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ABSTRACT. Snow samples from the Amu ndsen-Scott South Pole station and "Byrd" sta tion, Antarctica, 
and "Camp Century" , Greenland were tested for creep under low stresses for va rious periods of time up to 
two years. Creep was analyzed as a function of d ensity. Compari sons of compressive viscosities plotted against 
densi ties for a ll three sites showed three distinct regions representing three different mechanisms of densifica­
tion. 

R E-SUMF:. Des echa ntillons de neige des Stations " Amundsen-Scott" (Pole Sud ) et " ByI'd" , Antarctique et 
" Camp Century" au Groenland ont ete testes pour le Auage sous de fa ibles contra intes pour des periodes de 
temps differentes a lla nt jusqu 'a deux ans . Le Auage a ete analyse en fonction de la d ensite. La comparaison 
des viscosites a la compression representees en fonction de la d ensite montre pour chacune des trois stations 
trois reg ions distinctes representant trois mecanismes differents d e d ensification. 

ZUSA~fMENFASSUNG. Kriechversuche mit freier Seitenausdehnung wurden a n Schneeproben von d el' 
Amundsen-Scott South Pole Station und d e l' " BYI'd Station" in d el' Antark tis sowie von " Camp Century" in 
G ronla nd durchgefuhrt. Die Druckspannungen waren klein ; die Versuchszeiten variierten zwischen einigen 
T agen und zwei J a hren. Die Kriechvorgange wurden a ls Funktionen del' Dichte a na lysiert. Del' Vergleich 
von Diagrammen, in d enen die Druckviskositat in Abhangigkeit von der Dichte fur a lle 3 T estorte dargestellt 
ist. ergibt d rei klar erkennbare Bereiche mi t unterschiedlichen Verdichtu ngsvorgangen. 

I NT ROD UCTION 

Creep is the time-dependent deformation of solids under stress , where deformation rates 
due to the stresses a re small enough so that failure does not occur. There is a distinct similarity 
of creep fea tures in many different m ateria ls which has not yet been explained. The essentia l 
features exhibited by creep curves are: an instantaneous strain , a transien t creep of decreasing 
rate, and a steady-state creep, approximately linear with time. At the present time there is not 
enough information on isolated processes to com pile a comprehensive theory of creep behavior 
of snow as an aggregate. 

EXPERIMENTAL P ROCED U RE 

Three locations were used in the creep study of snow under low stresses. Tests were run at 
" Camp Century" , Greenland, for over two years, and tests were made over shorter periods at 
" Byrd" station and Amundsen-Scott South Pole station in the Antarctic. U ndersnow rooms 
served as labora tories at a ll three locations. Temperature varia tions during the experimental 
period were ± o· 5° C. for " Camp Century" and less at the Antarctic stations. 

Two different experimenta l apparatuses were used for the present stud y. For the long- term 
tests, snow blocks and snow cylinders were loaded directly with dead weights, and the am ount 
of d eforma tion was meas ured by Sta rrett dia l gauges, vertically mounted at 0 ° , goo, 180° , 

a nd '270 ° , equidistant from the center of the sample. The four read ings from each block were 
then averaged to determine total vertical deformation. Apparatus designed by Butkovich and 
Landauer ( I g60) was used for the short-term tests. Snow samples were cut to approximately 
'2 X '2 X 6 cm. and then compressed uniaxially at the center of an a luminum beam pivoted at 
one end with weights attached to the free end . A steel ball at the center of the beam trans­
mitted the force through a n a luminum plate frozen to the snow sample , a nd a mechanical 
Starrett dial gauge was mounted at the free end of the beam where deflections could be read 
to an accuracy of ± o· 000'2 cm. The entire apparatus consisted of twelve such units mo unted 
on a luminum plates in groups of four. 

Table I indicates basic information for the samples tested. The va lues g iven express the 
limits of the ra nges studied . 

* F orm erl y U.S. Army Specia list ; present address : 53 14 S. Mayfield, Chicago 38, Ill. , U.S.A. 
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Sample size, cm. 

Density, pg. cm. - J 

Stress, at g. cm.- ' 
Temperature, T cC. 
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TABLE 1. S UMMARY OF CONDITIONS OF TESTS 

South Pole 

2 X 2 x 6 and* 
7' 5 dia. X 18 height 

0'40- 0 .65 
77- 166 
- 48 '0 

"Byrd" station 

7' 5 dia. X 18 height 

0 ' 44- 0 '54 
21 4- 464 
- 25 ' 0 

"Camp Century" 

25 X 25 X 25 

0'38- 0 . 60 
168- 5 11 
- 22'5 

* The 2 X 2 X 6 cm. samples were tested during the austra l summer of 1961 - 62 (Ramseier , 1963) and were 
short-term tests. All other samples were long-term tests. The 7' 5 cm. dia. X 18 cm. height samples were tested 
during the austral summer of 1962- 63. 

t One-half the sample weight is included in the load (Landauer, 1955). 
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Fig. l. Creep strain versus time for all lest sites 

Because of the small strains, it was assumed that the constant load did not appreciably 
affect the cross-sections, and the problem could be treated as one of constant stress. All samples 
were taken directly from pits and walls at the experimental sites. Particular care was taken to 
select snow samples which were more or less "homogeneous", i.e. did not contain ice lenses or 
layers of depth-hoar crystals. 

RESULTS 

Part A. Power function 
Figures I and 2 show some typical strain versus time curves from "Camp Century", South 

Pole and " Byrd" station. The higher curve for " Camp Century" in Figure 2 represents the 
test for snow of very low density and the change in slope is attributed to an increase in density 
of the sample at a high strain-rate. 

As can be seen from the figures, a power function 

can be applied. t Here Eo is an instantaneous extension, band n are constants. Values for the 
constants band n at each site are given in Table n. 

t The power function was used to extrapolate data taken during the austral summer 196 1- 62 a t the South 
Pole as shown in Figure 2. 
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Fig. 2. Creep sfra ill versus time for all test siles, logarithmic scales 

TABLE II. VALUES OF CONSTANTS I N THE TRANSIENT CREEP L AW 

South Pole "B)lrd" station "Cam/) Centu>:y" 

pg. cm.- J 0·63 0'54 0'53 
<0 6 ' 04 X 10- 5 9' 28 x IO- J 9.63 X IO- l 
b 8'41 X 10- 4 2· I I X 10- 4 4' 53 X 10- 4 

n o · 145 0·64° 0.690 

Andrade's equation (19 I 0, 1962) was a lso tried for some of the typical creep curves, this is. 
of the form 

where "0, {J, k are constants. Exponents of ~. and t were also tried instead of t in equation (2) . 
Andrade and J olliffe (1961 ) point out that at lower strains for lead the above mentioned laws 
were found to be valid . A comparison with present data showed that the ordinary power law 
equation ( I) fitted the data better, i.e. the standard devia tion was smaller. 

Part B. Rheological model 
Figure 3 shows a typical creep curve for tests conducted over a long period (I to 2 yr. ) at 

"Camp Century". Observations indicate an extended time period of from 100 to 350 days in 
the transient creep stage before constant viscous flow was attained. Later tests were conducted 
in the Antarctic during the summer of 1962- 63 and a transient creep period of go days was 
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Fig. 3. Creep straill versus time, and relaxation after removal of load, for " Camp Century " samples 

recorded under the South Pole test conditions outlined in Table I. Three variables (density, 
stress , and temperature) were observed to affect the length of time in transient creep_ A low 
density snow would have more transient creep than a higher density snow, while a lower 
temperature or higher stress would reduce the transient creep_ In metals they would increase 
the transient creep_ Since the experiments run at the South Pole during the summer of 1961 - 62 
were terminated after only ten days, it was necessary to extrapolate the data to a point of 
constant viscous flow in order to compare viscous strain-rate E and compressive viscosity Y] c. 

The results for the South Pole, as indicated in Figure 4, show a good correlation with the 
independent tests conducted by the authors over two years with different testing apparatus, as 
described previously in the text. 

The data as shown in Figure 3 show a simi larity to Yosida's results (1956). The rheological 
model used is composed of a Maxwell unit and Voigt unit connected in series_ An expression 
for total strain as represented by this model is 

a at [ a ] 
E = - + - + - ( I - e- t 1r ) -

E, Y]l E2 
The first term a l E 1 in the equation represents instantaneous elastic strain where a is applied 

stress and E, is the elastic modulus. Constant strain-rate corresponding to viscous flow is 
indicated in the second term all Y] r where t is time and Y]' is compressive viscosity_ This second 
term could also be defined as steady-state creep. The final part of the expression is the transient 
creep or decreasing strain-rate where E 2 is an elastic constant of the Voigt unit , and 7' is the 
retarda tion time. It was assumed that in our test the strain rate is proportional to stress 
(Landauer, 1955 ; Yosida and others , 1956). 

Table III gives values for tests conducted at " Camp Century", Greenland at a tempera­
ture of - 22 ' 5° C . 

T A B LE Ill. RHEOLOGICAL P A R A METE R S DEDUCED FROM THE TESTS AT " C A MP CENTURY" . GREEN L AN D 

pg. cm.- J 

E , g. cm.-' 
7), g. sec. cm .- ' 
E, g. cm.- ' 
'T sec . 

Series J 

0 ' 53 
4' 135 X 10' 

85 '75 X 10' · 

14 ' 17 X 104 

2'575 X 106 

Series 2 

0 ' 46 
2' 787 X 104 

41 ' 14 x 10' · 

3' 00 X 104 

7' 753 X 10
6 
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Figure 4 represents a composite plot of compressive viscosity versus density for the three 
locations. Values for the compressive viscosity were found by using the steady-state creep region 
where the strain-rate is constant. Bader (1963) gives an expression for the "densification 
viscosity factor" 7) c which the a uthors call " compressive viscosity" for the case of unconfined 
compression. * 

7) c 
ap 

--- ebp 
p; - p 

where a and b are constants dependent upon site conditions a nd Pi is the density of ice. 
Applying Bader's expression and constants for both South Pole and "Byrd" station (Table 
IV), two straight lines are obtained as shown in Figure 4 . 
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Fig . 4. Compressive viscosity versus densi!y for all test sites, logarithmic scale for visCOJil)'. Results of confined com/Jressive tests 
by B ader and Haefeli are added (or comparison 

• Bader's units for 'le are in g. yr. cm.-' a nd a conversion from years la seconds is necessary for corre~ponding 
values in Figure 4. 
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TABLE IV. CONSTANTS IN BADER'S EXPRESSION FOR DENSIFICATION VISCOSITY FACTOR 

DISCUSSION 

a g.sec.cm.- ' 
b cm.lg.- ' 
Pi g.cm.- J 

South Pole 

3. 61 7 
21 ·68 
0'917 

"Byrd" station 

3' 140 

18 · 10 

0 ' 917 

Yosida (1956) applied classical rheology to his unconfined creep studies of snow. Our data, 
when treated in a similar manner, yielded ,good results. The composite graph of the com­
pressive viscosity YJo versus density p is shown in Figure 4. There is a rapid change in slope at 
the density 0 ' 47 g. cm.- 3 and again at 0.625 g. cm. - 3• Yosida's (Yosida and others, 1956, 
p. 1- 14) data correspond to the general trend of the Figure 4 curves in the low density region 
(P < 0·47 ). For the density raqge 0·47 < p< 0·625 , it was found that the compressive 
viscosity is nearly constant. This region will be referred to as the "plateau" region. Data from 
the South Pole indicate that when the density is greater than 0.625 g. cm.- 3 the slope steepens 
to a higher value. The data from "Byrd" station and "Camp Century" do not include the 
high density range (P> 0·625 ), but it is believed that the trend will be similar to the South 
Pole curve. This is shown by the suggested curve. 

In the "plateau" region there seems to be a rearrangement of snow grains without an 
appreciable change in viscosity. The activation energy for creep was calculated by applying 
the expression; 

YJ c = YJ oeQI RT (5 ) 
where YJ o and Q. are constants characteristic of the material tested, R is the universal gas 
constant and T the absolute temperature for the snow at all three stations. 

If the activation energy for the "plateau" region is calculated and the operation is extended 
through the density range 0·47 < p< 0 ·625, the activation energy Q.is 7'2 kcal. mole- I. This 
value is very low, only slightly higher than the energy needed to break one hydrogen bond. 
The indication here is that a single process dominates this " plateau" region. 

Yosida reported activation energies for low-density snow (0' I7 to 0'25 g. cm. - 3), varying 
from 20 ·8 to 23.8 kcal. mole- ] respectively. By extrapolating the viscosity curve to the low 
densities and calculating activation energies, partial agreement with Yosida's values is found . 
There is actually a " varying" activation energy for the low densities (less than o' 45 g. cm. -3) 
and then again for densities greater than 0·66 g.cm.- 3 up to ice. Landauer (1955, 1957) 
obtained values of 13 ' 4 and 14' 0 kcal. mole ] for densities between o· 38 and o· 42 g. cm. -3 . 

According to our results, a large change in activacion energy occurs with a small change in 
density in the above density range. Butkovich and Landauer (1960) point out that the 
activation energy for ice (14' 3 kcal. mole- I) agrees with the previously calculated values for 
snow. It would appeal that coincidentally Landauer obtained these results for snow by 
working within the only density range in which there is an agreement in activation energy 
between snow and ice. T able V summarizes the values for activation energies found by the 
various investigators in different density ranges. 

TABLE V. V ALUES FOR THE A CTIVATIO N E NERGY F O R STEADy-STATE CREEP OF I CE FOUND BY VARIOUS 

I NVESTIGATORS 

Activation energy (kcal. mole- ' ) 
D ensity range 

g. cm.- 1 Ramseier & Pavlak Yosida Landauer Butkovich a nd Landauer 
(presen t paper) ( 1956) (1955, 1957) ( 1960) 

o· 25 24.6 (extrapolated ) 23. 8 
0 ' 38- 0 '42 I 1·8 13 ' 4 

0'42 10' I 14 ' 0 
0 ' 45- 0 .66 7 ' 2 

0'9 1 t4'4 (extrapolated ) t4 ' 3 

Temperature range. 0 C. - 22' 5 to - 48 . 0 - I to - 20 -5 to - 20 - 5 to - 20 
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A possible expla na tion of the rapid cha nge is tha t the activation energies in the high a nd 
low-density regions a re the mean values for more tha n one process. H owever, this reasoning 
is ques tionable. 

As has already been pointed out by R amseier (1963), and substantiated by these d ata, 
there is more than one m echanism of d ensification opera ting over the whole density ra nge. 
The en tire process is a ra ther complicated one even ifit is sepa ra ted into three distinct regions. 

I t is in teresting to note tha t the a ir permeabili ty curve (R amseier , 1963, fig. 3) shows a 
cha nge in slope a t the sam e density (0 .625 g. cm.- 3) as the viscosity curve. A t P> 0· 625 gra ins 
a re d eformed so tha t closure of air passages is effected to the extent tha t a ir can no longer pass 
freely a round each grain. Air is trapped b y the deforming grains to form air pockets, which in 
this stage of ice a re evidenced by bubb les . This mecha nism , deforma tion ra ther than packing 
a nd rearranging of grains, a ffects the creep as can be seen by the dram a tic change in slope at 
density 0 .625 g. cm .- 3 (Fig. 4). The m ajor mecha nism governing the low-density region 
(Part I ) is one of b reaking bonds and " large" displacem ent in the structure. 

T he " plateau" region is of considerable interest in engineering problems where low 
stresses are applied . The desirability of having an a lmost constant strain-rate for a ra ther la rge 
part of the density profile would be eviden t in design to a llow for settlem ent. Of course there 
is the question of how unconfined creep compares with creep of a block of snow in situ. The 
best v iscosity values now available for na tura l conditions a re obtained using Bader's consta nts 
(Table IV ). T hese values were plotted in Figure 4. It can be seen that the curves have 
approximately the sam e trend as th e presently reported values up to the point where the 
" plateau" region a ppears a nd then again in the higher d ensity range. This change of slope 
can be attributed to th e fact that Bad er's a nalysis represen ted a smooth curve over the whole 
densi ty range, while a m ore specific ra nge of densities was used in this repor t . 

H aefeli 's values (p ersona l communica tion) for unconfi ned creep from the "J ad-Joset" 
station (mean annua l tem pera ture - 27' 8° C.) are a lso sh own in Figure 4. Part I of his cu rve 
is in good agreement with Bader's. T he change in slope occurs at a d ensity of 0 ' 58 g . cm. - 3, 

which is much higher than the ones for the other stations. T his may be due to the fact that 
Haefe li 's were confin ed creep tests. M elio r a nd Hend r ickson (in press) a lso conducted confined 
creep tests at " Byrd " a nd South Pole stations. T he general trend of their data agrees with the 
a uthors ' but the scatter is large and the data are inconclusive for determina tion of the pla teau 
region. Further confined creep tests o f this type a re needed . 
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