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CREEP OF ICE CONTAINING DISPERSED FINE SAND 
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55455, U.S.A. ) 

ABSTRACT. Cylindrical samples of ice with 0.0 to 0.35 volume fraction fine sand were tested in unconfined 
un iaxial compression at stresses between 5.3 and 6.4 bar and a t temperatures between - 7.4 a nd - 9.4° C. 
Secondary creep ra tes were obtained from the slope 0(' the total stra in vs. time curve and were normalized 
to 5.6 bar and - g. 1 0 C. Creep rates in ice with low sand concentra tions were in some cases bigber a nd in 
otber cases lower tban in clean ice. H owever at higher sand concentrations the creep rate decreases exponen
tially with increasing volume frac tion sand . Tbe la tter results a re in general agreement with theories 
d eveloped to expla in dispersion hard ening of metals, and suggest tbat each sand grain is surrounded by a 
tangled network of secondary disloca tions which impede passage of primary glide dislocations. 

R ESUME. FIlIage de la glace con tenant un sable fin en dispersion. On a tes te d es echan tillons cylindriques de glace 
contenant 0,0 a. 0,35 fois son volume de sable fin en les soumettant a une compression uniaxia le comprise 
entre 5,3 et 6,4 bar et a une temperature comprise entre - 7,4 et - 9,4° C. La vitesse de Auage second a ire fut 
obtenue a. partir de la pente de la courbe d onnan t la deforma tion to tale en fonction du temps et fut nor
malisee a. donner la vitesse a. 5,6 bar e t - g, 1 0 C. Les vitesses d e Auage dans la glace a. fa ible concentration 
d e sable furent d ans quelques cas plus grand es et dans les a utres plus faibles que dans la glace propre. Cepen
dant, aux plus grand es concentra tions en sable la vitesse d e Auage d ecroit exponentiellement pa r rapport au 
volume croissan t d ' inclusion sableuse. Les derniers resu ltats son t generalement conformes aux theories 
developpees pour expliquer le durc issement des metaux par dispersion et suggere que chaque grain d e sable 
est en toure d 'un reseau enchevetre d e dislocations c ristallines seconda ires qui empechent le passage des 
dislocations primai res d e glissement. 

ZUSAMMENFASSUNG. Kriechen VOT! Eis, das mit Feinsand durchsetzt ist. Zylindrische Eisproben mit einem 
Volumenanteil von 0,0 bis 0,35 a n Feinsand wurden unter unbegrenz tem einachsigem Druck bei Spa nnungen 
zwischen 5,3 und 6,4 ba r und Temperaturen zwischen - 7,4 und - 9,4° C untersucht. Sekundiire Kriech
geschwindigkei ten ergaben sich aus d er Steigung des Gesamtspannungs-Zeit-Diagrammes; sie wurden a uf 
5,6 bar und - g, 1 0 C normiert. Die Kriechgeschwindigkeiten in Eis mit geringerer Sandkonzentration 
waren tei ls ha her te ils niedriger a ls in reinem Eis. Doch nimm t die Kriechgeschwindigkeit bei haheren 
Sandkonzentrationen exponentiell mit wachsendem Volumena nteil ab. Die letzteren Ergebnisse stimmen 
generell mit Tbeorien iiberein , die zur Erklii rung d er Dispersionshiirtung von M eta llen entwickelt wurden ; 
sie lassen vermuten, dass jedes Sandkorn von einem verkniipften Netzwerk von sekundiiren Versetzungen 
umgeben ist, das den Durchgang primiirer Gleitversetzungen behindert. 

INTRODUCTION 

At the base of an ice sheet there is generally a layer of dirty ice several meters in thickness 
(Hansen and Langway, 1966) which contains 0.000 04 to 0.6 volume fraction debris (Hooke, 
1970, p . 306). The rheological properties of such ice have not been inves tigated at the 
relatively low devia toric stress levels found in glaciers. 

PROCEDURE 

The present experiments were conducted in uniaxial compression with the use of the 
apparatus shown in Figure I . Samples were immersed in a bath of 2-2-4 trimethyl pentane 
(iso-octane) in which ice is insoluble. The bath temperature was controlled with a " Teslab" 
circulating bath and "Neslab" PBC-2 bath cooler, and generally Auctuated less than 0.2 deg 
during a run (Table I ) . At the temperatures used, increasing the temperature by 0.1 deg will 
increase the creep rate about 1 %. 

Deformation measurements were made with a drum micrometer (Fig. I ) which could be 
read directly to 10 flm and interpolated to 1 flm. When the microm eter touched the insulated 
plate shown in Figure I , a small current passed between the two and activated a Schmitt 
trigger (Schmitt, I938) which caused an ammeter to read full scale. vVith this system, micro
meter readings were reproducible to ± 2 fLm. A movement of 2 fLm at the micrometer corres
ponded to compression of the sample of about 0.4 fLm . H owever, because the a luminum fram e 
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Fig. 1. Schematic diagram of apparatus used in experiments. 

TABLE 1. SUMMARY OF EXPERIMENTAL RESULTS 

Time interval over 
which creep rate 

determined 
start, 
hours Yield Temperature duri ng 

Volume from Initial strength measurement 

fraction Actual beginning Normalized sample U y = B/a interval 

Run of sand A-d stress of run Duration strain-rate length a = 2 Mean Range 

mm bar h h year-' mm bar DC deg 

It 0 6-4 12 13 0·95 29 2.8 - 7·4 0·3 

3* 0 5.8 23 32 0.80 35 3.0 - 8.6 0·4 

4 0 5.8 39 18 0.92 32 2·9 - 9. 1 0.2 

5 0.053 0.16 5·3 40 24 0.58 38 3·3 -9.2 0.1 

6 0.098 0.12 5·5 21 31 0.27 32 4.2 - 9.0 0.1 

7 0.096 0.12 5.8 77 10 0·37 27 3.8 - 8·9 0.2 

8 0.146 0.094 6.0 20 60 0.22 29 4·5 - 9. 1 0·5 

9 0.220 0.073 5·5 32 45 0.11 32 5.6 - 9. 1 0·4 

10 0·347 0.054 5·4 31 45 0.047 31 7·3 - 9. 1 0.1 

11 0.021 0.24 5·4 3 1 38 1.40 24 2·5 - 9.2 0-4 

12 0.066 0.14 5·3 60 28 0.84 29 3.0 - 9.0 0.2 

13 0.01 3 0.29 5·5 70 116 0.7 1 27 3. 1 - 8·9 0·3 

13+ 209 55 0·97 2.8 - 9.1 0.1 

* Run 2 failed due to leakage of alcohol from cooling tubes into bath. 
t K erosene used in bath instead of iso-octane. 
+ Creep rate increased abruptly during run. 
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and stainless steel piston have different coeffi cients of thermal expansion, random changes in 
room temperature resulted in a random error which reduced the final accuracy of measure
ment on the samples to about ± 2 [-lm. 

Samples were prepared by placing a porous mixture of natural snow and sand in a thick
walled lucite cylinder, 1.95 cm in diameter and 10 cm long, de-aerating the cylinder, and then 
admitting de-aerated water at 0 0 C. Samples were virtually free of air bubbles and appeared 
to have a uniform distribution of sand. A 3 cm section was cut from the most uniform part 
of the sample, and ends of this section were carefully faced perpendicular to the axis of the 
sample. The sample diameter was measured at eight to twelve points with a micrometer 
which could be read to ± 1 [-lm. The sample length was measured with a steel tape to the 
nearest 0.2 mm. After the compression test, the sample was cut in half, and sediment concen
tra tions in the two halves were determined independently by melting the ice and weighing the 
sand residue. Sand concentrations were reduced to volume percent sand assuming a density of 
0.9 Mg/m 3 for ice and 2.7 Mg/m 3 for sand. Sand concentrations in the two halves of the same 
sample varied by less than 10% of the amount present . In thin sections cut from the samples, 
c-axis orientations appeared to be random, and ice crys tals averaged 300 [-lm to 500 [-lm in 
diameter. 

The sand recovered from the samples was combined and sieved after a ll tests had been 
completed. The geometric mean grain size was 180 [-lm, and the geometric standard deviation 
was 1.57. The sieve data were used to estimate the number of particles in a cubic millimeter 
of sand without pore space ( I 750), the average particle diameter (64 [-lm), and the diameter 
of the particle with the average volume (102 [-lm ). 

During a test, the drum micrometer, bath temperature, and room temperature were read 
at intervals of one to three or four hours from early morning to late evening. There was 
usually a gap of 6 to 8 h in the readings between about midnight and 6 a.m. Total strain 
versus time curves were plotted (Fig. 2), and the slope of the curve in the region of secondary 
creep was determined by least-squares methods. The time interval used for this calculation 
generally started more than 20 h after stress was applied, thus allowing for transient creep. 
This time interval usually lasted more than 20 h , a nd included no sys tematic changes in bath 
temperature (Table I ). 

Weertman (1969) suggested that it is necessary to obtain the creep rate over a total stra in 
of approximately 10% to be sure that transient creep is not contributing to the observed 
strain rate. In the present experiments the total strain was on the order of 1 %, so some 
transient creep may be included . To test [or this, a least-squares procedure was used to fit a 
curve 

( I) 

(Glen, 1955, p. 530) to the total strain versus time curve over the time interval defined above. 
In this equation f3 is the transient creep rate, K is the secondary creep rate, Eo is a constant 
resulting from the curve-fitting procedure, E is the total strain, and t is time since the beginning 
of the run. In general the secondary creep rate determined by this method differed from the 
slope of a straight line through the data by less than 0.02 year-I . Furthermore, in a few 
instances the creep rate increased slightly over the time interval involved , resulting in a 
positive f3 . Therefore it is assumed that the slope of a straight line through the data provides 
an accurate measure of the secondary creep rate. 

Because there were slight differences in temperature and stress between runs, all strain
rates were normalized to a stress of 5.6 bar and a temperature of -9. I 0 C (263.06 K ) by the 
use o[ the relationship 

(
5.6) 3.2 [Q(I I)] 

En = E -;; exp R T - 263.06 
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which is based on Glen's flow law and the Arrhenius equation (Glen, 1955). En is the nor
malized secondary creep rate, E, a, and T are the observed strain rate, stress, and temperature 
in kelvins during the run, Q is the effective activation energy for creep, R is the gas constant, 
and the value of the exponent, 3.2, is that determined by Glen (1955) in similar uniaxial 
tests on fine-grained ice. 
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Fig. 2. Representative total strain versus time curves. Each dot represellts a separate measurement of total strain. B rackets 
indicate part of curve used for calculation of secondary creep rate. Arrows on curve for run 7 indicate times when iso-octane 
was added to the bath (Fig . J). Loss of iso-octane was a serious problem only during this TUn. 

M elior and Testa (1969, p . 135, 141 ) have shown that the Arrhenius equation is invalid 
above - 10° 0, possibly because the creep rate is increased by grain-boundary melting. 
However for small changes in 1/ T , an equation of the form of the Arrhenius equation can be 
used to estimate the change in E if the true activation energy is replaced by a somewhat higher 
effective activation energy. The effective activation energy at -9° C was determined graphi
cally from figure 3 of M ellor and Testa (1969) and is about 87.6 kJ /mol. The temperature 
normalization generally changed the creep rate by less than 0.02 year- I so results are not 
sensitive to the exact value of Q used. 

R ESULTS 

R esults of the experiments are presented in Figure 3. The first three tests were done on 
clean ice. Run 1 was too short; hence the large error bar. During run 3 there were some 
unexplained discontinuities in the total strain versus time curve, so the strain rate obtained 
from this run is not as reliable as that from run 4. 

Melior and Testa (1969) ran a sample of clean ice at I 1.8 bar and - 9.9° C, and Goughnour 
and Andersland (1968) ran one at 6.8 bar and - 7.6° C. When normalized to 5.6 bar and 
-9. 1° C with the use of Equation (2), these runs give strain rates of 0.94 year- I and 1.00 
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year- 1 respectively. These strain rates are not significantly higher than our strain rates on 
clean ice (Fig. 3). Thus our procedure gives reasonably reproducible results which are 
consistent with results obtained by others . 

Creep rates measured on ice with low sand concen trations scatter somewhat more than 
expected . Particularly surprising was an abrupt increase in creep rate after about 206 h in 
run 13 (Table I ) . These results suggest that the creep rate of ice with low sand concentrations 
is sensitive to factors which were not closely controlled during the experiments. Among these 
factors are crystal size, exact size distribution of sand particles, exact spacing of sand particles 
in the ice, positions of sand particles relative to crys tal boundaries, and concentration of 
chemical impurities in the ice. (See Jones and Glen (1969) for laboratory data on the latter. ) 
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Fig. 3. Results of experiments. Error bars represent 99% confidence limits on slope of secondary creep curue (Krllmbein and 
Graybill, 1965, p. 230). Error bars on samples 9 and 10 are smaller than size of dot. Points for clean ice offset horizon
lally for clarity. G~ and M ~ ,' creep rates determined by Goughnollr and A ndersland (1968) and by Mellor and Testa 
(1969) normalized to 5.6 bar and - 9.loC (see text ). 

The high creep rate for ice with 0.02 I volume fraction sand is consistent with qualitative 
field observations in the TUTO ice tunnel, and with experimental observations of Goughnour 
and Andersland (1968). Butkovich and Landauer (1959) and Swinzow (1962) found that 
closure rates in the TU TO tunnel were faster in slightly dirty ice than in clean ice, and slower 
in very dirty ice than in clean ice. From Butkovich and Landauer 's photograph and Swinzow's 
description of the slightly dirty ice, it is apparently comparable to the banded ice in which 
Hooke (1970, p . 306) measured sediment concentrations of 0.0 I I to 0.024 volume fraction 
sand. Goughnour and Andersland (1968) found that the peak trength of ice with 0.03 volume 
fraction sand was I I % less than for clean ice. Such a decrease in strength would increase 
the creep rate. 
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DISCUSSION 

The problem of the decrease in creep rate of ice with increasing volume fraction sand is 
analogous to the problem of rlispersion hardening of metals with large (> ~ I fLm), widely 
spaced particles which are much harder than the matrix. Orowan (1948) suggested that a 
dislocation moving through a crystal and encountering one of these particles, would bow 
around it, close behind it, and pass on, leaving a dislocation loop around the particle. The 
stress increment 6.a required to bow a dislocation between adjacent particles is 

6.a = 3.5Gb/A 

where G is the shear modulus, b the Burgers vector, A the distance between particle centers, 
and 6.a the difference between the stress required to bow a dislocation between two particles 
and that required to move a dislocation through the pure matrix. The right side of the 
equation has been multiplied by V3 to express the result in terms of the normal stress, rather 
than the shear stress (Nye, 1953, p . 486). For large particles A should be replaced by A- d 
where d is the particle diameter (Meiklejohn and Skoda, 1960, p. 775) . In ice G = 3 X 10 10 

dyn /cm 2 (3 X 109 N /m 2) (Weertman, 1963) and b = 4.5 X 10- 10 m (Kuroiwa and Hamilton, 
1963, p. 44), so for A- d on the order of o. I mm (Table I ) Equation (3) yields 6.a = 0.24 bar. 

The Orowan stress is the stress required to bow the first dislocation that reaches the 
particles. As dislocation loops accumulate around a particle, the critical stress required to 
bow each subsequent loop increases, thus resulting in work hardening. The stress increases 
until the inner loop is able to bypass the particle by dislocation climb. At this time steady
state or secondary creep begins (Hart, in press; M cLean, 1962 , p. 3 I 2, 32 I). 

In the case of ice we take the yield strength to be proportional to the parameter B in Glen 's 
(1955) flow law, E = (a /B )n, because E is small when the normal stress a is appreciably less 
than B and increases rapidly as a increases above B . Rewriting we obtain 

B = a/El / n = exay 

where ay is the yield strength and ex is a constant of proportionality. In clean ice at the 
pressure melting point the yield strength is about I bar (Nye, 1951 , p. 559), and B is about 
2 bar year l/" (Glen, 1955), so ex is approximately 2 yearl /n. Experimental values of ay (Table 
I ) are calculated assuming a value of 3.2 for n. The increase in yield strength due to the 
dispersed particles, (ay- a ym ) , is typically I to 2 bars , where aym is the yield strength of the 
pure matrix (runs I, 3, and 4) . As expected, these values are substantially larger than the 
stress increment 6.a required to bow the first dislocation loop. 

A metallurgical study which is comparable to ours in terms of temperature (relative to 
the melting point) and particle size was conducted by Meiklejohn and Skoda (1960), who 
studied the effect of Fe particles, 50 to 770 fLm in diameter, on the strength of Hg at 77 K. 
They found as did we, that (ay - aym ) increased linearly with 1/( iI - d). However, the rate of 
increase varied with particle size, which is contrary to the prediction of the Orowan model. 
Meiklejohn and Skoda concluded that (ay- aym ) was primarily a function of the volume 
fraction of Fe in the Hg. Recent theoretical analyses of work hardening by Ashby (1966, 
1970) and Hart (in press) reach the same conclusion. 

Hart considers the work hardening resulting from the accumulation of a number of 
Orowan dislocation loops around each particle. These loops produce an ordered back-stress 
field which inhibits passage of normal glide dislocations. Hart's theory predicts 

(5) 

where a is the total strain, f is the volume fraction of impurities, and the coefficient has been 
adjusted to give the result in terms of normal stress and strain rather than unresolved shear 
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stress (Nye, 1953, p. 487). We will take a to be the total strain at which secondary creep 
begins, or about o.or. Substituting appropriate values for ice then yields: 

ay - a ym = 25J bar . 

Graphically B does increase linearly withJfor J > 0.05, but the slope of the line is 14 rather 
than 25. Thus Hart's model overestimates the influence of sand on the creep of ice. 

Ashby (1966, 1970) suggested that secondary slip occurs around each particle as the matrix 
undergoes shear deformation . As a result, secondary dislocation loops are generated at the 
particle- matrix interface and migrate outward , eventually forming a dense tangle of disloca
tions around the particle. The tangle inhibits normal movement of primary glide dislocations 
past the particle, and is thus responsible for decreasing the creep rate . For application to the 
present experiments, this model is conceptually better than the Orowan model because )" - d 

is comparable to the ice crystal diameter. Thus sand grains are likely to be on crys tal boun
daries, and dislocations moving through crystals are not likely to form loops around the sand 
grains. If we assume that recovery effects are negligible during transient creep, we can use 
Ashby's (1970, equation (4 .4)) model to estimate a n upper bound for (ay - aym ) . The 
appropriate equation in the notation used in this paper is 

ay - a ym = 2.3G (bJa fd) 1/ 2 = 14.6v1J bar. 

For comparison the inclined line in Figure 4 has a slope of about 12. In view of the uncer
tainties in the theories (oral communication from M. F. Ashby, November 197 1) and the 
assumptions made in their application to the present problem, the cl03e agreement between 
theory and experiment is in part fortuitous. Agreement within a factor of 2 would be accept
able. 

The Orowan, Hart, and Ashby theories all assume that the matrix is well below the melting 
point so that recovery effects such as dislocation climb and cross slip may be neglected. 
Furthermore these theories deal with particles which are an order of magnitude smaller and 
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closer together than those with which we are concerned (personal communication from 
E. W. Hart, July 1971 ) . For these reasons some metallurgists have questioned the applica
bility of the theories to the present problem. 

An alternative approach might be to consider the ice as a non-Newtonian viscous fluid 
containing solid spheres. However this procedure has disadvantages on conceptual as well as 
practi cal grounds. Conceptually, in contrast to the situation in a fluid , ice is a crystalline 
substance deforming by dislocation glide and climb mechanisms, and the sand particles are 
tightly bound to the matrix. Practically, theories of flow of Newtonian fluids with solid 
inclusions (Nielsen, 1967) underestimate the effect of sand on the creep of ice by about an 
order of magnitude, and the authors are not aware of any treatments of the non-Newtonian 
problem. 

CONCLUDING STATEMENT 

Ashby (1966, 1970) and Hart (in press) both suggest that each particle in a dispersion
hardened metal is surrounded by a tangle of dislocations which impedes movement of primary 
glide dislocations. The differences between the theories are due to differences in the presumed 
origin of dislocations in the tangle; Ashby assumes that they were generated at the particle
matrix interface, whereas Hart assumes that they moved to the particle and were trapped by 
it. The general agreement between our observations and the predictions of these theori es 

Fig. 5. Sand grain in Mendenhall glacier ice surrounded by cloud oJ dislocation etch flits. R ow oJ etch pits running diagonally 
across figure suggests that sand grain acts as sourceJor dislocations. Photograph by K uroiwa and Hamilton ( [963, p. 54). 
CO/JYright by M.l. T . Press; reproduced with permission. 
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suggests that sand grains in deform ing ice may also be surrounded by clouds of dislocations 
which impede passage of primary glide dislocations. Kuroiwa and Hamilton (1963) found 
that a sand grain in Mendenhall glacier ice was surrounded by such a cloud (Fig. 5). 

If we assume that each sand grain is a t the center of a n hypothetical r igid sphere of ice, 
while ice outside these spheres deforms normally, the diameters of the rigid spheres can be 
calculated. For ice with 0.05 to o. IS volume fraction sand this diameter is on the order of 
twice the diameter of the included sand particle, or about 200 lJ.m. At higher volume fractions 
the diameter decreases, perhaps reflecting overlap of the spheres of influence of adjacent 
particles. This diameter is comparable to the diameter of the cloud in Figure 5, but the 
particle in Figure 5 is substantially smaller than our average particle. 

The erratic results of experiments with low sand concentrations may indicate the existence 
of processes which tend to increase the creep rate. For instance sand may decrease the ice 
crystal size (Hooke, 1970, p . 3 16), thus promoting grain boundary slip (M cLean, [962, 
p. 307), or individual sand grains may act as sources for primary dislocations. D . F . Stein 
(oral communication, May 197 1) suggested that the line of dislocation etch pits running 
diagonally across Figure 5 indicates that the sand grain is acting as such a source. The increase 
in spacing of the etch pits is due to elimination of adjacent dislocations of opposite sign as the 
dislocations move outward from the source. 
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