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ABSTRACT. An analysis is presented of stress and strain measurements made 
during an investiga tion of th e characteri sti cs of cracks form ed in columnar-gra in , type 
S2, fresh-water ice

5 
during uni axial , compressive loading a t the nominal strain ra tes of 

10 3, 10 4 a nd 10 S i , and temperatures of _5°, - 10°, - 20° and - 30°C. Th e ana lysis 
hows th a t for this range of strain rate and temperature, ice behaves as a n anelas ti c 

so lid. R esults are given for th e time, g rain-size and temperature dependence of the 
elas ti c modulus in th e plane perpendicula r to the long direc tion of the grains. They are 
shown to be in reasona ble agreement with res ults of an earlier stud y of the a nelas ti c 
behaviour of the same type of ice. I t is suggested th a t the grain -size a nd tempera ture 
dependence of the elas tic modu li of ice for this ra nge of stra in rate and tempera ture 
may be due, in part, to the dependence of the relaxa tion time on these variab les. 

INTRODUCTION 

An inves tiga tion was ca rried out a t the Institute for 
Marine Dynamics, National R esearch Council of Can­

ada, on crack formation in column ar-grain , type S2 , 
fresh-water ice. The principal objective of the work was to 
obtain information on the cha racteri tics of the cracks 
that a re form ed b y a co mpress ive stress appli ed 
perpendicular to the long direction of th e grains. The 
inves tiga tion included mesurement of the stress and 
strain. This paper presents an a nalysis of th ese measure­
ments. 

The crystallographic c axis of the grains of type S2 ice 
tends to lie in th e plan e perpendicular to the long 
direction of the g ra ins and to have a ra ndom ori entation 
in that pla ne. Because of this preferred orienta tion , its 
mechanical response to an a pplied load is transverse 
isotropic. If a load is app li ed perpendicular to the long 
direction of the grains, the first I % of deforma tion is 
prac ticall y two-dim ensiona l, i.e. the strain in the long 
direction of the grains is much less than in the pla ne 
perpendicular to that direction. The informa tion in this 

pa per is for the time-dependent elas ti c modulus in the 
plane perpendi cular to th e long direc tion of the grains 
wh ich, beca use of the symmetry, is ind ependent of 
direc tion in th at pl ane. 

Traetteberg and others (1975) carri ed out a stud y of 
the strain rate a nd temperature d ependence of the elastic 

modulus of type S2 ice. Their measurements were made 
in the stra in-rate ra nge of 10-8 to 5 X 10- 3 

S- I , and in the 
temperature range of - 10° to --40°C. The maximum stress 
applied was 0.5 MPa. Gold a nd Traetteberg (1975 ) 
showed that the time depend ence of the elas tic mod uli 
found by Traetteberg and others could be d escribed by 
anelastic theory . This theory is the basis for the analysis of 
the pre ent work. Following a review of some of the res ults 

of th e earli er work, res ults from th e present inves tigation 
are co mpared to th em . In formation ob tain ed by 
Trae tteberg on the anelastic behaviour of granula r ice is 
given also, but only for purposes of comparison with that 

for the columna r-grain ice. 
Mu ch attention is given to the deve lopment of 

rheological models for ice . There are still differen ces of 
opinion over the form of the ex pressions for the delayed 
elastic and viscous components of th e strain. One reason 
for this, for the delayed elas ti c component, is that we do 

not have a fu ll y satisfac tor y und er tanding of its 
dependence on ice type, time, temperature a nd gra in­
size . It is shown in th is pa per that the theory of the 
ane las ti c behaviour o r so lids, which considers on ly the 
elastic and delayed elas ti c components of the total stra in , 
provides considerabl e insight conce rning thi s dependence. 

PREPARA TION OF THE ICE 

The ice was mad e from deionized and de-aerated water in 
a n open-top, insulated fibreglass tank 55 x 35 x 25 cm. 
The water wa cooled in a cold room until ice began to 
form on the surface. This ice was removed quickl y, and 
the surface covered with ice particl es of a give n range in 
size ob tained by crushing and sievi ng large single crysta ls. 
As the water froze below the crushed ice laye r, type S2 ice 
developed within about 3 cm of it. This ice was usua ll y 
free of visible bubbles to a thickness of 15 cm. The average 
cross-sec tiona l area of th e gra ins near the surface was 
determined by the size of the seed pa rticles, and increased 
gradually in the direction of freez ing. 

R ecta ngula r specimens 30 x 90 x 200 mm were used 
for the tests. The long direc tion of the grains was 
perpend icula r to the 90 x 200 mm face. After the seed 
and transition layers were removed , it was usua lly 
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possible to make eight specimens from each block of ice 
mad e in the tank. The specimens were formed in a milling 
machine so that the faces and sides were parallel to within 
0.1 mm and the ends to better than 0.02 mm . After 
machining, each specimen was sealed in a plasti c bag and 
stored in an a irtight box. It was conditioned at the tes t 
temperature [or at leas t 24 h prior to tes ting. 

Average grain-size was determined in the [ollowing 
manner from photographs o[ thin sec tions cut from the 
central 90 x 90 mm of the two faces of each specimen 
after it was tested. The average grain area for each face 

was obtained by counting the number of grai ns in a given 
area, and was used to calculate the diameter of the circle 
of equal area. The average grain-size was taken to be the 
mean of th e diameters calculated for the two faces . 

DESCRIPTION OF THE EXPERIMENTS 

T es ts were carried out at constant rate of cross-head 
movement in a closed-loop tes tin g machine (MTS 
311.31 ) . Compressive loads were applied to the 30 x 
90 mm ends of the specimens. They were limited to 

between 3 and 5 MPa, depending on the nominal strain 
ra te and tem perature. Strain was measured with L VDT 
ex tensometers with a gauge length 0[60 mm , mounted on 
each sid e of the specimen. T es ts were carried out a t the 
nominal strain rates of 10 3 , 10-4 and 10-5 s lat the 

temperature of - 10°C. The corresponding measured 
strain rates were about 7.6 x 10- 4

, 7.6 x 10 s and 
7.8 x 10-6 

S i. They were found to be a lmost cons tan t 
over the strain ra nge of 1.5 x 10-4 to the maximum 
amount of between 4.5 x 10 ,~ and 7 x 10-4. T ests were 
carried out a lso at the nominal rate of 10 3 S- 1 at 

temperatures of _5°, - 20° and - 30°C. The output from 
th e two ex tensometers, the load cell and th e piston 
displacement transducer were sampled a t the rate 0[ 30 to 
200 H z, depending on the nomina l strain ra te a nd 
temperature, and stored in a computer. The strain used 
in the analysis was the mean of the values measured by 

the two extensometers. 
Loads were app lied through steel platens. The lower 

one was fixed and mounted on a load-cell. The upper 
pla ten had a non-lock ing ball a nd cone joint to ensure full 
contact with the end of the specimen. A very small 
preload, less than 0.1 MPa and small enough to a llow the 

position of the specimen to be adjusted to the centre of the 
lower platen, was a pplied [or a bout 5 min before the 
beginning of each tes t. 

Twenty-one tes ts were condu cted a t - Ioce a nd 
nom inal strain rate of 10-3 s 1 a nd 14 a t each of the two 
other nominal rates. The average grain-size for these tests 

was in the range of 2.9 to 6.2 mm. 

RESULTS 

Plots of stress vs time, stress vs strain , strain vs time for 

each extensometer, a nd the mean of the two strain 
read ings, were prepa red from the stored data. It was 
found for some tests that the stra in calculated from one 
ex tensometer was displaced by a small amollnt rela tive to 
the other, indica ting that the specimen for these tests may 
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Fig. J. An example of the time dependence oJ the stress and 
the average strain, and of the dependence oJ the strain on 
stress. The initial tangent modulus, El, and the subsequent 
modulus, E 2 , are equal to the slope oJ the two lines drawn 
through the cones/landing, ~ffectively linear, sections of the 
stress vs strain curve. Nominal strain rate, JO-4 s - 1; 

temjlerature, - JOce. 
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not have been in the centre of the pla ten. The difference 
in th e two strain readings was usually less than 5 x 10 5 . 

For practica ll y a ll the tes ts except those at th e lowes t 

nominal strain rate, however, the stra in vs time curves 
we re pa rallel a fter the sma ll d isplacemen t. For some of 
th e tests at the lowes t ra te the curves were not pa rall el, 
indi ca ting a difference in stra in rate between th e two sid es 
of th e specimen. 

Both the stress a nd the st ra in rates increased with time 

a t the beginning of each test, then tended to consta nt 
values. Th ey were effecti vely constant for most of the test 
a t the two highes t nominal stra in ra tes, but not for the 
lowes t one. Th e stress vs stra in curves had co rresponding, 
effectively linea r sections, indi ca ting a rela ti vely sma ll 
change of the a nelastic modulus with time. An exa mple of 
th e dependence of the stra in on stress a nd of the time 
d ependence of th e stress a nd average stra in , is shown in 
Figure I [or a tes t a t the nomina l ra te of 10 4 Si. 

I t was ro und necessa ry to smooth the stress a nd stra in 
d ata because of sma ll, rela ti vely high frequ ency flu ctu­
a tions in the reco rd s. The effect of these flu ctua tions was 

less for th e stress vs strain plots, but it did require that 
moduli be determined for rela tively large ra nges of stres 
and stra in , as can be apprecia ted from Figure I. In effec t, 
wha t was ob ta ined [or each specimen was the tangent 
va lue [or the time associa ted with the midpoint o[ the 
se lected ranges of strain. 

The modulus, E] , given by the slope of the ta ngent to 
the initial part of th e stress- stra in curve, was d etermined 
for each test. A mod ul us, E 2 , was ca leu la ted from th e 
effec ti vely linear part of th e stress- stra in curve th a t 
co rrespond ed to the time ra nge for which both the stress 
and th e strain rates could be ass umed constant. These two 

moduli described the major pa rt of the stress- strain 
behaviour for the higher nomina l strain rates, as can be 
seen from Figure I . For the lowest nomina l ra te, a third 
modulus was determined to cha rac terize th e stress- strain 
behav iour nea r th e maximum imposed stra in. 

Figure 2 presen ts the g ra in-size d ependence and 

associa ted regress ion equation found fo r El a t the 
nomina l ra te of 10 3 S 1 and temperature of - lOoe . Th e 
reg ression eq ua tions for the three nomina l ra tes,with th e 
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Fig. 2. Grain-size dependence oJ the initial elastic 
modulus, El, and plot oJ the associated regression 
equation. Nominal strain rate, JO-3 

S- I; temperature, 
- JO°C. 

Gold: Elastic modulus oJ fresh-water ice 

T able J. Regression equations giving the de/Jendence of the 
elastic moduli, El and E2, on average grain-size, d, Jar 
columnar-grain ice and three nominal rates oJ strain , with 

their standard deviations, SEd, and coeJficients oJ 
correlation, r; temperature, - JO°C 

Nominal strain rate Equation r 

10 3 El 6.5 + 0.29d 0.98 0.54 
E 2 6.2 + 0.30d 0.61 0.7 3 

lQ- f El 6.9 + 0 .1 9d 0.95 0. 39 

E2 6.3 + O.ISd 0.90 0.40 
10 5 El 6.2 + O.lld 0.69 0.27 

E 2 4.4 + 0.22d 0.93 0.36 

associated stand ard dev ia tions and correlation coeffi ­

cients, a re given in T able I. I t can be seen that there is a 
depend ence of the modulus on grain-size for all three 
ra tes, but it becomes weaker with decreasing strain ra te. 

The g ra in-size dependence for E 2 , a nd associated 
regression equation , is shown in Figure 3 for th e nomina l 
ra te of 10 3 S i ; the regression eq uations and associated 

standard d eviations a nd co rrelation coefficients are 
presented for th e three rates in Table I . It can be seen 

Groin size mm 

Fig. 3. Grain-size dependence of the elastic modulus, E2, 

and plot oJ the associated regression equation . Nominal 
strain rate 10-3 

S- I; temperature, - JO°C. 

th a t E2 has abo ut the same dependence on grain size as 
El . The d epend ence of th e ave rage val ue of El and E 2 on 
temperature, a t the nomin a l ra te of 10 3 S I and grain-size 
2.9 to 6.2 mm , is shown in Figure 4. Shown a lso is th e 
tempera ture d epend ence found by Trae tteberg a nd 
others (1975 ) a nd Gold (1958 ) from measurements made 
a t about th e same time after the initiation of a constant 

ra te of stressing. 

ANALYSIS 

Gold and Traetteberg ( 1975) assumed that the initia l 
res ponse of ice was anelastic and could be described by 
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Fig. 4. T emperature dependence if the average elastic 
moduli El (solid circle) and E2 ( solid square) , measured 
by Traetteberg and others (1975) and Gold ( 1958) . T he 
time associated with each of the data points is shown in the 
legend; the average grain-size of the specimens was in the 
range of 3 to 6 mm. 

the following equ ation (N owick and Berry, 1972): 

(1) 

where c is the strain , 0" is the stress, To the relaxation time 
for constant strain , Tu the relaxa tion time for consta nt 
stress, MR the relaxed modu lus, and the dot indicates 
differen tiation with res pect to time. They determined 
values of Tu from the strain relaxa tion after the load was 
removed completely. The depend ence of Tu on the time of 
dura tion of the tes t, obtained for both columnar-grain , 
type S2 ice, and granula r ice, is shown in Figure 5. It was 
found that the relaxation time was not constant but 
increased with time raised to the power of about 2/3. A 
line with this slope has been drawn through the d a ta in 
Figure 5. With this dependence on time, Equation (1) 
becom es: 

(2) 
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Fig . 5. Time dependence oJ the relaxation time, determined 
from the measurements oJ Traetteberg ( T raetteberg and 
others, 1975) . The same symbol is for a series of 
consecutive cycles of load applied at different, almost 
constant, rate of increase of the stress. T emperature, 
~10° C. 

where Q ot2/3 = To and Q u t 2/ 3 = Ta . 

It was observed tha t the rate of change of the stress 
was a lmos t constant during most of the application and 
removal of the load for the tests from which the relaxa tion 
times, shown in Figure 5, were determined . Gold and 
Trae tteberg obtained the fo llowing solution for Equa tion 
(2) for the period during which the load was applied , 
using La place transforms and assuming that the ra te of 
increase of the stress was constant: 

where 0"0 is the constant rate of increase of the stress . 
It can be apprecia ted from Equation (3) th a t it is 

more convenient to use the compliance than the anelastic 
modulus for stra in calculations when the stress is the 
controlled varia ble. The compliance a t time t is given by 
S (t ) = i:(t )/O"o. Differentia ting Equation (3) with respect 
to time and rearranging gives: 

(4) 

If the relaxa tion in the compliance is spread over severa l 
decades of time, however, as it is in the present case, E(t ) 
can be assumed equal to 1/ S(t ) (see Nowick and Berry, 
1972, p . 35 ). Equa tion (4) shows tha t the complia nce, and 
therefore th e anelas ti c mod ulus, does not depend on the 
strain or stress ra tes for the condition analyzed , but on the 
du ration of application of the constant ra te of increase of 
the stress . 

The time-dependent moduli , calcu lated from meas­
urements made by Trae tteberg and others (1975) for a 
specimen of columnar-grain, type S2 ice, are presented in 
Figure 6. The columnar-grain specimen was subjected to 
over 23 load cycles, each at one of 13 crosshead ra tes. 
These were a pplied during th ree separate days of testing. 
R esults obtained for a granu lar ice specimen subjected to 
16 load cycles during two d ays of tes ting a re shown as 
well. The specimens were annealed a t least one week 
between sets ofload cycles . The time associa ted with each 
value of the modulus was taken to be the logarithmic 
mean of the period for which the dependence of strain on 
stress was effectively linear. The results presented in 
Fig ure 6 differ a little from those in figure 3 of Gold and 
Traet teberg (1 975) because of addi tional da ta for the 
columnar-grain ice and corrections for density for the 
granu la r ice. 

Using the results from the measurements of Traette­
berg presen ted in Figure 5, it was assumed tha t Tu = 
3. 8t 2/ 3 s. R easonable values for E (t ) for t = 0.1 and 10 s 
were selected from Figure 6 for both types of ice and used 
to determine the constants M R and Q o. Their values, 
which a re a li ttle different from those given by Gold and 
Traetteberg, are presented in Table 2 a long with tha t of 
the unrelaxed modulus, Mu, given by Mu = MRTu/To. 
E(t ), calcu lated from Equation (4), is plotted in the fi gure 
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Fig. 6. Time dependence of the elastic moduli. The solid 
and open circles are values for columnnar-grain and 
granular ice, respectively, obtained fro m a re-analysis of 
the measurements made by Traetteberg ( T raetteberg and 
others, 1975) . The data points with the error bars arefrom 
the current work . For the fi rst two on the left, the nominal 
strain rate was 10-3 s- I;for the third andfo urth, 10-4 S- I; 
and for the f ifth and sixth , 10-5 s - I. The seventh on the 
extreme right is the third modulus determined at the 
nominal rate oJ 10-5 S- I. Grain-size, 5 =+= 1 mm; temper­
ature, - 10oe. 

104 

using these values for the constants. It can be seen tha t the 
equa tion is in good agreement with the earlier obser­
va tions over the period of 0.1 to a bout 30 s. 

The columnar-grain ice used by Traetteberg had an 
average grain size ofabout 5 mm. V alues of El a nd E2 for 
an average grain-size of 5 mm we re determined for the 

present work from the regression equa tions presented in 
T able I. These a re plotted in Figure 6. The ba rs 
associa ted with each point give the range in time a nd 
values of the elas tic moduli observed for specimens of 
average gra in-size in the range of 5 ± I mm. The d a ta 

point on the extreme right is the average va lue of the 

third modulus determined in the present inves tiga tion a t 
the nominal stra in ra te of 10-5 

S- I for specimens in the 
same range of average grain size. I t can be seen th a t these 
average va lues agree well with the results of the earlier 
work over the range of 0.1 to about 30 s. Thereafter, the 
values begin to devia te from the theoreti cal curve, but 

more rapidly than found by Gold and Traetteberg. This is 

Table 2. The anelastic constants Jar columnar-grain and 
granular ice determined f rom the work of Traetteberg and 
others (1975) for constant rate of stress conditions; grain­
si<.e, about 5 mm; temperature - 10oe 

Type of ice Anelastic constants 
MR Mu £la £lE 

Gpa GPa SI /3 S 1/3 

Columnar-grain 4 .8 9.1 3.8 2.0 
Granula r 3. 2 8.6 3.8 1.4 

Gold: Elastic modulus of fresh-water ice 

because the viscous component of the total strain in the 
present stud y would be larger, due to the la rger maximum 
stress. 

DISCUSSION 

The exponentia l term in Equ ation (3) has the same form 
as that given by Sinha (1979 ) for the delayed elas tic 
component of his rheological equ a ti on. H e obtained a 

value of 0.34 [or the exponent fo r the time in the 
exponenti a l term by fit ting his equation to d a ta from 
creep tes ts. In the present a na lysis, an exponent of 1/3 
occurs because of the time d ependence of the relaxa tion 
time. 

A direc t comparison of Sinha ' s expression for d elayed 

elas ti city and Equa ti on (3) requires further analysis 
because of differences in the stress conditions (Equa ti on 
(3) is for a constant ra te of increase of stress; Sinh a 's 
equa tion is fo r a constant stress) . Sinha (1983 ), however , 
used a finit e-d ifference me th od to show th at his 
rheological equa tion agreed sati sfa cto ril y with the results 

of tests carri ed ou t a t a constan t ra te of cross head 
displacement on columna r-gra in ice. In the limi t, his 
summa tion fo r th e delayed elas tic term transforms to the 
La p1acian form . As the test conditions closely a pproxi­
ma ted those of constant load rate, it is reasonable to 

assume that his calcula tions sim ulated the response 

d escribed by Equation (4). 
The relaxa tion of the elas ti c moduli determined in this 

stud y ta kes place over the time ra nge beginning about 
10- 1 s a nd extending beyond J 03 s. K e (1947 ) has shown 
th a t, fo r meta ls, the relaxa ti on of the elas ti c mod uli tha t 

occurs ove r this genera l range of time, is due to viscous 

processes on and near gra in bound ari es . Internal fri ction 
measurements mad e by Kuroiwa (1964) show th a t this is 
the case a lso for ice. The present res ults a re consistent 
with those of Kuroiwa . 

The tempera ture dependence found fro m the present 

studies is simila r to that reported earli er by Traetteberg 

a nd o th ers (1975) a nd Gold (1958), bu t th ere is 
considera ble scatter. M easurements of anelastic behav­
iour have shown that, in many cases, the relaxation time 
has an Arrhenius rela ti on with tempera ture (see Nowick 
a nd Berr y, p .57 ) . This sugges ts, fo r ice , th a t the 

tempera ture dependence of the moduli du ring anelas ti c 
relaxation may be due to the te mpera ture dependence of 
£la and a". This was demonstra ted by Sinha (1978), 
where he determined the activa ti on energy fro m the 
tempera ture dependence of th e " shi ft fun ction" , which is 
the fac tor associa ted with the time in his d elayed elas tic 

equa tion, in the same ma nner as 3aa - 1 in the exponenti a l 

term of Equ a ti on (3). Because the expression for the 
anelas ti c modulus for the consta nt ra te of stressing 
condition is not simple, it may be bette r to d etermine 
the tempera ture dependence using the consta nt stress 
condition, as was d one by Sinha, or by measuring the 
tempera ture dependence of the relaxation time. The 
la tter i done most easil y by measuring th e tempera ture 
dependence of the intern al fri cti on a t low frequency (less 
th an 20 H z) or a t sma ll ra tes of stress ing. 

The work of K e (1947 ) indica tes that the relaxa tion 
time is directly proportiona l to gra in-size. Nowick and 
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Berry (1972) summarized evid ence to show that the 
d epend ence may not be that simple. Sinha (1979) 
assumed that the shift fun ction does not depend on the 
grain -size. Kuroiwa (1964) shows, on the other hand, that 
the relaxation depends not only on the grain-size, but on 
th e impurity content of the ice as well . Careful 
measurements should be made to d ete rmine if th e 
relaxation time for ice d epends on gra in-size and, if it 
does, to what ex tent does it account for the observed 
dependence for the a nelastic mod ulus. 

I t can be seen in Figure 5 that the time dependence of 
the relaxation time is almost the same for each specimen 
during a set ofload cycles. The posi tion of each set of data 
points, however, changes from one set to another and 
with specimen. The values for gran ular ice tend to be 
larger than for columnar-grain ice, but no co rrection had 
been made for density. In addition, the stud y from which 
the relaxation times were determined indicated that the 
time dependence presented in this paper became fully 

es ta blished onl y after abo ut five second s into the 
relaxation process. This may be because the load 
conditions did not conform fully with those required for 
the method used to calculate the relaxation ti mes, i.e. the 
load was removed at a constant rate a nd not abruptly. 
This da ta set indicated also that there is a significant 

memory effect associated with load cha nges. There was 
evidence, as well, th at the behaviour after repeated load 
cycles was dilTerent from that for the first cycle. C learl y, 
more information is needed on the nature and effects of 
the relaxation processes that occur in ice during th e 
period immediately following a cha nge in stress or stress 
rate. 

Cracks began to form in the specimens when the stress 
exceed ed about 2 MPa, depending on stra in rate , grain­
size and tempera ture (Gold and others, 1992 ) . For many 
specimens, the crack densi ty was quite high when the 
loads were removed. For the nom ina l rates of 10 3 and 
10-4S- I, the maximum stress was about 75% of the brittle 
fai lure stress. The stress and strain measurements 
indicated that this cracking activity did not have a 
no ti ceable effect on the ane1astic res ponse of the ice. 
Although the stress levels were about ten times la rger 
than those applied by Traetteberg and others, the elastic 

moduli determined from the two studies were in good 
agreement . These observations indicate that at high rates 
of strain , ice may behave as an anelastic solid right to 
fai lure. 

A relatively abru pt change in the stress vs strai n curve 
was observed for ma ny of the tests at a stress of abo u t 

1 MPa. It could no t be established if this change was due 
to deformation processes or, for example, to the load not 
being a pplied at the exac t centre of the specimen. If it is 
real, however, it d oes not appear to be large enough to 
affect significantl y the time dependence of the moduli 

shown in Figure 6. 

Figure 6 shows that the viscous creep component of 
th e stra in becomes important in constant-stress- rate 
uni axial deforma tion at temperatures lower than about 
- 5a C, only when the time of application of the stress is 
greater than abo ut 30 s. There is a wide range of 
engin eering problems involving ice for which the 
duration of the load is less than this time. The present 
stud y supports the position that only the elastic and 
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delayed elastic components of the strain need be used for 
their analysis. This simplifies calculations of the time­
dependent response of ice to relatively rapidl y applied 
load s, such as during impact with sh ips or fixed 
structu res, or the deflec tion of ice cover und er a moving 
load. A study that wou ld be of interest for the brittle to 
ductile transition would be th e depend ence of the strain 
ratio on time a lone, rather than on strain rate or stress 

rate. 

CONCLU SIONS 

Ice can be considered as an an elas ti c solid for the first 30 s 
of deformation under a uniaxial load applied at a 
constan t rate of stress at temperatures eq ua l to or lower 
than -5a C. Published inlormation indi cates that the 
associated relaxation processes occur on or in the vicinity 
of gra in boundaries. R elaxation of the anelast ic moduli 
begins less than 10- 1 s and continues to 103s, at least, after 

the application of the stress. The temperature and grain­
size dependence of the moduli in the time range of about 
O. I to 30 s after th e application of the load, may be due, at 
leas t in part, to the dependence of the relaxation tim e on 
th ese variab les. 
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