenna (1989) point out that acceleration of creep rate could
result from an increasing number of dislocation sites. Whether this acceleration
in creep is due to damage such as microcracking or intrinsic response, or both of
them is still unknown. As a matter of fact, the real tertiary process is not well
understood. In this study, the tertiary creep effect is included in the secondary
creep by considering the enhancement of creep due to cracks, recrystallization and

pressure softening effects.



2.1.3 Constitutive Models

The time dependent deformational behaviour of linear viscoelastic solid under a
uniaxial stress state can be expressed as:
i
e(l}:/; Dzt~ 1)5"(’ P (27)
and
N L B
ot) = [ Bla,t - ) =3, 28)

in which ¢ is a point of time in the interval [0, ), D(.) and E(.) are creep (compli-
ance) and relaxation (modulus) functions. The symbol z is used to denote position
in the material. Aging could be included by making D and E functions of time
in addition to the duration (¢ — t') (Jordaan, 1990).

The compliance and modulus functions are related in the following way:
P?D(z,P)E(z,P) = 1, (29

where the bar indicates the Laplace transform and P is the parameter of the trans-
form. Based on the thermodynamics of irreversible processes, the creep compliance

and relaxation modulus are expressed in following:

D(z,t) = =+ =L i (-eon-Eq ey (2a0)
u‘(z) n@ TEED T ) :

and

¥ y
E(z,t—1t) = By(z) +};;13;(z)gzp[—%‘7(%], (2.11)
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Figure 2.2: Kelvin Chain

(b)

Figure 2.3: Maxwell Chain
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Figure 2.4: The Strain-Time Curves of Sinha's Equation and the Model of Two
Kelvin Units (Jordaan et al., 1988)

Figure 2.2 and Figure 2.3 show series of springs and dashpot which represent
the vi: lastic material described by above i The jon term in
the creep compliance equation is the delayed elastic creep which is represented by
Figure 2.3. The values of E, E', 7,7’ can be interpreted as stiffness (moduli) and

dashpot viscosity.

The above creep compliance function is convenient in solving simple stress state
problems. For instance, it can be used to obtain strain response of ice under non-
uniform stress condition, i.e. do(z,t)/dt' = constant. All parameters in the
solution can be derived by fitting the solution to the test data using a optimization
method. As an example, the delayed elastic strain caused by a stress with a constant
stress raie calculated by using two Kelvin units in a series is presented in Figure

2.4 (Jordaan et al., 1988). For comparison, results from Sinha’s equation under
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Figure 2.5: Burgers Model

same stress condition is also shown in the same Figure.

If the number N in both summation terms of the above two equations is chosen
to be 3, the creep compliance equation represents a linear Burgers model which
will be discussed in detail later.

Jordaan et al. (1990) point out that for the series of Kelvin units a spectrum
of retardation times with a distribution function is required. Due to the difficulties
encountered in practice, one has to resort to a simpler model and hence a four
element Burgers body is presented.

Before dealing with Burgers model, it is helpful to present Sinha's model first
because of the close resemblance between the two models. As discussed in last

section, it is generally accepted that ice deformation can be expressed as:

a=cteate, (2.12)
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where ¢ is the total strain, ¢, is the elastic strain, €, is the delayed elastic defor-

mation and ¢, is the secondary creep. Sinha formulates the total strain as:

a=g+ Lo/ Byl — ezpl~(art?)] + & @13)

From Figure 2.5, it is seen that the Burgers model basically has two components:
a Maxwell and a Kelvin unit. The Maxwell unit corresnonds to the elastic and
permanent creep in Sinha’s equation. Following Flugge (1967), for uniform stress,
the elastic strain and creep in the Maxwell unit are:

S ﬁz + é, (2.14)
where o is the applied axial stress and p(o) is the stress dependent creep coefficient
(viscosity). The delayed elastic strain is formulated by the Kelvin unit. If the stress
on the spring of the Kelvin unit is o, and the stress on the dashpot is oy, the applied

axial stress is:

o =0,+0y (2.15)
where:

o, = Ege
and

a4 = p(0a)é. (2.16)

By substituting, the applied axial stress:

o = Exe + p(oa)é. (2.17)



If o is a uniform stress then,

L‘é%‘)g(a — Exe) + (o — Exe) =0. (2.18)

With manipulation, this equation yields the final solution of delayed clastic strain:
s t_Ex §
€= [1- ezp(—L “k(n‘)dr)], (2.19)

where Ej is the spring constant for the Kelvin unit and 7 is an intermediate time.
This solution is actually identical to Sinha’s equation of delayed elastic strain except
that the argument of the exponent is — J§ z5&5dr. For a step application of stress
o maintained from ¢ = 0, the two formulas can be totally identical by assuming

that

peloa) _ O 2
2. (2:20)
Suppose gx(cg) follows a power law:
(0 = 7= (221
pxlod) = Kot .21)

The strain of the Kelvin unit can be expressed by either the spring or the dashpot

element:

Ex By
or
. o4
= = Ko?.
T

Solving these equations yields:

() = ELK(I ~ln— 1)5—;“ 1=}, (222)



where, o is the viscosity at £ = 0.

An expedient computational solution for the delayed elastic creep strain can
be obtained. Instead of making the current stress and strain under variable stress
conditions a function of the entire past stress and strain history, the current stress
of the dashpot is stored in the spring of the Kelvin unit. With this method, at the
beginning of each time increment, only the stresses, strains and other parameters
stored as state variables in the previous step need to be read and at the end of the
increment, the new results calculated in this step are updated for the program to
read at the beginning of next step.

In order to implement the finite element analysis, equations and parameters
in the Burgers model are further simplified. Assuming that the strains of both
dashpots follow the power law relation with respect to stress, the delayed elastic

and secondary creep strain are as followings:

& = o/ = &(0a/a0)" (2.23)
and

& = 0/pm = &(0c/a0)", (2.24)

where & and & are creep reference rates or creep parameters. The symbols 4 and

pm are the viscosity coefficients of the Kelvin and Maxwell units, i.e.,

/&) (ao/a®)" (2.25)

and

tm = (0/€)(00/0")". (2.26)
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The dashpot in the Kelvin unit will carry most of the stress at the beginning
for a very short time in a rapid loading. The elastic effect decreases with time

and

creep will domil The above ions are dealing with uniaxial
stress states only. In the case of multi-axial stress states, the general equaiion for

ice deformation takes the following form:

€= 6+ e+ e (2:21)
The elastic theory for multi-axial states is:

aipaiits ga)cz,‘iﬁ +2G¢, (2.28)

For the delayed and secondary creep strain, the strain and stress are divided into

ic and

p ie.
oh=sh+ 30k, (229)
d=chtd, (230)
o= +% i ’ (2:31)
and
& =ef+ e (2.32)

More assumptions are made in the case of complex multi-axial stress conditions,

These are as followings.

1. Ice creep is entirely deviatoric and its response to volumetric stress is elastic.
There will be no volumetric deformation in creep except dilatation caused by

cracking.
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2. Shear strain follows the same power law as strain in the principal directions.

3. The viscosity coefficient is a function of the von Mises stress.

Based on these assumptions, the delayed and secondary creep deformation be-

haviour of multi-axial stress state can be described by:

5 2

é =30l me (2.33)
and

L2

& = 2sig/hm, (2:34)
where the viscosity coefficients are:

= (s/&)(o0/s)" (2.35)
and

#m = (5/€5)(00/5)". (2.36)
Introducing the von Mises stress s = (25;5;;)'/% and equivalent strain e = (2e;ze;;)'/?
into the above equations (Xiao, 1091), the final solutions of the Burgers model are

expressed entirely in terms of von Mises stress and the corresponding equivalent

shear strain:
3.4,5— Exe? | sij
5‘3(—,:—) = (237)
(2.38)
The lated delayed elastic equivalent strain is obtained by integration:
t t
o= L éadt = /ﬂ ed(s*/o)dt. (2.39)

Following Sinha, Ex = d/(cidy), ¢ = 9, d) = 0.001m and d is the grain size.
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2.2 Damage Law

2.2.1 Ice Cracking

Ice is an extremely brittle material. Ice cracking is associated with the release of
elastic strain energy. The brittleness of ice can be appreciated by its low values of
fracture toughness, approximately 150-200 K Pa m'/? which is of the same order as
glass. Because of this property, for ice cracking to occur, very little energy is needed.
As an ice sample is stressed, strain energy is stored. The energy is dissipated by
viscoelastic movements and converted to surface energy. In the calculation made

by Jordaan and Timco (1988), the energy for creating fracture surfaces is about

0.1% of the total energy dissij d in the i process. The inder is

believed to be d by relative viscoelasti between ice particles,

which is thought to be a frictional process. Cracks can be divided into tensile
cracks and compressive cracks according to the stress fields they are in. A critical
stress lc.el is necessary for both kinds of cracks to occur. Schulson (1989) shows
that the critical stress for a tensile crack is:

on =g+ kdV/? (2.40)

where 0o and k are constants und d is the ice grain size. The mechanism of com-
pressive cracking is very complicated. Attention is focused on compressive cracks
(Figure 2.6) in the following. The average crack size is about 0.65 times the average
grain size. The crack size is independent of stress while the crack density is a func-
tion of stress. Even under multiaxial stress states, as observed by Kalifa (1989), the

cracks in ice tend to form in the direction of highest principal compressive stress.
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Figure 2.6: Compressive Cracks
2.2.2 Damage Evolution

Ice indentation tests show the evidence of the development of microcracks along
the maximum shear stress (Figure 2.7). The failure of the ice could be described

by three stages:

1. Elastic deformation with no cracks.

2. Nucleation of mi ks and i ing crack density with stress.

3. Failure stage, loss of resistance to any stress or stabilized stress-strain relation

due to high level of damage caused by high density of cracks.

According to the damage level, the ice sheet ahead of an indentor can be char-
acterized by three zones (Figure 2.8):

1. Virgin ice, undamaged or intact ice



Figure 2.7: Ice Cracks Ahead of an Indentor (Jordaan and Timco, 1988)

Figure 2.8: Three Zones of Damage (Jordaan and Timco, 1988)
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2. Partly damaged ice with high density of cracks
3. Totally damaged or crushed ice

The critical zone is very important in ice force calculation because it will carry
most of the load. The critical zone effect will be discussed in detail later. The
crushed ice can still stand some compressive stress due to its frictional properties.

Under the damage condition, the constitutive models in the last section can not
be used directly without including the effect of the damage. Damage mechanics is
therefore applied to ice modelling.

The process of damage is defined as the accumulation of micro-defects inside the
ice structure. As mentioned above that the compressive cracks tend to be oriented
in the direction of the highest principal stress, 2 scalar representation D is used as
a damage parameter. Figure 2.9 shows a body with an overal sectional area of Ap
and a damage area of A. With uniaxial stress P, the effective stress of this damaged

body is:

(241)

e=Za o N - (2.42)

where o, is the effective stress; Ey is the elastic modulus and E is the effective
modulus. The damaged ice can be considered equivalent to intact ice provided

that the virgin elastic modulus is replaced by the effective elastic modulus. The



Figure 2.9: The Overall Area and the Damage Area (Xiao, 1991)

development of damage depends on the stress, strain and the current damage degree

(Xiao, 1991):
D = f(e,é,0,6,D,..D). (2.43)
The degree of damage is simply represented by a damage parameter (Xiao, 1991):
Dy =d°N, (2.44)

where a is the radius of crack surface which, for simplicity, is chosen to be the grain
size and N is the crack density. To get the crack density N, a damage evolution
analysis has to be done. Following Jordaan, McKenna and Xiao (1990), & rate

expression of crack nucleation rate is given:
N = (), (245)
%o

where the Ny is a damage constant; s is the overall stress; oo is a reference stress

of 1 MPa and m is a damage exponent.
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The damage theory and its applicability to ice was mentioned by Schapery in

1991. The damage measurement given by Schapery (1991) is:
s
o= | (=)7dt’
Sa _/n(m,) dt’ (2.46)

where S, accounts for the accumulation of damage, s is the overall stress and ¢ is

a constant. S, could also be expressed as:
5 El
= Sy
S, Sa(yﬂ) (2.47)

where Sp is a constant. Schapery’s approach make it possible to consider all kinds
of damage in one measurement. In the following analysis, Schapery’s expression of

damage is adopted.
2.2.3 Damage Effects

Damage induces a change in ice structure integrity resulting in a weakening by
reducing the effective modulus and stiffness. The change of elastic properties is de-
termined by calculating the loss of strain energy due to the formation of cracks. The
equations of the change of elastic properties are given by Budiansky and 0'Connell

(1976). By using the damage parameter given by Xiao (1991), their equations

become:
K/Ko=1- %‘_—) (248)
and
C/Go=1- 33(—14%]_(57)‘”—)0,, (249)
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where K, G and v are the cracked bulk and shear moduli and cracked poisson ratio
respectively. The subscript “0” denotes the intact ice properties. Figure 2.10 shows
the change of elastic modulus in uniaxial stress test (Xiao, 1991). Based on Horri
and Nemat-Nasser (1983) and Xiao (1991), Budiansky and O’Connell’s equation
can be simplified and modified to:

G/Gy=1-wDy (2.50)
K/Ko=1-wDy, (251)

where w = 16/9 in tension and w = 1 in compression since the reduction of elasticity
is smaller.

In the above formulas, the interaction between cracks is considered but the
traction effect across the crack surfaces, which is very important in high confining
pressure situation, is not included. The solution is only valid in the case where the
cracks remain open. Under compression, as will be discussed later in next chapter,
the crack effects on ice elastic properties will be reduced due to the difficulty in
crack nucleation and the closure of cracks.

The effects of damage on creep are more significant. Figure 2.11 shows the
strain-stress curves of the uniaxial test results for both intact and predamaged ice.
The creep strain of damaged ice is about 5 to 10 times of that of intact ice. Jordaan
et al. (1988) found that when the damaged ice creep is enhanced by a factor of 10,
the reduction of the Young’s modulus is only 10 percent.

As shown in equations 2.33 and 2.34, the representations for primary and sec-

ondary creep of the intact ice take the same form. The Glen’s law in uniaxial
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damage state S, can be generalized to:
é= f(Ss)o", (2.52)

where the damage is assumed to result in a reduction in cross-section with a cor-
responding increase in stress. An exponential form ir introduced by Jordaan and

McKenna (1988) for damage models of both primary and secondary creey

e = elezp(0aS.) (2.53)
€5 = eeap(ALS,), (2.51)

where the primes refer to strain rates of the cracked ice; A%, f¢ are constant cn-
hancement parameters; and e, ef; are strain rates for intact ice which, for instance,
can be represented by Burgers Model. Creep enhancement is found both in uniax-
ial and triaxial stress states. The percentage of elastic strain in total deformation
becomes smaller and smaller with the increase of damage. Creep will dominate the

total strain under high damage condition.



Chapter 3

Influence of Hydrostatic Pressure
on Ice Deformation

Evidence shows that the hydrostatic part of the stress tensor is also very important
in ice deformation under triaxial stress. If the total deformation is divided into a

deviatoric and a v ic ¢ the hyd ic pressure will have an effect

not only on the volumetric but also on the deviatoric component.

The hardening and softening effects of hydrostatic pressure are discussed in
this chapter. Pressure hardening effects will make cracks more difficult to nucleate;
suppress the elastic failure and increase ice stiffness by closing cracks which already
exist. Pressure softening effects will reduce the viscosity of ice and the friction at
crack interfaces. The pressure softening effects may be caused by pressure melting

and dynamic recrystallization.

3.1 Pressure Hardening - Crack Suppression

3.1.1 Effect of Hydrostatic Stress on Crack Nucleation

Kalifa et al. (1989) explain the crack nucleation as a stress-induced process at the

head of a pile-up. In their study, the first crack forms at a uniaxial compressive

31
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Figure 3.1: Two Stress Fields Acting on a Nucleated Crack (Kalifa et al., 1989)

approximately 2 MPa.

Figure 3.1 shows stresses on a nucleated crack at the head of a pile-up under
triaxial compressive stress field. Two stress fields are assumed to act on the crack:
the local stress field induced by the dislocation pile-up process and the remote
stress field. Based on this assumption, the local tensile stress field and the remote
stress field will contribute to the two components of the mode I stress intensity

factor for crack nucieation. According to Kalifa et al., the stress intensity factor is:
Ki =K'+ K°, (3.1)

where K' represents the local tensile stress component which drive the crack to
open and K is the remote stress component which inhibits the crack growth,

Through the stress analysis, it is obtained that

Ki = —oy(rd)!/*Fy, (3.2)
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where:
3 5 ; 0 d_ip o
Fr = (1 = A)sin2 sind cosz; = (7)77% (14 (A = 1)cos") (3.3)
where
L is the mi k length and is ble to the grain size,

d is the pileup length,
and A is the confining coefficient and equals 3/0;.
If a crack forms, K; must equal the fracture toughness K. The resulting

criterion for critical shear stress at the crack formation is:

Kie

“ @G, (3.4)

oy =
where:
Gr= (%)"/’sin’d - ;sinzw sind m(g). (3.5)

Kalifa et al. (1989) also used triaxial tests to study the effect of hydrostatic
stress on critical stress and strain for crack nucleation. The results of their tests

were regressed by the least squares method giving the following equation,
01— 03 = ~247 + 045, (3.6)

The theoretical (dotted line) and experimental (solid line) equations are shown in
Figure 3.2.

Through the theoretical derivation of the equation for crack formation undec
compressive stress fields, an important finding was that crack formation is domi-

nated by the remote stress field whereas the local tensile stress field generated by
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Figure 3.2: Th ical and Experi | Critical Differential Stress as Function
of Confining Stress (Kalifa et al., 1989)

dislocation pileup has little effect. A very noticeable feature is the clear increase
of the critical crack initiation stress with confining pressure. Within the range of
their tests, the critical stress for crack nucleation is increased from about 2 MPa in
uniaxial loading to 6.5 MPa in triaxial loading with a hydrostatic stress of 10 MPa.
Under even higher confinement, for instance, 25 MPa, which is often encountered
in medium scale indentation tests and full scale interactions, very high deviatoric
stress is needed to initiate a crack. The critical strain is also found to increase
with hydrostatic pressure, that is resonable considering the increase of stress. It is
interesting that the elastic strain component decreases as the total critical strain
increases with confinement. This indicates that the first crack nucleates in a de-
formation condition more and more characterized by ductile response with the
increase of confinement. This phenomenon and the bigger stress and strain needed

to create cracks will certainly delay the early occurence of cracks and prevent the



Figure 3.3: The Response of Ice in Uniaxial Compression at (a) Low (b) Interme-
diate and (c) High Rates of Loading (Cocks, 1988)

ice from failing due to brittle shearing and splitting.

3.1.2 Effect of Hydrostatic Stress on the Failure Mode of
an Ice Sample
The majority of the ice tests are uniaxial compressive. Figure 3.3 shows the re-
sponse of ice samples loaded in uniaxial compression at diﬁexent.strain rates. Tests
were done at low, intermediate and high strain rates. The high strain rate deforma-
tion of uniaxial compressive ice (c) is characterized by an elastic increase of stress,
followed by a brittle failure caused by crack propagation. A brittle solid in such
uniaxial compression might be expected to fail by axial splitting alone, as cracks
propagate parallel to the principal stress direction (Ashby and Hallam, 1986). The -
shear fracture observed by Schulson (1987) and Rist et al. (1988) is attributed
to the end effect (Rist el al., 1988). The ends of the tested ice sample are fixed



36

by the testing equipment which exerts frictional constraint on the ice sample. The
expected axial splitting is inhibited at the ends especially at high strain rates where
the frictional force is sufficient to prevent the axial fractures from propagating the
entire specimen length.

The confining pressure superposed on the uniaxial test has the same cffect as the
ends. Under moderate confining pressures, failure might occur by shear fracture,
independent of specimen ends. The process of axial splitting and shear faulting

is a function of (Horii and Nemat Nasser, 1985). As

shown in Figure 3.4, in the case of axial splitting (left figure), a single fracture
associated with wing cracks propagates throughout the ice specimen. On the other

hand, the lated def jon under i i fi will make the

cracks coalesce, resulting in the formation of a shear fault. As seen in the right
figure in Figure 3.4, a family of stable wing cracks coalesced along the shear fault
surface and a matrix of coarse and fine powdered material was created.

Further increment in confinement will suppress this brittle failure leading to a
higher stresses and failure due to visco-elastic flow. Recent work done by Murrell,
Sammonds and Rist (1990) also showed the same tendency. Under triaxial com-
pression at low temperature and high strain rates, shear fracture is reduced and
finally eliminated as the confining pressure increases. They attribute this elimina-
tion of shear cracks to the increased difficulty of nucleation or propagation of cracks
in triaxial compressive stress field. Figure 3.5 and Figure 3.6 show the stress-strain
curves under hydrostatic pressures of 1.2 MPa and 30 MPa respectively.

In

two iti might be identified. First, from very low to

moderate hydrostatic confining pressure, there is a transition from tensile axial
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Figure 3.4: Axial Splitting and Shear Fracture (Kenny, 1992)
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Figure 3.5: Stress-Strain Curve with Hydrostatic Pressure of 1.2 MPa and Strain
Rate of 0.01/s (Murrell and Others, 1990)
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Figure 3.6: Stress-Strain Curve with Hyd ic Pressure of 30 MPa and Strain

Rate of 0.01/s (Murrell and Others, 1990)

splitting to shear fracture. Second, from moderate to high hydrostatic confining
pressure, there is a transition from shear fracture to visco-elastic flow. The second
transition is more profound because it indicates a change in failure mechanism, i.e.

from crack propagation to creep enh d by mi kil

At low strain rates, the ice responds in a ductile manner under any confining
pressure and therefore the hydrostatic pressure does not have as much effect. In
other words, it does not change the failure character at early stage of deformation.
This can be seen in Figure 3.7 and Figure 3.8 where strain rates are one order of

magnitude lower than in Figure 3.5 and Figure 3.6.
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Figure 3.7: Stress-Strain Curve with Hydrostatic Pressure of 0.1 MPa and Strain
Rate of 0.01/s (Murrell and Others, 1990)
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Figure 3.8: Stress-Strain Curve with Hydrostatic Pressure of 10.5 MPa and Strain
Rate of 0.01/s (Murrell and Others, 1990)
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