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ABSTRACT. Th e m od ified ring tes t is usedLO d e termine the (racture tou g hn ess of 
synth e ti c. g ranular. rres h-\\ a ter ice (a\'Cragc d ensit y 0.89 1 ~I gm.l ) a nd firn (aye rage 
densit y 0.605 \I gm.l [i 'o m ckpths between 26 a nd 27.2 m in th e E co re 0[" th e 
Green"Iand Ice Shect Project 11. ,}\'e rage fracturc tou?;hness is 145.7 kPa m~ [o r the 
manufactured ice a nd 108. 6 kPa m2 fo r th e firn. Comparison belll'een the ice and [im 
sugges ts th a t ice-lj'aClure to ug hn ess d ecreascs \I·ith decreasin?; d ensit y (i.e. inereasing 
porosity ), suggcs tin g latera l and \ 'e rti ca l n lri a ti o ns in th e near-surface fracture 
ITs is tance or glacicrs a nd ice shee ts ma>' b e related to fim densificatio n. The m odifi ed 
rin g Les t has man )' ach'a ntages o\'C r co n\ 'Cl1lional , not c h-based spec ime ns in that 
co mplica tions \I·hi ch arise in no tched spec imens du e to crack-length , load ing-rate, 
notc h-ac ui t > and spec i m e n-size clfects a re irrrl ('\'<l nt fo r a modified ri ng -specimen 
geo m e try. 

INTRODUCTION 

Lin ea r clasLic-[j'acture m cc ha ni cs LEF\I IS a l)ranc h or 

continuulll mecha ni cs which anah-z('s material [a ilure 

throu g h th e initiation a nd propaga tion o r sh a rp [j aws ( i.e. 

cracks in a matcrial. . \ [lll1damel1lal parameter in LEF\I 
is th e crac k-ri p strcss-i n tensit y raCtOr, 1\1 , \I 'hi ch und er 
conditions or plane s train is giH'n b \' 

(1) 

where a is the app li ed crack-normal ten sio n , Y a nd care 
pa rameters respect i\'(· I)· ch a rartl' rizillg th e shape a nd size or 

th e crac k, a nd th e subscript I denotes the app li catio n or 

cr;tck-n o rmaltension i.e . Ill ocle 1 load ing; Broek, 1986 ). Fo r 

materia ls th at do not ex hibit R-CUr\T behm'ior I Broe k, 

1986 . the o nset or rap id crack gro\l·th occ urs \I'hcn the st ress 
intensit y at the tip of the cra ck reaches so m e critica l n duc , 

l\lc, commo nl y rckrred to as th e p la ne-stra in li'acture 
to ug hness. Use 0[, 1\k as a Illeasurr 0 [' rock-ft'ac tu re strength 

impli citl y ass um es that cont inuum mechanics app li es a nd 

that any region 0 [' inelast ic dcft)l'll1ation nea r th e cr<1ck tip 

i. e. process zo ne r is small in comparison with ot her 
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characte ri s ti c dim ensions 0[" th e body (e.g. crack lcn ,g th. 
spccimen cl il1l e nsions; Ingra ffea, 1987 . 

The use or LE].'.\I to a nah-ze erack initi ation in icc is 

\ITII establish ed re.g. ,\1 iller. 1 98 "~ ) a nd mu c h or th c pas t 

work on icc rra c ture conce ntrated o n m eas urin g the 

fi 'acture tou?;hness of ice e.g . Coodman a nd Tabo r. 1978; 

Liu an d .\Iill cr. 1979 ; ~ixo n a nd Schulson , 1986; Parso ns 
a nd Sne ll e n , 1986 ) . ]\ Io rc recent \I 'ork on the [ractu re 

toughness o f ice has conce ntra ted on th e s tandardiza tion 

of tcs tin g tec hniqu es and the charac teri za ti o n of expe ri

mental \'<:lri a bles in fracture-toughn ess tes tin g. As no ted 

by Dcmpsey a nd others ( 1989a ) , man y ear li e r il1\Tstigat

ions 0[' ice-fracture toughness \1'e IT hinde rcd b y experi
m c nt a l dirIi c ulti cs, res ultin ?; in unre liable data. 

Conseq ue n tl y, la borato ry measurements or th e fi'ac ture 
toughness of ice made prior to 1989 are often c haractcr

izcd by a wid e sca ll er e .g . Goodman and T abor. 1978; 

Liu and "'Iiller, 1979; Andre\I's and oth e rs, 1984; 

Danilenko, 1985; Nixon and Schul so n , 1987 ) . This 

scaltcr is th o u?; ht to re fl cc t the inlluen ce of \ 'arious 

testin g param e te rs on expe rimenta ll y dete rmined \',du es 
or [i 'ac ture tou g hness (])empsey a nd others , 1989a. b ) . 

Standardization or tes ting techniques a nd c haracteriza 

tion 0[" ex p e rim e nta l \ 'ariables by Dempsey a nd others 

( 1989a, b ) h as rece ntl y rcsulted in morc co nsis tent d a ta. 

H()\I'('\'Cr. tcs t m e th ods c urre ntl " emplO\'Cd a re timl'
cO llsullIin g a nd so mewhat tcdi o us in th a t a ca re ful record 

of eac h inOu l'nt ia l tes tin g pa ramcter (e .g. temperature, 

loadin g rate , time betll'ce ll machining and testin g ) must 
be maintained . 
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] ollrnal of Claci%gy 

In thi s pa per liT present res ults from fr ac ture
to ug hness tcsting of ice a nd fIrn usin g a rece ntl y 
de\ 'e loped modifIed ring-testing method (Thierce lin a nd 
R oegie rs, 1987 ) . Th e purpose of this work is to prov ide a 
fIrst-ord er constraint on the frac ture toug hness of fIrn and 
to introduce th e m odifI ed ring test to the glac iologica l 
community. The utilit y of'the i\ fR test arises, because it 
does not a ppear to be influenced by man y o f the 
experimenta l pa ra m e ters currentl y complicating fi'ac
ture-toughncss tes tin g of ice, Beca use use of the modified 
rin g-tes ting method is limited (to our kn owledge th e only 
published uses of it a re in Thiercclin ( 1987 ), Thiercclin 
a nd Roegiers (1987 ), Thiercelin and o thers ( 198 7) , 
Thie rcclin ( 1989)) . we present an explanation of the 
techniqu e a nd mention some of th e pa rameters which 
might influence res u lts obtained from it. Ad\ 'a ntages of 
th e modifI ed ring test in comparison to notch-based test 
geo m etri es a re disc ussed, 

EXPERIMENT AL PROCEDURE 

The modifI ed ring (\ IR) tes t fIrst presented by Thiercelin 
and Roeg iers (1987 ) and la ter utili zed by Thiercelin 
( 1987 , 1989) is a \'aria tion of the well -knml'l1 Brazili a n 
tes t in \I'hi ch a cy lind er is compressed across the di a m eter, 
resu lting in longitudinal splitting of the spec imen, Fo r th e 
\lR tes t, two di a m e te ri ca ll y opposed, flat-lo a ding 
surfaces a re machin ed along the edges of a cy lindrical 
specimen and a hole is drill ed in the center of th e cy lind er 
(Fig . la ) . Compression a pplied to the load ing surfaces 
initi ates crac ks a t th e top a nd bottom of the center hole 
which propaga te parallel to th e loading axis (Fig , I b) , In 
th e MR tes t, loading ac ross th e opposing flat surfaces 
results in a zone of compressi\'e crack-normal stress near 
th e loading surfaces . This zone of compression reduces the 
size of the process zonc at the tip of an a pproaching crack 
and th ereb y facilitates acc ura te LEFM testing of sp ec
im ens th a t \I'ere pre\' io usly considered sub-sized (Thie r
ccl in a nd R oegiers, 1987 ) , 

The \JR tes t requires a record of th e time vari a ti on of 
compressi\ 'c ax ia l load during deformati on of a spec imen 
a nd a m eans to ca lcula te num eri call y th e stress-intensity 
facto rs in a mod el specimen with exac tly th e same 
geo m e try as the tes t specimen, A typi ca l loading c urve 
reco rded during th e lVIR tes t is sho'vvn schematicall y in 
Fig ure 2a, Axial load in creases a t a consta nt displace m ent 
ra te until time to, when cracks init iate from th e to p and 
bOllom of the centra l hole in th e specimen , Betll'een times 
to a nd tc, the crac ks propaga te unsta b ly, during which 
th e axial load decreases from 0'; to 0'"(, (Fig , 2b) , Th e 
dec rease in load coincident with crac k growth occurs 
beca use relative to th e ra m -head di splace ment rate, crac k 
propaga ti on is essenti ally insta ntan eo us, simulating a 
fIx ed -g ri ps boundary condition (Lawn, 1993), As the 
cracks g row, the mode I stress-intensity factor at the tips 
of th e cracks increase with crack leng th from time to to tc 
as shown in Figure 2c , After time t" interac tion between the 
crac ks and the crack-n ormal compress i\ 'e stress fI eld nea r 
the loading surfaces ca uses the mode I crack-tip stress
in tensi ty [acto rs to dec rease lI'i th i ncreas i ng crack length 
(Fig , 2c) . Thereafter , a continuously increasing load is 
required to dril'e the crac ks (Fig. 2a, b ) , The maximum in 
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Ca) 

Cb) 

Fig. I. Geomell)' oJ the modified ring-lest sjJecimen, 

[he KI ve rsus time curve (I{lmax) defIn es the frac ture 
toughness (K]e) of the materi a l, beca use it is this \'alue ofK1 

that ma rks the tra nsition f, 'om unstable to sta ble crack 
groll'th, Fig ure 3 sho\I's load vs time a nd displacement \'s 
time output co ll ected during one of our tests. 

Th e c ri ti ca l stress-i n te nsi t y factor co i nc ides \Vi th a 
minimum in the ax ia l load record ed in th e la bora tory, 
which occurs wh en the crac ks reach the criti ca l length , ac , 

For crack lengths grea ter th a n or cqual to ac , the process 
zone is ass ured to be small in comparison with th e crac k 
length because of the influence of th e crac k-norma l 
compression nea r the sp ec im en loadin g surfaces (Thier
celin a nd Roegiers, 1987 ) , Beca use the load minimum 
occurs at a criti ca l crac k le ng th , use of the m odifI ed rin g 
tes t eliminates the need fo r la borato ry measurement o f 
crack le ng ths in determining the unconfin ed fi'ac ture 
toughness of m ate ri a ls, One simply takes the \'a lu e of'the 
load minimum reco rd ed during a test, a pplies tha t load to 
a samp le in a numerica l simu la tion and calcu la tes a 1(1 

\,ersus the crack-l eng th c urve corresponding to that 
spec imen geometry a nd load, The pea k in the resulting 
curve is th e f'racture toughness of'the tes ted m a teri a l. 

Two competing beha\'iors are important to consid er 
when desig ning a ;\IR spec imen, Reliab le results req uire a 
well-defIned minimum in the load cun'e a nd a correspond
ing criti cal crack leng th that is suffi cientl y long to be 
resoh-ed in the fInite-element model. Accurate constraint 
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Fig. 2 . . l/ec/wllil.l (!/Ihe lIIodijied rillg 11'.1 1. ( a) 7) jJi{({1 
lillll'-l'al),illg record o/a/J/J/ied ,llre.I.1 during a modijied rillg 
11'.11. ( b) , 'arialioll ill ,IIrl'.I1 durillg (mck growlh ill a 
modijied ring .I/ll'CiIllCll . Slre.l .l dro/I re.\1111.1 ji-olll ulI.l lable 
crark /JrlljJagalioll belll 'l' eI! lillle.l io alld f e . Slre.ls increases 
{fJier (/ack rem·hl'.) a crilicallellglh . 0 l" (() , 'arialioll ill 
1\-1 le ill! lime durillg a lIlodiji{'(l rillg 11'.11 . • 111 /1101.1 are 
schemalic. 

o n th e 1{] \-e rsus crack-l e ng th cur\'e, an d he nce, ]\-h",,, a nd 

]{Ir d eterm i ned Lra m fi ni te-dem e-nt mode lin g is most ras i I y 

a t ta in ed \I ' it h longe- r c riti ca l crack leng ths. L o nge r criti ca l 

crac k leng th s result \\ he n th e leng th o f th e specimc n

loadin g surfaces is redu ced. H ml'l' \·e r. fo r specim ens \\ 'ith 

sho rt loadin g surfaces, th e re is a tend enc\' fo r th e cracks to 

propaga te co m pleteh- to th e load i ng pi a tens. resu Iti ng in a 

load cun'e ,,·ith a poo rl y d efined o r a bsent load minimum. 

Sewra l ite ra ti o ns of la bo ratory expe rim c nts a nd finitc

clem cnt m od eling a re commo nl y req u ired to d e termin e a 

spec im c n gco me try th a t \I·ill prod uce bo th a \I-e ll -de fi ned 

load minimulll a nd a c riti ca l crack leng th w hi ch is long 

eno ug h to a ll ow acc ura tc reso luti on of ](]IIla, in th e 

numeri ca l m od e!. Th e sa mp les wc used ha\ 'e ap propri a te 

d im ensio ns fo r ice a nd Grn . 

Fischer rllld olher,l: Fraclure 1 0ugl! lI es~ oJ ire allrifim 

a 

crack init iat ion 

~ 1000 

LL 

I -0 
C1l 
0 

....J 

ro 500 
'x 
« 

manual 
unloading 

0 
0 6 12 18 24 30 36 42 48 

Fig. 3. Load ( a) alld di.ljJ!{/(fIllelll ( b) 1'.\ lillle OIlI/iIIl 
jiwlI ([ lIIodijil'd rillg 11'.1 1 011 Jim sjJ(cillll'll IIl1l11ber 12. 

No te th a L th e m od ifi ed rin g tes L m eas ures J(k b y 

d eterm ining 1\-) a L th e tip of a p ropaga Lin g crac k as iL 

crosses th e bound a ry fi 'o m uns La ble to sta ble pro p aga tion 

( Fig. 2c ). Th e nac k d oes n o t s to p propaga Lin g a t Lh e 

po int w he re ] \-1 = X lIII'" beca use Lh e- ax ia l load o n Lh e 

sa mple is cont inu o usly increas ing; crac k grow t h cont inu es 

beca use th c ax ia l load inc reases a bo\'e (J1l(' (Fig . 2) . 

Althoug h o ne wo uld idea ll y li ke to ha lt th C' cx p e rim enL 

exact ly a t (Jac a nd compa re th e o bse l'\ 'CcI crac k le ng th s 

\I' ith th e c riti ca l crack Ien g Lh s o bsel'\ 'Cd in th e numeri ca l 

m od els, thi s is n o t possibl e h eca use acc ura te d efiniL io n of 

(Jilt' req u ires th a t th e ex perim e nt be co ntinued b eyo nd thi s 

load Ie\'l' !. In p ract ice, o ne mi g hL be a ble LO h a lt th e 

ex perim enL \'C r y nea r a",. but such ex perim c nLs wo uld 

req uire a \ 'c r y sLilf selyo-eo n t ro ll ed loadin g a ppa ra Lu s 

w h ich \I'as no t <w ai la hle to us. 

NUInerical Itlodeling 

Beca use the m o difi ed rin g tes L uLi lizes numer ica l m od eling 

to d C' te rmin c frac Lure to ug hn ess, it is pert ine nt to di sc uss 

th e de ta il s o f th e mocklin g p rocedu re. In Lhi s stud y, 

n u meri ca l s imul aLion was accomplished \I·iLh t h e in te r

<tn i\'e fin ite-cl e m e nt prog ra m FR AN C (FR a ct u re ANa

lys is Cod e; \\' aw rzy nek a nd J ng ra rLea, 1987 ) d c\'e lo ped a L 

Com ell U ni\'C rs it y. This progra m simu la Lcs th e ),-1 
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sing ul a rity in th e crac k-tip stress fi e ld , where T is the 
radi a l di sta nce a way from the crac k tip , by surrounding 
eac h c rack tip w it h a rose tte o f eig ht , tri a ng ul a r , 
quad ra tic, iso pa ra m e tri c, q ua rter-point elements (e .g. 
Barso um, 1976) . Th e remaind er of a ny model m esh is 
composed of quadra ti c, isopa ramelri c elements. FRANC 
is p a rti cul a rl y we ll-suited for a nalyses involving sequen
tial crac k p ropaga ti on because of th e built-in crack 
g ro w t h a nd rem es hing ca pa bi I i ti es o f the prog ra m 
(W a wrzy nek a nd Ing raffea, 1987 ). 

F o r finit e-elem e nt m odelin g of a :-"lR tes t, th e 
importa nt as pec ts o f" th e modeling procedure inc lud e 
th e m odel bound a ry conditions. the fin eness of th e m od el 
mesh a nd th e me th od of ca lcula ti o n for crack-tip stress
inte nsity fac tors (Fischcr and others, in press). Th e finit e
elem ent me h a nd bo und a ry conditions we used a re 
sho wn in Figure 4. Slip was allowed bet\\'een th e spec
imen a nd the loading pla ten, a modifi ed crack-clos ure 
integra l (R ybicki a nd K an ninen, 1977; Bittencourt a nd 
o th ers, 1992 ) algo rithm was used to calcula te th e crac k
tip stress-intensity factors and th e crac k- tip mesh was 
refin ed to a point w here th e st ress-intensity fac tors did no t 
cha nge with furth er refinement. Pre\'io us uses of th e i\1R 
tes t o n rock employed consta nt-force bo und a ry conditio ns 
(Thi e rce lin , 1987 ; Thi erce lin a nd R oegiers, 198 7; 
Thie rcelin and o the rs, 1987 ) a nd yield soluti ons th a t a re 
\'a lid fo r a give n Yo un g's modulus (E) a nd Poisson ra ti o 
(v), H owe\'er. as noted by Fiseher (1994) , a pplicatio n o f 
consta nt force a long the specimen-loading surface results 
in seve ral complica ti ons, includin g a n unrealisti c no n
unifo rm di splacem ent distributi o n a lo ng the loading 

y 

t 
constant displacement, v 

••••••••• 

r j = 5,00 mm 
re = 38.25 mm 
2L = 30 mm 

Fig , 4, Finile-element mesh and bO llndm)1 conditiolls llsed 
ill litis stlld)'. ,\Ilodet is shorlenedJrom lite lop,ji\ed ill lhe 
y direction along the entire bOlLom-loading sllljace length, 
and Jixed ill x and y al tlte mid/Joinl of the bOllom-loading 
sll1jace, Xole Ihat Ihis s/Jecijic lIZesh is used 01l0' Jor the 
synlhetic ice specimens. A similar mesh wilh dijJerent 
dimel1Siol1s is used Jor the Facture-Ioughness lests on Ihe 

Jim . 
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surfaces a nd a signifi cant influence of slip a nd no-slip 
bound a ry conditi ons o n th e J([l1Iax determin ed from the 
finite-elem en t modeL 

Because \\'e feci that co nsta nt-di splace m ent bound a ry 
conditio ns more appropri a tely simul a te th e aClion of th e 
loading pl a ten on the spec imen, nu merica l m odeling in 
our stud y is cond ucted by a ppl ying a unifo rm di splace
ment to th e spec imen-loading surfaces , Th e techniq ue we 
employ fo llows th a t of F ischer and oth ers (in press) a nd 
yields r es u lts that arc rel a ti ve ly inse nsiti ve to slip betwee n 
the sp ec im en and the loading pla ten , a nd that a re 
independ en t of Young's m od ulus and the Poisson ra tio 
of th e specimen, In thi s a pproach, a se ries of finite
elem ent m odel s is co ndu cted whe re in a crac k is 
propagated in a model i\l[R specimen wi th fi xed ma teri a l 
prope rti es und er different magnitu des of consta nt 
displace m en t or th e mod e l m a teri al properti es are vari ed 
und er a fi xed di sp lace m en t. In each of th ese models, ax ia l 
stress (a) a nd mode I stress in tensity (K r) a re calcula ted 
durin g sequenti al prop aga tion of ax ia l c rac ks from th e 
centra l ho le in the mod e l specimen (Fig, 5) , Fischer and 
others (in press ) showed th a t, a lth oug h th e a bsolute 
magnitud es of J{I and ax ia l stress (a) \'a r y between each 
model after each increm ent of crac k g rowth , the ra ti o of 
ax ial stress to J{I a t a n y stage of crac k grow th is a 
consta nt, effec ti vely ind e p end ent of m a teri a l elas ti c 
propel-tics a nd displace m ent. This sugges ts th a t the rat io 
of axia l s tress a t tb e c riti cal crac k len g th , aac, to 
max imum stress-intensity factor obsen'ed in the fi nite
element m odel, J([max, m ay be used to d etermine th e 
frac ture to ug hness of a n id enti ca l tes t spec im en using the 
relat io nsh i p 

( 
aac ) 

! ( [max lIlodel 
(2) 

Th e fr ac ture to ug hn ess of a specim en subj ec ted to 
cons ta n t di spl ace men t- bo u nd a ry co nd i tio ns is deter
mi ned simply by di\' iding th e stress m easured in th e 
labo ra tory a t time tc (Fig, 2) by the ra ti o of a,,(, ro J(l lIlfIX 

determin ed from the finite-element m od eL The ra ti o 
I 

O'ac/J(rmax h as units o f (Iength )-" a nd is essen tia ll y a 
sha pe fac to r cha rac teri zing th e geometry of th e parti cul a r 
MR sp ec imen a na lyzed in the finit e-elem ent model. This 

1 

shape facto r is ana logous to the term (y -l(7rcf') from 
Equa tio n ( I) a nd can be used to calcul a te th e frac ture 
roughness of any linear elas ti c ma teri a l wi th the sam e 
norma lized dimensions as th e model specimen (i,e, Ti/Te ) 

2L/rc; Fig, I ) , 

Sample preparation 

T wo se ts o f modifi ed ring ex periments were conducted to 
dete rmine th e fracture ' to ug hness of gra nul a r fresh- water 
ice a nd firn, Fac iliti es ava ila ble a llowed fo r on Iv limited 
prec ision in a ll stages o f sample prepara ti on, Ri ght
circul a r cy linders of g ra nula r fresh-wa ter ice [h were 
manufac tured in a seve ra l-step proces , D eioni zed wa ter 
was firs t frozen in ice-cube trays a t tempera tures between 
- 20 a nd - 25°C. These ice cubes were crushed into 
angula r fr agments ra ng in g in size from I to 15 mm, Th e 
crushed ice was poured in to a n 18 cm lo ng sec ti on of 
76,2 mm di a meter PV C pipe with a rubber cap on o ne 
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Fig . 5. r'miatioll ill K, ( aJ alld aria / slress ( b) u,hich 
resulied durillg crack growlh when a modifiNI rillg 
s/lecimell with 1I0rlllali<.ed dimellsiolls ~f Tj /Te = 0.1307, 
2L = 0.7843, lIIaterial pro/Jelt ies oJ E = 9 C;Pa alld I) = 
0.32 is compmsed b)' 0./ 111111 . Crack is al/ol('ed la 
projJagale ill 211111/ illcremenls slarlillg al a = /0111111 . 
. i liet! slress at 0 = 0 shawlI Jor reference . . \ '011' Ihat alia/ 
slress does 1I0t illcrease aJter (T"," as shol('1l ill Figures 2 alld 
3. becallJe Ihe lIIodel is sllbjecled la a collSlanl dis/J/aremenl 
alld Ihe ill crease ill slress recorded ill Ihe laboratol)' is 
relaled 10 the (o ll tillllO Il S{J! ill creasillg dispLacel7l enl ajJfJlied 
ill the Laboralol)- . 1150 1I0te t/ie difJerence ill Ihe /iori::,olllal 
sw/es beilceell the Iwo grajJ /i s. 

0.8 

end . The PVC pipe ull ed with crushed ice was then ull ed 
with supercooled, deio ni zed wa ter a nd a llo wed to fi'eeze 
at - 100 to 15°C lo r a minimum of 12 h. VVater used in a ll 
stages o f" spec im en pre p a ra ti o n was no t degassed , 
res ultin g in modera tel y bubbly, gra nula r iee wilh a n 
a\ "C rage d ensity of 0.89 1 \1g m :l and ave rage porosity o f 
",3 % . 

An ice cy linder was rem oved from th e PVC pipe by 
warming a t temperatures from 150 to 30°C until th e 
spec ime n slid easil y out o f" th e PV C j ac ke t. The duratio n 
o('\\'a rming \'a ri ed from 10 to 30 min . DiITerenti a lmclting 
during thi s time oft en resulted in a cy lind er th a l was up to 
I mm na rrower a l the e nds th a n in the cen ter. Insulati o n 
of both ends of the spec im en during warming reduced thi s 

Fisclier and others: Fraclll re tOllghneSJ ~f ice and Jim 

effec t. Th e fin a l di a mete r o f th e c\'lind e rs prior to 
mac hining w as 76 .5 ± 0,5 mm, 

Figure 6 is a photogra ph o f a thin sec ti o n of typi ca l 
g ra nula r, fresh-wa ter ice produ ced for thi s s tud y, Th e 
g ra ins th a t resulted \\-e re fr equ ently a ng ula r , no t 
necessaril y eq u iciimensio na l, a nd range in size from 
0. 5 to 15 m 111 , Gra in-size va ri ed in three dim ensions 
within a g ive n cylind er but the a \'e rage g ra in-size 
ca lcul a ted fro m six thin sec ti o ns from fo ur sa mples 
using th e lin ear interce pt m e th od (U nd erwood , 19 70 ) is 
2. 23 mm and is ass um ed to be representa ti ve o f the 
entire g roup o r sa mples . Gra in c axe. within the 
spec im ens a re a ss Llm ed to h a \' e no preferred ori enta 
ti o n, Because th e ice th a t w as m a nufac tured cl oes no t 
ph ys ica ll y r ese mble na tura l g ra nul a r ice , w hi c h 
typ ica ll y con sists of equidim e nsio na l gra ins ex hibiting 
a ra nge of sizes in whi ch th e difference in m a ximum a nd 
minimum g ra in-size is less th a n th e ave rage g ra in-size 
(All ey, 1987b) , we herea ft er r e fe r to our m a nufac tured 
ice as synth e ti c ice . 

Fig, 6, Pholograp/i oJ a tltill sectioll oJ granula r, Jresh
water ice manlljaclllredfor Ihis stlld)', Photograph takell ill 
/JoLarized Light, Smallest ullils 011 Ih e s(({ le at /eJI if the 
phologra/J/z are millillleters, 

Sha ll ow co re from the Greenl a nd Ice Shee t Projec l 11 
(GI S P2) was used in :'lR tes ts to determine th e frac ture 
toughness o f urn . Th e urn used in thi s stud y is from a 
1. 2 m long sec ti o n of the GISP2 E co re a t depth s from 26 
to 27,2 m, Th e co re \\'as stored a t tempera tures from 200 

to 25 C , except durin g mac hining a nd d efo rm a ti on, 
which took pl ace a t lempera tures from 100 to 15 C. 
Th e di a m e te r o f th e co re is 130, 0 ± 0 ,5 mm a nd . 
ass uming th e core is a ri ght-c irc ul a r cylind e r wilh a 
radius of 65 ,0 mm , th e average d ensit y of th e co re is 
0, 605 i\ lg m 3 a nd the ave rage po ros ilY is ",34%, Th ese 
\' a lues a re in agreement \\'ith pl'C\'iously d e termin ed 
d ensiti es fo r GISP2 ice-co re urn from simil a r deplhs 
(personal communica ti on from R, B, All ey ), Th e a \'C rage 
g ra m-sIze o f th e urn was no t ri go rously ci e lennined but 
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cursory \'isua l exam in at ion suggests it is ap prox im ate ly 
I mm (Fig. 7) . Grain c axes a rc assumed to halT no 
preferred ori enta tion. 

Fig. 7. Photograph of a thin sectioll of JOllle of the G'l SP2 
Jim used ill this stll(6'. PhotograjJh taken ill pLane light. 
Gra)1 areas are H2 0 ice, It'hereas the white areas are 

. frozen dill1et/~)'1 jJhthaLate with which the sjJeCimell was 
imjnegllated prior to sertioning . SmalLest ullits Oil the scale 
are milfimeters. 

Figure 8 is a photograph sho\\'ing the ?\IR spec imens 
used for synthetic ice a nd firn . All fim and sy ntheti c ice 
spec im e ns were cut to a thi ckn ess (W; Fig . l a ) of 
30 ± 0.5 mm a nd loading surfaces were mac hined to 
±0.5mm of the desired length (2L; Fig. l a ) lI sing a 
bandsaw. The porous na ture of the firn resu lted in 
irregular edges to th e load ing surfaces of these spec imens 
such that the \\'idth of the load ing surface ma)' \'a r)' by 
± I mm loca ll y. The loading s urf~l ces of the synth etic ice 
spec imens were smoo thed by sanding on a fin e ( ~O . j mm 
square mesh ) aluminum sc reen. We did not smooth the 
band saw cuts on the sid es of any of the specimens nor did 
\I'e attempt to smootiJ the loadi ng surfaces of the rim 
speci mens. The centra l holes in th e specimens \Vere 
machined with a hand -h eld pO\l'e r drill a llached to a 
mini a ture drill press. Chipping a t the perimeter of the 
hole \·vas co mmon bu t [hi s was primarily a surri cia l efTcct 
whi ch had no impact on th e tes t results. In the more 
in terna l parts of the specimen , the surface of th e hole was 
smooth and free of a rtifi cial defects. Centering of th e hole 
pro\Td difficult , \I'ith many hol es displa ced by ± Imm in 
th e horizon ta l and /or \Tnical direction. 

Th e synthetic ice and fi rn specimens were d eform ed in a 
~7j cm tall load frame designed and built a t Th e 
Pennsy iYania State Cn i\Trsit \· and located in a rcfi'iger
a ted labo ratory (see fi sc her 1994) for a deta iled 
desc ri pt ion of this apparatus). The load frame is con
structC'd of mild steel and the loading p latens are simple fl at 
steel p la tes. Wc did not measure the compliance of the 
mac hine but note that th e combined cross-sec ti onal area of 
the tie rods connecting the ram to the loading platens is 
roughl y twice th e loading surface area of either or the t\\'o 
sa mple geometri c> used in this stud y. " 'e made no attemp t 
to lubri ca te the specimen p laten interface beca use. as noted 
by fi scher ( 1994) and fischer and others (in press). res ults 
ri'om num erical mode ls of the modified ring test a re 
essent ia ll y independ ent of the slip cond iti ons at th e 
specim en platen interface . 

The tim e-\'arying vo ltage ri'om a hollo\\- BeCu load 
ce ll and a linea r \'ariat ional displace men t transducer \I'e re 

Fig. 8. Two £JjJes aj modified ring sjJecimens lIsed ill this stlU!.V. SmaLLer ill RS specimen is of s..ynthetic, gral711lar,jresh-water ice, 
whereas the Larger iI! RF sjJecimen is qfjim from the G'l SP2 E core. 
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continuous ly monitored during each expe rim ent in ord er 

to mainta in a reco rd of th e axial load on th e specimen 

and th e di sp lacem ent of the ram head. Beca use th e 

h ydrau li c pOI\'C r suppl y cO lllrolling the displ ace m ent of 
the ram head is manua lly ope ra ted , it \\-as not poss ib le to 

conduct a ll ex periments at exac tl y eq ua l displaccmelll or 

loading rates. \\'e nelTrth eless a ttempted to m a intain 

simil a r di splacem ent rates in al l ex perim ents and, as 

shOlm in fi gu re 9, th e alTrage di splacement ra te for a ll 
the tes ts was nea r O.S mm m ill I 
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Fig. 9. Rail' ~r di.I/Jlacelllflll ~r lite ralll Itead durillg eaelt of 
Ilu lIIodijied rillg 11'.1 Is dOlle 011 o. l'lIlhelir fresh-waler ice alld 
fim. 

RESULTS 

i\ lodified rin g tests were condu c ted on 30 specim ens o r 
sy ntheti c ice. Normalized dimensio ns of th e spec imens a re 

ri /T" =0_1307 a nd 2L/r" = 0 .7843 . Th e ratio o f u nc / 

1\-1"I<IX determ ined fo r the size of sp ec im en is IS.7880· 

This I-a lue a nd th a t reponed (o r the lirn specimens 
re present the <\ITrage of results obtained fo r selT n 

P o isso n ra ti os ( //) from 0_ 1 through 0.+, ass uming 

frictionless slip at th e specim en platen inte rf~lce . Fi sc her 

a nd o th ers (in press ) demonstra ted th a t, for th is range 

of 1/. I-a ri a ti o n in U a t / 1(I III<1x du e to inacc urate co nstra int 
on 1/ is less th a n 0.6 % I f sli p is n o t a ll owed a t th e 

specimen p la ten inte rf~lce. the res ults fo r u Ht / 1(' lIInx 
differ by less than 2.0% . 

Fischer alld otlters: Fraclure loughlless of ice alld fin! 

(fi sc h e r and oth e rs, in press )_ Because of machining 

errors wh ich res ult ed in asy mmetri c c rac k propaga tion , 

viable res ults lI ere obtained from 66% of th e specimens. 
Th e average J{1c determined {i'om th ese 20 specim e ns is 

1 1 

145.7 kPa m2, with a standard del-ia Li o n of 24.0 kPa m " 

(Fig. 10 ) . The rclatil 'e l!' la rge stand a rd d ev iat ion of th e 
res u lts should be signi(i eantl y reduced vvith more accurate 

machining; in pa rti c ul a r, th e acc uracy of positionin g of 

th e cen tra l ho le o f the specim en prO\'ed critica l in 
ob ta ining I'alid , reprod ucible tes ts ,,·ith th ese sm a ll er 

sa mples . 
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Fig . 10. Fraclllrf-lolIghlll'jj rallies/or ('ocl/ of lite II/odijied 
rillg 11',1/.1 dOlle 011 s)'lIlhl'lie. gralllllar .. Fe.lll- u'aler ice . 

For specimens I\'i th ho les di splaced fi-om th e ce11le r by 

O.S 1.0 Illm. crac k pro paga ti on was nOI a l,,-ays symllletrie 

in th a t oft en onl y onc axia l crack form ed o r th e cracks did 

not initi a te fi 'om th e a pi ces or th e hole . f o r cases ,,·h e re 

th e crac ks did not initi ate fi 'o m the hole ap ices. th e cracks 

in itiated rrom the ho le perimeter but were d isplaced 2 or 
+ mm e lockl\' ise or counter-clockll-ise fi -o m the hole ap ices. 

W e a ttribute this beh a l -ior partly to ma c hining errors and 

pa rtly to Ill e inh om oge ne itl' of th e sy nth e ti c ice samples 

due to the rather la rge I'ar iat ion in g rain-sizes . Alth o ug h 

th ese w e re co mm on m od es or fa ilure in o ur experiments , 

wc co uld not elimin a te thi s behal'ior beca use o r the 

limited preci sion of o ur machining a nd sa mple-prepar
ation racilities. Inclusio n of res ults o bta in ed fi 'om th ese 

spec im ens in ou r fina l d ata sc t ce rta inl y in creased th e 

standard d el'iation o f th e d a ta. I n spec im ens I\-ith ho les 

disp laced rrom th e ce nt er by greater th an I .S mm , railure 

did not occur by crack propaga t io n from th e ho le . 
I nstead , th e specim e n ra iled by growth or one o r two 

crac ks th a t ex tend ed ac ross the spec im e n betl\-ee n th e 

loading SUI-faces, ge ntl y eUrl 'in g around the centra l hol e 

in the specimen. Specimens fa iling by thi s mechanism 

II-ere co nsid ered i1l\ 'a lid and lI'ere not in c lud ed in th e fin a l 
d a ta se t. 

\\ 'e a rc not all'a re of fi -ae ture-to ug hn ess I'a lues fo r firn 

in th e c urrent literature _ Wc condu c ted our tes ts o n 

specimens lI'ith norma lized dimensio ns o r: 7'i/Te = 0.1709 

and 2L/ 7'0 = 0.6 IS4. Th e ra ti o of u nc / 1\'Illax determin ed 
for sp ec im ens with th ese norma lized clim e nsions is 9.7003. 

\l od ifi ed ring tests conduc ted on 20 specimens o r urn 
from a d epth 01'26 27.2 m in th e GISP2 E co re yielded an 
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I 

ave rage fr ac ture to ughn ess of 108 .6 kPa m2, wilh a 
I 

sta nd a rd d ev ia ti on of 8.6 kPa m2 (F ig. 11 ). Th ese res ults 
were o btained from a finit e-element mod el ass uming 
consta nt disp lacement a nd sli p-a ll owed bo und a ry cond
itions (sec foo tn ote). M achining acc uracy d id not p lay a 
signifi cant ro le in determin ing fi"ac rure lo ug hn ess of th e 
fi rn because o f' th e la rge r size of th ese specimens and 
beca use o f th e uniforml y sma ll g ra in-size o f' the firn. Wi th 
la rge r specimens, uniforml y sm a ll gra in-sizes a nd la rge r 
holes, e\·en errors of' ± 2 mm in cen te ring o f th e hole did 
no t ca use th e crac k to initi a te a t the spec im en loading 
surfaces . L a rge r spec im en sizes should be used wheneve r 
poss ib le . 
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Fig . 11. Fractllre-tollglmess llalllfsJor each oJ the modified 
rillg tests done 011 Jim frOIll tlte GlSP2 F. (ore. 

The behayi or of th e fim sa mpl es \\'as mu ch more 
consistent th a n tha l of th e synlh eti c ice . All spec im cns 
fa il ed by th e form a ti on of two axia l crac ks th a t initi a ted 
from th e api ces of the sp ecimen hole. Like the syn theti c 
ice, firn sp ec imens rem a in ed intac t a fter unl oadin g . 
Crac ks in th e fim \\"e re no t \ ·isib le \\·itho ut th e prec ise 
combina tion of bac k a nd f'ro nt li ghting, o ri ented a t just 
th e r ight a ng le to th e sample . In lhis lighting, th e crac ks 
were \·isible as stra ight. pla n a r, dark ened lin es th a t 
appea red to consist of g ra nul a ted ice . 

Porosity effects 

Smith a nd o th ers ( 1990 ) in\·es ti ga ted th e effects of 
poros i ty o n the frac t ure to ug hness of g ra n ul a r fres h
\\'a ter ice . I n th eir stud y, po rosity was introduced to the 
ice by either not degassing th e wa ter prior to freez ing or 
by freez ing ca rbon a ted wa te r. The fracture to ughness of 
samples tes ted by Smith a nd o th ers (1990 ) d ec reased by 
25% over a ra nge ofp oros iti es (cp) from 0 lO 15% . Smith 
a nd o th ers ( 1990 ) a ttempted to exp la in th ese res ults in the 
context of a porosity-depe nd en t Young's m odulus which 
is well -defin ed for poro us ce ra mi cs (e .g. Krsti c and 
Erickson, 1987 ). And , a ft er d e ri \' ing a rel a tio n bet\\·een 
E (cp = 0) a nd E (cp =I 0), S mith a nd o thers ( 1990) used 
the rcla ti on be twecn frac tu re to ughn ess (K Ic) a nd cri ti ca l 
frac ture energy (Gk) (see Broek, 1986 ) to d eri\'C t\\'O 
possi ble expressions for th e porosity-depend e n t fi"ac ture 
to ughness of ice : 

390 

(3) 

(4) 

Acco rd ing to S mith and oth ers ( 1990 ). Eq ua ti o n (3) 
in co rp oratcs th c elTect of porosity on G k w h e reas 
Eq ua ti on (4) neglec ts il. 

f ig ure 12 sho \\·s thc poros it y li"act ure- to ug hn ess 
re la ti ons of Equ a ti ons (3) a nd (4) a long \\· ith th e ave rage 
frac tu re-toughness \·a lu es d etermined for th e t\\·o poros
iti cs exam in ed in t hi s sludy. Th e qua lity of th e fit be t\\'een 
th e data and th e th co reti ca l rela ti ons is sig nifi cantly 
afTcc ted by th e ch osen ,",due o f K lc(cp = 0). Th c bcs t fit 
be t\\'ee n th e (\\·0 cl a ta points a nd the th eo re ti cal c u nTS 

. I 
occu rs ,,·hen K 1c (<p = 0) IS ro ug hl y 200 k Pa m". A lth ough 
th e d a ta do no t li e perfec tl y o n the theore l ica l CLln·es. 
th cy clea rl y sup port th e concl usio n s o f' Smith a nd o th ers 
( 1990 ) by d em o nstrat ing a recluc ti on in J(1r- with ice 
po rosit y. \\'e have requ es ted furth er sam ples to a ll o\\' us 
to d efin e thi s re la ti o n with na tura l ice a nd fim a t a \ ·a ri e ty 
o f d ensiti es . 

rim 

o ---

10 20 30 40 50 

Porosity, <t> (%) 

Fig. 12. Correlation between the decrease in fracture 
loughlless will! inaeasillg /Jorosi~JI obserllf(l ill this stud), 
leith the theoreliral ({liTeS deri/led kJ' Smith and others 
( 1990). 

Thc innuence of porosit y 0 11 ice frac ture to ug hn ess is 
a n im portan t rela ti onshi p, espccia ll y \\" hen dealing with 
nea r-surface or ye rti ca l frac tures in ice shee ts a nd g lac iers. 
Because firn d e nsit y incrcases with d epth , fr ac ture 
to ughn ess sho uld likewise increase, a res ult likely to 
a fTcc t the pen e tra tion depth a nd initi a tion of elT \'aSses . 
1\fo reo\Tr, la te ra l \'a ri at ions in fim d ensity may im pac t 
o n th e hori zo n ta l distrib utio n of cre\·asse fi e lds or the 
trace lengt h o f indi\'iclua l C1T \·asses. The future integ
ra ti on of firn-d c nsifi ca tion mod e ls (e.g. H e r ro n a nd 
L angway, 1980; A ll ey, 1987a) with a model of p o ros ilY
d cp endent fi"act ure toughness sh o uld furth er Ollr und er
s ta nd ing of th e three-dimension a l \·ari a ti on of ice-frac ture 
res ista nce in ice shee ts and g lac ie rs. 
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ADVANTAGES OF THE MODIFIED RING TEST 

Prio r to thi s work , nearl y a ll existing da ta constraining 
Lh e fracture to ug hn ess of ice were generaLcd using tes t 
spec imens in which K,c is rela ted to th e load required to 
initi a te a crac k from a notch machined in a tes t specim e n. 
A va ri ety of tes t specimens has been used , including 
compac t tensio n (Liu a nd :-liller, 1979), te nsile- (Pa rsons 
a nd others, 1986; Bentley a nd o th e rs, 1988) a nd \" ed ge
load ed rec ta ng ul a r , d o ubl e canti leve r bea ms (Liu a nd 
~Iill e r , 1979 ), three- (Andrews a nd o th ers, 1984; Tim co 
a nd Fred erkin g, 1986; Wei a nd o the rs, 1990) a nd fo ur
poi n t bending (D e m psey a nd oth ers, 1989a; \\' ebe r a nd 
Nixo n , 1992 ) of sing le-edge-notched beams. a nd circ um
ferent ia ll y no tched cylind ers (Nixo n a nd Schul son , 1986, 
1987; Smith a nd o thers, 1990). In a ll of th ese spec imens, 
th e mode I stress-i ntensity facrar a L th e tip of th e sta n er 
no tch increases w ith in creasing load until th e stress 
intensity reaches th e (i-acture to ughn ess of th e ice, a t 
whi ch poil1l a crac k propaga te from th e notch. The 
p la ne-stra in frac ture to ughn ess o f the ice is pro po rti o na l 
to th e load a t crac k initi a tion . 

E xisting work o n th e frac ture toug hn ess of ice sugges ts 
[(le of ice is d epe nd ent on a \'a ri e ty of extrinsic a nd 
intrinsic fac tors including tempe ra ture (Ni xo n a nd 
Schulson, 1987 ), ave rage grain-size (Ni xon a nd Sc hu l
son , 1986), loading ra te (0Jixo n a nd Schul so n, 1987 ) , ice 
fa bric (Parsons a nd oth ers, 1986; vV eber a nd Ni xo n, 
1992 ), \'olu me frac ti o n of includ ed pa rti cul a te m a tte r 
(Smith a nd o th ers, 1990), notch ac u ity (\\'ei a nd o th ers, 
1990; De Fra nco a nd o th ers. 199 1) , specimen size a nd 
crack length (D em psey a nd o thers, 1989a, b). Beca use o f 
these effects, D em psey a nd oth ers ( 1989a ) pro posed ice 
frac ture-toug hness d a ta should be re ported as " a ppa re nt 
frac ture to ug hn ess", K Q, accompa ni ed by a d e ta il ed 
d escription of th e tes tin g conditio ns. We submit th a t 
man y of these effec ts a re products o f a tes tin g me th od in 
wh ich frac LUre to ug hness is rela ted to th e load necessa ry 
to in iti a te a crac k fro m a specim en sta rter notch . Use o f 
such spec imens has cloud ed the di stinct ion be twee n 
tes tin g effec ts a nd tru e ma teri a l behav ior. As di sc ussed 
below, ,,-e be li eve th e unique geom etry of th e ~lR tcs t 
effec ti\ 'e ly elimin a tes some of these effec ts a nd may a lso 
elimina te o th ers, fac ilita ting fas te r , easier tes tin g w ith 
res ults showing sig nifi ca ntl y less sca tter. 

Loading rate 

For situa ti ons in which frac ture to ug hness is rela tcd to th e 
tensil e load required to initi a te a crac k a t the tip of a sta rter 
no tch, loading ra te is typica ll y repo rted as th e time ra te o f" 
cha nge of the mod e I stress-intensit y facto r a t [he tip of the 
no tch (i. e. dKI / dt o r /<,; e.g. :-lille r, 1984; Nixo n a nd 
Sch ulso n, 198 7; D em psey and o th ers, 1989a, b). Pre\·io us 
,,-o rk on th e frac ture to ughness of ice sugges ts KIr increases 
wi th decreas ing load ing ra te (e.g . Liu and J\l ill er , 1979; 
:\Tixon and Schulson , 1987 ). This res ult is expec ted in a 
c ree ping ma teria l such as ice, beca use a t lo\\" loadin g ra tes 
the tensile-stress concentra ti on a t th e tip of th e spec im en 
sta rter notch may be pa rti a ll y reli eved by loca li zed , no n
recove ra ble creep , th us i ncreas i ng th e energy req u i red to 
initi a te a crac k, re ulting in h igher a pparent frae ture
to ug hness values . N ixo n a nd Schul 'on ( 1987 ) sugges ted 

Fiseher a/ld others: Fracture toughl/ess Q[ ice alld Jirll 

tha t abO\'e some thres ho ld loading ra te. K",', fracture 
to ughness is independ e nt o f the ra te of loading. 

U se o f a modifi ed ring-specimen geometry sho uld 
elimin a te mos t ra te efIcc ts o n th e fi-ac ture to ughn ess of ice, 
because th e frac ture to ug hness in the ~IR tes t is meas ured 
a t th e tip of a na tura l c rack a t the insta nt it passes (i-om. 
unsta ble to sta bl e propaga tion. Conseque ntl y, there is no 
tim e fo r cree p d efo rm a ti on to relax th e c rac k-tip stress 
fi eld. Although this rem a ins (0 be e \ 'a lu ated in d e ta il. 
da ta ove r th e limited range of displ ace m ent ra tes in this 
stud y suggest thi s is t he case (Fig . 13 ) . R ate effects 
obsen 'ed with th e ~IR tes t should onl y be rela ted to th e 
initiatio n load of th e c rac k (aj; Fig. 2a ) because c reep 
dcform a ti on ", ill mos t li ke ly be concentra ted a round th e 
periph ery of th e spec im e n hole and th e reby inOu l' ll ce th e 
load a t which a crac k w ill ini tia te. H owC\-e r, beca use K[c 

is no t m easured until a c rac k has pro p aga ted out of th a t 
pa rt o f th e specim en inOu enced by th e presence of th e 
hole (Thi ercelin a nd R oegiers, 1987 ) a nd a ny associa ted 
cree p d eform a ti on, th e minimum in th e load ve rsus (im e 
cunT fo r a l\ [R (es t, a nd hence, K 1c , sho uld be (i-ee of ra te 
effec ts. 
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Fig. 13. Relaliol/jhiJ) between ram-head di,ljJ!acellleJI! rate 
alld ji-aclllre toughl/ess recorded dl/rillg Jractllre-tollg/lIle.lj 
lesls 0 11 .~Yl1th eti(, gr(l1I l1 !ar,.fresh-l.l'Oter ice alld G' /SP2 E 
core Jim . 

Notch acuity 

One o f th e bas ic te ll l' ts required (or th e \'a lid app li ca ti o n 
0(" lin ea r elas ti c frac tu re m echa ni cs is th at cracks ha ye 
sha rp tips (i. e. radius o f c urva ture =0; Broek, 1986 ). In 
roc k, ce ra mic and con c re te tes t spec im ens thi s does no t 
prese nt a signifi ca nt p ro blem because 10" '-amplitud e 
cycl ic load ing of a no tc hed specim e n produces sha rp 
fa ti g ue cracks a t the no tc h t ip. Alth o ug h recent ,,"ork b y 
Nixo ll a nd Weber ( 199 1) has demonstra ted th a t ice is 
susceptib le to fa ti gue c rac king, thi s tec hniqu e has no t 
been used to crea te sta rte r crac ks in rracture-toughn ess 
tes ts o f ice . Co nsequ e ntly , ice resea rc hers typi ca ll y 
mac h in e sharp crac ks a t th e tips of th e sta rter no tches 
of th eir tes t specim ens. V a ri a ti on in th e techniques used to 

produ ce such : harp c rac ks has res ulted in a \'a ri a ti o n in 
fracture to ughness with no tch ac uit y (sh a rpn ess )_ 

W ei a nd others ( 1990 ) and DeFra nco a nd o th e rs 
(199 1) c ha raeteri zcd th e e ffec t of no tc h ac uity on th e 
frac turc to ughn ess of ice . Their res ults indica te tha t th e 
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frac ture toug hn ess or ice is g rea ter for sp ec im ens II"ith 
blunt sta rt e r notches , This occurs beca use th e stress 
inlensity a t th e tip or a sta rte r no tch is pro po rti ona l to the 
sha rpness o r th e notch, Specim ens wilh blunt notches will 
f~lil a t hig he r tensile loads, th ereby yielding hig her J\lc 
I'a lues , beca use th e lensile slress a t the tip o f a blunl notch 
is less th a n lh a t d el'e loped at the tip or a sh a rp notch 
subj ec ted la th e sa me tensil e load , T o eli m in a te th e efferrs 
of notch ac uil Y on the frac ture- to ughness les ling or ice, a 
standardized lec hnique fo r m ac hining sh a rp nOlches 
inl'oh-ing scribing th e tip o f a ba ndsa ll"-cul notch Il'ith a 
razo r bla d e I\"as proposed b y \\'ei and o th e rs ( 1990) and 
DeFranco a nd olhers (199 1) , 

The effec ts o f notch acuity o n th e [j'ac ture toughn ess of 
ice a re effec ti vely elimin a ted in the modifi ed ring les t 
beca use th e fj-ac ture toug hn ess is nOl meas ured \\'hen a 
crack ini ti a les from a machin ed slarte r nOlc h, Instead , 
KIc is meas ured a l th e lip o f a na tura l c rac k aIt e r il has 
propaga ted some dista nce away from th e ed ge of the 
centra l ho le in th e specim en, \feas uring I(k a t th e tip or a 
propaga ling na lural crack insures a suffi c ientl y sharp 
crac k tip in eyery n pr riment, 

Grain-size, specimen size and crack length 

:\Ti xo n a nd Schulson (198 6, 1987 ) repo rted tha t the 
[j 'acrure tou ghll C'ss or ice in c reased I\'ith d ec reasing grain
size , Ho \\'e \T r, lhis res ult \\'as qu es ti oned b y D empsey a nd 
o lhers ( 1989a, b ), \\ 'ho meas ured th e [j'ac lure to ughn ess of 
ice usin g sin g le-edged - no tc hed bea m (SENB ) a nd 
recta ng ula r , d o ub le-ca ntile \ "C r beam spec im en geo mel
ri es, and sugges ted th e appa r e nl grain-size d ep end ence of 
frac ture lo ug hness repon ed by ea rli er \\'o rk e rs may ha\"e 
res ulted (ra m th e use 0 (' sub-sized spec im e ns, Dempsey 
a nd o th e rs ( 1989a. b) f'urth e r sta ted lh a t nea rl y a ll 
p re\'io us frac ture-to ughn ess d a la I\Tre in\"a lid beca use 
th ey were d e ri\'ed from simila rl y sub-sized sp ec imens and 
presented g uid elines for sta nd a rdi zing sp ecim en prepa r
at ion a nd tes tin g , Within th ese guidelin es a re mi nimu m 
ra ti os of sp ec imen depth lo a \'e rage gra in-size a nd crack 
length to ave rage gra in-size required fo r \ 'a lid LEF~l 
les tin g , Th e minimum ra ti os a rc sugges ted beca use lhey 
represent a lbeshold ra ti o a b O\T \\'hi ch a ppa r ent fj'ac lure 
to ug hn ess, K Q, a ppea rs to be ind e pe nd e nl or th e 
spec imen d e pth and crac k leng th , 

] n roc ks, ce ra mi cs. conCIT le a nd mela ls, sp ec imen-size 
requ irem ents a re des igned LO insure either pla ne-strain 
tes tin g co ndili ons , a c riti cal amounl of' s tabl e-crack 
ex lensio n pri o r to unsta bl e-c rac k g ro wth (l\f a tsuki , 
199 1) o r a minimum eX le nt of in e las tic crac k- tip 
d efo rm a ti o n (e ,g , Sc hl1l.idt , 1980) . Pl a n e s tra in is 
required in th e les ling of m a leri a ls wilh a fi xed yield 
stress (e.g. m e ta ls) beca use th e size 0[' th e c rack-lip plas li c 
zo ne in lhesc ma teri a ls inc reases dra m a ti call y und er 
pl a ne-stress conditi ons, res u lling in g rea te r fraClure 
energies , Crili ca l crac k- ex le nsion a nd c r ac k-l ength 
requirem e nts a re based o n the hypoth es is th a t unsta ble 
crac k g rowt h in concre te a nd rocks can o nl y occur a fter 
lh e fo rm a ti o n of an equilibrium-sized b rillle process zo ne 
(Hu a nd \\ ' itlma nn , 1990 ; J a nko\\"ski a nd Sl YS. 1990; 
Swartz a nd S ha h, 199 1), F o rm a lion of th is p rocess zone is 
beli e\'ed to occ ur durin g sta b le growth o f' th e crack OI'er 
some cri Li ca l length. 
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The ph ysica l bas is for the d epend ence of iee frac lure 
to ughn ess o n sp ec imen size a nd crac k length is unclea r, 
Differences in ice beha\' ior due to the enlirely difIe ren t 
s tress sla le (i. e . pla ne stra in or p la ne slress ) th a l might be 
present in sm a ll e r sa mples a re possibl e but have no t been 
d ocum ented. A crileri on [or minimum crack le ng th in ice 
specimens sta les th a t crac k leng ths should be a t leas t 50 
times th e size of the regio n o f inelas ti c d e fo rm a ti on 
su rroundi ng th e c rac k tip (D em p sey a nd o the rs. 1989a ), 
A lthough thi s is d esc ribed as a size require m e nt. this 
stipul a li on is aC lu a ll y a loading-ra te e[fec t assoc ia ted \\'ilh 
th e creep of ice a l the crac k tip , As disc ussed b y Ri edel 
a nd Ri ce (1980 ), the ex tent of inelas ti c defo rm a ti on 
surrounding a crac k tip in a cr eeping solid is linea rl y 
pro porti ona l to th e dura ti on o f' load ing, This rcl a lionship 
led Timco a nd Frederking ( 1986 ) to suggest a m a ximum 
a llowabl e time b e l\\'een th e crac k sha rpenin g a nd fai lure 
stages of a n ice [j-acture-to ug hness tes l. As di sc ussed 
a bOl'e. fj 'ac l ure- to ugh ness \'a l ues d ete rmined wi th the 
\IR tes t sho uld be free of c reep-rela ted ra te dIcc ls a nd 
th ereforc crac k-l e ng lh requirem ents based 0 11 es tima ti on 
o f creep-zo ne size a rc not necessar y [o r the '\IR tes t. 

Size effec ts o n the appa rent frac ture toug hness of ice 
m ay prim a r il y reOec t th e diffe rences in th e fr ac ture 
beha\' ior o f mu lti- crys la llin e a nd polycrys ta llin e ice 
(l\"i xon a nd Schul son, 1986 ). So-ca ll ed sub-sized spec
imens mal' simpl y not be representa ti\T 0 (' polyc rys ta lline 
m a teri a l beh a \ 'io r, Ni xon and Sch ul son (1986) sta ted th al 
lhere is no qua lltita li l'e meas ure of the numbe r o f g ra ins 
necessa ry lo constilule polyc rys ta lline beha \'io r in ice, but 
sugges ted lha t the small es t specim en dimensio n should 
eq ual a t leas l le n g ra in di ameters. W ilh an ave rage grain
size of rv I mm, a ll or the firn specim ens les led in lhis stud y 
easily mee l this requirement. H o\\'e\'C r, beca use of the 
\ 'a ri abilit y o Cg ra in-sizes betwee n spec imens of th e synth eli c 
g ra nular ice, i t is possible th a l som e or lhese sp ecimens do 
not ex hibi t po lyc rys ta lline beha \ 'ior, This m ay furth er 
acco unl for th e rcla ti\'ely la rge sta nda rd de\'ia li o n [or lhe 
syn thetic ice f'rac lure-toughn ess va lues presenled in lhi s 
s tu dy , Furth e r lest ing with (iner-gra ined na tura l Ice 
sampl es is required to elucid a le this problem full y, 

CONCLUSIONS 

!\Iodifi ed rin g tes lS conducted o n synthe ti c, g ra nula r 
f'r es]l-\\'a le r ice a nd firn fr o m th e GT S P 2 E co re 
respec li\ 'C ly y ie ld <l \'e rage frac ture-toughness \'a lues of 

I 

145.7 a nd 108.6 kPa m", Our r esults shO\\ a d ec rease in 
fr ac lure to ug h ness wilh in c reasing ice po ros i l y a nd 
confirm th e general conclusion s or Smith a nd others 
( 1990). Continu ed slud y of firn fr ac lUre tou g hn ess will 
p rOl' ide ['urth er insight into porosit y effec ts on ice frac ture 
LO ughness a nd aell'ance our und e rstandin g o f th e three
dimensiona l V<l I'ia l ion in fracture resista nce o f g lac iers 
a nd ice shee ts. \\'e beli eve use o f a modi[i ed ring -specimen 
geometry sho uld elimina te m a n y of the facto rs c urren tl y 
compli ca tin g th e fr ac lure-to ug hn ess tes ling o f ice. Load 
ing ra le. no tch ac uity, crac k-l eng th a nd sp ec imen-size 
requirenl c ll ls fo r nOlched-specim en geo metri es a rc not 
necessa ry [o r th e modifi ed rin g tes t. Elimin a li o n of th ese 
les ting complica ti ons should a llow for an unclo ud ed \'iew 
o f other pa ra m e ters inOuencing ice-[j'ac ture LO ug hness, 
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