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ABSTRACT. Specimens of polar snow from the South Pole, Antarctica, were tested to investigate air 
permeabi li ty K (cm.sec. - I), u ltima te compress ive strength (l e (g.cm. - 2) and dynami c Young's modulus 
£ (g.cm. - 2) as a fun ct ion of d ensity. Anisot ropy in a single layer of snow (snow between two summer crusts) 
was found in all three properti es. Comparison with data for snow from Site 2, Green land showed an empirical 
r elation for both areas: 

(l e = 10·42 X 10 - 4£ 0·43 g.cm . - 3 < p < 0.5 1 g.cm .- 3 
(l e = y68 x 1O - 4E+ 8·63 X 103 g.cm . - 2 0.5 1 g. cm. - 3 < p < o ·go g.cm. - 3 

Air permeabilities are different a t the two sites because of time and m eteorologica l effects. 

R ESUME. On a etudie dans d es echantillons de n eige du Pole Sud, Antarctique, le coeffi c ient d e permea­
bi lite de l'air K (cm sec - I), la force de resistance final e a la compression (l e (g cm - 2 ), et le module dynamiquc 
de Young E (g cm - z), en fon ction de la densite. On a trouve unc anisotropie de ces 3 proprietes da ns 
un seul niveau de neige (neige comprise entre d eux croutes d 'ete). P 'tr comparaison avec les n' sulta ts obtenus 
sur de la neige provenant de site 2, Groenland, on a pu e tablir une relat ion vala ble pour les deux regions: 

(le = 10,42 X 10 - 4£ 0,43 g cm - 3 < p < 0,51 g cm - 3 
(le = 5,68 x 1O - 4£ + 8,63 X 103 g cm - 2 0,5 1 g cm - 3 < p < o,go g cm - 3 

La permeabi li te de l'air est differente aux deux emp lacements par su ite des effets de l'age e t des cond itions 
m eteorologiques. 

Z USAMMENFASSUNG. Fi.ir Schneeproben vom SOdpol wurde die Luftdurchlassigkeit K (cm sec - I), die 
Druckfestigkeit (l e (kg cm - 2 ) und der Young 'sche d ynamische Modul E (g cm - 2 ) a ls Funktion del' 
Dichte untersucht. In a lien Versuchen erwiesen sich d ie Jahresschichten d es Schnees (Schnee zwischen zwei 
Sommerkrusten ) a ls anisotrop. Der Vergleich mit Ergebnissen fOr Schnee von Site 2, Gronland, liefert fOr 
beide Gebiete fo lgende empirische Beziehung: 

(l e = 10,42 X 10 - 4E 0,43 g cm - 3 < p < 0,51 g cm - 3 
(le = 5,68 x 1O - 4E+ 8,63 g cm - 2 0 ,51 g cm - 3 < p < o,go g cm - 3 

Die LuftdurchHissigkeit differiert an den beiden P la tzen infolge von U nterschiecl en im A lter und in den 
meteoro logisehen Einwirkungen. 

INTRODUCTION 

M any different authors have made a variety of tests on snow at various locations. The 
purpose of this study is to compare specific tests under identical conditions and to determine 
the significance of comparison of the various test resu lts. For this purpose a group of tests 
was developed and applied at the Amundsen-Scott South Pole Station during the United 
States Antarctic Operation Deep Freeze 62. 

It is hoped that continued testing at different loca tions, with the procedure discussed 
here, will reveal some empirical relationships that will lead to a better understanding of the 
snow structure. Thus, the engineer would be aided in planning a nd constructing sites in snow 
at varied loca tions in cold regions . 

PREPARING THE S NOW SPECIMENS 

All samples were collected in the snow mine at the Amundsen-Scott South Pole Station 
during the summer of 196 1- 62 . In 1957 the snow mine was excavated to a depth Of27 m ., with 
an inclination of 20 degrees (Giovinetto, 1960) . The snow mine was resurveyed during the 
summer of 1961- 62 (Ramseier, unpublished ) and the new depth figures are used for th is 
r epor t. The snow-mine tempera ture is constant at approximately the mean annual tempera­
t ure, - 50 .6° c., which was measured by Giovinetto at a depth of 12 m . A ll experiments 
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were made at a temperature of - 49.40 C., with the exception of the permeability tests which 
were conducted at - 100 C . 

Both horizontal and vertical snow samples were taken from the snow mine. The horizontal 
samples (parallel to the surface) were taken from the west wall (Greenwich Meridian being 
north) with an auger coated with "Teflon" (polytetrafluorethylene). The cores were taken 
0·60 m. apart starting at a depth of approximately 7·9 m. below the surface, and the first 10 
to 15 cm. of the cores were disregarded. Each horizontal core was marked before it was drilled 
from the wall so that orientation would not be lost. Vertical* samples were cored out of blocks 
cut from the wall with an electric chain saw. Deep cores taken from the bottom of the snow 
mine to a depth of 50 m. were also used as vertical samples. Pieces with a minimum length of 
20 cm. were used for all the tests. 

Each core from the two groups was placed on a drill press stand and the basic specimens 
for the different tests were cut out . A specially designed auger tube, 5 cm. in diameter by 
20 cm. in length, was used to get a cylindrical specimen for the density and air permeability 
measurements (A in Fig. I). The sample weight for density determination was obtained by 
weighing the auger tube with the snow specimen and then deducting the weight of the auger 
tube. The air permeability measurements were taken while the sample was still in the auger 
tube. The sample was then removed using a wooden piston and cut on a band saw into three 
parts as shown in Figure I. 

SURFACE .--1 

Tls' specimen 
as obtained in the 
horizontal position. 

I 
) 

Fig. I. Diagram qf sample preparation. Specimens used as follows: A for air permeability, B for visco-elastic properties, C for 
creep test , D for unconfined compressive strength 

The sample dimensions for each test were as follows: 

Visco-elastic test 
Creep test 
U nconfined compressive strength test 

AIR PERMEABILITY 

Experimental procedure 

2 cm. x O·7 cm. X 19.6 cm. 
2 cm. X 2 cm. x 6 cm. 
3 cm. X3 cm. X9 cm. 

Various investigators (Bader and others, 1939; Bader, 1962; Bender, 1957[b]; Ishida and 
Shimizu, 1955; and Waterhouse, 1962) have used air permeability of snow to learn more 
about the density variations. It has also been found to be a good method for studying the 
changes in the structure of the snow when the density is kept constant . 

... Vertical samples were taken normal to the surface. For the sake of simplicity the samples will be referred 
lo in the text as horizontal and vertical , and sometimes just as V and H . 
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The coefficient of air permeabili ty K (in cm.sec. - I) is defined by the equation 

K = QL = ~ ( I) 
At LJp i 

where Q)s the volume of air (cm. 3 ) flowing through snow samples for a given time t (sec. ), 
A is the cross-section of the snow sample normal to the direction of air flow (cm. 2), t is the time 
(sec. ) , L is the length of the snow sample in the direction of air flow (cm.) , LJp is the air 
pressure head expressed as the height of a water column (cm.), V is the air velocity 
(cm.sec. - I) Q IAt, and i is the air pressure gradient (cm. of water/cm. length of sample) LJp/L. 

To interpret the equation for 0° C., a small correction has to be made to account for the 
drop of air viscosity with increasing temperature, which results in a higher permeability at 
lower temperatures. The correction can be put as 

AT = Ao + O' 561 T (2) 
where Tis the temperature at which the test is performed (OC. ), ATis the air viscosity (micro­
poise) at any temperature T, and Ao is the air viscosity at temperature T = 0° C. ( 170.8. 
micropoise) . 

Then the air permeability can be corrected to 

Ko = KT AT/ Ao (3} 

or, substituting for AT and using the value for Ao, 

Ko = KT(I + 3' 3T x 10-3 ) 

where Ko is the air permeability (cm.sec. - I) at 0° C., and K Tis the air permeability (cm.sec. - I) 
at temperature T. The measurements must be made in the laminar flow range, i.e . the ratio 
of flow rate to pressure gradient should be constant. 

Figure 2 gives results for the rate of flow versus the pressure gradient in snows of different 
densities. Velocities for laminar flow range from 5 to 15 cm.sec.- I

• Bader and others (1939) 
reported values of the same magnitude, whereas Bender I957[b] ) and Ishida and Shimizu 
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Fig. 2. Rale of flow versus air pressure gradient for various densities 
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(1955), reported much lower values for different size ranges. Turbulent flow would show up as 
bending in the upper part of the curves. The lower part of the curves satisfies Darcy's law 
for laminar flow. 

The absolute porosity, or ratio of volume of voids to snow volume, is 

n = (p;- Ps )lpi = 1 - 1 ' o9Ps (4) 
where Pi is the density of ice (0'917 g.cm. - 3 ) and ps is the density of snow. 

Bader (Bader and others, 1939 ; Bader, 1962) has shown the relationship between air 
permeability K and absolute porosity n to be 

K = anNI(N- n) (5) 
where the constants a and N can be determined by plotting Kin against K, the result is a 
straight line with intercept a with the ordinate K/n and having N as the reciprocal of the slope. 

Laboratory tests by Bender (1957[b] ) indicate that the value of a depends largely on the 
grain size. Using his approximate relationship 

a = 16·8d l
-
63 (6) 

where d is the average grain size of the sample, we can write 

K = 16·Sd!"63nN I(N - n) 
d = [K(N - n)/ 16 · 8Nn]o61 4 • 

The entire apparatus was set up in a cold room at a temperature of approximately 
- 10° C. Cold-room air was compressed in a Bell and Gosset compressor with a compressor 
tank mounted on top to minimize the fluctuations of the air from the compressor. A pressure 
regulator was used to obtain the desired flow rate. From this the air passed through the snow 
sample and then through a "precision" wet test meter (liquid-sealed, rotating drum type meter) 
to measure the air volume which passed through the snow sample. The pressure difference iJp 
was measured with a "Trimount" micromanometer. All connections were air-sealed with 
Dow Coming silicone lubricant and soft paper gaskets. The inside of the air-permeability 
auger tube was also covered with a coat of si licone lubricant to minimize the air flow between 
wall and sample. Each sample was tested at different air velocities up to 15 cm.sec. - I. 

Results and Discussion 
Figures 3 and 4 show Kin versus K for vertical and horizontal specimens tested at the Pole. 

Each point represents one specimen on which six velocity determinations were made and the 
average K calculated. A Bendix G-15 computer was used for the least-square analysis to 
find the best fitting curve. Values are given in Table I. 

TABLE I. N U MERICAL DATA FROM AIR PERMEABILITY MEASU RE MENTS 

Symbols 

R eciprocal of the slope N 
Intercept with the ordinate a cm.sec. - I 

Standard deviation for Ki ll cr cm.sec. - I 

Simple correlation coefficient R 

Horiz ontal 

0-602 
40 ' 25 

± 1-94 
0'999 

South Pole 
Vertical J 

0-621 
47'47 

± 4 -79 
0'99 1 

VerticalIl 

0-335 
4-53 

± 3 - 13 
0'984 

Greenland Site 2 

Horizontal 
( Waterhouse, 1962) 

0·877 
8S-89 

± 13'44 
0 -957 

Figure 3 shows a clear change in the slope for high density snow which tends toward 
zero permeability. For the horizontal specimen this change does not occur because no samples 
of high density were tested. Comparing the two types of curves we can see that there is a small, 
not-too-pronounced anisotropy between the vertical and horizontal structures of snow. 

It is, of course, of interest to be able to compare these results with other types of snow. 
Waterhouse ( 1962) made an analysis of Bender's data for Site 2 . Figure 5 shows these data. 
These specimens a lso were from samples taken horizontally. Bender used the relationship of the 
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permeability K and the porosity n for the same snow, i.e. after each new K and n determination, 
the same sample of snow was compacted and tested again. In the present case the K determin­
ations were made on a snow profile with changing density, this also was done with the Site 2 

snow. 
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Fig. 3. Air penneability K versus Kin/or South PoLe snow (verticaL sampLes ) at - { 0 ° C. 

There are certain postdepositional changes in the snow structure which do not cause 
changes in the snow density. This is shown by the large standard deviations observed in the 
Site 2 data (Fig. 5) . It is apparent that the large deviations also occur on the upper (low 
density) part of the curve, which is located near the surface (0 - 12 m. depth). Below this 
depth the changes between "summer" and "winter" snow become less pronounced, and dis­
appear completely further down. The South Pole data do not show this as clearly as the data 
on the Site 2 snow. This can be accounted for by the considerably different meteorological 
conditions which prevail at the sites. Most of the accumulation at the South Pole occurs 
during the winter season and is rather small (7.6 cm. of water equivalent) . The very low 
temperatures (Ramseier, unpublished) almost prohibit metamorphism. Snow at the surface 
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is a lso reworked by the action of drifting. All these factors mean that we cannot distinguish 
" winter" and "summer" snow as precipitated at the Pole. The only feature we see is a crust 
on the surface caused by solar radiation during the summer months and underlain by depth 
hoar. 
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Fig. 4. Air pe,meability K versus Kfnfor South Pole snow (horizontal samples ) at - 1 0 0 C. 

Site 2 snow has a lower K than South Pole snow for high densities and a higher K for low 
densities. If Figure 5 is superimposed on Figure 4, the Site 2 line crosses the South Pole line 
at a density of 0'48 g.cm.- 3• 

Equation (7a) was used to get an approximate average grain diameter. For a density of 
0'480 g.cm.- 3 the calculated diameter is "'-'1·7 mm. This value is slightly higher than that 
observed by Giovinetto ( 1960) . The visual determination as done in pit studies is adequate 
for fie ld work but may not be accurate enough for this study. In the higher density snow the 
determination of the grain size becomes very difficult because the changes are very small and 
the snow is very hard. Thin-section studies would be a more appropriate method. 
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Principle 
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The sonic method of studying the visco-elastic properties of snow has been used by 
Yamaji and Kuroiwa ( 1954; Kuroiwa and Yamaji, 1956, 1959), by Yosida and others ([956, 
p. 37- 40) and by Nakaya ( [959[a], Cb] ) , who used a transverse vibration method . This 
method has been used very successfully in the laboratory and in Greenland and was there-
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Fig. 5. Air permeability K versus K In for Site 2 , Greenland (horizontal samples ) at - 100 C. 

fore chosen for the present study. It also has the distinctive advantage of being a non­
destructive method. 

The principle is based on the resonance vibration of the sample, which is made in the 
form of a rectangular bar. The solution of the ftexural vibration of a bar was obtained by 
Lord Rayleigh (Strutt, 1929, p. 273- 78) for elastic vibration without internal viscosity. The 
frequency of the vibration is 

(8) 
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where I is the length of the bar, b the velocity of the sound in the material (which is (E /p)!, E 
being the dynamic Young's modulus and p the density of the material), m is an abstract 
number whose value is 4' 730 for the fundamental mode, 7.853 for the second mode, etc., 
k is the radius of gyration of the section about an axis perpendicular to the plane of bending: 
kO = hO/ 12 for the rectangular bar, h is the thickness of the bar. The width is not introduced in 
this equation. Therefore, the dynamic Young's modulus is obtained for a rectangular bar as 

E = 487Topl4Plm4ho (9) 

Experimental method 

The sample of snow is cut into a rectangular bar and supported on two strings stretched 
horizontally between two supports (Nakaya, I 959rb], fig . I) . The position of the strings 
should coincide with the nodal points of the vibration, o· 22 I from each end of the bar. 
Immediately below the iron p lates at each end, Ir and 10 , and at a distance of about 
5 mm., there are two electromagnets, C r and Co . When the frequency coincides with that of the 
resonance vibration of the bar, the induced current in coil Co becomes a maximum due to the 
vibration of the iron plate 10 , The number of oscillations are read from four counting tubes ; 
Dr records the units, Do the tens, D 3 the hundreds, and D4 the thousands. This will give the 
number of oscillations for a given time. From this the frequency fis obtained. Only the funda­
mental vibration was measured. 

In this series of experiments, N3 (the number of oscillations to decay to t amplitude) was 
counted; the instrument was set to stop counting when the amplitude decayed to one-third 
of its initial magnitude. When the free vibration of the bar is finished under this condition, 
the reading on the counting tubes is N3 • These measurements will be included in a separate 
paper. 

Results and Discussion 

Figure 6 shows the dynamic Young's modulus E as a function of the density p. Each point 
represents a test for vertical, naturally compacted snow. These data suggest that the curve 
is divided into two parts. Nakaya (1959ra] ) indicates only one part for a density range of 
0'5 g.cm. - 3 to 0'9 g.cm. - 3 • If the curve (Nakaya, 1959[a], fig. 25) is redrawn, it can be 
seen that there is a similar bend, though not as pronounced as that in the South Pole curve 
(Fig. 7). The bend corresponds to the one in Figure 13 for the horizontal unconfined com­
pressive strength (Gow and Ramseier, 1963) ' 

If the South Pole curve extrapolated to higher densities and the Site 2 curve are corrected 
for temperature, they cross at the density of o' 56 g.cm. - 3 (Fig. 7) . Above the density of 
0'56 g.cm. - 3, the dynamic Young's modulus is greater for the South Pole snow than for the 
Site 2 snow and below it, smaller. 

The correction of Young's modulus for temperature change is very small. It can be 
calculated from previous data (Nakaya, 1959[b], fig. 18) and amounts to 1'165 X 104 g.cm. - o 

eC.-r; 
( 10) 

where ET is Young's modulus at temperature T, and Ll T is the temperature difference. 
The data taken for the horizontal specimens are so scattered that they cannot be used for 

direct comparison (Fig. 8) . This scatter can be explained by the fact that it was very difficult 
to orient the horizontal E samples after the cores had been drilled from the wall. Cores 
would break up and had to be fitted together where possible to prevent rotation of samples. 
This orientation did not affect the other test results. The rotation of cores would cause a 
deviation in the horizontal orientation when the samples were cut. 

For all curves the empirical relationship is 

E = mp + a ( I I) 
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where m is the slope, p is the density, a nd a is the intercept with the ordinate. The differen t parameters are listed in Table 11. 

TABLE II. NUM E RICA L DATA FROM Y O UNG'S MOD U LUS MEASU REMENTS 
Symbols 

Slope III cm . 
Intercept a g.cm .- 2 

Standard d evia tion cr g .cm. - 2 

Simple correla tion coefficient R 

Horizontal 
12'24 X 107 

- 5'22 X 107 
± 0'2 1 X 107 

0·g 18 

South Pole 
Vertical II 

II 'gg X l 07 
- 5'03 X 107 
::: o'og x 107 

0·g80 

Vertical If I 
2 I ' 35 X 107 

- lo' 37 X 107 
± 0'25 X 107 

0 . 852 

Nakaya ( I959[a] , rb] ) found an anisotropy in snow disaggregated and redeposited by a Peter Snow Miller. The explanation he gave was based on the a rgument that Peter snow has a horizontal layer structure. The difference shown is not g rea t, but there is a clear difference hetween horizonta l a nd vertical specimens. 
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DENSITY P (g . cm~ 3 ) 
Fig. 6. DYl1amic roul1g's modulus versus delIsityfor South Pole snow (vertical samples) at - 49'4° C. 

An an isotropy can a lso be seen in the data from the South Pole snows, which had not been disaggregated. In genera l, for comparison at the same d ensity, the horizonta l specimens have lower values for dynamic Young's modulus than vertical specimens. 

CREEP TESTS 

Snow samples were tested at four low stresses (of 60, 90, 120, and 150 g.cm. - ' ) for a time period of three days. R eadings were taken at short interva ls during this time . In the graphical a nal ysis, no indication was found for a relationship between density and creep. Landauer ( 1955) reports a correlation between creep and stress for similar densities, therefore further investiga tions are necessary. 
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UNCONFINED COMPRESSIVE STRENGTH 

Experimental Procedure 

Some tests on the crushing strength of snow were made in the summer season of Operation 

Deep-Freeze 61 (Gow and Ramseier, 1963) . At that time cores were used (6 · 3 cm. in diameter) 

which had been drilled in 1958 and left in the drill holes. This year, during Operation Deep­

Freeze 62, the tests were repeated on smaller specimens, 3 cm. X3 cm. X9 cm. (D in Fig. I) . 
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Fig. 7. Dynamic Young 's modulus versus density f or South Pole and Site 2 snow adjusted to - 10° C. The upper and lower 

parts of the South Pole line, marked with shorter dashes, represent the suggested trend beyond the range if the present data 

The ratio of length to width was made 3 : 1 to insure against end constraint which appears 

when the ratio is less (Butkovich, 1954). The ends were cut very carefully so that they would 

be as close to parallel as possible. A " Soil-Test" hand press with a capacity of g08 kg. was used. 

A proving ring (227 kg. capacity) was mounted on the head of the press and a dial indicator 

showed the amount of deflection of the proving ring. This deflection could be converted into 

kilograms on a calibration chart. The rate of application of the load was controlled manually 

and timed with a stop watch. The average rate was IQ. 5 kg.cm. -2 sec. - (. 
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Results and D iscussion 

All data were plotted separately for vertical and horizontal specimens (Figs. 9, 10). For 
both curves the empirical relationship for the un confined compression tests is 

Uc = mp+a (12) 
where m is the slope of the straight line, a is the intercept with the ordinate, and p is the density 
of the snow. The values and units for the d ifferent parameters are given in Table Ill. 

TABLE 1II. NUMERICAL DATA FROM UNCONFINED COMPRESSIVE STRENGTH MEASUREMENTS 

Slope m cm. 
Intercept a g.cm. - 2 

Symbols 

Standard deviation " g.cm. - 2 

Simple correlation coefficient R 
Extrapolated value for ice* " cice g.cm. - 2 

South Pole 
Horizontal Vertical 

164.2 X 103 
- 6g·2 X 103 

± 2·3 X 103 
0·927 

SI ·4 X 103 

IS0 · 2 X 103 
- 74 · 6 x 103 

± 3 · 7 X 103 

0·935 
go·6 x 103 

Greenland Site 2 

Horizontal 
(Butkovich, 1956) 
104.77 X 103 
- 41 · S X I03 

± 1 · 6 X I03 
0·97 1 

54·S X 103 

* The generally accepted symbols for standard d eviation and for stress are unfortunately the same. 
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Fig. 8. Dynamic Young 's modulus versus density for South Pole snow (horizontal samples ) at - 49· 4° C. 

From the graphs it can be seen that the vertical specimens have more strength than the 
horizontal at a given density. The anisotropy seems to be real. It has also been observed for 
processed snow (Nakaya, 1959 [a], Cb] ) . 

Data at Site 2, Greenland (Butkovich, 1956) indicate that for densities below 0·53 g.cm. - 3 

the snow at the South Pole is weaker than that at Site 2, above that density i t is stronger after 
applying the temperature correction. Bender ( I957[a] ) worked out an equation which makes 
it possible to compare resu lts of un confined compression tests on snow at different temperatures 
at an arbitrary common temperature. 

log (aC2 /aCl ) = o· 16 log (T 2 / T, ) ( 13 ) 

where aCl is the strength at temperature T, (OC.) and aC2 is the strength at T2 (OC. ). Bender 
used data from different authors who used high and low density snow. The constant by which 
aCl has to be multiplied to get a,. can be obtained from Figure 12 by reading off the ratio 
T2 / T, on the ordinate. 

7 
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Example: 
Temperature we want to correct to 
Experimental temperature 

JOURNAL OF GLACIOLOGY 

T 2 = - 10° C. 
T, = -50° C. 

T2 / T I = 0·2 = 2 X 10 - 1 

From 2 on the ordinate fo llow horizontall y to the line marked 10 - I. Where the lines intersec t read off th e 
temperature correction factor kn on the absc issa, which in this case would be 0 · 77. 
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Fig. 9. Uncollfilled compressive s trength versus density of South Pole snow (vertical sam/Jles ) at - 49· 4' C. 

A strength- temperature study will be conducted in greater detail and published at a 
later date. It is suspected that equation ( 13) cannot be applied over the whole density range 
and that the temperature correction will have to be different for the low density snow, part I 
in Figure I I . 

GENERAL DISCUSSION 

Snow can be divided by physical and mechanical properties into two to four parts over 
the whole density range. 
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Part I can be seen very clearly in Young's modulus and unconfined compressive strength. 
It ranges from the density offreshly fallen snow to '"-'0' 43 g.cm. - 3. Fuchs (1959), by studying 
the structure of the snow with thin sections, described the transition to the next stage as 
occurring at a porosity of '""50 per cent. Above this porosity, the low density range, the 
grains have more freedom of position. Below 50 per cent they are more packed together. 
This change is found in all dry polar snow. 

10r-------r---,---r-n-,-.-rTy-------,,--_.--~_._r_r,,~ 

0 .6 

0 .4 

0.2 

kB 
TEMPERATURE CORRECTION FACTOR 

Fig. 12. Temperature correction graphfor ice and snow (modifiedfram Bender, 1957[a] ) 

Part Il as shown in Figure 7 lies between 0'43 g.cm. - 3 and 0'57 g.cm. - 3 (medium 
density region) and part III extends from o· 57 g.cm. - 3 to o· 90 g.cm. - 3 (high density region). 
Nakaya (1959[a], [b] ) has shown a smooth curve over this density range. It is believed at the 
present time that there is enough evidence available to represent the curve in two parts. 
Tensile and shear strength tests plotted against density on Greenland snow by Butkovich 
(1956), and the unconfined compressive strength tests of Gow and Ramseier (1963) show a 
similar trend. Mellor (in press) has compiled a large amount of data for un confined compres­
sive strength and ram hardness for natural snow and disaggregated snow. For disaggregated 
snow the difference between the two parts Il and III is striking. 

It would be feasible to explain this change by saying that the snow in part Il is compacted 
(densified) without appreciable deformation of the individual grains. The same effect appears 
by agitating spherical glass beads of the same size. The highest average porosity achieved 
experimentally for glass beads is about 40 per cent (0' 55 g.cm. - 3 if the beads have the density 
of ice) which is near the average of 37 per cent for cubical (47.64 %) and hexagonal (25' 95 %) 
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packing. The intersection of lines representing parts I! and III occurs at a porosity of 37.8 
per cent. It is reasonable that this should be below 40 per cent because in snow we have to 
consider a varying size of grains rather than a single size as for the spherical glass beads. Any 
further densification of snow has to be accompanied by considerable deformation of the grains 
and slipping of small grains into voids, which is the case in part II!. 

Part IV, which Nakaya calls the ice region, ranges from 0'90 g .cm. - 3 to 0'917 g.cm. - 3 • 

The only change which occurs is in the volume of air in the voids. This region could also be 
shown in the unconfined compression tests. 

The air permeability curve shows a change at a density of '-"'0.625 g.cm. - 3 . This is an 
indication of the closing off of some air space by densification. This change in structure is not 
shown in the visco-elastic and unconfined compressive tests since change in the air permeability 
does not always indicate a change in the visco-elastic properties and unconfined compressive 
strength. 

All three tests show an anisotropy. If we look at a snow block taken from a point in the 
depth profile, we know that the vertical forces acting upon it are larger than the horizontal 
forces. The horizontal or lateral forces are not known and cannot be calculated at this point, 
but the boundary conditions are 

(aH/ aV)p-+o = 0, 

(aH/av)p-+p. = r. 
Ice 

Equation (15) holds when the stress conditions become hydrostatic. 
We can deduce in general what happens to the snow structure. Bonding between the snow 

grains is favored in the vertical direction. We expect to have more and larger bonds than in 
the horizontal direction. This anisotropy is readily apparent in the results of the three different 
tests. Since acv > acH for unconfined compression, greater forces are required to break the 
bonds in the vertical direction than in the horizontal. Similarly, the visco-elastic measurements 
show that Ev > EH' The effects of age hardening on Young's modulus (Nakaya, I959[a], [b] ) 
also show this anisotropy. 

That K v > K H shows that the air encounters less resistance in the vertical direction than 
in the horizontal (LJpv < fJPH ) because of the more open structure in the vertical direction. 

Young's modulus is shown plotted against unconfined compressive strength, for data both 
from the South Pole and Site 2, in Figure 13. Since the two curves are almost identical we 
can conclude that, for a ll practical purposes, there is no essential difference in the visco-elastic 
and un confined compressive properties of snow from the South Pole and Site 2 in Greenland. 

The relationship can be expressed by two empirical equations: 

ac = IO'42 X IO - 4E 0'43 < p < o' 51 g.cm. - 3, ( 16) 
ac = 5 .68 X IO - 4E + 8'63 X 103 g.cm. - ' o· 51 < p < 0'90 g.cm. - 3• 

The air permeability shows some changes which cannot be overlooked. For snow below 
46 per cent porosity (0 ' 49 g.cm. - 3) the South Pole snow has a smaller air permeability 
coefficient than Site 2 snow. Above 46 per cent the coefficient for South Pole snow is greater 
than for Site 2 snow. This shows a change in structure without a change in the porosity (or 
density). 

The air permeability depends mostly on grain size and shape whereas the Young's modulus 
and unconfined compressive strength depend mostly on the bonds between the grains as has 
been shown in previous sections. 

Snow from other sites should be investigated before any conclusive statements can be 
made about the difference of properties at different geographical sites. It would also be of 
great interest to find out more about the temperature correction for unconfined compressive 
strength. It is suggested that a standard temperature of - 10° C. should be used for represent­
ing the corrected experimental data. 
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