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PREFACE

This study was conducted by Gunars Abele, Research Civil Engineer, Applied Research
Branch, Experimental Engineering Division; Dr. Anthony J. Gow, Research Geologist, Snow
and lce Branch, Rescarch Division, performed the microstructural analysis. The work was

performed under DA Project 4A161101A91D, In-House Laboratory Independent Research,
Work Unit 168.

Dr. Malcolm Mellor participated in the formulation of this study and the analysis of the
results, and reviewed the report. Larry Gould designed the sample containers and assisted
in the laboratory tests. The Materials Testing System was operated by Allen George.

The contents of this report are not to be used for advertising, publication, or promotional
purposes. Citation of trade names does not constitute an official endorsement or approval of
the use of such commercial products.
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NOMENCLATURE

Load (kg)

Rate of deformation (¢m sec™" )
Temperature (°C)

Initial snow density (g cm™)

Density after load application (g cm=?)
Sample diameter (¢m)

Sample height (¢cm)

Vertical deformation of sample (¢cm)

Major principal stress (bar)
(bar = 0.98 kg cm™?)

Range

Up t0 9500

0.027 to 27

0to -40

0.09 t00.27

To 0.9

12.7,20.3,29.0
25,51,7.6,102,12.7
Upto 09 h,

Upto 75



COMPRESSIBILITY CHARACTERISTICS OF UNDISTURBED SNOW
by

Gunars Abele and Anthony J. Gow

INTRODUCTION

The mechanical characteristic of snow that distinguishes it most strongly from typical engineer-
ing materials, including suils, is its high compressibility. Moderate bulk stress can produce large
volumetric strain and, as a result, the resistar..2 to deviatoric stress can change dramatically. An
essential requirement for the advance of snow mechanics in general, and mobility/trafficability
analysis in particular, is the definition of snow compressibility relationships for a wide range of
loading rates and snow characteristics.

When bulk stress is plotted against density (i.e. the dimensional inverse of specific volume)
with loading rate as a parameter, the family of curves is bounded at the upper limit by the Hugoniot
(locws of final states for adiabat: - shock compression), and at the lower limits by the locus of
asymptotic values for slow isothermal creep under triaxial compression. At the present, these
curves can only be roughly deduced from scattered data sources (Mellor 1974). It is desirable to
have the curves clearly defined by direct experiment, since they represent *‘equations of :tate”
that are important for the definition of shear strength and ceviatoric stress-strain rute rela'ionships.

The relevance to mobility/trafficability is two-fold. First, the Jata are pertin.nt to the coms
paction of snow under a track or a wheel, especially for the case of a tinite snow layer on a rigid
base. Secondly, compressibility relations provide the basis for subsequent systematic studies of
shear strength. Regarding the latter, it is important to recognize that attempts to apply Mohr-
Coulomb failure theory to snow become very confusing when the bulk stress, or normal stress, is
high enough to collapse the snow and, in effect, change it into a different material.

DESCRIPTION OF STUDY
Sample preparation
Circular aluminum containers with the following dimensions were constructed:

Inside diameter d (cm) 127 127 20.3 203 290 290 290

Height kg (cm) 25 .1 5.1 7.6 76 102 127
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Each cylinder was removable from the baseplate, facilitating sample removal for final height
measurements and preparation of thin sections for microstructure analysis. To eliminate any friction
between the load plate and the inside of the cylinder, a radlal clearance of 0.15 cm was provided
(Fig. 1).

d i
H C!
earonce
Load —o
016 cm Holes Cell 0i5cm
@O0t3 cm ‘ Permeable Sheet
= "Pellon”

Figure 1. Test setup.

Initial trials at high detormation rates made it obvious that some provision had to be made to
allow air to escape casily from the snow sample during compression. When a solid plate was used
at a compression rate of 27 :m sec”', the air resistance itself was only approximately 0.07 kg cm*?,
but the escaping air had a tendency to blow some snow out through the peripheral clearance
around the load plate. Small holes were drilled through the load plate, and a fitted sheet of Pellon,
permeable to air but nct snow particles, was placed between the surface of the snow sample and
the load plate (Fig. 1)

Snow samples were collected by placing the containers outside during periods of snowfall. The
samples were then placed in coldrooms at various temperatures, usually for a period of hours, to
cnsure that the snow temperature was the same as that in the test chamber. During the storage
period, the containers with the snow samples were scaled in plastic bags. The sealing was done
while the samples were still outside: some excess snow was left on top of each sample to compen-
sate for any subsequent settlement that might occur before the test. The plastic bag was removed
and the top surface of the snow shaved before the sample was placed in the test chamber.

Test equipment and procedure

The compression tests were conducted with a modern 10,000-kg load capacity servo-controlled
MTS machine equipped with an environmental test chamber (temperature control to -50°C). The
load vs ram displacement trace during the test was displayed and stored on an oscilloscope screen;
a polaroid photograph of the trace was taken after each test (see Appendix). The load and defor-
mation data were obtained from the photographs.

The MTS was equipped with a closely calibrated ram speed control and was capable of any rate
of deformation from O to 27 ¢m sac™’. (Subsequent to these tests, the ram travel speed was read-
justed to produce a maximum of 40 cm sec™'.)

After the snow sample was positioned in the test chamber, the load plate, which was attache:!
to a load cell, was moved down to the top of the sample and the oscilloscope trace adjusted to the
zero position. The MTS was set to the desired deformation rate, and the temperature in the
chamber was checked.

Immediately after the test, the sample was transferred to a coldroom where the sample was
measured and weighed. The initial density was determined from the sample weight and the known
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initial volume (no snow was lost during the test). The final density was determined by measuring
the height of the sample after the test. The density at any point during the test was computed
from data from the load-deformation trace photograph.

All tests were performed to near the maximum load capability of the testing system. The max-
imum resulting pressure was therefore approximately 15 bars on the large diameter (29.0 cm)
samples, 29 bars on the medium diameter (20.3 cm) samples, and 75 bars on the small diameter
(12.7 cm) samples (1 bar = 0.98 kg cm?). The load scale of the oscilloscope readout was varied
so that for some tests the entire load-deformation trace could be seen, while for other tests the
scale was enlarged so that the behavior in the low stress region of the load-deformation trace
could be observed in more detail, although this meant the loss of the trace in the higher stress
regions. The deformation scale was also varied, depending on sample height. Photographs of
the load-deformation traces are shown in the Appendix.

The rate of deformation and the snow (and test chamber) temperature were the controlled,
preselected parameters. The inital snow density, however, could not be controlled. Those
samples which were tested at the low temperatures (-20° to 40° C) required some time, usually
several hours or overnight, to reach the desired temperature, since the snowfall during the collec-
tion period occurred at somewhat higher temperatures. This “cooling off™ period generally re-
sulted in some settlemcent and thus the samples had a higher density than those tested at near-
ambient temperatures sonn after collection. Some samples were stored at a consiant temperature
for several days prior to testing,

The temperature of the snow during any test was either near the ambient temperature observed
during the collection period or at a lower temperature achieved during storage in a coldrcom. In
no case was a sample tested at a temperature higher than that at which it was stored.

Sectioi.. tvr the microscopic (thin section) inspection were taken from the samples after the
volumetric measurements and stored at -35°C.

The compari-on tests and the test conditions are listed in Table 1.

DISCUSSION OF RESULTS
Stress-density relationship

The range of the test data is shown in Fig:re 2, superimposed on Mellor’s (1974) Figure 13,
which summarizes the results of various uniaxial strain experiments. .1t is interesting to note that
the stress-density data, obtained at deformation rates between 0.027 and 27 cm sec’!, coincide
wtih the Hugoniot data (region F) for explosively generated shock waves at impact velocities 2 to
4 orders of magnitude higher. This implies that compression or strain rate is not a very influential
parameter on the stress-density relationship in this range.

Mellor’s (1974) calculated values for plane wave impact (region E in Fig. 2) could not be con-
firmed experimentally, at least not in the density region below 0.3 g cmi’®. This, however, does
not imply disagreement; Mellor’s values were calculated for impact at 20 to 40 m sec™', roughly 2
orders of magnitude higher than the maximum deformation rate in these experiments. At a density
of 0.3 g cm™® and above, tests on the snow samples wiih a low initial density (0.09 g cm ™3, tests
37, 38) did produce stress values comparable to those calculated by Mellor (o, 2> 2 bars). Mellor's
most recent calculated values for avalanche impact pressures at 10 m sec™! (line L in Fig. 2) show
good agreement.
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Table 1. Summary of tests.

Rate of Sample size Initial Final Final
Temp T deform v Diam Height density density stress
Test cy {cm sec1) d (cm) hg (cm) pg (R em™*) op (8 em=3) o¢ fbar)
1 -7 27 20.3 7.5 0.15 0.88 29.5
2 =17 27 20.3 1.5 0.14 0.83 29.5
k} -1 27 20.3 7.5 0.39 0.72 28.8
4 Air resis- 27 20.3 1.5 Perforzted plate 0.014
H tance tests 27 20.3 1.5 Solid plate 0.067
6 -7 27 203 7.5 0.20 0.76 29.8
7 -18 27 20.3 7.5 0.12 0.65 29.§
8 -18 27 20.3 1.5 0.18 0.71 26.0
9 -18 27 20.3 1.5 0.18 0.77 28.3
10 0 27 20.3 1.5 0.20 0.90 29.8
1 0 27 20.3 1.5 0.19 0.90 27.0
i2 0 2.7 20.3 1.5 0.22 0.87 27.3
13 0 0.27 20.3 1.5 0.21 0.89 26.5
14 -30 27 29.0 7.6 0.18 0.61 13.8
15 ~30 27 29.0 12,7 0.16 0.60 14.8
16 No oscilloscope trace
17 -40 it 29 7.6 0.19 0.60 13.8
18 -40 27 29 10.2 0.14 0.60 14.5
19 —40 27 12 5.1 0.24 0.73 71.6
20 —30 27 12.7 2.5 0.27 0.74 69.1
2] 40 27 12.7 2.5 0.27 0.77 72.0
22 —40 0.27 12.7 2.5 0.25 0.75 72.0
23 —40 0.027 12.7 s.1 0.19 0.74 68.0
24 -20 27 12.7 2.5 0.22 0.80 72
25 -20 0.027 12.7 2.5 0.22 0.80 67
26 - § 27 12.7 5.1 0.23 0.84 72
27 — § 0027 12.7 5.1 0.23 0.85 66
28 —38 27 29.0 1.6 0.14 0.59 14.5
29 -3 27 29.0 10.6 0.20 0.60 14.5
Jo —3s 0.027 29.0 10.2 0.18 0.58 13.8
k]| ~40 27 29.0 10.2 0.17 0.61 14.5
32 -20 27 29.0 7.6 0.17 0.60 14.5
33 -1 27 29.0 10.2 0.11 0.60 14.5
34 -1 0.27 29.0 10.2 0.12 0.56 14.5
38 -1 0.027 29.0 10.2 0.13 0.57 14.5
36 ~ 1 27 12.7 5.1 0.13 0.90 75
37 -1 0.27 12.7 5.1 0.09 0.89 78
38 -1 0.027 12.7 5.1 0.09 0.88 75
39 -1 27 12.7 5.t 0.18 0.90 78
40 -20 0.27 29 7.6 0.11 0.56 14.5
4] ~—20 0.027 29 7.6 0.11 0.55 14.5
42 —20 0.27 20.3 5.1 0.18 0.71 29.4
43 —20 0.027 20.3 s.1 0.10 0.66 29.4
44 —35 0.27 20.3 1.6 0.16 0.63 29.4
45 ~38 0.027 20.3 7.6 0.17 0.63 29.4
46 —35 0,27 12,7 2.8 0.12 0.73 75.0
47 —35 0.027 12.7 2.5 0.12 0.74 75.0
48 -3 27 12,7 2.8 0.10 0.88 75.0
49 -3 0.027 12.7 2.5 0.11 0.86 75.0
$0 -3 0.027 20.3 7.6 0.14 0.66 294
s1 -3 27 29.0 12.7 0.13 0.63 14.5
s2 -—20 27 29.0 12.7 0.17 0.50 14.§
s3 -—20 0.027 29.0 7.6 0,23 0.60 14.5
54 —20 27 12.7 2.5 0.18 0.78 75
L1 -~20 0.027 12.7 5.1 0.18 0.74 75
$6 —35 27 12.7 2.5 0.18 0.73 15
57 —38 0.027 12.7 2.8 0.18 J.73 75
(1] —20 27 12.7 2.8 0.26 0.76 71.6

59 —35 27 2d.3 1.5 0.14 0.67 29.4
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0% — 1 1 1 1 T=""=

Compilation »f data relating major prin-
cipal stress to bulk density for compres-
sion in uniaxial strain at various rates and
temperatures. (From Mellor 1974)

A: Natursl densification of snow deposits,
-1° to -48°C. Approximate average load-
ing rates 10°'* to 10°* bar/sec (data from
depth/density curves for many sites).

B: Slow natural compression of dems
firn and porous ice. Approximate loading
rates 107'° to 10°° bar/sec (from depth/
density curves for polar ice caps), C: Slow
compression of solid ice. E: Calculated
values for plane wave impact at 20 to 40
m/sec. F: Hugoniot data for explosively
generated shock waves (impact velocities
1 to 12 m/sec), -7° to -18°C. J: Com-
pression at approximately constant strain
rate, -7° to -18°C . Strain rate » 10™*
scc™! (Kinosita 1967). K: Compression
in uniaxial strain - incremental loading to
collapse, -2° to 3°C, L: Calculated val-
ues of avalanche impact pressures at 10 m
sec”’ (Mellor in press).

E UNIAXIAL STRAIN SITUATIONS
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po Initial density 0.09 to 0.27 g cm™?
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v Rate of deformation 0.027 to 27 cm sec™
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T
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o
Ui
L ogaannd ooosaanl

-

oy e e, | | ] J |
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o
@
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Figure 2. Range of test data.

The major principal stress vs density data were plotted in various ways, with the rate of defor-
mation and temperature as the pararieters. It soon hecame evident that the initial density of the
samples also had to be considered as a controlling parameter. In fact, the effect of the initial den-
sity was more pronounced than the temperature effect, while the effect of the rate of deformation
was obscured.

Figure 3 shows the 0, vs p relationship with temperature as a parameter for two groups of
densities: 0.10 to 0.12 and 0.20 to 0.27 g cm ™. The influence of temperature does not become
prominent until a stress level above 10 bars is reached, the stress at any density increasing with a
1 decrease in temperature. At temperatures very near 0°C, the density of ice is approached at stress

levels below 30 bars, while at 40°C the same stress results in a density of less than 0.7 g cm™®
(Fig. 3b).
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Figure 4 shows the g, vs p relationship for various temperatures with initial density as a para-
meter. The influence of the initial density is particularly strong at temperatures near 0°C (Fig. 4a),
the stress at any density increasing with a decrease in the initial density. At a density of 0.4 g cm™3,
for example, a change in the initial density from 0.2 to 0.1 represents an order of magnitude in-
crease in the stress value.

1
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5 4
a o
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¢ .20t0.7:2 .
i =Y L L
12 3 4 E ® 7 L] )
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1001 T T T T - T ]
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3
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o a AT ta.18 5
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Figure 4. Major principal stress vs density with initial density as a
parameter.
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At higher temperatures, the plot of log ¢, vs p results in a curve (Fig. 4a); as the temperature

decreases, the log 0, vs p relationship approaches a straight line (Fig. 4d) in the stress range of

0.1 to 75 bars.
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Although the strain rates in these tests were 1 to 4 orders of magnitude higher than those of
Kinesita (1967), shown as region J in Figure 2, data at -20°C (Fig. 4b) show excellent agreement
with his values at -7° to -18°C.

The significant findings from these tests are:

1. The great sensitivity of the g, vs p relationship to the initial density of snow.

2. The lack of any significant sensitivity of the o, vs p relationship to the loading or strain rate.

These effects are discussed and shown in more detail later.
Effect of rate of deformation

The major principal stress vs rate of deformation data with density as a parameter are shown
for various temperatures in Figure S. At near 0°C (Fig. 5a, b), the rate of deformation has no
effect on the stress for densities above 0.6 g cni’®. At densities below 0.6 an increase in the defor-
mation rate results in a-slight decrease in stress; this was evident for both the 0.1 and 0.2 (initial
density\ snow.

At temperatures of -20°C and below, an increase in the deformation rate results in a low rate
increase in stress at all densities (Fig.5c, d). An increase of 1 order of magnitude in the rate of
deformation corresponds to a stress increase of approximately 5% at (0.7 density and 10% to 15%
at 0.3 density.

ire apparent I k of any definite effect due to a change in the sinkage rate cf plates in snow
has also been reported by Harrison (1957

LSS/ T B S A/ D B B A ) B B S A

:' -—
50t B
r Density
b P' -3
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. 8 o— e 1
7 © -]
10— 6 & -] 3
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" l;hl

'
T
1

o, Major Principal Stress (bar)

i

p. Initial Density: .19 to .21 gcm™®
T=0°C

[T T B A TP OV A D P B
] 10 100

A
V, Rote of Deformation (cm sec™')

a. Temperature 0°C, initial density 0.19 to 0.21 g cm™.

Figure 5. Major principal stress vs rate of deformation with density as a
parameter.



10 COMPRISSIBILITY CHARACTERISTICS OF UNDISTURBED SNOW
IOO P‘ De'nsr;'_;' YT"TVI - ' ¥ ' '1Y"| ’ '.l T I IIII I T I"V I 'q
sof ‘98™a= — 0 B
L e e T
|
— - [ o % =
5 }
= S5 o . o ) B _______§ —
v [ ——
¢« F h
3 - & .
(73 5-—- 4 o _I -
- & A
g ] |
o i =} b ~
= A
& T ——— 7
S o _‘—_'_'_'_‘—‘——-—.___ -
5 F ] — 1
o - { —
2 5 4 b
v ot , Initial Density 09to (3 gcm™3 .
| T -1°C -
[ VO W W YUY I G ,l.Ll__LJJl_ b a Ll hJ o0 badady
[o]] A I 10 100
V, Rate of Deformation {cm sec’')
b, Temperature =1°C.inivial densite 0,09 10013 ¢ em’™
100 —— P . - .
E g ey T T T CTTITI T
L -3 3
sof 9¢mY ]
[ . -
7.
L e B 4
= N
a 6 % z
=~ 10— —
8 E L] ] - =
2 5 ] "
L S X
e [ s 5 ¥
[*] - i I
c 4 L
< A
T e —
% F 8 5 3
e 5+ : E
- .3 I -
S A é p . Inmal Density 10to 26gem™> ]
B T.-20°C 7
| N P to ol Lol
ol [ ] 10 100
V, Rate of Deformation (cm sec"')
¢. Temperatre =20°C, initial densin: 0,10 10 0.26 g em™
v g . : - ; ) . !
|~ Figure S (cont'd). Major principal stress vs rate of defonnatio:n with density
‘ * as a pa..ometer.
k
i
3
L




COMPRESSIBILITY CHARACTERISTICS OF UNDISTURBI-D SNOW N

'OOE—"‘T"ﬂ T TYVITI - 1 T ] T ‘YIVI ' 1 l II'I'[ ] T l IIIY-

P, Density
50+ (gcm™3) o
i Y3}
+

{
I

o
o

o
v e
o
i’
's
4
|
)
!
P
A B i

o;, Major Principal Stress (bar)

o =
| Ri l"!']
I

X

\

O—

‘\’

p,+Initial Density: i4to 27gcm™>
T=-40°C

B

o i PR L] Bl LJIA,., =0 Eenree | LLA.‘A.%; } SO ol it l.LJ;I.I_O.._.._l A_J.J_J—L-Iib

V, Rate o‘ Deformation (cm sec™')
d. Temperature =40°C, initial density 014 10 0.27 ¢ em™.

Figure 5 (cont d).

Extrapolation of the 0.3 density hne in Figure Sd to Mellor’s (1974) plane wave impact rates
of 20 to 40 msec¢ ' (roughly 2 orders of magnitude higher) vields a stress value of approximately
0.9 bar. Meclor’s values at the 0.3 density point are between 2.5 and 9 bars (Fig. 2). However.
as shown previously in Figure da, the two snow samples with a very low initial density (0.09 ¢
e ) gave a stress value of 2 bars at the 0.3 density point, at a temperature near 0°C. The data
here suggest that snow of a low initial density (= 0.1 ¢ e ) compressed at a high rate and at a
low temperatun 1y result in stress values comparable to those calculated by Mellor for plane
wave impact. The data are in agreement with Mellor’s caleulated values for avalanche impact

pressures at 10 m !

Effect of temperature

Figure 6 shows the stress vs temperature relationship with density as a parameter. For snow
with a low initial density (0.10 to0 0.14 g e ) the stress is not sensitive to temperature at
densities below 0.5 (Fig. 6a): an increase in stress values does occur with a decrease in
temperature at densities above 0.5, Snow with a higher initial density (0.20 to 0.27) shows an

increase in stiess with decreasing temperature at all densities, the effect of temperature becoming
more pronounced with an increase in density (Fig. 6b).

The same data are shown in Figure 7 as a density vs temperature relationship with stress as a

parameter for the two groups ol initial snow densitics.
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Effect of initial snow density

The mfluence of the mital snow densaty on the stiess-densiny relattonshin has been very
cuvident throughout the previously shown graphs. Priog to these tests, it had been intuitively
assuined that a specttic pressure applied to a snow sarface would result in i specific snow density,
That scata partcalar temperature and rate of loading. tresh, undisturbed snow would have to
he compressed toa particular density toaesist the particular pressire. regardless of the density
ot the snow prior to the Toad appheation, the itial density determining only the extent of defor-
nntion tsinkage ), not the resuttng density . Tt was expected that @ pressure of 1 bar (or approx-
mately T hg e 5, tor example, apphed to snow with an imtial density of 0.1 g em™ . would
coripact the snow to the same density as 11 the same pressure had been applied to snow with an

mitial density o1 0.2 ¢ eme ' That this assumption was vrcorrect s evident in Figures 8a. b,
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a. Rate of deformation 27 em sec™,

Figure 8. Density vs initial density with stress as a parameter,
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For example, a pressure of | bar applied ataate of 27 emsed™ 1o 0.1 density suow yielded
a resulting density of approximatety 0.3 (Fig. 8a). The same pressure applicd to a 0.2 density snow
viclded a resulting densits of 0.4, The temperature, shown for cach data point in Figure 8a, was
not a controlling parameter, at least not tor pressures up 1o 10 bars,

This phenomenon could not be attributed to any fag in the readout mechanism (in this case,
the tam travel readout lagging behind the load readout on the oscilloscope screen at high ram
travel rates), since the same etfect of iaitial density was observed also at deformation rates (ram
tavel) 1000 times stower (Fig. 8b).

The data from Figures 8a and b are eplotted in a more comvenient and meaningtul manner
m Figures 8¢ and d. respectively. The eftect of the initial snow density is particularly significant
at Tow stress levels for both the tast (27 cmsee™ Yand slow (0.027 ¢m sec™ ) deformation rates, the
fines converging, by necessity , toward the upper boundany condition®: p = 0, = gjee-

9 v 3 T
0;, Major Principal Stress(bar)
AN
8 (O 50 -
7t m 4
® © 2
= |
6 4
L3
€
Q
o
> -5" | -
=4
[ ]
a
Q. 4+ .
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3t -
/@ I'Z-:-I
i
=20) (-1)
.2 - -33 -
(_”’(-!) - .
(-38) V,Rate of deformation:
~ .027 cmsec™!
- L 1
/ A 4 .3

B Initial Density (gcm™3)

b. Rate of deformation 0.027 em sec™.

*It should be noted that no data are yet available for snow with initial densities above 0.3 g cm*®. Consequently,
the convergence toward the upper boundary condition may not necessarily follow straight tines as shown in
Figures 8¢ and d. For low stress levels and high initial densities, the lines will very likely move and approach

the envelope p = Po and then continue toward Picer
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The reason for the mfluence of the initial density on the stress-density relationship is not
clear. To compact snow, which has an initial density of 0.1 gem™ | to a density of 0.5 ¢ emi?
requires a pressure of 10 bars, while to compact 0.3 uensity snow to a density of 0.5 requires
a pressure of only 1 bar (Fig. 8¢ and d). That same pressure of 1 bar, applied to the 0.1 density
snow, would result in 4 density of only 0.3 g cun .

Looking from another perspeciive: to resist a pressure of 10 bars, a 0.1 density snow has to
be compacted to a density of 0.5, while a 0.2 density snow would have to be compacted to a
density of 0.6 g eni™? (Fig. 8¢ and d).

One explanation is possible under the following hypothesis: the particle shape of tresh, low
density snow (0.1 g e ? ) is very irregular, consisting of needles, plates. etc. in a structurally
random orientation. When the snow is subjected to stress, densification is achieved primarily by
breaking these irregular particles: the original structure is destroyed through actual crushing or
breaking of the structural componcnts. In a higher density snow (0.3 g e ?, for example) the
particle size is more regular, more nearly spherical, due to settlement and metamorphism. When
this snow is subjected to stress, densification is achieved primarily through reorientation of the
particles: breaking of the bonds between the particles occurs. combined with the subsequent fric-
tional resistance during particle reorientation. If the total cross-sectional area of the broken bonds
for the 0.3 density snow is less thun the total cross-sectional area of the beoken particles in the
0.1 density snow, the latter will produce a higher resistance to stress. Temperature being the same.
the cross-sectional area of the material to be broken becomes the controlling stress resistance

parameter.
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c. Rate of deformation 27 cm sec”' (log-log plot).

Figure 8 (cont'd). Density vs initial density with stress as a parameter.
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d. Rate of deformation 0.027 cm sec™ (log-log plot).

Frictional resistance during the subsequent reorientation of the particles would be present it both
cases. But reorientation of the irregular particles in the first case (0.1 density snow) would not be
possible without breaking of the particles themselves, while in the second case (0.3 density snow)
reorientation of the more spherical particles would be possible only by breaking of the intergranular
bonds. (In an analogy, it is not difficult to visualize that at relatively low stress a mass of sticks
and irregular plates in a random orientation may produce a higher resistance to densification than
a mass of balls arranged in a loose, highly porous structure. In the first case, densification could be
achieved primarily by breaking the structural elements of the mass, while in the second case,
densification could be achieved by mere rearrangement of the balls under vertical pressure.)

This hypothesis may explain the behavior of the snow at low stress levels. As stress is increased
the mechanism of further deasification becomes more similar for both snows, since their structures
are becoming more similar, and the effect of initial density, therefore, becomes less pronounced.

The rate of deformation has some influences at the low stress levels (below 1 bar), the resistance
to stress being slightly higher at the high rate of deformatioh., Snow with an initial density of
0.15 g cm® produced a resistance to stress below 0.1 bar at 0.2 density when compressed at the
rate of 0,027 cm sec”' (Fig. 8d), while at the 27 cmi sec’ rate, the resistance to stress at 0.2 density
was above 0.1 bar (Fig. 8c). The cffect of deformation rate was no longer evident at 1 bar and
above.



18 COMPRESSIBILITY CHARACTERISTICS OF UNDISTURBED SNOW

Stress-deformation relationship

For application in snow trafficability analyses, the stress-deformation (pressure-sinkage) behavior
of snow is of a more practical significance than the stress-density relationship.

The deformation data are plotted as function of initial density, with stress as a parameter, in
bigure 9. Imual plotung of deformation vs initial density for the various sample heights did not
show the sample height (2.5 to 12.% cm) to be a controllirg parameter: it was therefore possible

v collapse the data into nondimensional (deformation/sample height) values.
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Figure 9. Deformation/sample height vs initial density with stress as a
parameter.

The stress-deformation retitionships for the 2.5-, 5.1-, and 10.2-cm-high samples are shown in
Figure 10, with initial density as a parameter. Figure 11 summarizes the stress vs sinkage data
(ocollapsed into a nondimensional z/h, form and interpolated from the three previous figures) with
initial density as a parameter.

Since the snow samples were of a finite depth on a rigid base, the stress-deformation relationship
is not linear on a log-log plot (the standard method for plotting pressure-sinkage data). Also, in
these tests lateral restraint was provided. For clarity, the z/h, values are plotted here on an
arithmetic scale; a log-log plot results in an even more pronouncel curvature. This “bottom effect”
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and its treatment for determinmng the modali of deformation for trafficability evaluation have
been discussed by Bekker (1969). Because of the “*bottom effect,” characteristic for any com-
pressible, relatively shallow material on a rigid base, the data fit neither Assur’s (1964) pressure-
sinkage nor Liston's (1964) dimensional similitude theories. Previous tests on deep snow have,
however. shown good agreement with Assur’s theory (Abele 1970).

SUMMARY AND CONCLUSIONS

Laboratory tests, using a modern 10.000-kg load capacity MTS machine equipped with an
oscilloscope with load-deformation and time trace storage were conducted on shallow, undisturbed
snow samples on a rigid base under uniaxial load to determine the stress vs density and stress vs
deformation (pressure-sinkage) relationships as influenced by the rate of deformation (0.027 to
27 et sec™! ), temperature (0° to 40°C) and initial density (0.09 10 0.27 g cm™* ) in the pressure
range of 0.1 to 75 bars.

The rate of deformation. over a range of 3 orders of magnitude, does not have a significant
effect on the stress-density relationship. At near 0°C temperature, an increase in the rate of de-
formation v results in a slight decrease in the major principal stress o, at densities p below 0.6 g em3,
and no change in 0, at densities above 0.6 g cm™. At -20° 1o -40°C, there is a slight increase in o,
for any p, with an increase in ».

e
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A decrease in temperature increases the resistance to stress and deformation, the temperature
effect increasing with applied pressure and initial density. For snow with an initial density p,
of approximately 0.1 g cm™®, the temperature effect becomes apparent only at stress levels above
10 bars (corresponding resulting density > 0.5 g cm™3). For snow with po > 0.2, increase in stress
with a decrease in temperature is evident at all densitics and stress levels.

The effect on the initial density of the snow samples is significant. For any stress, an increase in
the initial density results in an increase in the resulting density, this effect being particularly evident
at low stress levels (< 10 bars) and at temperatures near 0°C. Expressed in another way, for any
density p the resistance to stress o5 increases with a decrease in the initial density pg, this effect
decreasing with a decrease in temperature.

While some influence of the initial density on the stress-density or stress-deformation relation-
ships could have been expected, the high degree of this influence is somewhat surprising, The
reason for this effect is not entirely clear, the difference in particle shape and structure with a change
in density being one possible explanation. FFor example (refer to Fig. 8¢ and d):

To compact snow

with an initial to a density requires a
density pg of: p of: stress 0y of:
0.1 gem™? 0.3gem™ 1 bar
0.2gem™ 0.3gcm <1 bar
03gem™ 0.5 gem? 1 bar
but 0.1 gem™? 0.5gcm™ 10 bars
0.2gem™ 0.5gcm < 10 bars

From the above it is apparent that snows of different initial densities react quite differently to a
given stress, at least up to about 10 bars. Snow whose density of 0.3 g cm™? is the result of natural
consolidation through some period of time (in the context of this study considered “‘initial” density)
does not have the same resistance to stress as snow whose density of 0.3 g cm™> has been achieved
by rapid mechanicai compaction (“resulting’ density). This behavior can only be attributed to
differences in the textural or structural arrangement of the grains, Therefore, in addition to
temperature and strain or stress rate, the initial density, being an indicator of structure, also has to
be considered as a controlling parameter in snow compressibility relationships.

Because of the typical “bottom effect™ of a shallow compressible material on a rigid base, the
pressurc-sinkage data do not conform with established or proposed methods for convenient deter-
mination of deformation moduli.

MICROSTRUCTURAL ANALYSIS

Introduction

As noted at the outset of this report, the high compressibility of snow is the most prominent
mechanical characteristic that distinguishes it from most other engincering materials. Even the
asplication of small loads can produce very substantial changes in such properties as density
(porosity ) and permeability. Crushing of individual snow particles (grains and crystals) must
certainly occur at the higher compressive stresses, and such crushing may also be acco.npanied by
recrystallization, involving significant changes in the size, shape and orientation of constitutent
grains and/or crystals. The extent of this recrystallization could be ¢xpected to depend on both

canLuladvas
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Figure 12 (cont'd).
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the magnitude of the stress and the temperature at which compression occurs. 1t is the purpose of
this section of the report to describe and interpret the textures of compacied sumples obtained in
the previously discussed series of tests.

Analytical methods

The simplest method of investigating the crystalline and granular texture of compacted snow is
10 prepare thin sections of representative samples. Since most of the compacts obtined in the
present series of tests are permeable, the samples must first be impregnated with a tiller 1o fucilitate
mounting them on glass slides and to prevent disruption of the grain structure during sectioning.
Aniline was used as a filler in this study: it has a low solubility for ice, freczes at -11°C, does not
noticeably deform the grain structure during freezing and melts out to a transparent isotropic
liquid.

The samples were sectioned with a microtome of the type used to prepare histological slices.
Full details of the technique are given by Gow (1969). Photomicrographs of finished sections
were obtained with a Bausch and Lomb bellows camera titter with polarizers. The use of polarizers
permits the direct observation of all crystals in the section. Photographic detail is fuither enhanced
i the temperature of the section is raised to about =7°C to altow all intergranular aniline to melt.

Results and discussion

Structural characteristics of some representative compacts are illustrated in Figure 12, These
structures can generally be related. in a systematic fushion, to the test temperatures and levels of
upplied stress. Also, changes in structure can generally be shown to correlate reasonably well with
other changes in the physical properties of compressed specitmens, e.g. density.

In only one ot the samples tested at the low end ot the stress range (nominal stress 12 to 15 bars)
did the density exceed 0.61 ¢ e, and this particular sample (no. S1, tested at -3°C) seems a little
exceptional in that none of the samples tested at =17 exceeded 0.60 g em™ . Temperature seems to
exert litile, if any . sy stematic effect on the densities of these Tow-stressed compacts. This behavior
is compatible with the formation of a close-pached, loosely bonded structure such as that exhibited
by samples 34,40 and 17. However, there is just enough of a hint of grain rounding in sample 34,
tested at -1°C. to suggest that this particular sample may have undergone incipient melting. A
typical example of original snow structure is also shown in Figure 12, This snow is composed
mainly of angular composites. but it also contains numerous needlelike crystals. columns and
plates. By comparison, structural changes in samples 40 and 17 appear to be limited to some crush-
ing of original grains to permit more economical packing under the applicd stress.

Conversion to ice* occurred only in the most highly compressed samples at temperatures above
-53°C. Samiple 36. tested at -1°C, has recrystallized completely into a mosaic texture devoid of ali
trace of original snow structure. The texture is composed substantially of equidimensional crystals
that tend to exhibit undnlose extinction, indicative perhaps of residual intracrystalline strain in-
duced during compression. This ice contains abundant small air bubbles despite the fact that its
porosity is less than 3%. Although the shapes of bubbles are variable, a farge proportion are well
rounded: individual bubbles rarely exceed 0.1 mm in digmeter. In this particular sample, densifica-
tion and recrystallization may have been intensified by pressure melting, as evidenced by the
accurrence of traces of liguid water observed on top of the sample innnediately atter it was removed
from the press. Sample 26 (tested at =57C) is less completely recrystallized, being composed of large
crystals embedded in a fine-grained but thoroughly crystalline matrix. The large crystals, averaging
0.6 mm in diameter, are comparable in size to those in sample 36.

* lce may contain bubbles hut it is not permeable: this fact distinguishes it from compressed snow,
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The structure of sample 43, compressed at an intermediate level of stress (29 bars), difters little
from that of sample 40 of the same temperature series (-20°C). However, sampie 24 of the same
series and sample 22, tested at =40°C. both show very definite signs of recrystallization that has
yielded textures which, to use the terminology of metamorphic rocks, e.g. recry stallized sandstone,
would be called porphiyroblastic. The matrix possesses limited permeability, as evidenced by the
slow but detinite uptake of aniline, so that both compacts are still technically compiessed snow,
albeit very dense. The larger crystals (porphyroblasts) in samples 24 and 22, which appear as hard,
ice-like pellets to the unaided eye, were certainly not present in the snow prior to testing. These
particles are typically polyerystalline in nature and usually exhibit radiate structure and, not in-
frequently, a central bubble or bubbles. Since they cannot have originated by freezing of pockets
of water (ambient test temperatures being much too low), it is concluded that these larger crystals
must have nucleated in regions of localized stress concentration. Some of this recrystallization may
have occurred during the period of time when compressed samples were removed to the -8°C cold-
room for density measurements prior to storage at -35°C,

The extent to which recrystallization increases with increasing temperatures in the most highly
compressed sampies clearly reflects the mportance of the temperatuare factor at the higher stress
levels. The highly recrystullized texture exhibited by sample 36 (compacted at 75 bars at =1°C)
is very similar to that observed when metallic powders are transtormed into dense compacts by hot
pressing (sintering under load).

The intracrystalline nature of the poresin sample 30 is also very sinmfar to that observed in hot-
pressed compacts. These pores constitute the residual air that was not eliminated through holes
drilled in the load plate (see Fig. 1)

As noted previously, it would be very difficult to evaluate the extent of post-detormational re-
crystallization in the present series of samples because mictostructural examinations were not made
until some time atter the compression tests were completed. At the higher compressive stresses,
preexisting particles would undergo appreciable crushing and granulation which could be conducive
to extensive post-deformational recrystallization because of the increased thermody namic
instability associated with a highly compacted and finely crushed aggregate,

The importance of this kind of recrystallization in ice subjected to compactive pressures appre-
ciably higher than those obtained in the present testis vividly demonstrated in the sequence of time
lapse photographs (Fig. 13) obtained of a single thin section cut from a pellet of very tine-grained
ice produced by the crushing and compression of fragments of single crystal jce in a pelletizer. The
ice fragments were compressed incrementally to a nominal pressure of 235 bars at -8°C in a cyvlinder
equipped with a vacuum device to remove air from the sample. The final pressure was maintained
for 2 hours hetore depressurizing. The pellet of compressed ice was then removed and sectioned in
readiness for time lapse photography between crossed polaroids at =3°C. Photograph A illustrates
the structural condition of the sample approximately 15 minutes after depressvrization. Photograph
D shows the extent of recrystallization approximately S days later. Photographs B and C, taken at
intermediate stages. show the process by which a sample ot deformed. fine-grained cry stallites re-
crystallizes into a coarse-grained mosaic of substantially strain-free. equidimensional and randomly
oriented crystuls. The driving foree for this reery stallization can probably be attributed to stored
enerey induced during deformation (compression). Observation of the progress of recrystallization
in this particular instance seems toindicate: 1) that as soon as a new grain is nucleated. it does not
change its orientation throughout the entire recrystallization process, 2) that new grains continue
to grow until mutual impingement with neighboring grains prevents further enjargement, 3) that the
recrystallization process continues until all the original finc-grained matrix is consumed cntirely by
the growth of new crystals.
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D: 120 hr

Figure 13. Time-lapse photographs of the reerystallization of a liighly compressed ice pellet.

The final stage of recrystallization is concerned primarily with the climination of residual “pockets
of strain,” particularly at locations where several small crystals intersect. Photograph D represents
tie virtual end point of this recrystallization. Only a few “strain-fringed” grai.. boundaries remain
to be eliminated. Stability of structure is also indicated by the straightening out of grain boundaries
and by the widespread occurrence of equiangular (120°) grain boundary intersections. A further
interesting aspect of this particular sar.ple is the virtual absence of air bubbles. This condition,
in conjunction with the small size and randomly oriented nature of the component crystals, is very

much desired in experimental test pieces, e.g. in tests of the deformation and fracture characteristics
of polycrystalline ice.

At the other extreme, we have the example of the slow natural compression of polar snows where
the total load needed to convert snow into ice rarely exceeds 10 bars, but where time is a very
important factor. An example of this is illustrated in Figure 14 in the sequence of thin sections from
Camp Century, Greenland. At this location the temperature of the snow remains essentially constant
at -24°C, and the rate of loading is only about 0.035 kg cm~2 yr~!, or of the order of 10~? bar se¢™'.



Figure 14. Thin section structure photographs of naturally compacted snow and ice

Jrom Camp Century, Greenland,

i 0.3m

Liensity - 0.35 g cm™
Load: 0.01 bar
VAge: 02 yr

i

|

9.0m
Density: 0.53 g cm™
Load: 0.40 bar
Age: 12yr

100m
Density: 0.88 g cni?
Load: 7.10 bar
Age: 198yr

-
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Note that the grains and, or ¢ry stals at the comparable densities at Camp Century are very much
larger than m any of the current test series, though the size of particles in the parent snow is about
the same for both.

Some incidental compression tests were tun at temperatures between =57 and =20°C, but none
of these samples were retained Tor microstiuctural analysis. This was unfortunate since. judging
from the gross ditierences in texture between sample 26 (<53°C) and sample 24 (-20°C), at some
temperature b. ween these two extrenmes the response of snow to the higher compactive pressures
changes qunte drastically .

Lime did not permit any really svstematic study of the effects of sate of compression on the
strecture of the compacts. Since the density data do not show any significant effect. it is suspected
that changing the rate of deformation (in the type of test conducted here) would exercise little if any
significant control on structure.

Conclusion

The densification of arttticially compacted snow may be accompanied by reerystallization of the
detormed aggregate. The extent ot i recry stallization increases with both anincrease in the
compactive pressure and mereasing temperatures, especially at temperatures close to the melting
pomt. Only in the sample compressed to 78 bars at =17C did the texture of the snow become
completely recrystallized. This recerystallized testure, including the widespread intracry stalline
entrgpment of pores, conforms very closehy to the textures obti ined with the sustained hot
pressing of metallic powders. Generally. the texture of artificially compacted snow bears little
resemblance to that of naturally compacted snow of the same density. This difference can be
attributed furgely to the short term natwie of the loading of artificially compacted samples, which
etfectively eliminates the time tactor that is so important in the densitication and recrystallization
of perennial snow covers. We might sum up by sayving that for pressure in excess of that needed to
pack snow to a density of 0.55-0.60 ¢ em™*:

1. Increasing the pressure turther will tend to increase both the end point density and degree
of reerystallization that can be reached at any given temperature,

2. The end point density and the degree of recrystallization for any given pressure will also tend
to increase with increasing temperature,
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Date: \3::.\914'

-+
-
-

Sample
Snow type: XCes\A

—t

+
R >-Jr---—r~ -

T 0y = -7

d (em) = 7203
h_. (cm) = .8
A (ecmd) = 3132
v
W

PRI SN Gun—
.

b .

—g—
4
Ce——y

(em3) = Z2472%
(8) =35 /32
e Y (gem~= .55

—---

-

PP (U (RN W
p

B R e s eSS

Test No. | Rate of deform. (cm sec™l) = 27

Load: Vert. scale: 1div. = 4550 (kg)
Stroke: Horiz, scale: 1 div, = O.S (cm)

Date: |B>Felo 14

Sample

Snow type: Jce s\a

T (°C) = -7

d (cm) = 203
h, (cm% = .5

A (em%) =37233
V, (emd) = 1470

W o@® _=3%1/7213

P, (BemdH= 132

hl (cmg ] \.O:
) = 31D
P (gem=d)= . BD4&

Test No. 2 Rate of deform. (cm sec™!) = 27

Load: Vert. scale: 1 div. = LTS (kg)
Stroke: Horiz. scale: 1 div. = ©.22 (em)

CRREL Form 42 (OT)
15 May 74
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Date: \> Felo 4

Test No. > Rate
load: Vert.
Stroke: Horiz,

scale:
scale:

of deform. (cm sec™l) =721
1div. = ZT75 (4g)
1 div. =

0. &S (cm)

i ‘I:
e Snow type: Gicanmddas
o o T 0 = =1
S & d (em) =103
' hy (em) = 1.5
. A (emd) =222.3
v, (em’) = 242\
W () = D42
— I— Lo (gem™3)= ., 286
—— h; (em) = 4.0%
] vi (cmd) =\B1O
' 1 (8011-3): AT

Date: \S Felo 4

Sample ALC resis-
tauece rest

Pecborak e P\ ate

(°c)

T

(cm)

d

h, (cm%
A (cm®)
Vo, (cmd)
W

(8)

L R e e e A

=703
= 1.5
=3513%.%
=147\

Lo (gem™3)= -

Test No. A' Rate of deform. (em sec'l)
Load: Vert, scale: 1 div. = 17.7
Stroke: Horiz. scale: 1 div. = O 5

CRREL Form 42 (OT)
15 May 74

hl (cma . -
Vl (cm”) =

(kg)
(cm)
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Date: \S Feo &

Sample Aic cLocs-
Yaunce ‘est

cotd mate

T o = -
d (em) =703
hy, (em) = 1.5
A (emd) =3723.3
Vy (emd) =1247)
W o (g) 3= -
Lo (gem™)= -
hl (cm% = -
vy (em?) = -
21 (gem™2)= -
Test No. © Rate of deform. (cm sec™l) = 27
Load: Vert. scale: 1div. = 2T.7 (k)
Stroke: Horiz. scale: 1 div. = 0. 25 (cm)

Date: \S Felo A

Sample
Snow type: GxCanlal

T (°¢) = -1

d (cm) = ’LO 'b
h =

A ( % - sw 3
VO (cm ) = 7421
W (g) e

/o (gcm'3)= ADB

hl (cm-)’ = \.‘5%

L1 (gem=3)= .1

Test No. (o Rate of deform. (cm sec’l) = 21

Load: Vert. scale: 1div. = TZ721\S (kg)
Stroke: Horiz. scale: 1 div. = O0.%5 (em)

CRREL Form 42 (OT)
15 May 74
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Test No. 1

load: Vert. scale:
Stroke: Horiz. scale:

Rate of deform. (em

Date: 10 Felo 14
Sample
Snow type: Xceshh
T o0 =-1%
d (em) = 20>
hy (em) = 19
A (em?) =1323,3
Vo (emd) =142
Wo(g) =193
/o (gcm'3)= N2
- hl (cm) = \.4‘
v vl (cm3) = 42
- 2 (gem=H= .65
sec’ly = 27
= 0.5 (cm)

W i (o

Date: 7.0 feo 4

Sample

Snow type: ¥redn

T (°c) = -\®
d (cm) = 20.%
ho (cm% = 1.5
A (em©) =3%13,3
V, (emd) =142\
W () = 436

Lo (gem™= B

hl (cm - L@
21 (gem=3)= .1\

Test No. 8

Load: Vert, scale: 1 div.
Stroke: Horiz. scale: 1 div,

CRREL Form 42 (OT)

15 May 74

Rate of deform. (cm sec™l) = 77 (\'.V\a‘t.mtw\'a\)

= 1115 (kg)
= 0,%% (cm)
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Date: 20 Felo 4

: Sample
: Snow type: a.u.,(:\c_
é -\cow\ygn 3 Vo 8
: T (00 = -\%
E d (cm) = 203
T hy (em) = 1.5
! A (em&Y =273 73
: V, (emd) =142\
I W (g) = 436
i Po (gcm 3)= 1\6
v (ecmd) = 565

Test No. 9

Load:
Stroke:

Rate of deform. (cm sec™l)y = 27

1115 (kg)
0.%S (em)

Ver.. scale: 1 div,
Horiz., scale: 1 div.

Date: 10 Feloéd

Sample

Snow type:-T( Ls\n,
w ek

T (°00 =o0

d (em =103

h, (cm% = 1.5

A (emf) = 373.3

Vo (emd) = 24721

W (8 = 460

/o (gcm'3)= .10

hy (cm = .65

V; (em”) =932

Test No. \O

Rate of deform. (cm sec”l) = 17

Load:
Stroke:

CRREL Form 42 (OT)
15 May 74

Vert. scale: 1 div. = 111S (kg)
Horiz. scale: 1 div. = 0.6 (cm)
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Date: 20 Yeo &
Sample
Snow type: ACe4h,
wet
T ey = ©
d (em) =703
h, (cm) = 1%
A (emd) = 3133
Wo(g) = &7,
/o (gem™Hy= .\D
i hl (Cm) =" \-5
| vi (emd) = 484
2 (gcm'3)= .20
Test No. \\ _  Rate of deform. (cm sec'l) = 27
Load: Vert. scale: 1 div. = 1715 (kg)
Stroke: Horiz. scale: 1 div. = 0. %S (cm)

Test No. \T Rate of deform. (cm sec”l) = 2.7

Load: Vert. scale: 1div. = Z115 (kg)
Stroke: Horiz. scale: 1 div. = 0.5 (em)

CRREL Form 42 (OT)
15 May 74

| Date: 20 Teo &

Sample

Snow type: ¥Cesh,
wet

°c) =0
(emy =203
(cm% = 1.5
(ems) = 3133
(emd) = 242\
(gem™3)= .22
(cm‘)’ = \.9
(em’) =06G\3
(gem=3)= . &1
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Date: 20 Fdo &

Sample

Snow type: Tredh,
wet

T 00 =o0

d (em) = 10.3%

h, (cm) = 1.5

A (emd) = 373.3

V, (emd) =747\

W () = ®Hlo

/o (gem=3)= .2\

hl (cm) = \.6
V; (emd) = SB)
2 (gem=3H)= . 89

Test No. \D Rate of deform. (cm sec'l) = 021

Load: Vert. scale: 1 div. = 1215 (kg)
Stroke: Horiz. scale: 1l div. = 0,65 (cm)

Date: 72 Mar 4

Sample

Snow type: Xcesh,
ovle

T (°¢) =-3%O
d (cm) = 190
h, (em = 1.6

A (em®) = 6258
V, (emd) =so0\0
W (g) = Db
/o (gem™H= .\B3

hl (cm‘)’ = 71.%
) = sl
pl (gcm'3)‘ ' 6‘

Test No. \& Rate of deform. (cm sec™l) = 27

Load: Vert. scale: 1 div., = 111D (kg)
Stroke: Horiz. scale: 1 div, = .27 (em)

CRREL Form 42 (OT)
15 May 74

ol
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1 A0 : A
LA {1

Date: 722 Uous 14

Sample
Snow type: ;fLs\n'
cooldd
T (°c) = -3%0
d (em) = 190
hy (em) = \2.1
A (cmz\ = (S8
V, (emd) = 830
W (g) = V3%
/o (gem~y= .l
hy (em) = 3,4
V] (end) = 3%

A1 (gem = .o

Test No. \o

Rate of deform. (cm sec”l) = 271

Load:

Stroke:

Vert. scale:
Horiz. scale:

1S (kg)
.27 (em)

1 div.
1 div,

Date: 27 Was &

Sample
Snow type: Fcesh,
ovla
T (O°C) = -4
d (cm) = 1.92.0
h. (em = o
A (cm5» - 656
Vo (emd) = =c\o
W o(g) = Dat
o (gem h= \e8
hl (Cm% = 2;.4
V]_ (em”) = 1%

Test No. \7

Rate of deform. (cm sec”}) = 27

Load:

Stroke:

CRREL Form 42 (OT)
15 May 74

Vert, scale:
Horiz. scale:

1 div. = \. 21 (cm)

C’Trace. lost ow Test VMo, \fo_)
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Date: 27 Mas 14

Sample

Snow type: I¢ Lo\,
cooled

T ) =-4o
d (em) =190
hy (em) = 10.2
A (cmz\ = 658
V. (em3) = 6b1S
W (®) = D\O

o (gem™dH= 120

hl (cm.), = 7.3
(em?) = \S\O
2 (gem=3)= .02

Test Ro. \$ Rate of deform. (cm sec™l) = 27

Load: Vert., scale: 1 div. = Z11S (kg)
Stroke;: Horiz, scale: 1 div. = \,727 (em)

Date: 772 Mas 4

Sample

Snow type: fresh,

coolLd
T (°¢) =-4o
d (emy =1\2.1
h, (cm = 5,1
A (emS) =126.0
v 64D
W

(®) 52
£, (gem™3)= . 237
hl (cmg - \.65
V1 (em?) = 209D

L1 (em=d)= 128

Test No. \D Rate of deform. (cm sec”!) = 27

Load: Vert, scale: 1 div. = 77215 (kg)
Stroke: Horiz. scale: 1 div. = O0.6%S (cm)

CRREL Form 42 (OT)
15 May 74
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Date: Z2Z thas &
Sample
Snow type: ¥Ceth
coo\t—d'
T °00 =-4o
d (em) = 42,7
ho (cm) = 7.9
A (em?) =\26.6
Vy (emdy = 27219
W o (® = 906
/o (gcm'3)= 265
hl (Cm) = 0,92
vy (emd) = 6.3
A1 (gem~™2)= " &
Test No. 20O Rate of deform. (cm sec'l) = 11
Load: Vert. scale: 1 div. = 121D (kg)
Stroke: Horiz. scale: 1 div. = 0.63% (cm)
Date: 25 Mas 14
Sample
Snow type: Jresh,
e eo
T (°¢) =-4%0
d (cm) =\
h, (cm e 2.
A (cm3) = \206. 0
Vo (em?) = %2\.%
W (g e 586
/o (gem™%)= .2 &
hl (cm = C.fD
Vl(mx) = \4&
1 (gem=3)= .17
2 Test No. L\ Rate of deform. (cm sec’l) = 717
~ o
. Load: Vert, scale: 1 div. = =2 (kg)
; Stroke: Horis. scale: 1 div. = ,75% (em)

CRREL Form 42 (OT)
15 May 74
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Date: 26 M af &

Sample
Snow type: ¥cash

o tooled’
T 00 =-40
d (cm) =1\2.1
h, (cm% = 1.5
A (m® =1\26.06
V, (emd) =3B2ULS
W (g = 8\

o (gem™d)= .152

hl (Cma = .65
(cm’) = 10715
/01 (8C‘m-3)' NS4

Test No. 22 Rate of deform. (em sec'l) =.21

Load: Vert. scale: 1 div. = W38 (kg
Stroke: Horiz. scale: 1 div. = .254 (cm)

Date: 2& War 14

f’
Sample

Snow type: TceSh
ypoodc.d 4

T (°c) = -4O

d (m) =\2.1

h, (cm% = 5.\
(em?)

4
/
|
l
l :
!

A =\26.6
Vo (emd) =643
Vo) o=\

Po (Bem™I)= 188

AR -
| fif e V(@ < i6hs
P (gem~3)= 136

Test No. ¢ D Rate of deform. (cm sec'l) = .02

Load: Vert, scale: 1 div. = W\3® (kg)
Stroke: Horiz. scale: 1 div. = (%% (cm)

Form 42 (OT)
May 74



i |

e T

40

Test No. Zdv

Load: Vert., scale: 1 div., =
Stroke: Horiz. scale: 1 div, =

Rate of deform. (em sec”

Test No. 1O Rate of deform. (cm sec”

Load: Vert., scale: 1 div. = W\>8®
Stroke: Horiz. scale: 1 div. = 154

CRREL Form 42 (OT)
15 May 74

Date: 28& WMars &

Sample

Snow type: Tresly
Lecied

T (°¢) = -70

d (em) = \1.1

ho (cm) = 1.5

A (emd) = \26.6

Vv, (emd) =219

W () =

Po (gem™3)= . 221

h]. (Cm) = -10
Pl (8cm-3)= . Bo)

1

(kg)
(cm)

Date: 1% Uar 14

Sample
Snow type: 3¢ ¢esh
L Looled
T (90) =-70
d (em) = \7.1
h, (cm% = 1.5
A (em?) =\26.0
Vo (emd) = 320.%
W () =

Po (gem™H= 221

hy (em) = 10
) = 1l
P1 (gem=3)= .80\

= ,021

(kg)
(cm)
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Date: 26 Mas 14
Sample
Snow type: Fresh,
seMA e d
T c) = -5
d (cm) =\72.1
hy (em) = 5.1
A (cm) =1\26.6
V, (emd) = 64D
W (g) = \4GL
o Bem™H=.227
hl (Cﬂ” = \436
vV (emd)_ =115
'01 (gm- )’.655
Test No. 2@ Rate of deform. (cm sec™l) = 27
Load: Vert. scale: 1 div. = W\b»® (kg)
Stroke: Horiz. scale: 1 div. = ,63%5 (em)
Date: 2& Uar 4
Sample
Snow type: Acesh
l:o-&-\\od ,
T (°C) =-S5
d (cm) = \72.1
hy (em) = S
A (m®) =1106.0
Vo (cm3) = 4>
W (8 = \41
Lo (gem=3)=, 229
hl (cm L \o.b‘l
vy (em”) = \13
Pl (gen=d)= 880
j‘ Test No. 27 Rate of deform. (cm sec™l) = .©O21
;' “ Load: Vert. scale: 1 div. = \\38 (kg)
| ¢ Stroke: Horiz. scale: 1 div, = L %% (cm)

CRREL Form 42 (OT)
15 May 74
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A1

Test No. 2 ® Rate of deform. (cm sec'l) = 71

Load: Vert. scale: 1 div. = TT11.S (kg)
Stroke: Horiz. scale: 1l div. = .27 (em)

Test No. &9 Rate of deform. (cm sec™l) = 27

Load: Vert, scale: 1 div. = S©@3 (kg)
Stroke: Horiz. scale: 1 div. = 1 &7 (cm)

CRREL Form 42 (OT)
15 May 74

Date: SA,P\' 14
Sample

Snow type: i(eeln

o) =-35
(em) =179.0
(em) = 1,6
(emd) =656
(em3) = 3010
® .= o8

(gem~)= 126

(cm = {15
(em?) =uwgo
(gem™3)= 592

Date: 5 Apr 14

Sample

Snow type: Fes\»,
siled
°c)y =-3%
(m) - Z%.O
(em) = 10.2
(em®) = 5%
(emd) = 6o
@) _ =132\

(gcm'3)- ANDB

(em = 3,35
(em”) = 727200
(gem=3)= , bo\

i
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Date: S A\-_,C -

Sample
Snow type: <te s\
Lt LB

T o = -3
d (em) =719 0
ho {cm) = (0.2
A (emd) = 658
V, (emd) = 0e1%
W (g) = \205
/o (gem™H= .\ O
hy (cm) = b
V) (emd) = zo10
pl (gcm'3)= SB

Test No, 2O

load:

Stroke:

Rate of deform. (cm sec™l) = O

Vert. scale: 1div. = S69 (kg
Horiz. scale: 1 div. = .27 (em)

Date: & A(:c -

Sample
Snow type: Svei\a
YBS . el
T (°¢) =-40
d (cm) = 79,
h0 (cm% = \0.2
A (em®) = &5
Vo (emd) = 6615
W (g = W\
Po (®em™3)= 167

hl (cm = 7.60
L1 (gcm'3)= , 071

Test No. ! Rate of deform. (cm sec™!) = 27
Load: Vert. scale: 1div. = W>®  (kg)
Stroke: Horiz. scale: 1 div. = V.21 (cm)

CRREL Form 42 (OT)
15 May 74
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Date: & A(;r 14
Sample
Snow type: ¥¢t&h
suded’
T ° = -20
d (cm) =1 2%. 0
ho (em) = 106
A (cmd) = 638
V, (em’) = 010
W (8 = &30
o (gemdH= 167
hl (cm% = anb
V; () =\400
P G H= a0
Test No. 72 Rate of deform. (em sec'l) = 77

Load: Vert. scale: 1 div. = 77215 (kg)
Stroke: Horiz. scale: 1 div, = .27 (cm)

Date: 3 Lpc 14

sample
Snow type: Iresh

T (°C) = -|

d (em =190
h, (cm% = \0.2
A (m®) = 658
V., (emd) = 6615
W (g = 143
/Lo (gem™dH= 1l

hl (cmg = \.9
) =\149
L1 B )= ses

Test No. >3 Rate of deform. (cm secl) = 27

Load: Vert. scale: 1div. = 1205 (kg)
Stroke: Horiz. scale: 1l div., = \.27  (cm)

CRREL Porm 42 (OT)
15 May 74
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Date: 9 Apr 4
Sample
Snow type: Yceshh

T ¢ = -\

d (em) =790
h, (cm =10.2
A (em®) = (28
V. (emd) =066">
W (®) = 166
o @™ dH= 18

V) (emd) = \400
P2 Gem™H=.563

Test No. >4

Load:

Stroke:

Rate of deform. (cm sec™l) = .27

Vert. scale: 1 div. =

Horiz. scale: 1 div. =

1.9  (kg)
.27 (em)

[ }
iqliﬂll (I | Tr—
l“!m U |

Date: ‘f)l\\-;c 14

Sample

Snow type: Ices\n

T (°c) = -|

d (em =190
ho (cm% = 0.2
A (em?) = 658
Vo (emd) = 6o
W ® = 85O

Lo Bem™H= 127

hy (cm?‘ = 1.1
(em?) =\i20
1 (gem=3)= =1

Test No. >SS

Rate of deform. (cm sec

Load:

Stroke:

CRREL Form 42 (OT)
15 May 74

Vert. scale: 1 div. =
Horiz. scale: 1 div. =

-1, . .01
L21S  (kg)
\. 27 (em)
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Date: 9 Apr 4

Sample
Snow type: Tcesh

T (°0) = -|
d (em) =21
ho (cm% = 3,4
. A (emd) =326.6
V, (emd) = 04>
W (8 = %4
Lo (gem™3)= 12\
h]. (cm% = -"A'
Vl (cm ) = N30
P, @m™H= 826

Test No. @ Rate of deform. (cm sec™l) = 271

Load: Vert. scale: 1 div. = 2L1.S (kg)
Stroke: Horiz. scale: 1l div. = .35 (cm)

Date: 9 A(:c 4

Sample

Snow type: Tceohw

T (°c) = -\
d (em) = \2.M
ho (cm% = 5.,
A (em) =106

Vo (emd) =G4
W (g = b0
Lo (Bem 3= 093

hl (cm-)’ = 5D
() = 67.)
L1 (8em=3)= . 824

Test No. 71 Rate of deform. (cm sec™l) = .27

Load: Vert. scale: 1 div. = 2109 (kg)
Stroke: Horiz. scale: 1 div, = .©635 (em)

CRREL Form 42 (OT)
15 May 74
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Date: D A?r 14

Sample

Snow type: Xcesa

T o0 = -\

d (em) =1\21
ho (em) = 3.3
A (em®) =\26.6
V, (emd) =G4D
W (8) =586

/o (gcm‘3)= NoXoY=]

hl (cm) = .52
A1 (gem=3)= . 882

Test No. >®

Load:
Stroke:

Rate of deform. (em sec™}) = .027

Vert. scale: 1 div. = 22135 (kg)
Horiz. scale: 1 div. = ,63S (cm)

Date: D Apr 14

Sample
Snow type: I(w\ﬁ,
YR NT)

(©c)y = =\
(em) =1\7.1
B (cm% = 5,)
(em?) =126.6
o (em?) =643
(8 =\
Lo (Bem )= 116

hl (em = 9D
£1 (gem=3)= . 9204

Test No.

Rate of deform. (cm sec”}) = 77

Load:
Stroke:

CRREL Form 42 (OT)
15 May 74

Vert, scale: 1div. = 115 (kg)
Horiz, scale: 1 div. = .63>S (cm)
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Date: \O ApS 14

Sample
Snow type: Jres\y

T (°¢) =-20
d (Cﬂ'\) - ‘LD.O
h, (cm = Nl
A (cm®) = 658
V. (emd) =sel0
W (® =Sb2
/o (Bem™dH= n2

h1 (cm‘)’ = \151
(cm’) =\000O
A @ dH=262

Test No. 4O Rate of deform. (cm sec'l) = 17

load: Vert. scale: 1 div.
Stroke: Horiz. scale: 1 div.

= 1U1.S (kg
= 27 (em)

e

' 4
/!
|
'

1
’l
i

W
L

e

Date: \0 Aps 14

Sample
Snow type: Jre sk

T (°C) = -20
d (em) =7190
h, (cm% = 1.0
A (cm%) = 056
V. (cm3) =50\
Wo(g) , =®062

/o (gcm'3)- A\

hl (cm - \150
Pl (80‘111'3)= Siae

Test No. | Rate of deform. (cm sec’l; = .07

Load: Vert. scale: 1 div.
Stroke: Horiz. scale: 1 div.

CRREL Form 42 (OT)
15 May 74

= .21 (cm)

o B
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Date: \O Ap( 14

Sample

Snow t:ype e ‘5\'\
\Lo\

T (°¢) =-20

d (cm) = 10.>

h = &,

A° ( % - %132

v, @) -0

/o (gem~d)= \B&

hl (Cmg L \-b\
) = 423
pl (gcm-s)f N2

Test No. 42 Rate of deform. (cm sec™l) = .77

Load: Vert. scale: 1div. = 2115 (kg)
Stroke: Horiz. scale: 1ldiv., = ,63%S (cm)

Date: \O AP\' 14

Sample
Snow type: Jceshy
T (°¢) =-20

d (cm) =10.>
ho ‘): = G\
A = 312D
Yo (cm ) =\b33
W (®) = \1O
/o (8em” 3= 104
h

V: ‘)’ = ‘L%%

1 (sm"3)- 660

Test No. 4D Rate of deform. (cm sec™l) = .07

Load: Vert. scale: 1 div. = 77215 (kg)
Stroke: Horiz. scale: 1 div. = £35S (em)

CRREL Form 42 (OT)
15 May 74
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Test No. && Rate of deform. (cm sec'l) =
Load: Vert. scale: 1 div. = 111.%
Stroke: Horiz. scale: 1div. = | .27

Rate of deform. (em sec'1

) =

Test No. 45

Load: Vert. scale: 1 div. = 1115
Stroke: Horiz. scale: 1 div. = .21

CRREL Form 42 (OT)
15 May 74

Date: \O Apc 14

Sample
Snow type: R‘Ls\n
toched ’

T C0 =-35
d (cm) = 'w )
ho % =

A = '52,’5 3
Vo (cm ) =1460
W (8) = 400

o (Bem = 62

hl (cm) = \.Q—l
Vp (emd) = 637
P (Bem™)= 578

Date: \O (el s

Sample

Snow type: Fresh,
ooled

T (°C) = -33
d (Cm) - 1\9-3
h. (cm = e
A (emf) = 313D
Vo (emd) = 72460
W () = 407
Lo (Bem™I)= \6S

hl (cm = 7.0
V; (em”) = G 41
L1 (Bemd)= .22

ok Ag

(kg)
(cm)

-
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Date: \O A@f 4

Sample
Snow type: Yces\n,
tecold
T (°6) = -3c.
d (Cm) = \'L.—]
ho (cm) = 1.5
A (cm?) = \20.6
V, (emd) = 3215
W (g) = %
fo (Bem™H= s
hy (em) = .do

Py (gem™H= 13,

Test No. AO

Load:
Stroke:

Rate of deform.

Vert. scale: 1 div.
Horiz. scale: 1 div,

(em sec'l) = ,27

S692  (kg)
W27 (em)

a—

T e on s o

Date: 10 Aot 14

Sample
Snow type: Jc¢ed
cooled '
T (°0) = =35
d (cm) = \1.1
h, (em = A
A (em?) =1106,0
Vo (emd) =325
W ®) = 39

Lo (gem™H= 12

hl (cm - .AZ
Vi (em?) = 53
L1 (8em=3)= 3¢

Test No. &7 Rate of deform. (cm sec™l) = .0T7
Load: Vert. scale: 1div. = 17215 (kg)
Stroke: Horiz. scale: 1 div. = 0% (cm)

CRREL Form 42 (OT)
15 May 74
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Date: \\ LApc &

Sample

Snow type: ¢ e s\

T ¢y = -3

d (cm) = \2.1
hy (em) = 2.%
A () = \26.6
Vo (em3) = nz08
W (g) = 33 8
Po (Bem™dH= o4

hl (cm) = .30
vy (emd) = 38,0
P k™= g8 4

Test No. 4% Rate of deform. (cm sec”l) = 27
Load: Vert. scale: 1 div. = 21T (kg)
Stroke: Horiz, scale: 1 div. = (2 (em)

Date: || Qpr 14

Sample
Snow type: Fresh

4

T (°¢) = -3
d (emy =1\2.1
ho (cm = 7.
A (em®) =\20.6
Vy (emd) = D215
W (g = 6.0

Po (gem™dH= .nz2

hy (cm) = .33
Vi (em’) = 4\ %
L1 (gem=3)= 62

Test No. &9 Rate of deform. (cm sec’l, =.021

Load: Vert. scale: 1 div. = 117035 (k)
Stroke: Horiz. scale: 1 div. = , 635 (cm)

Form 42 (OT)
15 May 74
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Date: |\ ﬁ.(.’&—]dc
Sample
Snow type: J¢es\n
T (%) = -3
d (em) =72¢.3%
h, (cm) = 1.0
A (cmz\ =17 %3
Vo (cm3) =240
W (g) 5 = 243
Lo (gem™)= 1\
hl (Cm) ~ ‘.b
Vi (c:m3)3 =303
P Bem™ )= 663
Test No. £ © Rate of deform. (cm sec™l) = .027
Load: Vert, scale: 1div. = 2112 (kg)
Stroke: Horiz. scale: 1div. = 1,27 (em)

Date: “ A?( —\A-

Sample

Snow type: ¢ ¢2'4

T (°¢) = -2

d (cm) =19, 0
ho (cm% = \7.1
A (em®) = oS®
Vo (emd) =82C0
W (g =\CHL

Lo Bem™H= 1\

hl (cm = 'ZCD
V1 (em?) = \\O
L1 @m=)= 634

Test No. S\

Rate of deform. (ecm sec”l) = 727

2 Load:
Stroke:

CRREL Form 42 (OT)
15 May 74

Vert. scale: 1 div. = U115 (kg)
Horiz., scale: 1 div, = .27 (cm)
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Date: \| b.-(;v 14

Sample
Snow type: Ac¢e L
teoled

T (°¢) =-20
d (em) =790
ho (cm) = 2.1
A (em©) = g9
V, (em3) = 8250
W (8) = \320
Po (Bem™H= b6
hy (m) = A5
Vi (cm3)3 = 11095
P (Bem™2)= Aeg,

Test No. © 2

Load:

Stroke:

Rate of deform. (cm sec"l) = 11
Vert, scale: 1div. = 2115 (k)
Horiz, scale: 1 div. = \,27 (cm)

Date: \\ Apr 4

Sample
Snow type: T¢< esh
vP Loo\wo '
T (°C) = -20
d (em) =790
h, (cm% = “1.(
A = e<H
Vo (cm ) = Lo\ O
W (g) = U39

Po (8em™)= 227

Test No. 5 D

Rate of deform. (cm gecl); = .02

Load:

CRREL Form 42 (OT)
15 May 74

Stroke:

(.27 (em)

l div., =
1l div, =

scale:
scale:

Vert.
Horiz.



E<P>ITan

/[
hy
Vi

1

Test No. © 4

load:

Stroke:

Rate of deform. (cm sec™}) = 27

Vert. scale: 1 div. = Z711.2 (kg
Horiz, scale: 1 div. = 6233 (cm)

Test No. S5

Rate of deform. (cm sec”l) = .01

Load:

Stroke:

CRREL Porm 42 (OT)
15 May 74

Vert. scale: 1 div. = 217 S (kg)
Horiz. scale: 1 div, = ,63% (em)

Sample

Sample

55

Date: \} A 14

Snow type: It esh
yp ool )
) =-20
(em) = \2.7
(cm) = 1.5
(ecm©Y =\26.0L
(emd) = B2\, %
(8) = 56.5
(gem = \1¢
(cm?’ = N
(em?) = 170
@®n~H= 184

Date: \\ A—(;( 14

Snow type: Tﬂ-b\f\,
toco\ed

°c) = -720
(cm) = \2.1
(cm% = S, |

(em¢) =1\26.6
(m3) = 642

(®) =\2.5
(gem™d)= 1o
(cmg = \.2
(em?) =1\S2

(gem=3)= " 4O



o
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Date: \ fPrpc 14
Sample
Snow type: Tresh,
coo\La
T °¢) =-35
d (em) =121
hy (em) = 2.
A (emd) =1\26,6
vV, (emd) =215
W () 3 = 59
o (Bem™H)= \g 4
hl (cm) = 064'
P, @o~H= 118
Test No. D& Rate of deform. (em sec™l) = 17
Load: Vert. scale: 1 div. = Z721.9S (kg
Stroke: Horiz. scale: 1 div. = .3 (cm)
Date: || Q.Pr 4
Sample
Snow type: Tresh
cooled
T {(°c) = =45
d (emi = (2.7
h, l,'c:ni - 1.%
A (emf) = \16 6
Yo () =221
W (g) = S8
/o (gem™dH)= .\ g,
hl {I'.'II.'I = bl
‘u"l {em?) = 1817
Py @)= A28
§, Test No. 57} Rate of deform. (cm sec’l) = 0721
F«\ . Load: Vert. scale: 1 div. = 1115 (kg)
t Stroke: Horiz. scale: 1 div., = 3% (cm)

CRREL Form 42 (OT)
15 May 74
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Date: || Dheor 14

Sample
Snow type: O\A

T ®c) = -20
d (em) = \72.1
hoN (Gl
A (em) = (20,6
Vo (em?) =320,
W) = B4
/o (gem )= 261
hy (em) = .87
V] (emd)_ = Wo
P, @emdH= 164

Test No. S Rate of deform. (cm sec™l) = U1

Load: Vert. scale: 1 div.

Z271S (kg
DS (em)

Stroke: Horiz. scale: 1 div.

Date: \| AEC 14

Sample
Snow type: O\ A

T (°€) = -3>%
d (cm = 70,3
h, (cm = 1.5
A (emS) = BT3B
Vo (em3) = 247

W (g = 341
Po @M = 143
hl (cm Ly \.6

V) (e?) = ®1.5
L1 (@em=3)=, 57\

Test No. 59D Rate of deform. (cm sec™l) = 27

Load: Vert. scale: 1 div. = T217.5 (kg)
Stroke: Horiz. scale: 1 div. = .65 (er

CRREL Form 42 (OT)
15 May 74



