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S O M E  T E S T S  O N  T H E  C O M P A C T I B I L I T Y  AND H A R D N E S S  
A F T E R  C O M P A C T I O N  O F  D I F F E R E N T  T Y P E S  O F  S N O W  

By B. H:SON AGER* 

(Forskningsstiftelsen Skogsarbeten, Stockholm, Sweden) 

ABSTRACT. Compaction of different types and mixtures of snow including snow collected from the natural 
snow cover and waste from an ice milling machine, was carried out in a cold room with a small model 
compactor. Density, cone hardness and shear strength were measured, generally 24 hours after compaction, 
for specimens compacted in different ways. When the snow was compacted to maximum, densities between 
0.55 and 0.60 g.lcm.3 were achieved, except for mixtures including more than one third new snow for which 
densities were lower. For snow collected from the natural cover the highest hardness values after compaction 
were found for new snow and for mixtures including more than 50 per cent of new snow or fine-grained 
granular snow. The maximum hardness was obtained with specimens prepared from fine-grained mill waste. 

The influence of temperature on density and hardness was also studied. 

R B s u ~ i .  Qlelques tests sur lc cornpactage et la c!urete' apris compactage dc diffirents t y l z s  de neige. On a procCd6 
dans une chambre froide avec un compacteur petit modkle, au compactage de diffkrents types et mtlanges 
de neige recueillis dans la couverture de neige naturelle. La densite, la duretC determinke au cbne et la 
resistance au cisaillement ont 6tC mesurCes gkneralement 24 heures aprks le compactage pour des spCcimens 
compactCs de faqons diffdrentes. Lorsque la neige Ctait compactCe au maximum des densites allant de 0,55 
i 0,60 g/cm3 Ctaient obtenues, sauf dans le cas des mClanges comprenant plus d'un tiers de neige nouvelle 
pour lesquels les densites Ctaient plus faibles. Les plus hautes valeurs de durett aprks le compactage ont Cte 
trouvCes pour de la neige rCcente et pour des melanges comprenant plus de 50% de neige recente ou de neige 
A granulation trks fine. 

L'influence de la tempkrature sur la densite et la durete a Cgalement CtC Ctudite. 

ZUSAMMENPASSUNG: Einige Versuche iiber die Verdichtbarkeit und iiber die Harte nach Verdichtung vor~ verschiedenen 
Schneearten. Die Verdichtung verschiedener Arten und Mischungen von Schnee, der aus der naturlichen 
Schneedecke entnommen war, wurde in einer Kaltekammer mit einem kleinen Modell-Verdichter vorge- 
nommen. Dichte, Harte und Scherfestigkeit wurden gewohnlich 24 Stunden nach der Verdichtung an 
Proben von verschiedenem Verdichtungsgrad gemessen. Bei einer maximalen Verdichtung des Schnees 
wurden Dichten zwischen 0,55 und 0,60 g/cm3 erreicht, ausser hei Mischungen, die mehr als ein Drittel 
Neuschnee enthielten, deren Dichte geringer war. Die grossten Hartewerte nach der Verdichtung wurden 
fur Neuschnee und fur Mischungen, die mehr als 50% Neuschnee ocier feinkornigen Schnee enthielten 
gefunden. 

Ausserdem wurde der Einfluss der Temperatur auf Dichte und Harte untersucht. 

INTRODUCTION 
Under the sponsorship of Forskningsstiftelsen SDA, Skogshogskolan and the Swedish 

Army, a series of investigations has been carried out on the preparation and use of snow 
roads in Sweden. One of the questions of interest was the influence of snow type on 
the density and strength of compacted snow, i.e. the road quality obtained in the early part 
of the winter when the snow contains a comparatively large percentage of fresh or only slightly 
metamorphosed snow, and in late winter when the snow cover consists of a greater part of 
highly metamorphosed snow. To  study this problem by repeated compaction with full-scale 
field equipment during a winter would be very expensive, and the many variables encountered 
under natural conditions would make it very difficult to discern the influence of different 
types of snow. 

In  1960 and 1961 the author had an opportunity to work with the Snow and Ice Section 
of the Division of Building Research, National Research Council of Canada. During that 
period it was possible to carry out laboratory tests on compaction of different types of snow, 
and to fit them in with the over-all test program begun in Sweden. The results of these 
investigations are recorded in this paper  

A comprehensive summary of other investigations on snow compaction can be found in 

* This work was done while the author held a post-doctorate fellowship with the Snow and Ice Section, 
Division of Building Research, National Research Council, Ottawa, Canada, 1960-61. 
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the report of a conference organised by Massachusetts Institute of Technology in February 
1962 (Kingery, I 963). 

Compaction was carried out with a small compactor designed and described by Williams 
(1958). The cylinders in which the snow was compacted were 86 mm. high and 60 mm. in 
diameter, having a volume of about 243 cm.3. 

Two methods of compaction were used. One was to compact the snow in a-cm. layers 
with five blows from a fall height of 10 cm. This gave a density value very close to the maximum 
for this type of compression (Williams, 1958), and is for convenience called "maximum 
compaction" in this report. The other method was to fill the cylinder by pouring the snow 
gently into it and compact it by dropping the weight once from a height of 10 cm. This gives, 
according to the author's experience, a density equal to that obtained by one pass with 
simple field equipment such as light rollers or drags. I t  is called "one-blow compaction" in 
this report. I t  gives a slight density gradient in the specimen, but this was neglected because 
the main object of the test was to make a comparison of the density values obtained with 
different types of snow. 

The compacted specimens were generally allowed to harden for about 24 hr. The density, 
''cone hardness", and shear strength of the specimens were then determined. Density was 
determined by weighing the specimen and measuring its height. Cone hardness was measured 
by observing the penetration of a go-degree roo-g. cone (Fig. I )  dropped from a height of 
30 mm. From the penetration, the hardness H in kg./cm.' was calculated by using the formula 

where L is the weight of the cone in kg., D is the fall height in cm. and P is the penetration 
in cm. Shear strength was measured with a shear vane and a torque wrench (Fig. 2) operated 

Fig. I .  Drob cone used for hardness iesi 
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manually. Torque was increased at a rate of approximately I kg. cm./sec. Three different 
sizes of vanes were used initially, all having a ratio of height to width of 2 : I .  The sizes were: 

Code Shear area (cylinder) 
cm.' 

Large (B) 19.58 
Medium (M) 10.86 
Small (S) 5.96 

Fix. 2. Shear vanes and torque wrench 

Some of the samples had a shear strength exceeding both the strength of the smallest vane 
and the highest value that could be read on the torque wrench. I n  order to cover a greater 
range of strengths, the height of the smallest vane was reduced by 40 per cent. The ratio of 
height to width was then I .2 : I and the shear cylinder area 4.34 cm. This vane has the 
symbol S 11. 

Most of the snow used in the tests was collected from the lawn outside the Division of 
Building Research, Ottawa, and was taken into a cold room for storage at a temperature of 
-9.5"C. Waste from an ice milling machine was also used. The snow was kept in cardboard 
boxes lined with plastic sheets, and was always gently broken up and stirred before being 
placed in the cylinders. Table I describes the snow used in each test series. 

The depth hoar kept its microscopic character of "ordinary" depth-hoar snow even after 
roo days of storage. Inspectioil with a microscope, however, showed that the edges of the snow 
crystals became more and more rounded with time, tending towards a coarse-grained granular 
material. 



Test series JVO. 

1 

0 
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Sieving with square meshes percentage Jiner than 
mm. 

Type of snow 
New snow 
Depth hoar 
Granular 
Depth hoar 
New snow 
Depth hoar 
Granular 
Depth hoar 
Granular 

Depth hoar 
New snow 
Depth hoar 
Granular 
New snow 
Depth hoar 
Depth hoar 
Granular 
Mill waste 
Depth hoar 
Granular 
Mill waste 
Granular 
Mill waste 
Depth hoar 
Granular 
Mill waste 

~\b. of days stored 
I 

The new snow used in the compaction tests was stored for one day in series 3 and 6. In 
series 6 to 8 the new snow was stored for up to 6 days. Microscopic inspection showed that most 
of the snow particles still had a shape close to their original one, in spite of the long storage 
time. Granular snow originated either from settled snow in the natural snow cover or from 
new snow aged in the cold room. The mill waste was generally much more fine-grained than 
any of the snow collected from the natural snow cover. The particle size averaged about 
0 . 1  mm. 

When a mixture of two different snow types was studied, the following proportions were 
generally used: o: 100, 10: go, 30: 70, 50: 50, 70: 30, go: 10 and 10o:o (except in test series 
I and 2). 

Usually, only one observation was carried out per specimen on density, cone hardness and 
shear strength. When hardness exceeded about 2 kg./cm.' as it usually did at  maximum 
compaction, three observations were carried out with the drop cone. I t  was considered, in 
this case, that one reading did not disturb the specimen suficiently to influence the other 
readings. 

In  order to check the accuracy of the measurements a test was carried out a t  -9.5OC. 
on a snow mixture consisting of 10 per cent mill waste, 60 per cent granular snow and 
30 per cent depth hoar. The specimens were prepared and observed as described above. 
Eight specimens were prepared by "one-blow compaction", and another five by "maximum 
compaction". The observed mean values of the density and cone-hardness and information 
on dispersion are given in Table 11. The results indicate that the specimens were prepared 
(mixed in desired proportions and compacted) quite uniformly. As the variation between 
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I I  is thc number of observations pcr specimen 
Densily Cone hardr~ess 

Method o f  ~ \ ~ ~ i n ~ b e r  o f  . Standard Starzclard 
conzpaccion sjecirnens M e a n  deviation M e a n  cleuiation 

g.lcm.3 kg./cm." 
One blow 8 0.576 o.0043* 3.14 o.28* 

( n  = I )  (n = I )  
Maximum 5 0.634 o.0048* 6.76 0.90' 

(n = I )  (n = I )  r . g r i  
* Bctween specimens. t "Within" specimens. 

specimens was quite small, it was assumed that the hardness of a given snow mixture could be 
determined with the desired accuracy from one specimen only. The spread of single values 
about the means for the maximum compaction series shown in Table I1 was slightly greater 
than that in most other test series. The coefficient of variation (standard deviation of single 
observations divided by the mean and expressed as a percentage) averaged 28 per cent for 
five specimens. Values between 2 0  and 25 per cent were usually found. The distribution of 
single values around the mean for each specimen did not differ significantly from a normal 
distribution (95 per cent confidence level). 

The observations of shear strength were sometimes very inconsistent. Occasional distur- 
bance of the specimen when the vane was forced into it and the fact that the torque wrench 
and vane were operated manually are the probable reasons. In a few cases, where it was 
obvious that the specimen had been disturbed, the shear strength value observed was excluded. 
No attempt was made, therefore, to study the dispersion of shear strength values, and the 
inconsistency of the shear strength observations was taken into consideration in the interpreta- 
tion of the results. 

Tests at Constant Tenzpel-ature ( - 9 .  g°C.) 

Eight test series were carried out to study the dependence of density and hardness on the 
snow mixture. In series I to 7 only two snow types were mixed at one time. In series 8 an 
attempt was made to imitate the change in the composition of the snow cover that might occur 
during the course of the winter under natural conditions in Sweden and eastern Canada. 

As density was found to be reproducible for tests carried out under the same conditions 
of preparation, it was considered that plotting the results on a graph would be adequate for 
the analysis of the density observations. This has been done in Figure 3. 

The cone hardness values were more dispersed (Table 11). Regression analysis was used, 
therefore, to analyse the cone hardness observations. Table I11 shows regression functions, 
computed according to the least-square method, and the standard deviation of single values 
from each regression line. 

For test series 2 and 3 the observations on one-blow compaction were too few for a regres- 
sion analysis. For series 8 the single tests were numbered from I to 8, indicating increasing 
content of older and more coarse-grained snow. The functions in Table I11 are shown 
graphically in Figure 4. 

i\daximum co~npaction 

The densities for the "pure" (unmixed) snow types ranged from 0.51 to 0.54 g.lcm.3 for 
depth-hoar snow, 0.54 to 0.58 for granular, and 0.45 to 0.58 for new snow. The values for 
the new snow fell within the range ofvalues reported by Williams (1958) for a great number 
of measurements, indicating that the new snow samples used in these tests were not extreme 
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a )  M A X I M U M  C O M P A C T I O N  

I I 1 1  1 1  1 . 4 0  
0  2 0  4 0  6 0  8 0  100 0  2 0  4 0  6 0  8 0  100 0  2 0  4 0  6 0  8 0  100 6 0  4 0  3 0  2 0  2 0  10 l o  10 

O/o GRANULAR IN D E P T H  HOAR % NEW SNOW IN OEDTH HOAR NEW SNOW IN GRANULAR % NEW StlOW 
3 0  4 0  5 0  6 0  5 0  5 0  4 0  2 0  

% GRANULAR 

b l  ONE BLOW C O M P A C T I O N  10 2 0  % 2 0  D E P T H  2 0  3 0  HOAR 4 0  5 0  7 0  

46 GRANULAR IN DEPTH HOAR % NEW SNOW It1 DEPTH HOAR Oro NEW SNOW IN GRANULAR % NEW SNOW 

3 0  4 0  5 0  6 0  5 0  5 0  4 0  2 0  
Oro GRANULAR 

10 2 0  2 0  2 0  3 0  4 0  5 0  7 0  
% DEPTH HOAR 

Fig. 3. Densily versus dtffcrent Cvpes of snow and snow inixtnres 

T A ~ L E  111. REGRESSION FUNCTIONS,~(H)  AND THE STANDARD DEVIATION OF SINGLE VALUES 
FROM TIIE REGRESSIONS. CONE HARDNESS ( H  KG./cM.') VS. DIFFERENT SNOW MIXTURES 

Series 
~1'0. 

maximum 
maximum 
maximum 
one blow 
maximum 
one blow 
maximum 
one blow 
maximum 
one blow 
maximum 
one blow 

Values of constants in the equatior~ 
f (H)  = a+6x+cx3 

a 6x10 '  c x l o q  
3.16 6 .14  -7.50 

5.54 18.35 -14.22 
4.24 10.28 -7.29 
0.82 0.68 o 

Standard 
rleuiatior~ Irldeperzderlt uariable x 

percentage granular in depth hoar 
perccntagc new snow in dcpth hoar 
percentage granular in depth hoar 

percentage granular in dcpth hoar 

percentage new snow in clcptll hoar 

percentage new snow in granular 

test number 

in their compactibility properties. In  later test series (No. 1 2  and 15) the density of mill waste 
was found to be 0.56 to 0.58 at maximum compaction. 

Mixing different types of snow generally resulted in a density higher than that of any of 
the components. These tendencies seem to be more pronounced the greater the range of 
particle size. The values for series 8, which was supposed to be an imitation of the natural snow 
cover during the course of a winter, ranged between 0.55 and 0.59 and showed little variation 
with the change in mixture. 
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a1 M A X I M U M  COMPACTION 

l Z  - 
0 2 0  4 0  6 0  8 0  100 0 2 0  4 0  6 0  8 0  100 0 2 0  4 0  6 0  8 0  100 6 0  4 0  3 0  2 0  2 0  10 10  10  

% G R A I ~ U L A R  IN D E P T H  HOAR % NEW SNOW IN DEPTH HOAR % N E W  SNOW IN GRANULAR % NEW SNOW 
3 0  4 0  5 0  6 0  5 0  5 0  4 0  2 0  

% GRANULAR 

b l  ONE BLOW COMPACTION 10 2 0  2 0  2 0  3 0  4 0  5 0  7 0  
% DEPTH HOAR 

: O , 1 1  - 

% GRANULAR IN DEPTH HOAR % NEW SNOW IN DEPTH HOAR %NEW SNOW IN GRANULA? NEW SNOW, % 
3 0  4 0  5 0  6 0  5 0  5 0  4 0  2 0  

% GRANULAR 
10 2 0  2 0  2 0  3 0  4 0  5 0  7 0  

% DEPTH HOAR 

Fig. 4. Cone /~ar(lness uersrr~ Q j e  arzd rni.~htre o f  snow 

'The cone hardness for the "pure" snow types ranged from 3.0 to 5 .5  kg./cm.' for depth- 
hoar snow, 7 to g . 5  for fine-grained granular snow and 8 . 5  to I I . 7  for new snow. The lowest: 
value, 2 .0  kg./cm." was obtained for coarse-grained granular snow (series 2). For mill waste 
the hardness values were between 20 and 50 kg./cm.' (series 12 and 15). All mixtures including 
50 per cent or more of fine granular snow or new snow fcll in the range 7 to I I kg./cm.". 
The new snow caused a greater increase in hardness than fine granular snow when mixed with 
depth hoar. The highcr the perccntagc of grains finer than I .o  mm. (Table I),  the higher the 
hardncss when new snow or granular snow was mixed with depth-hoar snow. Series 8 
(imitating the change in the natural snow cover during a winter) did not reveal any significant 
trend. 

One-blow compaction 

Densities ranged from 0.39 to 0.43 g.lcrn.5 for depth hoar, 0.40 to 0.48 for the fine- 
grained granular snow (0.50 for the coarse granular snow in series 2), 0.28 to 0.33 for new 
snow and 0.36 to 0.42 for mill waste (series I 2 and I 5). 

As for maximum compaction, mixing of snow resulted in a density higher than the average 
of thc densitics of the single components and was more pronounced the greater the range of 
particle size. Series 8 showed an increase in density with increased content of granular and 
depth-hoar snow; according to the author's experience, the absolute values and the trend are 
very much the same as those obtained in the field with one-pass compaction with light equip- 
mcnt (rollers or drags) used for snow-road preparation. 

The cone hardness for thc pure snow types ranged from 0.9 to I kg./cm.Tor depth hoar, 
I .6 to 2.6 for granular snow, 0 .  g to I .2 for new snow and I . o to 2 . 6  for mill waste. The 



54O J O U R N A L  O F  G L A C I O L O G Y  

positive effect on hardness by mixing can still be identified but is much less pronounced 
compared with the effect on snow compacted to maximum. The hardness values for series 8 
did not show any significant trend. 

iVfiscellaneous tests and calculations 

I n  Figure 5 the ratio of maximum to one-blow compaction for density and cone hardness 
is plotted. The main result is that the higher the content of new snow, the greater the relative 
gain in hardness and density by compacting the snow to maximum compared to one-blow 
compaction. For pure new snow the ratio for cone hardness fell between 7 and 8; for mill 
waste values exceeding 10 were found. 

- 
% GRANULAR IN DEPTH HOAR 

- 
0 2 0  4 0  6 0  8 0  100 

% NEW SNOW IN DEPTH HOAR 

- 
0 2 0  4 0  6 0  8 0  100 

% N E W  SNOW IN GRANULAR 

I I I ' I  

. 0 3 0  2 0  2 0  0  
"10 YE* SNOW 

I 5  4 0  5 0  6 0  5 0  5 0  : 0  2 0  
% GRANULAR 

10 2 0  2 0  2 0  3 0  4 0  5 0  7 0  
% DEPTH HOAR 

% GRANULAR IN DEPTH YOAR % NEW SNOW IN DEPTH HOAR 

Fig. 3. Relative irioaase iti hnr(1nes.r and detzsilyj-om one blow 

. . 
0 2 0  4 0  6 0  8 0  0 0  6 0  4 0  I 0  2 0  2 0  C 0 15 

% NEW SNOW IN GRANULAR % UEW SNOW 
3 0  1 0  5 0  0 0  5 0  5 C  4 0  2 0  

C b  ;i.AYlJ.:F 

to innximrml conz/,aclioti for variolcs srlori: l,:l,es and n~i.vt~i,a.r 

I n  Figure 6, the loose and the "relative" density are plotted. Loose density is that obtained 
by placing snow in cylinders without compaction; relative density is thc ratio J>etwecn the 
density of maximum compaction and loose density. I t  is sometimes used in soil mechanics to 
describe the qualitative behaviour of soils. The loose density rangcd from 0.32 to 0.39 g.1cm.j 
for depth hoar, 0 .23 to o .40 for granular and 0 .  I 6 to 0 .19  for new snow. A slight positive 
effect on the loose density was obtained when mixing diKerent types of snow. The  relationships 
hetwecn relative density and snow mixture follow the same pattern as the ratio of maximum 
density to one-blow density in Figure 5. No relationship was found betwcen relative density 
arid cone hardness. 

Some tests were carricd out a t  -9.5OC. to determine the dependence of conc hardness on 
density. The results of these tests are shown in Figure 7. The  relationship betwcen the 
logarithm of cone hardness and the density was found to be approximately linear, that is 

log H = ap+b 

where H i s  the cone hardness in kg./cm.', p is the density in g.lcm.3, n is the slope of the line 
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0 .20  

LIIIIIIIIIII 0 
0 20  4 0  6 0  8 0  100 0 20  4 0  6 0  8 0  100 0 20  40 6 0  8 0  100 60  4 0  30  20  20  10 10 10 
% G R A N U L A R  IN D E P T H  HOAR % N E W  S N O W  ~ f i  O E P ~ H  HOAR % N E W  SNOW IN GRANULAR % M E W  strow 

I 0  4 0  SO 60  50 5 0  4 0  2 0  
% GRANULAR 

10 20  2 0  20  30 4 0  50  7 0  
% DEPTH HOAR 

0 2 0  40 60  8 0  IOU 0 20  4 0  60  8 0  100 0 2 0  4 0  6 0  80  100 6 0  4 0  I 0  20  20  10 10 10 
% GRANuLA~ IN DEPTH tlOA2 %NEW SNOW IN OEPTH HOAR %NEW SNOW IN GRANULAR % NEW SNOW 

30 4 0  50  60  50 50 40 2 0  
% GAAVllLAR 

10 20  20' 20 30 4 0  SO 7 0  
% DEPTH HOAR 

1;i.y. 6. Loose and relative densi4 for ualiotts snow cvjes and mixtures 

Fig.  7. Logarithm o f  conc hardness oersus detrsily 
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and b is a constant depending on the type and mixture of snow. The values of a and b obtained 
in the tests for different types of snow are shown in Table IV. 

TAULE IV. EXPERIMENTAL VALUES OF a A N D  b IN THE FORMULA 

Series Depth 
JVO. hoar 

per cent 
6 - 

9 I 0 0  
I 2  30 
'5 - 
'5 

log H = ap+b 

Type of snow 
New &fill 

Granular snow wale  
per cent per cent per cent 

In  Figure 8 all pairs of observations on shear strength and cone hardness carried out at 
-9.5"C. are plotted. The spread of the observations was so great that any definite influence of 
snow type on the relationship between shear strength and cone hardness was not revealed. 

Tests at dzyerent temberatures 

For one set of tests the snow was taken into the cold room and stored until it reached 
about the same temperature as the air there. Specimens were then prepared, left to harden 
for 24 hr. and their properties measured. The temperature was kept constant (within + I "C. 
of that chosen) during the whole procedure. This type of test was done at  - I",  -9.5' and 

SYMBOL TYPE OF SNOW SIZE OF VANE 

0 D E P T H  HOAR A N D  G R A N U L A R  0 

., ., , ,, S A N 0  S 

0 ,, ,. .. ., M 

I NEW SNOW, MILL W A S T E  B MIXTURES a 
INCLUDING N E W  SNOW B M l L L  WASTE 

A M. 

A 5 AND 5 D 

Fig. 8. Shear strencth versus cone hardt~ess for tests carried out at -9. j°C. 
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-23°C. As the tests were carried out in two different cold rooms, there was some difference 
in the relative humidity at these three temperatures; at -1' and -23°C. it was 65 to 70 per 
cent and at -g.5OC., less than 10 per cent. 

The density and cone hardness obtained by maximum and one-blow compaction are 
plotted in Figure g for different types of snow. The compacted density showed very little 

M A X I M U M  COMPACTION 
6 8  1 I I I I I 

4 4 
0 - 5  -10 - I 5  - 2 0  - 2 5  

TEMPERATURE,  'C. 

ONE BLOW COMPACTION 

68, 

. 4 4  0 

0 
. 4 0  I Dl I I 

0 - 5  -10 -15 - 2 0  - 2 5  
TEMPERATURE,  'C. 

LEGEND 

1 - MIXTURE CONSISTING O F :  

DEPTH HOAR 3 0 %  

GRANULAR 6 0 %  

M I L L  WASTE 1 0  % 

0 - DEPTH HOAR 

n - GRANULAR 

0 - M I L L  VtASTE 

O N E  B L O W  COMPACTION 
N .  

l o  -1 

TEMPERATURE.  'C. TEMPERATURE . . "C. 
Fig. g. Density and cone Irarrlness uersus tern,beratlrre 24 lzr. after comfiaction 

temperature dependence for either maximum or one-blow compaction. One could possibly 
identify a very small but insignificant trend towards higher densities at higher temperatures. 
The effect of mixing on compacted density was very marked, confirming the results shown in 
Figure 3. Cone hardness generally showed a marked drop with decreasing temperature. The 
difference between varying types of snow was more pronounced at high temperatures. The 
hardness of the depth-hoar snow was hardly affected by the temperature, but the mill waste 
was very sensitive. The cone hardness of the fine-grained mill waste was much higher than the 
hardness of any type of snow collected from the natural snow cover. In general, the results in 
Figure g do not contradict the main conclusions drawn from Figures 3 to 5. 
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The relationship between cone hardness and density at  different temperatures is shown 
in Figure 10 for tests done in the way described above at - lo ,  -9.5" and -23°C. with a 
mixture of mill waste (10 per cent), granular snow (60 per cent) and depth-hoar snow 
(30 per cent). With the same mixture the following tests were also carried out: One set of 
specimens was compacted at -18Oc.; the temperature was then raised to -2OC. over a 
period of 4 hr. and kept constant for about 20  hr. Another set of specimens was compacted a t  
- I  OC.; the temperature was then lowered to -23'C. over a period of 4 1". and kept constant 
for about 20  hr. At the end of the 24-hr. period, cone hardness and density wcre measurcd. 

1 SNOW MIXTURE - 
DEPTH HOAR 30 % b 

GRANULAR 60% 
4 0  MILL WASTE 1 0 %  

b 

51KB0L :F;Pp 'C. AT SER 
0 8 5  NO 

0 . I  - 1  10 . - 9 5  - 9 5  I2 

0 -23 - 2 3  13 
m - 1 8  - 2  14 

& I - 2 3  I5 

Fig. 10 .  Co~,~/)acliorr tests at  d$erent le~~z/~erntlrre;, 

Thc results of these tests also are plotted in Figure 10. The specimens compacted a t  - 18' and 
kept at  -2OC1. showed only a third to a half the cone hardness of the specimens compacted 
and maintained a t  a temperature of - I OC. The specimens compacted a t  -- I OC. and kept at  
-23'C had a cone hardness 10 to 15 times as great for maximum compaction and about 7 
times as great for one-blow compaction as the hardness obtained for the specimens compacted 
and kept a t  -23°C. These results help to explain why it is dificult to get consistent hardness- 
temperature-density relationships from field tests with full-scale field equipment. 

A second study on the influence of temperature on the strength properties of snow was 
done in the following way. Ten specimens were compacted at -9.5OC1., five of them by one- 
I~low compaction and five by maximum compaction. They were then allowed to harden for 
24 to 27  days at -9.5OC. The specimens were brought into another cold room and kept there 
for 24 to 32 hr. at  given temperatures before the cone hardness (all specimens) and shear 
strength (only for one-blow compaction) were measured. The longer time of storage a t  
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-9.5"C. was done in order to reach such a degree of bonding between the particles that only 
a minor increase should take place when the specimens were stored at different temperatures. 
The influence of temperature on the degree of bonding (on the age hardening) should thus 
be eliminated to a great extent, and the test should show the temperature dependence of the 
strength properties of "mature" snow (with respect to age hardening). 

Figure I I shows the results of this test. The cone hardness and shear strength were strongly 
influenced by temperature but the trend was the reverse of that obtained for snow that had 
hardened for only 24 hr. after compaction. 

ONE BLOW CWJPACTION 

7 

0 -10 -20 -30  

T E M P E R A T U R E ,  'C 

M A X I M U M  COMPACTION 

T E M P E R A T U R E ,  "6 

L E G E N D  -- 
0 CONE H A R D N E S S  

S H E A R  S T R E N G T H  

Fix. I I .  Co~le  hard~less arid shear s t r e r ~ ~ t h  lier.clrs tenrperat~crc ,for. s/~ccin~zrts "a,oc har(/e~le(l'' for 24 to 27 c1q.r at - g.jC0. 
(Serial JVO. 16) 

Compaction of different types and mixtures of snow was carried out with a small compactor. 
The snow used in the tests was collected from the natural snow cover and stored in a cold room 
for a length of time varying from a fcw hours to about three months. Waste from an ice milling 
machine was also used. After compaction thc specimens were allowed to harden for at least 
24 hr., when density, "cone hardness" and shear strength were measured. Thc aim of the 
study was to elucidate the influence of type and mixture of snow on these parameters. Most 
of the tests were carried out at a tcmpcraturc of -9.5"C. Thc results were as follows: 

When the snow was cornpactcd to maximum (for this type of compaction), densities 
between 0.55 and 0.60 g.1cm.j were usually achicved, cxcept for mixtures including more 
than one-third of ncw snow, for which the densities were lower. For snow collected from 
the natural cover, the highest conc values (7 to I I kg./cm.') were found for new snow and 
for mixtures including more than 50 per cent of the new snow or fine-graincd granular 
snow (Figs. 3 and 4). Considerably higher values were obtained for specimens prepared 
from very fine-grained mill waste. 

Whcn the snow was subject to lighter compaction (one-blow compaction) granular 
snow and mixtures including granular snow had a density and cone hardness higher than 
the other types of snow and mixtures. 

The influence of tcmperature on density and hardness was also studied in the range from 
- I  to -23OC. During the first 24 hr. afier compaction cone hardness became considcrably 
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higher a t  high temperatures than at  low ones. Fine-grained snow was much more sensitive 
than coarse-grained snow in this respect (Fig. 9). The highest hardness values were obtained 
when compaction was carried out a t  - IOC. and the temperature then lowered to -23'C. 
For snow that was stored at -9.5OC. for almost a month after compaction and then kept fo1- 
24 hr. at different temperatures, cone hardness and shear strength increased considerably as 
the temperature decreased (Fig. I I ) .  

This investigation has to be considered as a pilot study. The test material was quite 
limited, especially for the influence of temperature on hardness and density of snow. I t  has 
given, however, satisfactory answers to the questions that initiated the study. I t  has also shown 
that this type of study can give useful information on the properties of compacted snow. 
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