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Prelilllinary observations of brittle cOlllpressive failure of 
colulllnar saline ice under triaxial loading 

E. T . GRATZ AND E. M. SCHULSON 

Thayer School of Engineering, Darlmoulh College, Hanover, NH 03755, U.S.A. 

ABSTRACT. Experiments were performed on columnar saline ice prepared in the 
laboratory. Specifically, using a true multiaxi a l loading system, relatively la rge cubes 
(159 mm on edge) were proportionally loaded along three orthogonal direc tions; viz. 
perpendicular to (0'11 and 0'22 ) and p'arallel to (0'33 ) , the long axis of the columnar 
grains. The ice was stra ined a t 10- 2 s I a t ~ 1O°C where it behaved in a brittle manner . 
Four se ts of experiments were performed by setting the ratio 0'22 / 0'11 to 0, 0.25 , 0.5 or 
I , and varying the ratio 0'33/0'11 and O'll / 0'33 ' Sections through the fai lure surface were 
then const ructed . For loading along 0'22 = 0, the confining stress did not significantly 
affect the maximum principa l stress at failure. For loading a long 0'22 = 0.250'11, 

0'22 = 0 .50'11 a nd 0'22 = 0'11 , the applica tion of a modera te confining stress resulted in a 
la rge increase in failure stress . However, further increase in the level of the confining 
stress did not have a significant effect on the failure stress. The obse rva tions a re 
presented in terms of a fai lure surface and are di scussed in terms of the possible failure 
mechanisms. 

INTRODUCTION 

An important problem in ice mechanics is the compres
sive fai lure of columnar ice under multiaxia l loading. The 
contact zone, for instance, between a sheet of first-year sea 

ice and an obstacle, such as an ice floe or an engineered 
stru cture, is charac terized by a multiaxia l state of 
compressive stress. Predictions of ice forces , therefore, 
require a good und erstanding of the fai lure processes 
und er complex stress sta tes. To this end , a stud y has been 
initiated to examine sys tematically this kind of failure in 
columnar saline ice. The ultimate objectives are to 
establish the complete three-dimensional failure surfaces 
and to understand the underl ying fai lure mechanisms. 
This paper presents some first observa tions. The fo cus is 
on brittle failure; i. e. on the pseudo-elastic kind of failure 
which occurs when ice is rapid ly loaded. 

To our knowledge this is the first report on the 
behavior of colu mnar saline ice und er proportional 
triaxial loading within the brittle regime. Ea rlier work 
by H a usler (1982) on simila r material explored the 
du ctile regime, and a more recent stud y by Richter
M enge (199 1) on columnar first-year sea ice wi th 
preferential orientation of the c-axes entered the brittle 
regime only for uniaxial tes ts. Also tes ts by Timco and 
Frederking (1986 ) on columnar sea ice en tered the brittle 
regime only for uniaxial loading along the columns. 
Triaxial tests by Sammonds and others (1989), although 
within the brittle regime, were performed on multi-year 

sea ice of complex structure, and experiments by J ones 
(1982 ) were conducted on granu la r fresh-water ice under 
constant confining pressures . 

EXPERIMENTAL 

Growth procedure 

Pucks of laboratory-grown sa li ne ice (LGSI ) were grown 
in a 8171 plastic tank using a proced ure of unidirectional 
cooling described in Ku ehn and o th ers (1990 ) . A 
solu tion of saline water was prepared by mixing the 
commercia l product " Instant O cean" with hot, filtered 
H a nover tap wa ter. The salinity of the olution was 
about 23%0. The solution was then eq uilibrated to ooe 
before a cooling pla te was placed on the urface of the 
solu tion a nd the sides of the tank insu lated. The 
temperature of the cooling p la te was set at ~30°C which 
resulted in 300 mm thick pucks after a bout two weeks of 
g rowth . 

Ice structure 

The structure of LGSI is characterized by columnar 
grains whose long axes are parallel to the direction of heat 
Oow during the growth process. The c-axes were 
randomly orien ta ted within the horizontal plane of the 

puck and we re contained within ± 15° of this plane. The 
ave rage equi valent di a meter of the co lumn ar grains was 
4.7 mm and was obtained as described by Kuehn a nd 
Sch ulson (1994) . Pla telet-like arra ys of brine pockets 
existed within individual grains, and irregular brine 
channels were observed at ome boundaries between 
colum ns. Salinities ranged from 3.9--4.4%0. Figure I shows 
thin sections taken parall el to and perpendicular to the 
co lumns. 
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Fig. 1. Schematic sketch rif LCS! structure and com/Josite photograph rif structure as viewed using thin sections betwem cross
polarized jilters. 

Satnple preparation and ditnensions 

Cubic-shaped samples 159 x 159 x 159 mm 3 were cut 

from th e pucks. They were mi ll ed to a tolerance of 0.1 mm 

across the face of 159 mm ; i. e. to a parall elism of 6.3 x 
10 -4 rad ia ns. The samples were placed in insula ted boxes 
after mi lli ng. If they were to be used immt'dia tely, then 
they were equilibrated at the testing tempera ture or 
- 10°C; otherwise they were stored at -40°C. All stored 
samples were equi li brated a t th e testing temperature for a 

minimum of 48 hours prior to testing, a time based on 
equ ilibrium tes ts on cubic samples with a side dimension 
of2 14mm. 

Testing procedures 

T esting was perform ed in th e Ice R esea rch La boratory 
(IR L) using a Multi axial T es ting System housed within a 
co ld room. This d evice a llows for proportion a l loading 
along three orthogonal direc tions and was specia ll y built 
for the IRL by MTS Corp. Two load ing actuators on 
each of the three axes maintained th e centroid of th e 

sample in a fixed position during loading. Output from 

the tes ting machine was recorded using a mu lti-cha nn el 
da ta acq ui si tion sys tem. D a ta incl uded ou tpu t from load 
transd ucers associated wi th each ac tu a tor and from six 
ex tensom eters mounted on meta lli c-brush loading pla

tens. The maximum principal load was applied using th e 
stroke control mod e of th e testing machine, where the 
stroke I'a te was ca lcul a ted to co rrespond to the ta rge t 
~ tra in rate of I x 10 2 S I. Confining loads were appli ed in 
proportion to th e master load to simu late natural loading 
scena nos. 

Loading paths 

Fig ure 2 shows the reference co-ordina te sys tem a nd th e 
loading pa ths. The axes Xl a nd X2 were orthogonal to 

the co lumns and X3 was pa rallel to the co lumns. T es ts 

were conducted a long pla nes of constan t ratio 0"22 / 0"11 in 
0"11-0"22-0"33 stress space, where 0"11 , 0"22, and 0"33 are the 
prin cipal stresses . The loading paths were 0"22/0"11 = 0, 
0.25 , 0.5 and I , a long which 0":13 was vari ed. In some tes ts 
0"11 was th e maximum prin cipal stress, whi le in others 0"33 

was th e max imum principal stress . Compressive stresses 

were taken to be posi tive. 

Fig. 2. Schematic sketch of loading stresses and the loading paths examined in lhe aLi-compressive oclant . 
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RESULTS 

Fa i I life occ u rred 111 a bri ttle ma nner for a ll tes ts. The 

d efo rm a ti o n was cha rac teri zed by essenti a ll y linea r stress 

stra in behavior a nd by th e co llapse of th e spec im en a ft e r 
a bo ut 0 . 2 0.5% shortening a long the mas ter loadin g 
direction. The fa ilure strains a long the mas ter a xis 
increased as th e interm edi a te prin cipa l stress a pproached 
th e max imum principa l stress . On ce a ll three onhogo na l 

stra ins were eompress i\ 'C . th e stra in corresponding to th e 

max imum principa l stress either d ecreased or increased 
onl y slig htl y as th e int e rm edi a te stress a pproach ed th e 
m ax imum stress . Fig ure 3 shows stress- strain cur\'es ['rom 
onc o f lhe lests fo r lhe ra lio 0"11 : 0"22 : 0":3:3 = 2 : 1 : 4. 
G enera ll y th e fa ilure slresses were sca ltered , as will 
becom e a ppa rent. Yet within th e sca tt e r import a nt 
lrends co uld be seen. 
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Fig . 3. Stress- slrain ClIrl'esfor a lest cOlldll tied where O":l:3 

was the ma rimum jnineipal slress, alld the ratio 
0"11 : 0"22 : 0"33 waJ 2 .' J .' 4. The slrain, E, cOl'reJjJonds 10 

E[[ for 0" 11. f22for 0"22 alld f33for 0"3:3 . The strain rate along 
X 3 was 10 2 si, and the test was CO lldllcted a/ T = - lOOC'. 

Fig ure 4 shows th e failure ell\ 'elope for bi a xi a l loading 

along a nd ac ross th e columns. The res ults fa ll within a 
regio n ro ug hl y delinea ted by th e uni axi a l failure stre ng ths 
fo r loading alo ng th e co lumns, 0"33.f= 10.8 ± 1.6 1\1 Pa , 
a nd loading ac ross th e co lumns, 0" 11.f = 3.74 ± 0.50:-'fPa 
(Kuehn a nd Schulson, 1994; Smith a nd Schul son , 1994 ) . 

\ \ ' i th th e exception of o ne point. th e uniaxial d a ta a lo ng 

th e columns were obta in ed by Ku ehn a nd Schulson 
(1994), and are shown as open squa res; uniaxial data 
ac ross th e co lumns were obta ined by Smith a nd Schulson 
( J 994) a nd a rc shown as crosses . Th e d a ta show no 
indica ti on that th e additi on o f a co nfining stress increased 

th e ma ximum principal fa ilure st ress . 

In these tes ts fa ilure occurred by splitting a long th e 
columns. U ni axi a l loading across and a long the columns 
res ul ted in pla na r cracks perpendicul a r to )(2 (Fig . Sa ) and 
in co lumn-like sha rds pa ra llel to th e loading direc ti on (Fig . 
Sc), res pec ti\·ely. Biaxi a l loading ge nera ll y led to pla nar 

crac ks perpendicul a r to th e direction of no load (Fig . Sb). 

Fig ure 6 shows the railure em 'e1 ope for tri axia l loading 
when 0"22 = 0"11. The res ults a rc plotted as th e proj ec ti on 

CrcilZ ({n d Scltulsoll.' C'omjJre.I'Jive failure of columnar JaLille ice 
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onto the 0"11 O":l:l pl a ne. Sta rting from th e conditi ons of 
bi ax ia l confinement, th e max imum principa l fa ilure stress 
increased fi'om a bout 9 i\IPa fo r 0":,3 = 0 to abo ut 14 l\lPa 
for O":l:l = 0. 5 0"11. \\' ith additi ona l loadin g a long th e 
co lumn s, th e failure stress a ppea red no t to cha nge 

sig nifi cantl y, e\'en as th e stress state a pproached pure 
h ydrosta ti c conditi ons. Simila r beha\'i o r was no ted when 
sta rtin g [i-om uni ax ia l loadin g along the co lumns. The 
ma ximum principa l stress a t fa ilure, in this case 0":33. 
increased rrom a uni ax ia l va lue or a bout 10.8 :\IPa fo r 
0"1 1 = 0"22 = 0 to a bout 16 MPa for triaxia lloading where 

O" l l = 0"22 = 0.25 0":33 ' As th e ra ti o 0"11/0"33 was increased 
Cunh er, aga in a pproaching hydros ta ti c conditi ons, th e 
s tress at fa ilure a ppea red no t to sho w sig nifi cant 
additi o na l \'a ri a ti on . 

The i'a ilure mod es in th ese cases a rc mo re comp li ca ted . 
Bet \\'eeen 0"3:\ = 0 a nd 0":33 = 0 .5 0"11 , th e mod e cha nged 

from splitting ac ross th e columns, d escribed by Smith a nd 

Schulson ( 1993 ) as spa ll a ti on out o f' the major loading 
pla ne, to a kind o f' cr ushing /crac king loca li zed nea r the 
s urf~lce . This surface cra ckin g was mos t concentra ted a t 
one o f' th e s urf~l ces orthogona l to th e max imum a pplied 
load. It was a lso th e fa ilure mod e obsen 'ed under hig her 

confinement fo r tes ts l\'here 0";13 \\'a5 a grea te r frac ti on of 

0"11. \\'hen 0":3:3 > 0"11 , including th e case 0" 11 = 0. 25 0"33, 
fa ilure again occ urred near th e surface, T es ts were no t 
run a t 10 \\'(' 1' confin ements, excepl for th e case o f' ze ro 
confin ement (ulliax ia l loadin g a long the co lumns) wh ere, 
as no ted a bo\'C. th e fa ilure was cha rac terized by splitting 
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Fig . 5. ,)'ciLematic sh-elches oJJailllre lIlodeJ Jar loading 

0"22 = O. 
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Fig. 6. Projection on to the 0'U--0'33 plane of the jailure 
surface jor loading 0'22 = O'u . Overlapping open circles in 
upper right are jor tests conducted using both greased and 
ungreased brass-plate loading surfaces . Tests were 
conducted at a strain rate of 10-2 

S- l at T = - 10°C. 

Fig. 7. Schematic sketches oj jailure modes jor loading 
0'22 = 0'11· 

along the columns. Figure 7 shows a schematic sketch of 
these modes. 

Path (0' 11 , 0.50'11 , 0'33) 

Figure 8 shows the failure envelope for triaxial loading 
when 0'22 = 0.50'11. Similar behavior is apparent. Again a 
la rge increase in failure stress was seen upon adding either 
a moderate stress a long the columns to a predominantly 
across-column load ing scenario or a modera te confine
ment across the columns to a predominantly along
column loading scena rio. Further increases in the 
confining stresses did not significantly affect the max
imum principal failure stress. For O'll > 0'33 failure 
occurred by spalling across the columns when 0'33 was 
zero, bu l agai n became localized near the surface of the 
specimen when 0'33 was increased. For 0'33 > O'll surface 
failure occurred for all cases studied along the path 0'22 = 
0.50'11· 

Path (0'11 , 0.250'11 , 0'33) 

Figure 9 shows the failure envelope for biaxial loading 
when 0'22 = 0.250'11. Still again similar trends are evident 
within the scatter, and the failure modes were the same as 
under the other cases of triaxial loading. 

SUIYunary 

The results for constant ra tios of 0'22/0'11 can be 
su mmarized as foll ows. Starting from the conditions of 
biaxial loading across the columns, the stress at failure 
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Fig. 8. Projection on to the 0'11--0'33 plane oj the jailure 
surface Jor loading 0'22 = 0.5 0'u . T ests were conducted 
at a strain rate of 10-2 

S- I at T = - 10°C. 

increased by about 50% upon the application of a 
moderate confining load a long the columns. Upon the 
appl ication of a greater confining load little systematic 
change in strength was noted . The trends are repeated 
starting from conditions of uniaxial loading along the 
columns. Upon application of a modera te biaxial 
confinement across the columns, th e failure stress 
increased again by about 50%, but changed little in a 
systematic manner upon further increase in the confine
ment . In other words, a low level of tri axial confinement 
resu lted in a large increase in the fai lure stress; further 
increase in the confinement had no significant additional 
effect on the failure stress. 

Failure surface 

An approximate shape of the brittle compressive failure 
surface was obtained as follows: the points on the failure 
envelopes were first described by a series of straigh t lines 
(as shown in Figs 4, 6, 8 and 9) . These lines were then 
plotted in principal stress space and connected to form 
planes. The planes then formed the boundaries on the 
failure surface. Figure 10 shows the result. Two views are 
given to a id visualization . Starting from the origin , the 
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saline, columnar ice loaded at a strain rate of 10- 2 s - I , at 
T = - lOoe. 

surface first expands abo u t the hyd rostatic line. The 
surface then appears to contract about the hydrostatic 
line as the hydrosta tic component of the stress sta te 
increases further. 

The rea l surface will not have sharp corners and edges. 
Instead, more rounded extremiti es are expected. Neve r
theless, Figure 10 gives the first experimental -based 
indication of the brittle compressive failure surface for 
ice. It also shows how the failure strength increases 

rapidly from relatively low values under uniaxialloading 
to quite high values under triaxialloading. 

DISCUSSION 

It is important to note again that the fai lure surface is 
only a first approximation . More experiments are need ed 
to define it more clearly. Nevertheless, at this juncture, 
the picture begins to emerge, albeit tentatively. 

The stress state, and particularly the hydrostatic 
component, seems to have a much greater effect on the 

brittle compressive strength of ice than it does, say , on 
the yield strength of a ductile material like a luminium. 

Cralz and Sclllllson : COl11jJl'essive failure of columnar saline ice 

In the la tte r case, failure (i. e . yielding ) is govern ed by 

crysta llographic slip , a nd that process is driven so lely by 
th e d ev ia tori c part of the stress tenso r. As a result , the 
a ttenda nt failure surface fo r iso tropic ma teri a l, for 
instan ce, can be desc ribed as a tube of co nstant 
diameter whose axis li es a long the hydros ta ti c load ing 
path , 0'11 = 0'22 = 0'33, a nd whose di a meter is se t by the 
critical shea r stress fo r slip. Since the criti cal shear stress 
is ind epend ent of the stress normal to the slip plane, the 
hydros ta ti c com pon ent of the stress state plays no role in 
determining how near to f~lilure (i.e. lO yielding) is a 
multi ax ia ll y load ed du ctil e ma te ri a l. In fac t, a duc tile 
materi a l load ed purely hydros tati call y should not fa il , 
rega rdless of hoy\' high th e stress i . . In brittle ice the 
situa ti on is different. The fa ilure surface indi ca tes that 
the h ydrosta li c component imped es failure up to a 
point; a nd then, if grea t eno ugh , il a ppears LO cause 
fa ilure. The last point is unusua l, even though it was 
noted by H a usler ( 1982 ) who a lso used me ta lli c-brush 
platens to stud y ice, but within th e ductil e regime, Yet, 
ba rring this point , it is clear th at different failure 
mecha nisms a re opera ting in the ice . M os t probably, 
th ey a re based upon th e nucl ea tion , g rowth a nd 
interac tion of cracks. 

One mechanism is the fri c tiona l crack-sliding/wing
crack mecha ni sm (Nema t-Nasse r and Horii , 1982; Ashby 
a nd H a ll am , 1986) . lLs opera tion in both fresh-water and 
sa lt-wa ter co lumnar ice was reported elsewhere (Cannon 
a nd o thers, 1990; Schulso n a nd o thers, 199 1; Smith and 
Schu lson, 1993, 1994). The wing-crack mechan ism is 
based upon the opening up of wing crac ks a t the tips of 
sliding parent cracks which nuclea te a t gra in bound aries . 
The hydrosta ti c part of th e stress tenso r is importa nt 
because it affec ts the Slress norm a l LO the pl a ne of sliding 
a nd hence the friction a l res ista nce to sliding: when too 
g rea t, the hydros tati c stress suppresses sliding al together. 
The wing-crack mecha nism, therefore , is limited to rath er 
low d egrees of hydrosta ti c stress give n the rela tively high 
frict ion coe ffi cient of ice on ice U ones a nd o thers, 1991 ) . 
Point A and lines AD and AC on th e failure surface can 
be explained in this way. 

Under hi gher degrees of co nfin em ent different 
mechanisms opera te. For instance, und er higher leve ls 
of biaxi a l loading across the columns (0'33 = 0) ice fai ls by 
spalling out of the load ing plane . This can be explain ed in 
terms of th e H erlzia n contac t mecha nism d escribed by 
Smith a nd Schulson (1993 ). Lin e DD on the fa ilure 
surface is rationa lized in thi s way. SO, LOO, co uld be pl a ne 
DFE because a small stress a long th e columns is expected 

not to suppress spalling but onl y to increase the failure 
stress required for thi s process . 

\Nhat cannot be explain ed on the basis of either wing 
crack o r H ertzia n mecha nics is th e rai lure which occurs 
und er highe r confinement. This co rresponds to the 
loading paths which intersec t the la rger facets of the 

failure surface, EFGH a nd GHJ. H ere, a third 
mecha nism operates . Its nature remains to be eluci
d a ted . \Nha t is clea r is tha t this new m echanism does 
not invo lve the g rowth of c racks because th e ra r-fi eld 
compress ive stress fi eld prevents g row th. Instead , it may 
in volve th e d evelopment of a critical crack d ensity 

which is a problem in crack nuclea ti o n and crac k 
interac tion. 
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Th e third mechanism does no t a ppear to be a res ult 
of the metallic-brush pla tens. From add i tiona l tes ts 
condu cted using loading pla tens mad e from solid brass 
plates there was littl e difference in either the load s a t 
failure or the failure mode when loading a long the 
hydrosta tic when compared to the results using brush 
platens (personal communication from E . T . Gra tz) . 
Nor was there a difference when a layer of g rease 
separa ted the ice from the solid brass plates. For bo th o f 
these cases, the fa ilure stresses were close to those fo r 
samples load ed using the brush platens, as shown in 

Figure 6. For both cases failure again was confined to the 
surface of th e samples, as obse rved fo r th e tes ts 
conducted using the brush pla tens. Thus, based on 
these results, it a ppears that th e fa ilure mod e und er 
higher triaxial confinement is not a n a rtifac t of the brush 
platens. Instead, failure und er nea r-h ydrosta ti c loading 
is attributed to the stress-free sample edges, a cha rac ter
istic of the loading system . In keeping with thi s view is 
the additiona l observa tion (persona l communi ca tion 
from E . T. Gra tz ) th a t pore-free columna r ice (i. e. fresh
water ice) also fail s near th e surface when loaded 

h ydrostaticall y, implying that pore co ll a pse cannot 
account for such failure of the sa line ice. 

Thus, it appears tha t several mecha ni sms contribute 
to the brittle compressive fa ilure of column a r salin e ice. 
The process is more com plica ted than envisaged by 
Hallam (1986) who, when consid ering the fa ilure of 

isotropic granula r ice, modeled it in terms of the fri cti ona l 
crack-sliding/wing-crack mechanism onl y. M echanisms 
are specific to particul a r regions of principa l stress space 
and thus dictate different failure criteria d epending upon 
th e stress state. It also appea rs tha t under higher degrees 
of triaxial confinement, fa ilure can be triggered if pa rt of 

the ice is stre s fre e. In this case th e behavior of the ice 
under near-h ydrostatic loading will proba bly depend 
upon how the loads a re a pplied , gases a nd liquids giving 
one result a nd solid pla tens giving a noth er. 

Although far from complete, it is hoped th a t this first 
report will stimulate furth er interes t in this important 
problem in ice mechanics. 

CONCLUSIONS 

From experiments in columnar saline ice load ed und er 
conditions of triaxi a l confinement a t - 10°C and a stra in 
rate of 10-2 s I (i. e. within th e brittle regime) it is 
concluded that: 
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(i) the maximum principal stresses a t failure in the 
triaxial regime are higher than in the biaxia l 
regIme; 

(ii ) the maximum principa l stress a t failure a ppea rs to 
be rela tivel y insensitive to the loading pa th O\'e r a 
large region within the a ll-compressive octa nt of 
principal stress space, a t leas t under the boundary 
conditions es tablished for metalli c-brush pla tens; 
and 

(iii ) several mcchanisms con tri bu te to bri ttle com pres
sive failure, each domin a ting within a pa rti cula r 
region of principa l stress space. 
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