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ABSTRACT. Obse rva ti ons a rc reportcd o n c racks formed during compress i\ 'C, uni­
dircctiona l, consta nt-stra in-ra tc deform at ion of columnar-gra in ice. Thc ax is of hexagonal 
crysta llog ra phic symmetry of each grain tendedLO bc in the pl a ne perpcndicul a r to th c 
long di rec ti o n of th c g ra i ns a nd to ha\'c a ra ndom ori entati o n in that pl a ne. For stress 
applied perpe ndicular to the lo ng di rcction o r the g ra ins, the defo rmation was prac tica lly 
two-dime nsio na l. Tt was fo und th a t thc re lati\'e proporti on o f g ra in-boundar y crac ks 
inCl'cased wi~h increas ing strain ratc, dcc reas ing tempcrature a nd , for stra in ra te g rcater 
than 7 x 10 "s \ with dec reasi ng grain-size. 1\1 most a ll th e gra i n-bounda ry crac ks ha d at 
Icast one edge a t a tripl c point. For cach tcs t, thc g ra in-bounda r y a nd transcrys talline 
crac k leng ths te ndcdto ha ve a log-norm a l di stribution. Th c loga rithmic m can crack 
Icngth (Ll\ICL ) dcc rcascd with increasing stra in ra tc, dcc reas ing g ra in-sizc a nd dec reas­
ing tempe ra turc a ndt cnded to a constant \'alue o f 0.75 mm a t 1O ~ e. For g rain- size of 
3 mm or g rea ter, thc L~IICL had a maximum at a stra in ra tc o f' 10 .J to 10 hs 1 at 10 °e. 
Thc Ll\,[CLs a nd thc rela tive proportion of g ra in-bo undary crac ks tendcd to be no rmall y 
di stributcd for given load co nditions. 

1. INTRODUCTION 

C rack fo rm a tion during defo rm a tion has rcceived consider­
able a ttenti o n in studi es o f th c strcngth o f g ra nul ar and 
columna r-g ra in ice (Sin ha, 1988, 1990; Schul son, 1990; 
Smith a nd Schul son, 1994). G o ld (1972 a, b) obsen 'Cd tha t 
th e g ra in-bo unda ry and tra nsc r ys ta lline crack p opulations 
induced by the deform ati o n o f columnar-g ra in icc may bc 
th c res ult o f two di stinct crac k-fo rming processes th at ha\'C 
well-defined sta tistica l cha rac te ri stics tha t d ep end on the 
conditi ons o f loading a nd ra ndom properti es of the ice 
structure. [n the winter of 199 1- 92, thc autho r, as a \'isiting 
sc ienti st a t thc Institute fo r ~1arine D ynamics of the 
:\Ta tiona l R esea rch Council o f Canada, StJo hn's, :\'ell'fo und­
land, ca rri ed o ut a resea rch progra m \\'h osc obj ec ti\T \\'as to 
obta in inf()rmati on on the d e pendence of gr a in-boundary 
a ndtra nsc r ysta llinc cracks o n stra in ratc. gra in-size andtelllp­
eratu re, a nd o n stati stic a l cha rac teri sti cs of these crack 
popul ati o ns, in order to furth er understanding or the role 
they play in the process o f(a ilure of poly crysta lline ice. This 
paper prese llls justifica ti o n fo r the expec ta ti o n or a sta tis­
tica l behav io ur, and sta ti .. ti ca l info rm ation on crack type 
andlcng th. 

2. PREPARATION OF THE ICE AND TEST 
SPECIMENS 

The ice was m ade from deio ni sed a nd deaera tcd water in an 
open-top ta nk measuring 55 cm x 35 cm x 25 cm. After 
cooling in a cold room, freC'z ing was initi a ted by spreading 
on the surface of the \\'a ter ice pa rticles of a g iven range in 
size. obta ined by crushing a nd sie\ 'ing la rge sing le crysta ls. 
A heated overfl ow tube, co nnec ted to the bo tto m of the 
ta nk, pre\'e nted thc build-up o f press ure due to ex pansion 

o f the water on fi'eczing. This m e thod of making ice pro­
duced a columna r-g ra in structure tha t, within 30 mm of 
the seeded surface, had a strong te nde ncy for the ax is o f hex­
ago na l crys ta llographic symmetry ol' each gra in to be in the 
pla ne perpendic ul a r to the long d irec ti on of the g rains a nd 
to have a rando m ori entation in th a t plane. The a\ 'e ragc 
cross-scction of the g ra ins nca r the surfacc \\'as de termined 
by th e size of the seed pa rticles, a nd increased g radua ll y in 
the dircction oCg rowth. 

C lca r rcctang ul a r specimcns, 30 mm x 90 mm x 200 mm, 
with th e long directi on of the g ra ins pcrpendicul a r to th e 
90 mm x 200 mm race, \\T IT used fo r the tes ts. Th e spec i­
m ens, prepa red with a milling m achin e, had sides a nd races 
pa ra llel to \\'ithin O.lmm a nd c nd faces to better tha n 
0.02 mm. Each spec imen \\'as sca led in an a irtig ht pl as tic 
bag a nd stored in a n a irtight box . They \\'ere co nditi oned 
a t the tes t tempe ra ture fo r at least 2-1- h prior to testing. 

3. EXPERIMENTAL PROCEDURE 

A uni ax ial compressi\'e stress was a ppli ed to the 30 mm x 
90 mm cnd races a t a constant ra te o f cross-head di sp lace­
m ent by a sen'o-controll ed hydra ulic a ctuator. Tt was, there­
fo re, perpendicu la r to the long direc ti on of the columna r 
g ra ins and pa ra ll e l to the pla ne in which the direc tion of 
the c rys tall ogra phic ax is of hexago na l symmetr y o r each 
g ra in was rando ml y di stributed . :Vlax imum stresses were 
limited to 3- 5 l\ fPa , depcnding o n the nomina l stra in ra te 
and temperature. The nomina l su'a in rates, Ell, we re 10 2, 

10 :\ 10 1 and 10 !i S 1; the a\ 'C rage measured \'a lues CO rI-CS­

po nding to th ese ra tes \\Tre 6.7 x 10 :;, 7.6 x 10 1,7.6 x 10 ;, 
a nd 7.8 x 10 Ii S 1. Only two tests we re done at the nomin al 
ra te or 10 2 S 1. 1csts we rc conducted a t rh e nomina l rate of 
10 :; slat each o r the tempera tures - 5 ,- 10 , 20 a nd 30 e. 
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Strains were measured with two elec trical extens­
ometers mounted on the edges o[ sp ec i mens. The strai n rate 
was found to be almost con ta nt O\Tr the range of stra in 
[rom 1.5 x 10 ' to the max imum imposed during a test. For 
some tests the two measurements differed, but the rela ti\ "C 
change II'as small in compari son with that for the nominal 
ra tes. Values used in the analysis were the al'erage of the two 
measurements. The averao-e total strai n, 0'" was be tween 
4.1 x 10 'and 9.6 x 10 ' . 

Loads were applied through steel platens. The upper 
platen was s el[~adjusting to ensure full con tact with the ends 
o[ the spec imens. A small preload, less than 0.1 MPa and 
small enough to allow positioning of the spec imen on the 
lower pl aten, was applied for about 5 min before the begin­
ning of each tes t. The output from th e load cell, the tvvo ex­
tensometers and the piston disp lacement transducer were 
sampled at a rate of 30- 200 Hz, depending on the nominal 
strain rate and temperature. A video eamera, placed in front 
of the 90 mm x 200 mm face, was used to monitor the for­
m ation of cracks. The formation of a crack was abrupt and 
easily detected by the refl ecti on of light from [\'1"0 lamp , onc 
on each side orthe specimen. 

For th e type of ice and stress conditions used in the study, 
the cracks that form arc long and na rrow, with thei r long 
direction in the long direction of the g ra ins. The sine of the 
angle between the surface of the cracks and the direction of 
the applied compress ive stress appears to be normally dis­
tributed about that direction (Gold, 1966). There is a ten­
dency for craeks to be displaced toward the surfaee with 
the larger a\Trage gra in-size, probably because of the 
g rain-size dependence of the strain and stress [or crack 
initia ti on (Gold a nd others, 1993). Preliminary obsen'ations 
showed that for specimens 30 mm thick, prac tically a ll of 
the cracks ex tended through the centra l plane o[ the speci­
m ens. ro r strain rates greater than about 10 5 S " the re was 
no \ 'isua l evidence of cracks increasing in size [or stra i ns and 
stress less than 60% of yield or failure values. A few cases of 
c rack enla rgement after initial formation were observed in 
\·ideo records or tests conducted at the rate of 7.8 x 10 t:i S " 

A[ter completion of a test, the ends were cut [rom the 
specimen. The average grain-size p erpendicu lar to the long 
direction of the g ra ins \Vas determined from thin sections 
cut from each face of the central part that remained . It was 
taken to be the diameter of the circle with a rea equ a l to the 
average gra in a rea. The a\'e rage for the spec imen was the 
mean of the values for each face. Average grain-sizes [or 
the tests carried out at - 10°C were in the range 2.3- 9.2 mm, 
At the other temperatures they were in the range 2,9-
6.2 mm. The mean taper in the long direction of the g rains 
for 64 specimens was 1°; the maximum was less than 2.4°. 

After removal of the thin sections, the specimen was cut 
at its midplane and the new face of one smoothed by warm­
ing on a pl ate, whose temperature wasjust above OCC, until 
the cracks were seen clea rl y, The length of the cracks per­
p endicul a r to their long direction (herea fter called the 
crack length) within the centra l 70 x 70 mm 2 area of the 
face was measured to an accuracy of 0.05 mm using a cali­
brated scale mounted in the ocular of a binocular micro­
scope. Tt wa, noted for each whether it was in the g ra in 
boundary or transcrystalline and whether it involved onc 
or more grains. The position of g rain-boundary cracks 
relative to the g ra in-boundary junction points ( tripl e 
points) was observed, as well as whether they involved all 
or only pa rt of the boundary. These measurements were 
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made w ithin ;) h of comple tion of the test. At the time o[ 
meas urement, the edges of the crac ks were sharp and di s­
tinct. There was no \' isua l e\·idence during the pC'l"i od of 
measurement that they had begun to hea l. 

4. STATISTICAL BASIS FOR THE ANALYSIS 

In addition to being elas ti ca lly anisot ropic, the res istance to 
visco us shear on the basa l plane of an ice c rystal, the plane 
perpendicular to the ax is of hexagona l symmetry, is lower 
by a fac tor of about 100 than that [or a ny other crysta llo­
graphic plane. As the basa l planes tended to be para ll el to 
the long direction of the grains and the applied stress per­
pendicul a r to that direction, each g ra in had, effecti\ 'ely, 
only o nc direction for the initia l del ayed-elastic and non­
elas tic cha nge of shape, and that was by slip on the basal 
plane in t he direction o f th e resolved applied shea r strcss in 
the pl a ne perpendicul a r to its long direetion, As the shear 
stress in the long direction of the gra ins is sm all on both the 
basal pla nes and the grain boundaries, the initi al deforma­
tion due to delayed-elastic and non-clas tic strains would be 
virtually two-dimension a l, their contribution in the long 
directi on of the gra ins being much less tha n that in the plane 
perpendicular to it (Gold, 1960). For thi s plane-strain condi­
ti on a nd constant \'o lume deformation, each grai n must 
ha\ 'e at least two degrees of freedom fo r deformation to con­
form to the change in shape of neighbouring grains (Gold, 
1960). 

For stra in rates greater than 7.6 x 10 .') s 'at the temper­
a ture of - 10 C, prac tica ll y a ll the stra i n was recovered when 
the load was remO\'ed, Analysis oftlw stress and strain meas­
urem ents showed that the strain for the three highes t rates 
was primarily elastic piu delayed-clastic. Curvature of the 
stress stra in curve for the strain rate of 7.8 x 10 (i s " a nd 
non-reco\'erable stra in a fter the 'Tmo\'a l o f the load, showed 
tha t, for thi s condition, permanent deformat ion had 
become sign ificant (Gold , 1994). It would be expected that 
the del ayed-clastic term would depend on grain-boundary 
shear, as hypothes ised by Sinha (1979) a nd demonstrated 
[or cyc li cal loading by Kuroiwa (1964), Nakamura and Abe 
(1979) a nd Cole (1991). It would depend a lso on the recover­
able time-dependent deformation of the grains (Cole, 1993), 
and thi s would be a fTcc ted by the ani sotropy in the crystal 
structure of the ice. As each grain had , initially, onl y one 
degree of freedom for easy deformation , local stresses would 
be induced in the g rain boundaries by, for example, g rain 
di sto rtion and gra in-bou ndary shea r, and in gra ins by, for 
example, the pile-up of dislocations. Th ese stresses wou ld 
dep end on strain rate, ti me and the rel a tive orientation of 
the crystallographic ax is of adjacent g ra ins. It would be ex­
pec ted th at each loca l stress fi eld would be of the sca le of the 
grain-size and not be a flcc ted greatl y by the relat ive ori en­
tation o f grains some distance from the site, They would 
dep end on immediatel y neighbouring grains, as the change 
in shape of a grain m ust conform with that of all grains in 
contact with its boundaries. If the loca l stress is sufTicientl y 
high, a c rack may form and the deformation is no longer one 
of consta nt volume, 

Because the ax is of hexagonal symmetry of each grain is 
ori ented randoml y in the plane perpendicular to the long 
direction of the grains, there must be an equal probability 
o[ the occurrence of a ll possi ble combina tions of erysta ll o­
graphic ori entati ons fo r the three g ra ins forming a triple 
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point. Lillle is known a bo ut the nature o f the singulariti es 
that cause loca l stress \'ari a ti ons in ice, It wo uld sec m rca­
sonable to ass ume, howe\,e r, that the combina ti on of such 
sing ul a ritics a nd thc ra ndo m ori cnta ti o n of the crys ta ll o­
graphi c axes of symme try would result in a n intcrn a l 
stra in-e ncrgy fi eld with a \'ari abilit y tha t sh o uld bc dcsc rib­
able by a distributi on functi o n, If thi s is th e case, thc form a­
tion of a c rack should tell somcthing abo ut the spati al and 
tempora l \'a ri ati on in thc int ern al stra in encrgy, which is 
e\'oking in a manner tha t depends on th e sh ape, size a nd 
rel a ti\ 'C c r ys tallographi c o ri enta tion of g ra ins, the nalUre 
of the sing ul ariti es a nd the time depende nce of the stress 
a nd stra in , The present study responds LO the questi ons, for 
a simple experimental a rra ngem('nt, wh a t is the critica l 
applied stra in a nd stress a t the time of the fo rm ation of a 
crack under pl ane-stra in conditi ons, when a nd whcre do 
cracks fo rm, a nd what a rc somc of the sta ti st ical properties 
of the crack popul ations, 

Assume tha t the form a ti on of each crack is a n indepen­
dcnt, ra ndo m e\TnL Eac h tes t, thcreforc, can be considercd 
as a se t o f concurrent, independcnt , ex pe riments with the 
same extern a l load conditio ns, The crac k populati ons th a t 
dc\'clop during a tes t should gi\'C inform a ti on on the prob­
abilit y di stributions th a t m ay bc used to d escribe the pro­
ccss, Additional tes ts cxte nd thi s inform a tion base, as each 
spec i m en is a sample d ravvn from the un i\'e rse o f spec i mens 
for a pa rti c ul a r t ypc of ice o f g i\'en a\'C rage g ra in-sizc, 

Assume th at the initi a l, dominant, spa ti a l \ 'a ri ation ill 
thc stress a nd thc stra in in a spcc imen a rc determined by 
the rela ti\ 'e c r ys ta ll ographic ori cntati ons o r the g ra ins form­
ing each tripl c poinL The number of gra ins p er m~ is gi\'en 
by -JIrrdL

, where d is the mTrage g ra in-size as defin ed 
ea rli eLF'o r th c a\T rage g ra in-sizes of the sp ecimens, th c 
g ra in d ensit y of the ice is in the ra nge 1,5 x 10 ' LO 
2+ x 10' m ~ , This mcans th at the 70 x 70 mm~ a rea o f 
obsclya ti o n fo r each spec imen would hm'C N 1200 grains, 
Eac h gnlin sha rcs onc-third of six tripl e p oints, and so th e 
number of triple points p e r m~ is about twice the number 
of gra i ns, That is, each sp ec i men is a ra ndo m sample of 
150- 2400 g ra in-bound a r y triple points, d ep ending on the 
a\T rage g ra in-size, of a ll p oss ible combin a tio ns of rcla ti\ 'C 
crys ta ll ogra phic ori ent a tion of acUace nt g ra i ns, The obser­
\'a tions indicatcd tha t the number of g ra ins fo r each spec i­
men \I'as sulTicient to bri ng o ut sta ti stica l c ha racteri sti cs o f 
the two c rack popul a ti o ns, 

5, RESULTS 

5.1. Crack type 

For th e stra in rate and stress imposed on the specimens, the 
maj orit y o f th c cracks were in the g rain bo unda ri cs, in 
marked co ntras t to wha t was found for th e sa lllc typc of ice 
when s ul~j ec t ed to Cl creep stra in of about 10 La nd compres­
si\ 'e stress o f less than 2,01\1 Pa (Gold , 1972a, b ), The grain­
boundar y c racks co uld o cc upy thc full bounda ry bctween 
two g ra ins, part of the bo undary, or more th a n one bound­
a ry, Practica ll y e\Try g ra in-bo undary crack ha d at least one 
edge a t a tripl e poinL 

~ los t tra nsc rys ta lline c rac ks wcre wholly within onc 
gra in , So m e had onc edge a t a gra in bounda ry o r at a triple 
point, a nd a few propagated through a bo unda r y into an ad­
jacent g rain, Somc of the c racks were a combination of 
transc rys ta llinc and g ra in-bo undary (tr g b ), Although it 

Cold.' 7)/Je and Lmgllz rifrlrforll7alion-induced cracks in coLllmnar-grain ice 

was possible to follow a crack through th c ice with the 
microscope, it was not poss ible to cs tabli sh if a tr- g b crack 
initi atcd within thc gra in or in a bo und a ry In the a na lysis, 
tr- gb cracks were class ifi cd as tra nsc rysta lline, 

Figure 1 sh ows thc gra in-size d cpcndence o f the rati o of 
thc number of g ra in-bound a r y c racks to the tota l numbcr of 
crac ks (gb/LOt) a nd of the ra tio of the number of pa rti a l 
g ra in-bounda r y cracks to th e total number of g rain-bo und­
a ry cracks (p a rL/gb ) for the nominal strain ra te of 10 :l s '. 
Shown also is the lincar regression line for gb/LOL The equ a­
tion and correl a tion coefTic ient for gb/tot for the nominal 
ra tes 10 ~\ 10 ' a nd 10 :, s 'a re prese l1led in Ta ble L It can be 
secn that the r a ti o dec rcased with incrcasing g ,-ain-size, but 
this depende nce became lcss d efinite, and may e\ 'en r e\TrSC, 
at the nomina l strain ra te of 10 :, s " The pa rt/gb rati o 
tended LO inc rease \I'ith g ra in-sizc, but the d ependencc 
becamc less d efinite' at the nomina l stra in ra te o f 10 5 s '. 
As the total nUlllber of cracks is the sum of the g rain-bound­
a ry and tra nsc r ys ta lline crac ks, the gra in-size d epe ndcnce 
of the ra ti o o f tra nsc rys ta lline to tota l number is readil y 
\'isua li sed fro m Figure I and Ta ble I, 
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The linea l- regression cqua ti o n fo r the g ra in-size depcn­
dencc for gb/ to t was used to ca lcula te rh e mean ra ti o for 
each nomina l strain rate a nd g ra in-sizcs of 3, 5, 7 a nd 
9 mm, The resulting depcndence of the mean rati os on 
actual a\'Crage strain rate i shown in Figure 2, Because of 
the grcat scalle r in thc da ta for the nomina l ra te o f 10 :; s " 

Table I Linear regression eqllalions and (on e/alioll wrjji­
(ifll lsjor l/ie mlio rif grain-bolllldm)1 cracks 10 lolalllll mber 
rifcracksJnr Ih e nominal strain rales/i o1l' 17 ,' d is il7 mill 
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Eqllatioll 

gh 1nl = 0,97 0.021 d 
gb/tOl = 0.96 0.037 d 
gb/IO! = 056 + 0,03d 
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Fig. 2. Strain -rate dependencefoT the crack ratio, gb/ tot,for 
given grain -size and constant strain-raLe tests (T = ~IO°C) 

and cOllstant -load tests (T = ~9. !JC). T he bars Jor the 
grain -boundary cracks Jor the load conditioll (J = 1.2 ,\IPa 
give the rallge in the ratio and the strain ratefor 17tests. 

only the a\'erage value for a ll grain-sizes is pl otted fo r thi s 
rate. The mean of the rati os for the two specimens tes ted a t 
the nomina l rate of 10 2 s I is included. One hundred a nd 
thirty cracks were measured for these spec imens, of which 
one was lI- gb and all the others were g ra in-bounda ry with 
at least one edge at a tripl e point. The specimens had a n 
aYerage g ra in-size of 3.6 and 2.3 mm, with a mean value of 
about 3 mm. The pl ot shows tha t the gb/tot ratio fo r a ll 
grain-sizes tends to I a t a stra in rate of about 10 2 S I. 

Observati ons on grain-bounda ry and transe rysta lline 
cracks were made in ea rli er studies using the same type of 
ice, but with a consta nt eompressive stress applied perpen­
dicula r to the long directi on of the g ra ins. The ayerage 
g ra in-sizl' for this ice was 1.4~3.l mm, a nd the tests were ca r­
ri ed out at a temperature of ~9.5 ° C. Some tes ts, not pre­
viously repon ed, were carri ed out to stra ins in the same 
range as applied in the present work . One spec imen was 
strained to 6.0 x 10 4 at a n average rate of 1.25 x 10 G S I, 

by a stress of 1.5 MPa. The value of th e ratio found fOI" thi s 
tes t is g iven in Figure 2, a long with the mean of the ratio fo r 
17 specimens subj ccted to a stra in of4.4 x 10 I to 8.5 x 10 '.1, 

imposed at an a\'e rage rate in the range of 4.2 x 10 7 to 
7.3 x 10 7 S I, by a stress of 1.2 MPa. 

The combined crack populati ons [o r three specimens of 
average gra in-size about 3 mm, strained in the earlier study 
to about 50 x 10 I under a constant stress of 0.7 MPa a nd 
a\'erage strain rate of 1.46 x 10 7 S I, had a gb/tot ra ti o of 
0.62. It was found that when columnar-grain ice of ave rage 
g ra in-size in the same range was stra ined to about 10 2 

under a constant stress of 1l\IPa or lower, the rati o was 
about 0.25 (Gold, 1960, 1966, 1972a, b). It is clea r th a t the 
relative proportion of g rain-boundar y cracks at a strain of 
about 6 x 10 I decreases with dec reas ing strain rate a nd , 
in the ductil e range of behaviour, dec reases with increas ing 
strain. K alifa a nd o thers (1989) found a simil ar dec rease 
with dec reas ing strain rate for g ranula r ice strained a t ra tes 
g reater than 10 I s I. 

The gb/tol a nd transe rystalline to grain-boundary ( tr/ 
gb) rati os for the tests at temperatures of ~5", ~20 a nd 
~30°C a re plolled in Figure 3. One test at ~5 °C had to be 
deleted because the spec imen broke during the tes t, a nd 
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onc at - 30°C because th ere were too few cracks. The values 
for - lO o e a rc for six spec imens with average g ra in-size in 
the range 3.4- 5.1 mm, tes ted a t the nominal strain rate of 
10 3 s I. Th e limited number of tests suggest a tendency fo r 
gb/tot to increase with decreas ing temperature. 

The difference between the obseryed \ 'alue for gb/tot 
and the mean value was de termined for the 17 tests con­
ducted under a consta nt load of 1.2 MPa, a nd for the tes ts 
ca rried out at the nomina l stra in rates of 10 ", 10 I and 
10 5 S 1 For the latter g roup, the mean ya lue fo r each speci­
men aye rage grain-size was calculated from the linea r re­
gress ion equations give n in Tablc I. Figure 4 presents on a 
norm a l probability coo rdinate system the differences for 
the consta nt-load case a nd for the nominal stra in rate of 
10-3 s I. Shown also a rc the lines from a linea r regression 
analysis of the percentage o f spec imens with differences less 
than or equa l to a give n value, using an exp onenti al curye 
fit. The defin ing cha rac te ri stics, 1If l and .1I f 2, and co rrela­
tion coeffi cient for the exp onenti al curye a re summari sed 
for each condition inTabl e 2, a long with the m eans and stan­
da rd devia tions determined from a sta ti stical a na lysis of the 
differences . .1I f l and 1Ih have value that agree very closely 
with the corresponding m eans and standa rd deviati ons. 

Ta ble 2. T he difinillg constants, J\J,({lld /lf3 and the correla­
tion (wjjicient, R,ji-onI an exponential curvefit to the differ­
ences, JJlotted all normal probability coordinates, between the 
actual and mean values cif the mtio ofgmin-bollndary to lotal 
cracks Jor the 17 tests w ith a constant stress if 1.2 AlPa 
(T = - 9.!JC), alld for the actual and corresjJonding mean 
values determined .from tlte grain-size dependence given in 
litble I, for the constant-stmin-rate tests ( T = ~JO°C). 

Given also are the corresponding means and sLandard devia­
tions ( S.ri) .from a sLatistical analysis cif the differences; 
Cl ~ 6 x 10 -I 

Load [olldi,ioll .\1 , ,\/2 R l\Jeall S.d. 

f: n = 10 " s I 0.003 0.055 0.98 - 0.003 0.056 

f:" = 10 
I s I 0.003 0.095 0.99 0.002 0.093 

£11= 10 0"s I 0.003 0. 17 0.99 0.003 0. 17 
er = 1.2 ;\[Pa 0.000 0. 107 0.98 0.000 0. 107 
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FI/s. -I. The differenre, plol/ed on normal /J1'ob abili~y (omdi ­
nates, betll'eel1the observed 1'allle q/tlte crack ratio, gb/ tot,Jor 
each test, al/d the mean valueJorthe cOl/stant-load cOl/dition rif 
(J' = 1.2 JIPa ( T = - 9.5"C), and the mean value. cones­
jJondil/g to the grain-size, determined from the Linear regres­
sion eqllatiol/ Jar i ll = 10 :1 s ' (T = lOoe ). T he lines 
Il'ere obtained by all erjJol/el/tial Cl/1'1'e Jit to the reslllts; 
10, ~ 6 x 10 l -

5.2 C rack le n gth 

It was obsen c d in the ea rli er consta nt-load tes ts (Go ld , 
1972a) tha t the dist ributi on in the leng th of a ll c rac ks 
formed in columna r-g rain ice in a gi\'e n strain of less tha n 
15 x 10 1 was desc ri bed qu it e lVe ll by the log-normal dist r i­
butio n. This was found to be th l' case a lso fo r both the g ra in­
bo unda ry and transcrysta lline cracks fo rmed under con­
sta nt stra in-rate conditions. Fig ure 5 shows on a log-norm a l 
proba bilit y coordina te system the di stributi o n for 75 g ra in­
bo unda ry cracks formed in the specimen of 2.3 mm a\'Crage 
g rain-size, strain l'd a t the nomina l rate o f 10 2 s I. 

The total number of g ra in-bounda ry cracks measured 
[or each tes t at the nomina l ra tes less tha n 10 ~ s 1 was usua ll y 
less tha n 40, a nd so sp ec imens were g ro uped by average 
g ra in-size in ranges o f Imm. Cracks fo r a ll spec imens in a 
g i\ 'C n ra nge were combined to obta in a la rge r sta tistica l 
samp le. Results for the sp ecimens in the g ra in-size ranges 
3-·~ a nd 5- 6 mm, tested a t the nomin a l ra tes of 10 :1 and 
10 .) s I, respec ti\c ly, a rc presented in Fig ure 5. The li nes 
showll in the fi gure were obtained by sta tistica l a nalysis of 
the crac k lengths. Table 3 presents the number of cracks 
ml'as Llred for each g ra in-size range, a nd the loga rit hmic 
ml'a n crac k length (Ll\1C L), C, a nd sta nda rd de\'iation fo r 
the popul ati on. Applicati on of the X2 test showed for each 
ra nge th a t thi s pa ra me ter was less tha n the critica l \'alue a t 
the 5°;;. level of signifi cance, i. e., in no case was th l' hypo­
thcsis o f a log-norma l di stribution rej ected a t that IC\'CI of 
confidence. 

The spec imen \'a lues o fth c log-norma l d istr ibution (In ) 
of the g ra in-boundary Ll\ ICL for tests a t the nominal rate of 

Cold: 7j/Je and length rifdeJormation-indllced cracks in columnar-grain ice 

• e, = 10" s" , d = 2.3 mm 

~ E, = 10.3 5" , 3< d <4mm 
99.99 .. E, = 10" 5" , 5< d <6mm 
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Fig. 5. Crain -bolllldOlj aack lengths, /J/otled 0 11 log -normal 
jJrobabili~J) coordinates, Ja r one sjJecimen at i ll = 10 2s '; 
Jor all s/Jecimens ill the grain -si::.e range rif 3- 4mll1, 
i ll = 10 '; s '; andJor all specimells ill the grain -size rallge 
.5 6 mm, i ll = 10 j S l The maximllm stress and range il/ 
maximuiI1 strain are given ill ftthle 3 Jor each rate; 
T = - lO C 

10 1 S 1 a re plo tled aga inst the In of the gra in-size in Figure 
6, a long w ith th e line obta ined by a linea r regression 
a nalysis. Shown as \'\'e ll a re the lines from a linear regress ion 
a nalysis of the sp ecimen va lues or the LMC L fo r the nom­
inal ra tes 10 :1 a nd 10 :) s I. The co rresponding equati ons 
a nd correla ti o n coeffi cients a rc g i\ 'C n inTable 4·. These equa­
ti ons were used to ca lcu la te the mean LMCL fo r g ra in-sizes 
of 3, 5, 7 a nd 9 mm, and the resulting \'alues a re plotted 
aga inst actu a l strain rate in Fig ure 7. Included a lso a re the 
mea ns o f the LMCLs for the tests conducted under con­
sta nt- load co nditions a nd fo r the two tests a t the nominal 
rate of 10 2 s I, a ll with a \'e rage grain-size a bo ut 3 mm. 
The resu lts 1'0 1- this (l\'erage g ra in-size indicate a m a ximum 
in the stra in-ra te dependence of the LMCL a t a ra te of 10 .'i 

to 106 S I. 

The g rain-bo unda ry LMCLs determined fo r the tests 
conducted a t 50, - 200 a nd - 30°C are prese l1lcd in Figure 
8. T ncluded a lso a re the LMCLs fo r the six spec i m ens, tes ted 
a t - 10 C, tha t were used in the presentat ion o f the depen­
dence of the crack rati os o n temperature, a nd the linea r re­
gression equa tion giving the dependence o f t he gra in 
bounda ry Ll\ IC L on tempe ra ture. On ly fo ur d a ta points 
appea r fo r - 10°C, as there were tll'O spec i m e ns with a 
LMCL of 0.66 mm and two w ith a LMCL of 0.75 mm. All 
tes ts were conducted at the nomina l rate of 10 :l s I, a nclthe 
grain-size o f each specimen was in the range 2.9- 6.2 mm. 

There we re not enough tra nsc rystalline cracks p er spec i­
men to carry o ut the same crack-length ana lysis as was clone 
for the g ra in-bounda ry crac ks. The leng ths o r the tra ns-
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TabLe 3. Characteristics qf the log -normal distribution jor 
grain -boundmy cracks jor Ihe constant -strain-rate tests at 
- IODC; 10\ , is the nominal strain rate, E t is the total strain, 
am is the llwAimum stress ajJjJlieri, d is the range in graill -size, 
N is the numberqfcracks, c is the LNfCL and S.d. is the stan­
dard deviation qfthe log-normal distribution (1 n ( mm )) 

d N In (c) Sri. 

Innl tl1 111 

E" = 10 2
5 I Il,,, = 4.5 MPa (4.8 < Cl < 5.1) x 10 I 

2 -\ 130 0.57 - 0.58 0.74-

t" = 10 \ I Il", = 4.3 I\IPa (4.1 < 10, < 6. 1) x 10 I 

2 :, 101 0.60 - 0.51 0.71 
3- 4 134 0.75 0.29 0.71 
,1-5 78 0.60 0.51 0.69 
5- 6 107 0.70 O.3G 0.79 
6 7 25 0.95 - 0.05 0.76 
7- 9 133 0.70 O.3G 0.87 

i n = 10 I S 1 IlI11 = 4.2 :\IPa (4.5 < c, < 6.6 x 10 I 

2 3 1()8 0.69 - 0.37 0.68 
3-4 5i 0.89 - 0.12 0.69 
+ 5 19 1.13 0.12 0.89 
6 7 94 1.04 0.0+ 0.99 
7 9 38 1.57 0.45 0.74-

En = 10 "s I Illll = 3.0 :\ 1 Pa H.2 < c, < 9.61 x 10 I 

2- 3 32 1.02 0.02 0.65 
3 4- 62 1.0S 0.05 0.72 
4 5 86 1.11 0.10 0.81 
5- 6 73 1.52 0.42 0.77 
7- 8 42 2.33 0.85 0.87 

crys ta lline cracks [or all spccimcns tcstcd at a giycn nomina l 
stra in rate at - lODC were combined [or speci mens o[ g ra in­
size <5 mm and of grain-size >5 mm. The tr- gb cracks 
were included, as was done for the crack-type analys is. Fig-

~ 
..J 
U 

~ 
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316 
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0 .0 

-0 .50 

_ 1 .0 L------'_----l._---L_----L_ ---L_ ......L_-L--l 

0.8 1.2 1.4 1.6 1.8 2 2.2 2.4 

Ln(d mm) 

Fig. 6. Dependence qf the In qf the grain-bollndmy LMCL, c, 
on the In qfthe grain -size, d,jor the constant-strain-rate tests; 
individual values are sllOwnjor Ell = /0- -1 S '; T =-IO°C. 
The linear regression line is sllOwnjor each strain rate, and 
their equation and correlation coifficient are jJresented in 
TabLe 4. 

Table 4. Linear regression equations and rorrelation coifji­
cienls, R , jor the grain -size dejJendence qf the L/IlCL, c 
( mm ), jor givenllominal strain rate, En: E t ~ 6 X 10 ',­
r = - /OoC; d is in 111 m 

Load (olldilioll £'1l1alioll R 

En = 10 'lS 
I In(c) = 0.:")8 + O.I-lln (d) 0.34 

En = 10 I 
S 

I In (r) = 0.95 + 0.63In(d) 0.84 
En = 10 ", I s In(e) = 0.95 ~ 0.84111 (d) 0.79 

@ 
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6 cr = l.2 MPa 

'\. '-
'\. ., 

"- .... ', 
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Strain rate s" 

Fig. 7. Strain -rate de/mu/enee qf the grain -boul1daJ)1 LJlJCL, 
c.]o1' a given grain -size; T = - IOCC for the constanl -straill­
rate tests; T = 9.5°C and d ~ 311lmjor tlte constant -load 
tesls at 1. 2 and 1.5 ,\iPa,' Cl ~ 6 x 10 ~. 

0.90 
I 

0.80 

@ 0.70 

..J 0 .60 
• 
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~ 
0.50 

0.40 

0.30 

--LMCL = 0.87 + 0.016T 
R= 0.95 

- 35 -30 - 25 -2 0 - 15 - 10 - 5 0 

Temperature cC 

Fig. 8. TemjJemture de/Jendence qfthe grain -boundCl1Y LJ\ [CL, 
c; Ell = 10 '1 S I, El ~ 6 x 10 ". and graill -size is in the 
range 3.2- 6.2 mm. The linear regression line and its equation 
are presented, along with the correlation (oeJjleiellt, R. 

ure 9 prese nts two se ts of results on a log-normal coordinate 
system, a long with the lines determined from the stat istical 
analysis o[ the logarithms of the crack leng ths. The LMCL 
and standard de\' iati on for a ll the sets are presented inla ble 
5. This table indicates that the Ll\ICL for the transc rystal­
line cracks o[ specimens of g rain-size <5 mm, including 
those [or the tests under constant loads of 1.2 and 1.5 MPa, 
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Fig. 9. Tim1SC1~ystaLlifle crack lengths. /)Iotted 011 log-Ilormal 
/HObabilifJ' coordinates, Jor all s/Ncimens qf grain -size 
>5 mm, ill = 10 :I S I (0), and/or all s/JeI'imflls qf grain ­
size <5 111 m , in= IO·iS I ( e ); cl"'6x lO~; T= -
10 C 

hm'e a max im um at a stra in rate of 10 .1 to 10 (; s \ sim ila r la 

tha t for the g ra in-bounda r y crac ks. 
The tra nsc r ),sta lline crac ks were combined for th e tes ts 

a t each of th e temperatu res - 5", 20 a nd 30 C, a nd for the 
spec imens tes ted a t - 10 C th a t were used in th e present a ti on 
of th e temperature dependence of the L~ICLs (Fig. 8). 
There lVere o nl y ten tra nscrysta lline cracks a t -20°C a nd 
nine a t - 30 C. A li nea r regressio n a na lys is ga\'C 

Ll\ I C L = 1.1 ...1 + O.25T (R = 0. 87) (1) 

where T is the temperature in ~ C a nd the L1\IC L is in mill . 
This depende nce is simil a r to tb a t found fo r tb e gra in­
bo unda ry c rac ks. 

The gra i n-bo und a ry crack-leng th measurem ent s for a ll 
specimens of g ra in-size <5 mm a nd for gra in-size >5 mm 
were combined fo r eacb of the no mina l stra in ra tes 10 ~, I O I 

a nd 10 :i s I . The mean a nd sta ndard dev ia ti o n from the 
sta ti stical a na lys is of tbe loga rithms of the crack lengt hs 
a rc presented in Tabl e 5. Presented a lso a re th e cha rac teri s­
tics of the g ra in-bounda ry andtra n crys ta lline crack popu­
la ti o ns for the tes ts ca rried o ut under consta nt stresses of 0.7, 
0.8, 1.2 and 1.5 1\ [Pa. The mea n LMCL for tbe tra nscrysta l­
lin e crac ks is la rge r than for the co rrespo nding g ra in­
bounda ry cracks in each case except onc, but th e rel a ti ve 
difk rence tends to dec rease w ith dec reas ing stra in ra te. 

The differe nce betlVeen the ac tu a l \'a lue of the g ra in­
bo unda ry Ll\1C L a nd the mean \ 'a lue de tennined from the 
linea r regress io n equati ons fo r the g ra in-s ize d ep endence, 
o· i\'C n inlllble +, was calcul a ted fo r each tes t fo r th e nominal 
ra tes 10 \ 10 I a nd 10 c) s I in th e same manner as was done 

fo r th e gra in-bo unda ry crac k ra ti os. Table 6 gives the defin­
ing cha racte ri stics, Al l and j\I2, a nd th e correla ti o n coeffi­
c ients from a li nea r regress io n a na lys is fo r a n ex po nenti a l 
cun'C fit to the percentages a nd differences plo tted o n nor-

Gold: Tv/x and length qf dOormat ion -induced cmcks in colulIlnar-grain ice 

Table 5. V vl CL, c, and stal/dard deviation, Sd. (In (mm) ), 
.for the log-normal distributionJitto tlte lengths V transClYs­
talline and grain -bollndm), cracks in data sets vs/mimens qf 
gmill -si::.e, d, <5 mill and >5 mm, Jar givfII avemge strain 
rates alld strain qf about 6 x 10 .1, exce/)t Jor stress qf 
0.8 iIlPa (Ct = 35 x 10 ,1), stress cif 0.7 MPa (El'" 53 x 
10 ./) and CoLe (1986) (Cl> 25 x 10 ~); T = - Iooe 

(constant -strain -rate tests). = - 9 .. JOe (collstallt -Ioad tests), 
= - 5 C (Cole. J986): R t is tlte mtio qf the trallsgranular 
mean (J'{/(k length to the correspollding grain -bollndal)ll'allle 

Slraill ralf or ,Ire.,., (;raill bO/llldG/~l' 7i'({/lSrII,lattilll' 

r S.d. c S.d. 

l11 n 1 Inlll 

d < 51ll1ll d < 5 III III 
7.6 x 10 IS 

I 0.66 0.72 0.9.'i 0.66 
7.6 x 10 " S J 0.76 0.72 1.01 0.63 
7.8 X 10 I"~ I 1. 11 0. 17 1.30 0.71 
13 x 10 "s I 0:+8 0.96 D.81 0.66 
1.5 \1 p" 
6.2 x 10 7 S 

I 0.50 0.88 0.5 I 0.6-1 
1.2 \I P" 
3.5 x 10 7 s I 0.81 D.7G 08D 0.50 
0.8 \1 p" 
I.-J(i X 10 7 S I 0.63 OB·, O,(i7 0.72 
0.7 \ 1 Pa 

rl > ijmlll d > 5 III m 

7.6 x 10 I 
S 

I 0.72 0.83 O.8.'i 063 
7.6 x ID 

" I 1.13 0.9 1 1.-1:2 0.67 s 
7.S x 10 "s I 1.78 OB3 2.0:2 0.67 

Colc 119S6. granular ict'. 2.S < d < I.H Illm. T = 5 C 

RI 

I.H 
1.33 
1. 17 
1.69 

LOS 

0.99 

1.06 

LIS 
1.26 
ITl 

.'i.O x 10 "s I 1.11 0.59 1. 1-1 0.53 1.03 

m a l probabilit y coordinates. Gi\'C n a lso a rc the mea ns a nd 
sta nda rd c\e\'iati ons from a sta ti sti ca l a na lys is of the diffe r­
e nces. Al l and AI1 agree closc ly wit h th c correspo nding 
m eans a nd standa rd d evia ti ons, as was the case for th e c rac k 
rati os. This agrecm c lll in the res ults o f the regress io n 
a na lys is a nd the sta ti stical analysis fo r both the crac k ra ti os 
a nd the LI\lCLs indicates tha t th e \ 'a ri a ti ons in th e differ­
ences between spec imens, fo r thc sa m e test conditi o ns, ca n 
be described with a high lC\'Cl o f' co nfide nce by the no rm a l 
d istr ibution. The ra ti os a nd the LI\fC Ls beha\'e as ra ndo m 
\·a ri a bles. This beha \ 'io ur is consiste nt w ith the rela ti ve crys­
ta ll og raphic ori enta ti o n of adj ace l1l gra ins haying a ra ndo m 
di stribution. 

ft/ ble 6. The defining characteristics, AI , and Ah, and the 
correlation coe[ficieJIts, R ,jrom an ex/)onential curveji't to 
the differences, plol/ed 011 normal probabili{J' coordinates, 
between the test l'alues V tlte grain -bollndw} logarithmic 
mean crack length and the (Orres/Jo lldiJlg mean value deter­
minedjrom the linear regression equations giz'l'II ill Ta ble 4. 
Given also are the corres/Jolldillg means and standard devia ­
tions (S.d.) from a statistical analysis qf the diJJerfllces: 
Ct cv 6 x 10 I: T = - 10 (; 

L oad (olldilio/l AIl .1 t~ n .Itea/l Sri. 

i " = 10', I D.OGS O.Hi 0.98 0.008 0. 16 
ill = 10 I 

S 
I (1.006 D.I') 0.97 0.006 D. 19 

E" = 10 
-, I 

s 0.003 0.22 0.9S o.om D.23 
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6. DISCUSSION 

The max imum stra in imposed o n each spec imen was 
4. 1 x to- I to 6.6 x to I for nomin a l strain rate g reater than 
10 I s I, and 4.2 x to I to 9.6 x 10 I for the nominal rate 10 .i 

S I. Tt was found that the elastic modulus increased with 
g rain- ize (Gold, 1994-), and as the max imum stress was 
a lways the same for each nominal stra in rate, thi s would 
acco unt for some of the spread in values. There was a ten­
denc y [or the crack-lrngth di stribution cun'es to c url up­
ward at the upper end , indicating a small er number of 
longer crac ks tha n wou ld be predicted by a log-norma l dis­
tribution. The tendency was greater for the transc r ysta lline 
than for the gra in-boundary crac ks. This would be exp ected 
if the length of cracks was limited by the length of the g rain 
bounda ry or th e size of the gra ins. The length ofa c rack was 
not full y uniform, a lso, but no attcmpt was made to relate 
the measured value to a mean value. In spite ofthesc factors, 
the log-normal distribution was a reasonable approxima­
tion to the obsen'ed distribution. 

Cole (1986) presented hi stogr am s giving the leng ths of 
g rain-boundary andtranscrystalline cracks fo rmed in g ran­
ular-ice spec imens subj ected to creep under cons tan t load at 
- 5°C. Crack length s, obta ined from the histograms, were 
combined for four specimens of gra in-size 2.8- 4.6 mm, 
strained to 25 x to I to 100 x 10 + at a minimum rate of 
2.1 x 10 G to 8.5 x 10 (j S I. The log-normal di stribution was 
found to be a reasonable desc ripti on for both th (' gra in­
boundary a nd the transcrystall ine crack popu latio ns. Their 
mea n and standard deviation a re g iven in 1a ble 5. 

Cole (1988) h as shown tha t for strain rate g reater than 
abo ut 10 .'> S I, there is insuflici e11l time during a stra in of less 
than 10 3 for di slocation pile-ups to be a sign ifica11l process 
for crack initi a tion in ice. to r such strain rates, recO\'e rable 
strain in grain boundaries and grains, as demonstrated by 
the ane lastie or delayed ela tic beh a\ 'iour (Sinha, 1979; Cole, 
1991, 1993; Gold, 1994), as wel l as a ni sotropy in the elastic 
constants, would appear to be m ore appropri ate reasons 
for the formation of cracks. For both these situa ti ons, stress 
concentrati ons can be expec ted to devclop a t the tripl e 
points (Tvergaard and Hutchinson, 1988). These locat ions, 
therefore, would be preferred sites for the form ation of 
cracks, as was found for the gra in-boundary cracks. 

\ Vhen considering criteri a for crack form ation, a neces­
sary condition is that the clas tic stra in energy a\ 'a il able for 
the event at the t ime of initiation is greater than or equa l to 
the new crack surface area times the efTcctive surface energy. 
Because the imposed strain in the present work is essenti a ll y 
two-dimensional , the length of a crack wo uld be a direct 
meas ure of tha t energy. 

Frost a nd Smith (1993) have investigated the crack 
nucleation process for grain-bounda ry cracks in columnar­
grain ice using a n elas tic ana lys is a nd the method cmployed 
by Tvergaard a nd Hutch inson (1988). They show that the 
energy at nucleation is given by: 

where Unuc! is the energy required for the formation of a 
crack of leng th 2O,erit, J nuci is the strain-energy rel ('ase rate 
at the time of form ation (J ll lld ~ 2,gb, where 19b is the 
grain-boundary energy) and A is the exponent g iv ing the 
streng th of the singularity at the prec ursor tip. Th e va lue of 
A in their analysis is determined by the geometry and 
relative crystallographic orientation of the g rains forming 
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a triple point, and th e va lues of the clast ic constants of the 
icc crysta l. C upta and o thers (1993), using the same method 
of a na lysis, have shown that fOl ' column a r-g ra in ice the most 
crit ical \'a lue of A occurs at triple points a t which the gra in 
bo unda ries are 120 to each other. 

From Frost and Gupta (1993), the c ritical strain-energy 
release rate is gi \'en by 

where E is the elastic modulus, 11 is Poisson's ratio, (Td IS a 
co nstant that depends on the appl ied stress and grain shap e, 
d is the gra in-size and Q(A) is a paramcter that depends on 
the strength of the singul a rity at the tip of the prec urso r. 
Assume that all the e ffect of grain-sizc is g i\"en by the term 
d2>'. Under this condition, J nllci a nd UIlUC! for the formation 
of a crack of length 2acr it are proportional to cl- 2>' . For the 
uni ax ia l, eompress ive stress condition, the ene rgy to fo rm 
the crack must come from the loca l stra in energy, i. e. UIlIlc1 · 

If the distribution in the lengths of t he cracks is related 
directly to the distribution in Unlle!, the L!v[CL should ha\"e 
the same dependence on cl as the corresponding va lue of 
Unucl, i.e. C'ld- 2A Referring to the plo t onll ( L~ICL ) aga inst 
In ( d) (Fig. 6; Table <].), the \'alue of - 2A for t he three nomi na l 
ra tes 10 :\ 10 I and 10 -' s I is, respect iw ly, 0.11·, 0.63 a nd 0.84. 
This g i\ 'es for A the \ 'a lues o r ~0 .07, 0.31 a nd ~0.42, all with­
in the expected range of 0 to ~0.5 . 

Pic u and Cupta (1995) and Eh-in a nd Sunder (1996) pre­
sent models for th e formation of mic rocracks in co lumn a r­
gra in ice. Both models ass ume that shear occurs O\'er the full 
g ra in-boundary fac et a nd show that this produces a larger 
crac k-nucleating stress at the triple point than does clas ti c 
a niso tropy. The models predict a g ra in-size dependence of 
d~ 1/ 2 for the stress for the fo rmat ion of a microcrack. Gold 
a nd others (1993) fo und that the stress a nd stra in to the for­
m a tio n of the first crack at the nominal strain rate 10 :> S I 

h ad a sign ificant co rrcl ati on with d~1 /2 and that their results 
agreed well with those of Kali fa a nd o thers (1991) for g ran­
ul a r ice. Cold (1994) a lso found a sig nifi cant dependence of 
the elastic moduli on g ra in-size at the same nomina l rate of 
st ra in . 

The present work covers the ra nge of the crack-form ing 
process that can be descr ibed as nuclcation and "pop-i n". No 
ev idence was seen either during the test or on the video 
record of it , of crac k propagation a fter pop-in for the stress 
level s applied (about 60% of the fa ilure value) and nomina l 
stra in rate greater th a n to 5 s I. Figure 7 indicates that the 
grain-boundary LlVICLs tend to a \'alue of about 0.75 mm 
fo r strain rate g rea te r than 10 :, s I, that is independent of 
g rain-size. Ass uming that crack length is a \'alid measure 
of the assoc iated minimum strain ene rgy, what Fig ures 6 
a nd 7 indicate is that the logarithmic mean strain energy 
fo r gra in-boundary crack formati on, and, therefore, the accom­
panying stress field , become increasingly independent of 
g ra in-size with increasing stra in ra te, in agreement with 
the dec reas ing \'alue for the strength of the singul a rity, as 
g iven by A. This beha\'iour wou ld suggest that the nuclea­
tion process for g ra in-bounda ry c racks becomes i ncreas­
ingly loca lised to the sites of the st ress singu lariti es with 
increasing strain rate. A \'a lue or ~0.07 for A at the nominal 
stra in rate of 10 3 s I is the order to be expected fo r a 
relativel y sma ll elastic a ni sotropy (Tve rgaard and Hutch in­
son, 1988). Equati on (3) a nd Figure 6 do raise questions con-
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ce rning the mea ning for A for increasing dclayed elas ti c and 
\'iscous behaviour. 

Onc of the problems for modelling crack nucleatio n for 
ice has been the a pparent lac k of precursors at the stress 
levcls obsen 'ed in practice. This difficult y appea rs to be re­
duced sig nificantl y if gra in-bo und a ry shear a nd rela xati on 
a re ta ken into considerati on (Picu a nd Gupta, 1995; Elvin 
a nd Sunder, 1996). One possibility that does not appear to 

ha\"C been conside red fo r ice, however, is a time- a nd 
stress-dependent decrease in the effect i\ 'e grain-bounda ry 
energy. This could occur, for example, by the fo rm ation 
a nd coalition of \ 'acancies in the hig h tensile stress region 
o f stress sing ula riti es. Such a process would ex pl a in why 
some characteristics of crack fo rma tio ti, such as the time to 

fo rmati on orthe first crack (Gold, 1967, 1972a ), appear to be 
associated with a thermall y ac ti vated p rocess. It wo uld be 
consistent with the initi a l relaxation in the clas tic m odulus 
o f ice found for strain ratcs g reater tha n 10 2 s 1 a nd the 
tra nsition from crack formation to ca\·it y forma tio n with 
dec reas ing stra in ra te (Gold, 1963). In the present work , 
some examples were obsen -ed a t triple points in specimens 
deformed at the nominal ra te o f 10 :J s 1 of linea r features 
a bo ut 0.1 mm wide a nd se\'C ra l mm long, in gra in bound­
a ri es tending to be parallel to the directi on of the stress, 
a nd of rows of bubbl es of the typ e p ostul ated by Elv in a nd 
Sunder (1996). If thi s is wha t is ta king pl ace, the c rack­
fo rming process wo uld begin when the stress ficld induced 
a t a singul a rity sta n s to create vacancies. Crack nuclea tion 
wo uld occ ur when the effecti\'e g ra in-boundary energy o\'er 
a potenti a l crack length, 2a, is reduced to a \'alue tha t sati s­
fi es Equati on (2). For thi s model, a sufTi cient condition for 
deformati o n-induced crack formation in ice at tempera tures 
a bove - 50 C wo uld be that it be po lyc r ysta lline. 

The a na lysis showed that the probabilit y of a tra ns­
crysta lline crack forming in th e first 9 x 10 1 of strain, 
dec reased with inc rease in stra in ra te, dec rease in temper­
a ture a nd dec rease in g ra in-size, the converse of vvh a t was 
obsen Td for the g ra in-bounda ry c rac ks. This indicates the 
t wo crac k popul a ti ons a rc fo rmed by differe nt c rack­
fo rming processes with difTerent dep endencies on g ra in-size, 
stra in rate a nd temperature. 

The increased permanent stra in with decrease in stra in 
ra te a nd increase in temperature is associated with the 
inc rease in the rcl a ti\ 'C proporti on oftra nserys ta lline cracks, 
indica ting th at di sloca tions may be a n important cause for 
their form a ti o n (G old, 1967). Ta ble 5 shows tha t, fo r the 
same load conditi ons, the tra nsc r ys ta lline crac ks have a 
la rger mean Lr-.rC L tha n do the g ra in-bo undary o nes. This, 
a nd the fac t tha t thc surface energy for transe r ys ta lline 
crac ks is abo ut 65°/., la rger tha n fo r g ra in-bounda ry cracks 
(H obbs, 1974), shows that, for a given stra in ratc a nd stra in, 
the transc rys ta llin c crack-causing m echa ni sm must induce, 
o n a\'erage, a larger a mount of stra in energy by the time of 
fo rm ati on tha n does the gra in-bo unda ry crac k-forming 
process. It would appea r that the maj orit y of the g rain­
bo unda ry cracks were caused by forces tcnding to separatc 
g rains, a nd the tra nscrystalline crac ks by forces tending to 
deform g ra ins in shea r. 

The ma rked cha nges in the crack ra ti os and sta ti stica l 
cha rac teri stics o f the crack leng ths occ urred ove r the same 
ra nge of' stra in ra te as the brittl e to ductil e transitio n in the 
deform ati on beha\'iour for thi s type o f ice. This sugges ts that 
the cha nges a nd tra nsition a rc controll ed by the same defor­
m ation processes. The change in the sta ti stical cha raCleri s-
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tics o f the crack populati ons indicates that the underl y i ng 
cause m ay be the ti m e a nd tempera tu re dependence o f th e 
re~ponse of di sloca ti o ns to stress. 

The a nalysis of the ti me dependence of the clas tic mod­
ulus fo r the consta nt strain-rate tests (Gold, 1994) showed 
tha t, fo r stress and stra in of up to 60% offailure in the brittl e 
range of behavi our, the effective elast ic modulus was con­
stant in spite of the form ation of cracks. It would be ex­
pec ted , howe\'Cr, that their form a tio n would ha\'(' a n 
importa nt role in fa ilure. Two spec ime ns were loaded to fa il­
ure a t the nominal r a te o f' 10 3 s I In one case the fa ilure 
load was 6.1 r-.rPa a nd in the other 5.8 MPa. The spec imens 
were e nclosed in clear vinyl plastic film to keep them inta ct 
aft er fa ilure. }<"ailure was abrupt and the video record of the 
tests showed that it occ urred by splitting a nd shear in the 
m a nner descri bed by Schulson (1990). Several yea rs ago, 
the a uthor conducted simil a r tests in a screw-dri\'en tes ting 
fr am e using the sam e type of ice. In thi s more compli a nt 
tes ting m achine, fa ilUl-e was explosi\'C a nd specimens di sin­
tegra ted into sma ll pa rti c les. Onc spec ime n was enclosed in 
clea r vinyl film a nd it remained intac t a fter f'a ilure. In thi s 
case, th ere was no splitting or shea r. Rather, it appeared 
tha t the g rain bounda ri es were a ll completely crac ked. 
Th ese obsen 'a tions, and the work o f Schul son, bring o ut 
the m a rked dependence o f'th e nature o f the fin al failure pro­
cess o n ice type, crac k d a mage, spec i m e n geometry, condi­
ti ons o f loading a nd the characteristics of the tes ti ng 
mac hine. For the brittle ra nge of beha \ 'iour, in pa rti cul a r, 
the tra nsition from r a ndom to non-ra ndom for the c rac k 
po pul a ti o ns may be a n important critni o n for failure. 

7. CONCLUSIONS 

Gra in bo undari es were fo und to be th e principal locati o n 
for c racks fo rmcd in co lumnar-grain ice stra ined to less tha n 

1 G 1 10 . a t a constant rate g reater than 7.8 x 10 s , by a load 
appli ed perpendicular to thc long ax is o f the grains. Unde r 
these conditi ons, prac ti call y all of th e g rain-bounda r y 
crac ks haw at least o nc edge at a tripl e po int. The propor­
ti o n o f g ra in-bounda ry cracks increases with increas i ng 
stra in ra te, decreasing g ra in-sizc a nd d ec reas ing tempe r­
ature, a nd is a ra ndo m va ri able fo r tes ts with the sam e 
concliti o ns of loading. It a pproaches 100% for a strain ra te 
of 10 :! s 1 a nd tempera ture of' - IO C. 

Th e di stribution in c rack lengths fo r the g rain-bounda r y 
a nd tra nsc rystalline crack populati ons is, with good confi­
dence, log-norm al. Thi s suggests that the stra in energy asso­
cia ted with the formati o n of the crac ks has, a lso, a simil a r 
di stri buti on functi on. Fo r strain ra te g reater than 7.8 x 
10 (j s \ the Lr-.rCL fo r both popul a ti o ns d ecreases with i n­
creas ing strain rate and dec reasing g rain-size a nd temper­
ature. The Lr-.IC Ls at a strain of a bo ut 6 x 10 1 and 
tempe ra ture of 10°C ha\'C a max imum be tween the slra in 
ra tes o f 10 :; a nd 10 fi S 1. In the ductile range ofbeha\'i o ur, 
they den -case with dec reas ing stra in ra te. For the brittle 
ra nge o f beha\'iour a nd to a strain of 6 x 10 1 at least, the 
LMC L is a random va ri able. This cha rac teri stic probably 
exte nds to la rgcr strains with increas ing ductil e behaviour. 

The principal diffe re nces between the g rain-bounda ry 
a nd tra nscrystalline c rac k populatio ns a re thc depende nce 
of' th eir rela tive number on grain-size, stra in rate a nd tem­
pera ture a nd , f'or a g ive n a mount of strain , the mean local 
stra in e nergy required for their forma ti o n. The dependence 
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of the crack ra ti os and leng ths on strain rate, g ra in-size and 
temperature is consistent with the processes for the forma­
tion of g ra in-bo undary cracks being, primari ly, those asso­
ciated with clas ti c a nd delayed elastic ani sotropy and stress 
singulariri es, particu larly a t g rain-boundary triple points, 
a nd, for the transcrystallinc c racks, those associated with 
di slocation processes. For the conditions of the tes ts, the for­
mation ofa crack was a manifestation ofa random sampling 
of preeu rsors a nd crack-form i ng processcs. 
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