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Microstructural change in ice: 11. 
Creep behavior under triaxial stress conditions 
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ABSTRACT. This work investigates the deformation of ice under deviatoric stresses 
and confining pressures expected during ice- structure interac tion . Granular ice was 
tes ted unde r a range of confining pressures (5- 60 MPa) and devi a tori c stresses ( u p to 
25 MPa), with sample temperatures between -8° and - 100 e. Samples were deform ed to 
increasing end-levels of axial strain, and were thin-sectioned and photographed immedi­
ately foll owing testing. 

At all confinement levels, the original texture of the sample is completely transformed 
within the first 10- 15% strain, to a fine-grained m a trix with a few la rger, isolated g ra ins. 
At low confinements, grain-size reduction is associated with extens ive microcracking. At 
high confinem ents, few cracks a re obse rved. Observations suggest that microcracking, 
melting a nd recrystalli zation are active at a ll levels of confinem ent, though the relat ive 
importance of ca ch depends on the confinement, stress and accumulated strain. 

Deviato ric stress is a strong factor in controlling the creep, reOected in both the time 
required for the sample to reach accelerated cr eep and the tertiary creep rate itsel f. Two 
exceptions to thi s pattern were noted. First, some samples experienced strain locali zation 
and eventua l rupture. These sp ecimens tended to have higher creep rates even in the init­
ial stages of strain. Second, prior damage resulted in rapid softening compared with the 
behavior of undamaged specimens. However, when strain rates a re compared a m o ng all 
samples at a g ive n level of cumulative ax ial strain, the creep behavior obeys a power law 
over the whole range of strain levels tes ted. Effective viscos ity decreased fro III 107

.
8 to 10KI 

MPa 11 s within the first 10 % strain, during which the most substantial microstruc tural 
changes occ urred, and then stayed relatively stable. The stress exponent, n, rem a ined 
within the range 4.0- 4.6. 

The dominant deformation m echani sm appears to depend strongly on confining pres­
sure (cracking at low pressure and dynamic rec rystallization at high pressure ). Creep 
rates at high confinement appear to increase relative to those at intermediate confine­
ment, but t he inOuence of temperature must be add ressed further. 

INTRODUCTION using the results to g uide ou r approach to the second. The ex­
perimental work presented in Melanson and others (1999) and 
this paper was not undertaken to reproduce impact condi­
tions. Rather, the approach was to isolate t wo of the critical 
elements - high-stress conditions a nd the damage-formation 
process - and systematica lly characterize the mechanical 
a nd microstructural response of ice to these factors . In 
Muggeridge andJordaan (1999), iceberg ice subj ected to true 
impact conditions in fi eld tests is characteri zed. 

Much at tention to the mechanical behavior of ice has fo cused 
on the slow strain rates, low confining pressures and small 
deviatoric stresses associated with deformation wit hi n gla­
ciers. Ice mechanics applied to ice-structure interacti on in­
troduces new challenges both for experimental studies and 
for constitutive modeling of ice behavior. The extreme inter­
action rates, high shear st resses, high confining pressures, 
rapid and continuous damaging of the ice during impact 
and the occurrence of multiple deform ation mechanisms 
with in a contact zone make the problem ext remely complex. 
We have focused on two obj ectives: (I) laboratory studies of 
the critical factors involved in ice fai lure under the range of 
conditions acting in an impact zone, and (2) the development 
of a constitutive relation that will describe the complex beha­
vior of ice under these conditions. 

The studi es presented in th is and the two companion 
papers (Mclanson and others, 1999; t-,/Iuggeridge a ndJordaan, 
1999) are primarily aimed at addressing the first obj ective and 
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Measurements of loads during ship-ramming trials, in­
dentation tests and laboratory compression tests indicate ice 
can sustain, and therefore transmit, very high loads during 
impact. Pressures on the order of70 MPa have been documen­
ted in indentation tests for a sensor of di ameter 12.7 mm 
(Frederk ing and others, 1990); pressure up to 51 MPa were de­
tected on an instrumentcd ship hull for a sensor of area 
0.0472 m2 (Glen a nd Blount, 1984). T hese high loads occur 
within locali zed areas termed "high-pressure zones". T he ice 
is able to sustain these loads in part due to the confining action 
of the surrounding ice mass. Extensive damage to the ice 
occurs rapidly (typically within a few seconds or less ), and 
extrusion of pulveri zed ice is commonl y observed. Large de­
form ations are accommodated by intense damage with in a 
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locali zed zonc adjacent to the impact surface. Observati ons of 

ice subj ec ted to impact tests indicate that fracturing, recrys tal­

lization and melting a re deformation mechanisms acting 

within an impact zone (Kheisin and Cherepanov, 1973). 
The term "damage" has typicall y been used to defin e mi­

cros tructural elements (such as microcracks) which acc umu­
late in a material under sustained stress and cause the 
degrada tion of properties such as modulus or strength. In 
the context of the current research there a re a number of po­
tenti a l d amage elements, including microcracks, dislocati ons 
and melt frac tion, that can act to soften or weaken the ice. A 
key obj ec tiye of this work is therefore to understa nd the mi­
cros tructura l changes associated with the change in mechan­
ical behavior res ulting from damagc. For further discussion of 
damage to ice during ice- structure interaction, see J ordaan 
and others (1999) and M elanson and others (1999). 

' ''' hile extensive experimental wo rk has been done on many 
types of ice under uniax ial and biaxial condi tions (Sinha, 1979; 
Cole, 1983; Melior and Cole, 1983; J acka and M accagnan, 1984; 
Smith and Schulson, 1993), fewer studi es have addressed the de­
forma tion and failure of g ranular ice under tri ax ial confine­
ment Uones and Joha ri, 1977; Jones, 1982; J ones and Chew, 
1983; Rist and others, 1988; Stone and others, 1989; K alifa 
and others, 1992; Rist and Murrell , 1994; Ri st and others, 
1994; G agnon and Gammon, 1995; Stone and others, 1997). 
Because high conlinements, high shear stresses and la rge 
strains occur in impact zones during ice- structure inter­
action, the present study was underta ken to assess the me­
chanical behavior and associated microstructural changes in 
ice under these stress conditions. Labora tory test conditions 
covered a range of confinements from low pressures (present 
at the periphery of the high-pressure zone ) to high pressures 
(found a t the center of a high-pressure zone where the ice is 
either relati\ 'ely intact or is highly damaged and constrained 
by the surrounding ice ). A range of devia tori c stresses fro m 2 
to 25 l\!IPa was used ; microstructura l cha rac teri zation 
focused on samples tested using a deviatoric stress of 15 MPa . 

EXPERIMENTAL PROCEDURES 

SaIllple preparation 

Cylindrical tes t specimens of granula r ice m easuring 70 mm 
in di a me ter and 155 ml11 in length were m ade using the pro­
cedu re described in Mel anson a nd othe rs (1999). In order to 
compa re the effects of initia l grain-size on ice behavior, one 
sample was made from a block for which snow, rather than 
crushed ice, was used as seed material to produce a liner­
gra ined ice. Another sample was prepa red from one of the 
la rge-gr ained blocks typically used for c rushing into seed. 

Test procedure 

Consta nt-ax ia l-Ioad tes ts we re done using a M aterials 1cst­
ing Systems (?\/ITS) tes t frame with indep endent servo-con­
trolled actuators for a pplying axia l load and confining 
press ure. Load paths were programmed using MTS Tes t­
Sta r soft ware. Samples were j acketed in la tex to exclude the 
confining medium (sili con oil ) and pl aced in the tri ax ia l 
confining ce ll. The cell was lill ed and a sm a ll ax ia l load 
was applied to ensure contact betwee n the loading pisto n 
and the specimen. Then the confining pressure was in­
creased a t a rate of O.S MPa s 1 and held fo r a pproxim ately 
Iminute prior to the c reep-load step. The creep load was 
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applied r apidly (the targe t load was typically reached with­
in D.I s) a nd then held consta nt as the sample deformed. Ax­
ial load was monitored on two load cells located inside and 
outside the triaxial vessel. Stra in was not monitored directly 
on the sp ecimens, because the appa ratus co uld n ot accom­
modate the la rge sampl e distortions. Displacement of the 
loading piston was therefore used to monitor the amount of 
sample shortening. The ax ial load was quickly removed as 
soon as the sp ecified strain limit was reached , a nd then the 
confining pressure was slowly decreased. 

In genera l, samples were allowed to deform until a pre­
scribed limit of ax ial strain was reached. Most we re taken to 
the maximum limit (approxim ately 44% true strain). For two 
values of confining pressure (S a nd SD MPa ), a number of tes ts 
were halted a t several intermediate levels of stra in in order to 
exa mine the progressive microstructural changes occurr ing. 

The point of contact with the piston could generall y be 
determined to within D.4 mm at the start of the creep step; 
for a sample taken to 4% stra in, this introduces uncertainties 
on the order of 5- 6% of the tota l strain measurement (or ap­
proximately 0.2% strain ). For the tests taken to the maximum 
strain limit, it refl ects an uncertainty of < 1 % of the total 
strain meas urement. For this reason wc have no t focused on 
the beha\'io r o f the samples a t yery small strains in the tests 
presented he re; they were not designed for that purpose. 

The test samples, confining oil and test appa ratus were 
held at a temperature of - 10°C for at least 12 h ours prior to 
testing. Work by B. M. Stone (unpublished da ta, 1995) and 
subsequent ca libration experiments by Mclanson (1998) indi­
cate that the a pplicati on of confining pressure causes an in­
crease in temperature at the center of an ice specimen of 
approxim ately 0.02°C MPa 1 and an increase in the tempera­
ture of the confining oil of approximately 0.11 °C MPa 1. In 
the tests done a t the highest confining pressures, a ttempts 
were made to compensate for thi s shift in temperature by 
using a slightl y colder initi al sample/oil temperature of - 11 ° 
to - 12°C. M ore precise control over the sample temperalUre 
was not possible given the configurati on of the test a pparatus. 

States of stress and daIllage 

The prima ry focus of tes ting was to stud y the creep beha­
vior of initi a ll y intact ice under a range of triaxia l conline­
ments with high dev iatoric stresses. A number of additional 
stress pa ths we re a lso investigated to assess the effec ts of de­
viatoric stress, prior damage a nd the effects of a ra pid d rop 
in confinement which would accompany ice fa ilure in a con­
tact zone. In our notati on, the applied confining pressure is 
designated Pe. The deviato ri c stress (equivalent to the vo n 
Mises stress in this case, i.e. the difference between the ax ial 
stress and the appli ed confining pressure) is desig nated 8 . 

Creep tests on intact ice 
The maj ority of creep tests we re done on initi a ll y intact ice 
using a nominal deviatoric stress (8) of 15 MPa with conlin­
ing pressures (Pc) of 5- 60 MPa (1a ble I). Tests were done over 
the range of confi nements to assess the pressure dependence 
of creep a t a constant deviatoric stress. To investigate the de­
viatoric stress dependence of creep, a seri es of tes ts was done 
in which 8 ra nged from 2 to 20 MPa and Pc was 20 MPa. A 
seri es of tests a i med at cha racteri zi ng the sample behay ior for 
a constant hydrostatic stress (p ) and different deviatoric stres­
ses is also presented. The hydrostatic stress, p, is defin ed under 
these test conditions as p = 8/3 + Pe. (This pa rameter is 
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Table 1. The maximum axial strain (in % true strain) for each test specimen, with the confining pressure ( Pc) and deviatoric 
stress ( s) during the creep phase of the test 

Pc 

MPa MPa % 

5 15 4.2 
15 15 8. 1 
20 2 1.7 
20 7 12.2 
20 20 17.4 
30 15 43.9 
30 25 2.5' 
40 15 44.03 

45 15 39.5' 
49 18 32.4' 
50 15 2.45.4 

52 9 43.8 
53 6 43.8 
60 15 38.4' 

% 

10.7 

34.4" 
43.93 

4.1 

% % 

18.0' 21.6 

10.5 16.4 

% % % % % % 

+4.4 

29.9 35.0-1 41.T 44.1 

, Sample tested at Pc = 5 MPa to 18% st rain, then Pe = 50 MPa to 39.7 % tota l axial strain. 

2 Differential stress applied by dropping confinement. 

3 Piston m ade hard conta("[ with these samples during the initia l application of the creep load , possibly damaged. Noted with tilde in the plots. 

"' Samples ruptured; stra in is approximately the point at which load dropped abruptly. Noted with asterisk ill [h e plots. 

Us ing large-grai ned sample. No[ed "Ig" in the plots. 

6 Us ing line-gra ined sample. Noted "fg·' in the plots. 

used primarily in the constitutive modeling (Melanson, 1998; 
Jordaan and others, 1999)). In these tests, the applied confin­
ing pressure (Pc) was adjusted such that the hydrostatic pres­
sure was held at p = 55 MPa for all the tests. 

Finally, one specimen was subjected to an ax ial loading 
resulting in part from stress reli ef. In this test, a confining 
pressure of 30 MPa was applied and the piston was brought 
into contact with the sample. Then the confining pressure 
was dropped rapidly while the high axial load was main­
tained , resulting in an increase in deviatorie stress. 

Creep tests on damaged ice 
Because of the demonstrated difference in mechanical beha­
vior between intact and damaged ice (Stone and others, 
1997), the impact of prior damage on the creep behavior of 
ice was investigated. In these tests, samples were subj ected to 
axial strains of either 2%,4% or 12% at a constant rate of 
either 10- 2 s - I or 10-+ s - I under 20 MPa confinement, prior to 
application of the creep load (Table 2). (For further details 
of these tests see Melanson, 1998.) In one additional test, the 
sample was subjected to 18% strain under creep conditions 
s = 15 MPa and Pc = 5 MPa. The confinement was then in­
creased to 50 MPa and the sample was allowed to continue 
deforming at s = 15 MPa until the maximum strain limit 
was reached (see Table I, footnote I). 

Stress correclionfor lateral strain 
For the tests taken to large strains, the increasing cross-sec­
tiona l area resulting from lateral strain caused a decrease in 
the actual deviatori c stress applied under constant-load con­
ditions. A correction has been applied to the measured loads 
to estimate the true stress, as discussed in :Melanson and . 
others (1999). These values are designated in our figures as 
"corrected deviato rie stresses". 

Sample analysis 

Sa mples were removed from the confining vessel, and then 
thin-sectioned and photographed within 24 hours of testing 
to minimize the inf1uenee of static reerystallization or crack 
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healing. Most of these samples were analyzed within 2 or 
3 hours of testing. Although the possibility of crack healing 
is always a concern, samples which were sign ificantly micro­
cracked in thin secti on were, without exception, visibly 
cracked immediately upon removal from the confining cell. 
Samples taken to the higher strain levels were, in fa ct, opa­
que. Samples which were predominantly clear a nd transpar­
ent upon removal from the cell had correspondingly few 
cracks in thin scction. O ccasiona lly the presence was noted 
of a few larger (i.e. grain-sized) cracks immediately adja­
cent to the loading platen s; this is a region in which the 
stress di stribution is high ly non-uniform, and thin sections 
were therefore not taken close to the platens. 

Thin sections were cut perpendicular and parallel to the 
sample axis (designated as horizontal and vertical sections, 
respectively) and polished on both sides using a microtome, 
to a final thickn ess of 0.5 mm (±O. lmm). To preserve the mi-

, 

Table 2. Eight specimens were subjecled 10 a damage step at 
the constant strain rate given, under confinement if 20 MPa. 
Following this step, a deviatoric stress (s) was applied with 
confzning pressure ( Pc), and the sample was allowed to creep 
to the maximum axial strain shown. These tests are noted 
with "d" in the plots 

D amages/ep Creeps/ep 
True strain Pc Strain rale Pc S True strain 

% MPa MPa MPa % 

2 20 10 ~ 20 8 11.9 
4 20 10-' 20 20 3+.2' 
12 20 10' 15 15 43.9 
12 20 10' 30 15 43.9 
12 20 la ' 50 15 H. I 
12 20 10 2 15 15 44.0 
12 20 10 2 30 15 43.9 
12 20 la 2 50 15 44.3 

Sample ruptured; st rain is approx imately the point at wh ich load 
dropped abruptly. 
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crostructu re, the sections wcrc "welded" to g lass plates usi ng 
a thin bead of water around the perimeter, rather than 
melted on. Photographs were taken under several dilTerent 
lighting conditions, as di sc ussed in M elanson and others 
(1999). Gra in-size was determined using the intercept 
method (Dieter, 1976) for a number of sa mples. 

RESULTS 

Mechanical behavior 

Figure 1 shows an example of the axial strain, confining 
pressure and co rrected devia toric stress meas ured during a 
complete test sequence. The confining pressure was slowly 
increased a nd held , then the deviatoric stress was applied 
quickly and held until a sp ecified limit of axial shortening 
was reached. Figures 2- 8 show the ax ia l stra in with time 
(view a ) and the strain rate plotted as a function of tota l 
stra in (view b) for only the creep portion of a ll tests. Three 
factors a re highlighted by these plots: the time prior to ac­
celerated creep (\'iew a ), and the creep ra te a nd stability or 
fa ilure under load (view b ). 

Figures 2 and 3 demonstrate the elTects of \'arying the 
deviatol-ic stress for a selec ted confining pressure (Pc = 20; 
Fig. 2) and for a selected hyd rostatic stress (p = 55 MPa; Fig. 
3). The effects of an increased deviatoric stress a re to 
dec rease the time pr io r to accelerated creep a nd to increase 
the tertiary creep rate, at both lower a nd higher confining 
pressures. In most of the samples shown in Figures 2- 8, 
creep rales showed a rapid increase within the first 10 % 
stra in , a nd then increased much more slowly with continu­
ing deformation. 

The excepti ons to thi s pattern were, in every case, 
samples which ruptured m acroscopically during testing, as 
shown in curvc + of Figure 3b. Rupture is defined, for our 
purposes, as fa ilure of the spec imen along a through-going 
fault plane. (See Figure II for a schematic representation , 
and Platc 10' for examples o r thi n sections th rough ruptured 
spec imens.) The generic te rm "rupture" is used because the 
faulted spec imens often show e\'idence of both brittle frac­
ture a nd ductile defo rm a tion; the contributions of each 
mechanism to the ultimate fa ilure cannot bc clea rly di stin­
gu ished in our samples. Cun'es for samples which ruptured 
arc marked with an aste ri sk. 

For co lour pl ates see sec ti on preceeding this paper. 
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The tests done a t a deviatoric stress of s = 15 MPa a nd 
confining pressures Pc = 5 and 50 MPa a re plotted in Fig­
ures 4 and 5, respectively. All remaining tests at s = 15 MPa 
a nd various confinements are plotted in Figure 6. Figure 7 
shows curves for four tests done using the very highest de­
viatoric stresses. Figure 8 shows the creep tests of Melanson 
(1998) in which samples were subjected to a prior damage 
step of 12% axial strain. 

In genera l, the tests at Pc = 5 MPa show the onset of ac­
celera ting creep within 10- 15 s following application of the 
deviatoric stress (Fig. 4a). Deformation was extremely rapid 
after that point, with creep rates on the order of 5 to 9 X 10- 2 

S '. 

Curve 2 is the sample that was subj ected to a pressure drop 
during loading; its behavior is indi stinguishable from 
samples which had the axial load applied directly. 

At confining pressures of > 5 MPa, there was more vari­
ation in both the time to reach accelerated creep and the creep 
rate. Eight tes ts were done at Pc = 50 MPa using the standa rd 
granular ice (Fig. 5). Some of these tests (curves 1- 3) fa iled 
along a rupture plane; the strain rates do not stabilize at high­
er strains and the ice did not sustain the applied load (Fig. 5 b). 
The samples which did not rupture (curves 4-8) reached a 
relatively constant stra in rate (1 to 3 x 10- 2 

S ' ) after a slightly 
longer period of time. 

Three additional tests plotted in Figure 5 were done 
under the same stress conditions using a fine-grained sample 
(curve 9), a large-grained ample (curve 10) and a standard 
ice sample that was subj ected to a prior damage step (curve 
11). The fine-grained specimen behaved simil a rly to the sta n­
dard grain-size specimens that did not rupture. The la rge­
grained sample experienced only a sm all amount of stra in 
before rupturing. The damaged sample had previously been 
subj ected to 18% strain using a deviatoric stress of 15 MPa at 
a confinement of 5 MPa (shown as curve 5 in Figure 3). The 
impact of this damage on the subsequent creep behavior at 
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Fig. 4. Axial true strain (a) and strain rate ( b) plotted for 
six tests done at a deviatoric stress s = 15 MPa with corifine­
ment Pc = 5 MPa. 
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50 MPa confinement is dramatic. The sample had reached 
the stage of accelerated creep during the initial loading, with 
a peak stra in rate on the order of 3 x 10 2 s- '. In the subse­
quent loading at higher confinement, the strain rate was im­
mediately very high (2 x 10- 2 s- ') without a stage of slow 
deformation, and the specimen ultimately ruptured. 

The remaining specimens tested at s = 15 MPa and vari­
ous confinements (Fig. 6) were, in general, slower to reach ac­
celerated creep than sampl es tested at Pc = 5 MPa. Tests with 
Pr in the range 30- 40 MPa (curves 4- 6) tended to behave 
more like the samples tested at Pc = 50 MPa which did not 
rupture, with a longer time to accelerated creep and a lower 
creep ra te (1 to 3 x 10- 2 

S I). Two tests in which the ram made 
relatively hard contact during application of the creep load 
(marked with a tilde) do not appear to be significantly differ­
ent from the rest. The tests at the highest confining pressures 
shown (Pc =45 and 60 MPa; curves I and 3) both had a very 
rapid creep rate which continued to increase with axial strain; 
both th ese samples ruptured fairly late in the deformation. 
With the sample tested at Pc = 60 MPa, for example, the 
two sections of ice were fused together when the sample was 
removed from the confining cell (see Plate 10); only about 
I cm of offse t had occurred. 

Four tests subj ected to very high deviatoric stresses are 
plotted in Figure 7. One specimen was subj ected to a damage 
step of 4% axial shortening a t a strain rate of 10 4 s- ' with a 
confinement of 20 MPa prior to the application of the creep 
load. This sample and the two specimens tested at Pc = 
20 MPa a nd s = 20 MPa reached accelerated creep very 
rapidl y, and have virtua lly identical stra in-rate vs strain 
curves (Fig. 7b). Two samples ruptured near the end of the rest 
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tests done at a deviatoric stress s = 15 MPa with corifinement 
Pc = 50 1\1Pa. Curves marked with asterisk are from 
samples which ruptured. Curves marked "lg" and jg" are from 
initial[y large- and fine -grained samples; for the curve 
marked " 18%d" the pressure was increasedF om 5 MPa to 
50 lv/Pa after an im:tial18% axial strain. 
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(curves 2 and 3). The sp ecimen tested at Pc = 30 MPa and 
s = 25 MPa ruptured in < 2 s (curve 4). 

Six sp ecimens were subj ected to a damage step of 12 % 
axial strain at constant strain rates prior to the application 
of the creep load (Fig. Sa). Like the damaged sample shown 
in Figure 5 (curve Il), these samples have extremely high 
strain rates immediately upon application of the creep load. 
However, the creep rates are comparable w ith the initially 
undamaged samples (i. e. samples subjected on ly to creep 
loading) when the rates are compared at the equivalent 
level of tota l axia l strain. 

This consistency in th e creep rates is evident in Figure 9, 
wh ich shows strain rates p lotted against the corrected devia­
toric stress at a number ofax ial strain levels for a ll of the tes t 
data presented, including the constant-strain-rate deform­
ation steps on the damaged samples. Strain rates for samples 
that ruptured are shown only for creep prior to the loss of 
strength; beyond that point, the rate reflects the limit of the 
ram acceleration. Linear least-squares regressions were done 
for the d ata at strain levels 2% , 5%,10%,20% and 30% . 
Because most of the samples taken to the higher axial strain 
levels were subj ected to a deviatoric stress of 15 MPa, the re­
gression lines are shown for general comparison. The data 
taken at a given level of strain fit an equation of the form : 

. s" 
E=- , 

/.I 

where /.I is the effective v iscosity and n characterizes the de­
pendence of the strain rate (0: ) on the deviatoric stress (S). 
The va lues of these param e ters are given in Table 3. Although 
there are fewer data avai lable at high strains, the overall 
trend of the values /.I and n is consistent with the raw data. 
The effective viscosity decreases by more than an order of 
magnitude with the initia l 10% strain, during which the most 

o 
'x 

s= 15 MPa Damaged 

a 

« 10 

°0~~~2~0~~~4~0~~~6~0~~~80~~~1~00 

Time (s) 

s=15 MPa Damaged 

b 

Axial strain 

Fig. 8. Axial true strain (a ) and strain rate (b) plotted Jor 
six tests which were subjected to a prior damage step of 12% 
axial strain at constant strain rates as given. These creep tests 
were done at a deviatoric stress s = 15 AIPa with Pc = 15, 30 
or50 MPa. 
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substanti a l microstructural changes occur in th e ice. At high­
er strain levels, the effective viscosity stabilizes. Although 
creep rates increase by several orders of magnitude with in­
creasing axial strain, the stress exponent n rem ains within 
the range 4.0-4.6 over the fu II range of strains. 

T he significance of the deviatoric stress in t he creep be­
havior of ice is also seen in the time required for the sample 
to reach accelerated creep, as shown in Figure 10. For our 
purposes, a meas ure of the time to accelerated creep was de­
rived from a line fit to the strain- time curves at 5- 10 % 
strain; the time-intercept o f this line was used . This strain 
interval was chosen because in general all the samples show 

Table 3. EJfective viscosity (v), stress exponent ( n ) and cor­
relation coifficient (r2) derivedJrom the strain rate and cor­
rected deviatoric -stress data at selected levels qf cumulatzve 
axial strain 

Total axial si rain v 

% True strain ~!fPa - 1/ s 

2 107,8 

5 106.9 

10 1061 

20 106.5 

30 106.3 

n 

4.4 
4.1 
4.0 
4.4 
4.6 

" r-

0.8934 
0.8136 
0.9485 
0.8385 
0.5813 

a dram atic increase in strain rate above approximately 5% 
strain. A lthough the choice is somewhat arbitrary, it allows 
for obj ective determination of a time (rather than identifica­
tion of the inflecti on by eye), it allows us to compare most of 
the test d ata (since some samples were taken only to inter­
mediate str ain levels) and it yields results consistent with 
qua li tative observations of the raw data. T h ese results show 
a strong correlation between deviatoric stress a nd the time 
to accelerated creep. The regression line is fit only to the 
data .from initially intact ice samples: 

105.88 

tac = 5
396 

with correlation coeffi cien t r2 = 0.8540 

where t ac is our measure of the time to accelerated creep. The 
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Fig. 10. Time to accelerated creep vs the initial (i.e. uncor­
rected) deviatoric stressforall tests. Linearregression was done 
only with data marked by Jilled symbols; these are distin ­
guished at 15 j\lfPaJor low and high conJining-pressure tests. 
Open circles are samples subjected to a prior damage step. Open 
diamond riflects a lower bound, as discussed in the text. 

data point at 2 MPa was excluded from the regression because 
this sample reached only 2% strain in approximately 43 000 s. 
It represents a lower bound on th e measure wc arc using. 

Microstructure 

Schematic representations of the m acroscopic sh ap es of typ­
ical deformed sampl es are shown in Figure 11. Samples that 
deformed without rupture showed ax ial shortening a nd lat­
eral expansion w hich was rela tively uniform a long the 
length of the sample (Fig. ll a ); oftc;n ice ha d extruded 
a round the end platens. Samples that ruptured a fter a sig­
nificant period of creep generally sh owed both la teral strain 
(similar to the intact creep samples ) and a distinct failure 
plane at ap proxim ately 45° to th e ax ial loading d irection 
(Fig. llb). These samples did not show uniform lateral ex­
pansion; often th ey had a prominent bulge near the cente l~ 

indicative of stra in localization. Samples that failed rapidly 
fo llowing the a pplication of th e creep load h ad a rupture 
plane oriented a t approximately 45 ° to the ax ia l load direc­
tion (Fig. !le ). These samples sh owed no apprecia ble lateral 
expansion, con sistent with the fact that they ruptured at 
very low axia l stra in levels. 

Photographs of thin sections from some of the test speci-

a b c 
Fig. 11. Schematic representation of macTOscojJic shape qf de ­
formed samplesJollowing testing. Adost samples diformed rel­
atively uniformly (a). Samples which ruptured typically 
showed a combination if lateral strain andJaulting (b). 1n 
two cases, samples Jailed rajJidly without significant lateral 
strain (c). 
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men a re shown in Pla tes 4- 10. Refer to Pl a te I for a view of a 
horizonta l thin section through an undeformed specimen. In 
general, the grain bounda ri es are straight a nd regul ar prior 
to deform ation, and f'cw bubbles or fl aws a re visible. 

Pla tes 4- 10 show photog raphs of both ho ri zonta l and ve r­
tical thin section of selec ted specimens fo llowing testing. 
Sec ti o ns a re shown which contrast the progressive micro­
structural cha nge with stra in for tes ts with a devia toric stress 
of 15 MPa a t two confining pressures, Pc = 5 MPa (Plates 4-
6) a nd Pc = 50 lVIPa (Pla tes 7- 9). 

At the lowest confining pressure, the first increment of 
strain (4% ) causes the form ati on of both intra-granular and 
inter-g ra nula r microcracks (Plates +- 6, vi ew a ). i\'Iost of the 
origina l gra ins are preserved, with only localized formation 
of fin e-g ra ined materi a l in a reas where ex tensive cracking 
has occurred . Intra-granular cracks tend to be highl y a ligned 
within a g iven grain (Pla te 4), possibl y refl ecting the strike of 
the basal pla ne. Some g ra ins ha\'e more tha n one se t of or­
iented cracks within them. With increasing strain (Plates 4-
6, view b), crack density within grains increases, and these 
crac ks tend to remain strong ly aligned. 

At the m a ximum stra in (44% ) (Pla tes 4- 6, \'iew c), few 
orig ina l g ra ins rema in intact. Between crossed polari zing 
filt ers, the sample appears as a mass of extremely fin e­
gra ined m ateri al surrounding a few large g rain s. M any of 
these la rge g ra ins haw a preferred alignme nt of c axes pa r­
allel to the loading directio n (inferred from persistent opti­
cal ex tincti o n in hori zontal thin secti o ns as they a re 
rota ted ). Th e additi on of side lighting revea ls that the fin e­
gra ined m a teri a l corresp o nds with local dense concentra­
tions of hig hly a ligned c rac ks. Althoug h thi s sp ec imen did 
not rupture, the \'ertical sec ti on (Pla te 6c ) shows e\' idence 
of som e locali zati on on a pl a ne, visible in the bulge a t the 
lower right a nd upper left co rn ers (rela tive to the sample 
axis). There is rema rkable uniformity of tex ture th roughout 
the specimen, e\-e n in the ice that has extruded a round the 
pla ten. The g ra ins directly adj acent to the pla ten rema in 
slightly la rge r (possibly a result of non-unifo rm stress di stri­
bution), but thi s zone is onl y a few grain di a m e ters wide. 

Increas ing the confining pres ure to 15 MPa or higher 
results in suppress ion of microcrac ks as a domina nt micro­
structura l cl ement. The sec ti ons shown in Pla tes 7- 9 a re 
typica l o f the non-ruptured samples fro m tests with 
Pc > 5 MPa. Some crac king is \'isible in the sample sub­
j ec ted to 4% stra in (Pla tes 7- 9, \·iew a ), but the crack den­
sit y is sig nifi cantly lown th a n in the spec im.ens tested a t low 
confinem ent. Fine-grained m ateri al form s initi a lly at the 
gra in bo unda ri es. With increasing ax ial stra in the frac ti on 
or fin e-gra ined mate ri a l increases (Pl ates 7- 9, views b and 
c). The size of the fin e g ra ins is slightl y la rger than in the 
highl y mic roc racked samples (Plates 4- 6), and the gra in 
bounda ries a re straight a nd reg ul a r. However, the texture 
consisting o f isolated la rge g ra ins in a fin e-g ra ined matri x 
is simil a r. In some cases, fin e-grained m ateri a l is clearl y as­
socia ted w ith cracks (as in the la rge black g ra in in Plate 8b). 
I n ge nera l, however, these g ra ins a re uncrac ked. 

IVlac roscopic rupture occ urred in a number of the spec i­
mens subj ec ted to very high deviatoric stresses (s> 15 MPa ) 
at confi nements of > 15 MPa. Two such samples a re shown 
in Pla te 10. The sample tested at Pc = 60 i\IPa a nd s = 
15 MPa is shown in a \'ertical thin sec tion (Pla te lO a ). Rupture 
occurred a long a plane a t a pproximately 45° to the axis, \'is­
ibl e as rh e protrusion on the left edge and the bright cracks in 
the cente r. The twO porti ons of the sample were fu sed to-
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ge ther when the tri ax ial cell was opened. Slip al ong this 
pl ane is bel ievedto have occurred only during the last stages 
of strain, as indicated by the sm all amount of offse t visible 
a long the fa ult a nd by the stra in-ra te history (Fig. 6b ). The 
grain texture o f this sample is simil ar to others deformed 
under high confinement, with a mixture of la rge a nd fin e 
grains and ve ry few cracks. When viewed with side lighting, 
only a few small cracks are visible a long the trace of the fault 
plane itself. In contrast, a sample which ruptured under con­
ditions Pc = 30 MPa and s = 30 MPa after only a small 
a mount of stra i n (a few per cent) has ex tensive microc rack 
damage to gra ins throughout, a nd a zone of fin e-g rained ma­
teri al is aclj acent to the fault pl a ne (Plate lOb a nd c). 

Average g ra i n-size a re plotted in Figure 12 as a function 
of the total a xia l strain to which the sample was subj ected 
during testing. (No te: not a ll the samples were a na lyzed for 
grain-size.) The average grain di a meter remains rela tively 
high for the fi rst few per cent of ax ial strain. It decr eases sig­
nifica ntl y by 10% ax ial stra in a nd then tends to sta bilize 
with increasing deform ation. Low (Pc = 5 MPa ) a nd high 
(Pc >5 :MPa) confinement tests a re differenti a ted , as are 
the \'ery hig hest de\'iatoric stress tests. The scatter in values 
from the undefo rmed samples indicates the \'a ri a bili ty of the 
sta rting ma teri a l, rather tha n e rror in the measurements. 
The fin e-gra ined samples m a rked by solid squares were 
made using snow as the seed ice. Though initia l g ra in-size 
of these samples was smaller a nd m ore uniform tha n that 
of the standa rd sp ecimens, the g ra in-size of the defo rmed 
sample does no t differ significa ntly. 

DISCUSSION 

\ Ve consider the m echanical behavior of the ice in rel a tion to 
the micros tructura l cha nges observed in thin sec ti o n, with a 
caution th at the sec ti ons may no t entirely refl ect the state of' 
the ice while it is under load . (The release of stress a t the end 
of the test, a nd the time lag prior to thin-sec ti oning, may 
cause some additio nal microstructura l cha nges, such as the 
quenching of m elted regions, stress-reli ef cracking, sta ti c re­
crys tallizati o n, g ra in growth o r crack hea ling.) 
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Microstructure 

Much of the microstructural change in the initial stage of 
deform ation is associated with grain boundaries, by crack­
ing at low confinement and by nucleation of new g ra ins at 
higher confinement. Grain-size decreases most d ramati­
cally during the first 10 % ax ial strain. At high strains, the 
texture (consisting of a fine-grained m ass surrounding iso­
lated, la rge grains) is common to samples tested at a ll levels 
of confinement. Only the two specimens that ruptured after 
a very small amount of axial stra in re ta ined a strong signa­
ture of the origina l gra in texture. "Ve interpret the la rge 
g rains as remnants which survived the initial breakdown of 
ice structure, possibly because they were not favorably or­
iented for either dense fracturing or recrystall ization. As de­
formation proceeded and the surrounding m a terial 
softened, the resolved shear stress on these large grains 
could in fact be quite sma ll, a llowing their preservation 
even with considerable sample stra in . 

Although the apparent mechanism by which the fine­
grained material formed is quite dilTerent at low and high pres­
sures (dense cracking vs dynamic recrysta llization), there is no 
strong confining pressure dependence observed in the average 
gra in-size (Fig. 12). R ather, the grain-size tends to be consis­
tently rclated to the total accumulated axial strain. This con­
clusion is supported by work of l\lIelanson and others (1999) in 
which samples were subj ected to constant-strain-rate tes ts 
ra ther than constant-load tests. Those tests show a dependence 
of average grain-size on total axial stra in similar to that in the 
creep tests presented here. Results from both these studies de­
monstrate that during the first few per cent of axial stra in the 
most dramatic micros tructural changes occur, the ice passes 
through its peak strength, the strain rates are at their lowest 
and the greatest variability in strain ra tes is observed. 

Mec hanical b ehavior 

At all confining pressures, creep rates during the first few 
per cent of stra in were rclatively low. The dilTerences in these 
ra tes among samples tested under the same nomina l condi­
tions may be a function of microstructural differences in the 
undeformed speci mens, differences in test conditions such as 
confinement or temperature, or the occurrence oflocaliza­
tion along rupture planes in some samples. However, the 
variations in time to accelerated creep among, for example, 
the samples tested at 15 MPa deviatoric stress are relatively 
sm all compared with the substantia l influence of the devia­
toric stress itsclf. The dramatic effects of prior damage a re 
a lso evident, in the very short times within which the 
da maged samples reach accelerated creep. 

In this work, results have been compared for samples that 
were subjected to several different loading paths: deform­
a tion by creep; deformati on by creep following a da mage 
step at a consta nt ra te; and deformation at a consta nt axial 
strain rate (Melanson and others, 1999). With only a few 
exceptions, creep rates were rema rkably simi lar a mong 
samples at specific levels of strain for a given deviatoric 
stress. They were rel atively insensitive to how tha t level of 
st.rain had been a ttained. This leads us to conclude tha t the 
tota l strain accumulated during the prior load histo ry of a 
sample is a strong fac tor in determining the creep ra te at a 
g ive n deviatoric stress. This conclusion is consistent with 
results from uniax ia l tests on g ranular fresh-water ice by 
Cole (1983) at lower strain rates a nd stresses, and with the 
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work of J ack a (1984), J acka a nd Maccagnan (1984) andJacka 
and Li (1994), which demonstrated that an equilibrium 
grain-size a nd a grain fabric devclop dur ing tertiary creep 
of ice deformed to high strains in uniax ia l tests. The fin a l 
grain-size can represent a reduction or an increase in ave r­
age gra in-size, depending on the initial ice structure and tes t 
conditions. A cha racterization of previous stress history tha t 
focused on the effect of hydrostatic pressure during the test 
was given in J ordaan and o thers (1999). This indicated a n 
initial ha rdening with press ure related to suppression of 
cracking, a nd a subsequent softening that is beli eved to be 
related to the elTect of pressure melting. Though we have not 
focused here on the pressure-dependence of creep rates, their 
findings a re consistent with the present tes t results. 

I n the present study, the strain rate in a given sample in­
creases by two to three o rders of magnitude as the total ax ia l 
strain increases. This is reflected in the mechanical properties 
of the tes t pecimens by the drop in effective viscos it y within 
the first 10% stra in, correla ting with the d ramatic microstruc­
tural changes visible in thin sections. Yet, there is remarkably 
consistent power-l aw behavior among the entire suite of 
samples. The material does continue to soften (seen in the 
viscos ities, which continue to decrease, and the creep rates, 
which continue to increase with strain), bu t the most dramatic 
softening corresponds to the initial breakdown of grain struc­
ture. In effect, the ice undergoes a transformation to a mate ri­
al with a new structure a nd different properties that responds 
to the stress condit ions in a relatively predictable way. 

The m ost significant exceptions to this pattern were the 
samples that ruptured . A mong samples tested under the 
same stress conditions, the difference was, in most cases, ev i­
dent early in the strain history. The samples which even­
tua ll y ruptured tended to have higher strain rates early on, 
suggesting that localizatio n associated with rupture began 
during the initial breakdown of the ice structure. Relatively 
small va ri ations in the test temperature, differences in the 
magnitude of stress concentrations, or variability in the fl aw 
or g rain structure of the undeformed specimens may act 
alone or in combination Lo weaken the m aterial at this stage 
of the deformation. 

Defonnation Inechanis rns/daInage 

Several deformation mechanisms a re known to influence the 
mechanical behavior of ice under a range of load conditions. 
The imporLance of cracking, dynamic rec rysta ll ization and 
pre sure melting in the deformation of ice has long been re­
cognized (Glen, 1955; Barnes and Tabor 1966; J onas and 
Muller 1969; Kheisin and C herepanov, 1973; J ones, 1982;J ones 
and C hew 1983; Glen a nd Ives, 1988; Xiao and others 1993). 

In broad terms one m ay conclude on the basis of our 
results that cracking is the predominant damage mechanism 
at the lowest confining pressure, and dynamic recrystalliza­
tion and melting at the higher pressures. However, obser­
vations of microstructura l changes demonstrate that all three 
mechanisms combine under a wide range ofload cond itions to 
accommodate deformation. At low confinements, where 
cracks a re a dominant microstructural element, grain-size re­
duction is not exclusively defined by the formation of cracks. 
The formation of new, sm aller grains is i nti mately associated 
with both isolated cracks a nd dense arrays of cracks, but fine­
grained regions that are clear of cracks a re also found. The 
consistency in the constituti ve behavior suggests that dynamic 
recrysta ll ization may be acting in conjunction with the crack-
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ing e\'C'n a t low confinements to enhance creep rates. Further­
more, melting in ice under load can result from both pressure 
melting and frictional heating, a observed by Gagnon (1994) 
during laboratory compression tests. Melting may therefore 
also play a role in deformation at low confinements, where 
pressure melting wou ld not be expected. 

At the higher confining pressures, persistence of a few 
isolated cracks to very high stra ins within the la rge grains 
might sugges t that some evidence would be seen if extensive 
cracking were occurring. Cracking followed by rapid heal­
ing may be occurring continuously within the fine-grained 
mass while these specimens are under load, particul arly if 
local melt is also present. The release of stress and the 
quenching of specimens at the end of tests would obscure 
e\·idence of thi s process. Clearly the texture of these speci­
mens is markedly different from that of specimens deformed 
at low confinement. Only direct observation of the samples 
under load (as done at lower confinements by Rist and 
others, 1994, for exampl e) would establish conclusively that 
cracking is not occurring a t the higher confinements. 

Indirect evidence suggests that at the highest confine­
ments, melting contributes to the deform ation. First, the 
samples tes ted at high confinements were in some cases per­
fectl y welded across the rupture pl ane by the time the 
sample was retrieved from the confining cel l. Second, red u­
cing the temperature by on ly I ° or 2°C for some of the higher­
confinement tests resulted in deform ation without rupture 
and lower c reep rates. Third, the sa mple tested first at 
5 MPa a nd then at 50 MPa confinement conta ined regions 
that were ex tremel y fine-gra ined but perkcd y clea r, despite 
the fact tha t the initial deformation at low confinement 
would have caused ex tensive c racking. The occurrence of 
local melting under hig her-co nfinement conditions is one 
explanation for all these observa tions. 

Wc conclude therefore that the "damage" which results 
in the softening of these specimens cannot be quantified 
simply as, for example, a density of cracks. Rather, the soft­
ening may be more appropria te ly related to th e deform ati on 
process tha t is ac ti vated while the specimen is under load. 
Elemems such as the volume o f g rain boundary, the disloca­
tion density a nd distribution, the density of transient cracks 
which occur and then heal under load and the volume of 
melt at the g ra in bounda ries may all constitute damage. 
H owever, they are not easil y qua ntifi cd in thin sections at 
ambient pressure and the refore cannot be related in a 
straightforward manner to th e dynamic condition of the 
sample whi le it is under load. 

The behay ior of ice has strong similarities with the de­
formati on of metals at high homologous temperatures, due 
to the prevalence of dynamic rec rystalli zati on as a deform­
ation mecha nism (Bailey and Hirsch, 1961; Sell a rs, 1978). 
The resu lts from our tests a rc also consistent with obser­
vat ions of strain localizations a nd brittle/ductil e behavior 
a t both la rge a nd sma ll scales in rocks (Derby, 1990). I\lylo­
nites, for example, a rc fin e-g ra ined rocks which occur loca l­
ized in fau lt zones, arc soft or weak relative to the 
surrounding intact rock a nd arc believed to accommodate 
large shearing strains in fault zones (Etheridge a nd Wilki e, 
1979). There a re many a na logo us deformation a l features 
seen in these laboratory ice samples. In fi eld examples of de­
formati on locali zation, evidence is present that the mate ri a l 
within shea r zones has exper ienced suffi cient fri ctiona l 
heating to cause melting a nd extrusion of molten material 
(Hobbs a nd others, 1976; Scholz, 1990). Furthermore, a de-

il1eglis and others: A1icrostrll cturai change in ice: 11 

formation mechanism analogous to pressure melting in ice 
is pressure solution in other rocks, in wh ich local high stress 
concentrat ions enhance the chemical dissolution of material 
in the presence of pore fluids (R aj , 1982). Therefore, studies 
of microstructural change in ice may have much wider im­
plications for understanding the m echanisms of deform­
a tion and metamorphism in a variety of materi als. 

Significance in ice-structure interaction 

Thin sections of iceberg ice deformed in fi eld-scale impac t 
test (Muggeridge and J ordaan, 1999) show extensive 
d a mage in the form of ice fragments, often rotated a nd offset 
along locali zed rupture zones, and larger zones that contain 
primarily fine-g rained materia l. The micros tructural 
ch anges observed in these samples, deformed under true 
impact conditions, a re strikingly simil ar to those produced 
in some of the laboratory tests presented here. 

The ejection of fin e-grained crushed materia l from the 
contact zone has been observed during some field impact 
and indentation tests. While this crushed material is softer 
than intact ice, the work ofSingh a nd others (1995) and the 
results presented here indicate that even soft , highly 
d amaged ice is capable of sustaining, and therefore trans­
mitting, high load s for short period s of time. In the context 
of ice- structure interaction, a signi hcant amount of damage 
can be done to a vessel or structure in a short period of time 
by impact with a n iceberg. Because of the complexity of this 
problem, the ap proach to modeling ice behavior during ice­
structure interac tion has ill\'olved deriving a workable con­
stitutive relation from these and o ther laboratory tes ts, a nd 
then implementing it in finite element simulations of con­
tact zones (Jordaan a nd others, 1999). 

CONCLUSIONS 

This experimenta l study was underta ken to characteri ze 
the mechanical behavior and mic rostructural cha nges in 
ice subjected to stress conditions present in an ice-structure 
interacti on zone. Results oftriax ia l creep tests under confin­
ing pressures up to 60 MPa, de\'ia to ric stresses up to 25 MPa 
a nd axial stra ins up to 44% have been presented. Micro­
structural characteriza tion foc used on those tests using a de­
vi a toric stress of 15 MPa at low (5 MPa) and high (50 MPa) 
confinement. 

[n general, samples tested at a confining pressure of 
5 MPa fail ed rapidly without rupture a nd contain dense mi­
crocrack popula tions. Samples tes ted at higher confining 
pressure deformed more slowly if the sample remained in­
tact, or ve ry quickly if the sample fa il ed along a mac ro­
scopic rupture plane. I n all cases, if the sample experi enced 
more than a few per cent strain, substa nti al micros tructural 
change was visible in thin sections. The origina l texture was 
repl aced by a m atrix of fine-grained m ateri al surrounding 
large r grains il1lerpreted as remna nts of the original g rains. 
In samples tested at 5 MPa confinem ent, this fin e-g ra ined 
matrix was highly microcracked; in samples tested a t high 
confincment, cracks were scarce. 

The constitutive behav ior of this ice obeys a power law 
when the stra in ra tes a rc correlated with the deviaLOric stress 
at the same levels of' cumulative ax ia l strain. The effective 
viscosity decreases from 107

.
8 to 106.+ with the initi a l 10% 

stra in, correlating with the most substa nti al microst ructural 
cha nges in the ice. At higher strain levels, the effecti\'e viscos-
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ity reaches a relativel y stable value. The exponent represent­
ing the deviatoric stress dependence remains within the range 
4.0- 4.6. This behavior is notable given that the apparent de­
formation mechanism is quite different at low and high con­
finements. The time to accelerated creep, being another 
measure of the creep rate at low stra ins, also correlates very 
strongly with the deviatoric stress. Factors such as the tem­
perature and confining pressure contribute to the variation 
in sample behavior at a given deviatoric stress. The excep­
tiona l cases lITre those samples which ruptured immediately, 
and those which had been subjected to a damage step prior to 
application of the creep load. In both cases these amples 
reached accelerated creep very quickly. 

Several potential deform ation mechanisms exist in ice 
under these conditions, including microcracking, pressure 
m elting, melting caused by frictional heating, and recrystal­
liza tion-enhanced creep. Microstructural obsefl 'ations sug­
gest that all these elements are ac tive over a range of stress 
conditions, though the relati\'e importance of each is a fun c­
tion of the confi nement, clcl'iatoric stress lel'CI, tota l accu­
mulated strain and temperature. 
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