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Information is presented on the stress, strain, temperature 

and time dependence of crack formation in columnar-grained ice. 

It was observed that cracks began to form during creep when the 

constant compressive stress exceeded about 6 kg/cm 2 • For 

stresses less thanabout 10 kg/cm 2 , the cracking activity was 

confined primarily to the primary creep stage. When the stress 

was greater than about 12 kg/cm 2 , crack formatio~ brought on 

the failure condition before the secondary creep stage could be 

established. 

It is shown that prior to the onset of failure, the crack­

ing activity was essentially random, and probably involved two 

independent processes - one with a probability of crack forma­

tion dependent on the strain, and one with a probability 

independent of the strain. Observations are presented on the 

probability distribution for crack density, width and orientation. 

The possible effect that modes of deformation and recovery might 

have on the temperature and strain dependence of the cracking 

activity is discussed. 
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THE PROCESS OF FAILURE IN COLUMNAR-GRAINED IGE 

1. INTRODUCTION 

Ice is such a natural and familiar part of our environ­

ment thatwe tend to overlook or take for granted the 

consequences of its unique characteristics. It is the solid 

form of one of the few substances that expands on freezing. 

Because it floats on the surface of its melt, it helps 

maintain an environment suitable for the survival of life 

through winter periods in cold areas. The frictional 

properties of its surface contribute both to the pleasures 

of skating and the hazards of travelo It is able to accumu­

late to such depths in some regions that it flows under its 

own weight and, in so doing, contributes to the continuaI 

reshaping of the earth's surface. It will fracture in a 

brittle manner, ev en at its melting temperature, when struck 

lightly with a hammer. 

The behaviour of ice when under stress is a subject of 

some importance for engineering. Structures built in cold 

regions must often be designed to withstand the forces that 

ice can exert. Ice covers are sometimes used for transpor-

tation purposes, and it is important to know the amount of 

weight that can be placed safely onto covers of given 

thickness and quality. 
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Both of these problems require for their solution a 

knowledge of the ultimate strength of ice and its deformation 

behaviour, particularly at failure, for given load conditions. 

For most engineering materials, the information required to 

establish the safe working stress and stress at failure can 

usually be obtained by appropriate laboratory tests. These 

tests, often empirical in nature and supplemented by expe­

rience in use, help to establish the service conditions from 

both a safety and economic point of view. When consideration 

is given to problems associated with ice, however, several 

factors are encountered in a combination rare in engineering 

practice. 

One of the most significant of these is that the tempera­

ture of the ice is close to that at which it melts. Its 

homologous temperature is usually greater than 0.8. For 

practically aIl engineering problems ice is in a high tempera­

ture state and exhibits behaviour to be expected for this 

condition. 

Another factor is that the condition of interest is 

usually that associated with the maximum force that ice is 

able to sustain or exert. The ability of the engineer to 

predict the failure condition, and the deformation behaviour 

leading up to and during this condition, is in an inadequate 

state of development. 

at high temperature. 

This is particularly true for failure 
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Still another factor is that man normally does not have 

the control over the manufacture and use of ice that he has 

for Most engineering materials. He must work or contend with 

it in the condition provided by nature. As the material is 

a product of nature, it is subject to random variations in 

properties such as density, grain size and structure, and 

impurity content. These properties, determined by the condi­

tions existing during growth, can have a significant influence 

on deformation behaviour and strength. 

Considerable information has accumulated concerning 

p~oblems such as the bearing capacity of ice covers and the 

force that they can exert against structures. This infor­

mation has been largely empirical, derived from field 

experience and performance. An empirical basis for design 

can be adequate for Many problems, but it is not satisfactory 

for situations that do not conform with past experience. In 

recent years problems have arisen for which a greater under­

standing of the deformation and failure behaviour of ice was 

required. It has also been thought that some structures May 

have been overdesigned because of ignorance of the forces that 

ice can exert under given conditions. Attention has been 

given, consequently, to studies of the deformation and strength 

properties of ice with the thought that the information 

obtained could provide a more rational basis for estimating 

maximum stresses or establishing a reasonable factor of safety. 
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The properties of ice make it a particularly interesting 

material for the study of deformation and failure, quite 

apart from the engineering need for this information. Ice is 

transparent, and so it is possible to observe directly during 

experiment some of the structural modifications associated 

with deformation and the failure process. It has a crystallo­

graphic symmetry that has a marked influence on how it 

responds to load. For some conditions of loading it will 

behave in a ductile manner; for some in a quite brittle manner; 

and for still others it will exhibit a combination of brittle-

ness concurrent with an overall ductile response. It is 

possible to control the grain structure and texture of ice 

during the freeiing of water, and to thereby ob tain material 

that can be used to study how these factors affect deformation 

behaviour. The combination of the above properties makesice 

a particularly interesting material for studies of the process 

of failure at high temperatures. 

During a study of the deformation behaviour of ice, it 

was noted that internaI cracks formed during compressive creep 

when the stress exceeded a fairly critical value. These 

cracks were isolated events, and tended to be stable in size. 

Crack formation was continuous and if the stress was suffi­

ciently large, gradually broke down the structure until the 

specimen failed. The behaviour appeared to be reproducible, 
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and so indicated the possibility of describing the failure 

condition for ice in a way suitable for engineering require­

ments and for providing greater insight in~o the failure 

process. Observations were undertaken to de termine the 

factors that controlled crack formation, and how the cracking 

activity depended on stress, time, strain and temperature. 

Concurrent observations were made on the creep behaviour and 

on some af the deformation features that developed. It is 

the results of this study that are reported in this thesis. 

They are presented and discussed with reference to the 

properties of ice, the behaviour of other materials, and 

current thinking concerning crack formation and failure. A 

review of the properties of ice of importance in the failure 

process is presented in Section 2. Crack initiation, propa­

gation and failure are discussed in Section 3. The experiments 

are described in Section 4, and the results presented and 

discussed in Sections 5, 6 and 7. 
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2. PROPERTIES OF ICE 

2.1 Crystal Structure 

Ice is composed of hydrogen bonded oxygen atoms. X-ray 

studies, such as those of Barnes (1929) and Owston (1953), 

have shown that each oxygen atom is at the centre of an 

almost perfect tetrahedron. The four corners of the tetrahe-

dron are occupied by the neighboring oxygen atoms. It has 

been deduced from X-ray studies that the ice lattice has 

hexagonal symmetry, and that there are four oxygen atoms in 

the unit celle Figure 1 shows the arrangement of the oxygen 

atoms in planes parallel and perpendicular to the symmetry, 

or c-axis, of the crystal. 

° The distance between oxygen atoms at O°C is 2.760A and 

the angle between the hydrogen bonds 109.5°. At this tempera-

ture the cfa ratio for the unit cell is 1.629, just a little 

less than the axial ratio for an exactly regular tetrahedral 

arrangement (1.633). There is evidence that the distance 

between oxygen atoms in the plane of symmetry, or basal plane, 

is just slightly greater th an in the direction of the c-axis 
, . 

(O.OlA at O°C). Information on the structure of ice, including 

the temperature dependence of the lattice parameters, is 

reviewed by Dorsey (1940), Lonsdale (1958) and Owston (1958). 
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In figure 1, the atoms denoted by open circles are aIl 

on the same plane. Those denoted by solid circ1es are in 

the plane immediately adjacerit (eg A and B). Each of these 

planes can be considered as a layer of "close p~cked" atoms, 

as is done in discussions of the molecu1ar structure of 

metals (eg Reed-Hi1l, 1964). The ice structure can be 

considered as built up of identical layers of atoms, A and B. 

Looking in the direction of the c-axis, the oxygen atoms in 

one set of 1ayers are located a10ng 1ines defined by the 

intersection of the bisectors of the angles of the equi1atera1 

triangles formed by three adjacent atoms in the second set of 

1ayers. The stacking sequence of the layers is ABBAABB ••••• 

The Miller indices of the three principal directions in 

the ice lattice are shown in figure 1: the reference axes 

with an example direction are shown at the top of the figure. 
o 

A displacement of a layer a distance 4.25A in <1120> direc-

tions, that is, along the line of closest packing of atoms, 

places each oxygen atom in a position exactly equivalent to 

its initial one. The sides of the familiar snow crystal in 

the shape of a hexagonal plate are parallel to the <1120> 

directions; the arms of the dendritic snow crystals are 

extensions in the <1120> directions. 

Hydrogen atoms are difficult to detect with X-rays 

because they scatter the rays so weakly. For this reason 
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their position within the ice lattice has not been as weIl 

established as that of the oxygen atoms, and much of the 

evidence concerning it is indirect. On the basis of available 

evidence, BernaI and Fowler (1933) proposed the following 

rules concerning the position of the hydrogen atoms: 

1. the hydrogen atoms are located on the lines 

connecting adjacent oxygen atoms; 

2. there is only one hydrogen atom between two 

adjacent oxygen atoms; 

3. each oxygen atom has two hydrogen atoms 
o 

attached to it at a distance of about lA. 

(i.e. the water molecule is preserved in the 

ice crystal lattice). 

Each oxygen atom in the ice lattice has four bonds with 

neighboring oxygen atoms. There are, therefore, six different 

ways in which the hydrogen atoms ca~ be placed about the 

oxygen atom so as to satisfy the Bernal-Fowler rules. A 

preference for any one of these six arrangements would cause 

ice to have pyro- and piezo-electric properties. Since there 

is no evidence of this, it must be concluded that if the 

hydrogen atoms obey the Bernal-Fowler rules, aIl six possible 

arrangements are equally probable. 

Pauling (1935) assumed such a statistical behaviour. In 

addition to the Bernal-Fowler rules, he also postulated that 
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the interaction between non-adjacent molecules is such that 

it will not stabilize any one of the many possible configu-

rations. With this model he was able to give a reasonable 

explanation for the residual entropy possessed by ice at OOK. 

X-ray measurements by Owston (1953, 1958); neutron 

scat ter measurements by Wollen et al (1949) and Petersen and 

Levy (1957) on D20 ice; proton magne tic resonance measurements 

by Kume (1961); and measurement of dielectric properties (see 

Granicher et al, 1957), support the Pauling statistica1 model. 

These observations indicate that there is short range order 

in the position of the hydrogen atoms as required by the 

Bernal-Fowler rules, but that long range order is not present. 

The observations of Petersen and Levy show that the spatial . 

average of the positions of the hydrogen atoms is equivalent 

° to the atom in each bond spending 50% of its time about lA 

from one oxygen atom, and the remainder in the corresponding 

position relative to the second. It is now generally accepted 

that the Pauling statistical model is a reaso~able description 

of the position and behaviour of the hydrogen ~toms in the ice 

lattice. 

2.2 Lattice Imperfections 

Strength, plasticity and viscosity are structure sensitive 

properties. They are controlled primarily by imperfections 

that exist or are induced into the crystal lattice. It is 
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usefu1 to have an appreciation of the imperfections that occur 

in the ice lattice, and the energy associated with their 

formation and movement, when considering the strength and 

deformation behaviour of ice. 

2.2.1 Point Defects 

The most common point defects in pure crysta1s are atoms 

or molecules missing from their normal positions in the 

lattice (vacancies), or in abnormal interlattice positions 

(interstitials). Vacancies in particular play an important 

role in deformation at high homo10gous temperatures (Nabarro, 

1948; Herring, 1950; Garofalo, 1965; Weertman, 1968). They 

provide a means by which matter can be effectively trans~erred 

from one region of a crystal to another due to differences in 

the Gibbs free energy. 

A vacancy is formed, conceptually, by removing an atom 

or molecule from its position in the lattice and placing it 

on the surface of the crystal. Removing a molecule of water 

from the interior of ice involves the breaking of four 

hydrogen bonds. Two hydrogen bonds are formed when the 

molecu1e is attached to the surface. The energy of the 

* hydrogen bond is about 0.25eV, and so the energy of formation 

of a vacancy should be about 0.50eV (Krëger, 1964). Gr~nicher 

(1958) obtained 0.53eV for the energy of formation of a 

vacancy. 

* leV = 23.05 kcal/mole 
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., 
Granicher also estimated the energy of formation of an 

interstitial water molecule to be about 0.7eV. This suggests 

that interstitial water molecules play a smaller role in mass 

transport in ice than vacancies. It has been suggested by 

Haas (1962) that interstitial watermay participate" in the 

diffusion process if its energy of formation is reduced by 

the formation of bonds with neighboring molecules. 

Several studies have been made of the activation energy 

of self-diffusion of H3 0 and H 0 18 in ice. H3 0 and H 0 18 
2 2 2 2 

refer to molecules of water tagged with the isotopes of 

hydrogen and oxygen, H3 and 0 18 , respectively. The results 

of some of these studies are summarized in Table 1. A calcu-

la~ion by Ramseier (1967) indicates that self-diffusion of 

H3 0 occurs by the vacancy mechanism, and involves the whole 
2 

molecule. The approximate equality of the activation energy 

for self-diffusion of H3 0 and H 618 supports this conclusion. 
2 2 

Bjerrum (1951, 1952) discussed point defects that can 

occur due to violations of the Bernal-Fowler rules. A trans-

lat ion of a hydrogen nucleus from one of its stable positions 

in the bond to the second pro duces ionic defects i.e. 

2H 0 
2 

OH 

Subsequent similar translations of hydrogen nuclei can separate 

these two ions so that they become independent of each other. 
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A rotation of a water molecule can remove a hydrogen 

nucleus from its bond position, and place it into a bond that 

is already occupied. This crea tes a hydrogen vacancy or 

unoccupied bond called an L defect; and a hydrogen "inter-

stitial" or doub1y occupièd bond called a D defect. Subse-

quent rotation of water Molecules can separate these two 

defects and make them independent. Ionization and rotational 

defects provide the basis for currently accepted models 

•• describing the electrica1 properties of ice (Granicher et al, 

u 
1957; Granicher, 1963; Jaccard, 1965). 

Krëger (1964) suggested that Land D defects May be 

associated with vacancies. An energy calculation indicated 

thatassociation of a vacancy with a D defect is preferred. 

Haas (1962) suggested that the defects May be associated also 

with interstitials. It is considered that the Land D defects 

play a role in mechanical relaxation. Their possible effect 

on the motion of dislocations is discussed in the following 

section. It appears that the hydrogen atom May have a 

significant effect on the deformation behaviour of ice at high 

temperatures. Activation energies associated with the forma-

tion of orientation and translation defects involving hydrogen 

atoms are given in Table 1. 
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TABLE l 

Activation energies for formation of point 
defects and self diffusion in ice. 

Defect or 
··Proce·ss 

Vacancy 

Interstitia1 

Orientationa1 
defect (pair) 

L defect 

Ion pair 
defect 

Diffusion 

* Til ** 
T.l + 
Til 
Tl. 
Tl. 
Til 
Til &l. 
Tl. 

t 0 18 11 

* T Tritium ice 

Activation 
Energy 

e.V. 

0.53 

0.70 

0.68· ± 0.04 

0.235 ± 0.01 

1.2 ± 0.1 

0.62 ± 0.03 
0.62 ± 0.07 
0.63 ± 0.02 
0.63 ± 0.03 
0.58 ± 0.05 
0.63 ± 0.05 
0.67 ± 0.08 
0.65 ± 0.05 

0.68 ± 0.13 

(H~O) . 

·So·urce 

Grà.nicher, 1958 

" Granicher, 1958 

Jaccard, 1959 

Jaccard, 1959 

Jaccard, 1959 

Ramseier, 1967 
Ramseier, 1967 
B1icks et al, 1966 
B1icks et al, 1966 
Denge1 et al, 1963 
Denge1 et al, 1966 
Itagaki, 1964 
Itagaki, 1967 

De1iba1tas et al, 

** Il Diffusion in the <0001> direction. 

+ J. Diffusion perpendicu1ar to the <0001> direction. 

t 0 18
: Ice containing water mo1ecules tagged with the 

0 18 isotope. 

1966 
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2.2.2 Dislocations 

Etch pits can be produced on the surface of ice using a 

solution of polyvinyl forma! (formvar) in ethylene dichloride 

(Higuchi, 1958). There is evidence that some of the pits 

mark the site of emergence of dislocations. Bryant and Mason 

(1960) observed etch channels in the <1120> direction asso­

ciated with pits'in the basal plane and suggested they were 

due to edge dislocations. They were not able to match pits 

on parallel faces of ice plates 100 ~ thick. 

Muguruma (1961, 1963, 1965) observed that the density of 

etch pits in both the basal and prism planes was of the order 

of 10 6 to 107/ cm 2 at the surface, and about 10s/cm2 about 100 

~ below the surface. He suggested that the increase in 

density of the pits near the surface was due to the formation 

of dislocations by the mechanical polishing technique used to 

prepare the surface for etching. 

Muguruma and Higashi (1963) subjected undeformed single 

crystals with an initial etch pit density of 105 to 106/ cm 2, 

to non-basal glide of 3%. The etch pit density on the basal 

plane increased to about 107/ cm 2. Etch channels associated 

with the pits indicated dislocations moving in the <1010> and 

<1120> directions. They concluded that the channels could be 

caused by pure screw dislocations in the {lOlO} or {1122} 

planes with Burgers vector in the <1120> direction. It was 
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considered that the motion of dislocations created vacancy 

trails, and that nearby impurities precipitated into the 

trails. They suggested that the etch channels, which were 
~ 

formed about 24 hours after the deformation, were due to the 

presence of the vacancy trails. 

Muguruma, Mae & Higashi (1966) studied the formation of 

voids during non-basal glide. The voids formed in layers 

/ parallel to the basal plane, and were aligned in the <1120> 

direction. Their formation ap~ears to be similar "to that of 

vacanéy discs observed in zinc foil by Price (1963), and is 

strong evidence that non-basal glide involves non-conservative , 

motion of dislocations. 

Interesting information on dislocation networks in ice 

fta~~ been obtained with X-ray topography. Webb and Hayes 

(1967), using tabular dendritic crystals 0.1 to 0.3 mm in 

thickness, observed that most of the dislocations lie in the 

basal plane. Higashi et al (1968), found the same condition 

for specimens about 1 mm thick. 

Webb and Hayes found that newly formed crystals had large 

areas (0.5 cm 2 ) free of dislocations. The dislocations 

appeared to originate at inclusions during deformation. There 

was a strong tendency for the dislocations to be of the screw 

type with Burgers vector b = a/3 <1120>. 
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Evidence was obtained for the reaction. 

a/3<1120> + a/3<12l0> = a/3<2ll0> 

Climb appeared to take place during annealing, transforming 

dislocations of <1120> type to edge dislocations lying approxi­

mately in the <0001> direction. There was evidence of cross 

slip on pyramidal planes, probably{llOl}, but no evidence of 

partial dislocations and stacking faults. They suggested 

that etch pits on the basal plane would show only a small 

fraction of the dislocation structure visible by X-ray topog­

rapQY because the dislocations tend to be parallel to the 

(0001) plane~ 

Higashi et al (1968) and Fukuda and Higashi (1969) also 

found the principal Burgers vector to be a/3 <1120>. The 

dislocations in the basal plane tended to be curved and 

roughly parallel to <1120> and <1010> directions, suggesting 

that they were not tied strongly in a Peierls valley. 

The evidence obtained to date indicates that dislocations 

in ice lie primarily in the basal plane, and are of the screw 

or almost screw type with Burgers vector a/3 <1120>. Dislo­

cations tend to be curved, but with a general <1120> and 

<1010> direction. Short edge dislocations in the <0001> 

direction may be present, particularly after annealing 

following deformation. By far the easiest mode of deformation 
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is by dislocation glide on basal planes, and pyramidal cross-

slip. 

Bjerrum (1952) pointed out that disorder in the hydrogen 

atoms could have a significant influence on plastic deformation. 

Glen (1968) has given consideration to the consequence of this 

disorder for the motion of dislocations. The passage of a 

dislocation through the ice lattice will shift the oxygen 

atoms a distance of one Burgers vector. Each hydrogen bond 

crossing the glide plane must be broken and reformed. Since 

the position of the hydrogen atom in the bond is random, 

additiona1 orientation and ionization defects will be formed 

un1ess there is diffusion of these defects to and from the 

dislocation. Glen used a simple argument based on the energy 

of formation or orientation defects to show that if there was 

no diffusion of the defects it wou1d require a shear stress 

of the order of 4300 bar~ to move a dislocation through the 

* 1attice. Since it is known that plastic f10w can occur in 

ice for shear stress of the order of one ba~, Glen concluded 

that the motion of dislocations through ice must invo1ve the 

diffusion of L, D and ionization defects. 

2.2.3 . ·Substructure 

Workman (1953) observed a substructure in ice. This 

structure, which consisted of bund1es of coordinated hexagonal 

* 1 bar = 1.02 kg(force)/cm 2 = 1 N/m 2 
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prisms 1/2 to 20 microns in width, and 1 to 10 microns in 

length, was examined in greater detail by Truby (1955).· 

Gentile and Drost-Hansen (1956) reported that the structure 

was not present immed.iately after ice was formed. They found 

that it developed in new iceif it was stored at -20 o e for 

one to two weeks. These investigators suggested that the 

structure resulted from the condensation of vacancies into 

disc-shaped voids that subsequently collapsed to form dislo­

cation rings. 

Zajac ·(1962) concluded from a study of primary and 

secondary exti:nction of X-rays that ice has a .. substructure. 

His analysis showed that the subgrains making up the structure 

were of the order of 5 microns in size, and that the misorien­

tation between adjacent blocks was of the order of 2 minutes 

of arc. 

The existence of a " substructure in ice is still a 

matter of debate. No evidence of it has been reported from 

the X-ray topographie studies. The question of its existence 

is of some importance with respect to deformation and failure 

because of the possible interaction between the structure and 

dislocations. 

2.3 Polycrystalline Ice 

The way in which polycrystalline ice responds to a load 

is dependent on the texture of the grains. This was recognized 
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by McConnel and Kidd in their studies published in 1888. 

Measurements of the deformation behaviour of ice are meaning­

fuI only if adequate information is given on the shape and 

size of the grains, and the characteristics of their crystal­

lographic orientation. Much of the published information on 

strength and deformation is of doubtful value because of the 

lack of this information. 

The characteristics of the grain structure of ice are 

very dependent on the thermal and mechanical conditions 

associated with nucleation and growth. Michel (1969) and 

Michel and Ramseier (1969) have developed a classification for 

naturally occurring ice covers based on their genesis, 

structure and texture. This classification provides a suitable 

framework for reporting observations en strength and deformation 

behaviour. 

If ice forms on a calm surface, the first crystals are 

tabular, extending out over the surface of the water. The 

grains that result are large with irregular boundaries. There 

is a marked preference for their symmetry or <0001> direction 

to be perpendicular to the surface. If the surface of the 

water is agitated when freezing begins, or if freezing is 

initiated by snow, the first layer of ice will have a granular 

texture with random crystallographic orientation. Michel and 

Ramseier refer to this first layer formed as primary ice. 



21 

1 / Secondary ice develops from the primary as freezing 

progresses parallel to the direction of heat flow. The 

secondary ice often has a columnar texture, with the long 

direction of the columns parallel to the direction of growth, 

and crystallographic orientation controlled by that of the 

primary ice. 

Hillig (1958) found that ice grows more readily perpen­

dicular to the <0001> direction than parallel to it. This 

behaviour can lead to the development of a preferred crysta1-

lographic orientation in ice, as di~cussed by Perey and 

Pounder (1958) and observed- by Gold (1960). Ketchsm and Hobbs 

(1967) and Ramseier (1968) have studied in some detail the 

factors that control the growth of one grain relative t~ its 

immediate neighbors. 

If the primary ice layer has a preferred orientation with 

the <0001> direction in the direction of growth, this will be 

retained in the secondary ice. There will be a tendency for 

the average grain diameter to increase with growth due to the 

squeezing out of unfavourably oriented grains. If the primary 

ice has a random orientation, there will be a marked tendency 

for the secondary ice to develop a preferred orientation with 

the <0001> direction perpendicular to the direction of growth. 

This preferred orientation can be weIl developed by the time 

the ice is 2 cm thick. The <0001> direction will have a raridom 
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orientation in the plane perpendicular to the growth direction. 

Average grain diameter increases with growth to a greater 

extent than for ice with the <0001> direction in the direction 

of freezing. 

Granular ice can form, for example, by the flooding of 

snow on top of an ice cover. This ice often has a whitish 

appearance, and the grain size is usually less than 5 mm. 

Michel and Ramseier calI such ice "tertiary ice". The classi-

fication that has been developed by them is summarized in 

Table II. 

Substructure can develop in ice during formation, 

particularly if supercooling or impurities are present. 

Observations of this structure are described in papers by 

Harrison and Tiller (1963a) and Macklin and Ryan (1965). Sea 

ice provides an extreme natural example of the strong control 

impurities can have on the structure and substructure of 

polycrystalline ice (Weeks and Assur, 1968). 

One of the characteristics of water is the small value 

of the partition coefficient k = S./S , where S and Si are 
~ w w 

the impurity contents of the water and resulting ice respec-

tively. Because of this, ice is relatively much purer than 

the melt from which it is formed. The build-up of impurities 

in front of the ice-water interface can cause morphological 

instability which leads to their entrapment in the grain 
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TABLE 'II 

Genetic Classification of Ice 
(Michel and Ramseier, 1969) 

Priniary Tce (iceformed initially) 

Pl C axis preferred vertical; crystal size large' to extra 
large; crystal boundaries of irregular shape. 

P2 C axis orientation random to preferred vertical super­
imposed on random; crystalS1ze medium to extra large; 
crystal shape tabular or needle. 

P3 Ice cover initiated by frazil; C axis orientation 
random; crystal size small to medium; crystal shape 
equiaxed and tabular. 

P4 Ice cover initiated by snow; C axis orientation random; 
crystal size small to medium; crystal shape equiaxed. 

Secondary Ice (develops from primary) 

SI Columnar-grained; C axis vertical orientation; crystal 
size increases with depth, and is usually large to 
extra large; grain shape irregular. 

S2 Columnar-grained; C axes tend to become perpendicular 
to long direction ox columns with growth; crystal size 
small to large, increasing more rapidly with depth than 
type SI. 

Tertiary Ice 

Tl Snow ice; C axis orientation random; grains equiaxed; 
grain size small to medium. 

Grain Size 

small Grain diameter less than 1 mm. 

medium: Grain diameter between 1 and 5 mm. 

large 

very 
large 

Grain diameter between 5 and 20 mm. 

Grain diameter greater than 20 mm. 
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boundary region, as exemplified by the freezing of sea water. 

This is discussed by Harrison and Tiller (1962, 1963a), Weeks 

and Assur (1968), and Rohatgi and Adams (1966). The value of 

the partition coefficient is found to be-about 10- 4 or less. 

(Harrison and Tiller, 1963b; Anantha and Chalmers, 1967; 

Weeks and Lofgren, 1967). 

2.4 Deformation 

2.4.1 Deformation of Single Crystals 

As ear1y as 1888 it was reported that single crystals of 

ice deformed "like a pack of cards" (McConnel and Kidd, 1888; 

McConnel, 1891). Greater insight into this behaviour was 

provided by the experiments of Glen and Perutz (1954), 

Steinemann (1954a, 1958) and Nakaya (1958). These studies 

demonstrated conc1usively that deformation of single crystals 

of ice occurs most easily by glide on basal planes, and that 

it is much more difficu1t to induce glide on non-basal planes. 

Observations on the creep behaviour of crystals oriented 

for basal glide in tension or compression, have exhibited, in 

general, a power law relationahip between strain rate, stress 

and time, and an exponential relationship between strain rate 

and temperature. An equation of the fol10wing form ia usually 
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assumed when analyzing results of experiments: 

where t is the shear strain rate; T the shear stress; 

t the time; Q the apparent activation energy; 

(1) 

T the temperature in degrees absolute; k Boltzman's 

constant and A~ n, and m are constants. 

Butkovich and Landauer (1959), Glen and Jones (1967),and 

Jones and Glen (1967) found m to be about 0.5 for strain less 

than 5%. There is some evidence that it may decrease with 

decreasing temperature. The value of n is found to be between 

1.5 and 4 for shear stress greater than 0.5 bar (Steinemann, 

1958; Butkovich and Landauer, 1959; Readey and Kingery, 1964; 

Higashi et al 1964, 1965; and Jones and Glen, 1967). Obser­

vations show that n tends to increase with stress and decrease 

with strain. Values obtained for the apparent activation 

energy, Q, are summarized in Table III. 

The critical resolved shear stress for slip on the basal 

plane at temperatures warmer than -40°C is very low, probably 

less than 0.2 bars (Steinemann, 1954b, 1958, Wakahama, 1967). 

There is no evidence of work hardening during basal glide, 

and annealing has no or very little effect on subsequent 

deformation. Glen and Perutz found little X-ray asterism 

developed during deformation of up to 100%. These observations 

indicate that there is little interaction between dislocations, 

and that the Peierls force is not very large. 
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TABLE III 

Apparent activation energy for deformation 
of single crysta1s of ice. 

Activation 
Energy· 

eV . 

0.62 ± 0.07 

0.69 

0.69 

0.68 ± 0.04 

0.41 ± 0.04 

0.79 ± 0.04 

0.45 ± 0.03 

0.48 

0.65 

0.72 

y = Const. 

y = Const. 

3 point bending 
of beams 

T = Const. 
-10°C> T >-50 ô C 

T = Const. 
-50°C> T >-90°C 

y = Const. 
-10°C> T >'-50°C 

y = Const. 
-55°C> T >-90°C 

y = Const. 
Chemica11y po1ished 

y = Const. 
Mechanica11y po1ished 

Non-basal glide 

y = Const. 

Readey and Kingery, 1964 

Higashi et al, 1964 

Higashi et al, 1965 

Jones and Glen, 1967 

Jones and Glen, 1967 

Jones and Glen, 1967 

Jones and Glen, 1967 

Muguruma, 1969 

Muguruma, 1969 

Higashi et al, 1968 
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There appears to be little tendency for a preferred slip 

direction on the basal plane. Glen ~nd Jones (1967) give 

evidence for a slight preference in the <1120> direction. 

These results are in agreement with the conclusion drawn from 

the X-ray topographic and other observations that dislocations 

in the basal plane are probably not stro~gly tied to their 

Pèierls valley. Kamb (1961), howéver, showeâ that if the 

value for the stress exponent, n, isless than 4, the absolute 

value of the difference between the direction of the shear 

stress and the direction of glide will be less than 3°. 

Ice that has not been deformed previously has an upper 

yield stress when subjected to a constant rate of basal glide 

in tension or c'ompression. This effect has been studied by 

Readey and Kingery (1964); Higashi et al (1964); and Jones and 

Glen (1967). Over the temperature range -1.5°e to -BOoe, yield 

i5 observed to occur at a strain of about 1%. The strain to 

yield tends to increase with increasing strain rate and 

decreasing temperature. As with the creep experiments, there 

is no evidence of work hardening or recovery even after 

annealing at temperatures close to the melting point. 

It is found that the stress at yield has the following 

dependence on strain rate and temperature. 

where 

e ,.l/m '( E) L = Y exp-­ykT 

m, C' and E are constants 

(2) 
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Raising each side of equation (2) to the power m and rearranging 

gives: 

y = e '['n exp [- ~J y kT (3) 

where Q = mE, and m has been ~eplaced by n so as to put 

equation (3) in the same form as equation (1). 

The values found for n and Q are similar to those obtained 

from creep experiments. Values for the apparent activation 

energy are given in Table III. 

The behaviour of ice single crystals during a constant 

rate of strain test is consistent with Johnston's (1962) theory 

for yield. Johnston assumed, on the basis of observations made 

on the movement of dislocations due to a shear stress, that the 

number of dislocations increased linearly with strain and their 

n velocity was proportional to '['. Direct observations of the 

movement of dislocations in ice have not been made so it 1s 

not known if their behaviour agrees with the assumptions under-

lying Johnston's theory. When observations are fitted to the 

theory, reasonable values are obtained for the initial dislo-

cation density (about I05/ cm 2) and the dislocation velocity 

° (about 50A/sec at -50 0 e). 

There is evidence that the maximum stress associated with 

yield is sensitive to the initial dislocation density and the 

condition of the surface of the specimen. Muguruma (1969) 
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found that the yield stress was larger for specimens prepared 

by chemically polishing w~th alcohol, than for specimens 

prepared by mechanically polishing. Higashi et al (1965) 

observed the same behaviour for the bending of ice beams. 

This effect was attributed to dislocations induced in the 

surface by the mechanical polish. Muguruma found also that 

crystals containing low angle boundaries had a lower yield 

stress, and suggested this was because the boundaries were 

good sources and sinks for dislocations. The initial slope 

of the stress - strain curve did not appeaL to be sensitive 

to the initial dislocation density, but rather depended on 

the elastic properties of the specimen in combination with 

the testing machine. 

Some observations have been made on the spacing of the 

slip lines associated with basal slip. Wakahama (1967) found 

for the me an spacing between slip lines 

where 

(T - 0.2) d = 0.45 X 10- 3 

T is the shear stress in kg/cm 2 , and d is 

the spacing in cm. 

(4) 

Readings and Bartlett (1969) observed both fine and coarse 

slip lines. The fine lines were associated with shear stress 

less than about 0.2 bar. Their observations on the spacing 

of the coarse lines were in general agreement with those of 

Wakahama; i.e. l/d was found to be proportional to (T - 0.2) 

kg/cm 2 • 
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Observations on the behaviour of ice during non-basal 

glide at constant rate of strain have been reported by Higashi 

(1967) and Higashi et al (1968). An initial linear increase 

in stress with strain is observed. This is followed by yield 

at about one percent strain, and subsequent work hardening 

extending over several percent. The rate of work hardening 

depends on the angle between the stress and the" {lOlO} plane. 

Maximum rate of work hardening occurred when this angle was 

60°. In this case there are two" {lOlO} planes at 60° to the 

stress, indicating that the maximum rate of work hardening may 

be due to interaction between the dislocations gliding on the 

two planes. The rate of work hardening was relatively insen­

sitive to strain rate and temperature. 

It was found that the strain rate and temperature depen­

dence of the maximum stress at yield had the same form as for 

basal glide under constant strain rate conditions (see 

equation 3). The value for the exponent of the stress, n, was 

found to be 6.5, considerably larger than for basal glide. 

The apparent activation energy had about the same value as for 

basal glide, and is given in Table III. 

It was observed that for the same strain rate and 

temperature, the resolved shear stress required to cause yield 

on non-basal planes was almost twenty times that for yield on 

the basal plane. The shear stress at yield on the {lOlO} planes 
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was found to be independent of e, the angle between the stress 

and the plane. It tended to increase with increasing strain 

rate and decreasing temperature. 

Voids formed in the work hardening phase of non-basal 

deformation (Muguruma et al, 1966; Mae, 1968). The voids had 

a hexagonal shape, were in planes parallel to the basal plane 

and aligned in the <1120> direction. They tended to aggregate 

into rows of cavities after the stress had attained its maximum 

value. The strain to the first appearance of voids increased 

with strain rate. It was also observed that the lower the 

temperature or larger the strain r~te, the greater was the 

strain to failure. These observations suggest that non-basal 

glide is associated with the formation of vacancies and that 

the voids grow by vacancy diffusion. 

The electrical properties of ice have been found to be 

greatly affected by doping the ice with hydrogen fluor ide or 

ammonia. It is considered that the effect is due to the change 

in the concentration of orientation and ionization defects by 

the impurity ions. Since the HF molecule has only one hydrogen 

atom, its inclusion in the ice lattice will create a corre-

s~onding number of L defects. It will also bring about the 

reaction 

H 0 + HF + H 0 + + F 
2 + 3 
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and the concentration of D defects and OH ions will be 

depressed. Similarly, since NH has an extra hydrogen atom, 
3 

its inclusion into the lattice will increase the D and OH­

+ defects, and suppress the Land H 0 defects. If the movement 
3 

of dislocationsthrough ice is controlled by these defects, 

changing their concentration should affect the deformation 

behaviour. 

Jones (1967) and Jones and Glen (1969) have studied the 

deformation behaviour of HF and NH doped ice. HF has a 
3 

definite softening effect and the addition of NH a slight 
3 

hardening effect. It was concluded from the study that the 

velocity of the dislocations is controlled primarily by the 

concentration of L defects; additional D defects do not appear 

to result in softening, and may even cause some hardening. 

The equality of the activation energies for time dependent 

deformation and diffusion for ice single crystals indicates 

that the deformation is controlled by the diffusion process. 

This is considered to be the general situation for the defor-

mation of materials at high homologous temperatures (Weertman, 

1968). The studies of Jones and Glen, however, indicate that 

orientation defects also play a significant role. It is not 

possible to sayon the basis of activation energies which 

mechanism may be controlling the movement of the dislocations 

as the energies of formation and migration of vacancies and 

Land D defects are about the same. 
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Measurements of activation energy indicate that there is 

a change in the mechanisms controlling dislocation movement 

at about -50°C. This behaviour is still to be clarified. 

Jones and Glen (1967) found that ~ailure occurred at -90°C 

with no significant deformation, ev en for a resolved shear 

stress of 13.8 bar applied for 200 hours. It is of interest 

that for this stress, time and an activation energy of 0.41 eV, 

a strain of 2 to 3% should have occurred. 

2.4.2 Granular Ice 

The behaviour in creep of granular or type Tl (see Table 

II) ice, grain size about one to two mm., has been studied by 

Glen (1953, 1955), Steinemann (1954b, 1958), Jellinek and 

Bril1 (1956), Butkovkhand Landauer (1960), Halbrook (1962) 

and Dillon and Andersland (1967). The time dependence of the 

creep strain shows the three stages normally associated with 

the creep of granular materials: a primary or transient stage; 

a secondary stage in which the rate of creep tends to a 

constant value; and a tertiary stage in which the creep rate 

acce1erates. The principal interest in the creep behaviour of 

ice has been with respect to the flow of glaciers, and attention 

has concentrated on the secondary stage. 

The critical resolved shear stress for granular ice is 

less than 0.2 bars. During primary and the initial part of the 

secondary creep, the strain is observed to be approximate1y 

proportional to the square root of the time. For stress less 



34 

than about one bar, the flow appears to be Newtonian, with 

the strain rate proportional to the stress. This indicates 

that in this stress range Nabarro-Herring creep probably 

controls the deformation behaviour. 

It is observed for stress greater than about one bar, 

that the steady state creep rate of granular ice has a power-

law dependence on the stress, similar to that for single 

crystals deforming by glide on the basal plane. The value of 

the exponent of the stress, n, appears to increase with stress. 

Steinemann (1954b) obtained a value of about 2 for a stress of 

2 bars, increasing to a little over 4 when the stress was 12 

bars. Observations of the steady state creep rate at T .= - 5°C 

are plotted against stress in figure 2. 

Jellinek and Brill (1956) found that their observations 

of the creep of granular ice had the following dependence on 

stress and time: 

where 

1·4 0·48 
E = Acr t 

E is the creep strain at time t, cr is the 

applied stress and A a constant. 

(5) 

It is usual in the analysis of creep results to relate the 

creep rate at a given amount of strain into the secondary 

stage, to the stress. If equation (5) is differentiated to 

obtain the strain rate, and also used to substitute for t in 
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the resu1ting equation, the value obtained. for the exponent, 

n, of the stress (for the condition E = constant) is in 

agreement with that found by Glen (1955) and Steinemann 

(1954b). 

Steinemann (1954b) and Jonas and Mrr11er (1969) found that 

ice can recrysta11ize during strain. Steinemann's observations 

on thin sections showed that this occurred for strains of 

between 1 and 2%, depending on the stress, and was associated 

with the onset of tertiary creep. Steinemann (1954b) and Glen 

(1955) both observed that the average grain size obtained from 

thin sections prepared after deformation weIl into the secon­

dary stage, decreased with increasing stress. 

Some information has been obtained by Ha1brook (1962) and 

Dillon and Anders1and (1967) on the behaviour of granu1ar ice 

during deformation conditions approaching constant rate of 

strain. Strain rates in the range 6.5 x 10- 3 to 3.33% per min. 

were used. Yie1d was found to occur at a strain of about 1 to 

2%. The maximum stress at yie1d increased with increasing 

rate of strain. It was found that yield in the constant 

strain rate tests occurred at about the same strain as recrys­

tallization and the beginning of the terti~ry creep stage for 

the same type of ice. 

The deformation behaviour of granu1ar ice appears to have 

an Arrhenius type dependence on temperature. Apparent activation 
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energies that .have been determined show a wide scatter in 

value. This probably is indicative of the current lack of 

understanding and control of the factors that affect the 

temperature dependence of the deformation behaviour of 

polycrystalline ice. Value~ for the apparent activation 

energy of granular ice are given in Table IV. 

2.4.3 Columnar-grained Ice 

Bromer and Kingery (1968) studied the creep behaviour of 

columnar-grained type 81 ice (see Table II), subjected to 

stress of less than about 2 bars applied perpendicularly to 

the long axis of the columns. The strain rate was found to 

be proportional to the stress and inversely proportional to 

the square of the grain size, as predicted by Nabarro-Herring 

creep. Butkovich and Landauer (1960) observed that the strain 

rate of columnar-grained type 82 ice, with load applied in the 

long direction of the columns, was also proportional to the 

stress for stress 1ess than about 0.20 bars. 

Krausz (1963) and Gold (1965) have studied the deformation 

behaviour of type S2 ice for stresses greater th an about 4 bars 

applied perpendicu1arly to the long direction of the columns. 

It was observed that during primary creep the creep rate of 

previously undeformed type 82 ice goes through a maximum at a 

strain of about 0.25%. This was considered due to the develop-

ment of new modes of deformation. If the ice was deformed 
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eV 

0.62 

0.50 

1.40 

0.70 

0.61 

0.52 

0.70 

0.91 
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TABL'E 'IV 

Apparent activation energies for 
po1ycrysta11ine ice. 

.. ··Type of·· Ice·· 
'and' 'Met'ho'd 

Tl; 1" = Const. 
sma11 stress 

Tl; 1" = Const. 
sma11 stress 

Tl; 1" = Const. 
large stress 

Tl; 1" = Const. 

Tl; Creep thick 
wal1ed cylinder 

81; 1" = Const. 
sma11 stress 

82; . Const. y = 

82; 1" = Const. 
-5> T >-15°C 

Butkovich and 
Landauer, 1960 

Dillon and 
Anders1and, 1967 

Glen, 1955 

Jel1inek and Bril1, 1956 

Je11inek, 1962 

Bromer and Kingery, 1968 

Muguruma, 1969 

Go1d, present 
investigation 
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more than 1%, annealed, and th en subjected to the same load 

applied initially, the effect was no longer present. 

If the observations for stress greater than 4 bars are 

analyzed assuming a power law stress dependence for the 

secondary stage creep rate, the values for the exponent of 

the stress, n, are about the same as for granular ice. 

Information on the stress dependence of the strain rate during 

creep of columnar-grained ice for temperatures of -5°e and 

-lOoe, is shown in figures 2 and 3. Additional information on 

the creep of type 82 ice was obtained from the present study, 

and is presented in Section 6. 

There is little information on the behaviour of columnar­

grained ice under conditions of constant rate of strain. 

Preliminary observations by Gold (1968) indicated yield in the 

range of strain corresponding to the maximum in the strain 

rate during the pr~mary stage of creep. There was also evi-

dence of a second yield at a strain corresponding to the 

initiation of the tertiary stage in creep. 

Muguruma (1969) has studied the deformation behaviour of 

type S2 ice with specimens 5 mm thick and 25 mm wide. The ice 

was subjected to a compressive stress perpendicular to the 

long direction of the columns under conditions of constant 

rate of cross-head movement. He found that the maximum stress 

at yield had a dependence on strain rate and also temperature 
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as given by equations (2) and. (3). The value obtained for 

the stress exponent, n, was in agreement with that obtained 

for granular ice. The apparent activation energy was also 

similar, and is given in Table IV. Muguruma found that the 

yield behaviour of the columnar-grained ice was the same for 

mechanically and chemically polished surfaces. He concluded 

from this that the dislocations associated with the deformation 

are not generated at the surface, but rather internally and 

probably at the grain boundaries. 

Krausz (1968a) has developed the following expression for 

the dislocation velocity from rate theory assuming that the 

activation energy depends linearly on the stress, and that 

the energy barrier and activation volume in the forward 

direction are different from those in the backward direction: 

where v is the dislocation velocity, Af and Ab are 

constants for given T, Vf and Vb are the 

forward and backward activation volumes, and 

L eff is the effective shear stress acting on 

the dislocation. 

(6) 

This equation was found to describe weIl the stress dependence 

of the dislocation velocity reported for several crystals. 

Krausz (1968b, 1969) used this theory to analyze strain 
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relaxation measurements made with co1umnar-grained type S2 ice. 

He obtained 

0.4 x 10~2ocm3 < V
f 

< 9 x 10~2ocm3 

0.5 x 10-2o cm 3 < V
b 

< 22 x 10~20cm3, 

and concluded that strain relaxation in ice can be described 

fully by the asymmetrical form of the rate theory. The 

symmetrical form of the rate theory has been used in aIl 

applications to date for ice, and the implications of the 

findings of Krausz have still to be explored. 

2.4.4 Degrees of Freedom 

The deformation of a polycrystalline material is com­

p1etely determined by measuring the three principal strains 

and the three shear strains. If the deformation is one of 

constant volume, th en only five of these strains are inde-

pendent. Von Mises (1928) and Taylor (1938) used this 

geometric fact as the basis for the argument that if a 

polycrysta1line aggregate is to undergo an arbitrary, constant 

volume change in shape, each grain must have at least five 

independent slip systems. The consequence of this requirement 

has been discussed by several authors (Gold, 1963a; Groves and 

Kelly, 1963; Kocks, 1964; Tegart, 1964a). If the grains do 

not have sufficient degrees of freedom for deformation, 

stresses will build up, particularly in the grain boundary 
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regions, until a sufficient number have been initiated, or 

the deformation is no longer one of constant volume (i.e. 

voids or cracks form). 

The constraints imposed on grains by neighboring grains 

are one of the main sources of increased strength of an 

aggregate over its constituent crystals. It is often assumed 

that the tensile stress, a, necessary to produce a given strain 

or strain rate in the polycrystal, is re1ated to the corre-

sponding critical resolved shear stress, T , for the single c 

crystal by 

a = mT c 
(7) 

The value of m is dependent on the crysta1lographic symmetry 

of the constituent crystals and the ways in which they can 

deform. Calculations of it for face-centred cubic crystals 

have been made by Bishop and Hill (1951) and Taylor (1958). 

In general, the smaller the number of degrees of freedom for 

deformation, the larger is m. 

Attention has been given to the conditions that must be 

satisfied at the grain boundaries for deformation there to be 

compatible with the imposed deformation (Gi1man, 1953; 

Livingston and Chalmers, 1957; Hauser and Chalmers, 1961). 

When deformation is initiated, dislocations move into the 

grain boundary regions. The boundaries present a barrier to 
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the movement of the dislocations; the strength of this barrier 

depends upon the ease with which slip is initiated in neigh­

boring grains. Because of the barrier, dislocations pile up. 

The stress associated with the pile-ups depends in part upon 

the degree of incompatibility of the grains in their boundary 

regions. 

When consideration is given to the resistance of a 

polycrystal to deformation, two size effects are apparent - a 

grain size effect and a specimen size effect (Armstrong, 1961). 

It is found that yield and some types of fracture are related 

to grain size by an equation of the following form (Petch, 

1953; Dieter, 1961, p.12l) 

where 

T = TO + kd - i 

T is the shear stress associated with yield or 

fracture, TO is the friction stress opposing 

(8) 

the motion of dislocations (for no grain 

boundary restraints), k is a parameter deter­

mined by the resistance to shear caused by the 

grain boundary regions, and d is the grain size. 

Armstrong et al (1962), Smith and Worthington (1964) and 

McEvily and Johnston (1967) discussed the role that crystal­

lographic orientation and availability of slip systems play 

in the grain size effect and in determining the value of k in 

equation (8). Similar discussion was presented by Smith and 
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Worthington (1965) for brittle to ductile transition criteria. 

Thestress on an adjacent grain due to a dislocation 

pile-up at the boundary is given by (Johns ton et al, 1965; 

Tegart, 1966, p. 176): 

where Lr is the shear stress at distance r from the 

head of the pile-up. 

(9) 

If yield is to propagate from one grain to an adjacent grain, 

Lr must be large enough to cause slip to occur. Equation (9) 

shows that the stress is greatest close to the ~oundary, and 

it is in this region that multiple slip is observed to begin. 

The term kd - f in equation (8) is a measure of the extra 

stress required to generate slip, or initiate equivalent modes 

of deformation in the neighboring grains at each end of slip 

bands. In general, the higher the stress concentration 

developed at the grain boundary, the greater will be the volume 

of crystal involved in the development of additional slip 

systems. 

When there are few grains in the cross-section of a 

specimen (e.g. less than about 20), the full confining effect 

of grains upon their neighbors is not mobilized. As the 

number of grains in the cross-section increases, the value of 

m in equation (7) increases to i~s stable value. For speci-

mens with relatively few grains, the specimen size effect, 
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which tends to be independent of grain size, dominates. When 

there are more than about 20 grains in the cross-section, the 

true grain size effect is observed. 

2.4.5 Modes of Deformation 

With this appreciation of the importance of degrees of 

freedom for deformation for the plastic and viscous behaviour 

of materials, it is of interest to consider the modes of 

deformation that occur in polycrystalline ice. Observations 

on slip line formation, movement of etch pits, dislocation 

networks and yield, show that the resistance to deformation on 

non-basal planes is at least an order of magnitude greater than 

on basal planes. Although the critical resolved shear stress 

for glide in the basal plane is about 0.2 bars, indirect 

experimental evidence indicates that for type SI ice the main 

mode of deformation for stress less th an one bar is Nabarro-

Herring creep (Bromer and Kingery, 1968). No surface evidence 

of glide was observed in a specimen of type S2 ice subjected 

to a compressive stress of 1 kg/cm 2 • The specimen was deformed 

for over 400 days and the total creep was about 0.63%. Evidence 

of basal glide was clearly visible at this creep strain for 

stress of 3 kg/cm 2 • 

Deformation bands of the type described by Gervais et"al 

(1953), were observed in thin sections prepared within one-half 

hour after the removal of a stress of 3 kg/cm 2 from type S2 ice 
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deformed about 1% in creep at -10 o e. Go1d (1965) showed, 

using a thermal etching technique, that 10w angle boundaries 

associated with the deformation bands did not form unti1 the 

strain had exceeded about 0.1%. The boundaries were often 

continuous from one grain to the next, changing direction 

abrupt1y at the grain boundaries. Examp1es are shown in 

figures 4a and b. Formation of deformation bands and asso­

ciated 10w angle boundaries provide a rotationa1 degree of 

freedom for deformation about a 1ine in the basal plane. 

Nakaya (1958), Higashi and Sakai (1961) and Higashi et al 

(1965) have studied 10w angle boundary formation during the 

bending of beams made from single crystals. Observations on 

the stress induced movement of 10w angle boundaries by Higashi 

and Sakai indicated that they are made up of edge dislocations. 

Their occurrence also indicated that dislocation c1imb must 

take place, and this in turn implies the very probable presence 

of a significant vacancy concentration (Weertman, 1968). 

Groves and Kelly (1969) suggested that dislocation c1imb may 

a110w for some crysta1s a change of shape that cannot be 

produced by active slip systems. 

It was observed by the author that voids did not grow in 

the specimen of type S2 ice deformed 0.63% under a creep stress 

of 1 kg/cm 2 • They did appear during the initial part of the 

deformation of a type 52 specimen subjected to a compressive 
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Figure 4a): Low angle boundaries initially perpendicular to 
... the glide bands; type 82 iee deformed about 5% 

under a.stress of 12 kg/em 2 • 

Figure 

10 cm 

4b) Deformation bands observed in a thin section with 
polarized light; type 82 ice deformed about 6% 
under a stress of 9 kg/cm 2

• 

- ~--~ 

• cr 
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Figure 4a) Low angle boundaries initially perpendieular to 
the glide bands; type 52 iee deformed about 5% 
under a stress of 12 kg/em 2 • 

10 C::J 
~I 

Fig ure 4 b) D e for mat ion ban è S 0 D S é r v e d i n a t h i n sec t ion \.; i t 11 
pol a riz e cl l i z :, t; t \":) é S:2 i e e de for m e d ab 0 u t 6;: 
under 2 stres~ ~- 9 kz/e::J~. 

û 



stress of 3 kg/cm 2 , ~ut subsequently disappeared. These 

observations indicated that for small stresses (small rates 

of strain), the deformation modes that occur in ice are 

adequate to a110w the change in shape to be essentially one 

of constant volume. 

, Void formation was observed during the compressive creep 

of type 82 ice subjected to stress between 4 and 8 kg/cm 2 • 

The voids formed in the grain boundary region in planes that 

tended to be parallel to the applied stress. Examples are 

shown in figures Sa and b. Their occurrence indicates active 

formation of vacancies, and tensile stresses perpendicular to 

the plane in which they formed. 

Gold (1963a, 1965, 1966) observed that severe distortion 

occurred in the grain boundary regions of type 82 ice for 

stress greater than 3 kg/cm 2 • (8ee figures 4a,Sb and'~). 

This distortion was associated with polygonization, apparent 

non-basal glide, and crack formation or "fragmentization". 

Grain boundary migration also occurred. Markings were observed 

on the surface of some grains that were interpreted as evidence 

A~ is 
of cross-slip. Bxamples ~ shown in figures 4è 8ftè 6b. These 

structural changes appeared to be initiated at a strain of 
, . 

about 0.01%, and to develop most actively in the range of 0.01 

to 0.25%. 
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l' 1 cm ~I 
Figure Sa) Example of cavity formation in type 82 ice. 

The long columnar void is associated with a 
t~iple point. The ice deformed 5.6% under 
a compressive stress of" 8 kg/cm 2 • 

~ m~1 
Figure Sb) Example of highly deformed region where cavities 

have formed. Note cavities below surface, and 
trace of slip lines and low angle boundaries. 
The ice deformed 5.6% under a compressive stress 
of 8 kg/cm 2 • 
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Figure 5a) Example of cavity formation in type S2 ice. 
The long columnar void is associated with a 
triple point. The ice deformed 5.6% under 
a compressive stress of 8 kg/cm 2 • 

141 ID il9 1 

Figure Sb) Example of highly deformed region where cavities 
have formed. Note cavities below surface, and 
trace of slip lines and low angle boundaries. 
The ice deformed 5.6% under a compressive stress 
of 8 kg/cm 2

• 
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~ 1 mm ., 
Figure 6a) Examp1e of. grain boundary migration. Note how the 

boundary has been distorted in upper right.comer. 
The ice was deformed 3.0% under a compressive 
stress of 9 kg/cm 2 • 

.0----

.. q 

1 mm 
I~ -1 

Figure 6b) Example of non-basal glide. 
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~ 1 mm ~I 
Figure 6a) Example of grain boundary migration. ~ote ho~ the 

boundary has been distorted in upper right corner. 
The ice was deforrned 3.0% under a compressive 
stress of 9 kg/cm L

, 

, 

1"'" ~I 
Figure 6b) Example of non-:::asal ;lide. 

(} 
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14 10, cm __ \ 

Figure 6c) Break-up of co1umnar-grained structure by 
deformation. The upper part is a thin 
section of undeformed ice. The lower part 
was deformed 5% under a stress of 8 kg/cm 2 • 
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Surface deformation features showed that away from grain 

boundaries, the grains in S2 ice changed shape mainly by 

glide on basal planes and rotation about low angle boundaries. 

Accommodation between grains took place primarily in the 

severely distorted grain boundary region, as can be seen in 

figure 4b. The distorted region enlarged as the ice deformed, 

until it finally consumed the whole grain. Thin sections of 

deformed specimens viewed with polarized light indicated that 

the columnar structure was gradually transformed in this way 

to a granular one (figure 6c). The break-up of the columns 

was associated with the secondary creep stage. 

Tegart (1964b) suggested that the creep rate of poly­

crystalline ice is controlled by non-basal glide. This 

suggestion is supported by the information presented in 

figures 2 and 3. It can be seen in figure 2 "for T. = -5°C, 

that the stress dependence of the strain rate of type S2 ice 

is almost the same as single crystal ice oriented for non-basal 

glide. Steinemann's observations indicated that granular, type 

Tl ice has actually a higher resistance to deformation. The 

single crystal measurements shown in figure 3 were adjusted to 

T = -10°C by assuming an apparent activation energy of 0.68 eV. 

In this case, single crystals oriented for non-basal glide 

exhibit a slightly higher resistance to deformation than type 

S2 ice. On the other hand, single crystals oriented for easy 

glide have a creep rate in the same range of strain, about two 

orders of magnitude larger for a given stress. 
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In figure 3 the assumed Nabarro-Herring creep at small 

stress is extrapolated to large stress. The straight line, 

A - B, is closely equal to the observed steady state creep 

rate minus the extrapolated Nabarro-Herring component. This 

suggests that some of the variation in the stress exponent, 

n, observed by 8teinemann and Glen, may be due to the contri­

bution of the Nabarro-Herring creep. 

It can be seen from figures 2 and 3 that the stress 

required to produce a given strain rate in type 82 ice is 

about ten times that required for ice oriented for easy glide. 

This indicates that during deformation, the resistance to 

flow by glide on basal planes must be considerably less than 

that due to incompatible grain boundaries and grains with 

their basal plane tending to be paraI leI or perpendicular to 

the applied stress. 8ignificant stress concentrations must 

be set up in grain boundary regions at the ends of slip bands 

in grains with their basal planes between about 20° to 70° to 

the applied stress. 8ince the creep rate of type 82 ice for 

a given stress is about equal to that for ice oriented for 

non-basal slip, the back-stress associated with the dislocation 

pile-ups in grains in which easy glide is significant, must be 

equal to about 90% of the resolved shear stress. This suggests 

that for a very significant proportion of the grains the 

resistance to deformation° is mobilized mainly in the grain 
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boundary region. The severe lattice distortion that is 

observed in that region is evidence for this. 

One of the interesting modes of deformation observed for 

ice is crack formation. Gold (1963a, 1967) found that crack 

formation occurred in type S2 ice during compressive creep 

when the applied stress exceeded about 6 kg/cm 2 • When the 

stress was applied perpendicularly to the long direction of 

the columns, the plan~ of the cracks tended to be parallel to 

the applied stress. The cracks were long and narrow, with 

their long direction in the long direction of the grains. 

They usually involved only one or two grains. Their formation 

was a brittle event; once formed they did not appear to grow 

significantly with continued deformation. Low angle boundaries 

perpendicular to the plane of the crack, were observed at the 

edge and central regions. The cracks opened by rotation at 

low angle boundaries, as shown in figure 7a. 

About two-thirds of the cracks that formed during creep 

at -10°C were transcrystalline. These cracks tended to propa­

gate parallel or perpendicularly to the basal plane of the 

grains in which they formed. Examples are shown in figures 

7a, band c. As the plane of the cracks also tended to be 

paraI leI to the applied stress, this indicated that the cracks 

formed in grains so oriented that they could not deform readily 

- i.e., at "hard sites" within the structure. This behaviour 

was also observed for grain boundary cracks (see figure 7d). 
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1 __ 1 mm .1 
Figure 7a) Crack parallel ta the basal planes. Note the 

raIe played by low angle boundaries in opening 
of the crack. 

< 

l' i g ure 7 b) C ra c k par aIl e l ta the bas il l pla n e sin 0 n e g rai n and 
p e r pen die \l la r ta t il e 1Il i n t il é adj;cl C en t gr a in. :.J 0 t e 
t ! 1 a ton e c d g e () r the C r a c k i S i1 S S () c i a t e cl \'J i t Il a 
g rai n b II U n cl il r y, i 11 cl i C il t i Il ~; t Il Ll tin i t i i1 t i U Il III Li \' il Ll V e 
occurrl'cl in tllis region. 
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je 1 mm _, 

Figure 7c) Crack paraI leI to basal planes as shown by low 

angle boundaries. Note that one edge of the 

crack is associated with a grain boundary. 

Figure 7d) 

~ 1 mm 

Grain boundary crack. 
of one grain is almost 

" 1 
Note that the basal plane 
perpendicular to boundary. 

cr 

cr 
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1-< 1 mm ~I 

Figure 7c) Crack parallel to basal planes as shown by low 

angle boundaries. Note that one edge of the 

crack is associated with a grain boundary. 

'. 

1-0; 1 mm 

figure 7d) Grain boundary crack. ~ote that the basal plane 

of one grain is almost oerpendicular to boundary. 

cr 

cr 
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The deformation modes that have been observed in ice are 

consistent with what is known about its deformation behaviour, 

and point defects and dislocation networks that occur in it. 

Tegart (1964) pointed out that hexagonal meta1s tend to be 

more ductile the larger the number of effective, active defor­

mation modes. Ice has on1y two degrees of freedom for easy 

glide and these are in the basal plane. Observations show 

that Nabarro-Herring creep appears to provide for po1ycrysta1-

1ine ice adequate freedom for deformationfor the strain rates 

associated with stress 1ess th an about 1 kg/cm 2 • For 1arger 

strain rates, however, both Nabarro-Herring creep and basal 

glide are inadequate, and the app1ied stress increases into 

the range associated with non-basal glide. Significant non­

uniform interna1 stresses must deve10p as we11 because of the 

marked anisotropy in the resistance to dislocation movement. 

These stresses can be large enough to initiate other modes of 

deformation, such as grain boundary migration, formation of 

low angle boundaries, dislocation climb, cross-slip, and void 

and crack formation. 

The difference in the deformation behaviour of the 

different types of ice i11ustrates the important ro1e played 

by the degree of compatibility of grain boundaries. Grains in 

previous1y undeformed type S2 ice have, initia11y, on1y one 

degree of freedom for easy glide when the load is app1ied 

perpendicular1y to the long direction of the columns. This is 
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in the direction of the resolved shear stress on the basal 

plane. Type 52 ice under this condition of load undergoes 

essentially two dimensional deformation for about the first 

2% strain (i.e. there is no significant strain in the long 

direction of the columns): Type SI columnar-grained ice has 

no degrees of freedom for easy glide for load applied parallel 

or perpendicularly to the columns, because the shear stress 

resolved on the basal plane is zero. B~th types SI and 52 

ice show a marked yield within the first 0.5% strain, and, as 

mentioned in section 2.4.3, this is considered due to the 

development of new modes of deformation. Granular, type Tl 

ice, on t"he other hand, do es not appear to exhibit yield for 

this range of strain for compressive stresses up to about 

20 kg/cm 2 , and is relatively more ductile in its behaviour. 

Type 52 ice with the load applied perpendicularly to the 

columns is relatively more prone to crack fo~mation than 

granular ice. Type SI ice, and type 52 with the load applied 

parallel to the long direction of the columns, are quite 

brittle in their behaviour. Under conditions of rapid rate of 

loading, failure can occur before yield, and in some cases it 

is explosive. 

lt can now be appreciated why polycrystalline ice can be 

a useful and interesting material for the study of crack 

formation and the failure process. The small number of degrees 
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of freedom for deformation ensures that the internaI stresses 

necessary for crack formation are induced by relatively little 

strain. The crack forming pro cess and the associated defor­

mation can be made two dimensional by using a columnar-grained 

structure. By varying the structure it is possible to produce 

significant changes in the nature of the constraints imposed 

on grains and, thereby, to study their effect on failure 

behaviour. In addition to providing thess possibilities, ice 

is transparent so that it is possible to observe characteris­

tics of the failure processes as deformation proceeds. 

2.5 Strength of. Ice 

Observations asearly as 1884 by Ludlow, and 1894 by 

Beach et al, had demonstrated that under some conditions of 

loading polycrystalline ice yields in an apparently plastic 

manner, whereas for other conditions failure is abrupt and 

brittle. The crushing strength was found to be greatly 

variable, ranging from almost 7 kg/cm2 to over 100 kg/cm 2 • 

It was appreciated that the strength depend~d upon temperature, 

rate at which the load was applied, type of ice, and direction 

of the stress relative to the grain structure. 

The reasons for the great variation in the strength of 

ice can be readily appreciated, at least from a qualitative 

point of view, from the knowledge that has been developed 

concerning the strength of materials and the factors that 
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affect strength. Studies of the strength of ice, however, 

have not usual1y been carried out with sufficient comp1eteness 

or control to a110w the influence of each factor to be deter­

mined or taken ~nto account. Much of the information avai1ab1e 

on the strength of ice, therefore, is qualitative and of 

doubtful value except. from that point of view. Reviews dn 

this subject have been prepared by Voitkovski, (1960); Weeks 

and Assur (1968) and Go1d (1968). 

Brown (1926) pointed out that the term "compression or 

crushing strength of ice is meaning1ess in itse1f. The 

behaviour of ice in compression is different at the same rates 

of 10ading at different temperatures, and at different rates 

of 10ading at the same temperatures. • •••• to obtain charac-

teristic compression fractures the 10ad must be app1ied 

rapid1y, so that the ice has no opportunity to f10w." Brown 

obaerved that if co1umnar-grained ice was 10aded in compression 

para11el to the long direction of the grains at a rate of about 

15 kg/cm 2 /sec, conical type fractures were obtained. When the 

10ad was app1ied at the same rate perpendicu1ar1y to the long 

direction of the columns, a "tent-1ike" ductile yie1ding 

occurred. Similar behaviour was reported by Bell (1911). He 

observed that close to O°C, co1umnar-grained ice with the 10ad 

app1ied perpendicu1ar1y to the long direction of the co1umns, 

would spread out or f10w without fracture at stresses up to 

about 35 kg/cm 2 • 
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The brittle behaviour of polycrystalline ice at high rates 

of loading, and ductile behaviour at low rates, indicated that 

ice has a brittle to ductile transition point. The conditions 

associated with this transition have not been studied system­

atically. Jellinek (1958) found that the tensile strength of 

granular ice at about -5°C increased with increasing rate of 

loading toa maximum at a rate of about 0.2 kg/cm 2 /sec. The 

strength then decreased to a relatively constant value for rate 

of loading in excess. of about 0.5 kg/cm 2 /sec. lt was recom­

mended by Butkovich (1958) that aIl measurements of the strength 

of;'°ice·œcarried out at this rate of loading, or greater, in 

order to obtain results independent of the rate. 

This may be true for tests in which the ice fails in 

tension, as failure is probably associated with the formation 

of the first large crack. The work of Brown (1926), Butkovich 

(1955) and Halbrook (1962) showed that at this rate of stressing 

both columnar and granular ice still behave in a ductile manner 

in compression. Pey ton (1968) found for sea ice, which has a 

ductility that i8 probably not mu ch greater than that of 

granular ice, that the rate of loading had to exceed at least 

10 kg/cm 2 /sec to obtain compressive strengths independent of 

the rate. This result is in line with that of Brown for 

columnar-grained ice. 



63 

Butkovich (1954, 1955) studied the compressive, tensile 

and shear strength of columnar and granular ice. He found 

that the compressive and torsional shear strengths of columnar­

grained ice are more temperature dependent than for granular 

ice and columnar-grained ice in tension. He found also that 

the compressive strength of columnar-grained ice was greater 

when the load was applied parallel to the long direction of 

the columns than when applied perpendicularly to it. 

Butkovich (1955, 1958) presented evidence of the influence 

of cross-sectional area on the erushing strength of ice. 

Jellinek (1958) found that the strength of granular ice in 

tension depended on the volume of the ice being tested. He 

i~terpreted his results in terms of the probability that the 

ice would conta in a flaw at which failure would be initiated. 

Jellinek recognized that his results could be influenced by 

the constraints imposed at the points of application of the 

load, but he did not attempt to evaluate this effect. In 

general, insufficient attention has been given to the effect 

of specimen size, ratio of specimen width to length, and 

conditions at the point of application of the load, in obser­

vations of the strength of ice. 

Several observers have noted internaI crack formation 

during creep in constant load tests, during yield in controlled 

rate of strain tests, and prior to failure in strength tests 
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(e.g. Brown, 1926; Butkovich, 1954; Dillon and Andersland, 

1967; Muguruma, 1969). Gold (1960) studied the influence of 

crack formation on the creep behaviour of type 52, columnar­

grained, ice at -lOGe. That study indicated that crack 

formation occurred when the applied compressive load exceeded 

a fairly critical value. If the stress was less th an what 

appeared to be a weIl defined range, cracking activity 

increased and subsequently decreased until it was practically 

non-existent in the secondary creep stage. If the stress 

exceeded this range, cracking activity was continuous. The 

resulting breakdown of structure, which tended to be concen­

trated in zones parallel to the planes of maximum shear, 

appeared to be a contributing factor to the onset of tertiary 

creep. 

This behaviour was an interesting contrast to that 

observed by Steinemann for granular ice. He found that 

tertiary creep was associated with recrystallization. This 

difference in behaviour may be due to the difference in the 

constraints existing between the grains. Steinemann used 

thin sections for his observations, and so the specimens were 

probably in a state of plane stress. Gold used large specimens, 

and because of the nature of the deformation of type 52 ice, 

the region in which a crack formed was probably in a state of 

plane strain. 

.P 
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It was clear from the observations that brittle crack 

formation in ice had a significant effect on its deformation 

behaviour, even when it was ductile. It was also apparent 

that cracking activity depended in a measurable and repro­

ducible way on time, stress and strain. A series of obser­

vations were subsequently undertaken to obtain information on 

the factors controlling cracking activity and the formation 

of individual cracks (Gold, 1963a, b, 1966, 1967). 

The observationa'on the factors controlling the formation 

of individual cracks have shown that their formation is 

consistent with current ideas concerning crack initiation and 

propagation in crystalline solids. It will be useful to review 

some of the information now available concerning crack initia­

tion, crack propagation and failure before presenting the 

results of the present study of the role that crack formation 

plays in the failure of ice. 
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3. FAILURE 

3.1 Definitions 

The failure or fracture of a material can occur in 

numerous ways. There has been a rapid increase in appreciation 

of this, and in understanding of the ~onditions associated with 

and responsible for the different ty~es of failure. The 

subject is of such interest and importance that it is reviewed 

regularly (e.g. Smekol, 1936; Hollomon, 1948; Orowan, 1948; 

1950; Zener, 1948; Petch, 1954; Low, 1954, 1963; .. Stroh, 19!)]; 

Cottrell, 1958, 1963, 1964; Davis and Dennison, 1958-59; Pugh, 

1967; Sullivan, 1967; Kenny and Campbell, 1968). 

Sufficient information has accumulated concerning failure 

to provide a basis for classification of the various types. 

Sullivan (1967) presented a good discussion of classification 

of failure; the following remarks are based mainly on his 

paper. These remarks go beyond the needs of the present study, 

but are presented to provide a framework in which to report 

and discuss the results. It should be emphasized that at this 

stage in the development of knowledge concerning failure, any 

classification will be arbitrary to some extent, and that many 

of the terms defined are concerned with a spectrum of conditions 

or behaviour rather than something distinct. 

',. 
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Fracture is defined as a separation across a geometrical 

surface. It is to be distinguished from rupture, which is 

defined as a process in which slip opera tes on a macroscopic 

scale to produce separation (e.g. slipping off along a glide 

plane, drawing down to a point without significant micro­

cracking or void formation). The occurrence of rupture implies 

the operation of sufficient degrees of freedom for deformation 

to ensure that a grain always conforms,by slip alone, to the 

imposed change in shape and the constraints of neighboring 

grains. 

Fracture can occur by several mechanism acting alone or 

in combination. Some of the principal mechanisms are cleavage, 

plastic, creep, and shear fracture. Cleavage fracture is a 

transgranular separation perpendicular to the plane of the 

fracture, caused by tensile forces usually acting across a weIl 

defined plane. Plastic fracture is a separation because of 

structural breakdown due to intensive slip. It is commonly 

agreed that the first step in plastic fracture is the formation 

of internaI voids. Creep fracture also involves separation 

because of the breakdown of the structure due to slip. The 

distinction between creep and plastic fracture is that the 

former is time dependent (high homologous temperatures) and 

the latter essentially time independent. Shear failure is a 

separation because of loss of cohesion due to relative motion 

parallel to the plane of failure. 
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Fracture is traditionally described by the three terms: 

mode, behaviour and appearance. Mode refers to the path 

followed by,the failure plane; e.g. along grain boundaries 

(intercrystalline or intergranular), across grain boundaries 

(transgranular). Behaviour is concerned with the amount of 

deformation prior to failure. Brittle behaviour implies 

little deformation and ductile implies extensive deformation. 

The boundary between these .two types of behaviour is not 

clearly defined. They can be associated with any of the 

mechanisms of fracture. Appearance refers to descriptive 

characteristics of the fracture surface, usually as observed 

at low magnification. 

Failure is a structure sensitive phenomenon. The processes 

associated with it may be confined to the immediate vicinity of 

the surface of separation, or they may be distributed through­

out the material, causing a graduaI deterioration in structure 

and finally the formation of the failure surface. Two distinct 

stages are associated with both cases: initiation and propa­

gation. Initiation involves the creation of a discontinuity in 

structure from which a separation can develop. It may occur at 

only one site in the material, or at several, depending upon 

the conditions present. Propagation is the subsequent extension 

of the initial separation-as a crack. 
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3.2 Crack Initiation 

The formation of cracks involves the creation of new 

surface. This requires work which must be done by the forces 

causing separation. Much effort in the study of failure has ' 

been devoted to clarifying how the work of the external forces 

acts to produce new surface. 

It was recognized from the nature of crack formation, an,d 

from the fact that observed strengths are smaller by orders of 

magnitude than the theoretical maximum, that th'ere exist 

mechanisms whereby the work done by external forces can be 

made available for creation of new surface at specifie locations. 

Inglis (1913) showed that surface notches and internaI cracks 

provide such locations, for the stress concentration at their 

roots could be large enough to overcome the force of attraction 

between atoms. Failure brought about in this way, however, 

requires the preexistence of such flaws, and in many cases the 

material does not conta in any of sufficient size to account for 

the low strengths observed. 

Evidence accumulated indicating that plastic or vis cous 

flow occurred prior tO,the formation of a crack (Petch, 1954; 

Dieter, 1961, p. 200; Smith, 1968a). Zener (1948) made the 

suggestion that crack initiation might occur by the coalescence 

of the leading dislocations in a pile-up. The pile-up could 
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be caused, for example, by blocking of dislocations in their 

glide plane at grain boundaries or inclusions. This suggestion 

focused attention on the stress concentrations that exist at 

the head of pile-ups, or similar strain discontinuities in 

solids, and the energy conditions that must be satisfied on a 

microscale if a crack is to be initiated. 

where 

The stress field near the head of a pile-up is given by 

'r
ij 

= 1.e. (R,)1- f (a) 
2 r ij 

Lij are the components of the elastic stress 

field at the point P(r,a), Le is the shear 

stress acting on the dislocations, R, is the 

(10) 

length of the pile-up, and fij(a) is a function 

of a, the angle between the glide plane of the 

-+-
dislocations and the vector r to the point 

P(r,a). (Stroh, 1957; Head, 1960; Basinski and 

Mitchell, 1966; Smith and Barnby, 1967.). 

This field can be calculated by either assuming a pile-up of 

n discrete dislocations (Eshelby, Frank and Nabarro, 1951; 

Stroh, 1954), or a continuous distribution of dislocations 

(Eshelby, 1949; Head and Louat, 1955). The number of dislo-

cations in the pile-up is given by 

n = (11) 
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G is the shear modulus, V Poisson's ratio 

and b the length of the Burgers vector. 

The elastic stress field associated with other types of strain 

discontinuities, including cracks, can be obtained by replacing 

them with an equivalent distribution of dislocations (Cottrell, 

1963). 

From equation (10) it is seen that a singularity exists 

in the stress field at the head of the pile-up. lt is consid­

ered that the stress in this. region is so large compared to 

the applied stress that crack initiation under these conditions 

is controlled essentially by the characteristics of the pile-up 

(Davidson et al, 1966; Dower, 1967; Francois and Wilshaw, 

1968). Criteria for crack initiation for various situations 

can be obtained by assuming the p~le-up to be equivalent to or 

associated with a hypothetical crack. The criteria are obtained 

by determining the stationary values for the total energy of 

the system in terms of the local cond~tions near the tip of the 

propagating hypothetical crack (Smith, 1965; Smith and Barnby, 

1967). Criteria have been obtained by this approach, or an 

equiva1ent one, by Stroh (1954, 1958); Gilman (1958); Bilby and 

Hewitt (1962); Bullough (1964); Chen (1964); Priestner and 

Louat (1965); Smith (1965, 1966a, b, 1968b); ~nd Smith and 

Barnby (1967). These studies have shown that the effective 
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shear stress required to initiate a crack is given by 

(12) 

where A is a parameter determined by the e1astic 

constants of the materia1 and geometric 

factors; y is the work or energy associated 

with the formation of unit area of new 

surface. 

Substituting for 1 in equation (12) using equation (11), and 

squaring, gives 

T en = .!b: 
b 

(13) 

where B = 1T(l-y) A2 
G 

Some of the criteria that have been obtained for given condi-

tions are presented in Table V. 

The criteria for cra-ck nuc1eation obtained using dis1o-

cation theory do not invo1ve the width of the crack. This 

indicates that once the condition given by equation (12) is 

satisfied, the crack will be initiated and continue to increase 

in size as long as there is sufficient energy in the pi1e-up 

to do the work associated w~th the formation of new surface. 

Severa1 studies have indicated that crack formation in 

crysta11ine materia1 is associated with the motion of dis1o-

cations, and dislocation interactions. Gi1man (1958) observed 
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/ 

that cracks formed in zinc in blocked slip bands. Stokes et al 

(1958, 1959, 1961) and Johnston (1960) obtained evidence that 

crack formation in MgO was associated with pile-ups at grain 

boundaries and kink bands, and with the intersection of slip· 

bands. Stokes et al (1961) showed that the fracture behaviour 

of MgO depended on the relative orientation, number, thickness 

and spacing of the slip bands. Similar observations have been 

made by Westwood (1961); Clarke et al (1962); Weiderhorn 

(1963); Wronski and Fourdeux (1964); Argon and Orowan (1964); 

Briggs et al (1964); Ku and Johnston (1964); Beevers and 

Halliday (1968); and Kamdar and Westwood (1968). Gold (1966) 

found that the shape of cracks in ice was consistent with 

models of crack initiation by dislocation pile-ups. This can 

be seen in the photographs presented in figure 7. Relevant 

reviews have been prepared by Low (1963) and Sullivan (1967). 

The role that degrees of freedom for deformation plays in 

crack initiation in po1ycrystalline materials can now be 

appreciated. The maximum stress that will develop at a dis1o-

cation pile-up, or simi1ar source of strain concentration, 

will depend upon the degree of compatibi1ity of grain bound-

aries, the ease with which multiple slip is initiated within 

the constituent crystals, and the modes of deformation that can 

develop within a grain (e.g. bend planes, kink bands, twinning, 

dislocation climb, etc.). It would be expected that cleavage 
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crack formation would occur more readily in materials that 

have few degrees of freedom for deformation, as it is in such 

materials that there is a good probability that stress concen-

trations will exceed the cohesive strength before they can be 

relieved by initiating other modes of deformation. 

3.3. Crack Propagation 

The stress field at a point p(r,e) near the tip of a 

crack, according to elastic theory, is given by equations of 

the form 

where r is the distance of the point P from the tip 

in the plane perpendicular to the edge; K is 

a parameter that depends upon the elastic 

constants, the size and geometry of the crack, 

and the applied stress; and fij(e) depends 
+ 

only on the angle e between the vector rand 

the plane of the crack (Sneddon, 1946; Kenny 

and Campbell, 1968). 

(14) 

Equations (14) are of the same form as equations (10) for the 

stress in the vicinity of the head of a pile-up. They also 

have a singularity at the tip of the crack. During propagation 

the stress in this region must be so large that the material 

i8 no longer behaving elastically. It i8 usually not possible 
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to calculate the plastic or viscous work associated with the 

deformation near the tip during propagation. Assumptions 

must be made, either i~plicitly or explicitly, concerning the 

behaviour near the tip when determining criteria for crack 

extension. 

One of the f!rst calculations of a criterion for crack 

extension was that of Griffith (1921). He was able to circum-

vent the difficulty caused by the singularity in the stress 

and strain fields by applying the first law of thermodynamics. 

Consider a long, narrow crack of width 2c (see figure 8). Let 

the work done ,by external forces during a small extension, dc,' 

of the width of the crack, be dW. If the corresponding change 

in strain energy is -du, then the net work available for crack 

extension is 

dF = dW - du (15) 

Griffith assumed that the work expended in increasing the 

width of a long, narrow crack an amount dc is 2ydc per unit 

length. The criterion for crack extension can then be 

expressed as 

dF d(W - u) ~ ,2y 
dc =. dc (16) 

i.e. the work done by the external forces plus the change in 

strain energy must be equal to or greater than the work required 
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CRACK EXTEN S ION, TI REPRESENTS THE COHESIVE STRESS AT THE CRACK TI P 
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to form the new surface. This criterion has been evaluated 

for several crack geometries and stress conditions. Some of 

the results are presented in Table VI. 

Griffith identified y with the surface energy of the 

material, which implies that there is no plastic or viscous 

flow at the crack tip during propagation, i.e. the material 

is elastic everywhere. This assumption has beenfound to be 

reasonably valid for a brittle material such as glass. It 

cannot be true if crack propagation is associated with plastic 

flow. Orowan (1950) and Irwin (1948, 1960) suggested that for 

such cases the work available for crack propagation should be 

equated to the sum of the surface energy and the work P, 

associated with plastic and vis cous f10w. The criterion for 

crack extension in this case becomes 

dF 
dc 

d(W - u) = = dc G ~ (2y + P) (17) 

For many situations P > > 2y, and the effect of surface energy 

on crack propagation can be neglected. 

For a "fixed grip" situation, the work of crack extension 

clearly must come from the strain energy stored in the material. 

From equation (17), it can be appreciated that the energy 

required for crack propagation can always be calculated using 

elastic theory. For this reason G has been ca1led the strain 
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energy release rate. The critical value of G associated vith 

the initiation of crack propagation is defined as 

Gc = (2y + P) (18) 

The Griffith approach to crack extension invo1ves the 

calculation of the total energy of a body as a function of 

the crack width. Because of the singularity in the stress 

field at the crack tip, it would be expected that the energy 

for an infinitesimal extension of the crack would co.e .ain1y 

from this region. Attention has been given, therefore, to 

establishing criteria for crack extension based on the 

conditions that exist at the tip. Thi~ approach cou1d a180 

be valid for the Irwin-Orowan criteria if the plastic vork 

were confined to a sufficiently small region. 

Consider the long narrow crack of width 2c shown in 

figure 8. Let the crack extend by a small amount âc when the 

material within the contour S, enclosing volume V, goes fro. 

the initial state, a, to the final state, b. If inertia1 

effects are neglected, it can be shown that the Griffith 

fracture criterion can be expressed as 

where cr ij and Eij are the stress and strain 

components respectively (see Sanders, 1960; 

(19) 
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Cottrell, 1963; Rice, 1965, 1968; and 

Rice and Drucker, 1967). 

Assume that the region at the crack tip in which plastic and 

vis cous flow occurs is small compared to the width of the 

crack. Let this region for both the initial state, a, and 

final state, b, be enclosed in a finite volume -Vo containing 

the crack tip. It can be shown (e.g. Rice, 1965; Rice and 

Drucker, 1967) that the criterion for crack propagation can 

also be expressed as 

where 

2y + P 

Ti is the cohesive stress acting across ~c 

from the initial to the final state (i.e. 

the stress perpendicular to the plane of 

the crack experienced by each point on the 

crack surface in going from the elastic 

state far from the tip, to the final, stress 

free state, on the surface). 

(20) 

The important point of the foregoing discussion is that 

when the plastic or viscous work is confined to a region small 

compared to the crack width, the path of integration used to 
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determine the strain energy re1ease rate is arbitrary, as long 

as it inc1udes the tip. This imp1ies that the Griffith 

criterion for fracture, a1though obtained from an overa11 

energy balance, can be derived from the stress and strain 

fields in the Immediate vicinity of the tip. That is, the 

work required to extend the crack must be avai1ab1e from the 

high1y stressed region at the tip. Observations have shown 

that for ·many situations of practica1 interest, most of the 

plastic and viscous deformation associated with crack extension 
does invo1ve a depth of materia1 that is sma11 compared to the 

crack width. 

Irwin (1957, 1960) assumed this to he so, and determined 

the change in strain energy associated with a sma11 extension 

of the crack using equations (14) and (17). This provided a 

re1ationship between K, the "stress intensity factor" in 

equation (14) and G, the strain energy re1ease rate. The 

stress and strain fields in the vicinity of the tip are deter-

mined by K. Crack propagation can be expected when K attains 

a critica1 value, K , that is characteristic of the material, c 

temperature, geometry of the specimen and crack, and the rate 

of application of the 10ad (if the materia1 is viscous). For 
the plane stress condition 

K2 = E G c c (21) 



and for plane strain 

where 

.E .Gc K2 _ 

c 1 _ \)2 

E is Young's modulus. 

85 

(22) 

The critical value of K for given conditions is often referred c 

to as the "fracture toughness". Evaluation of K in terms of c 

applied stress, crack length and specimen dimensions is a 

normal stress analysis problem. Its determination and appli-

cation for various elastic and elastio-plastic conditions is 

of great interest in fracture mechanics (see ASTM, 1965). 

Cottrell (1963) has considered the conditions at the tip 

of a propagating crack using dislocation theory. His study 

provides additional insight into the conditions for which the 

Griffith criterion, and the modification of it by Orowan and 

Irwin, are valide He assumed that in the region c 2 < x 2 < a 2 

in figure 8, the stress is constant and equal to the yield 

stress, cr. It was found that the Griffith formulation is 
y 

valid when cr < < cr , where cr is the applied stress. An a y a 

equivalent condition is 

R = a - c < < C 

which is the condition assumed by Rice (1965, 1968), Rice and 

Drucker (1967) and implicit in the formulation of Irwin. The 

study also showed that in the low stress limit, R is independent 
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of the width of the crack (i.e. a material property) and that 

when the Griffith condition is Just satisfied, the stress 

field at the tip is independent of the applied stress and 

crack width. 

There has been considerable discussion as to which is 

the more difficult phase of crack formation: initiation or 

propagation (see Smith and Barnby, -1967). From the foregoing 

discussion it can be appreciated that this depends upon the 

properties of the material, the characteristics of the source 

of stress concentration, and the nature of the applied stress. 

It is generally considered that initiation is the more diffi­

cult phase, bu~ propagation can be if the associated plastic 

or vis cous flow is large. In this case the Griffith or Irwin 

formulation would probably be invalide 

It can be expected that the critical stress intensity 

factor or strain energy release rate for ice will depend 

significantly on the temperature and rate of straining. The 

only information available on this was obtained by Gold (1963b) 

under conditions of crack arrest associated with thermal shock. 

He calculated the strain energy release rate for these condi­

tions to be about 300 ergs/cm 2 ; i.e. G/2 = i<2y + P) ~ 

150 ergs/cm 2 • This value is not too different from the surface 

energy for ice, about 100 ergs/cm 2 , indicating that P must be 

quite small. 
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Because of the small value of the strain energy release 

rate, it can be concluded that the Griffith-Irwin-Orowan 

formulation is valid for the conditions associated with a 

rapidly running crack in ice. It is probably valid as weIl 

for a slowly propagating crack because of the deformation 

properties of the material, but there is no experimental 

evidence as yet to support this assumption. 

When the external stress field is taken into consideration 

in a study of crack initiation by dislocation pile-ups, the 

critical crack widths are given by the roots of a binomial 

equation (see Stroh, 1957; Bullough, 1964). The smaller root 

corresponds to the equilibrium width of the dislocation crack 

and is essentia1ly independent of the applied stress. The 

1arger root corresponds to the Griffith crack width. The 

critical condition occurs when the two roots are equal, for 

then the dislocation crack can act as a Griffith crack. From 

a knowledge of the ro1e of small scale stress concentrations 

in crack initiation, and the factors controlling crack propa­

gation, it can be appreciated why a superimposed hydrostatic 

pressure will suppress propagation but have little effect on 

initiation (see Davidson et al, 1966; Dower, 1967; Francois 

and Wi1shaw, 1968). 

3.4 Cavity F6r~ation 

For some conditions of stress and temperature, the increase 
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in volume that may be required because of incompatible grain 

boundaries occurs by the formation of voids rather than 

cracks. It is considered that these cavities grow by the 

stress-induced diffusion of vacancies (Seigle and Resnick, 

1955; Balluffi and Seigle, 1957; Hull and Rimmer, 1959; 

Ratcliffe and Greenwood, 1965). Observations have shown that 

they genera11y deve10p in the vicinity of grain boundaries 

subject to a tensile stress, particu1arly at 10w creep rates, 

with the number of cavities decreasing with increasing angle 

between the stress and the normal to the boundary (Greenwood 

et al, 1954; Davies et al, 1968). There is a1so evidence that 

they may form in association with grain boundary sliding at 

higher rates of strain (Gittins and Williams, 1967). Theoreti-

cal studies showed that the condition that must be satisfied 

for voids to grow by receiving vacancies when no hydrostatic 

pressure is present, is given approximate1y by 

(23) 

where cr is the app1ied stress, r is the radius of 

the void, and e is the angle between the 

stress and the normal to the boundary near 

which the voids are forming. (Ba11uffi and 

Seigle, 1957; Hull and Rimmer, 1959; Speight 

and Harris, 1967). 
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Void nucleation is considered to be heterogeneous, and 

to take place, for example, at impurities, preexisting voids, 

gas bubb1es and grain boundary 1edges~ (Boettner and 

Robertson, 1961; Gifkins, 1959, 1963; Low, 1963). The growth 

of voids is diffusion contro11ed and therefore depends on the 

time. 

Go1d (1963) has observed void formation in columnar-grained 

ice during creep under compressive 10ads. The voids formed in 

the region of grain boundaries running genera11y para11el to 

the app1ied stress, at stresses les~ than and extending into 

the range associated with c1eavage crack formation. In the 

light of experimenta1 evidence concerning th~ conditions asso­

ciated with cavity formation, their presence indicated that 

local tensi~e stresses deve10ped during the compressive creep 

of the ice. 

Figure Sa is an examp1e of void formation in type S2 ice. 

The voids had formed in the central part of the specimen, and 

the specimen was.subsequent1y cut so as to bring them c10ser 

to the surface. Figure 5b is an examp1e of substructure 

deve10ped in the region of void formation, indicating the 

severe deformation that has occurred. The surface wes po1ished 

and therma11y etched using a technique described by Krausz 

(1961). 
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Theoretical studies concerning crack nucleation and 

observations on cavity formation, indicate that strain is a 

major factor controlling both events. For a material that is 

able to creep or flow viscously, time must also be important, 

for it would be expected that dislocations and point defects 

could move out of regions of stress concentration (e.g. head 

of dislocation pile-ups) by thermally activated processes, and 

thus increase the time necessary to establish a critical 

condition. The observations that have been made on columnar­

grained ice show that for this material at sufficiently ~ow 

rates of strain, the conditions required for cleavage crack 

nucleation during compressive creep are not obtained, and that 

the time available is adequate for cavity nucleation and growth 

to provide the additional freedom for deformation required by 

incompatible grain.boundaries. It should be noted also that 

no evidence was seen (at magnification of about 25x) of cavity 

formation in the vicinity of cracks, or throughout the specimen 

if a sufficient number of cracks had formed. 

The process (cavity or crack formation) that predomina tes 

depends on the level of the applied stress, or rate of strain. 

Similar observations on the stress dependence of crack and 

cavity formation have been reported for other materials 

(McLean, 1956; Heslop, 1962; Williams, 1967) and discussed 

theoretically by Waddington (1968). Cottre11 (1963) pointed out 
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cavity formation is the most efficient mechanical method of 

bringing about the separation of material, because the move­

ment of vacancies to voids can occur in a thermodynamically 

reversible manner, and so the maximum fraction of the work of 

deformation is converted into energy of new surface. The 

stress required for slow growth of cavities would, therefore, 

be expected to be smaller than that required for .crack 

nucleation and propagation. 

3.5 Hechanisms of F~ilure 

A reasonable picture can now be developed of the mechanisms 

of failure of an elasto-viscous or elasto-plastic material that 

behaves in a brittle manner under some condiiions of tempera­

ture, stress and rate of strain. In the study of deformation 

behaviour it is usual to assume that the stress and strain at 

a point are weIl behaved in the mathematical sense, and can be 

described by continuum theory. lt is realized, however, that 

in real materials properties affecting the stress and strain 

are not uniform but can vary spatially in a random manner. 

These variations may be due to dislocations and their inter­

actions, imperfections such as voids or inclusions, changes in 

orientation across grain boundaries, etc. Because of these 

variations, the stress and strain can be expected to vary also 

from point to point in a random manner about an average value. 

Because the dimensions of imperfect~ons are normally at least 
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an order of magnitude smaller than those associated with 

measurements, measured values of stress and strain can usually 

be assumed to be equal to the average values. 

Fluctuations in stress and strain over small distances 

are of little significance if the deformation is in the elastic 

range. They become of ~articular importance, however, if the 

behaviour to be observed is structure sensitive, as is crack 

initiation, crack propagation and yield. The occurrence of 

these phenomena is evidence of a non-uniform stress field and 

a heterogeneous structure. 

If a load is applied so rapidly that no or little vis cous 

or plastic deformation occurs, the non-uniformity in the stress 

is due mainly to heterogeneities causing elastic stress concen-

trations. Crack formation in this case would tend to be 
, 

associated with inclusions, preexisting microcrac~s and pores, 

and stress concentrations at grain boundaries due to the 

anisotropy in the strain of adjacent grains. If vis cous or 

plastic flow can occur, it will relieve elastic stress concen-

trations. The resistance offered by grain boundaries and 

other impediments to the movement of dislocations, and the 

anisotropy in the deformation behaviour, now become the 

principal causes of a non-uniform stress field. The more 

difficult it is to initiate and maintain multiple slip relative 

to slip on the primary glide plane, the greater will be the 
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variance in the stress about the average value. For some 

materials (e.g. ice), the resistance to multiple glide is 

sufficiently large .to cause the tensile stresses necessary for 

cleavage crack formation even during creep in compression (see 

Bartenev and Zuyev, 1968). 

Consider now a visco-elastic material (i.e. its deformation 

behaviour is time dependent) deforming in tension. The more 

rapid the rate of strain the more probable is crack formation 

due to stress concentration ·of the type associated with dislo­

cation pile-ups. Under these conditions there is a good 

possibility that when a dislocation crack is initiated, it will 

be of sufficient size to propagate as a Griffith crack, and 

failure will occur. The behaviour of the material will tend 

to be brittle. 

As the rate of strain is reduced there will be a greater 

probability that the dislocation crack, when formed, will not 

be large enough to propagate as a Griffith crack (Muguruma, 

1969). There will also be greater opportunity for the stress 

at the head of pile-ups and about micro-cracks and voids to 

be relieved by viscous flow. It would be expected, therefore, 

that greater strain would be required to develop a separation 

of sufficient size to propagate as a Griffith crack. At still 

lower rates of strain, cavity formation by the diffusion of 

vacancies, and other modes of deformation, maintain the maximum 
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tensile stress below that required for cleavage crack forma­

tion. With further reduction in rate of strain, even void 

formation is suppressed, and the deformation must occur by 

mechanisms that are essentially ones of constant volume. 

As the rate of strain is decreased, or the temperature 

increased, the behaviour tends to become more ductile. 

Transitions in behaviour are often quite pronounced. and this 

is reflected in the strain to failure and the strain energy 

release rate. The magnitude of the brittle to ductile 

transition and the range of rate of strain over which it 

occurs, depends on the material, structural characteristics 

such as grain size and texture, temperature, state of stress 

and impurity content. The transition is often associated with 

a change in the mechanism by which failure is brought about 

(e.g. a change from predominantly cleavage crack formation to 

void formation). A discussion of the brittle to ductile 

transformation in steel, which is plastic rather th an vis co­

elastic, is given by Hahn et al (1959), Louat and Wain (1959), 

Dieter (1961), Waddington and Lofthouse (1967). The visco­

elastic case is discussed by Mullendore and Grant (1963), 

Davidson et al (1966), and Bartenev and Zuyev (1968). Condi­

tions associated with brittle and ductile failure in tension 

are discussed by Cottrell (1963), Low (1963), Garofalo (1965), 

Tegart (1966), Sullivan (1967) and Kenny and Campbell (1967). 
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The situation is somewhat different for compression. For 

this load condition tensile stresses associated with incompat­

ible grain boundaries and heterogeneities are local in 

character. These regions of tensile stress would be expected 

to be only of the order.of grain diameter in size. Cleavage 

crack and void formation would tend to place an upper limit on 

this stress, or relieve it altogether. As the region of 

tensile stress is limited in extent, cleavage cracks would be 

expected to be stable in size once formed. For large stress, 

however, the cracks may propagate in the shear mode (Brace, 

1960; Murrell, 1964). Morrison (1963), Udd (1963) and Brace 

and Bombolalsio (1963) have observed that when conditions in 

brittle materials are suitable for crack extension due to a 

compressive· stress, the crack tends to curve into and propagate 

parallel to th~ appl!ed l~~d. 

If the compressive stress is below that required for 

crack propagation, each localized crack event need have little 

effect on the ability of the material to carry the load. 

These events can be looked upon as a form of work softening, 

however, as they relieve internaI constraints on the deforma­

tion. Evidence of this was obtained for ice by the author 

(Gold, 1965), and mentioned in Section 2.4.3. Krausz and Gold 

(to be published) have found crack formation in ice to be 

associated with yield in constant rate of strain tests. 
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The remova1 of 1atera1 constraints to deformation by 

continuing crack formation wou1d gradua11y reduce the re~is­

tance of the materia1 to shear. If fai1ure is not initiated 

by conditions over the area where the load is app1ied, it 

wou1d be expected that at some fair1y critica1 average distance 

of crack separation fai1ure wou1d deve1op. Observations of 

this behaviour for type S2 ice were described in Section 2.5. 

As the conditions associated with the development of 

fai1ure in compression are different from those for tension, 

it wou1d be expected that the britt1e to ductile transition 

need not occur over the same range of strain rate and tempera­

ture. The stable nature of c1eavage cracks and their work 

softening effect a110ws them to be compatible with ductile 

behaviour in compression, when for the same stress in tension 

the materia1 may be quite britt1e. This behaviour is most 

certain1y true for ice (Go1d, 1968). 

Bridgman stated in 1949 that "fracture is prepared for, 

at 1east in some cases, by the reversib1e creation by the 

stress itse1f of a1terations in the structure; when these 

a1terations have proceeded to a critica1 degree the structure 

becomes unstab1e and fracture ensues". Fracture from this 

point of view is the climax to a series of events that have 

modified the interna1 structure of the materia1. In some 

cases it may require on1y one of these events to bring about 
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fai1ure, as in c1eavage due to tension. In others, the .. onset 

of instabi1ity may be due to a series of events that gradua11y 

break down the structure unt~l it can no longer carry the 10ad. 

This is often the case for britt1e materia1s such as ice, 

concrete and rock. 

3.6 Failure of RO'ckand Concrete 

It is instructive to review brief1y some of the information 

that has been obtained concerning the fai1ure behaviour of 

concrete and rock. There is evidence that cracks begin to 

form in concrete when the compressive stress is 25% to 30% of 

the u1timate strength (Jones, 1952; Rüsch, 1959). T~e plane 

of the cracks tends to be para11e1 to the app1ied stress, as 

for ice. Jones (1958) and Hansen (1968) observed cracks on 

the surface of specimens when the 10ad exceeded about 50% of 

the u1timate. The cracks formed abrupt1y, and a1ways in the 

cement paste. They usua11y propagated in the pas te unti1 they 

encountered a void or aggregate partic1e. B1akey and Beresford 

(1955) found that the stress-strain behaviour of beams in three 

point 10ading was 1inear up to the onset of "micro-cracking". 

When this condition was attained, surface strains became non­

uniforme This was attributed to crack formation at the surface. 

It is considered that crack initiation in concrete is due to 

the difference in the e1ast1c properties of the aggregate and 

the cement paste. 
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End conditions are found to have a marked influence on 

the nature of the fai1ure. If the ends are constrained, a 

pyramidal section immediate1y under the p1atens is free of 

cracks. Hansen (1968) found tha~ this was associated with a 

barrel type fai1ure. Jones (1958) considered fai1ure to be 

due to the pyramidal section being forced into the centre 

section damaged by cracking. If the ends were unconstrained, 
cracks extended right to the p1aten. 

Hansen (1968) pointed out that crack formation re1ieves 

transverse tensions, and new cracks shou1d not be able to form 

within severa! aggregate diameters of existing ones. The 

number of cracks that form shou1d depend on the size of the 

specimen and the average diameter of the aggregate. This 

point is relevant a1so to crack formation in ice during com­

pressive creep. 

Isenberg (1968) found that in biaxia1 loading the nature 

of the failure depended on the ratiQ of the principal stresses. 
In tension experiments, the fai1ure changed from c1eavage to 

crushing at a critica1 ratio of the compressive stress to the 
transverse tensi1e stress. Smith and Brown (1941) found that 
with increased confining pressure, the mode of fai1ure in 

compression changed from sp1itting to shear. At high confining 

pressures the specimens appeared to f10w 1atera11y. 
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Kaplan (1961) and Romualdi and Batson (1963) have success­

fully applied Irwin's fracture mechanics to crack propagation 
in concrete. Hansen found that the failure of concrete became 
time dependent when the load exceeded about 90% of the ultimate. 
This finding led him to suggest that failure strength should 

be related to the condition for which a crack is not stable 

under a sustained load. Isenberg suggested that structures 

should be designed with reference to the stress necessary to 

initiate microcracking. These comments indicate the way in 

which some of the more recent findings concerning crack 

formation and failure are being given attention even for one 

of the commonest of building materials. 

There is evidence that cracks exist in rocks prior to 

loading. When a compressive load is applied it is found that 

the initial part of the stress-strain curve is not linear, and 
this has been attributed to the closing up of preexisting 

cracks by the stress (Simmons and Brace, 1965; Brace et al, 

1966). Brace and Orange (1966) found that the resistivity of 
rocks increased with stressover the non-linear part of the 

stress-strain curve, providing additional evidence of the 

closing up of preexisting cracks. The cracks were considered 

to form during the cooling of the rock from its molten state. 

Walsh and Brace (1964) and Walsh (1965a, b, c) have presented 

theoretical discussions of the influence of cracks on the 

elastic and failure behaviour of rocks. Simmons and Brace 



100 

found that the effect of the assumed cracks was removed by 

confining pressures of two to three kb. For pressures 1arger 

than this, the expected interre1ationships were found to 

exist between the elastic constants. 

The stress-strain curve is again found to become non­

linear for uniaxial compressive loads greater than 0.3 to 0.7 

of the u1timate strength (Bridgman, 1949; Brace et al, 1966; 

Orowan, 1966). This is considered to be due t~ the reopening 

of the preexisting cracks, (Brace, 1960; McClintock'and Walsh, 

1962; Brace and Orange, 1966). Observations have shown that 

the cracks tend to be para1lel to the applied 10ad, as for 

concrete and ice. When propagating cracks were inclined to 

the load, they tended to curve so as to run paral1el to the 

compressive stress (Brace and Bombo1alsio, 1963; Morrison, 

1963; Udd, 1963). Failure could occur by the running together 

of cracks, or by the breakdown of the materia1 between them 

(i.e. cataclasis). 

The mode of failure depends upon the rock type and compo­

sition, structure, stress field and temperature. Strong rocks 

in uniaxial compression usually fail abrupt1y in a brittle 

manner. Yield and crack formation may be uniform1y distributed 

throughout soft rp~k specimens, resu1ting in a more ductile 

behaviour and a barrelling type of failure. Fau1ting, or a 

localized offset due to shear, can occur when the glide, yield 
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or catac1astic f10w is not genera1 throughout the specimen, 

but 10ca1ized. 

The deve10pment of a fau1t plane may or may not resu1t 

in separation or total 10ss of resistance to shear. The fau1t 

may be confined to a plane, in which case the resistance to 

shear may be due to the friction between the two surfaces, or 

to a zone in which the materia1 is high1y cracked or crushed 

and has a catac1astic texture. 

Griggs and Handin (196~, Mogi (1966) and Byer1ie (1968), 

found pressure to have a marked effect on the britt1e and 

ductile behaviour of rocks. At no or 10w confining pressure, 

fai1ure may be abrupt as shown by curves D and C in figure 9. 

With increasing confining pressure there is a greater proba­

bi1ity for a more graduaI breakdown of structure by crack 

formation and yie1d, and the development of a fault zone. 

Under these conditions a yield point may be observed as il1us­

trated by curve B. The approximate1y constant stress attained 

after yield is the resistance offered by the materia1 in the 

fau1t zone to continuing shear. Deformation at this point is 

confined almost entirely to the fau1t zone. It is observed 

that for some materia1s this stress has a Coulomb-Rankine type 

behaviour. 

At still higher confining pressures the resistance to 

glide in incipient fault zones is sufficiently great that yie1d 
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FI GURE 9 

STRES5-5TRAIN BEHAVIOUR FOR ICE SUBJECT TO A 
CONSTANT RATE OF STRAIN. AS THE STRAIN RATE 15 
INCREASED THE BEHAVIOUR 1 S TRANSFORMED FROM 
A THROUGH TO D. 
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is forced to occur more uniform1y throughout the specimen. 

Under this condition of load, rock becomes much more plastic 

in .its behaviour and after yie1d the stress is a1most inde­

pendent of strain. With some rocks a form of work hardening 

is observed at high confining pressures. 

The particu1ar behaviour exhibited depends upon the type 

of rock, structure and conditions of 10ading. For ductile 

materia1s, the ductile to britt1e transition depicted in 

figure 9 can be produced by increasing the rate of strain. 

Observations that have been made on ice show that for sma11 

rates of strain, types Sl, S2 and Tl have a behaviour simi1ar 

to curve A. As the rate of strain is increased, the behaviour 

is gradua11y transformed through B, C to D. The fai1ure 

behaviour of ice, therefore, is quite comparable to that of 

rocks, a1though the stress fields necessary to produce simi1ar 

behaviour are very different. The fai1ure behaviour of this 

who1e class of visco-elastic to brittle materials, furthermore, 

is consistent with what is now known concerning the inhomoge­

neous nature of materials, and crack initiation and propagation. 
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4. SPECIMEN PREPARATION AND EXPERIMENTAL'PROCEDURES 

The observations on the failure pro cess in ice were made 

in the cold room of the Snow and Ice Section of the Division 

of Building Research~ National Research Council, Ottawa. This 

room has aIl the facilities necessary for preparing ice~ 

machining specimens and carrying out the load tests. The 

temperature of the room can be varied over the range 0 to 

-50°C, and maintained constant at any temperature within this 

range to within ±O.lC degrees. 

4.1 Preparation of the Ice 

The ice used in the experiments was made from water taken 

directly from the Ottawa distribution system. No attempt was 

made to remove impurities except to deaerate using an aspirator. 

This allowed ice over six inches th~ck to be formed before 

visible air bubbles began to appear in it. 

The ice was made in either a cylindrical or rectangular 

tank, each of which was lined on the inside with plastic. The 

cylindrical tank was 65 cm in diameter and 60 cm deep; the 

rectangular one 60 x 90 cm and 25 cm deep. Freezing of the 

water was usually carried out with the temperature of the room 

at -10°C. The average rate of growth was about 0.1 cm/hr, and 

the temperatur~ gradient in the ice decreased progressively 

from about l/3°C/mm to about l/lO°C/mm. 
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Pressure due to expansion of the water on freezing was 

prevented by two methods. For one. an air filled rubber tube 

was submerged in the water. The air ,as kept at a constant 

pressure as the water froze by allowing it to be expelled from 

a tube kept at a fixed depth in an antifreeze solution. For 

the second method. a hole was kept open at the edge of the 

tank with a small heater. 

The water was cooled until ice began to form on its 

surface. This ice was removed and freezing reinitiated by 

covering the surface with finely crushed ice. As a result, 

the crystallographic orientation at the surface varied randomly 

from grain to grain. A preferred orientation soon developed, 

however. because of the greater ease with which growth occurs 

perpendicular to the <0001> direction than parallel to it. 

Observation of 100 grains about 5 cm below the surface showed 

that 40% had their <0001> direction between 85° and 90° to the 

direction of growth; 29% between 75° and 85° and the remainder 

between 60° and 75°. The ice that formed was columnar-grained 

with random <0001> direction in the plane perpendicular to the 

direction of growth (i.e. type 82). A typical thin section cut 

parallel to the long direction of the grains and viewed with 

polarized light, is shown tn the upper part of figure 6c. 

The grain size gradually increased in the direction of 

growth. About 5 cm below the surface it was about 0.25 cm in 
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the plane perpendicu1ar to the long direction of the co1umns, 

as determined by the 1inear intercept method (ASTM 1966); at 

15 cm it was about 0.35 cm. 

4.2 Preparation: oft"heSpecimens 

The specimens used in the crack study were rectangu1ar 

in shape, 5 x 10 cm in section and 25 cm long. They were cut 

so that the long direction of"the co1umns was perpendicu1ar 

to the 10 x 25 cm face. After removing the ice from the tank 

in which it was formed, the specimens were cut rough1y to size 

with a band saw. At 1east 4 cm of the upper surface of the 

b10ck was discarded so that the specimen did not inc1ude the 

initial random layer. 

A special mi11ing machine was deve10ped for bringing the 

specimens to their final dimensions. The mi11ing was done 

with a 7.5 cm diameter, 15 cm long spiral cutter of the type 

used for machining aluminium, in combination with a 20 cm 

diameter, 5 mm thick cutter. One face and one edge of each 

specimen were mi11ed at the same time with this arrangement. 

The ends were machined with an end mi11 mounted in a 1athe. 

Finished specimens were stored in kerosene to prevent subli­

mation in the dry atmosphere of the co1d room. They were 

annea1ed at the test temperature for at 1east twenty-four 

hours prior to the application of the 10ad. 
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4.3 Conduct of Experiments 

Constant compressive loads in the range 1 to 20 kg/cm 2 

were applied to the 5 x 10 cm ends of the ~pecimens in a 

modified consolidometer manufactured by the Wykenham Farrance 

Co. This instrument, shown in figure 10 with a specimen in 

place, was of the lever type with a lever arm ratio of 20:1. 

It was modified by increasing the height of the leve~ support 

so that it could accept specimens 25 cm in length. The base 

upon which the specimens were placed was supported from the 

lever arm by two 1.8 cm diameter rods. This base was con­

strained to move vertically by a rod that was fixed to its 

bot tom and which slid in a oilite bushing placed in the base 

of the consolidometer. 

The load was applied to the specimens through steel 

plates, 1.25 cm thick, with surfaces ground to a mirror finish. 

Steel strips 3 mm thick were attached about the edge of the 

loading plates so as to provide an inner area just large enough 

to accept the end of the specimen. The purpose of the strips 

was to prevent the ice from sliding laterally, but it was found 

during tests that there was no tendency for this sliding to 

occur. 

Strain was measured with an extensometer mounted onto 

collars clamped and frozen to the ice. The extensometer mounted 

on a specimen is shown in figure Il. The strain was transformed 
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Figu,:e 10 

Loading frame with specimen 
and extensometer. 
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Figure Il 

Extensometer mounted on a specimen. 
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into a voltage by the two 1inear differentia1 transformers 

mounted so as to be at the centre of the two edges of the 

specimen. The extensometer was attached to the co11ars by 

four pivot screws that a110wed rotation about axes in the 

centre plane of the specimen and-perpendicu1ar to its sides. 

With this arrangement the extensometer was re1ative1y insen-

sitive to any bending of the specimen that might occur during 

a creep test. lt cou1d measure disp1acements sma11er than 

-4 la ·cm. 

The co11ars attached to the ice had knife edges that were 

c1amped to the face of the specimen. A special rig was used 

to ensure that the co11ars were 10cated correct1y on the 

specimen so as to give an initial gauge 1ength of 15 cm. After 

e1amping in position, a sma11 amount of water was p1aced with 

an eye dropper a10ng the knife edges to freeze them to the 

specimen. This technique of measuring strains proved to be 

very satisfactory, and had an accuracy of better than la-sem/cm. 

After the co11ars were attached, a s.heet of po1yviny1 film 

(Saran wrap) was wrapped around the iee to prevent sublimation 

during a test. Saran wrap was found to be very suitab1e for 

this purpose because it tended to c1ing to the ice. The exten-

someter was thea attached to the co11ars, the 10ading heads 

put in place and the specimen p1aced onto the supporting base 

of the 10ading frame. A ba11 and cone arrangement was p1aced 
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on top, and adjustments made so that the lever arm was in the 

proper position for beginning a test. 

The weights used for applying the 10ad were supported on 

a jack (see figure la). The jack cou1d be lowered so that the 

full 10ad was app1ied to the specimen within a period of2 

seconds. 

The lever system was ca1ibrated using a Baldwin SR-4 10ad 

ce11. This ce11 had been checked ear1ier on a Tinius 01sen. 

Type U-CELOTRONIC testing machine, ca1ibratedabout every two 

years by the Tinius Olsen Co. The extensometers were ca1ibrated 

with a TEN FIFTY CHECKMASTER manufactured by British Indicators 

Ltd. 

Strains were recorded during the first part of the program 

on a Leeds and Northrup type G millivolt strip chart recorder. 

They were recorded on a Hew1ett Packard 2010H data acquisition 

system in the latter part. The initial part of the 10ad was 

still recorded on a strip chart recorder at this time because 

the most rapid rate of scanning of the logger was on1y 2 points 

per second. 

The occurrence of cracks was observed visual1y. Cracks 

were readi1y seen when they formed in ice by using suitable 

1ighting. The technique was to count the number of cracks 

that formed during given time interva1s. The interva1 depended 



112 

upon the load and the stage of the test. For large stresses 

the time interval was usually one minute. For intermediate 

and small stresses ~onger intervals were used, and the location 

of counted cracks noted on the Saran wrap with a marking 

pencil. Each experiment yielded for a given load and tempera­

ture the time dependence of the strain and cracking activity. 

Six tests were conducted for each load condition, except for 

those at -3l.0°C. In this case only four tests were carried 

out for each condition. 

As described in Section 2.4.5, the cracks that formed 

were long and narrow, with their long direction in the long 

direction of the columns. Crack formation appeared to be 

uniform during the first part of the test for each condition 

of loading, except within about 4 cm of the ends of the speci­

men. Here, the constraints imposed by the loading plates 

caused a triangular section immediately adjacent to them to 

be almost free of cracks. The cracks were counted, therefore, 

only within the 15 cm gauge length. 

Grain size was determined from thin sections cut from 

each face of the specimen, usually after the completion of a 

test. The sections were frozen to a glass plate and reduced 

in thickness to about 1 mm on a smOOLu brass surface kept at a 

temperature of about 4°C. They were then photographed with 

polarized light. The grain size was determined from the 
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photographs using the 1inear intercept method. 

Observations were carried out at the average temperatures, 

T, of -4.8°C, -9.5°C, -14.8°C and -31.0°C. The temperature of 

each test was within ±O.3C degrees of the associated average 

value. 
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5. TIME TO FORMATION OF FI"RST CRACKS 

For many solids, the time to failure in tension for a 

given temperature appears to have an exponential or power law 

dependence on the stre.se. These relationships are often found 

to provide a satisfactory fit to observations over several 

orders of magnitude of time. Considerable attention has been 

given to this behaviour in the Russian literature (e.g. Zhurkov 

and Sanfirova, 1958; Pines and Sirenko, 1959). Much of this 

work is reviewed by Bartenev and Zuyev (1968). 

It was a1so observed that failure in tension often had 

the characteristics of a thermal1y activated process. For 

example, Zhurkov and Sanfirova assümed 

where 

(24) 

to' A and a are constants, and Qf is the 

apparent activation energy for crack formation. 

The value of t has been found to be approximately equal to 
o 

the period associated vith the natural frequency of vibration 

of atoms. 

It was found in the present study that the time to 'forma-

tion of the first "large" crack (> 1 mm wide, 1 cm long) was a 

weIl defined event. A1though the cracks formed during compres-

sion, their formation indicated that local tensi1e stresses 
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tending to be perpendicular to the applied stress, must have 

been induced. The time to formation of each of the first 

three large cracks was recorded for each test to determine if 

they were related in a meaningful way to stress and tempera­

ture. Preliminary results of this study for temperatures of 

-lO.OoC and -3l.0 oC have been reported (Gold, 1967). Obser-

vations at average temperatures of -4.8°C, -14.8°C and -9.5°C 

have also been made and are presented herein. 

5.1 Observations 

The average logarithms of the time to formation, tf' of 

the second large crack for T = -4.8°C, -9.5°C, -14.8°C and 

-3l.0°C are plotted against stress in figure 12. It can be 

seen that the logarithm of tf appears to be almost linearly 

dependent on the stress, cr, for cr ~ 8 kg/cm 2
• The average 

time to formation deviates significantly from this dependence 

for cr = 6 kg/cm 2 • In some cases at T = -9.5°C and cr = 6 kg/cm 2 , 

no second large crack formed in the time of the test, which 

was continued weIl beyond the time that would have been expected 

by linear extrapolation of the results for cr ~ 8 kg/cm 2 • The 

total time of the test was used in these cases, and so the 

actual average value for cr = 6 kg/cm 2 and T = -9.5°C should 

be plotted at a larger time than is shown in figure 12. A 

deviation from the linear dependence has been observed for 

other materials (see Bartenev and Zuyev, p. 44), and is to be 

expected. 
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The observations for T = -31°C appear to deviate signif-

icantly from a linear relationship. The results do not allow 

one to decide if this reflects the real behaviour, or the 

lack of sufficient number of observations. 

Least squares fits were calculated for the observations 

in figure 12 for cr ~ 8 kg/cm~, and are shown along with their 

equations. The stress coefficient in equation (24), B , was a 

found to be about 0.38 cm 2 /kg. 

The time to formation of the first and third large crack 

had the same general dependence on the stress as for the 

second. It was considered that the average of the times to 

formation of the first three large cracks would yield a better 

correlation with stress, and this is shown in figure 13 along 

with the least squares fits for cr ~ 8 kg/cm 2
• 

Values of A(T) obtained from the least squares fits given 

in figures 12 and 13 are plotted against lIT °K- l in figure 14. 

If equation (24) is val~d, the results in figure 14 show that 

the apparent activation energy, Qf' decreases with decreasing 

temperature, and tends to a constant value for temperature 

lower than about -15°C 

From equation 

A(T) = t exp o 

(24) 

~~) (25) 
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The value of the apparent activation energy calculated from 

the results for the second large crack and temperature less 

than -15°C was 0.65 eV. Figure 14 shows that the apparent 

activation energy for the average of the first three large 

cracks tends to approach this value at lower temperatures. 

5.2 JJiscussion 

It is of interest to establish if the time to formation 

of the first large crack is consistent with crack nucleation 

by stress concentrations of the type associated with dislocation 

pile-ups. Let it be assumed that the criterion for nucleation 

is (Smith and Barnby, 1967, see Table V) 

where 'T is the effective shear stress on a pile-up e 

of length ~, and the remaining terms are as 

defined earlier (see p. 70). 

(26) 

E Representative values of ----2 and the surface energy, y, are: 
l-v 

y 

= 8.2 X 1010 dynes 
cm 2 

= 100 ergs/cm 2 

(Gold, 1958) 

(Hesstvedt, 1964). 

Let the length of the pile-up, ~, for the minimum stress to 

cause crack initiation, be equal to the average grain diameter, 

d (0.30 cm). Substitution of these values into equation (26) 
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gives Le = 4.7 kg/cm 2 (4.6 x 10 6 dynes/cm 2 ). This estimate 

is in good agreement with the conditions associated with crack 

formation (i.e. app1ied compressive stress greater than about 

Smith and Barnby give for the number of dislocations in 

the pi1e~up (see Table V) 

=~ n 2L b _ (27) 
e 

where b i8 the Burgers vector. Substitution into equation (27) 

of the value of L obtained from equation (26), and b = 4.5 x e 

10- 8 cm, gives n = 2,380. If it is assumed that the pi1e-up 

has the form shown in figure 15, this number of dislocations 

wou1d give a disp1acement of nb = 1.07 x 10- 4 cm. This wou1d 

correspond to a strain of about 3.5 x 10- 4 in the pârt of the 

grain to the right of the glide plane. 

The average strain to the formation of the first crack 

for given temperature and stress is p10tted in figure 16. It 

can be seen that, for app1ied stresses about equa1 to 6 kg/cm 2
, 

this strain is considerab1y 1arger than 3.5 x 10- 4 • 

Equation (26) shows that as the effective shear stress on 

the pi1e-up increases, the 1ength of the pi1e-up required for 

crack initiation decreases. Let the situation depicted in 

figure 15 represent one of the more extreme crack nuc1eating 
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FIGURE 15 

SIMPLE MODEL OF CRACK NUCLEATION BYA 
DISLOCATION PILE-UP IN A COLUMNAR-GRAIN 
OFSIZEd 
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conditions. Assume that the strain on the right hand side of 

the pi1e-up is ed, and on the 1eft hand side is zero. The 

number of dislocations in the pi1e-up, therefore, i8 

ed 
n = b (28) 

The substitution of the expression for n given by equation (11) 

(i .• e. n = 7Ta~'7V-) LeR,) into equation (28) gives 

L R,27T(1-v 2 ) ed 
e Eb = b , 

and the 1ength of the pi1e-up associated with the effective 

shear stress Le after strain E is 

R, = 'Ed E 
(29) 

Substitution of this value for R, into equation (26) gives 

L E e =n 2d 
(30) 

Equation (30) indicates that at the nuc1eating site the product 

of the effective shear stress and the strain to the formation 

of the first crack shou1d be a constant. Let L be equa1 to e 

0/2, where 0 is the app1ied stress. Substitution of y = 100 

ergs/cm 2 and d = 0.30 cm in equation (30) gives 

oe ~ 3,300 dynes/cm 2 = 33.6 x 10- 4 ~g/cm2 (31) 
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Equation (31) is plotted in figure 16. It can be seen that 

the plotted curve underestimates the strain to the formation 

of the first crack for stresses 1ess than about 16 kg/cm 2 • 

It was pointed out in Section 2.4.5 that new modes of 

deformation were observed to deve10p and operate in previous1y 

undeformed co1umnar-grained ice in the strain range of 0.01 

to 0.25%. Figure 16 shows that the strain to the formation 

of the first cracks lies in this range. This suggests that 

the deviation of the observations from the theoretical 

prediction is due to the development and operation of these 

modes (e.g. multiple slip and c1imb of dislocations out of 
~ 

their glide plane). 

As c1imb wou1d· invo1ve diffusion, its effect would become 

more significant for given temperature the longer it takes to 

deform the specimen to the strain necessary for crack initia-

tion. This is consistent with the resu1ts shown in figure 16, 

where it can be seen that, in genera1, the longer the time 

taken for the formation of the first crack, the greater is 

the deviation from equation (31). The observations show that 

when the stress is 1ess than about 6 kg/cm 2 , the operating 

modes of deformation are sufficient to prevent the occurrence 

of the conditions ·necessary for crack formation (e.g. equation 

30). 
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If the formation of the first c1eavage crack is dependent 
on the strain for stress greater than about 6 kg/cm 2 , it shou1d 
be possible to fit the observations with a polynomial in (a-6). 
The expression 

is plotted in figure 16, and it can be seen to provide a good 

fit to the observations. 

Even if it is proven that crack initiation is associated 

with dislocation pi1e-ups, the stress condition at the site of 
the crack will still be a matter of considerable speculation. 

In addition to the stress associated with the initiating 

pile-up, there can be stresses due to neighboring pile-ups and 

incompatibility of strains of adjacent grains. The formation 
of voids during compressive creep indicates that these stresses 
can be tensile over a significant area perpendicular to the 

applied stress. 

According to the Griffith criterion, a crack nucleus in 

ice must be about 0.5 cm wide to propagate under a uniform 

tensile stress of 6 kg/cm 2 • The cracks formed for compressive 
stress of 6 kg/cm 2 had widths considerably smaller than 0.5 cm. 
This indicates that the stresses responsible for them must 

have been local in character (i.e. they are not Griffith cracks, 
but probably involve stress fields in addition to that asso­

ciated with the initiating pile-up as discussed in the previous 
paragraph). 
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Let it be assumed that a crack of width 2c is formed by 

the running together of n freely slipping edge dislocations. 

Bu110ugh (1964) has shown that if the contribution of the 

shear stress, T , and of the transverse tensile stress, are e 

neglected, the width of the dislocation crack is given by 

2c = En2 b 2 

-,.E 10 2 If nb = 1.07 x 10 cm, --2 = 8.2 x 10 dynes/cm and 
1-.\1 

(32) 

y = 100 ergs/cm 2 , th en equation (32) gives 2c = 0.187 cm. 

This is in good agreement with size of the first "large" 

crack (i.e. ~ 1 mm). The contribution of a shear stress and 

any transverse tensile stress would increase the crack width. 

The foregoing discussion has shown that the formation of 

the first large cracks was consistent with models of crack 

initiation by dislocation pile-ups. It was pointed out in 

Section 3.2 that criteria for crack nucleation based on dislo-

cation theory do not involve the crack width. The question 

can be asked, therefore, if crack initiation was a thermal1y 

activated process in the sense that the crack nucleus grew to 

a critical size by the breaking of molecular bonds by thermal 

fluctuations. 

Figure 16 shows that for stresses greate~ than 10 kg/cm 2 , 

the strain to the formation of the first crack was equal to 
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5 X 10- 4 to within a factor of about 2. The time to formation 

of the first crack, therefore, can be expressed approximately 

by 

t = 
f 

E 

l 
~5 ~ "10- 4 

l 
(33) 

where l was the average strain rate during the first 5 x 10- 4 

strain. It will be seen from the information presented in 

Section 6 that this average strain rate was about equal to 

-4 the strain rate at a strain of 2.5 x 10 ." This indicates 

that the temperature and stress dependence of the time to 

formation of the first cracks was due mainly to the exponential 

dependence of the strain rate on these quantities. This 

conclusion is supported by the approximate equality of the 

apparent activation energy for crack formation and for creep 

of polycrystalline ice (see Table IV). It is of interest, 

also, that Krausz (1970) found from strain relaxation experi-

ments that the activation volume for ice should be between 

0.4 X 10- 20 cm 3 and 9 x 10- 20 cm 3 • The value obtained for a 

in equation (24) from the observations on the time to formation 

of the first cracks, was about 1.4 x 10- 20 cm 3 • These arguments 

indicate that the observed crack formation in ice was not a 

thermally activated process in the sense assumed by Zurkov and 

Sanfirova with respect to equation (24), but the dominant role 

played by the strain rate made it appear to be so. 
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5.3 Conclusions 

Crack formation occurred in type 52 ice during creep 

under a uniaxia1 compressive stress when the stress exceeded 

about 6 kg/cm 2 • The first cracks formed at a strain 1ess 

than about 10- 3 for stress equa1 to or greater than 10 kg/cm 2 , 

and their time to formation depended exponentia11y on the 

stress. The time to formation of the first cracks a1so 

appeared to depend exponentia11y on lIT' but the apparent 

activation energy decreased with decreasing temperature, 

tending to a constant value for temperature 1ess than about 

258°K (-15°C). The apparent exponentia1 dependence of time 

to formation on stress and temperature is considered to be due 

to the dependence of the strain rate on these quant~ties. 

The formation of the first large cracks (> 0.1 cm wide) 

was consistent with dislocation mode1s of initiation. Most of 

the energy required for their formation must have come from 

stress fields close to the site of the crack. The observations 

indicated that the behaviour deviated from that predicted by 

simple dislocation mode1s, and the deviation became more 

significant the 10wer the stress and the temperature. It is 

considered that this deviation was due to the contribution of 

other modes of deformation, including" the c1imb of dislocations 

out of their glide plane. 
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6. CRACKING ACTrVITY DURINGCREEP 

Little information is avai1ab1e on the stress and strain 

dependence of the number of cracks that form during the defor­

mation of materia1s subject to c1eavage crack formation. Hahn 

et al (1959) observed the strain dependence of the crack 

density deve10ped during the plastic deformation of steel. 

McMahon (1964), kaeche1e (1967) and Kaeche1e and Tete1man 

(1969) have made simi1ar observations for po1ycrysta11ine irone 

Williams (1968) presented information on the crack density 

deve10ped during creep of an aluminium -20% zinc a11oy. 

These studies were carried out on granu1ar materia1s. 

Crack densities were determined from the surface trace of the 

crack, made visible by po1ishing and etching. This introduced 

the difficu1t prob1em of determining the three dimensiona1 

characteristics of the crack distribution fr~m surface obser­

vations on1y. Kaeche1e (1967) presented a theoretica1 

discussion of this prob1em. The situation for co1umnar-grained 

ice is considerab1y simp1er. Not on1y does its transparency 

a110w observations to be made in the interior, but the symmetry 

causes the cracking activity to be two dimensiona1 rather than 

three. 

The total number of cracks formed up to the time of each 
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count was determined for each test, and divided by the area 

of observation to obtain the crack density. A plot was made 

of crack density vs time, and a line drawn through the points. 

These plots were used to ca1cu1ate the average crack density 

vs timeofor each stress and temperature condition. The 

observations and average curve for 0 = 12 kg/cm 2 and T= -9.5°C 

are shown in figure 17 as an examp1e. Average crack densities 

for T = -4.8°C, -9.5°C, -14.8°C and -31.0°C are presented in 

figures 18 (a,b,c,d) respective1y. 

The discussion concerning crack initiation and time to 

formation of the first cracks indicated that the cracking 

activity shou1d be more direct1y re1ated to strain than to 

time. Crack densities for each test, N (E,o,T), were plotted 

against creep strain. The average crack density for given 

strain was ca1cu1ated for each condition from these curves, 

and these are presented in figures 19 (a,b,c,d). It can be 

seen that the initiation and deve10pment of the cracking 

activity occurs over the same range of strain for aIl stress 

and temperature conditions. The standard deviations presented 

with each curve show the extent to which the behaviour was 

reproducible for given conditions. 

The averase cracking rate (number of new cracks per cm 2 

per unit strain) is plotted against the strain in figures 20 

(a,b) for T = -9.5°C and -31.0°C. These curves were obtained 
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from the average crack density vs strain curves by determining 

the change in the density for change in strain of 5 x 10- 4 , 

dividing the difference by the change in strain, and p10tting 

the resu1t at the midpoint of the range. A smooth curve was 

drawn through the p10tted points. It can be seen that there 

is a maximum in the cracking rate within the creep strain 

range of 10 x 10- 4 to 25 x 10- 4 for T = -9.5°C. 

The average cracking rate for each temperature is p10tted 

against the strain in figures 21 (a,b,c) for stresses of 8, 12 

and 16 kg/cm 2 respective1y. These figures show that the 

maximum average cracking rate for each stress decreased with 

decreasing temperature. Figures 19 (a,b,c,d) show the same 

dependence for the average crack density. Figures 21 (a,b) 

indicate that for stresses of 8 and 12 kg/cm 2 , there was a 

tendency for the maximum in the cracking rate to shift to 

1arger strain with decreasing temperature. This tendency was 

not present for a stress of 16 kg/cm 2 • 

The resu1ts for T ~-15°C show that for stress less than 

about 10 kg/cm 2 , the cracking rate tended to zero for strain 

larger than about 10- 2 • This tendency was not so apparent for 

T = -31.0°C. It was appreciated after the comp1etion of the 

testing that the characteristics of the cracking activity for 

T = -31.0°C, and cr ~ 12 kg/cm 2
, appeared to be different from 

those for higher temperatures, (see figure 20b). The cracking 
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rate for T = -31.0 o e and a = 8 kg/cm 2 , for examp1e, was 1arger 

than wou1d have been anticipated from the resu1ts at higher 

stress and temperature. This particu1ar inconsistency may be 

due to the sma11ness in the number of cracks that formed for 

this test condition, and the correrponding decrease in statis­

tica1 significancê. A1though each of these tests was run for 

about three and one ha1f days, it can be seen from figures 

19 (d) and 21 (a) t~at the cracking rate had not reached its 

maximum value. The cracking behaviour for T = -31.0 o e will be 

considered further in the discussion in Section 6.3. 

For stress ~ 12 kg/cm 2 for a11 temperatures, it was c1ear 

from the nature of the cracking activity, and from the fact 

that the deformation progressed direct1y from the primary to 

the tertiary stage of creep, that the rate of cracking wou1d 

have remained significant ev en if the deformation had been 

continued beyond a strain of 10- 2 (see figures 19, a,b,c,d). 

It shou1d be pointed out that when the crack density 

exceeded about 3 per cm 2 , it became increasing1y difficu1t to 

record a11 cracking events. This was particu1ar1y the case 

for the 1arger loads. A true record of the cracking rate in 

a specimen containing many cracks was beyond the cap~i~ity of 

visua1 methods. It is considered that the observations for 

densities 1ess than 3 per cm 2 are a good record of the cracking 

activity. Observations at 1arger densities most certain1y 
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underestimate the cracking activity, but do give a good quali­

tative picture of it. 

The stress dependence of the average crack density for a 

strain of 20 x 10- 4 ~s sho~n for the four test temperatures in 

figure 22. This figure confirms the conclusion drawn from the 

observations of the time to formation of the first cracks, 

that significant cracking activity do es not occur until the 

compressive stress exceeds about 6 kg/cm 2 • Figure 22 indicates 

also a tendency for the critical stress for ~rack formation to 

increase with decreasing temperature. 

If it is assumed that the stress dependence of the crack 

density has the form 

n 
N = A(a-C) (34) 

where A, C and n are constants, then a log N vs log (a-C) plot 

of the curves in figure 22 gives 

n ~ 3.3 for C = 0 

n ~ 1.7 for C = 6. 

These plots were reasonably linear over the whole range of 

stress to 20 kg/cm 2 for C = 6, and over the range 10 ~ a ~ 20 

for C = O. The foregoing indicates the degree to which the 

cracking activity depends upon the stress. 
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Several tests were run at stresses less than 6 kg/cm 2 

to determine if cracks would forme Cracks did form in some 

cases for stresses of 4 and 5 kg/cm 2
, but these were few and 

small. They tended to heal with continued deformation, or 

collapse into several spherical voids. It is of interest, 

and of some significance, that the strain to formation of 

these cracks was about the same as that associated with the 

maximum cracking rate at higher stress (i.e. what would 

appear to be the most severe strain condition for crack 

formation). 

The temperature dependence of the average crack density 

at various strains is presented in figure 23 for stresses of 

8, 12, 16 and 20 kg/cm 2 • This figure shows clearly the marked 

decrease in the crack density with decreasing temperature. 

The results for cr = 8 kgJcm 2 are particularly interesting 

because they indicate that the crack density at this stress 

tends to a limiting value with further decrease in temperature. 

Maximum values for the average crack density for this stress 

and T = -4.8°C, -9.5°C and -14.8°C were estimated from figure 

19 by simple extension of the curves to a strain of about 

2 x 10~2, and are also plotted in figure 23. 

If the stress was sufficiently high, cracks would form in 

the ice as the load was applied. These cracks were usually 

small and associated with the grain boundaries. There was 
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always a quiescent period following their formation and prior 

to the cracking activity that has been described. The stress 

dependence of thisinitial crack density is shown in figure 24. 

It can be seen that with decreasing temperature, the initial 

crack density decreases and the stress required to cause these 

cracks to appear, increases. 

The cracks formed on the application of the load were 

subtracted from the total crack count when calculating the 

crack densities shown in figures 18 and 19. It will be shown 

in Section 7.4 that this initial cracking activity may be an 

integral part of the subsequent activity. Subtraction of it, 

however, did not affect the calculation of the average rates 

of cracking, and resulted in a downward displacement of the 

curves in figures 18 and 19 of less than 5% of the maximum 

observed density for stresses ~ 16 kg/cm 2 • 

6.2 Creep Behaviour 

The average creep curve for each set of conditions was 

obtained by calculating the arithmetic mean of the associated 

tests. In aIl cases, the initial elastic strain was subtracted 

from the recorded strain. The average creep rates were calcu-

lated from the creep curves by determining the change in strain 

over appropriate consecutive changes in time. These creep 

rates were plotted against the strain corresponding to the 

time at the midpoint of the time interval. A smooth line was 
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drawn through each set of p10tted points, and these are 

presented in figures 25 (a,b,c;d). 

The creep rares corresponding to these curves are listed 

in Table VII. For each stress and temperature the calculated 

creep rate was subtracted from the creep rate as given by the 

respective curve at the corresponding strain. These differ-

ences were squared and summed, and the sum divided by the 

number of calculated creep rates. The square root of this 

number was taken as a measure of the goodness of fit of the 

curves to the creep rates, and is presented in the Table as 

the root mean square deviation (R.M.S. dev.). 

It can be seen that for stresses less than about 12 kg/cm 2 , 

the strain rate had a maximum between the strain of 10 x 10- 4 

-4 to 20 x 10 • This was about the same range as for the maximum 

in the cracking rates. This maximum tended to larger strain 

with increasing stress. With continued deformation the strain 

rate approached the constant value associated with the secondary 

creep stage. 

For a stress of 12 kg/cm 2 or greater, the creep rate 

continuously increased with strain, showing that the primary 

stage of creep passed directly to the tertiary stage. It is 

of interest that for cr = 12 kg/cm 2 and T = -31.0°C, there was 

evidence of the maximum and an apparent secondary stage prior 

to the onset of the tertiary stage. This feature disappeared 
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TABLE VII 

Strain Dependence of the Strain Rate 

T .. -4.8°C Strain rate x10~ min- 1 

Stress ~f""Ain 'Y,n~ R.M.S. 
kg/cm 2 5 10 15 20 30 40 50 60 70 80 90 100 dev. 

6 0.142 0.171 0.171 0.156 0.132 0.111 0.095 0.084 0.077 0.073 0.070 o 067 0.004 
8 0.360 0.405 0.414 0.408 0~363 0.320 0.289 0.268 0.250 0.237 0.232 0.021 

12 0.86 1.18 1. 42 1.59 1. 81 ' 1. 93 2.05 2.16 2.31 2.50 2.7,1 2.94 0.01 
16 1.85 2.55 3.17 3.75 4.94 6.11 7.28 8.45 9.61 10.80 11. 97 13.12 0.19 ! 

-, 

T = -9.5°C Strain rate x10~ . 

6 0.076 0.095 0.098 0.092 0.079 '0.067 0.057 0.051 0.048 0.045 0.042 0.040 0.002 
8 0.156 0.200 0.225 0.235 0.216 0.193 0.172 0.154 0.141 0.131 0.123 0.117 0.007 

10 0.259 0.351 0.405 0.430 0.431 0.407 0.382 0.358 0.336 0.317 0.299 0.284 0'.017 
12 0.423 0.595 0.725 0.822 0.953 1.050 1.125 1.190 1.255 1.320 1.387 1.450 0.023 
16 1.00 1. 38 1. 71 2.01 2.56 3.05 3.52 4.00 4.47 4.95 5.42 5.91 0.062 
20 1. 57 2.35 3.12 3.89 5.46 . 7.00 8.58 10.28 Il.98 13.72 15.58 17.60 ,0.001 



fJ • 
TABLE VII (Cont.) 

T .. -14.8°C Strain rate x10 s 

Stress Strain x10~ 
~.M.S. kg/cm 2 5 10 15 20 30 40 50 60 70 80 90 100 dev. 

8 0.758 0.933 1. 013 1.033 0.972 0.858 0.766 0.698 0.650 0.613 0.585 0.558 0.02 1 

12 1. 92 2.68 3.21 3.58 4.07 4.34 4.47 4.52 4.55 4.57 4.60 4.68 0.08 1 16 3.95 5.40 6.83 8.28 Il.14 14.00 16.83 19.70 22.55 0.29 i 

T = -31.0°C Strain rate x10 s 
. 

8 0.113 0.133 0.137 0.130 0.111 0.096 0.084 0.004 10 0.163 0.204 0.214 0.216 0.212 0.206 0.201 0.199 0.198 0.198 0.198 0.198 0.004 12 0.261 0.309 0.328 0.332 0.330 0.340 0.369 0.420 0.487 0.566 ' 0.014 14 0.425 0.500 0.528 0.552 0.620 0.721 0.853 1.011 1.183 1. 374 1. 577 0.00-9' 16 0.555 0.645 0.712 0.790 0.993 1. 262 1. 578 1. 930 0.003 18 0.725 0.800 0.900 1. 035 1. 370 1. 910 2.700 Or067 20 0.945 1.170 1. 435 1.725 2.450 3.330 4.400 0.070' 

" 
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for this stress with increasing temperature, indicating that 

the direct transition from the primary to the tertiary stage 

occurred for smaller stress the higher the temperature. 

The temperature and stress dependence of the creep rate 

is often assumed to have the following form (Jonas, 1969; 

Jonas et al, 1969). 

where 

Ë = cl> exp [-.aHo] 
s kT [ 

.Cl (T.-Tb ) ] 
exp kT 

cl>s is a factor that depends upon the state 

of the structure, aH is the activation o 

enthalpy when no effective stress is acting, 

Cl is the activation volume,. and T-Tb the 

effective shear stress acting in the glide 

plane. 

(35) 

It was pointed out in Section 2.4.5 that the back stress, Tb' 

is probably equal to about 90% of the resolved shea~ stress 

for polycrystalline ice. 

(3), with Q 
R 

Equation (35) is similar to equation 

exp ["<:;Tb ) ] = CT; 
The logarithm of the steady state creep rate is plotted 

against 1/ToK- 1 in figure 26 for a test carried out under a 

stress of 3 kg/cm 2 • The test was continuous, and the same 

specimen was used to determine the creep rate at temperatures 

the specimen had been deformed about 3%. It can be seen that 
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FI GURE 26 

TEMPERATURE DEPENDENCE OF THE STEADY STATE CREEP RATE 
cr • 3 KG/CM2 
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a straight 1ine with a s10pe Q/R = 10.5 x 10 30K is a good fit 

to the observations for temperature higher than -20°C. The 

resu1t obtained at -35°C deviates appreciab1y from this 1ine 

in a direction that indicates a decrease in the apparent 

activation energy. Observations at -10°C were made after the 

observations at -35°C. 

The 10garithm of the average strainrates at strains of 

10- 3 and 5 x 10- 3 are p10tted against 1/ToK-1 in figure 27 

(a,b) for the stresses 8, 12 and 16 kg/cm 2 • Lines having a 

s10pe of Q/R = 10.5 x 10 30K are drawn through the points. It 

can be seen that these 1ines are a reasonab1y good fit to the 

resu1ts for temperature higher than -15°C, and that the strain 

rates at -31.0°C deviate significant1y in the same direction 

as for cr = 3 kg/cm 2 • The observations p10tted in figure 27 

show that the apparent activation energy during the transient 

creep stage was re1ative1y constant. 

By rearranging equation (35), the fo11owing expression 

for a "temperature corrected" strain rate i8 obtained: 

[
!Ll- [a(T-Tb )] 

E exp RTJ- ~s exp kT (36) 

The average strain rates were modified by this temperature 

co~rection using Q/R = 10.5 x 10 30K. The resu1ts are p10tted 

in figures28 (a,b,c) for the stresses 8, 12 and 16 kg/cm 2
• 
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FI GURE 27a 

TEMPERATURE DEPENDENCE OF THE CREEP RATE AT STRAIN = 10- 3 
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Figure 28 do es bring out c1early the nature of the change 

in the creep behaviour that occurred over the stress range of 

8 to 16 kg/cm 2 • The development of a secondary creep stage is 

c1ear1y evident at 8 kg/cm 2 • For a stress of 12 kg/cm 2 , the 

secondary stage is suppressed and the tertiary stage initiated 

before the strain exceed~ 10~2. The tertiary stage is initiated 

at a strain of 1ess than 5 x 10- 4 for a stress of 16 kg/cm 2 • 

The position of the curves for T = -31.0 o C clearly indi­

cates that the apparent activation energy must be smaller at 

this temperature. It can also be seen more clearly in figure 

28 that the curves for cr = 12 and 16 kg/cm 2 have characteristics 

that wou1d be associated with 10wer stresses at higher tempera-

tures (e.g. the curve for cr = 16 kg/cm 2 and T = -31.0°C is 

simi1ar in shape to those for cr = 12 kg/cm 2 and T ~ 14.8°C; 

the curve for T = -31.0°C and cr = 12 kg/cm 2 actua11y has a 

short secondary creep stage). 

The stress dependence of the temperature corrected strain 

rate at E = 10- 2 is shown in figure 29. It can be seen that 

for 3 ~ cr ~ 10 kg/cm 2 , this dependence has the form given by 

equation(3), i.e. 

~ exp [ ~]_ C"n = $. exp [a~;-Tb)] (37) 

where C is a constant. The 1ine drawn through the points has 
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a slope, n, equal to 3.76. This value for the exponent of 

the stress is in good agreement with that obtained by 8teinemann 

for granular type Tl ice (see figure 2). 

Figure 29 shows how the creep rates for cr > 10 kg/cm 2 

diverge from what would be predicted from the results for 

cr ~ 10 kg/cm 2 • The line drawn through the observations in 

figure 3 for single crystals oriented for basal glide, is 

reproduced and extended in figure 29. The results for type 82 

columnar-grained ice converge more rapidly to the single crystal 

results with increasing stress above 10 kg/cm 2 than for below 

it. This indicates the greater extent to which the constraints 

between grains were broken down during the first 10~2 of the 

creep strain when the stress exceeded 10 kg/cm 2
• 

6.3 Discussion 

Cracking activity is a factor that has not been taken into 

consideration in studies of the deformation behaviour of ice. 

It is clear from the results of the present work, however, that 

it was closely associated with the development of the failure 

condition for type 82 ice during creep under uniaxial compres­

sive loads greater than 10 kg/cm 2 • When the stress exceeded 

10 kg/cm 2 , t~e cracking activity was directly responsible for 

the onset of the tertiary stage of creep before the strain 

exceeded 0.25%. 
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Prior to the onset of tertiary creep, the cracking activ­

ity was usua11y distributed relatively uniform1y throughout 

the specimen. The marked transition that occurred in the 

creep behaviour over the stress range of 10 to 12 kg/cm 2 , 

suggests that for a given stress there may be a critica1 crack 

density which, if exceeded, allows tertiary creep to begin. 

An estimate was made of the crack density at the transition 

from the secondary or primary stage ~f creep to the tertiary, 

from the average strain dependence of the creep rate and crack 

density. The observations showed that a crack density of 

1:4 cracks/cm 2 'cou1d deve10p for cr ~ 10 kg/cm 2 without the 

tertiary stage being initiated. The rate of change of the 

creep rate changed from negative to positive within the first 

40 x 10- 4 strain for cr = 12 kg/cm 2 , when the crack density was 

about 1.6 cracks/cm 2 • When the stress was equa1 to or greater 

than 16 kg/cm 2 , tertiary creep was established before the crack 

density exceeded about 0.5 crack/cm 2 • 

The tertiary stage was often clear1y associated with non­

uniform cracking activity. This is i11ustrated in figure 30, 

which is a photograph of a specimen deformed 2.3% by a stress 

of 20 kg/cm 2 • Note how crack formation has tended to concen­

trate in zones approximate1y parallel to the planes of maximum 

shear, as pointed out in Section 2.5. 
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Figure 30 

Fau1t zones formed in type S2 ice; 
cr = 20 kg/cm 2 ; E = 2.3% T = -9.8°C. 

.. - .... 
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Displacements at the e~ges of the specimens showed that 

a significant proportion of the creep in the tertiary stage 

occurred within the zones of. greatest cracking activity. Th~ 

strain, therefore, must be non-uniform once these faulted 

zones are formed. This raises the question of the validity of 

the usual methods of determining strain and relating it to the 

stress when this condition has been established. For example, 

the strain rates in faulted zones would be larger than the 

specimen average shown in figure 28 for stresses greater than 

or equal to 12 kg/cm 2 • This imp1ies that in these zones the 

strain rate was even c10ser to that for the single crystal than 

indicated by this figure. 

The formation of a crack in ice was a visua1 indication 

of the establishment of the stress and energy conditions 

required for its nuc1eation. As each specimen was p~~pared in 

the aame way, it wou1d be expected that the number of potentia1 

crack nuc1eating sites shou1d have been about the same for each 

test. The vertical bars in figure 19 indicate the variation 

that did occur between specimens. What the observations 

provided, therefore, was a reasonab1e record of the stress, 

strain, time and temperature dependence of the crack nuc1eating 

condition for type S2 ice subjected to uniaxia1 compression. 

One of the resu1ts that is difficu1t to exp1ain is the 

strong temperature dependence of the crack density (see figure 
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23). Consider the criterion for crack initiation. given by 

-6 equation (30) (i.e. TeE = ~d). Temperature affects this 

re1ationship through its effe~t on the surface ene~gy, y, and 

the strain, E, required to produce the necessary 1e~gth of 

dislocation pi1e-up (i.e. the necessary number of dislocations 

in the pi1e-up). The temperature dependence of y is not 

sufficient to exp1ain the temperature dependence of the crack 

density shown in figure 23. The number of dis1oçations in a 

pi1e-up shou1d increase with decreasing temperature, and this 

wou1d cause the crack density for a given strain to a1so 

increase with decreasing temperature. lt must be conc1uded 

that the temperature dependence observed was due to other 

factors that affect the occurrence and size of stress concen-

trations (e.g. the number of ~is1ocations in pi1e-ups and the 

shear stress acting on them). 

The increase that was observed in the apparent activation 

energy with increase in temperature, indicates that a defor-

mation process with a 1arger activation energy became more 

significant at the higher temperatures (Sherby and Burke, 1967). 

As the apparent activation energy tended to that for se1f-

diffusion with decrease in temperature, it is considered that 

the deformation at the 10wer temperatures was determined main1y 

by diffusion contro11ed processes such as dislocation c1imb. 

Resu1ts of studies on single crysta1s indicate that such 

processes control their deformation for temperatures up to at 
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1east -10 o e (see Table III). This suggests that the increase 

in the apparent activation energy for po1ycrysta11ine ice for 

temperatures above -31°e is du·eto proces.ses associated with 

the presence of grain boundaries. 

Various modes of deformation and recovery can contribute 

to the abi1ity of grains to conform to the change in shape of 

their neighbors. The relative importance of these modes 

depends upon both the temperature and the stress (Sherby and 

Burke, 1967). For examp1e, for high temperatures (temperature 

greater than one-ha1f the me1ting temperature) and low stresses 

(cr <'ù 1 kg/cm 2), diffusion can provide for ice the degrees of 

freedom necessary for the arbitrary change in shape of the 

grains (Nabarro-Herring creep). As the stress is increased, 

slip becomes more important than diffusion in bringing about 

this change in shape. The movement of dislocations in their 

.glide planes, however, provides on1y two degrees of freedom 

for easy slip for type S2 ice. For the geometry of the specimen 

and load used in the present study, only one of these wou1d be 

effective (see p. 58). As this would result in discontinuities 

in the strain at the grain boundaries, processes such as grain 

boundary sliding, grain boundary migration, multiple slip, etc., 

must operate to provide the extra degrees of freedom required 

for coherency. 
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No visua1 evidence of. grain boundary sliding was observed 

in the present experiments. Significant grain boundary 

sliding would have been difficu1t because of the width of the 

grains and the associated greater probabi1ity of irregu1arly 

shaped boundary regions. There was often extensive deformation 

in the immediate vicinity of the boundaries, as can be seen in 

figures 4, 5 and 6. A1though there was no visua1 evidence of 

sliding in this study, indirect evidence does indicate that 

the tendency wou1d have been there, and that it wou1d have 

probably provided stress relief in the vicinity of stress 

concentrations. Considerable evidence was observed of grain 

boundary migration when the strain exceeded about 5 x 10-4 • 

If processes such as grain boundary migration and grain 

boundary sliding make a significant contribution to maintaining 

coherency in the boundary regions, it wou1d have the effect of 

reducing the contribution that wou1d otherwise have been 

required by diffusion processes within the grain (e.g. dis10-

cation climb, cross-slip). The increase in strain rate that 

would be produced wou1d mean that the time required for a given 

strain would be corresponding1y smaller than if self-diffusion 

processes were acting a1one. This can be appreciated by 

referring to figure 26 and visua1izing the difference that 

wou1d exist between the 1ine drawn with a s1op~ ~ = 10.5 x 10 30K, 

and one with a slope ~ = 8 x 10 30K passing through the point at 
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1 -So -1 / T = .4.2 x 10 K • This latter 1ine would givethe strain' 

rates that wou1d have been expected if the process (or pro-

cesses) with an apparent activation energy of 0.61 eV 

(16 kca1/mo1e) was contro11ing at the higher ~emperatures. . . . 

Both of the foregoing factors wou1d cause the number of dis10-

~ cations in a pi1e-up for a given strain to increase with 

increasing temperature (i.e. there wou1d be a decreasing need 

for dislocations to c1imb out of their glide planes, and a 

sma11er time for c1imb than wou1d have been avai1ab1e if the 

10wer temperature process or processes still contro1led the 

deformation). 

The foregoing suggestion is supported by a conclusion 

reached by Krausz (1968) from a study of strain relaxation in 

ice at -10°C. Krausz conc1uded that, at this temperature, it 

is improbable that cross-slip or c1imb have a significant 

effect on the plastic deformation. It is a1so supported by 

observations by the author on the temperature dependence of 

the Young's modu1us of type S2 ice (Go1d, 1958). These 

observations ind~cated that the grain boundary regions have a 

viscous nature for temperatures greater than -40°C. When this 

type of ice was stressed perpendicu1ar1y to the long direction 

of the grains, Young's modu1us was considerab1y more tempera-

ture dependent than for single crystals stressed para11e1 or 

perpendicu1ar1y to the basal plane. The modu1us became equa1 
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to that for single crystals at -40°C. It was suggested that 

the. greater eemperature dependence of Y~u~g's modulus for 

polycrystalline ice was due to relaxation in the. grain boundary 

regions. 

If the suggested changes in the modes of deformation do 

occur for ice, it would explain the observed stress, strain 

and temperature dependence of the crack density and cracking 

rate. The greater cracking rate at higher temperatures would 

be due not only to the greater stress concentrations associated 

with pile-ups (i.e. larger number of dislocations for given 

strain), but also to the larger stresses that would probably 

be imposed on grains with their basal planes tending to be 

parallel or perpendicular. to the applied stress. This would 

occur because of the greater stress relaxation that would occur 

for grains oriented for easy glide. The boundary regions would 

become more rigid with decreasing temperature, and there would 

be greater opportunity for accommodation between grains to 

occur by cross-slip and climb of dislocations out of regions 

of stress concentration. Not only would this reduce the number 

of crack nucleating sites and, therefore, the rate of cracking 

and crack density, but also cause the load to be carried more 

uniformly by the structure. The tendency for the crack density 

for given stress and strain to become independent of tempera­

ture at the lower temperatures (see figure 23) indicates that 
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the relative contribution of the various modes becomes effec­

tively constant for this condition. The argument that has 

been presented suggests that the apparent success of the theory 

of thermally activated processes in correlating phenomena 

associated"vith crack formation, may, in some cases, be due to 

the temperature dependence of other processes associated with 

the deformation rather than thermally activated crack nucle­

ation, as pointed out in Section 5.2.· 

Decreasing the stress for a given temperature and strain, 

or decreasing the temperature for a given stress and strain, 

increases the time available for dislocations to move out of 

regions of stress concentration •. This could explain the shift 

in the maximum in the cracking rate to larger strains with 

decreasing stress and temperature, as greater strains would be 

required to establish the crack nucleating condition. For 

stresses greater than 12 kg/cm 2 , this effect would probably be 

removed by the onset of tertiary creep. 

If the cracking activity is determined in the way that 

has been described, it will be particularly difficult to 

establish rigorously the correct model for the effect of stress. 

Nucleation depends on the probability of having the required 

relative grain orientations at a particular site. Whether or 

not a crack vill be produced at such potential sites will 

depend upon the possibility of modes of deformation and recovery 
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maintaining the stress be10w the 1eve1 require~ for nuc1eation 

(e!g. grain boundary migration, diffusion processes). A 

discussion of the influence of stress, therefore, wou1d require 

a know1edge ofhow the contribution of the various modes 

depends on temperature, time, strain and stress. 

In summary, it is considered that the formation of a 

crack marks the site of a stre~s concentration. of sufficient 

size to cause nuc1eation. The number of sites avai1ab1e for 

crack nuc1eation depends on the relative contribution to the 

strain and interna1 stress of the various modes of deformation 

and recovery. These modes have different temperature depen­

dencies, and so their relative contribution changes with 

temperature. For temperature ab~ve about -30°C, most of the 

adjustment that must take place in the grain boundary region 

to maintain coherency, does so by grain boundary sliding and 

migration. This a110ws 1arger pi1e-ups of dislocations in 

grains for given strain, and a1so 1arger stresses to deve10p 

on grains whose basal planes tend to be para11e1 or perpendic­

u1ar to the app1ied stress. As a resu1t, there will be a 

corresponding increase in the number of sites at which cracks 

will forme 

As the temperature decreases, grain boundary processes, 

such as sliding and migration, become 1ess significant and 

modes of deformation invo1ving diffusion within the grain make 
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a relatively greater contribution to maintaini~g coherency. 

This implies that there would be. greater opportunity for 

dislocations to climb out of regions of highstress concen­

tration, and thereby reduie the probability of crack formation. 

When the crack density reaches a critical value for a 

given stress, the structure becomes unstable, and tertiary 

creep develops, often through the formation of a fault zone in 

which the cracking activity tends to concentrate. This tran­

sition occurs at smaller stresses with increasing temperature 

because of the greater cracking activity associated with this 

condition. 
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7. STATISTICS OF THE· ·CRACKING ACTIVITYIN ICE 

When a solidis subje~ted to plast~c deformation, energy 

is stored in it due, for example, to the creation of dislo­

cations and formation of dislocation pi1e-ups. The way in 

which the work done on the solid is transformed and stored in 

a given region by the various modes of deformation will depend 

significant1y on the characteristics of the grains in the 

Immediate vicinity, and their relative orientation. For many 

conditions of interest, the energy that is stored is fixed 

spatia11y, and there is 1itt1e tendency for it to f10w from 

one region to another. It is c1ear that some energy must f10w 

because of the forces tending to bring about statistica1 

equi1ibrium. If the interaction between regions is sufficient1y 

weak, however, they can be considered independent in tbe 

statistica1 sense (e.g. see Landau and Lifshitz, 1958, p. 8). 

The initiation of a mode of deformation in a solid will 

probab1y have a significant effect in the Immediate vicinity 

in which it occurs, but need not significant1y affect other 

regions if they are statistica11y independent. This can be 

the case when yie1d or f10w occurs uniform1y throughout a 

specimen. The initiation of a mode of deformation, however, 

may induce an instabi1ity that can propagate through tbe speci­

men, as in the formation of a Lüders band. Fracture is a1so 

an instabi1ity of this type. During fracture, the energy f10w 
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is high1y loca1ized in the uns table region at the tip of the 

propagating crack. 

The observations have shown thattype S2ice can be 

broken down by the formation of non-propagating c1eavage 

cracks unti1 it is unab1e to sus tain the load. The onset of 

this instabi1ity is associated with the terti~ry stage ~E 

creep, continuous cracking activity and, in some cases, the 

formation of a fau1t plane. Crack formation can take place, 

how~ver, without inducing an unsta~le condition, as shown by 

the existenc~ of the seconda~y creep stage in the compr~ssive 

stress range of 6 t~ ~O kg/cm 2 , and the associated drop-off 

in cracking activity. This indicates that for certain condi­

tions of load and strain, type S2 ice may be made up of 

statistica11y independent regions as far as crack formation is 

concerned. A series of observations was undertaken to determine 

if this was the case. 

7.1 Spatial Distribution of Cracks 

Attention has been given ~o the spatial distribution of 

random events taking place within a given area (e.g. Feller, 

1957, p. 149). If the area can be divided into non-over1apping 

independent regions of equa1 area, the probabi1ity of finding 

exact1y k events in any one region is given by the Poisson 
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distribution 

(38) 

where À is the expected or aver~genumber of random events 

per region. 

Three sets of specimens were deformed under a constant 

2 -4 compressive str~ss of 10 kg/cm ta strains of 15 x 10 ~ 

25 X 10- 4 and 50 x 10- 4 respectively. Each specimen was 

subsequently cut sa as ta expose the middle plane perpendic-

ular ta the long direction of the columns. This surface was 

polished by slight melting. Alucite sheet on which was 

scribed a 10 x 15 cm grid with 1 cm spacing between the lines, 

was placed on it. The number of cracks intersecting the 

surface within the central area of each specimen was counted 

for each one centimeter square area of the grid. 

Imagine the grid as being 15 rows and 10 columns of one 

centimeter squares, with the columns parallel ta the edge of 

each specimen. In Table VIII is listed the average total 

number of cracks formed in each column of squares for each 

set of experiments, along with the average and standard devia-

tian for the inner 8 columns. The grid is sketched at the 

bottom of the Table ta show how it was placed on the specimens. 

Column 1 is adjacent ta one edge of the specimen and column 10 

ta the second edge. 
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50 x 10 

e e 
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TABLE VIII 

Strain dependence of average number of cracks per specimen in 
1 x 15cm co1umns at midp1ane of TypeS2 ice. 

COLUMNS 

1 2 3 4 5 6 7 8 9 10 

3.05 4.14 5.09 '5.52 4.28 4.90 4.43 4.52 3.52 2.09 . 

6.60 10.00 Il.40 10.00 11.10 11. 75 12
0
.00 10.70 8.95 2.90 

11. 00' 15.7.0 19.20 19.40 18.10 17.50 21.10 18.60 14.00 7.50 
---- --- ---- - -- - ~~- '----

COLUMNS 
1 · ... 1 ••• ~O -------------, i , , , Iii . 

~llllllllili 
;11111111111 

• ,1_ (. 1. Ii .' 

Average 
Co1umns Standard· 
2-9 ine1. déviation 

4.55 00.58 

10.73 0.97 

17.90' 2.09 
.' 

.; 
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It can be seen in Table VIII that the average number of 

cracks in columns 1 and 10 are considerably more than one 

standard deviation smaller than the average number for columns 

2 to 9 inclusive. This edge effect appears to extend to 

columns 2 and 9 also, particularly at the higher strain. It 

was decided, therefore, that only the cracks counted in 

columns 3 to 8 inclusive would be used for the study of the 

spatial distribution. The analysis was also limited to rows 

3 to 12 inclusive so as to use observations only from the 

central area of each specimen. It was also decided to use 

for the analysis the number of cracks in non-overlapping square 

areas 2 x 2 cm in order to ob tain a wider distribution in the 

number of cracks per area. The total area of observation per 

specimen was 60 cm 2 • 

In Table IX are listed for each set of experiments the 

number of squares containing exactly k cracks. If a crack 

occurred at the boundary between two squares, it was assigned 

to that square in which the greater portion of it laYe Also 

given in the Table is the expected value for the number of 

cracks per 4 cm 2 , À, and the theoretically determined number 

of squares containing exactly k cracks. The X2 test was used 

as a measure of the goodness of fit of the Poisson distribution 

to the observations. The calculated and relevant theoretical 

values of X2 are given in the Table. X
2 (7) is the theoretical 
95 
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TABLE· IX' 

Spatial Distribution of Cracking Activity per Area 4 cm 2 

cr ~ 10kg/cm 2 Temp." -10 o e 

E .. 25 X 10-a. E • 50 x 10-" 
À = 2.963 À • 5.245 

Number of Squares Number of SQuares 
(fi-Fi)~ (f

i
-F

i
)2 

Obs~ Theor. Obs. Theor. 
Fi fi Fi Fi fi Fi 

2.65 33 15.5 . 19.74 3"'1 0.8" 
.06 53 45.9 1.10 5 16 4.1 15.8. 

7.24 53 67.8 3.23 8 10.9 
.03 51 66.9 3.78 27 19.0 

47 49.8 0.16 21 24.8 
28 29.4 0.07 22 26.0 

1 ~ 23 ? 13.3 7.06 19 14.7 1. 26 16 22.8 

1 

315 315.0 

(f
i
-F

i
)2 

17.04 
Fi 

. X2 (3)'" 12.84 
99·. 5 

6 6.0 
4 2.4 
3 16 10.0 3.60 
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300 . 300.0 

32.94 

X2 . (6) = 18.55 
. 99··5 

Fi .. Lf i exp(-À)À k 

~ 

20 17.0 
16 11. 2 

5 6 5 
7 6.9 

150 150.0 

X2 (7) - 14.07 
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value for· 7 degrees of freedom that has a 5% probability of 

being exceeded in a random sample of a Poisson distribution. 

The observations presented in Table IX show that according 

to the X2 test, the hypothesis that the cracking activity has 

a Poisson spatial distribution would have to be rejected for 

E = 15 x 10- 4 and 25 x 10- 4 , but is acceptable for E = 50 X 10- 4 • 

For E = 15 X 10- 4 and particu1arly for E = 25 X 10- 4 , there 

are more squares with no cracks than expected theoretically. 

Similarly, there are 1ess squares with two cracks. This does 

indicate the possibility that the formation of a crack is not 

a truly independent event, i.e. the formation of one crack in 

a region lowers the probability of a crack being formed 

subsequently in adjacent regions. As the occurrence of a 

crack depends upon the relative crystallographic orientation 

of the grains in the region in which it occurs, the lack of 

complete independence may also be due to crystal10graphic 

orientation not being t~u1y random. This could explain the 

tendency for the number of squares with more than four cracks 

to exceed that predicted by the Poisson distribution for 

E = 15 X 10- 4 and 25 x 10- 4 • 

The Poisson distribution tends to the normal distribution 

with increasing À. The hypothesis that the resu1ts for 

E = 50 X 10- 4 bave a normal distribution was tested, and the 

result is shown in Table X. It can be seen from the Table that 
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TABLE X 

Spatial distribution of cracking activity per area 

4cm2 , cr = 10kg/cm2 , € = 50 x 10-~, Temp. = -10oC~ 

Fi .. 1:f 
i i 

Number 
cracks 

k 

0 
1 
2 
~ 

4 
Ci 

6 
7 
A 

9 
10 
Il 
12 
13 
14 
15 

exp [_ ~ (k;;')~} u=5.245 cracks/sq. 
S=2.588 

Number of Squares 
(f - F )2 

Observed Theoretica1 i i 
fi Fi Fi 

~} 8 ~:g} 10.9 0.77 

8 .10.5 0.59 
27 15.8 7.92 
21 20.6 0.01 
'2 23.0 0.04 
16 22.1 1.68 
20 18.4 0.14 
16 13.1 0.64 

5'" 8.1) 
1 4.3 
4 2.0l 

12 0.8 ~ 15.6 0.83 
1 0.2 

1) 
0.1 \ 

Total 150 150.0 12.62 

.-

X~ (7) = 14.07 
95 
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the value ca1cu1ated for X2 is 1ess than the 5% critica1 

value, and so the hypothesis cannot be rejected. This resu1t, 

a10ng with those shown in Table IX, indicates that the initial 

cracking activity has a spatial distribution that is approxi­

mate1y Poisson, and that it tends to a normal one with 

increasing strain. 

The spatial crack distribution was a1so observed for a 

series of experiments with cr = 8 kg/cm 2 and E = 400 X 10- 4 • 

It was ana1yzed in the same manner as the observations for 

cr = 10 kg/cm 2 , and the results are presented in Table XI. The 

X2 test aga in shows that the hypothesis that the cracking 

activity has a spatial Poisson distribution must be rejected. 

It was observed during these experiments that many of the 

cracks that formed were unstab1e, and co11apsed into sheets of 

cavities with continued deformation. Cavities were a1so 

observed to form in sheets which, with increasing strain, 

became indistinguishab1e from co1lapsed cracks. These phenomena 

may be responsible for some error in the observed distribution, 

although care was taken to prevent this from occurring. This 

set of observations did demonstrate that cavity formation 

might influence the crack distribution by causing stress relief 

in regions which wou1d otherwise have contained cracks. It 

a1so demonstrated clearly that for a compressive stress of 

8 kg/cm 2 , type 82 ice exhibits the type of ductile behaviour 
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TABLE XI 

Spatial distribution of cracking activity per area 4 cm 2
, 

a - 8kg/cm 2 , E = 400 x 10-~, Temp. - -10°C 

of 

F -i 

Humber 
cracks 

k 

0 
1 
2 
3 
4 
5 
6 
7 

~ 8 

Total 

k exp(-À)À 
Lk 

Number 
Observed 

fi 

20 
21 
14 
22 
12 

016 

105 

of 

X2 (4) 
99 • 5 

À .. 2.496 

Squares. 
Theoretica1 (fi - Fi)2 

Fi Fi 

8.6 15.10 
21. 5 0.01 
26.9 6.18 
22.4 0.01 ." 
14.0 0.29 

6.91 .2.9 
1.1 11.6 1.67 

105.0 23.26 

= 14.86 
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that is associated with cavity formation and creep fracture 

in other materials. 

Some observations were carried out on the spatial dis tri-

bution of cavities formed during compressive creep for 

cr =5 kg/cm 2 • The distribution again appeared to be approxi-

mately Poisson, but difficulties were experienced in making an 

accurate count. The principal difficulty was to establish 

whether sheets or collections of cavities were single or 

multiple "events". It was considered that more attention 

would have to be given to developing techniques of defining 

the extent of a single cavitating event before a meaningful 

statistical analysis could be undertaken. 

If the size of the sub-areas into which the area of 

observation for the study of the spatial distribution of 

cracks is increased, it would be expected that the distribution 

in the number of cracks per sub-area would tend to become 

normal. The total number of cracks within the 60 cm 2 obser-

vat ion area was determined for each specimen in the set of 

experiments carried out at E = 15 X 10- 4 , 25 X 10- 4 and 

The average number of cracks, À, the variance, s, 

and the percentage of specimens with number of cracks less 

than or equal to a given number, k, was calculated for each 

set. These percentages were plotted against the normalized 

k - À abscissa, , on normal probability paper, and are shown in 
s 
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figure 31. Shown also is the normal distribution. It can be 

seen that this distribution is a good fit to the observations. 

This shows that the distribution in crack densities obtained 

for given conditions of load, strain and temperature, can be 

assumed to be normal. 

The study of the spatial distribution showed that the 

size of the area used for the observations of the cracking 

activity reported in Section 6, was large enough to provide a 

reasonable sample of the crack density. It can be appreciated 

that if the specimens had been only 2 to 6 cm in width, the 

usual size for studies of the deformation behaviour of ice, 

the results would have been significantly affected by size 

effects. This would have been the case, in particular, for 

the results on the cracking activity. 

7.2 Crack Orientation 

The initiation of a crack in type S2 ice depends not only 

on the erystallographic orientation of the grain in which it 

forms, but also on the relative orientation of surrounding 

grains. It was clear from the observations that the conditions 

required for crack initiation could be achieved in several 

ways, but the probability of a crack occurring in a given plane 

decreased with decreasing angle between the compressive stress 

and the perpendicular to that plane. 
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The simplest assumption that could be made about the 

distribution in the angles between the applied stress and 

the perpendicular to the plane of the cracks, was that it was 

normal about the direction perpendicular to the stress (i.e. 

the most probable direction of crack propagation was parallel 

to the compressive stress). Ob~ervations were made on the 

angle, a, between the stress and the plane of the crack, a 

being measured in the plane perpendicular to the long direction 

of the grains. In Table XII is presented the number of cracks 

that formed in consecutive intervals of 2.5°. Because of the 

way in which the ice and specimens were prepared, it could be 

assumed that the probability of a crack forming in the 2.5° 

interval centred on ai' was equal to that for the interval 

centred on -ai. The observations in corresponding intervals 

were grouped, therefore, and presented as forming in the range 

centred on ±a i • 

The theoretical normal distribution obtained using the 

mean (9 = 0) and variance of the observed distribution, is 

also presented in the Table. Application of the X2 test shows 

that the assumption that the observed distribution was normal 

cannot be rejected. About 25% of the observed cracks were at 

grain boundaries, 42% in the basal plane, 20% perpendicular to 

the basal plane, and the remainder were irregular. 
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TABLE XII 

Angu1ar Distribution of Cracks 

Assumed Fi - Ef1(2.5) exp [-! (6i)2] where fi and Fi are 
S {2n 2 S 

the observed and calcu1ated number of cracks, respective1y, 

in 2.5 0 range centred on 6io. 

6i " fi Fi (fi"- Fi)2 
degrees Fi 

± 1.25 58 44 4.45 
± 3.75 43 43.2 -
± 6.25 38 42.6 0.50 
± 8.75 48 41.6 0.99 
±11.25 52 39.6 3.99 
±13.75 35 38.2 0.27 
±16.25 19 36.'0 5.24 
±18.75 29 33.0 0.48 
±21.25 29 31.2 0.16 
±23.75 28 28.6 0.01 
±26.25 31 26.0 .96 
±28.75 29 23.6 1.24 
±31.25 12 21.0 3.85 
±33.75 19 18.6 .01 
±36.25 12 16.2 1.09 
±38.75 17 14.2 .55 
±41.25 12 12.0 -
±43.75 ~l 14 10.2} 18.8 1.23 ±46.25 8.6 
±48.75 ~} 12 7.2} 13.2 0.11 ±51.25 6.0 
±53.75 1O} S.O} 
±56.25 ~ 15 4.0 12.2 .64 
±58.75 3.2 

~±61.25 14 12.2 

Total 566 566 21. 77 

e = 0 S = 25.65° X2 (18) = 28.87 
95 

• 
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7.3 Crack Widths 

The width of a crack is a measure of the amount of energy 

in the region available for its propagation. It should also 

be a measure of the amount of damage that it has done to the 

structure. For deformation in tension, the width is particu­

larly important because the cracks cause a reduction in 

effective cross-sectional area and, if sufficiently large, 

will propagate as Griffith cracks. Some observat~ons were 

made on crack widths to obtain information concerning the 

characteristics of their distribution. These observations 

provided additional insight concerning the crack forming 

process. 

Measurements were made with a microscope of the width of 

the cracks formed during strains of 2 x 10- 4 , 4 X 10- 4 , 

7 X 10- 4 and 15 x 10- 4 , under a compressive stress of 12 kg/cm 2 • 

The measurements for the first three strains were made on the 

same specimens, the cracks being marked in an appropriate way 

during deformation. A second set of specimens was used for 

cracks formed during a strain of 15 x 10- 4 • AlI the cracks 

that could be seen were measured and grouped in intervals of 

0.01 cm. The observations were carried out at -10°C. 

The observed distribution in the crack widths for given 

strains is shown in figure 32. Given also is the total number 
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of cracks measured for each range of strain. It can be seen 

that the minimum crack width was about 0.01 cm. Cracks of 

width of 0.005 cm were readi1y seen with the 1ighting system 

used, but it was possible that some of the very sma11 cracks 

disappeared when specimens were prepared for observation after 

remova1 of the 10ad. It is considered that the observations 

were a true measure of the distribution for crack widths greater 

than 0.01 cm. 

The distribution according to width for the cracking 

activity in the strain ranges 0 to 2 X 10- 4 , 2 x 10- 4 to 

4 x 10- 4 , 4 X 10- 4 to 7 X 10- 4 , and 7 x 10- 4 to 15 x 10- 4 , is 

shown in figure 33. The observations made with the set of 

specimens strained to 15 x 10- 4 were adjusted, using the strain 

dependence of the average crack density presented in figure 

19 (b), so as to conform with the set strained to 7 x 10- 4 • 

Figure 33 shows the abrupt decrease in cracks observed for 

widths 1ess than 0.01 cm. No cracks were seen with widths 1ess 

than 0.005 cm. 

The probabi1ity distributions were determined for the 

observations presented in figure 33. These distributions were 

p10tted against the 10garithm of the crack width on normal 

probabi1ity paper, and are presented in figure 34. A straight 

1ine was drawn through the points corresponding to the range 

7 x 10- 4 to 15 X 10- 4 , and 1ines para11e1 to this through the 
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other three sets of points. It can be seen that these lines 

are a reasonably good fit to the observations, particularly 

for the strain ranges of 2 x 10- 4 ·to 4 x 10- 4 ·and 7 x 10- 4 ·to 

15 x 10- 4 •. ' There is appreciable scatter for the range 0 to 

2 x 10- 4 ,. which could be attributed to the small number of 

observations for this range. There is also a shift in the 

observations for the strain range of 4 x 10- 4 to 7 X 10- 4 , 

which could also be attributed to a statistical fluctuation. 

The results shown in figure 34 indicate that the crack 

widths have a log-normal distribution of the form 

where 

p(c/e:) = 1 _ exp [_ !(ln2c - ~n2Co)2] (39) 
lna'l2i 2 Ina 

p(c/e:) is the probability density function at 

strain e: for cracks of width 2c, and c and a' o 

are constants. 

It is particularly significant that the logarithmic standard 

deviation appears to be independent of the strain in the present 

study. Its value was found to be Ina' = 0.820. 

Figure 34 shows that the mean value for the distribution, 

ln2c , increased with strain. The values for 2c from this o 0 

figure are presented in figure 35 with the corresponding range 

of strain. It can be seen that for the range of strain covered, 

2c increased with e: at a rate that, at least initially, was 
o 

less than linear. 
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Initiation was probably a very localized event, and 

occurred at the most susceptible point in a region. Propa­

gation, on the other hand, would involve a significantly 

larger volume. Although it might be ex~ected that the 

probability for nucleation would increase with increase in 

energy available for propagation, the localization of the 

nucleating event would tend to make it independent of this 

energy. If this were the case, the distribution in crack 

widths would be similar to that for the energy, except for 

the possible modification of the energy distribution by the 

cracking activity (i.e. if regions in which cracks formed 

were not truly independent). 

The energy available for propagation in a given region 

would be expected to increase with strain, at least until a 

crack formed or the secondary stage was attained. It would 

also be reasonable to expect that during the secondary stage 

of creep this energy would be normally distributed about a 

constant mean value. The log-normal distribution given in 

equation (39) does have characteristics that correspond to 

this behaviour. For small values of the mean crack width 

(i.e. small amount of energy of propagation), the distribution 

is strongly skewed toward the ordinate. As the mean crack 

width increases, the distribution tends to a normal one. No 

observations were made to determine if the me an crack width 
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was constant during the secondary stage of creep. This clearly 

must have been the case for stresses less than or equal to 

10 kg/cm 2 , as the cracking rate tended to zero in the secondary 

stage. The results indicate, therefore, that either crack 

initiation was independent of the energy available for propa-

gation, or had a very special dependence on it. 

The distributions shown in figure 32 are not easily calcu-

lated from the results. This calculation requires the following 

integration to be carried out. 

where 

e: 

1 f P(c/e:) = n(e:) 

o 

zc 

an(e:) f p(c/e:) de de: 
ae: 

o 

P(c/e:) is the probability of finding a crack 

of width ~ 2c at strain e:, n(e:) is the crack 

density and p(c/e:) the probabi1ity density 

for crack widths associated with the cracks 

formed during an increase in strain of de: at 

strain e:. 
.. 

(40) 

The distribution for the strain dependence of the crack density 

is discussed in the f0110wing section. 

7.4 Crack Density 

Information presented in Sect~cn 7.1 on the spatial distri-

bution of cracks indicated that the formation of a crack is not 

a tru1y independent event. The deviation of actua1 behaviour 
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from random behaviour, altho~gh significant, was sufficiently 

small, however, that it would be reasonable to assume that a 

specimen could be subdivided into essentially independent 

regions. From this point of view, one could look at each test 

as being a set of concurrently run independent observations of 

the stress, strain, and temperature dependence of the proba­

bility for the formation of a crack within a given region. 

One of the difficulties encountered in developing 

justification for making such an assumption, is to establish 

the size of the essentially independent regions. In the 

discussion given in Section 6.3 it was pointed out that tertiary 

creep was initiated for a compressive stress of cr = 12 kg/cm 2 , 

when the crack density was about 1.6/cm2 • This would suggest 

that the regions have an area of about 0.6 cm 2 perpendicular to 

the long direction of the grains. This area would include 

about 6 grains, i.e. a grain and its immediate neighbors. 

Whether or not a crack will form in a region will be 

dependent on the relative crystallographic orientation of the 

grains. As the orientation of the <0001> direction is random 

in the plane perpendicular to the long direction of the columns, 

all possible combinations can be expected to occur. The obser-

vations, therefore, are a sample of the population of combina­

tions of relative orientation that are capable of producing 

cracks. They provide information on how this proportion of the 
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population depends on stress and temperature, and how it 

deve10ps with strain and time. 

The question can now be posed "what is the nature of the 

probabi1ity distribution for a crack to form within a given 

region?" One approach that may be va1id is that of Weibu11 

(1939, 1951). Weibu11 assumed that a solid (in the present 

case, a region) cou1d be subdivided in an arbitrary manner 

into n volume e1ements. Let the probabi1ity of a crack being 

initiated in an e1ement undergoing a strain dE be ~ (cr,E;T)dt, 

where cr and E are the stress and strain at the e1ement. 

The probabi1ity that a crack has been formed in the e1ement 

E 

after a strain E is f ÀdE. The probabi1ity that a crack has 

o E 

not been formed is 1 - [ÀdE. If there are n e1ements, the 

o 

probabi1ity that a crack does not form within the region by 

strain E is 

E E E 

1-P = (1 -f (1 -I À 2 d E) ••• (1 -l ~ n dE) (41) 

o o o 

where P(cr, E, T) is the probabi1ity distribution 

for a crack to form in a given region, and 

Ài is the value of À for each e1ement. 

Now 

(42) 
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If n is sufficiently large'f:. Ài de: « 1 and 

e: 

ln(l - P) ~ - ~ f. Àide: 
i=l o 

(43) 

Variations of À within the region must be due to structural 

factors and variations in the stress and strain. If the 

variations in stress and strain are continuous, it should be 

possible to replace equation (41) by 

n e: 
L f Àide: = ~(cr, e:, T) 

i=l o 

(44) 

where now cr and e: are the applied stress and strain respec-

tively. Therefore, 

P = 1 - exp(-~) (45) 

The question can now be asked, "does ~ have a simple 

dependence on e:?" Assume m 
~ = ~le: • Then 

log ln(l - P) = - log ~l - m log e: (46) 

The observations on the strain dependence of the crack 

density for cr ~ 10 kg/c~2 and i = -4.8°C, -9.5°C and -14.8°C, 

given in figure 19, were converted into probability distributions, 

(P), by dividing by the estimated maximum density. In figure 

36, the logarithm of ln(l - P) is plotted against the logarithm 
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of E for each of the distributiôns. Given a1so in the figure 

is the estimated maximum density, N8, for each case. 

It can be seen that the observations define a curve rather 

than a straight 1ine. Lines with slopes, m, equa1 to 1 and 2 

are drawn on the figure. The 1ine with a slope of 2 is approxi-

mate1y para11e1 to the observations for strains 1ess than . 

4 x )0- 3 ; the 1ine with ~l~pe 1 for strains greater than 5 x 

" 10- 3 • This suggests that the observed distribution is made up 

of two indepe~dent distributions (Weibu11, 1939). 

Let the distribution with a slope of one be Pl and the one 

with a slope of two be P2. Assume that they are present in the 

proportion a so that 

P = a Pl + (1 - a) P2 (47) 

Let 

Pl = 1 - exp(-AE) (48) 

where A and B are functions of cr and T only. The substitution 

of equations (48) and (49) into (47) gives 

1 - P = exp(-BE 2 ) + a [exp(-AE) - exp(-BE 2 )] (50) 
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The observed distributions are p10tted against the strain 

in figure 37. From figure 37, the strains corresponding to 

P = 0.9, 0.5 and 0.2, were e~timated, and were used to determine 

A, B and a in equation (50). The resu1ting equation is 

presented and p10tted in the figure. This equation does provide 

a good fit to the observations, and thereby, supports the 

va1idity of the assumptions that have been made. Figures 36 

and 37 a1so show that cr and T have a significant effect on No, 

but on1y a secondary effect, if any, on A, B and a for the 

range of stress and temperature covered. 

The final equation is not unreasonab1e w.hen considered 

from the physica1 point of view. • = BE 2 indicates that Ai = 

B'E, i.e. the probabi1ity for the nuc1eation of a crack in an 

e1ement of a region increases direct1y with strain. This is 

the behaviour that wou1d be expected for crack nuc1eation due 

to the pi1e-up of dislocations. For. = AE, Ai wou1d be 

independent of the strain. This cou1d occur if nuc1ei of 

various sizes were present, and these grew by a diffusion 

process unti1 of sufficient size to initiate a crack. lt is 

of interest to note that about 25% of the cracks occurred at 

grain boundaries. Observations were not made to determine if 

the grain boundary cracks corresponded to the Pl distribution. 

~. , , 
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The probabi1ity density for the crackingactivity is 

given by 

ap 2 aE =(1 - a) Be: exp (-B_e: ) + aA exp (-As:) (51) 

where -N(cr, e:, T) is the ob~erved crack density at 

strain e: and Na is the maximum crack density. 

Calculated 
1 -aN -

values of NS a€ for T = -9.5°C and cr = 6, 8 and 

10 kg! cm 2 , are plotted in figure 38. Equation (51) is a1so 

plotted in the figure, using the values for a, A and B given 

in figure 37. 

According to equation (51), there was a finite probability 

fo~ crack formation when the load was applied. This finite 

probability is associated with the Pl distribution. It was 

pointed out earlier that crack formation during the application 

of the load (see figure 24) was mainly at grain boundaries. If 

this initial cracking activity was part of the Pl distribution, 

it would be a further indication that this distribution is 

associated with grain boundary cracks. The quiescent period 

immediately following the application of the load would simply 

reflect the initial knee in the probabi1ity distribution shown 

in figure 37. 
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If the Pl distribution is associated with grain boundary 

cracking, at least part of the elastic strain (which was about 

4 x 10-' ~or cr = 20 kg/cm 2 and T = -4.8°C in the present study) 

should probably be taken into consideration with respect to it 

(i.e. E = 0 for the Pl distribution is at some strain between 

the unloaded and fully loaded condition). This would account 

for the finite probability for crack formation during the 

application of the load. As pointed out in Section 6.1, 

subtraction of this initial cracking activity from the subse-

-quent âctivity had no effect on the calculation of the cracking 

aN rate, aE' and only a small effect on the densities presented in 

figures 17, 18 and 19. 

The observations indicated that·the cracking activity was 

continuous for stresses greater than 12 kg/cm 2
, and non-uniform 

once tertiary creep had been developed. It was not possible, 

therefore, to estimate a value for No for this stress condition. 

Equation (50) shows, however, that the crack densities at 

strain E hold the same relation to each other as the maximum 

densities. It is possible, therefore, to use equation (34) 

(i.e. N = (cr - C)n) to estimate the maximum crack densities that 

would have occurred if the failure condition (tertiary creep) 

had not developed. Values of Nô for cr = 12 and 20 kg/cm 2 and 

T = -9.5°C, were obtained in this way, assuming n in equation 

(34) to be equal to 3.3. The values calculated for! aN for 
Nb aE 
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these two stresses are presented in figure 38. The maximum 

values for the probability density are seen to be in reasonable 

agreement with that given by equation (51). The densities for 

these stresses are appreciably greater than those. given by the 

calculated curve, however, for strain greater than 50 x 10- 4 • 

This is considered to ref1ect the failure condition. 

The cracking rate does appear to continuously decrease 

with strain even for the 1arger stresses. It should be 

recalled, however, that the tertiary stage was well developed 

by a strain of 50 x 10- 4 for stresses greater than 12 kg/cm 2 , 

and that the cracking activity for this condition was often 

confined to zones approximate1y parallel to the planes of 

maximum shear (i.e. non-uniform). As these zones became highly 

cracked, the need for continued cracking would be reduced. 

This is so because once crack formation becomes non-random, the 

need for cracks to form would decrease as the non-cracked 

regions became smal1er. This, as well as the difficulty of 

visua11y observing a11 cracking activity in the highly cracked 

regions, cou1d explain the continuous decrease in cracking rate 

that was observed for the larger stresses. 

Ninety-nine percent of the cracks associated with the P2 

-4 distribution had formed by the time the strain was 70 x 10 • 

According to the interpretation that has been developed, there-

fore, the dislocation pi1e-ups must have been pretty wel1 at 
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their steady state length by this strain. This is consistent 

with the observation that the new modes of deformation in 

previously undeformed type 82 ice are established mainly during 

the transient creep stage. 

The analysis of the time and strain to the formation of 

the first three large cracks was made with the implicit assump-

tion that they were nueleated by dislocation pile-ups. Obser-

vations made on their mode of propagation showed that"both 

transcrystalline and grain boundary cracks were involved. This 

may have contributed to the scatter in the observations. 

Attention should be given to the mode of propagation in future 

studies of the time to formation of cracks in ice. 

7.5 Discussion 

Failure is a form of structural instability. The obser-

vations made indicated that for the type of material used~ and 

the conditions imposed~ it can be induced by the deterioration 

of the structure due to essentially independent events~ i.e. a 

random process. Such events are local in character~ and involve 

a conversion of energy. The energy conversion associated with 

each random event can occur rapidly, as in the formation of a 

crack, or slowly, as in the formation of a cavity. The pro cess 

that is most significant in a region would depend on the 

relative orientation of the grains at the site, the nature of 

the imperfections present, the stress and the temperature. 
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The resu1ts presented on the statistica1 characteristics 

of the cracking activity provide additiona1 insight concerning 

the fai1ure mechanisms in ice discussed in Sections 3.5 and 

3.6. Of particu1ar significance is the probabi1ity of two 

independent crack distributions; one with a probabi1ity for 

crack initiation proportiona1 to strain, and one with a proba­

bility independent of strain. The observations showed that 

when the stress was sufficient1y large to induce the fai1ure 

condition, the initial part of the probabi1ity distribution 

for the cracking activity still behaved as though there was a 

fixed total number of crack nuc1eating sites. Crack density 

observations for strains 1ess than that associated with the 

onset of fai1ure showed that this apparent total number of 

cracks depended main1y on stress and temperature. 

The onset of instabi1ity assoeiated with fai1ure invo1ved 

both the stress and the degree of deterioration of the structure. 

The higher the stress, the 1arger was the number of cracks 

formed in a given strain. Both the higher stress and the 

increased cracking activity must have contributed to the reduc­

tion observed in the strain to fai1ure. According to the 

interpretation of the probabi1ity distribution for the crack 

density presented in Section 7.4, this imp1ies that the higher 

the stress, the more significant, initia11y, was the ro1e of 

grain boundary cracking. If the stress was sufficient1y high, 
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presumably grain boundary cracking alone could cause the 

breakdown in structure necessary to induce instability. 

This behaviour has been observed by the author under 

conditions of rapid rates of strain (unpublished). For strain 

rates approaching and greater than that associated with the 

ductile to brittle transition, the initial cracking activity 

was uniformly distributed over the specimens, and mainly at 

grain boundaries. In this brittle region, failure occurred 

abruptly by the formation of fault zones. The failure was 

explosive, and the ice from the fault zones highly shattered. 

At strains near the ductile to brittle transition, yielding 

sometimes occurred, followed by abrupt failure. This yielding 

did indicate that a contribution from the P2 distribution 

(i.e. cracks due to dislocation pile-ups) was required to 

break down the structure to the extent necessary for abrupt 

and complete failure. It was clear that within the ductile 

region, the stress and the cracking activity were not adequate 

to cause the structure to lose aIl of its resistance to de for-

mation. Rates of strain were such that the non-cracked regions 

were able to conform to it and bonds between these regions were 

able to remain intact. 

As the events responsible for the deterioration of the 

structure can be described statistically, it should be possible, 

in principle, to define the failure condition in terms of the 
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characteristics of the relevant distributions, and their 

dependence on stress, strain, temperature and time, without 

reference to the processes responsible for crack formation. 

This would be roughly equiva1ent to measuring the pressure of 

agas rather than c1acu1ating it from a knowledge of the 

motion of its molecu1es. A proper understanding of the failure 

process and how it is affected by stress, strain, temperature 

and time, can only be obtained, however, from a know1edge of 

how these factors affect the various modes of deformation 

responsib1e for it. Only with this understanding will it be 

possible to establish with confidence whether the results of 

1aboratory observations of failure are va1id for the more 

comp1icated situations encountered in engineering practice. 
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8. CONCLUSIONS 

This study of the fai1ure pro cess was carried out on a 

co1umnar-grained materia1 having hexagonal crysta110graphic 

symmetry. Each grain had a preferred crysta110graphic orien­

tation such that its basal planes tended to be para11e1 to 

the co1umnar axis, but otherwise random in direction. Specimens 

were prepared so that the 10ad was app1ied perpendicu1ar1y to 

the long direction of the co1umns. They were maintained at a 

temperature within 40C degrees of their me1ting point; no 

evidence was seen of structural changes due to thermal stress. 

When the 10ads were first app1ied, each grain had, effective1y, 

on1y one direction of glide for dislocations, and that was in 

the basal plane perpendicu1ar to the co1umnar axis. The defor­

mation, therefore, was essentia11y two dimensiona1, and remained 

so for the range of strain covered in the tests. Attention was 

given to the deformation and fai1ure behaviour that occurred 

due to a constant compressive stress. 

from this study fo110w: 

The conclusions derived 

(1) Crack formation is induced in co1umnar-grained type S2 ice 

when the compressive stress exceeds about 6 kg/cm 2 • This 

critica1 stress increases with decreasing temperature. 

(2) Crack initiation prior to the fai1ure condition is essen­

tia11y a random process, and is probably independent of 
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the energy availahle for prop~gation. The energy available 

for crack propagation, as indicated by the crack width, 

probably has a distribution of the log-normal type, with a 

standard deviation independent of strain, at least during 

the initial part of the deformation. 

(3) The strain dependence of the crack density involves two 

Weibull type distributions, one of which is probably asso­

ciated with cracks nucleated by dislocation pile-ups or 

similar type of stress concentration, and the second with 

grain boundary cracks. The probability for a crack to 

initiate at a site is proportional to the strain in the 

first case, and independent of it in the second. 

(4) Random crack formation results in a deterioration of the 

structure. At some stage, depending mainly on the stress, 

the deterioration is sufficient to cause structural 

instability. If the compressive stress is less than or 

equal to 10 kg/cm 2 , deterioration of the structure due to 

crack formation is not sufficient to cause structural 

instability during the primary creep stage, and the secon­

dary stage can develop. If the compressive stress ls 

greater than or equal to 12 kg/cm 2 , structural instability 

is induced during primary creep, and the primary stage is 

transforme~ directly to the tertiary stage. 
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(5) The cracking activity is a depletion type process, and 

for stress less than or equal to 10 kgl c.m 2 , the sites 

available for crack initiation decrease with strain so 

that the cracking rate tends to zero in the secondary 

creep stage. For stress greater than or equal to 

12 kg/cm 2
, there i5 probably a continuous generation of 

new crack nucleating sites once structural instability 

has been established. 

(6) There is a maximum in the strain dependence of the 

cracking rate that occurs in the range of strain 10 x 10- 4 

to 25 X 10- 4 • This maximum is probably associated with 

the cracks initiated by dislocation pile-ups or similar 

strain-dependent stress concentrations. 

(7) The apparent activation energy for creep decreases from 

about 0.91 eV (21 kcal/mole) within l5C degrees of the 

melting point, to a value tending to that for self-diffusion 

for temperature less than -35°C. 

(8) Dislocation pile-ups probably attain their maximum length 

within the first 70 x 10- 4 strain. 

(9) An edge effect exists for deformation and failure of ice. 

This edge effect extended inwards about two centimeters 

(about ten grain diameters) in the present study. 
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9. RECOMMENDATIONSFORFUTURE RESEARCH 

The work reported in this thesis was the first study that 

has been carried out on the cracking activity in ice during 

deformation, and the role that crack formation plays in estab­

lishing the fai1ure condition. It has demonstrated that 

meaningfu1 studies of the deformation behaviour of ice due to 

large stresses cannot be undertaken without giving attention 

to this activity, particularly its relationship to modes of 

deformation and recovery. 

It was suggested in Section 6 that the stress, temperature, 

time and strain dependence of the crack density was determined 

by the relative contribution of the various modes of deformation 

and recovery. This is still to be proven by theory and experi­

ment. Attention shou1d be given to clearly establishing the 

significant modes of deformation and recovery in ice, their 

stress and temperature dependence and methods of measuring their 

contribution to the strain and internaI stress. Attention 

shou1d a1so be given to the temperature and stress dependence 

of the apparent activation energy of po1ycrysta1line ice. 

Information obtained from such studies would he1p establish if 

the relative contribution of the modes of deformation and 

recovery do change with temperature. 
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The present work has shown that ice is a useful material 

for the study of crack initiation. Studies shou1d be undertaken 

to prove definitely if dislocations can be responsib1e for the 

nuc1eation of transcrystalline cracks in ice. Observations by 

the author did show that at least one edge of transcrystal1ine 

cracks was usually associated with a grain boundary. This 

suggests that initiation may be due to the coalescence of the 

dislocations at the head of a pile-up, or to the high tensi1e 

stress existing at the head of a pi1e-up in an adjacent grain. 

This question cou1d be studied both theoretica1ly and 

experimental1y. 

Further investigations should be carried out on the 

characteristics of the strain dependence of the crack density 

to confirm: 

(1) The cracking activity involves two independent distri­

butions. 

(2) One of these distributions is associated with dislocation 

or simi1ar type cracks, and the second with grain boundary 

cracks. 

(3) The cracking activity has a compound Weibu1l type distri­

bution. 
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(4) Cracking activity becomes insignificant in the secondary 

stage of creep. 

(5) Crack initiation is independent of propagation. 

Theoretical studies are required on the cracking activity to 

determine if the characteristics of it can provide useful 

information concerning deformation processes (e.g. the charac­

teristics of the crack density and crack orientation distri­

butions). Attention could be given to the statistical 

description of the failure process in ice, particularly in 

relation to the ductile to brittle transition. 

The crack width studies indicated a potentially useful 

method of studying the characteristics of the distribution in 

the energy available for crack propagation. This possible 

method could be explored both theoretically and experimentally. 

It should be confirmed if the "standard deviation" of the 

distribution in crack widths is independent of the strain. If 

this is so, it suggests the existence of a constant of a nature 

similar to the Boltzman constant in statistical mechanics. 

Finally, it must be pointed out that the present study was 

carried out with type S2, columnar-grained ice subjected to a 

uniaxial compressive stress. The characteristics of the 

cracking activity of other types of ice are still to be investi­

gated. The results of su ch studies would provide additional 
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appreeiation of the influence of crystallographie orientation 

on the deformation and failure behaviour of polyerystalline 

materials. Attention should be given to relating the failure 

behaviour of ice to that of other materials. This eould 

provide useful insight into behaviour that is aIl toooften 

ignored in laboratory investigations of strength. 

The whole subjeet of the failure behaviour of iee under 

biaxial and triaxial stress fields is still to be explored. 

These studies are neeessary to provide the proper understanding 

of the strength of iee required for the solution of engineering 

problems. 
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CLAIM "OF O"RI"GINAL WORK 

This is the first study to be undertaken of the role that 

crack formation plays in bringi~g about the failure condition 

in ice during compressive creep. It is demonstrated that 

failure is due to the breakdown of the structure by the forma­

tion of stable transcrystalline and grain boundary cracks. 

Following are listed results that have not been previously 

demonstrated: 

(1) Crack formation occurs in columnar-grained ice when the 

compressive stress exceeds' about 6 kg/cm 2 • 

(2) In the stress range of 6 to 10 kg/cm 2 , the cracking 

activity is confined primarily to the primary creep 

stage, and tends to zero in the secondary creep stage. 

For compressive stress greater than 12 kg/cm 2 , crack 

formation causes the failure condition to develop during 

the primary creep stage. 

(3) Cracking activity in ice is essentially a random process 

prior to the onset of the failure condition. 

(4) The cracking activity, and in particular the crack 

density, is related in a meaningful way to stress, strain, 

temperature and time. 
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(5) The cracking activity in ice is probably associated with 

two independent pro ces ses - one ~ith a probability for 

crack nucleation that increases linearly with strain, 

and one with a probability that is independent of strain. 

The latter pro cess is probably associated with grain 

boundaries, and the former with stress concentrations of 

the type developep by dislocation pile-ups. 

To the author's knowledge, no study of crack density has 

been carried out in sufficient detail on other materials to 

allow the analysis and Interpretation that was possible in the 

present work. 


