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ABSTRACT. Tri axia l experim ents, at confinin g press ures in the range 0-
13.79 :'I1Pa, ha \ 'C been perform ed on glac ial ice co ll ec ted from [o ur ice bergs and one 
glacier. T es ts \\'Cre conducted a t stra in ra tes in th e ra nge of 5 x 10 -" to 5 x 10 2 S 1 

a nd a t fo ur tempera tures in the ra nge o[ IQ to - 16
Q
C . Depending o n tes t conditi ons, 

the ice fa iled by one offour poss ibl e modes: ductil e d efo rma tion, d ue to extensi\'e non
interact ing mic roc rac ks; fj 'ac ture a long a shea r pla n e fo ll owed by continuous or sti ck
slip sliding; large-sca le brittle fracture; and combin ed ductil e and shear-p lane frac ture 
and slip . T!l e stre ng th increased w ith dec reasing temperature, increasing strain ra te up 
to 5 x 10 3

5 1 and increasing confining I)ress ure a t the lower tempera tures . Th e 
- .) 1 ~ " :cl 1 . 

streng th at j x 10 - s was lower th a n a t 5 x 10 . s probably beca use ex tensIOn a nd 
interac ti on o[ microc rac ks is enh a nced a t the hig her ra te. Fo r higher confining 
prcssures a t - I QC , thc streng th d ec reased due to freez ing-point d epress ion. Th e ice 
from the different so urces exhibited differcnt mea n uni a xi a l compress ive strengths. Th e 
mean number of a ir bubbles pe r unit \'olume correla ted with th e mcan uni ax ia l 
com press i\'e streng ths a nd this may be the domin a nt facto r disting ui shing the streng ths 
of the ntri ous ice types . 

INTRODUCTION 

I cebergs pose a se ri ous hazard for o pera ti ons of ships a nd 
offs hore st ru ctures in cold oceani c reg ions, including tlt e 
North Atl anti c O cean. In 198 1 82, i\lobil Oil Corpor
a ti on, recogni zing the poss ibility o l"impac ts with ice bergs, 
fund ed th e first ph ase of a maj o r resea rch progra m to 

s tud y the ph ysica l a nd m("c ha ni ca l properti es of iceberg 
ice . The a im was to assess th e stru c tura l requirements for 
offshore reso urce d e\'c lopm ent off th e eas t coas t of 
C a nada. The stud y ill\'o lved th e co ll ec ti on of la rge 
qu antiti es of ice from a ground ed iceberg in L a brador 
a nd sma ll er a mounts from three icebergs in Greenla nd 
a nd a Greenla nd glacier. I mpac t tes ts, triaxia l tes ts and 
bea m-bending experim cnts werc performed on th e ice in 
th e la bo ra to ry . Th e d a ta from th e bea m-bendin g 
experiments, including an ex pla na ti on fo r the obse rved 
differences in fl exural streng th be twee n th e ice from the 
five different so urces, has been published (Gagno n a nd 
Gamm on, 1995 ). This pa per reports th e res u Its from th e 
tri axi al compon ent of the t("s t program and th e d a ta 
a na lysis supports th e pre\'ious expla na ti on for o bse l"\'ed 
differences in ice strength . 

SPECIMEN PREP ARA TION 

The fiel d program [or th e co llec ti on of the ice, a nd th e 
tra nsporta ti on of the ice to th e la borato ry, has been 
d esc ribed in detail (Gag non a nd Gammon, 1995) . 
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L a brador ice spec im ens used fo r triaxial tes ting were 
initi a ll y cored from th e remaining co rn ers o[Labrador ice 
bloc ks a fter impac t specimens had been ex trac ted. A 
th e rm a l-co ring device was utilized to produce a cylinder 
of di a m e ter 9.58 cm a nd a pproxim a tel y 26 cm length from 
each corner. Greenla nd tri axial spec im e ns were ex trac ted 
from full-siu blocks o [ C reenland ice . All specimens were 
gi\ 'en na t end faces by qui ck a pplica ti o n to wa rm metallic 
pl a tes w hile lodged in sid e a jig whi ch insured th a t th e 
ends we re mUlUa ll y pa ra llel. Samples we re then removed 
from th e jig, placed in plas ti c bags wi th mos t of th e a ir 
expe ll ed a nd la id in s torage a t a tempera ture o[ 
approxima tely - 26

Q
C. 

APPARATUS 

Th e first ten uni axia l tes ts were pe rfo rmed on a sma ll
cap ac i t y l\lTS load fra m e eq uipped wi th a 111.2 kI\ se rvo 
ra m. 

A ll o ther experiments were ca rried out on a la rger 
loa d fr a me des igned b y uni ve rsi t y tech ni cians a nd 
equipped \\ith a 667 .2 kN l\ ITS sen 'o ra m. Both system s 
were powered by a n l\ITS hydra uli c suppl y pump whi ch 
could de li ve r 1. 52 L s 1 a t 20.70i\fPa . 

The confinement cell (Stru ctua l Be h a viour Engin ee r
ing L a bo ra tories Inc ., Tri ax ia l Ce ll No . 6-1 2) was ra ted 
fo r 68.95 :\IPa inte rn a l pressure a nd equipped wi th 
elec tri ca l ports so tha t specimens cou ld be instrumented 
insid e lh e cell i[ necessa ry. The head o[ the ce ll was fitted 
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with a pi s ton ra m (Fig . I ) so th a t uniaxia l s tress co uld b e 

a pp lied to sp ecim ens insid e th e ce ll simulLa n eo usly w ith 

th e h ydrosta tic stress appli ed to th e sample throug h th e 

se pa ra te ly contro ll ed tri ax ia l co nfin e m e nt nuid. I n ord e r 

to condu c t ex perim ents a t th e required te mpe ra tures in 

th e la b o r atory whe re t h e la rge load i n g fi 'a me was 

situa ted , it was necessar y to inco rpora te a rcfi'igeratio n 

un it into th e sys tem. This w as acco mplish ed b y winding 

th e coo li n g co ils of th e re fri ge ra ti o n unit a ro und th e ce ll 

a nd th e rm a ll y in sula ting it fro m warm a ir a t a mbi e nt 

roo m te mpe ra ture . In this m a nn er , th e confin em ent cell 

tem pe r a ture was th e rmostat ica ll y contro ll ed a nd se t to 

th e d esired level ( ± I QC ) w itho ut requiring th e use o f a 
co ld roo m. Fo r bo th th e sm a ll e r a nd la rge r load-fra m e 

se t-ups, it was intended that tes ts be ca rri ed o ut a t 

cons ta nt s tra in ra tes . R a m positio n ve rs us Lim e was 

contro lled b y use o f a func ti o n ge nera to r. Consta nt ra m 

speed w as es ta b li shed b y using a li nra r r a mp fun c tio n o f 

spec ifi ed h e ig ht (spa n ) a nd dura ti o n as th e contro l 

sig na l. 

Regulated Pressurized 
Nitrogen Gas Supply 

liquid Pressure 
Medium 

Jacketed Ice Sample 
With End Platens 

Actuator 

/..,~~ 
Pressure Vessel 

Piston 

Extensometer 

Fig . 1. E rjJerimenLa! set-lljJ Jar triaria! collfinement Lests. 
E \LemaL cooling coils alld illsulatillg maLeria! Jar the 
confinement ~'es,le/ ([re !lot shown . 

Th e n o min a l s tr a in r a te fo r a g ive n test \\ 'as 

d e termined from th e lin ea r pa rt of th e s tra in \'s tim e 

cun'C fo r th e spec im en jus t prior LO fa ilure . Th e axia l 

stra in was m eas ured ove r th e ful l leng th o f a spec im en b y 

means o f a n ex tenso m e ter (Fig . I) fitt ed with eX Lend ed 

a rms, so th a t they co u ld be a LLac hed LO th e upper a nd 

lowe r p la te ns whi ch h a d bee n frozen Lo th e sa m ple ends. 

On th e sm a ller appa ra tu s, th e ex tenso m e te r o utput was 

co nve rted LO 0 10 V fo rm a t \ ' ia a n ad a pted co ndiLioning 

module (lVIT S 440,2 d, e, cond iti oner ) b e fo re tra nsfer to 

1 he d a ta -acq ui si ti on sys te m , For th e la rge r load-fi'a m e 

appa ra tu s, Cl D ay tro ni c m o d e l 770 cond itio n e r was used, 

S tra in m easurem ents w e re acc ura te to within ± 10
/ 0 

befo re a n y \ ' io!cnt e\'e nts, such as la rge-sca le frac ture, 

occ urred during a Les t. These events ca used sudd e n 

di sp lace m e nl at one end o f a sampl e lh a L wo u ld res ulL in 

sli p page o f th e ex tenso m e te r a rms on rh e e n d p la Lens a nd 

di sturba n ce o f th e o ri e nLa ti on o f th e ex te nso m e te r. 

Subsequ e nt stra in da ta wo uld q ua li ta ti ve ly reneCl th e 

beha\' io ur o f th e ice bUL th e a bso lute acc uracy wo uld be 

less th a n it w as b efore th e v io le n t even ts, 

Throug ho ut th e co urse o f th e progra m , two sepa ra te 

load cells we re used to de tc rmin e axia l st ress a ppli ed to 

th e specime ns, 1 ni tia ll y. a Oa t load ce ll S Lra inse rr mod el 

FL 25U -2SG ; 111 ,2 k:\ ) was situ a ted inside the tri ax ia l 

cell a nd spec im e ns res ted direc tl y on it in a \ 'e rti ca l 

pos itio n , P a rt way throug h th e tcs t progra m , howeve r, 

thi s ce ll m a lf'un c ti o ned a nd a n ex tern a l load ce ll (445 k.\T , 

Schae \'i tz Engi n eering. m od el FT A-6C- 1 OO K ) was pos

iLioned be tween the load- fra m e ra m a nd th e cell pi ston . 

The use o f a n eX Lern a lload crll necessi ta ted zeroing loads 

res ulting fro m th e tri ax ia l cell' s int ern a l fluid press ure 

befo re comm e n c ing tes ts, Thi s \I'as acco m p li sh ed b y using 

the load cdl 's cond iti oning m odul e (D ay t ro ni c mode l 

770 ), Duri ng tests, th e OULput fro m the load ce ll \I'as 

Lra nsmi t ted direc tl y to th e d ata-acquisiti o n sys Le m after 

co ndi li o nin g . Th e d a ta-acq ui si ti o n sys Lem was inte rfaced 

w ith a HP85 co mpute r w hi c h sto red th e d ata in 

a p p ropria te ly des ig na ted fil es o n m agne Li c ta p e. Bes id es 

record in g eac h da ta se t o n m agneti c ta pe, a grap h ic 

reco rd was o bLai ned b y utili z in g an ;..:, Y Y c ha rt 

reco rd er co nnec ted in pa ra lle l w ith the d a ta -acqui siti on 

system to g ive a n immedi a te \ ' isu a l displ a \ ' o f eac h tes t for 

cOI1\'en ient co nfirma li on of tcx t qua li ty . 

TEST PROCEDURE 

Pri or to tes Ling, eac h ice spec ime n \I'as ta ken fro m sto rage 

a nd cy lindri ca l coppcr pla te ns ( 102 mm di a m e Le r , 16 m m 

Lhi ck) we re f'rozen La iLs e nd s. Fi rst. th e sp ec im e n was 

pl aced in a snug -lilling j ig a nd th en la id cnd c1 0\1'I1 o n LO 

o nc of th e s li g h lly wa rm ed pl a lens w hi c h was th en 

a ll o ll'Cd LO freeze la th e spec im e n . I n this fas hi o n . a n y 

irreg ul a riti es b e tween ice an d p la Len we l' e e ntire h ' 

e limina led b y m e lLin g , Th e jig insured Lha t th e specimen 

ax is \I'as no rm a l lo th e p la te n face. :\ex l, th e sp ecimen 

was rem oved fro m the j ig a nd la id pi a Le n-down 0 11 to a 

horizont a l tab le. The sccond copper p la ten was th en 

m elted o n to th e top w hil e using a 1C'\ 'C 1 to insure 

para llelness b e tween end s. N ex L, two snug-fiL t ing rubber 

sleeves ( ~ r & L T es ting Equ ipm e nt Co . Ltd , m o d el \\'1-' 
11 090) we re s li d over th e specimen a nd sec ured to th e 

pl a tens wiLh e las Li c ba nd s. Th ese mcmbra n es prc \'ented 

th e tri ax ia l confining flui d fi'om com in g into direct 

co nl ac t w ith th c ice durin g tes Ling . This p rocedure took 

p lace a t a co mme rcia l co ld -room fa ciliLY. Th e spec imen 

was th en tra n spo rted in a lh e rm a ll y in su la ted conta ine r 

to \lem o ri a l U ni ve rsit \" s F ac ult y of En ginee rin g read y to 

be pl aced insid e th e tri ax ia l co nfinemenL cel l. 

\\,h en th e ice a n' in'd a t \1. U . .'\. Fac ult y o f E ng inee r

ing , th e ex te n so m e ter a rms w e re qui ckl y sec ured to th e 

spec imcn a t th e p la tens with c las ti c ba nds a nd th en th e 

full y prep a red sa mpl e was ca refull y 10 11'C red into thc 

Lri ax ia l co nfi ne m c nL ce ll to res t o n a spec ia ll y con struc ted 

sea L d esig n ed to cenLer the sp ec im e n rela li\ 'e to th e pi ston 

head of th e cri !. The head o f th e ce ll was th e n sc rewed on 

a nd th e sp ec i m e n was a llowed to therm a l ize (a pprox

im a lely 40 min ) to the tempe ra lure or th e co nlin emen t 

cell. Befo re p ress uri za li on of th e ce ll , th e load-fra m e ra m 

\I'as bro ug h L in LO co n LaC L w i Lh t he confin em e n t-c ell pi sto ll 

a nd ca refu ll y 1l1 00'ed down wa rd ulllil co ntac t \Vas li g htl y 
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es tablished with the ice specimen insid e. Contact was 
immedi a tely discernible from the digita l di splays of stra in 
and load. Confinement fluid (!luorocarbon refrige ra nt) 
comple tely fill ed th e confinement cha mber except fo r a 
sma ll space at th e top (Fig. I ), which was connec ted via 
hig h-pressure tubing to a bottle of compressed nitrogen 
gas equipped with a regul ator so that confining press ure 
inside the cell could be adjusted by simply choosing the 
appropria te regulator se tting. Confining pressure was 
accura te to within ± I %. After pressuri zation of th e 
confinemen t cell , the ram and piston were backed ofI' 
slightly from contac t with th e ice. During a test, this mad e 
it possible to observe and account for the friction du e to 
the O-ring seals in the confinement ce ll 's head, since th e 
frictional force wou ld appear as a distin ct inflection in the 
load vs time curve before specimen contact had been 
estab lished. Load measurements we re acc ura te to within 
± 1 % . O-ring fri c tion did not affect res ults when th e 
intern a l load ce ll was still in working order, since the 
intern al cell registered onl y the stress directly on the 
specimen. After the ram and piston had been backed off, 
proper se ttings were selec ted for ra m stroke and dura tion , 
and th e sta rt button was pressed to commence the tes t. 

After a tes t had been comple ted , the head of th e 
confin ement cell was removed and the sample with 
pla tens still a ttached was taken out. The pla tens and 
rubber membranes were th en removed and the sampl e 
was placed in storage to await photogra phi c docum ent
ation of its fa ilure mode. 

TEST SEQUENCE 

A total of 132 triaxial tests was performed during this 
progra m. One hundred La brador a nd 32 Greenla nd ice 
sampl es were tes ted. Th e triaxia l tes t pa rameters a nd 
mode of specimen fa ilure a re give n in T able I . In 
addition, a statistical summary of th e triaxial tes ts is 
presented in Table 2. In th e tables, tes ts on Labrador ice 
are listed before tes ts on Green land ice. The ordering of 
th e tests is first by d ec reasing tempera ture th en, for tes ts 
at the same temperature, by increasing confining press ure 
and th en, for tests at th e same tempera ture and confining 
pressure by decreasing strain ra te . 

REPRESENT A TIVE TRIAXIAL TEST 

The plots of stress minus cell pressure vs time and ax ia l 
strain v time, whi ch make up Figure 2, represent a 
typical tri axial test ( tes t 24.3 ) on a Greenland ice 
specimen conduc ted at - 11 °C with a confining press ure 
of 3.45 MPa at a strain rate of 2.3 x 10 3 S- I. Th e stress 
curve began at a va lu e sli ghtly less th a n zero. Th en , a fter 
th e ra m sta rted moving , but before the confinement-cell 
piston actually contacted the ice, stress increased sligh tl y 
to a pla teau which was defin ed as zero and which 
correspond ed to the fri ction of the O-rings in th e head of 
th e confinement cell. This small infl ec tion on the stress 
curve, due to O-ring fr iction , was present only when the 
extern a ll y mounted load cell was utili zed, since the 
intern a l load cell, when it was fun ctional , meas ured 
on ly stress on the ice spec imen. The stress rose rapidl y a nd 
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Fig . 2. Plots of stress minus cell pressure vs time and axial 
strain vs time Jor triaxial test No. 24.3. The test was 
conducted at a strain rate of 2.3 x 10 3 S I on Greenland 
ice at a temperature of - ll oe and a c01ifining pressure oJ 
3.45 NIPa . 

linearl y when the piston head made contact with the ice 
specimen. A max imum then occurred in stress, at whi ch 
point th e specimen fractured and sli pped a long a shear 
plane. The sudden forward motion of th e actua tor, 
implied in the strain record , led to reli ef of some of the 
elastic stress that had built up in th e appara tus and ice . 
Stress immediately rose again until a nother abrupt slip 
occurred , a nd then a noth er and so on. Duc tile fl ow a lso 
began to occur as the tes t progressed. This was manifested 
by th e d ecreasing slope of the stress curve which became 
more pronounced until finall y towards th e end of the tes t 
no furth er abrupt shear slips res ulted and a plateau was 
reached , signifying th a t du ctile !low and perhaps some 
smooth continuous shear slipping was responsible for the 
ice deformation. Th e stra in vs time plot refl ected perfec tl y 
a ll the ri ses and abrupt ch a nges which were present in the 
stress plot. The stra in reading reached a plateau after 
approximately 5 s. Th ereafter , the reading was no longe r 
meaningful because the extensometer arms had been 
extend ed to their limi t. 

RESUL TS AND DISCUSSION 

Failure Inodes 

Mecha nical failure of a ny parti cul a r ice specimen In th e 
progra m could be desc ribed by one of fo ur possible mod es 
(Fig. 3) . The first was brittle fra cture. One manifes ta tion 
of this was axial cleavage (Fig. 3a), where the sample 
broke a long one or m ore cracks which Ll suall y ran along 
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T est 
. \/0. 

Labrador ice 
1.1 
1.2 
1.3 
1.4 
1.5 
2. 1 
2.2 
2.3 
2.4 
2.5 
3. 1 
3.2 
3.3 
3.4 
3.5 
4. 1 
4.2 
4.3 
4.4 
4.5 
5. 1 
5.2 
5.3 
5.4 
5.5 
6. 1 
6.2 
6.3 
6.4 
6.5 
7.1 
7.2 
7.3 
7.4 
7.5 
8.1 
8.2 
8.3 
8.4 
8.5 
9.1 
9.2 
9.3 
9.4 
9.5 

10.1 
10.2 
10.3 
10.4 
10.5 
1 1. 1 
11.2 
11 .3 
11.4 
11.5 
12.1 
12.2 
12.3 
12.4 
12.5 
13.1 
13.2 
13.3 
13.4 
13.5 
14. 1 
14.2 
14.3 
14.4 
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Table 1. Triaxial test j)arameters. Key: • F,ji"actllre; PjSS, plasticjsitear- slij); P , plastic; SS, sitear- slij) 

Strellgth 

MPa 

4.18 
3.40 
3.64 
5.65 
5.28 

11.10 
10.40 
9.53 
9.67 

10. 77 
10.69 
1 1.22 
10.34 
9.90 
8.71 

10.82 
12.55 
10.29 
10. 16 
9.87 
8.00 
8.92 
8.08 
9.33 
9.02 

12.76 
12.84 
10.62 
12.85 
12.28 
14.58 
12.23 
13.20 
13.06 
13.03 
9.73 
5.22 
8.17 
7.80 
8.20 

10.79 
10.72 
10.84 
9.50 

11.88 
14.6 1 
15. 11 
14.02 
13.60 
15.86 
3.40 
3.20 
3.72 
3.63 
3.56 

1229 
12.32 
11.37 
13.59 
10.33 
14.20 
15.49 
11.59 
13.55 
11.10 
15.25 
11.14 
14.95 
12.59 

Confillillg Temperature Strain rate 
/Jressure 

\IIPa ' C x 10 " s ' 

0.00 
0.00 
0.00 
0.00 
0.00 
1.38 
1.38 
1.38 
1. 38 
1. 38 
3.45 
3.45 
3.45 
3.45 
3.45 
6.89 
6.89 
6.89 
6.89 
6.89 

13.79 
13.79 
13.79 
13.79 
13.79 

1.38 
1.38 
1.38 
1.38 
1.38 
6.89 
6.89 
6.89 
6.89 
6.89 
0.00 
0.00 
0.00 
0.00 
0.00 
1.38 
1.38 
1.38 
1.38 
1.38 
1.38 
1.38 
1.38 
1.38 
1.38 
1.38 
1.38 
1.38 
1.38 
1.38 
3.45 
3A5 
3.45 
3.45 
3.45 
3.45 
3.45 
3.45 
3.45 
3.45 
6.89 
6.89 
6.89 
6.89 

- 1 
- 1 
- 1 
- 1 

- 1 
- 1 
- 1 
- 1 

1 

- 1 
- 1 
- 1 
- 1 

- 1 
- 1 
-1 
- 1 
- 1 

1 
- 1 
- 1 
- 1 

1 
6 

- 6 
6 
6 

6 
- 6 

6 
- 6 
- 6 

6 
11 

- 11 
- 11 

11 
- 11 

- 11 
- 11 
- 11 

11 
- 11 
- 11 
- 11 
- 11 
- 11 
- 11 
- 11 
- 11 
- 11 
- 11 
- 11 
- 11 

- 11 
- 11 

- 11 
11 

11 
- 11 

11 
11 
11 
11 

- 11 

11 
- 11 

1.61 
3.33 
0.69 
1.52 
0.80 
3.84 
4.26 
3.99 
3.76 
3.78 
4.07 
4.55 
4.29 
4.36 
4.41 
5.21 
4.59 
4.96 
4.69 
4.76 
5.28 
5.23 
5.43 
4.32 
5.38 
4.20 
4.26 
2.34 
3.67 
4.34 
4.41 
4.86 
4.78 
4.65 
4.93 
1.68 
1.24 
1.39 
1.76 
2.07 

98.60 
82.70 
66.90 
5 1.90 
87.30 

3.88 
5.24 
4.39 
2.5·} 
1.27 
0.0422 
0.0441 
0.05 14 
0.0449 
0.0582 

71.90 
92 .20 
52.00 
85.70 

264.00 
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TeJ t 
. \ ·0 . 

Strellgth 

14.5 15.02 
15.1 15.64 
15.2 15.79 
15.3 16.86 
15.4 16.85 
15.5 15.11 
16.1 4.27 
16.2 5.08 
16.3 5.00 
16.4 4.90 
16.5 4.50 
17.1 16.28 
17.2 15.09 
17.3 14.64 
17.4 15.97 
17.5 12.88 
18. 1 16.88 
18.2 15.4·1 
18.3 16.23 
18.4 15.'[3 
18.5 16.10 
19.1 19.16 
19.2 19.48 
19.3 17.22 
19.4 19.34 
19.5 16.89 
20.1 2 1.32 
20.2 20.86 
20.3 17.56 
20.4 2 1.97 
20.5 16.86 

Creenlalld I ia 
21.1 8.4+ 
21.2 9.33 
21.3 8.7 1 
21.4 8.05 
22.1 16.26 
22.2 15.94 
22.3 14.98 
22.4 16A5 

Creelllalld 2 ice 
23.1 6.66 
23.2 7.26 
23.3 7.96 
23.4 7.23 
2+.1 17.14 
24.2 16.9+ 
2'f.3 16.88 
24.4 16.87 

Creell/alld 3 ice 
25.1 6.61 
25.2 7.67 
25.3 8. 10 
25.4 7.39 
26.1 19.04 
26.2 18.8 1 
26.3 18.32 
26.+ 17.52 

Greelllal/d 4 ice 
27.1 12. 14 
27.2 11.72 
27.3 10.05 
27.4 10.44 
28.1 17.1 4 
28.2 13.03 
28.3 19.26 
28.4 16.97 

COI!fillill,1!, T emperature Strain rate Failure 
/JrejjUfr mod,,· 

:'11 Pa C X 10 :1 s ' 

6.89 
6.89 
G.!19 
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6.89 
6.89 
6.89 
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Table 2. Triaxial test slatistics 

Data Strength Confining Slrain rate S/Jecime1l 
Set .\Jean Sld dev. /Jressure lemjJ. 

. \ '0 . 

MPa MPa MPa x 10 3 - I 
S QC 

Labrador ice 

I 4.43 1.00 0.00 1. 45 - I 

2 10.29 0.68 1. 38 3 .93 - I 

3 10. 17 0.95 3.45 4.34 - I 
4 10.74 1. 07 6.89 4.84 - I 

5 8 .67 0.60 13.79 5. 13 - I 

6 12.27 0.95 1.38 3.76 - 6 

7 13 .22 0.85 6.89 4.73 - 6 

8 7.82 1. 6:3 0.00 1. 63 - 11 

9 10. 75 0.84 1. 38 77.50 - 11 
10 14.64 0.89 1.38 3 .46 - 11 

1I 3.50 0.21 1. 38 0.0482 - 11 
12 I 1. 98 1. 2 1 3.45 75.50 - 11 
13 13. 19 1.83 3.45 4. 17 11 
14 13 .79 1.83 6.89 58.50 - 11 

15 16.05 0.78 6.89 4.2 1 - 11 

16 'U 5 0.35 6.89 0.0596 - 11 

17 14.97 1.34 13.79 32.00 - 11 
18 16 .0 1 0.6 1 13.79 5 .67 11 
19 18.42 1. 26 1.38 3 .99 16 
20 19.7 1 2.33 6.89 5.57 - 16 

Greenland I ice 

21 8 .63 0.54 0.00 1. 45 11 
22 15 .9 1 0.65 3.45 3.75 - 11 

Greenland 2 ice 

23 7.28 0.53 0.00 1. 54 - 11 

24 16 .96 0. 13 3.45 2.56 - 11 

Greenland 3 ice 

25 7.44 0.63 0.00 1.1 5 - 11 

26 18.42 0.67 3.45 2.02 - 11 

Greenland 4 ice 

27 I 1.09 1.00 0.00 1.54 - 11 

28 16 .60 2.60 3.45 1.99 - 11 

the aX Is o f the specim en. Brit t le fi-ac ture was also 
exhibi ted in some spec ime ns by a coa lescen ce of sma ll er, 
but substantial , crac ks th a t form ed a n a ppa rent wid e 
(se"era l centimetres ) shea r fault , inclined a t a ngles in th e 
ra nge of 20-40° to the ax is of the sampl e . Simi lar shea r 
fau lts have been obse rved before in po lycr ys ta lline fi 'es h
water ice (e.g . Rist a nd Murrell. 1994) a nd a re the result 
of co nfining stresses a t th e ends of the sa mples, due to th e 
end p la te ns, which prf'v(' nt ax ia l cleavage . Brittle fi-ac ture 
by eith er ax ial clea"age o r wide shea r fau lting is referred 
to below as the frac ture m od e. The seco nd failure mod e 
was du ctil e failure, desig na ted as pl as ti c (Fig . 3b). Th e 
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sa mpl e was loaded 10 a max imu m va lue and began to 
deform du ctil e ly, prima ril y b y mi croeracking, because 
confining pressure prevented la rge britt le fr ac tures . The 
third (a ilure m ode \Vas shear-sli p (Fig. 3c) , whe re the 
specimen initiall y fractured a long a shea r p la n e a nd then 
slipped a long the pl ane. In th eo ry, an a ng le of 45° will 
yield th e m ax imu m shear fo rce per unit a long a pla ne 
passing through a cylind er experienc ing unia xi a l stress . 
This was verified , in practice, for a number of samples 
which fa il ed in thi s manner but it was more common for 
the shear plan e to be incli ned a t a ngles in the ra nge of30-
45° to the sample ax is. Finall y, there was combined 
plas ti c a nd sh ea r slip fa ilure (Fig. 3d ), designated as 
plasti c shea r- slip . 

Figure 4 sh ows the stress a nd strain records corres
ponding to the four tes ted sp ecimens shown in Fi g ure 3. 
Figure 4a illu strates the characteristics of fracture fa ilure 
where th e load rises in a fairl y linea r fas hi on to a peak 
value a t which point the sample fa il s. Th e sample ca nnot 
support a n y signifi cant load after the fai lure. A ll uni axial 
tes ts res ulted in th e fi-acture mod e of fa ilure. 

Figure 4b shows cha racte ri sti cs of plas tic fa ilure. Load 
ri ses fa irl y linearl y a t first and th en the slope d ec reases as 
the plas ti c failure initi a tes . A rounded maximum peak 
"alue is a tta ined , a fter whic h the load decreases smoo thl y 
to a fa irl y constant value a t thc higher strains . In ge neral, 
the differen ce between th e height of the peak a nd th e 
stead y load at the higher strains decreased as s tra in rate 
dec reased , temperature increased a nd confining press ure 
increased . The res ulting defo rma ti on was evid ent as 
radi al ex p a nsion of the sa mpl e, sometimes uniform and 
a t other times more pronounced in certain a l-eas, e.g. 
Figure 4 b sh ows morc exp ans ion a t the bottom of the 
specimen than at th e top . This ductil e deform a tion of ice, 
a ppa rentl y ca used by ex ten sive non-interac ting micro
crack ing, has been obseryed by others (e.g . J o n es, 1982; 
Ri st and Murrcll , 1994). During tests where pl as ti c failure 
occurred , in th e present study, microcracking could be 
heard. 

An example of shea r slip failure is illustrated in Figure 
4c . In this tes t, the load rose linea rl y to a peak " a lue at 
which po int an a brupt shear frac ture and slip occ urred , 
followed by som ewha t erratic sm a ll-amplitud e va ri a ti ons. 
The latter indica ted fa irl y con ti n uous sli ppage a long the 
shea r pla ne with small-amplitud e va ri ations, poss ibly due 
to slight stick-s lip beha"iour, in shea r stress during the 
slidi ng. I n gen eral , for tests conducted at - 11 °C , 5 x 10 2 

S I stra in rate a nd a t 6 .89 a nd 13.79 MPa, th e load 
followin g the initi a l slip was sig nifi cantl y lower tha n the 
initi a l peak if th e shear pla ne did not intersec t one of th e 
end pla tens. In cases where th e shea r pl a ne did in tersect 
with a pla ten , multiple sh ea r pla nes developed, para llel 
a nd /or orthogon a l to each other, a nd the load after the 
first slip could p eak to va lues of the same m agn itude or 
even hig her th a n the first peak. For the sh ear sli p tes ts 
conducted at lower confining pressures (other p ara meters 
the same) , the load reco rd was similar to Fig ure 4c , but 
much sm oo ther after the initi a l fracture. Following th e 
peak stress, the load dropped sha rpl y and th e n follow ed a 
fairl y smooth c urve that appeared to a pproac h asy mptot
icall y som e low constant valu e. Smooth and continuous 
slippi ng was a lso renected in the stra in data. In th e fi gure, 
th e sli ght a nomalous nega tive read ings , a ppearing a t 
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a b 

c d 

Fig. 3. l:wIIIIJLl's oj each O'IJI' oj ice jailllrt,. (a) Fracture. Test, \"0. 23.4. see jiarallleters ill Table I: ( /; ) Plastic . Test 
.Vo. 6.2; (e) Shear- stili . Test. \ '0. 14.5: (d) IJlastir/sheal stilJ . T est ,\ '0 . 28.';. 

a bo ut 0. 27 s in rhe stra in reco rd , a ri se ri 'om oscill a ti o ns o f' 

th e ex te nsome ter due to th e initi a l bum p of' th c pis to n 

w he n it m a kes contac t with th e sam p le . Sh ea r slip tes ts, 
a t - 1 ' C, confinin g pressure of' 1.38 \1 Pa a nd at a s tra in 
ra te o f 5 x 10 ~s I , sh owed no sh a rp initi a l pea k a t a ll 

a nd th e load and stra in records looked ve r y simil a r to th at 
of p las ti c fa ilure, as in Figure 4b . Sh e;.\!- slip type fa il ure 
h as b ee n o bse rved in g ra nul a r f'r es h -watcr ice at 

tempe ra tures belo ll' 78°C (Du rha m and others, 1983 ) . 
in sea ice a t 10 C (Sa mmonds a nd o th ers, 1989 ) a nd 

g ra nul a r fres h-\\'a tcr ice a t 40 ' C (Ri st a nd \l urre li , 

1994) . I n only onc insta nce did lIT o bse rw' shea r sli p 
acco mpa ni ed by la rge second a ry ax ia l c rac ks, simil a r to 
th a t o f R ist a nd ~Jurrell ( 1 99 1~ ) . This m a)' ha\'c res ult ed 

ri-o m a lea k in th e rubber memb ra n es surro undin g th e 
spec im e n; howel'e r , a t th e lime, th e di sca rd ed mem bra nes 
we re n o t ca refull y inspected to confirm this, a nd th e 
confin ing Ouid wo uld IU11'e l'\'a po ra ted fro m the sp ec
im en. The load reco rd for th is tes t was a lso a noma lo us in 

th a l th e \ 'a lue towa rd s th e us ua ll y sta ble reg io n nea r th e 
end o f' th e tes t II'as onl y a b o ut 50(1.) of' th a t o f' o th l''r tes ts 

co nd uc ted w ith th e sa me tes t pa ra meters. 

F ig ure 4d ill ustra tes pl as ti c/shea r slip rililure . Load 
increased linea rly to a pea k I',du e al w hi c h point th e 

sa mple f'rac turecl and slipped a long a shea r p la ne. Load 
immedi a te ly bega n to acc u m ul a te to a no th e r pea k \'a lu c 
where a n a b r upt shea r slip a long th e p la n e occ urred 
aga in . This pa u crn repea tcd itse lfl;lirl y reg ul a rl y until in 

th e latter ha ll' o r the tes t c un',llure bcca m e e l 'id elll in th e 
load ri scs, indi catin g pl as ti c fililurc within til e bu lk 
spec imc n a nd possib ly co ntinuous sli ppage a long th e 
shea r pl a n e . Success il'l' load pea ks we re o ft e n as hi gh a nd 

so me tim es e\T n hi gher (Fig. 4d ) th an prcl'i o us o nes in the 
sa me tes t! Th e max imum pea k co uld occ ur an YlI'here in 
th e reco rd . Th e multiple-s lip p henomeno n , a nd rema rk

a ble l-cco \'e r ~ ' of streng th w ith success il 'e s li ps . has bee n 
obse rl 'Cd Iw o th ers (e.g. Durham a nd o th e rs, 1983 ). 
Th oug h n o t cl ass ifi ed as p las tic/shea r slip , th e re lI'ere a 

533 
https://doi.org/10.3189/S0022143000034869 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000034869


J ournal oJ Glaciology 

24 ~----------------------------------~ 

20 

16 
';;;' 

~ 12 
~ 
~ 

8 ell 

4 

0 

20 

16 
~ 

<'> 

's 
12 ~ 

.S os 
!:l 
ell 8 

4 

0 

24 

20 

16 
';;;' 

"" 6 12 
~ 
" !:l 

8 ell 

4 

0 

20 

16 
~ 

<'> 

's 
~ 12 

.S 
os 
!:l 
ell 8 

4 

0 

a 

c 

(Stress) - (Cell Pressure) vs Time 

2 3 5 

Time (s) 

(Stress) - (Cell Pressure) vs Time 

Axial Strain vs Time 

0.1 0.2 0.3 

Time (s) 

~ 

0.4 

6 7 

0.5 

24 r-------------------------------------, 

20 (Stress) - (Cell Pressure) vs Time 

16 

~ 12 
~ 
" Jl 8 

4 

o 
20~~~~~~~~;=========~ 

Axial Strain vs Time 
16 

0 

3 4 6 7 

Time (s) 

b 

24 

20 (Stress) - (Cell Pressure) vs Time 

16 
';;;' 

~ 12 
~ 
" !:l 

8 ell 

4 

0 

20 

Axial Strain vs Time 
16 

'" '0 ,.., 
12 ~ 

.5 
os 
!:l 
ell 8 

4 

0 

0.6 
2 3 4 6 7 

Time (s) 

d 

Fig. 4. Plots of stress minus cell pressure vs time and axial strain vs time Jor the triaxial tests shown in Figure 3. (a) 
Fracture. T est No . 23.4, see parameters in T able 1; (b) Plastic . Test No . 6.2; (c) Shear- slip . T est No. 14.5; (d) 
Plastic /shear-slip . T est No . 28.4. Strain records are not meaningful aJter theflat plateau is reached. T he slight anomalous 
negative readings, appearing at about 0 .27 s in the strain record oJ Figure 4c, arise fi'om oscillations oJ the extensometer due. 
to the initial bump oJ the piston when it makes contact with the sample. 

cou pIe of plas tic tes ts w here the load curve was typi cal for 
plas ti c fa ilure but the samples exhibited a ra ther thick 
(approximately 1 cm ) shear plane. The ice in the pla ne 
was highl y deformed , whereas the res t of the specimen 
was rela ti vely undeform ed. One of these experimen ts 
belonged to the - 11 cC, 6.89 MPa, 5 x 10- 5 

S- l tes t series 
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and the o ther to the - 11 cC , 3.45 MPa, 5 x 10 3 S- l test 
series. For each shear- slip tha t occurred during plas ti c/ 
shear-s li p tes ts th ere was a lo ud audibl e bang . 

Figure 5 shows the typ es of failures th a t res ulted 
th ro ugho ut the ranges of confining press ure a nd stra in 
rate [or tes ts at - 11 °C. All uniax ial experiments fail ed in 
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Fig . 5. PLol oJ all experillletlls /Je1jormed al - I rc, indicatillg the slraill rate, confining pressure and the [y/x oJ Jailurefor 
each test . 

fr ac ture. Plas ti c f~l ilure was cI·ident in th e 5 x 10 3 s 1 

stra in-ra te reg ion a t a ll co nfining press ures, exce pt 
0 .0 "-iPa, a nd a t the t\·\·o confining press ures w here tests 
were conduc ted a t 5 x 10 :; s I . Plas ti c/shea r slip oc
curred in th e 5 x 10 :J S 1 s tra in-ra te ra nge a t confining 
press ure in th e ra nge o f 1.38 6.89 :-fPa . S hea r slip 
occ urred in the 5 x 10 2 S 1 strain-ra te regio n a t a ll 

confinin g pressures, except 0 .0 MPa . and in th e 5 x 10 3 

S 1 stra in-ra te region a t a confining pressure of 3. L~51"IPa . 
Pl as ti c, shea r- slip a nd pl as ti c /shea r- slip we re ev ide nt a t 
th e conrinin g press ure of' 3.45 MPa in th e 5 x 10 3 S 1 

s tra in-ra te ra nge . 

General features of the data 

The trends in the d a ta can be sta ted as fo ll o \\·s . There was 
a consistent inc rease in th e streng th of th e ice with 
d ecreas ing tempera ture. Fo r example, La brad o r ice tes ted 
a t a cell press ure of 1.38 :-1Pa and stra in ra te o f' 5 x 10 3 

S 1 ex peri e nced a 79% in c r ease in streng th o\,er the 
temperature ra nge I ° to 16 °C (Figs 6 a nd 7) . There 
was a lso a n in c rease in stre ng th with confining pressure 
fo r ice a t th e lo wer tempera tures (Figs 6, 7 a nd 8 ) . Oth ers 
(e .g . J ones, 1982; ~ l urre ll a nd o th e rs, 199 1) ha lT 
o bserl'ed a n inc rease in s tre n g th of polyc rys ta lline ice 
w ith confining press ure in th e pressure ra nge here. 
La brad or ice tes ted a t - 11 °C a nd a stra in ra te of 
5 x 10 3 S 1 ex pe ri ence a 105% increase in streng th as 
co nfinin g press ure in creased fr om 0 to 13. 79 ~IPa . 

H owel'e r, fo r wa rm er ice (- 1° C ) , a no ti ceab le wea kening 
occ urred a t th e hi gher confining press ures (Fi g . 6) . This 
was attributa b le to th e freez ing-point depress io n which 
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Fig . 6. FOllr /)Iots rif strength milllls cell /msslIre vs cell 
prwureJor triaxial tests all Labrador ice al ([ sl1'aill rate of 
5 x 10 3 

S I alld al lem/malures ral/gillg ji'01ll r to 
IO"C. Each poinl re/Jresenls lite meall oJ fwe les l> alld Ihe 

corres/JOllding enor bar rfjJl'esenls the standard error in tlze 
mean. Standard error is equal to Ihe slandard deviatioll 
dillided b)' the square rool oJ the sampLe size . Dala from 
If rockiasalll] and others (1983), and Gammoll alld olhers 
( 1983) , !tave been plol/edJor com/)arisolZ. 
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Labrador ice at a strain rate oJ 5 x 10 3 , l 

res ults from confining pressure a nd which wou ld ha \'e a 
no n-n egli g ible effec t onl y on ice nea r the freez ing point 
( i .c . 1 QC) . Th e decrease in streng th w i th hi g her 
confining prcss ure a t I QC a nd o \'era ll sha pe of th e data 
trend at th a t tempera ture ( Fi g. 6 ) a re sugges ti ve of the 
teardrop-sha ped fa ilure envel o pe proposed b y )J adreau 
a nd .\Iichel ( 1986) . 

The inc rease in streng th with increasing confining 
pressure a t the low confine m e nt end , a nd the relative 
ind epend ence of strcngth on in c reasing confine m ent at 
th e higher co nfining press ures, a r e di stinc ti ve fea tures of 
the data . They suggest that a fr ic ti ona l sliding m echan-
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Fig. 8. Plot oJstrength minlls cell jJressllrefor triaxial tests 
all Labrador ice at a temperature rif ~ I re: and a strain 
rate of 5 x 10-3 

S l Also s!town are the strength values for 
the fOllr tyjJes oJ Greenland ice at two confining jJressllres . 
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ism , fo r exampl e, the one proposed b y Schu lso n and 
o th e rs ( 1991 ), con tro ls the behav io ur at lo w confineme nt 
a nd th a t plas ti c processes (disc ussed by Duval and others 
( 1983 )) gove rn th e behaviour at hig h confinemen t. 

The strength of the ice was found to d epend strong ly 
on stra in rate . F o r L a brador specim ens a t ~ ll oC , ice 
streng th was predi c ta bl y lowes t for tes ts at 0.05 x la 3 S- I 

(Fig . 9 ) . On th e o th e r ha nd , ice tes ted a t 50 x 10- 3 
Si, 

thoug h g reater in strength than the 0.05 x 10 :I S 1 tes ts, 

was lo we r in streng th than ice tes ts a t 5 x 10 3 
S I . Such 

beh av io ur has not b ecn obse rved in other triax ia l 
exp eriments on fi-esh- water ice (e.g. j o nes, 1982; Murre ll 
a nd o th e rs, 199 1), sugges ting a di sti nc t difference in the 
beh aviour of glacia l ice from ice grown in th e labora tory. 
The beh aviour in th e present stud y can be ex pl a ined by 
viewing the chart records for th e tests . They indi cate that 
a t 5 x 10-3 

S- I bri ttl e behaviour (i .e. form a ti on of sh ea r~ 
slip pl a nes) generall y occurred at hi g her stress than in 
tes ts a t 50 x 10 3 

S I . H ence, th e ice tested at 5 x 10-3 
S- I 

usual! y a pproac hed or reached i ts highest possi ble 
strength and th en yield ed duc tile ly whil e th e high er 
strain ra tes precipitated brittle frac ture in th e specime ns 
before th e test go t ver y far into the duc til e regime. In 
uniaxia l compress ive tes ts, in the sam e range of stra in 
rate, Cole ( 1987 ) and Schulson ( 1990) observed a 
d ec rease in streng th as strain ra te inc reased. Schulso n 
( 1990) disc ussed this in terms of competiti on between 
tensil e stress build-up and stress relaxa tion at wing-crac k 
tips. Th e former dominates a t the hi g her stra in rate so 
c rack ex tension is facilitated. At lower strain ra tes, stress 
relax a ti on a t th e c rack tip dominates a nd crack ex tensio n 
is su ppressed. 
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Fig. 9. Three jJlots oJ strength minus cell jJreSSllre vs cell 
jJressure for triaxial tests all Labrador ice at a temperature 
oJ Ire and stmin rates ranging from 5 x 10 5 to 
5 x 10 2 S- l Datajrom Nadreall and j\!1ichel ( 1987) and 
[,(lc/zance and Michel ( 1988) have been plot/ed Jor 
comparison. 

Fro m Figure 5, it a ppears th a t th e stra in ra te at wh ic h 
the transition fro m duc tile to brittle behaviour occurs 
in c reases with confining press ure. Thi s is consistent with 
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th e beha \ 'iour o n e mig ht ex pec t from th e wing -c rac k 

mod el of Schul so n ( 1990 ), sin ce a co nfinin g stress w o uld 

d ec rease the sliding \ 'elocit ) o f th e fa ces of the primary 

crac k, This co uld lo wer th e ra te o f tensil e stress build-up 

in th e regio n o f wing-crac k tips to leyels belo\l th a t 

required for c rac k extension, Th e samples tes ted in this 

p rogra m , howe \ 'e r , were not in spec ted for the prese n ce of 

wi ng crac ks, 

\\' he th e r th e a ppa rent drop in stre ng th o r th e 

L a brad o r ice a t a confinin g press ure o r 3,45 l\IPa (fi g , 

6 ) , pronoun ced a t - ll oC a nd sli g ht a t I C , is a rea l 

ph enomen o n o r a n artifa ct o f' th e se lec ti on 0 [' ice sa mpJrs 

is not certain, \lo re ex perim e nt s \I'o uld be reCJuired to 

reso h-e thi s, 

Frictional behaviour and activation energy 

Th e fri c tional be haviour dur ing shca r-sli p cvc nt s o f ice 

th a t fa ilcd in th e pl as ti c/shea r- s li p m od e \\' as \T r ) simil a r 

to th a t rcpo rtcd b) Rist a nd \lurre ll 1994 l. :\ sa mpling 

o f shea r a nd no rmal stresses, co rres ponding to s ti c k slip 

m ax ima from sc\ 'C ral tes ts spa nning th e rull te mperature 

ra nge of the data, was found to a g ree \\' ith th e fi' inio na l 

re lati onship re p o rted by Ri st a nd \Iurrcll ( 1994) , i, e , 
T = 1,5 X 0'0,65, whe re T and 0' are th e shea r s tress a nd 

no rm a l stress o n th e shea r pl a ne , 

Beca use a sig nifi cant am o unt o f e nergy \\'as di ss ipatf'd 

in th e shea r p la ne during a sli p e\T nt in Cl p la sti c /shear 

sli p tes t, it is likel y tha t melting, res ult ing fro m fi 'ic ti o n 

a nd possibh- press ure melting o n as pe riti es. occ urred, The 

ene rg y diss ipa ti o n durin g a typi ca l shea r slip e \T nl. in a 

tes t such as th a t illll stra ted in Fig ure 4d, can be calcul a ted 

from es tim a tes o f fo rce . obtain ed fro m th e stress reco rd s, 

and di splacement , ta ken fi 'o m th e strain reco rd s a nd 

pho tographs o f tes ted samples , The ex tcnt o r slippage per 

e\ 'C nt is approx im a teh- O,6 mm, The shea r stress during 

th e slippage, a ss um ing th e shea r pl a ll e is at '~5 a nd ta kin g 

th e d ifferent ia l s tress in the sample during th e slip as th e 

s tress midway b e twee n th e peak and minimum stress 

durin g th e slip , is t)' pi ea lh' 4\ IPa. H ence . th e sh ea r fo rce 

multipli ed b y th e di sta nce o f th e slippage y ie ld s th c 

e nergy diss ipa ted. approxim a tel y 25 J This am o unt o f' 

en ergy co uld create a layer o f' liquid a t the shear plane 

t h at Il'as a ppro ximate ly 7/lm thi c k, At th e 10\I'cr 

te mperatures, rcfi'Cez ing o f melt a f't e r a shea r slip \\'o u ld 

e na ble th e ice sa mple to regain its o ri g inal stre ng th, Th e 

prese nce of lubri ca ting melt co u ld a lso expl a in w h y th e 

sh ear slippage fo r th e tests condu c ted at th e hi g h es t s tra in 

ra tes ( Fig . 4e) was not of a pron o u nced sti ck si i p n a tu re. 

I n th a t case , th e no min a l ac tu a to r speed a nd s tiflil ess o f' 

th e ice /appa ra tu s sys tem did n o t a llo,,' 10 1\' e no ug h 

re la ti\ 'C speed s b e tw ce n th e two fil ces of th e shear plane, 

o r long eno ug h tim e durati o ns if' th e slippa ge m o m en

taril y s to pped , fo r refreezin g a nd hea lin g to occ ur. 

Sim il a rly, fo r th e shea r slip tes ts cond uc ted a t I C , th e 

ice was no t sufIi c ie nth' co ld to ca use rapid e no ug h 

re freez ing o f m e lt to bond th e s urf~lces. I t is int e res tin g 

th a t liquid-la yer thi ckn esses . o f' simil a r m ag nitud e 

( < 20 /lm ), hel\ 'C bee n d etected at the ice/stee l intcrface 

wh en single c rys ta ls of fi Tsh-water ice ha \ 'C bee n crushed 

aga ins t a n ins trum e nted sta inless s teel plate n at 10 c: 
(G agnon , 1994·) . 

I n thi s tes t prog ra m, d a ta \I 'C IT no t obtain ed a t a 

broad e no ug h ra nge 0 [' te mpera ture a nd stra in ra te to 

pe rmit ca lcul a ti o n o f a n ind epend ent ac ti \'Clli o n en e rgy , 

H owe\'e r , fo r th e purpose o f co mpari so n , a se mi

ind e pe nd ent ",du e was d e tCl'min ed. Th e filluili a r po \\'e r

la \\' c ree p eq ua ti o n for ice is 

E = AO''' exp - ~ 
RT 

(1) 

whe re n a nd A a rc m a teri a l consta nts, 0' is th e diffe re nti a l 

stress . Q is th e act i\ 'a ti o n energv. R is th e mo la r gas 

co ns ta nt a nd T is th e a iJso lute tempe ra ture, The s tead y

sta te s tress data [i'o lll th e tes ts th a t fa il ed in th e pl as t ic 

m o d e, co rres po nding to 6 .89 .\ IPa thro ug hout th e fu ll 

te mpe ra ture ra nge , \I'e re leas t-sq uares fitteci to Equa ti o n 

( I ) ass umin g a \ 'a lu e o f n = +.2 fro lll Ri st a nd .\[ un'e ll 

( 199+ . Th e fit \I 'as exce lle nt \R 2 > 0.99 J a nd th e 

ac ti\ 'a ti o n energy o bta ined Il'as Q = 10 1 kJ mol I . Th e 

\ 'alu e is hi g'h compared to th a t o f o th e rs (e.g , Ris t a nd 

.\l ulTe ll ( 1994): Q = 6 9 ~J m ol I ; Buclcl a ndJac ka ( 1989 ) : 

Q = 72 kJ mol I; Sinh a ( 1978 ): Q = 67 kJ mol I ) eorres

po ndi ng to tem pe ra t ures a t o r below 10 C. A hig h \ 'al ue 

is to be ex pec ted , h O\ \'C \'lT, since ha lf th e d ata points used 

f(Jr th e prese nt ca lcul a ti o n co rrespond to tempe ra tures 

a bo \ 'C 10°C. Oth e rs ha \ '(' fo und hi g h \'a lues fo r th e 

act iva ti o n energy a t te m pe ra tures a b O\'C 10"C (e.g. 

Barn es a nd o th ers, 197 1) a nd this has bee n a ttribut ed to 

th e prese nce of liquid a t g ra in bo und a ri es , Th e sam e 

effec t a pparent ly o p e rat es at lower te mperatures II'hen th e 

co nfinin g press ure is s ufTi c ienti y hi g h . A n du e close to 

o urs w as fo und b )' Durh a m a nd o th e rs ( 1983 fo r tri a xial 

tes ts o n ice pe rf(l rm ed O\T r th e tempera ture ra nge of 15 

to 30 C: , a t a confinin g press ure 0 [' 50 \IPa. Th e hi g h 

a Cli\'a ti o n energy (7'1 = cl, a nd Q =9 IkJm o l l
) \\' as 

a ttributed to g ra in-bo undar y so ft ening assoc ia ted \I' ith 

th e prese nce ol'liquid a t g ra in bound a ri es . ,\ pa rt fi 'o m th e 

hi g h te mperat ure e fleCl o n our ca lculatio n o f' a cti\ 'a t io n 

ene rg \ ', \IT spec ul a te th a t a no th er g ra in-bo und a n ' effec t. 

namely. th e reducti o n o f c rac k- init ia tin g stresses a t g rain 

bo uncl a ri es du e to intrag ra nul a r a ir-bubble inclusions, 

di sc ussed beloll' ma\' h a\'C influencecl o ur \ ',tiu e. 

Strength characteristics of the ice types 

At II C and a stra in ra te of'5 x 10 J s I. Grec nl a ndl ce 

a t a confinin g press ure o f 3A5 .\IPa \I'as in \'a ri a bh' 

stro nge r th a n La bra d o r ice Fi g. 8 ) Ilnd e r co rres po nd i ng 

conditi o ns, .\ t zero confinin g p ress ure. ice fi'o m so urces 

G 3 and G 2 lI' as a ppro x im a tely 6'Yo lower in streng th than 

La bra d o r ic t' II'hile ice from so urces G I a nd G 4 was 

di s tin e t l\' hig her in s tre ng th , 10'% a nd ' ~ 2'Y.1. res pcni \'l' ly 
( Fig . 10 ) , 

Fo r Gree nl a nd ice, \I 'hi ch \I'as relati\ 'C ly fiTe or cracks, 

th e re appea red to b e a n im'C rse corre la ti on be t\I'('e n 

u lli a xi a l and tri ax ia l s tren g th . Fig ure B indicat es th a t ice 

" 'hi c h \I'as II'('a k a t Z lTO co nfinin g pressure benefit ed th e 

m os t in streng th II'h e n co nfinin g pressure ,,'as a ppli ed, 

Thi s p a ttern \I 'as bl'oke n fo r Labra d o r ict' poss ibl y 

beca use or it s re la ti\T ly hi g h d e nsit y o f' crac ks. Th e 

p resen ce and di stributi o n o r bubbl es, d isc ussed be low , 

ma y be res ponsible fo r th e phenom e no n in Grce nla nd ice . 
In ge neral , th ere \\' as ro ug h ag ree m e nt in trends a nd 

a bso l u te \ 'a lu es be t \\' ee n th e prese n t res ults a nd th ose 

fi 'o m oth er uni ax ia l a nd tri ax ia l ex pe l' im c nt s on ice b e rg 
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Fig. 10. Chart oJ uniaxial strenglh JOI GreenLand and 
Labrador ice tested at a temperature oJ J rc and a strain 
rale oJ 10 3 S l On each vertical bar the dark horizontal 
line through the hatched area rejJresell ts the mean value ~f a 
set oJ strength data and Ihe correJjJonding hatclzed areas 
rejJTesent the standard error in the mean. 

ice. Ex tra pola ting our res ul ts to acco unt for th e 
differences in tes t conditi ons, indica ted ro ug h agreement 
with th e uniaxial tes t da ta of Arocki asa m y a nd others 
( 1983 ), Gammon and o th ers ( 1983 ) and Nadrea u and 
Michcl ( 1987 ) (Figs 6 a nd 9 ) . Simila rl y, the da ta of 
Nadrea u a nd Michcl ( J 987 ) , for te ts a t confin ed 
press ures, were rou ghly co mpa ti ble with our d ata (Fig. 
9) . T he mea n uni ax ial compressive strengths of ice from 

three di ITerent icebergs , dete rmin ed by Lacha nce and 
M ichel (1988), we re perhaps th e exception, in th a t two of 
th e values we re quite low compa red to our value (Fig. 9) . 
C uriously, their va lu e (4.4 MPa ) for ice ob tained fro m the 
sa me Labrador iceberg referred to here was consid e ra bly 
lower than o ur value (7.82 MPa ) . ' Ne have no expla n
a ti on for this. 

Th e unconfin ed compressive st rength of th e ice berg 
a nd glacier ice studied here is greater th an co lumnar 
pond ice (Gamm on and others, 1983 ) and fres h- wa ter 
g ra nula r ice g rown in the la boratory (Schulso n a nd 
Cannon, 1984; Cole, 1987 ) with g rains of co mpa ra ble 
size. Granu la r ice with sm a ll g ra ins is stron ge r in 
unconfined compress ion th an th e icebe rg and g lacier ice 
tes ted here, except perhaps the Greenland 4 ice. This is 
th e res ult of th e inve rse d epend ence of unco nfined 
compressive stre ng th on grain-size (Cole, 1987 ), since 
iceberg ice is gen era ll y composed of la rge gra ins (Gagnon 
a nd Gammon , 1995 ) . 

Influence of air bubbles 

V a ria tions in p oros i ty, grain-size a nd shape, crack d ensity 
a nd ori enta tion , a nd preferred crys ta lJ ogra phic c-axis 
o rien ta ti on a ll p lay some role in d etermining the stre ngth 
of ice. However , no una m biguous co rrela ti ons of streng th 
wi th these p a ra m e ters we re id e n tifi a ble fro m the d ata. 
An a lysis of the bubble popula tio n, on the other ha nd , 
d emons tra ted th at the dominan t fac tor diITeren tia ting the 
uni ax ial streng ths of the four G reenland ice typ es is the 
bu bble density, th a t is, the number of bubbles per unit 
volum e. The d e ta il ed ice cha rac teri zati on data (T a bles 3 
a nd 4) of G agn on a nd Gammo n ( 1995 ), whi ch in cluded 
a ir-bub ble dim ensions and fractional poros ity meas ure-

Table 3. lee-characterization dala (Gagnon and Gammon, 1995) 

Ice £),pe and AIean grain Std del'. .\ Ja.\ imullZ AIulII long and Sld del' . jUaxinwm Bubble density Preferred c-a;yis Grain 
orien/tt/ioll diameler absured grain shorl bubble observed bubble orienlalioll elongatioll 

diameter diameler diameler 
mm nlnl mm mill mm mm # mm 3 

Gl 9.16 5.73 31.63 0.38 0.28 1. 20 1.30 \ Ioderate Sligh t 
GI P 3.96 1.77 10.75 0.33 
GI PP 12.95 5. 17 25.64 

G2 16.55 6.07 37.94 0.34 0.23 1.20 0.49 I\ Ioderate S ligh t 
G2P 15.84 5 .30 35.2 1 0.27 
G2PP 24.44 6.06 35.32 

G3 18.91 8.43 40.48 0.55 0.39 1.46 0.40 \1 0derate S ligh t 
G3 P 23.40 8.62 61.25 0.39 
G3PP 23.30 10.38 57.55 

G4 16.43 7.73 42.97 0.30 0. 14 0.69 3.02 Moderate Nlod erate 
G4 P 17.92 9.59 49.52 0.23 
G4PP 18.06 9.86 51.30 

L04 9.69 4 .53 22.83 0.32 0.21 1.09 2.66 Strong \! oderate 
L04P 8.71 3 .26 20.92 0.27 
L04PP 603 2.21 12.97 

. 
;\I oderate p referred c-axis orienta tion implies 20% of gra ins align simu ltaneously to extinction . Strong preferred c-ax is orientation imp li es greater 
than 35% of grains al ign simultaneously to extinc tion. 

~o te: Th ree differe nt mutua ll y orthogonal orientations a re distinguished by the absence or presence of a single or double letter P (for perpend icu lar) 
which appears after the ice-source ID number in the leftha nd colu mn . 
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T able 4. Fractional porosiljl (Gagnon and Gammon, 1995) 

Sample type 

C l 

G2 
C3 
G4 
L04 

N umber oJ 
measurements 

10 

10 

10 

10 

10 

Fractional porosity 

% 

3 .0 ± 0. 35 
0. 7 ± 0.20 

2 .0 ± 0.26 

2 .8 ± 0.23 
3 .5 ± 0.38 

ments fo r th e Greenl a nd ice types, we re used for the 
a na lysis. The bubble d en sity was d eterm in ed from th e 

expressIOn 

Bubble density (# mm- 3
) = v x 1 mm3 

jVbubblc (2) 

where v is th e frac ti o n a l p o ros i t y of th e ice a nd VlJubble is 
th e m ean bubble vo lum e o f th e ice, give n b y 

432 
Vbubble = '37l'(Sj 2) + (L - S)7l'(Sj 2) (3) 

where L a nd S a re th e m ean lo ng a nd m ean sho rt 
di a me ters of th e bu bbles. 

Fig ure II shows th e uni axial streng th vs bubble 

d ensi ty fo r th e ice fro m th e fo ur diffe re n t G ree nl a nd 
so urces a t - 11 °C a nd stra in rate of 5 x 10 3

5 I . The 

uni ax ia l s tre ng th a nd bubbl c d ensity a re di stin c tl y 
rela ted . Th e uni ax ia l s tre ng th in crea ses by a pprox

ima tely 49% over th e ra nge o f bubble d e nsit y 0 .5 

14 

6 -

4 
o 

o Gl 
o G2 
• G3 
• G4 

- Y = 6.73 + 1.445 X 
x Labrador 

"0 

" 
,,0 

0.5 

o 

o 
o 

Temperature _11°C 

Strain R ate 10'3 5' \ 
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x 
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'V 

3 3.5 

Fig. J J. Un/axial strength vs bubble density Jor Greenland 
ice tested at a temjJeralure oJ - / re and a strain rate oJ 
10 3 S '. T he lille through the data represents the best Jit . 
Data ji'om ulliaxial strength tests on Labrador ice have 
been includedJor comjJarison. T he actllal bubble dellsil)'Jor 
the Labrador ice da ta is not known. 

GagnolZ and Gammon: T riaxial eXjJeriments ()n iceberg and glacier ice 

3 mm 3 . Bubble ch a rac teri sti cs fo r th e pa rti cul a r L a brad

o r ice used in uniaxial compression tes ts a re not kn ow n. 

H oweve r, fo r compa riso n, th e data have been pl aced on 
th e gra ph using th e bubble d e n sity fo r La brad o r ice fro m 

a no th er loca ti o n a t the qu a rry site on th e Labrad or 

iceberg (G agn o n a nd Ga mm o n , 1995 ). Th e relative ly 

sm a ll d egree o f scatter in th e d a ta for th e Green land ice 

res u lts from th e fac t th a t th e fo ur samples tes ted fo r each 
type came fi'o m a sing le b lock of ice . The Labrador 

samples, o n th e o th er ha nd , cam e from four differe n t 

b locks of ice th a t were qua rri ed from non- adj acent sites, 

se pa ra ted by seve ra l metres. 
T o ex pla in th e a ppa re nt depe nd ence o f Oex ura l 

streng th of g lac ia l ice o n bubbl e d ensity, G ag n o n a nd 

G a mmon ( 1995 ) specul a ted th a t, in g lacia l ice, g ra ins 
m ay be "softe n ed " by the p resen ce o f intern a l a ir-bubble 

vo ids, th a t is, a ble to accommo d a te mo re stra in fo r a 

g ive n stress th a n g ra ins witho ut bubbles. This wo uld 

redu ce th e inte rg ra nul a r stress con centra ti ons th a t lead to 

crac k initi a ti o n at gra in bo und a ri es. H ence, th e m o re 
bubbles in th e ice, up to a ce rta in d egree a t least, th e 

g rea ter th e Oex ura l streng th is. The present d a ta for 

Gree nl a nd ice i nd ica te th a t th e sa m e streng th en i ng effec t 
ho lds for th e uniaxia l strengt h o f g lac ia l ice. Gra nul a r ice, 

such as th a t g ro wn in the la b o ra tor\', th a t h as not 

ex peri enced sig nifi ca nt g ra in-bo unda ry mi gra ti o n h as a ir 

bubbles prim a ril y loca ted a t th e g ra in bound a ries . Th ere 
is ev id ence (e.g . T oo pe a nd o th e rs, 199 1; Ebi n uma a nd 

M ae no, 1992 ) th at th e prese n ce o f bubbles a t g ra in 

bound a ri es in la bo ra tor)' ice wea ke ns it. The fl exura l 

s treng th o f' sea ice a lso d ecreases as th e po rosity, i. e. 

a m ount of brin e a nd a ir inclu sio n s a t gra in bound a ri es, 
increases (Tim eo a nd O ' Bri e n , 1994) . H e n ce, th e 

s treng th enin g e ffec t o(,intrag ra nul a r bubbl es a nd weak

e nin g effec t o f' inte rg ra nul a r bubbl es m ay b e th e 

d o min a l1l m ec h a ni sms th a t ex pl a in wh y th e uni ax ia l 
compress i\'e s tre ng th of ice berg a nd g lacia l ice is gen era ll ) 

g rea ter th a n la iJo ra tory-g rown g ra nul a r ice o f simil a r 

g ra in -size . Th o ug h th e releva n ce to th e disc ussio n a bove 

is un clea r , wc no te the poss ibili ty th a t crac k pro p aga ti on 
in ice may be inhibited by d iff usio n o f stress a t c rac k tips 

th a t intersec t bubbles . 

Th e d isc uss io n above sugges ts th a t ice fro m d ee p 

within g lac ie rs a nd ice she k es wo uld ha \'C a hig her 

uni ax ia l stre ng th th a n ice fro m sh a ll ower depth s, since 
m o re rec rys ta ll iza tion a nd g ra i n-bou nd a ry mig ra ti o n 

wo uld have occ urred as a res ult o f hig her stresses a nd 

lo nge r ex pos ure to th e stresses . C o nsequentl y, a ir bubbles 
wo uld cnd up insid e gra ins rath e r th a n a t th e g ra in 

bo und a ri es, whe re th ey wo uld h ave ini tia ll y bee n in th c 

ea rl y stages o f ice fo rm a ti on fro m sn ow. Th is conclusio n is 

suppo rted by th e uni ax ia l compress ive-streng th d a ta from 

ice sa mpl es ta ke n from a co re throug h th e ent ire thi c kn ess 
o f Hobson 's Choi ce l ee Isla nd (P o p lin a nd R a lston , 

1992). Und er th e same tes t co nditions o f tempe ra ture and 

stra in ra te, ice fro m th e bo tto m regio n of' th e core was 
stro nger th a n ice from th e to p regio n . The a uth o rs co uld 

no t account fo r this in te rms o f tempera ture, c rvs ta l 

s tru cture o r d e nsity of th e ice . H o wever, informa ti o n 

a bo ut th e ph ys ica l cha rac teri s tics a nd number o f bubbles 

a nd th eir loca ti o ns wo uld b e required to e ta bli sh 
concl usi\'elya re la ti o nshi p be twee n bubbles a nd stre ng th 

for ice from H o bso n 's C ho ice Ice I sla nd. 
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SUMMARY AND CONCLUSIONS 

A compre hens i\ 'e ser ies of tri ax ial tests has been 
performed at \'arious temperatures and strain I'ates on 
ice from four ice bergs and onc g lac ier. The streng th was 
found to increase with d ecreas ing te mpera ture, increas ing 
stra in rate (up to 5 x 10 ~l Si ) and increasing confining 
press ure at th e lower temperatures . At 11 °C, the 

.01 
strength at a straIn ra te of 5 x 10 - s was lower th an 
at 5 x 10 3 s I probabl y beca usc c rac k ex tension, k ad ing 
to large-scale brittle fracture , is facilitated by the hig her 
stra in rate. The in crease in s trength with confining 
pressure was much more dramatic a t th e 10\\'er confining 
press u res, "here fri c tiona l processcs probably gO\'e rn th e 
behm'iour, than at the hi g her pressures, where plastic 
processes probably dominate. 

Four distinctive fa ilure mod es were e\·ident a nd these 
occ urred in \" ell-defined reg ions or the tempera ture, 
stra in ra te and confining-pressure ranges. R emarkable 
stre ng th- ITCO\'ery behcl\' iour \\'as e" id en t in the plastic / 
shea r slip failure mode. where successi\c stick-slip load 
m ax ima often reached or exceeded Ixe\'ious ones in the 
same tes t. 

\'fea n \'alues of th e streng th of ice fi'om the fi\"(' 
diffe rent sources sho\\'ed consid erable \·ariation. The data 
sugges t that intragra nular a ir bubbles play an importa lll 
ro le in determin ing th e uniaxi a l compressi\"(> stre ngth of 
g lacier a nd ice be rg ice, a nd that thi s acco unts for the 
obse r"cd differences in streng th o f the ice from th e 
difTcrent sources. 
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