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And now there came both mist and snow.
And it grew wondrous cold:

And icc:. mast-high. came floating by.
As green as emerald.

And through the drifts the snowy c1ifts
Did send a dismal sheen:

Nor shapes of men nor beasts we ken-­
The ice was all between.

The ice was here. the ice was there.
The icc: was all around:

It cracked and growled.
and roared and howled.

Like noises in a swound!

The Rmle of the AnClenl Manner
by Samuel Tlylor Colendge (1772·1834)

Orlilmallyin:
1llcPoelicIIWorksofS.TColcridge

(London: W. Plckcnng. 1834).
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Abstract

lce-struetute iDteractions. where crushing is the predominant mcxk of
failure. arc cbar2Clcri.sed by zones of intense high pressure within the ice
feature. This work investigates the mechanical and microstructural
behaviour within these zones by using triax..ial tcsting on laboratory grown
freshwater granular ice. 1be latest interpretation of the behaviour of ice in
high pressure zones during ice·structurc interactions is presented. based on
previous work at Memorial University of Newfoundland. A review of
triaxial testing on ice is also presented.

Results of triaxial testing on ice indicate the e~stencc of two separate but
overlapping deformatioD mechanism regimes at high and low confming
pressures. High microcrack densities followed by a reduction in grain size
by recrystallisatioo and re5lJ'UCturing were observed in low hydrostatic
pressure tests (p < 30 MFa). At higher~ (p > 40 MPa) this was
replaced by more intense recrystallisatioo and possible pressure melting at
grain boundaries and triple points.

Triaxial tests were used in lbe calibn.tion of a pcessure-dependent
constitutive model for granular ice. 10e constitutive model is based on
continuum damage mechanics and uses tbe reduction of the sWJdard
Burgers body to a single Don·linear dashpot 10 model the response of icc
under ltigb stress and high strain conditions. Resuhs show moderate
agreement with test data collected from ice damaged lria.tiaJ.Iy at constant
deformation rue and loaded axially at higb coniLDing pre5SUIeS.. More
worlc: is oeedcd to improve Ibe caJjbratioD of the model further over a.
wider range of confining pressures.
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Chapter 1
Introduction and Focus

1.1 Introduction
Ocean-going vessels and structures navigating the waters of the arctic and sub-arctic

are designed to be substantially stronger than vessels and SUUCture5 for use in other parts

of the world.. This difference is related to the environment in whicb these structures

operate and the hazards that are associated wilh it. tce is a threat to vessels operating in

aceticW~ and is often present in several forms: as pack ice, large ice floes. or icebergs

of varying sizes from very large tabular bergs to berg)' bits. In these silUlUions ice loads

on these suuetures become an important factor in the development and design of efficient

and economical SlIUCtures for work, explOf'lllion. and research in ice covered waters.

Until a few years ago. designers of offshore structureS and vessels for icc environments

were left to determine ice loads based on both a limited knowledge of the interaction

process and a limited database of measured ice loads. For this reason. serious

experimental and field programs were required to shed some much needed light on the

subject of ice structure interaction.



lee mechanics has been used to fill the void of Imowledge in this field of materials

scieoce. Research at full scale with instrumented structures and vessels, at medium scale

with indentation tests in both sea and glacial ice., and laboratory work oa the properties of

ice under various conditions have all been performed. In genenJ. these have shown thai:

ice behaves in a complex manner depending on the type and microstructure of the ice

encountered, the loading conditions, the temperature of the ice. and scale effects. Ice

failure in the field has been observed 10 be a dynamic process where ice failure al the ice­

structure inlerface is characterised by a crushed layer of pulverised ice being exuuded as

!be interaction takes place. Within the crushed layer. a large percentage of the total load

is ItanSmiued through dynamic zones of b.igb pressure which appear and disappear at

random in fl¥tions of a second.

In !be labor.ttory. work has focused on establishing and confuming constitutive

models for ice, essentially equations that will predict the response of ice when il is

subjected to specific stress and strain conditions. As Iheoretical models are conceived,

laboralory testing and field data help to define parameters and coefficients for the models

as well as 10 check their validity over large ranges of conditions. An important aspect of

ice·strueture interaction that is currently being investigated and will be reviewed in this

work is the behavioUJ" of high pressure zones. It is believed that uOOetSWtding the

mechanical behaviour of ice within the high pressure zone and the associaled layer of

highly damaged cIU£bed iu that accompanies this deformatioa is esseDtiaJ in the

development of the next genen.tioD of constitutive models for ice. For Ibis reason a test

program was established to investigate the effects of higher strain rates and large amouDts

of strain (or damage) on laboratory grown polycrystalline ice tested under conditions

believed to be present in ice in the field.



1.2 Focus
The focus of this thesis specifically is [0 investigate rhe effects strain ratc, total Strain.

creep load. and confining pressure on the deformation. microsttucrural change. and

damage of granular freshwater ice under several triaxial stress Stales and histories. The

goal is to reproduce: conditions crICOUotered within h.igh pressure zones in the labomory

using triax.ial testing. simulating some of the localised effects of ice·SbUCrute interactions

on a small scale. From data and observations obLa.i.ned in this study a clearer

undemanding of the ice-structure interaction process will be achieved as well as

obtaining information that will lead to the calibration and verifICation of constitutive

relations for ice IRSCor..ly being developed. In particuJar. a constiwtive model developed

at Memorial University of Newfoundland which takes into account the effect of

hydrostatic pressure on the ice wiU be investigated.

The work covered in this document is summarised below:

I. A literature review of the damage process. creep response. and COnsWlI strain I'1UC

response of freshwater granular ice under triaxial conditions with an emphasis on

high pressure zones and their role in ice·sttueture interactions was done.

2. A review of damage mechanics and constilutive relations for ice, leading to the

latest model is presented.

3. Test matrix. its BoalS. and the motivation fortbeseleSts with ~pect 10 previous

testing aR discussed.

4. The experimeotaJ procedure and apparatus used in lhis SDJ.dy is presented.

5. A discussion of the ~ultsof the triaxial testing and the application of the

coUectcd data to the calibration of the model is presented.

6. The p~sun:-dependentconstitutive model and the methods and correetions used

in the calibration followed by model predictions are derived and discussed.



7. Concluding remarks and recommendations for funher investigation into this

subject are given.

Damage and Micmsttuetural Change in Ice Undu Hillh Pressure ZorIe Conditions



Chapter 2
The Behaviour of Ice

In order to develop models for the interaction of jce with struet~. a proper

understanding oftbe mechanics of ice is necessary. In this chapter the state aCme art of

ice mechanics will be described, relating theories for large scale ice structure interaction

to laboratory work as well as describing the behaviour of ice on a microscopic level

within the lce·suucture interaction zone. Beginning with the microscopic make-up of ice,

ice-structure interaction mechanics will be reviewed. Other topics covered will include

the role and characterisation of damage in the failure of ice as well as related modelling

issues.

2.1 Ice as a Material

2.1.1 The Microstructure of lee

Natuiai ice of interest to this study is from two general sources: sea icc. with its

origins on the oceans, and glacial ice calved from glaciers and ice fields. lhe result of the

accumulation of snow and atmospheric precipitation. These two, although from

completely different sources. are made up aCme same type of ice, ice lh. The 'h' refers

Damage and Microstrucwral CIwlae in Icc: Under HiSh Pressure Zone Conditions



to the hexagooal microstn.lCtUte of the material. This form of iee is the only type that

exists oatUtally 00 earth at oormaI pressures and temperatures. Other forms can exist at

high pressures (above 200 MPa) and lowte~ (below -IIOOq but these are

almost Dever observed outside of the Laboratory and are usually studied by those

interested in ice in other pans of the solar system and on other planets.

The hexagonal crystal formation of ice is composed of oxygen atoms at the vertices of

a tetrahedron. Each oxygen atom within the crystal has four bonds to hydrogen atoms.

three in the plane of the hexagon and ooe in the adjacent plane either above or below it.

This plane is refem:d to as the basal plane and is the pr-efened plane of deformatioa

within the aystal.. The direction perpendicular to the basal plane is calJed the c·aJtis or

optic axis of the aystal. The c-axjs is such that optical methods can determine its

orientation by using polarised light. as light incident parallel to the c-axis will pass

through the crystal nonnally while birefringence will taU place with light at an oblique

angle of incidence. This phenomenon allows the crystallographic analysis of ice sections

with a simple white light source and a set of crossed polarising fIlters, a relatively easy

task compared to other materials.

Ice expands on freezing, ruching its maximwndensity as waleC at about 4°C. In

nature the bomologous temperanue of ice is usuaUy very near 1.0. and because of this ice

is very mucb susceptible to pressure melting. The theoretical relation for this effeel at

O"C for small pressure changes is (Hobbs, 1974):

arm ~ ~.0738"CIMPa (2.1)

where T.. is the melting temperature. At larger pressures, the relation between the

melting point and pressure is no longer linear. It bas been shown that 54 and 110 MPa of

pressure are required to melt ice initially at -.5 and ·lOOC, respectively (NordeU, 1990).

Both of these rclation.shjps are shown in Figure 2.1.
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2.1.2 The Natural Formation of lee

Ice growth in nature is divided intO two Stages called primary and secondary ice

growth. Primary ice growth includes the transition beginning with the nucleation from

dust. snow. or other precipitation up to a thin continuous sheet of ice 00 a lake or expanse

of salt water. Secondary growth is the growth of ice downwards from an established ice

sheet Primary growth in ice is affected by atmospheric conditions and precipitation,

surface conditions such as waves and wind, and impwities such as salt. Each of these

factors affect both the nucleation rate, the shape of ice crystals, and the speed and

direction of growth in me ice sheet. Secondary ice growth is mainly controUed by the salt

content of the water and the temperature gradient in the ice sheet.



Once an ice crystal has Qucleated. its growth is primarily in the basal plane if then: are

00 other restrictions. although growth can occur in any direction under the right

conditions. For more on this subject the reader is referred to Cammeart and Muggeridge

(19&8) and Sandenon (1988). Secondary ice growtb can only take place wberr: there:

~ exists an ice cover over the water swface. It is at this point in which a distinction

between salt water ice and freshwater ice is made. As the ice sheet grows downwards in

salt water. brine pockets will be trapped between columnar ice crystals growing from the

bottom of the ice shoet. These pockets are the reason salt water ice. at 1east in its fll'St

year. is typically weaker than freshwater ice. In multi-year ice. the brine pockets can

drain leaving empty brine channels to flood and frttl,e with fresh melt water. producing

the stronger multi-year ice often encountered in the uctic. See Michel and Ramseier

(1971) and Nadreau and Michel (1984) for more on ice sheet formation. growth. and

classification.

Ice deformation at the large scale is apparent in many ice floes. The pllenomena of

rafting. fmgering. and ridging are all pan of the growth and life of a natura.l ice sheet.

This last formation. the ice ridge. is often the stroogest pan of an ice sheet. especially

when made up of ridged ice that has survived more than one year. It is these multi·year

ice ridges that often cause the greatest threat to ice break.i.ng vessels and other structures

in arctic waters. however aU ice induces some sort of loading on structures during an

interaction. The description of such an interaetion follows in Section 2.2.

2.2 The Mechanics of an Ice-Structure

Interaction and High Pressure Zones
In this work emphasis will be placed on the local effects of ic:c-suucture interactions

on the microsuucture of the ice. its deformation. and locally uansmined loads and



pressures. The problem of determining global ice loads will not be addressed. Also. due

to the large number of failure mechanisms thae are possible and have been observed in the

field. this investigation will be limited to the crushing failure of ice. ignoring other failure

modes such as: radial cracking. buckling. circumferenciaJ cracking. flexure. and large

scaJe spalling. Pure creep is not listed with these failure mechanisms as it can be

conside~d a special case of crushing failure where there is no spalling. exuusion of

crushed ice. and high frequency oscillations in the load.

The area of a structure that makes contact with the ice during the interaction defines

the interaction zone. It is the description of this area and the aetivi[y in and around ie Ihat

researchers are striving 10 achieve. The ice in this area will behave differently depending

on several characteristics: the deformation race. the scale of the ice with respect to the

structure. the temperature of the ice. and its microstruclUre. For example. a relatively

high temperature will lead to a visco-elastic deformation while lower temperatures and

high strain rates will result in a brittle type of fracture. In the preseot case a [ypical

temperature of about _lOGe and a deformation rate on the order of 0.1 mls will be

assumed.

Initially as the ice makes contact with the structure any high points on the ice will be

spalled off or crushed as the structure begins to indent the ice surface. Once an

interaction area of sufficient size is reached the ice stam to take on the full load of the

interaction. Since we are assuming the ice will fail by crushing and not by simple creep

(ductile) or brittle failure. a complex interaction begins at the ice·structure interface. It is

this steady state deformation beyond the initial transiene contact that is of interest here.
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1
Fagure 2..2 Diagram of ice:-suucture inleraction evenl showing a high pressure

zone situation.

The ice nearest the indentor will be fonned into a crushed layer as shown in Figure

2.2. This layer of ice adjacenllo the sU'UCture consists of parent ice that has undergone

signifJCatlt microsuuetur.1l change in the Conn of mic:rocrackiDg. recrystallisation,

pressure melting, and sinlering (Jordaan and McKenna, 1989). The ice within the

pulverised layer is what has been observed to be extruded from the interaction zone IS

fine granular ice in indentation tests. lbe layer has been reported to vary from a few
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II1il.Iimeues to 170 mID or more in thickness (Meaney aDd otbcn, 1991), but is typicaLly

about 40 nun thick.. 'This ice layer is believed to be responsible for oscillations in load

(Jordaan aDd Singh. 1994,lordaan and McKenna. 1989) often assoc:ialed with ice-

struelUre interaction of this nalUre. This argument is sUpponed by studies on crushed ice

between parallel plates by Spencer and others (1992) and Singh and others (1993).

Within this crushed layer. once a steady state deformation regime is reached (not

necessarily a constant deformation rate) and often before. high pressure zones are prescnt.

These are zones of local bigh pressure within the crushed layer that are responsible for

transmining a large fractioo of the load. well beyond half the total load (Johnston and

others, 1995), to the struclUre from the ice. High pressure zones have been observed to be

about 20 to 50 cm in diameter (0.03 to 0.2 m1 in area) in both field tests and vessel

ramming trials (Jordaan and others, 1991). Zones observed against lnsaumented hull

plating on the CCO.S. Louis S. St Laurent and reported by Olen and Blount (1984)

during ice ramming against ridges and regular icebreaking had a duration of between 0.0 (

and 0.1 s. a maximum peak pressure of 53 MPa. and an average magnitude of 23 MPa for

all peaks recorded. Sensors embedded in the ship's forward plating were 7.94 nun in

diameter. Other tests at Hobson's Oloice Ice Island showed a maximum peak pressure of

70 MPa during pressure pulses about 0.5 s in duration during constant speed indentation

tests. Pressure sensors in the indentor face were 12.7 mm in diameter (Frederking and

others, 1990; Johnston and others, 1995).

High pressure zones are random in Dature both temporally and spatially (Jordaan and

others. 1997). Their shape is also random and dynarruc. changing as the ice is deformed.

The disaibutioo of the zones has been estimated to be about one per square meter

(Jordaan and others. 1991). but the characterisation of the distribution in time and space

is not pursued bere so thaI we may concentrate 00 the mechanics of the zones themselves.
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As. indicated above, the zones are short lived phenomenon thai appear and 1Mn disappear

just as ano1Mr zone is m3.1erialising. The zones tend to propagate themselves in Ibis way

50 that there is always at least one zone lransmimng the load to the SIlUCIUre Oordaan and

othe~. 1997).

Microcraclc.ing is at work in bigh presslm zones and in areas behind the crushed layer.

but crack propagation is suppressed by the conflllC:ment of the surrounding material and

inhibits spalling in the immediate area of the zone. In other areas where there is less

confmemem. cracks can coalesce 10 form spalls. These spalls actually help continue the

process allowing critical zones to appear in other pans of the inleractioo area (Jordaan

and Singh. 1994. Jordaan and others. 1991). As the load is transmitted to Ihese other and

often smaller areas. the same large load and deformation causes high stresses and Ihe

development of new high pressure zones.

Field indencation tests have shown whal appear 10 be two types of ice in the crushed

layer at the surface of the indenlor. The fll'Sl is crushed. highly damaged. and simply

disintegrates to the touch. It does not appear as if it could support any sort of load

without confmement and is often associated with the lower pressure areas of the

interaction (Meaney and othen. 1991). It is while in colour. suggesting thai air has been

entrained within the ice in the fonn of hubbIes during the grinding and exuusion process.

A second bluish zone of ice is also present in some cases. Although this ice appears

intact it has acrually undergone significant microstruetura1 change as can be attested by

thin sections of the area whicb show evidence of rectysta1lisation and sintering (Meaney

and othen. 1991). Thin sections of tile ice beyond the crushed layerbave also shown

little or no dama&e to the parent ice a relatively short distance (100 mm) from the

indentor surface.
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The change in structure of Ute ice from undamaged parent ice to highly damaged and

deformed ice is the focus of this work. Tests described later and performed under triaxial

conditions were developed to increase the understanding of tllis microstructural change

and how it relates to the tnlDsmission of large loads during ice-structure interactions. In

order to understand this one must [lISt start at the beginning with the small scale

behaviour of ice.

2.3 The SmaU Scale Behaviour of Ice
If an attempt is to be made to understand the mechanics of the ice within high

pressure zones the mechanics of ice in general muSt flISt be understood. The foUowing

section will deal with laboratory test programs and will go on to explain how ice is

represented in constitutive relations using viscoelastic theory. From this point forward

any references to ice should be taken to refer to granular fresh water ice unless otherwise

indicated. Of course ice in me field. especially sall water ice, wiU vary from sample to

sample with respect 10 bom its structure and properties. Brine pockets, age, granular

structure, and temperautre all affect the physical properties of ice. In the laboratory,

however, a uniform ice is used so that results can be compared and evaluated.

The mechanical propenies of ice, as described by Sanderson (1988), can be classified

into two areas: continuum behaviour and fracture behaviour. The first represents the

elastic and ductile deformation of ice, while the second is related to the development of

large amounts of cracking and brittle failure. Although mucb of this work is related to

cnntinuum behaviour, both will be discussed below.

2.3.1 The Creep of Ice

A large number of studies based on experimental work under uniaxial and biaxial

streSS conditions have been undenaken (Sinha, 1979; MellOr and Cole, 1983; Cole, 1983;
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Jacka and Maccagnan. 1984: Smilh and Schulsoo. 1993. to name a few). However.

relatively fewer stUdies have looked at the deformation and failure of ice lh under triaxial

confmement (lones. 1982: Jones and Chew. 1983; Jones and Jahan. 1987; Stone and

others. 1989; Kalifaand others. 1992; Risr and Murrell. 1994: Rist and others. 1994;

Gagnon and Gammon. 1995; Stone and others. 1997).

Let us now consider what happens to an ice sample as it is suddenly loaded by a

constant suess. also mown as a aeep test. It should be noted that references to creep

tests in this work repcesent a constant stress or constant load teSt. and not a conslant strain

rate lest. as others working in ice may previously have defl!led il. lnitiaIly. the ice

deforms elastically with the application of the load. similar 10 other solids. This is

followed immediately by a delayed elastic deformation that grows asymptotically (0 a

finite level over time. superimposing its deformation on the elastic strain. A third

component, viscous creep. is also present. All three responses can be added to yield the

total response of the ice and are shown graphically iD Figure 2.3. This figure describes

the idealised response of the ice during a creep leSt as well as the: response of the ice after

the load bas been removed. Note bow the: delayed elastic strain is lU:overed along with

the elastic strain. 1be viscous strain is not recovered after the load is removed so that the

permanent deformation after unloading is due to viscous creep in the ice.

Of the three strain components iDltOduced above. the elastic strain is the deformation

associated with the displacemenl of the atoms and their bonds and is complelely

recoverable. It is represented by the following equation:

£ =~
• £ (2.2)

where a is the sttessand E is the Young's modulusoflhe ice. The delayed elastic strain

"



Figure 2.3 Constant stress test strain history showing the three strain components
used to describe creep.

is asymptotic in nature and contributes a limited amount of strain to the total. The

viscous strain in the ice is due to microsuucnnl change in the ice from different sources

that will be discussed later as deformation mechanism are inuoduced.

Many constant stress teSts in the past have been performed uniuially with no

conflDement 00 the sample. These were. for the most part. performed at relatively low

suess over long periods of time. In most cases the goal of the work was not the

development of constitutive relations for ice but simply understanding the mecbanics and

mjcromecbanics of the response. It should be understood that ideaUy the defonnation and

failure of ice is independent of the type of loading, whether it is constant stress, constant

slrain rate, or constant streSS rate. lbe actual mecbanisms acting on the ice will be the

same, their relative effects depending solely on the state of stress and previous streSs and

"



strain history. The distinction be[Ween constant stress and constant strain rate testS is

based simply on the fact that some variable must be controlled while perfonning a teSt

and that these variables in particular. stress and strain rate. are both relatively simple to

manage.

2.3.1.1 Pressure

Confmement is an important issue in the testing of ice. since in a tJUe interaction ice

is certainly not subject to purdy uniax..ialloads. Pressures develop and act on the material

both panllel to the a.ris of loading as well as perpendicular to it. applying a confInement

that tends to hold the ice together. The end result is a material that can be significantly

strOnger than in its uruax.ial state.

JODeS and Chew (1982) have shown that low levels of confinement lower the

secondary or minimum creep rate ofpolycrystallioe ice. However. me creep rate then

passed through a minimum between 15 and 30 MPa of confinement. in~asingwith

added pressure. The tests were performed at ·9.6°C and a low differential stress of 0.47

MPa. Pressure melting at grain boundaries. where stress concentrations arise. is

suggested as the cause of the softening of the ice in the high pressure regime (this point

will be revisited several times).

The effect of conf1D.ing pressure on ice is also related to crack motion and sliding

along the crack interface. Confinement tends to increase the forces that close cracks and

therefore limits the genentl effect of craclcing on the ice as far as the strength and

deformation are coocemed. The result is to make ice that appears moderately damaged

by cracks behave much like undamaged ice (Stooe and others. 1997).

I.



2.3.1.2 Grain size and Orientation

Jacka and Maccagnan (1984) have reported 00 uniaxial compression teStS on

polycrystalline ice al -3OC with a low COnstanl differential stress of 0.2 MPa. The

purpose was to investigate the microsuuctural change within the sample with respect to

the gr.Un site and crystal orientation. taking thin sections of samples at various strain

levels. Grain site was fouod to increase with strain up to the maximum total strain of

32.5"J,. changing from 2.2 mm initially to 4.8 mID at the end of !be test. Gram orienwion

was described as developing from purely random to a circle girdle fabric. with the c-ws

at an angle of about 27° from the horizontal plane diStributed randomly about the uis of

differential loading.

Grain size also decreases with increased deformation in higher stress and higher strain

rests (Stone and others. 1989). This is believed 10 be related to the effects of grain

boundary area.. However. the area will have an effect on the recrys1a11isation versus

microcracking mechanism within the ice only so long as loading and temperature

conditions are noI preferential 10 one ~ the other. The magnitude of the strain rate or

stress applied along with both the time (duration of the loading) and eonfming pressure

worle. in establishing the relative amounts of recrystallisation and microcracking in the ice.

High pressures and temperatures inhibil microcracking and enhance recrystallisation.

Otherwise reaystallisation and grain boundary migration tend to thrive where large grain

boundary areas (small gn.in sizes) are presenl while microcracking is more predominant

in ice with larger grains.

2.3.2 Constant Strain Rate Deformation of Ice

A second way. and possibly the most widely used method. of studying the

deformation of ice in the laboratory is the constant strain me tesl. An idealised curve for

a constant strain rate test is shown in Figure 2.4 as SlIeSS versus stnin. and clearly shows
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lhc peak suess often used In describe the streogth of ice under specific conditions of

tem~.grain size. or pressure (Mellor and Cole. 1982). In constant stnin rate

deformations at low strain r.lIeS a second peak: is often visible in the curve slightly ahead

of the major peak.. This secondary peak. or initial yield point as it has been referred lO in

!he literature (Mellor and Cole. 1982; Scbulson and othen. 1984) marks the onset of

microcracking in the ice. More on the peak stress and ilS relation to the deformation

behaviour is discussed with respecllO results in Cbapler 4.

Often the difference belween coostant straillrate tests and cOllStanl deformation rate

tests is not clearly defined This difference is related to the calculation of true and

engineering strain. lbe engineering strain is simply defined as the change in the length of

Failure
Strain

S "

Figure 2.4 SlRSS versus strain for a typical constant strain rate test showing the
peak strwi of the material.
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a specimen. I, -t.. divided by the gauge lengtb.lo:

(2.3)

True strain is defIned as the change in length of a specimen divided by its new length at

each in!erval of measuremeOi. As the intervals become very small. this can be expressed

as an integral where a small change in strain (dE. "" f) is imegraeed over die change in

length from4J eo f,:

E, "" tT'"' In(l~t := In(l,)-In(t.) (2.4a)

When Equation 2.3 is solved as I, ""40 +E£) and substituled for Ir inlO Equation 2.4a

the result is:

where the expression reduces 10 a simple function for lhe true strain:

(2.4c)

All strains in chis work are represemed as true strain unless otherwise indicaled.

In a constant strain rate tesl ooe of the feedback or control channels is usually the

strain. calculated from the amount of strnke or deformation at some point and the gauge

length. By controlling the strain rale. calculated from this signal. a COQ.SlaO[ strain rate

test is achieved If lbc: teSt is performed withoul the use of this feedback then a COOSlant

defonnation rate is used to control the test... This results in a leSt wbete the strain race is

changing as the deformation progresses. This can be seen if one considers the same

deformation or advance rate on a sample while it is at its initial length and lhen

considering the same deformalion rale once the sample reaches a smaller fraction of its

original length. The difference in strain is insignifIcant for small deformations

(engineering str2.in and uue strain arc essentially the same). but when strains greater than
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about 4% are reacbed the difference between the two begins to become significant and

should be taken into considenation.

Another problem in testing to high strain levels. specif.JCally in compression. is the

barrelling effect of the specimen 00 streSs and strain. The lateral strain which causes

barrelling typically increases the cross section of lbe specimen at the midpoint and

tberefore reduces the streSS. If the system is not set up 10 correct for this when calculating

stress in lbe sample. significant errors (up to 35~ for the sample sizes and strains in this

study) may resull More about this and other issues dealing with corrections to data and

triaxial testing of ice will be discussed in Chapler 3.

Experimental worit on constant strain rate testing of icc: is wide:s]nad as the: tes15 are

relatively easy to perform and interprel. Deformation at constant strain rate bas been

characterised in the: past by many researchers. The following touches on a few repons by

some of these to give an overview of the work done on ice at constant strain tale bolh

uniaxially and triaxially.

2.3.2.1 Pressure

Pressure affects the constant strain rate rest in much the same way as the conStant

stress teSt. The strength of the nwcria.l under coo[mement is increased wbc:n compared to

the unconfioed strength at strain rates greater than lO's S·I (Jones. 1982; Kalifa and others.

1992). The work by Jones is thorough. covering strain taleS from 10.7 to 10.1 S·l up 10 a

maximum pressure of 85 MPa. The testing was performed at a temperalUre of about

·11"C. JODeS (1982) showed that the mosl dnmatic effect oflbe confinement in

strengthening the ice is at high strain rates (10.1 [0 10.1s'1). Strengths twice the

magnitude of the unconfined strengths were reported at these strain rates. If the pressure

alone is coosidered !be sueogth showed a decreasing tread as pressures go past lhe 30 [0
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40 MPa marL This was attributed [() pressure melting as the combination of mess and

p~ure reduce the overall melting point at grain boundaries.

Kalifa and others (1992)~ results that were similar foc atem~ of -Iere

and~ up to 10 MFa. The main focus of this research wasmicnxrac:lting and

fracture. similar to reports by RisI and MurreU (1994) and Rist and others (1994) on

triaxial tests with icew~ the ductile to brinJe traDsition zooe was investigaled.

In maxial testing a confining pressure can be applied by using an acruator for each

primary axis or by using a coofming medium such as nitrogen or silicone oil. In the case

of the [aner the medium must be kept from making direct contact with the specimen to

avoid interaction with cracks. This effect was dramatically represemed in a test by R.ist

and others (1988) wben a jacket was suspected of leaking during a triaxial test. Tbe result

of the leak was a specimen whicb experienced rapid softening after the peak stress. A

similar sample with a jacket that was not compromised showed less softening. Both tests

were performed at about the same pressure. near II MFa. and the same SU3in rate and

temperature. It is believed that the introduction of the conftning medium to the ice

resulted in pressure between crack faces. This. instead of dosing cracks, reduced friction

between the two surfaces causing a softening of the material.

2.3.2.2 T~mperaJun

Tests by Rist and MWTclI (1994) descnbed the temperawre effect to be very much as

expected with ductile behaviour at high temperatures and brittle behaviour at low

temperatures. Tests at temperatures of ·20 and -40"C are also presented in the context of

studying the brittle behaviour and fracture of ice at varying stnlin rates. For the most pan.

the testing was perl"ormed in temperature ranges beyond the range of interest of the

present study.
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2.3.2.3 Grain Size

Grain size plays a large role in ice bellaviour both at constant strain rate and ConSlarll

stress. Tests by Scbulson and Cannon (1984). and Cole (1987) suggested that the peak

su"ess increases with decreasing grain size for most strain rates up to (00) 5.1, however,

there was a discrepancy in the results of these two studies at low strain rates (lower than

(O~s"l).

It is bard to isolate the effect of grain size in some cases, especially at high strain

levels as the grain size is continually changing as the test goes on. By recrystallising

grains, the ice can either develop a larger average grain size (in very slow tests) or a

smaller average grain size (in faster tests). Recryst.allisation tends to lake place more

readily on smaller grained specimens, allowing large ductile deformations. This has been

linked to the large grain boundary area available for recrystal1.isation and grain boundary

migration, as well as the ability of the larger grained ice to develop higber stress

concentrations than ice with a smaller grain size (Cole, 1986, 1987). The effect of grain

size on microcracking with respect to strain rale response reflects tlte opposite, where

limited numbers of grain boundaries use cracking to dispose of accumulated strain energy

and dislocations. This microcracking in turn can aid the recryslailisation process by

increasing tlte number of grain boundaries.

2.3.3 Damaged Ice

Constanl strain rate: tests have been the most widely used means of applying known

amounts of 'damage' to ice. Kuehn and others (1988) and Slone and others (1989; 1997)

have pn:sented work on this subject. The former investigated the effects of damage on

the ductile to brittle transition zone. The work by Stone and others (1989; 1997) involved

subjecting ice to known amounts of strain at either a constant deformation rate or a

constant or monotonically increasing load in order 10 quantify damage 10 the ice based On
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a damage fonnulation. More on damage functions will be presented in Section 2.4 once

constitutive models have been discussed.

The most common types of damage tests are constant strain rate tests (0 fixed levels

of strain and are often followed by a creep or second constant strain rate test. possibly

with a period of recovery between the !WO. The constant strain rate tests are often easier

to control and can be progranuned to stop at specific strain levels easier than other types

of tests. Constant stress tests have a tendency (0 develop runaway creep once the tertiary

creep phase is reached and can be less than ideal when precise control is required.

In Stone and others (1989) tests wele performed by applying a constant strain rate

deformation followed by a second CODStant strain rate deformation of either higher or

lower strain rate. The results showed that the ice responded by producing a second

slightly higher peak when the strain rate was greater, and no peak at all for strain rates

that were less than the initial rate. The paper also suggested a simple damage model

based on the reduction in area of the specimen due to cracking.

Kuehn (1988) reponed on the strength of columnar saline ice following a constant

strain rate test. similar to lhe work discussed above. These tests were perfonned

uniaxially at -IWC both parallel and perpendicular (0 the columns in the ice. Results

showed that the strength of the ice decreased on the second loading when compared to

intact ice strengths.

In general, laboratory experiments indicate that ice will become softer foUowing an

initial damage test either by showing a decreased peak stress (for subsequent constant

strain rate tests) or a higher minimum strain rate (within a subsequent creep test). In the

past this was mainly associated with the damage caused by extensive microcracking

throughout the ice, as papers by Stone and otben; (1989). Jordaan and others (1992), and

Jordaan and Xiao (1992) indicate. However, in a later report, Stone and others (1997)
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suggest that microcracking. although il significant part of dOlmage ilt low strains. is not the

only aspect to be considered. citing recrystallisation and pressure melting as sources of

damage.

2.3.4 Describing the Creep of Ice

Continuum beh.1.viour in ice bas been modelled in the past by using phenomenological

models to describe the rheology of ice. These ue discussed below, along with more

rigorous formulations based on viscoelastic theory.

As ice deforms during a creep test it undergoes three stages of deformiltion. As the

load is applied primary creep begins and continues through to the end of the delayed

elastic stnin. This leads to a minimum creep rate at the point of inflection of the creep

curve. Tbe minimum creep rate and the associated plateau in the suain rate are called

secondary creep. Secondary creep is foUowed by tertiary creep as a result of viscous

defonnation, and the strain at this point can quickly run away with rapidly accelerating

creep. A sample creep curve in Figure 2.5. similar to that in Figure 2.3, shows each of the

Stages of creep defined above.

Primary creep is associated with the elastic strain mentioned earlier. along with the

decelemting delayed elastic strain. As for secondal}' creep, there is some debate as to

whether it tnlly exists or is simply a minimum creep rate separating the two other forms

of creep. This is left for others to debate as the creep response ccnainly does DOl. depend

on its classiftcation. Tertiary creep bas been attributed to bolb the existeDcc of extensive

microcracking (Sanderson, 1988) and recrystallisation at grain boundaries (Frost and

Ashby. 1982). both brought on by the accumulation of dislocations at the grain

boundaries. It is likely that both recrystallisation and microcracking are playing a pan in

the deformation. their relative contributions depending on other conditions within the ice.

including pressure and temperatule. Many scenarios ue possible. including strictly

"



Tertiary
Creep

Secondary
Creep

TIme

Figure 2.S Constant stress test strain b.istory sbowing the three creep regimes.

recrystallisation or microcraclting producing teniary creep. Recrystallisation is seen as

being a regenerative type of deformation since once ice bas been recrystallised it is

dislocation and crack ftee and can undergo primary creep once again. contributing to the

overall increase in the strain rate associated with teniary creep.

An interesting paper by Glen and lves (1988) shows the effects of inhibiting

recrystallisation and grain boundary migration in ice subjected to creep loads. Using fish

antifreeze proteins (antifreeze glycopeptides), the creep rate during constant stress tests

using treated ice was found to be reduced when compared to constant stress tests on

regular granular ice. It was explained that the ice aggregate could no longer deform using

recrystallisation and grain boundary migration due to the effects of the antifreeze proteins.

Darnale and Microslr\lCtUl'lll Chanse in Ice Under High Preuure Zone Conditions
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