
Publisher’s version  /   Version de l'éditeur: 

Philosophical Magazine, 26, 2, pp. 311-328, 1972-08

READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE. 

https://nrc-publications.canada.ca/eng/copyright

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la 

première page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez 

pas à les repérer, communiquez avec nous à PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

Questions? Contact the NRC Publications Archive team at 

PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the 

first page of the publication for their contact information. 

NRC Publications Archive

Archives des publications du CNRC

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. / 

La version de cette publication peut être l’une des suivantes : la version prépublication de l’auteur, la version 

acceptée du manuscrit ou la version de l’éditeur.

Access and use of this website and the material on it  are subject to the Terms and Conditions set forth at

The process of failure of columnar-grained ice
Gold, L. W.

https://publications-cnrc.canada.ca/fra/droits

L’accès à ce site Web et l’utilisation de son contenu sont assujettis aux conditions présentées dans le site

LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

NRC Publications Record / Notice d'Archives des publications de CNRC:
https://nrc-publications.canada.ca/eng/view/object/?id=988456e9-e073-4009-bb50-572a6ca99a16

https://publications-cnrc.canada.ca/fra/voir/objet/?id=988456e9-e073-4009-bb50-572a6ca99a16



Ser 

, TH1 

N21r2 

no. 523 
c. 2 

BLDG 
S A T I O N ~ L  RESEARCH COUNCIL OF CANADA 

CONSEIL NATIOXAL DE RECHERCHES DU CANADA 

THE PROCESS OF FAILURE OF 

COLUMNAR-GRAINED ICE 

by 

L. IV. Gold 

Reprintecl from 

PHILOSOPHICAL MAGAZINE i 
BUILDING RESEARCH 

- L I B R A R Y  - 

SEp 13 1972 
Vol. 26, No. 2, August 1972 

p. 311 NATIONAL R E B E A R C H  COIJNGIC 

Research Papcr No. 523 

of thc 

Division of Builcling Research 

OTTAWA 

August 1972 

Price 25 cents NRCC 12648 



LE MECANISME DE DEFAILLANCE DANS LA GLACE 

GRANULAIRE EN COLONNES 

L'auteur rapporte cles observations sur le fissurement qui se procluit clurant 
lc chemincment, dfi & la compression, de la glace granulaire en colonnes lorsquc 
l'axe de la sym6trie hexagonale de chaque grain tend & reposer dans le plan 
perpendiculaire & sa longueur. La nature de la glace et la direction de la 
contrainte par rapport aux grains en colonnes entrainent un comportement de 
deformation et une fissuration j. deux dimensions. Lcs fissures procluites sont 
des fissures cle clivage, longues et Btroites, et  ne comprennent normalement 
qu'un ou deux grains. L'Btude pr6sente des renseignements sur la d6pendance 
de la densit6 de fissure et  du taux de fissuration (c.-&-cl. le nonlbre de fissures 
par cm2 par unite de contrainte) & l'bgard cle la dkformation, de la contrainte 
et  de la tempkrature. On a constate quc la fissuration sc produit lorsque la 
contrainte de compression d6passe environ 6 li,a/cm? Pour une contrainte se 
situant entre 6 et 10 lig/cm2 eilviron la fissuration se procluit en grancle partie 
durant lc cheminemcilt primaire. Si la contrainte est supbrieure & environ 
12 lig/cm" la dBt6rioration cle la structure due $ la fissuration trailsforme 
directement le cheminement prilnaire en cheminement tertiaire. Enfin, on 
examine les resultats obtenus en ce qui concerne le comportement de 
defornlation de la glace. 
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Observations are reportccl on the craclring activity during compressive 
croop of coluinnar-grainccl ice with the axis of hexagons1 syminetry of each 
grain tcncling to lie in the plane po~.~cndicular to its long cliroction. Because 
of the naturo of the icc and the direction of the stress rolative to the columnar 
gmins, the cloformation behaviour ancl cracking activity wcre two-climensional 
in nature. The craclrs that formcd were of the cleavage type, long ancl 
narrow, and usually involving only onc or two grains. Information is 
presentecl on the strain, stress ancl teinperat~ne dependence of the crack 
clonsity, and cracking rate (i.e. number of cracks per cm2 per unit strain). I t  
nus founcl that cmclr forillation talrcs placo when the coinpressive stress 
oxccecls about 6 lcg/cn~% For stress bctwcen 6 and about 10 kg/cm\ most 
of tho cracking activity occurs clnring primary croop. If the stress is greater 
than about 12 kg/cm" cleterioration of the structure due to tho craclring 
activity causcs thc primary stage of creep to be transformed clirectly to tho 
tortiary sti~gc. The strain depcilclcnce of the crack clcnsity inclicates the 
oxistencc of two inclcpcnclcnt families of cmcks, each obeying Wcihizll 
statistics. The iinplications of this for thc ductile to brittle transition in ico 
are disci~sed. 

5 1. INTRODUCTIOX 

IT is well liilowil that a material can break down gradually during 
cleformation clue to the forination of internal cracks. This behaviour 
has been cliscussecl by Iceimy ancl Campbell (1967) for metals ; Jones (1962) 
for coilcrete ; Brace, Paulcling ancl Sclloltz (1 966) for rocl;s ; and Gold (1960) 
for ice. Experiinents were unclertalieil to determine the stress, strain, 
time and tcmperat~ue clepeilcleilce of this cracliiiig activity for ice during 
conlpressive creep. The results of this study are reportecl here. 

S 2. STRUCTURE OF THE ICE 

The ice used was preparecl from the Ottawa city water supply. No 
steps were talien to purify the water except to cleaerate it before freezing. 
I ts  electrical concluctivity prior to freezing was about 137pmho ancl the 
conductivity of the water obtainecl by melting the ice about 7 pnlho. 

The water was coolecl in a plastic-lined coatainer about 60 cm in dia- 
ineter and 60 cm cleep. A pressure relief system ~ i ~ a s  used to ensure that 
there was no builclup of pressure from expansion caused by freezing. 
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Freezing was initiated between 12 and 24 hours after deaerating by 
spreading finely crushed ice on the surface of thc water, a i d  was nai- 
clirectional, except close to thc sides of the tailli. Deaerating allowecl the 
ice to g-row to a tl.Liclcness of more than 10 cm before visible air bubbles 
formed in it. The ice had a colnmnar-grained structure with the long 
direction of the colnmils in the direction of freezing. 

Ice has hexagonal crystallographic symmetry. Hillig (1958) has sho~vn 
that i t  has a markecl tendency to g ~ o w  inore reaclily in directions perpen- 
dicular to the axis of symmetry than parallel to it. Because of the method 
used to initiate freezing, each grain initially had a rancloin crystallographic 
orieatation. Those grains that were favonrably oriented with respect to 
the growth direction, however, soon sqneezecl out those that were un- 
favonrably orieated. This behavionr is clescribed and discnssed by 
Rainseier (1968). 

'iiTTithin3 cin of the snrface there was a inarlced preference for the snrvival 
of only those grains with their axis of syinmetry perpeadicular to the 
clirection of growth. This bias in crystallog~aphic orientation became 
more prononilced as freezing progressed. The axis of hexagollal symmetry 
[0001] tended to have a random orientatioil ill the plane perpendicular to 
the long direction of the columnar gains.  

The cross-sectional area perpendicular to the loilg direction of the grains 
tended to increase in the direction of freezing. It rangecl from about 
0.14 cmz/grain to 0.28 cm2/pain. The average size as determined by the 
linear intercept method was 0.30 cm. 

§ 3. PREPARATION O F  SPECI~~ENS 

Rectangular specimeas, 5 x 10 x 25 cin3, were nsecl for the tests. These 

specimens were cut so that the long direction of the grains was perpendicnlar 
to the 10 x 25 cinz face. A milliilg machine was used to bring thein to 
their final climensions. Tlie specimeils were stored in lierosene after 
milling to prevent snblimatioa. They were meiiltainecl a t  the test 
temperature for a t  least 48 hours before being tested. 

A simple lever-type loadiilg frame was nsecl to apply constant 
compressive loads to thc 5 x 10 cin2 face of the specinleils (i.e. perpendicular 
to the loilg dimeilsion of the grains). Six tests were carriecl out for each 
stress condition at teinperatnres of - 4-SOc, - 9 . 5 ' ~  and - 14.S0c and four 
tests were carriecl out for each load a t  the temperature of - 31°c. The 
loacls covered the stress range of 6 to 20lig/cin2 (5.9 x 105 to 19.5 x lo5 N/1n2). 
They were applied within 2sec by lowering a jack which supported the 
ap1)ropriate weight. 

Creep was measured with linear rlifferential trailsforiners attachecl to 
collars frozen to the ice. A special jig was used to locate the collars on thc 
specimens when freezing them in place. The gauge length was 15.25 cm. 
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Two transformers were used, one mounted oil each side of the specimen. 
The output from the transformers was recorded oil a strip c h a ~ t  recorder 
or clata logging system. The loading frame, with a specinlei1 and extenso- 
meter in place, is shown in fig. 1. 

Fig. 1 

Loading frame with specimen and extensometer. 

The loadi~~g frame was calibrated with a Baldwill SR-4 load cell, and 
the differential trailsfornlers with a clisplacemeilt gauge accmate to lop4 cm. 
Strains were illeasurecl to  a,n accuracy better than 10-j. The experiments 
were coilducted in a cold room with temperature variation less thail 
+ 0.25 c degree. 

$ 5 .  CHARACTERISTICS OF CRACK FORMATION 

It is known from experimeilt that  it is much more difficult to induce slip 
on non-basal planes of ice tllall on basal planes. Evidence from experi- 
ment also indicates that there is no stroagly preferred slip direction in the 
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basal plane (ICamb 1961). Because of the columnar-grained structure of 
the ice usecl in the present stucly, the preferred crystallographic orieiltation 
a i d  clirectioil of loacling, the resolvecl shear stress on the basal plane in the 
long clirectioil of each grain tenclecl to be zero. Each grain hacl in effect 
oidy one indepencleilt slip system for clefornlation when the load was first 
appliecl. This system operatecl in the basal plane in a clirection perpeacli- 
cular to the long axis of the grains. Some of the coilsequences of this 
crystallographic ancl stress ai-rangement have been cliscussed by Golcl 
(1966, 1070). 

One of these was that  the cleforittatioil was essentially two-dimensional 
for a t  least the first two per cent strain (i.e. the deformation occurrecl in the 
plane perpendicular to the long axis of the grains). The coinbiilatioil of a 
columnar-grained structure, one inclependent slip system, and two-climea- 
sional deformation in a transparent solid proviclecl a mlique opportunity 
for a stucly of craclr forination and the developnleilt of failure. 

The craclis formed under the coilditions of the experiments were long 
and narrow, with the ratio of length to width for the plane of the craclr 
being greater than 3 : I .  Their long clirection was in the long clirection of 
the grains, ancl their plane tended to be parallel to the direction of the 
compressive stress. The craclcs usually involved only one or two grains. 
I11 an earlier study by Gold (1966) i t  was observed that  about three- 
quarters of the craclis formed during compressive creep a t  - 9-5"c, for 
stress less than 201ig/cin2, were transcrystalline. There was a inarlced 
tenclency for the transcrystalline craclis to propagate either parallel or 
perpendicular to the basal planes. For grain bomldary craclis, us~~a l ly  
one or both of the grains maliing up the botuldary hacl the basal plane 
parallel or perpencficular to it. These observatioils sllowecl that  the cracks 
tenclccl to be cleavage craclis, ancl to form in or adjacent to g~a ins  that  could 
not conform readily to the imposed deformation. 

Tlle formation of a cracli had the characteristics of a local brittle event. 
There mas no visual evidence of extensioil of craclis after they hacl formed. 
The craclis were made easily visible by directing a bean1 of light t l x o ~ ~ g h  
the specimen so that i t  mas reflected from their surface. 

Craclis were observcd vis~~ally.  A count was made of the number of 
craclis formed in consecutive time intervals. The interval depended on 
tllc loacl and stage of the test. For large stresses the interval was us~~a l ly  
one nlinute ; for iilterillediate and smaller stresses longer intervals were 
used, a i d  the location of cotulted craclis noted on the surface with a 

illasking pencil. No distinction was made between cracks of different size. 
Oilly those craclis that  formed within the gauge length were counted. 
Each experiment yieldecl for given loacl and temperature the time depen- 
dence of the strain a11d cracliing activity. 

Because of the two-climei~sioi~al nature of the deformation and cracli 
fornlation, craclcing activity was expressed as the i111mber of craclis formed 
per unit area of specimen a t  a given time or strain. When this cracli 
clensity exceeded about 3 per cmZ, i t  became increasingly difficult to  record 
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all craclring events. This xvas particularly the case for the larger loads. 
A true recorcl of the cruc1;ing activity for a specimen coiltaiiliilg many 
craclrs n7as beyoilcl the capebility of visual methocls. It is coilsiclerecl 
that the observations for cleilsities less than 3 per cina are a goocl record of the 
craclriilg activity. Observatioi~s at  larger cleilsities probably under- 
estimate the craclring activity, but do give a goocl qualitative evaluatioil 
of it. 

A prelinlinary analysis of the observatioils shoxvecl that  it was more 
meailiilgful to rela,te the craclriilg activity to strain than to time. Craclr 
densities for each test, N ,  ?Irere plotted against creep strain. The average 
strain clepeilcleilce of the crack cleilsity was calculatecl from these plots for 
given stress a i d  temperature, ancl these are shown in figs. 2 (a), (b) ,  (c) and 

(d). Stanclarcl deviations preseiltecl with the curves sho~v the extent to 
which the behaviour was reproclucible. 

The average craclriilg rates (number of craclrs per square centimetre 
per unit strain) were calculatecl from the average strain clepeildeilce of the 
crack clensity by cletermiiliilg the change ill density for change in strain 
of 5 x 10-4, divicling the cliff'erence by the change in strain, ancl plotting 

Fig. 2 

10-3 1 0 - 2  

C R E E P  S T R A I N  

(a )  
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Fig. 2 (continued) 

C R E E P  S T R A I N  

( b )  

C R E E P  S T R A I N  

(c) 



Failzcre Process in. Ice 317 

Fig. 2 (continz~ecl) 

l o - 4  10 - 3  l o - ?  10-1 

C H E E P  S I H A I N  

(4 

(a )  Strzin dependence of cracli density for colnpressive stress u lcg/cm2; 
1'= -4.8"~.  The height of the vertical bars is twice the standard 
deviation i n  the observations. (6) Seain dependence of cracli density 
for compressive stress u lig/cm2; 1' = - 9.5'~. The height of the 
vertical bars is twice the standard deviation in thc observations. ( c )  
&train dependence of cracli density for compressive stress u lig/cin2; 
1'= - 14.8"~. The height of the vertical bars is twice the standard 
deviation in the observations. (<) Strain dependence of cracli density 
for compressive stress u lig/cm2; 1'= -31°c. Thc hcight of the vertical 
bars is twice the standard deviation in the observations. 

the result a t  the midpoint of the  range. Smooth curves were drawn 
through the plotted points. These curves are presented in figs. 3 (a) ,  ( b )  

and (c) for stresses of 8, 12 and 16 kg/cm2. 

I n  fig. 4 are presentecl the general characteristics of the creep behaviour. 

It can be seen tha t  over the stress range of 10 t o  12kg/cm2 there is a 

marlied transition in this behaviour. For stresses less than 10 lig/cm2 
there occurred primary, secondary and, if the load was applied long enough, 

tertiary stages of creep The transition from the primary to  the secondary 

stage occui~ed when the strain was about 10-2. When the stress was 
greatel. than 12 kg/cm2, the primary stage was followed directly by  the 

tertiary stage. There was usually a periocl of increasing creep rate cluring 
primary creep immediately after the application of the load. This has 



S T R A I N  

(a)  

S T R A I N  

(6 ) 
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(c) 

( a )  Strain dependence of the average rate of cracli forlnation a~V/ac; 
a = S  Bg/cmY. (6) Strain clependeilce of the avcrage rate of craclr 
formatioil aN/ac ; U= 12 l<g/cn~? (c) Strain clependence of the average 
rate of crack formation, aN/ac; U= 16 1rg/cnl3. 

Fig. 4 

TlhlE,  F.1INUTES 

Creep behaviour of colurnnar-grained ice. 
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been discussed by Golcl (1965) and is conside~ecl to be associated with the 
development of new modes of deformation in previously undeformed 
columnar -grained ice. 

The stress dependence of the average crack density for strain of 20 x lo-" 
is sho~vn in fig. 5. Figure 6 gives the observed temperature clependence 
of the deilsity for given stress and strain. 

Fig. 5 

Stress clependence of crack density at strain of 20 x lop4. 

When the stress esceeded a fairly critical value, depending on the 
temperature, cracks formecl in the specimen as it was loaclecl. Tliese 
cracks were usually small, and associated with gmin bounda~les. There 
was a quiescent period after their formation, the length of which decreased 
with increase in stress. The stress depenclence of this initial crack density 
is sllown in fig. 7. 

Tlle initial cracking activity was subtracted from the total craclc count 
when calculating the crack densities shown in fig. 2 because they formecl 
during the development of the elastic strain on loading rather than while 
the specimen was creeping. Subtraction of these cracks clid not affect the 
calculation of the average cracking rates, but did cause a downward 
clisplacement of the curves in fig. 2 that  was less than 5 % of the maximum 
observed densities for stress less than or equal to 16 l<g/cm2. 

The observations brought out the follo~ving points : 
1. Significant cracking activity did not occur for the columnar-grained 

ice used in this study until the compressive stress exceeded about 6 kg/cm2 
(see fig. 5). Several tests were run a t  stresses less than 61cg/cm2 to deter- 
mine whether cracks would form. Cracks did form in some cases for 
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Fig. 6 

LT 8 k r J / c m 2  1 2  h ( ] / ~  1.12 

E s t  I 131 a t e  tl 1.1 a r I I;I 11 ir 
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0  5 

U 
1 

6 

& 3 0 x 1 0 . ~  & 2 0 ~ 1 0 - ~  

0  - 1 0  - 2 0  - 3 0  - 4 0  0  - 1 0  - 2 0  - 3 0  - 4 0  

T E h l P E R A T U R E ,  C 

Temperature depeilclence of crack density for given stress and strail] 

Fig. 7 

S T R E S S ,  K G / C M '  

Stress dependence of initial crack density. 

stresses of 4 and 5 lig/cm2, but these were few and small. They tended t o  

heal with contiilued cleformation, or collapse into several spherical voids, 
indicating that  they were unstable. 

2. The initiatioil ancl clevelopment of the cracliing activity occurrecl 
over the same range of strain for all stress and temperature conditions 

(see figs. 2 (u), (b), (c) and (d)). 
3. For stress < lOlig/cm2, most of the cracliiilg activity was confined 

to the primary stage of creep (i.e. strain < It was observed that  
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there was relatively little if any cra,clring activity cluring the secoildary 
creep stage (see fig. 3 (cL)). 

4. :For stresses 2 12 1rg/cm2, cracking activity was significant for the 
full periocl of the test (see figs. 3 (b), (c)). 

5 .  There was a illaxinlulll in the craclcing rate for all stresses nrhich 
occurrecl ui the strain range of 10 x 1 to 36 x 1 0-4 (i.e. in the primary 
stage of creep ; see figs. 3 (a), (b) ailcl (c)). 

Tlie result for T = - 31 "c uncl stress of' 8 lcg/cm3 is incoilsistent wit11 those 
for the other test conditions. This inay be clue to the sillull iluinber of 
craclcs that forinecl for this conclition, uilcl the corresponcliiig clecrease in 
statistical significance. Althougli these particular tests were rml for 
3; days, it call be see11 in fig. 3 (a) that the cracliiilg rate had not reachecl 
its inaxiinum value. 

6. The cracl<ing rate aiicl tota,l n~ullber of cracks formecl at  a given strain 
for given stress decrea'secl with clecrease in temperature (see figs. 3 (a), (b), (c) 
and fig. 6). T116 results for stress of 5 lig/cm%sho~~~n in fig. 6 are particularly 
iilterestiilg because they indicate that the crack cleilsity for given strain 
teilcls to a liillitiilg value with ft~rther clecrea,se in temperature. i\'Iaxiinuin 
values for the average crack density for this stress and temperatures 
- 4.S0c, - 9 . 5 " ~  and - 1 4 . 5 " ~  were estimated from figs. 2 (a), (b), and (c) by 
exteilsion of the curves to a strain of 2 x 10-? This estimated inaximuin 
value is preseiltecl in fig. 6. 

7.  The stress clependence of the craclc clensity a t  a given struin wa's 
described with reasoilable accuracy by the equation 

N = A(a - 6)1.7 cracles/ci11~. . . . . . . (1) 

where A is a constant, and a the stress in lcg/cm2. 
5. The ilumber of initial cruclcs formed for a given stress clecreased wit11 

decrease in temperature, and the stress that must be exceeded to cause 
craclcs to forrn increased. 

6.1. Statistics of the C~acking Activity 

The expcriineilts iildicated that xvheil the stress was less than about 
lOl<g/cin" the craclcing activity occurred raildoillly within the area of 
observation. A series of experiments was carriecl out to cletermhe 
~vl~ether  this was the case. Three sets of speciinens were cleformed under 
a coilstant compressive stress of l0lcg/cm2 to strains of 15 x 25 x lop4 

and 50 x Each speci~nen was snbsequeiltly cut to expose the middle 
plane perpeildicnlar to the long direction of the columns. This surface 
was polished by slight melting, subdiviclcd into squares 4 cm2 in area, and 
the number of craclcs iiltersecting the surface in each square mere counted. 

The observecl distribution in the nuillber of squares containing exactly 
n craclcs was compared to tliat predicted by assuming the craclciag activity 
was a raildon1 process that conlcl be described by the Poissoil distributioil 
ft~nction. This comparison inclicated that the craclriilg activity was not 
truly random ; the formation of a craclc appeared to lower the probability 
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of a craclr bcing formed subsequently in the saine square or in i~unlccliately 
acljaccnt squares. 

The cleviation of actual behaviour froin rallclom behaviour, although 
significant, was snficiently small that  it  wo~ilcl be reasonable to assume 
that  a specimen coulcl be subcliviclecl into esselltially i~lclepenclent regions. 
Prom this point of view, one coulcl looli a t  each test as being a set of con- 
currently r ~ u l  inclepeadeat experinleilts oil the stress, strain ai1cl tempera- 
ture clepencleilce of the probability for the initiation of a crack within a 
given region. 

Let thc probability of a cracli forming ill a given region be P(a, E ,  T) ; a 
fiinction of strcss, a; strain, E ;  a11cl temperature, T. Applying the 
statistics of Weibull (1039, 1051), it can be shown that  

P =  1 - exp (-+), . . . . . . . .  ( 2 )  

where + is a f~inction of stress, strain and temperature. Assume 

where nz is a coilstallt ancl +, is a f~inction of stress a i d  temperature. 
Observatioils on the strain clepenclence of the cracli cleilsity for stress of 

6, S a i d  10 lig/cmQvere conr~erted into probability clistributioil functions 
by clivicling by the estimated inaxinluin density. The initid craclrs 
formecl on loading the specinleils were incl~iclecl in this calculation. In 

fig. 8, log [ - h ( 1 -  P ) ]  =log + is plottecl against log E for each of these 
clistributions. Given also in the figure is the estinlatecl m a x i ~ n u ~ n  density, 
No,  for each case. 

Fig. S 

1 0  0  

O 

- 
L 

- 

- - 
7 

- 

1 0  1 

1 0 - 2  

1 0  

- I l I j l  ill/ I I  f ~ l l l l ~  I  I  I  l l l l L  - - - - - - - - 
- - / 

,<:/ 1 
/ a  

:P 1 - 0  7 6  ~ x p l  9  6 4 x 1 0 ~  ~ ' 1  f' 
- 
- 
- 
- 

- - 0 2 4  e x p l  'IS&) - 
- 

- - 
- - 1 - 

- - 

fl i 
- 

6  k g i c n 2  4 8 C 0  1 2  Z 

1 / 
8 h g l c m Z  n a c o  9 3  - 
S h g 1 c r n 2  9 5 C 0  5 0  1 - S h r l l c l n L  1 4  8 C 0  3 0  - 

1 0  b g l c m 2  9 5 C 1 '16 - 

- 

I I 1 1 1 1 1 l l  I I 1  1 1  1 1 1 1  1 I  I I l l l l -  

1 0  10 1 0 - 1  

C R E E P  S T R A I U  

[-ln(1 - P ) ]  versus log C ,  u < 10 lrg/cm2; P is the probability distlibution 
for the craclring activity: 3, is the estinlated illaxiinum craclr density. 
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It cell be seen that the observations define a curve rather than a straight 
line, as predicted by eqns. (2) and (3). Lines with slopes, m, equal to 1 

and 2 are drawn in fig. 8. The line wit11 slope 2 is approximately parallel to 
the observations for strains less than 4 x ; the line with slope 1, for 
strains greater than 5 x This suggests that the distribution is of the 
colnpouncl type, made up of two independent clistributions (Weibull 1939). 

Let the distribution with slope 1 be P,, and with slope 2, P,. Assunle 
they are present in the proportion a so that 

P=OLPl+(l-a)Pz. . . . . . . . (4) 

This gives 

P = 1  - exp(-B~~)+a[exp(-Be2)--exp(-AE)] .  . . (5) 

The strains correspoi~cling to P = 0.9, 0.5 and 0-2 were determinecl from 
the probability c1istl.ibutioas in fig. 8 and used to calculate A, B and a in 
eqn. (5). The resulting equation is presented and plottecl in fig. 8. It can 
be seen that the calculatecl distribution function does provide a good fit 
to the observations. It can also be seen that although stress and tempera- 
ture have a significant effect 011 No, they have only a secondary effect, if 
any, on A, B and a for the range covered. 

The probability density for the craclring activity is given by 

- 1 i3N 
--- 

N, aC - 
Calculatecl values of (l/No)(i3N/i3e) for temperature - 9 . 5 " ~  and stress of 
6, 8 and 10Bg/cin2, are plotted in fig. 9. Equation (6) is also plottecl in 
this figure, using the values for a, A and B given in fig. 8. 

It was not possible to estimate a value for No for stress 2 12 1rg/cm2 
because the cracking rate was still relatively higll for this conclition ~vhen 
the load was rernovecl. The results presented in fig. 8 show, however, that 
the craclr densities a t  strain E for different stresses llolcl the same relation- 
ship to each other as the maximum densities. It was possible, therefore, 
to use ecjn. (1) to estimate the apparent maximum craclr clellsities for stress 
2 12 1rg/cm2. The values calculatecl for (1/No)(i3N/ae) for stress of 12 
and 20 1rg/cin2 and temperature - 9 . 5 " ~  are pesented in fig. 9. It can be 
seen that the maximum value for their probability density is in reasonable 
agreement with that given by eqn. (6). The probability density for these 
stresses, however, is appreciably greater than that given by the calculated 
curve for a given strain when it is larger than 50 x The sigilificance of 
this is coi~siclerecl in the discussion. 

The statistical analysis of the observations on the strain clepenclence of 
the craclr density has inclicated the possibility of two independent families 
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The probability density for the cracliing activity, T =  - 0.5"~.  
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Fig. 9 

of craclrs. This is not unreasonable from a physical point of view. The 
term involving q 5 =  Be2 in ecln. (5) implies that the probability for the 
nucleation of a cracli in a region increases dil.ectly wit11 strain. Such 
behaviour coulcl be expected if these crnclrs were causeel by a process such 
as the pile-up of clislocations. The term with q 5 =  A E  iinplies that the 
probability of nucleation is inclependcnt of the strain. This could occur 
if nuclei of various sizes were present initially, anel these grew by an 
essentially strain-ii~clependei~t process (e.g. by diff~~sion) or were subject 
to a gradually increasing local stress. 

Ecluatioil(6) states that  there was a finite probability for craclr formatioil 
~ v l ~ e n  the loacl was appliecl (i.e. creep strain equal to zero), which was 
associated ~vith the P, distribution. It was ilotecl cluring the study that the 
craclrs formecl cluring this period were mainly a t  the gmin bounclaries. 
The possibility that grain bounclary cracliing was associatecl with the P, 
clistributioil T V ~ S  iildicatecl also by the value obtained for a: in ecjn. (6) (i.e. 
0.24 - see fig. 8). This value was close to the proportion of the total craclr 
populatioil that was observed by Gold (1966) to be grain boundary craclis. 

Smith and Barnby (1967) give as a criterion for cracli ilucleatioil by the 
pile-up of dislocatioils 

350  

300  

where rC is the effective shear stress on a pile-up of length 1, E is Young's 
inoclulus, v is Poisson's ratio and y is the surface energy. Representative 
values for El(1- v2) and y are: 
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y =  109 ergs/cm2 (109 x J /m2)  (lictcham a i d  Elobbs 1969). 

Let the leilgth of the pilc-up, I ,  for thc ininimunl stress to causc crack 
initiatioil be macle equal t o  the average g ~ a i n  diamctcr (0.30cm). S ~ i b -  
stituting these values illto equation ( l ) ,  T,= 4.9lrg/cm2 (4.8 x 10W/m2). 
This estimate is in goocl agreemellt with that  ~~rllicll would bc calculated 
from the observed minimum compressive stress associatccl with craclring 
activity (i.e. about 3 1rg/cm2), ancl clen~onstrates that  stress concentrations 
of this type could cause craclrs in ice. 

The markecl transition that  occurred in thc creep behaviow over the 
stress range of 10 to  12 lrg/cm2 suggests tha t  for a given stress thcrc may be 
a critical crack clensity which, if exceeded, incluces structural instability 
(allows tertiary creep to  begin). A11 estimate ~ v a s  made of the density a t  
the transition from the secoilclary or primary stage of creep to  the tertiary 
using the ol~servations of the avcrage strain clepeaclence of the creep rate 
and crack density. It was founcl that  a cleilsity of 1.4 craclrs/cm2 could 
clevelop for stress less tllan or equal t o  101rg/cm2 without the tertiary 
stage being initiated in the first lo-? of strain. The rate of change of the 
creep rate challgecl from negative to  positive for stress of 12 kg/cm2 when 
the density was about 1.6 craclrs/cm2. This occurreel a t  a strain of less 
than 40 x for which the average spacing between craclrs was abont 
0.80 cm, or abont three grain cliaineters. The tertiary stage of crecp was 
usually associatecl ~vitli non-uniforln cracking activity, with the cracks 
tencling to  form in zones parallel to  the planes of masii-nnm shear. 

The iilitiation of the tcrtiary stage of creep dcl>eads on both the stress 
and the craclr clcnsity. Equations (1) and (5) show that  thc highcr the 
stress, the more significai~t, initially, n-ould be thc contribution of the 
family of craclrs whose probability of fornlatioil was iilclepeildeilt of strain. 
If the stress was snfficieiltly high, presninably tlze cracks associated with 
this clistributioa coulcl alonc cause thc brenkclo~vn i11 stri~cture required 
to  induce iilstability. 

Observations havc beell made by Gold ancl lirausz (1971) of the failure 
of ice a t  rates of strain in the  region of the trai~sition from clnctile t o  brittle 
behavionr. The craclrillg activity was initially mndom, as i t  ~ v a s  cluring 
creep. For brittle behaviour, failure occnmecl abruptly by the formation 
of fault zones, ailcl the icc from the zones was higlllp shattered. It mas 
observed for brittle behaviour that  thc cracks were lnailrly a t  grain 
bouaclnries (napublishccl worlr), iilclicatillg t ha t  they belonged to  the P, 
clistributioil in eqn. (5). This suggests tha t  thc occmrcnce of tlle cluctile 
t o  brittle transitioil for coinpressive loacls for ice is clepellde~lt 011 tllc stress 
clcpcndence and relativc coiltributioil of the two families of craclrs. 

Oilc of the morc iatcresting results of thc study was the clecrease in 
crack dcnsity with temperature for given stress and strain. Information 

preseiltcd by Kctcham and Hobbs (1969) iildicates tha t  the tempcl-ature 
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cle~enclencc of the change ill surface energy is not sufficient to explain 

this behaviour. ?'he estt~,blisI~meat of the craclz-nucleating conclition 
must clepencl on the crystallographic orientation of the grains in the vicinity 

of the site, ancl the relative contributioil of the various modes of cleforlnatioll 
that are active. AIeamu.einent of the apparent activation energy for ice 

indicates that there is a change over the temperature range of 0 to  - 4 0 " ~  
in the relative conti-ibution to the strain of these deformation mechallisms 

(Golcl 1970). It is probable that the temperature depenclellcc of the craclc 

density is due to this cl~angc. 

Cleavage type craclc formation occurrecl in the cohxmnar-grainecl ice 

usecl in the investigstion when the uniaxial coml~ressive stress, appliecl 

perpendicular to the long asis of the gra.ins, exceeclecl about 6 kg/cm2. T11e 
cr~zcking activity depencled on stress, strain a i d  temperature, ancl was 

inaxiinuln ill the primary creep stage. For stress less than about 10 1cg/ctn2, 

the rate of crack formatioil tenclecl to zero in the seconclary creep stage. 
When the stress exceeclecl about 121<g/cin2, structllral cleterioration due 

to crack formation causecl the primary stage of creep to change clirectly 

to the tertiary stage. 
Prior to the onset of tertiary creep, crack nucleation apl)roximatecl a 

depletion-type rancloln process, although the forination of a crack clid 

appear to  reclnce the probability of a seconcl forming in its vicinity. T11e 
strain clepenclence of the crack clensity involvecl two Weibull-type clistribn- 

tions. For one, the probability of nucleation mas l~roportional to s t rdn,  

a,ild for thc other nras indepenclent of it. The existence of tllese two 
clistributions can explain the strain rate depeilclence of the cluctile to brittle 

trallsitioil for ice. 

The author gratefully aclrnowleclges helpf~ll cliscussions with Professor 

E. R. Pomlcler ancl Professor J.  J .  Jonas. 
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