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ABSTRACT

Although processing and compacting increase the density and bearing
capacity of surface snow for use as roads and trails, these processes have not
been able to achieve the degree of densification that occurs naturally as snow
slowly metamorphoses to glacier ice. A study was made at the Naval Civil
Engineering Laboratory of the processes and influences of the major mech-
anisms that control snow metamorphism-—grain size, pressure, temperature
and solar radiation—in order to provide a basis for developing better tech-
niques for higher strength snow pavements. |t was concluded that maximum
snow strengths are achieved at or near a critical density of 60 gm/cm?,
followed by bond growth, or age hardening, at temperatures between ~12°C

" and -7°C." In addition, as distribution of applied loads with depth is essential
to the develcpment of operational criteria for such pavements, it is recom-
mended that research be conducted to develop this knowlédge.

This document has been approved for public release and sale; its distribution is unlimited.

Copies available at the National Technical Information Sgrvice
{NTIS), Sills Building, 5285 Port Royal Road, Springfietd, Va. 22151
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INTRODUCTION

Perennial snow covers much of Antarctica, Greenland, and some of
the Arctic. Annual snow covers the rest of the polar regions 6 to 10 months
each year, Utilization of snow for runways, roads, and trails has developed
as the poler regions have become more populated. Compaction and process-
ing techniques are used 1o increase the density and bearing capacity of surface
snow for these purposes. Even so, the treated surface does not achieve the
degree of densification that occurs naturally as snow slowly metamorphoses
to glacier ice—a process that is influenced by the chemical and physical pro-
perties of snow.

Laboratory tests and analysis of field data were made to determine
the effect of the major mechanisms controlling snow metamorphism-—grain
size, pressure, temperature, and solar radiation—to provide a basis for devel-
oping better techniques for improved military operations in snow. The results
are summarized in this technical report.

This research relates 10 the technologicai capabilities outlined in the

Navy Technological Forecast: Section 536-31, ""Polar Horizontal Construc-
tior.”'®

BACKGROUND

Polar glaciers are monomineralic rock formations which grade from
sedimentary unconsoclidated snow at the surface to metamorphic glacier ice
at depth {Flint, 1957; Winchell and Winchell, 1951). The metamorphism of
snow to ice is a progressive phenomenon that can be divided into different
phases according to its physical and mechanical properties,

The density of natural snow increases with depth and, at the same
time, the permeability decreases (Figure 1). As the depth of burial increases,
the air trapped within the snow at deposition becomes isolated into small

* Technological Forec: t536-31, Polar Horizontal Construction in Chief of Naval
Development. Navy . echnological Forecast (U), pt. 2. Functional area 500
{Technological Support). Appendix F. Washington, D. C., October 1968
SECRET NOFORN updated October 1969,
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bubbles. Gow {1968) measured the occurrence of zero permeability, or

pore close-off, at a density of 0.828 gm/cm?3, which is defined as the point

at which snow becomes bubbly glacier ice. 1n a deep core from Greenland,
Langway {1967) measured the load at this density as 4,800 am/cm? and con-
cluded that all increase in density above zero permeability is a result of plastic
caompression of the ice and a reduction in void volume. For purposes of this
discussion, only the properties of snow at a density less than 0.828 gm/cm3
will be considered,
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Figure 1. Decrease in air permesbility of snow with increase in density
{aftar Rametier, 1963).
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Changes in the physical properties of natural snow take place by
the transport of material (H,0) by evaporation—condensation, surface
diffusion, volume diffusion, and viscous or plastic flow {Kingery, 1960a).

In experiments with ice spheres, Kingery {1960b} determined that the
decrease in surface energy, which is high where the particles are fine, is
initially the major source of energy for transport of material, particularly
where no volume change occurs.

The energy state of a particle is dependent on the surface area so
that, for a given weight of tnow, the finer the particles or the more irreguiar
the surface, the greater the energy available. An irreguiar particle of ice
tends to evaporate at highly curved points and deposit in less curved aress,
resulting in rounding of the particies. Since the energy increases with the
surface area, a decrease in the diameter of the particle to one-tenth its orig-
i21al size increases the total surface area by 10.

Kingery {1960a} calculated that the decrease in free energy on the
consolidation of 1-mm particles to dense, large-grained ice was only 1.41 x
104 cal/gm, which is small compared to the heat of fusion (80 cal/gm);
Yosida (1958) considered it to be so small as to be insignificant as a cause
of rounding. However, when calculated as the free energy potential of
surface tension {Kingery, 1960a), it is equivalent to the positive hydrostatic
pressure of 7 cm of overlying snow at a density of 0.5 gm/cm3 (3,600 dynes/
cm?}, Although this probably accounts for long-term grain growth, Yosida
{1961) concluded that the rapid grain growth near the snow surface is due
to a temnperature gradient, which promotes vapor transfer and grain growth.

Volume change, or shrinkage, occurs when the centers of the particles
move closer together, increasing the density {(Kingery, 1960a). Since initial

_changes in the natural snow cover include an increase in density, viscous fiow

and volume diffusion are probably the most prominent effects. Where no vol-
ume change occurs, Kingery {1960b} concluded that surface diffusion was the
primary process. The rate of material transfer determined experimentally as
measured by neck-growth rate showed a large temperature dependence and

a very high value for the surface diffusion coefficient. Kingery suggests that
this coulc be accourited for by a high surface mobility of molecules on the
particle surface. This wouid provide a tayer of high atomic mability as
required by the proponents of a liquid-like surface layer. However, at near
melting termperatures (Nakaya and Matsumoto, 1954}, surface and volume
diffusion may be as much as 10% times slower thar evaporation—condensation.
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FACTORS INFLUENCING METAMORPHISM

The major mechanisms, which contribute to the natural metamorphism
of snow into ice, are grain size, temperature, sular radiation, and pressure.

Grain Size

The effect of grain size, which generally increases with time, varies
depending on the property being measured. Wher: comparing the effect of
grain size on the change in density with load from faboratory tests {see the
Appendix) as shown in Figure 2, it appears that at ligirter long-term loads
{<9 ka/cm?}, the larger grain size densified at a faster rate, and 2t greater
long-term loads (>9 kg/cm?), the smaller grain size densified faster. This
indicates that packing is probably more important in increasing density of
fine grained snow, whereas recrystallization is more important with the
larger grained snow.

In tests of the effect of crystal size on strength, Goid (1956} found
a decrease in hardness with an increase in crystal size, aithough he did not
define what he meant by crystal size. Jellinek {1957) measured the effect
of particle size, as determined by sieving, and found that the compressive
strength increased with an increase in particle size. This disagreement can
probably be explained by the fact that Gold and Jellinek measured two
ditferent parameters-—hardness by penetration of a plate into the snow,
and unconfined compressive strength, respectively. {n the hardness tests,
the snow with smalier particles would be denser and harder to compress

. because the smaller particles have closer packing; Gold demonstrated that

shear did not occur along the edge of the plate. During the unconfined
compressive strangth tests, failure probably occurred at the smaller sizes
along grain boundaries which are weaker than grains, but as the grain size
became larget, failure was forced through the stronger grain.

in nature the mean crystal size increases neartly linearly with depth,
age, and density {Langway, 1967. Gow, 1968) except in the first centimeter
where the size increases very rapidly (Stephenson, 1967), The crystal size
at a given density varies with average temperature; 8t pore close-off density
it is projected to have a 0.5-mm diameter at the South Pole, whereas at Byrd
it his a 0.95-mm diameter. Gow (1968) attributes thi. ta the difference in
rate of densification, which he suggests depends on the rate of accumulation
{that is, load) and mean annual temperature. Gow {1961) cites experimental
evidence confirming that the rate of crystal growth varied by approximately
two orders of magnitude between ~60°C and -15°C.
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Figure 2. Change in density per unit time versus load.
i
5 Temperature and Solar Radiation
-
- Temperature is probably the greatest influence on metamorphism,

progressing mare rapidly as the snow temperature approaches the meiting

4 ‘point. As a measure of this, cylinders of compacted snow were subjected

: to different amounts of solar radiation at air temperature of -9.4°C and
-16°C to determine the effect of solar radiation on metamorphism as
measured by density and strength. The test methods and sample prepara-
tion are discussed in the Appendix.

Exposure of the specimens to solar radiation had little effect on
density at either temperature, as shown in Figure 3. At--9.49C, however,
solar radigtion in excess of 0.81 cal/cm?/min melted the specimens.

Solar radiation had considerable effect on unconfined compressive
strength. At a low solar radiation a gradual increase in strength for the first
7 days was followed by a very rapid rise the last 4 days {Figure 4). At-15°C,

_‘ . the higher solar radiations resulted in a rapid increase in strangth throughout
; the test period. There was little difference in strength between the two high
radiation exposures.
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Field tests have shown that if the snow remains at the warm temper-
ature alter the ultimate strength for that temperature has been .ichieved, then
the strength beains to drop off. Figure 5 shows the rapid decrease in average
shear strength with an increase in temperature above -9.4°C without the
influsnce of solar radiation. This is also itlustrated in Figure 6 which shows
that the bearing strength of a compacted snow layer decreased to 2/3 the
maximum value attained as the air temperature remained at -5°C. These

results, however, are also influenced by sotar radiation which increased

along with the average air temperature.

Figure 7 illustrates the influence of soiar radiation on snow temper-
ature, These snow sarnples were kept in a cold chamber maintained at either
-9.49C or ~159C; each sample was subjected to a different amount of simu-
lated solar radiation for a 2-week pericd. The temperature of the snow, as
measured 3/4 inch below the surface with a thermocouple, increased with
increasing solar radiation. At a radiation of 0.6 Langleys/min, which is about
equal to the Decernber radiation in Figure 6 averaged per minute, the surface
snow temperature at an air temperature of ~15°C would be -9.4°C, and at
an air .emperature ¢t -9.49C, the snow temperature would be ~3.3°C.

The percent of incoming solar radiation absorbed by the snow depends
on its albedo, or ability to reflect radiation. Aibedo is generally highest,
although rarely more than 0.80, in new snow and at low temperatures and
is lower, nearer 0.56, at warm temperatures and in old snow {Hoeck, 1958},
Since the absorption of solar radiation decreases parabolically with depth
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Figure 5. Strength versus temperature
for compacted snow {after
Sherwood and Moser, 1967).

{Figure 8}, its influence on the

| temperature of the snow must
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decrease similarly.

‘Benson {1962) pointed out
that the natural snow depth—density
curves differ in different snow facies,*
which are differentiated by average
temperature; therefore, temperature
must be an influencing factor.
Benscn has plotted critical density
versus critical temperature (Figure 9)
based on his field data and from this
developed the following equation:

ST
P = Poy * (peo - Pyle €

* Lavers of snow, sach with different physical characteristics.
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where p. = critical density

Py = minimum critical density, 0.50 gm/cm3

14

Peo
S

maximum criticat density, 0.73 gm/cm?

a constant, 0.07 C!

T, crivical temperature

T “Remseier {1966} and Langway (1967} attributed this critical density change

1o closer packing of the grains; at a lower density, the snow is mainly com-
pacted by the overlying snow with little deformation occurring in individual
grains. As higher densities are achieved, an additional increase in density can
be achieved only by deformation and rearrangement of grains.

The rate of increase in density of snow with overlying load (Figure 10}
varies, depending on climatic factors. Tha difference in rate can probably be
attributed to the difference in mean annual temperature, which is generally
the snow temperature from 10 meters to pore close-off. This would also
explain the increase in the rate of densification below 40 meters at Little
America, since the snow there begins to warm below that depth.

Pressure

The density of natural snow increases gradually with time and depth
{Figure 2) at a given temperature due to mainly the pressure exerted by the
constantly increasing thickness of overlying snow. Laboratory tests were
conducted with snow cylinders under different loads to determine the effect

S D M R T e R N T T P R IR AR,

and sample preparation are described in the Appendix. The density increase
was very rapid the first 10 hours, the rate of increase decreasing until it was
fairly even after 100 hours. The change in density per unit time (Ap/At) is
plotted versus load in Figure 2. This indicates that the increase in density is
greater as the temperature and load increase, with the rate of change increas-
ing more rapidiy as the temperature approaches 0°C.

A noticeable change in siope of the density—depth curves from natural
snow occurs between 10 and 12 meters at a density between 0.51 and 0.68
gm/cm3. On the density—load curves (Figure 10), this change in slope, which
is a decrease in the rate of densification, occurs rather uniformly at a load of
500 gm/cm? where the density varies between 0.50 and 0.60 gm/cm?, depend-
ing on temperature. This critical density represents the limit beyond which
grain packing is no longer effective. it corresponds to close random packing
of particles {porosity of 36% to 37%) except at temperatures near 0°C

of pressure on density with tife at a constant temperature. The test methods
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Figure 6. Load carrying capacity in the DF-65 compacted snow layer on
the 10-70 test area as determined by confined shear (after Mosar
and Sherwood, 1966).
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*1, = radistion st depthz = {&*?

where | = Ssinh+D-R
k = ahsorption coefficient of snow for
short-wave radiation
z = limiting layer of the snow column

Ssinh = vertical component of solar radistion
{S = total madiation. h = sun’s haight)

diffuse sky radiation
R = radiation rofiected by the snow

o
[]

Figure 8. Absorption of short-wave radiation in the snow cover
{after Hoeck, 1988).

processing and compaction of snow without adding water. Densification
beyond this density occurs only by changing the size and shape of the
grains as they grow or shrink 10 relieve stress. Free water in the snow
assists closer packing by filling interstices and lubricating grains. This
increases the rate of densification by packing and results in a higher
critical density {Anderson and Benson, 1963}. As temperatures increase,
the water vapor increases, thus enhancing the free-water content of the
snow. Critical density, because it reflects a structural change, aiso indi-
cates & change in other physical properties. This can be seen in the plot
of unconfined compressive strength versus density (Figure 11).

APPLICATIONS

As metamorphism of the snow progresses the bearing capacity of
the snow increases. After the surface snow has been mechanically processed
and compacted, bonds of ice grow between grains of snow, a process that is

1"
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generally called age hardening, or
sintering. During age hardening, the
density remains constant, but the
strength and hardness of the snow
pavement increase. The rate of age
hardening, strength, and hardness,
however, are grester with a higher
initial density {Abele, 1963),
initial densification is desired for
surface snow pavements, This can
best be achieved by pulverizing the
snow as fine as possible, or at least
within a wide size rangs, and then
compacting to the critical density,
about 0.6 gm/cm?, depending on
the temperature (Figure 9). Vibra-
tory compaction at a frequency
above 1,400 cpm has been shown
1o increase density even more than

compression. Vibration can work only if done shortly after pulverizing,
however, before bond growth has progressed very far. Although a density
greater than the critical density can be achieved with the additinn of water,

such an increase is not necessary, for beyond the critical density bond growth
determines the ultimate strength. Because bond growth depends on the move-
__ment of water molecules, it can be speeded up with warmer temperatures, but

t0o high a temperature can cause excess melting: At near-melting temperatures
an excess of moisture may be produced, yielding ice grains, or corn snow, that

has few or no bonds. This is particularly true during high solar radiation,
which may increase the surface temperature by 5.50C. In addition, bond
strength decreases with an increase in temperature; therefore, warm temper-

atures after much of the bond growth has occurred is detrimental. According

1o field data, the greatest increase in strength occurs within the first 3 weeks
(Figure 12), aithough strength increases at a diminishing rate for over a year.
Consequently, warm temperatures are needed only during the first 3 weeks,

at most.

Observations on the failure of a compacted snow. navement have shown

that a punching failure, or wheel breakthrough, directly under the wheel was
the principal type of faiture {Coffin, 1966}, 11 was also abserved that only

the snow directly under the wheel was displaced in the failure area, regardiess
of the tength of the failure. The snow was generally sheared sround the perim-
eter of the wheel contact area, and the snow under the wheel was disaggregated
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and either compressed under the wheel or displaced from the «vheel track.
Static load tests {(Wuori, 1962) have shown similar results in tha: the defor-
mation of the snow is limited to a width and depth 1-1/2 times the tire

diameter.
Density (gm/cm®)
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Figure 10. increase in snow density with increase in load at different sites.
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Because failure of a compacted snow-paverent apparently occurs
by shearing, NCEL developed a confined shear test apparatus. Resuitsof
tests with this apparatus have been used to determine the load carrying
capacity of compacted snow pavements. Initialty, however, most measure-
ments were made with a CRREL-developed rammsonde rod or by unconfined
compression; these have been correlated together by Abele {1968} and with
the NCEL shear test results by Coffin {1966}, Moser and Stehie (1964} and
by Abele (1968} in Figure 13. Because of the wide variation in the correla-
tion of shear strength and unconfined compressive strangth as compared to
the close correlation of rammsonde rod readings and shear strength, Abele
{1968) questions the validity of this relationship, Wuori {1962} also states
that the unconfined compression test is not reliable for evaluating the wheel
supporting capacity of a snow pavement. In addition, unconfined compi ussive
failure does not generally occur in nature,

it was found from field tests on confined shear strength that the load
carrying capacity cf compacted snow ranged from 24% to 27% of the total
resistance to confined shear, which is determined by summing the individual
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shear strengths for each inch of thickness (Moser and Sherwood, 1967). This
did not determine how the lcad was distributed at depth, although the load
distribution at depth has been approxirnated using Boussinesy eguations as
in Figure 14 (Abele, Ramseier, and Wuori, 1968}, Because no data were
available to verify this, NCEL initiated laboratory tests to determine stress
within a show pavement using soii-type gages.

Results of initial tests at low pressures {0.4 kg/cm? or less) show a
more elongated pressure bulb (Figure 15) than that with the Boussinesg
eguations, and the 0.1g-t0-0.6q isopressure lines {q = otal load} are very
nearly equally spaced at depth. The percent of total load between Q.1q and
0.6q versus depth determined from Figures 14 and 15 is shown in Figure 16,
the decrease in load with depth is nearly linear from the NCEL test data but
not from calculations using Boussinesqg equations {Abele, Ramseier, and Wuori,
1968). This may be due in part to the large difference in total lcad used in
the two methods.

,f |
L

4 1 —i H i L ¥ S
100 200 300 400 500 830 700
Age {gays}

Figure 12. Increase in average shear strength with tim2 lafter Moser
and Stehle, 1964).
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Figure 13. Relation of shear strength to ram hardness and unconfined
compressive strength (sfter Abele, 1968).

Shear Strangth {kglcm?)
[+] 1 2 3 & 5
[+ T 1 Y } T M B |
! - i : PP
R G gt '
20 - Pl —fa —— '_1!1—7——
O -0 3 R e i
- Lot JIRERTE; S
— ‘0 s - "y — .
5 "- I.‘- .- " : -‘..
S Ve~ €-1308
80 ‘.‘ o - .
sircraft at design loads
100 A
50 100 200 400 00 800 1,000 1,500

Ram Hardness
Figure 14. Required hardness or strength profiles of snow pavement for
various aircraft based on Boussinesq equations lafter Absle,
Ramasier, and Wuori, 1968}.
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CONCLUSIONS

1. Grain size, pressure, temperature, and solar radiation are the major
mechanisms in the metamorphism of snow that control the mechanical
development of surface-snow pavements for improved military operations
on snow; pressure and grain size are the most important in attaining the
critical density required for such pavemnents, while temperature and solar
radiation have the most influence on bond growth,

2. Maximurn strength in surface-snow paverients accomplished by accelerated
metamorphism develops at or near a critical density of 0.60 gm/em3, which is
best achieved with fine-grained, well-packed snow.

3. Maximum borid-growth rate of age-hardening in surface-snow pavements
is achieved at snow temperatures between -129C and -7°C; lower tempera-

tures retard this growth rate, and higher temperatures or high solar radiation
absarption generally results in a decrease in bond-growth rate.
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4. Distribution curves for various applied loads with depth in surface-snow

pavements of varying temperature is needed for developing operational criteria
tor such pavements,

RECOMMENDATIONS

1. Current snow paving techniques and equipment should be improved or
developed, as required, that are capable of procucing average pavement den-
sities at or near the critical density of 0.60 ym/cm3,

2. For maximum strength, snow pavements should be scheduled for
construction, when fegsible, during that season of the year when the
average snow temperatures range between -12°C and -79C for several
weeks followed by decreasing air temperatures; at McMurdo Station,

Antarctica, for example, this period falls between mid-December and
mid-danuary.

3. Laboratory and field research should be conducted to determine the
load distribution curves for varying loads and temperatures in snow pave-
ments 10 develop operational criteria for such pavements.
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Appendix

EQUIPMENT AND PROCEDURES FOR TESTING

PRESSURE TESTS

Snow was disaggregated at the test temperature orcotder- througha - — —— -
sieve with either a 2.0-mm or 1.0-mm opening directly into a 7.6-mm-diameter,
holiow, open-end metal cylinder on a metal plate. When the snow was 15 to
17 cm deep, the cylinder was transferred to a totally enclosed box in which
the air temperature remained within £0.2°C and the temperature of the snow
fluctuated even less. A solid netai cylinder that fit snugly without binding
was then placed inside the holiow cylinder on top of the snow and weights
were applied {Figure 4) 10 obtain the desired force. A dial indicator, reading
10 0.0025 c¢m, was placed so as to indicate the amount of vertical shortening;
no horizontal movement could occur because the snow was confined laterally
by the cylinder. Manual readings of the dial indicator were taken hourly the
first 8 hours and at least twice a day thereafter.

The snow was made in a ~-32°C cold chamber using a commercial snow
gun. A sieve analysis was made of snow screened in a manner similar to that
placed in the cylinders, Although these tests were run using laboratory-made
snow, the results of size-distribution analyses indicate that at -31°C the size
distribution was nearly identical with Meilor’s {1963) from Greenland.

The cylinders after sieving through the 2.0-mm screen were tested

at-6.69C, ~10.6°C, and -30°C with foads 0f 0.32, 0,66, 0.99, end 1.3dkg/

cm?; when screened through the 1.0-mm sieve, they were tested at -10.6°C
with loads of 0.33, 0.65, 0.98, and 1.31 kg/cm?. For these tests, it was
assumed that the foad was transmitied vertically through the snow with a
negligible amount transmitted laterally.

SOLAR RADIATION TESTS

Snow was disaggregated at the test temperature through a sieve with
a 1.68-mm opening. Snow cyhinders were molded in 7.5-cm-diameter, 15-cm-
long, split-type concrete casting molds. A constant amount of disaggregated
snow was added to the mold and hand tamped in place with a 7.5-¢cm-diameter
rod using the same method each time; each increment was about 2.5 cm. The
snow oy linder was permitted to set until it was firm enough to remove from
the casting mold without crumbling, about 1/2 hour. The cylinders were
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arranged beneath 250-watt infrared lamps so as to obtain the desired
exposure to simulate solar radiation. Thirteen samples were used of each
radigtion and temperature. One was used to record snow temperature from
a thermocouple embedded about 2.5 cm from the top, and three each were
removed after 1, 4, 7, and 11 days of exposure, measured for gensity, and
tested for unconfined compressive strength; shear tests would have been
preferable but, since the diameter of the samples changed due to sublima-
“tion, they would not fit in the shear cyiinders. Average radiations for each T
test termperature are shown in Figure 7; radiation was measured before and
after testing at five or more locations,

Initially, both 7.5- and 15-cm-long specimens were tested to determine
what effect size had on the results. It was determined that the variability of
results was considerably reduced using the 15-cm specimens or a length-to-

diameter ratio of 2 to 1; consequently, all results discussed pertain 1o the
15-cm-long specimens.

21



: REFERENCES

Anderson, D. L. and Benson, C. S, {1963} ''The densification and diagenesis
of snow,” in lce and snow, ed. by W, D. Kingery. Cambridge, Mass., M. 1. T.
Press, 1963, pp. 391411,

Abele G. {1963} A correlation of unconfined compressive strength and ram
“hardness of processed snow; Army Gold Regions Research and Enumeermg
Laboratory, Technical Report 85. Hanover, N. H., Jan. 1963,

TR T

ik

- {1968} An experimental snow runway pavement in Antarctica,
Army Cold Regions Research and Engineering Laboratory, Technical Report
2117, Hanover, N. H., Nov. 1968.

Abele, G., Ramseier, R. O. and Wuori, A. F. {1968} Design criteria for snow
runways, Army Cald Regions Research and Engineering Laboratory, Technical
Report 212. Hanover, N. H., Nov. 1968,

Benson, C. 5. {1962} Stratigraphic studies in the snow and firn of the Greenland
ice sheet. Army Snow, {ce and Permafrost Research Establishment, Research
Report 70. Wilmette, |11, July 1962,

Coffin, R. C. {1966} Compacted-snow runways in Antarctica—Deep Freeze
©1-64 trials, Naval Civil Engineering Laboratory, Technical Report R-389, Port
Hueneme, Calif., Feb. 1966.

Flint, R, VF. (1957) Giacial and Pleistocene geology. New York, Wiley, 1857.
- T Giovinetto, M, (1960} Field work-1958 and 1958, pt. 4, South Pole Station,

Data Report no. 825-2. Columbus, Dhio, Apr. 1860.

Gold, L. W. {1956} "The strength of snow in compression,” Journal of
Glaciclogy, vol. 2, no. 20, Oct. 1958, pp. 719-725.

2 Goldthwait, R. P, (1959) Field work 1957 and 1988, pt. 3, Wilkes Station,
3 Ohio State University, Research Foundation, USNC-IGY Antarctic Glaciolog-
ical Data Report no. 825-1. Columbus, Ohio, Aug. 1959

Gow, A. J. {1961} Drill-hole measurements and snow studies at Byrd Station,
Antarctica, Army Snow, tce and Permafrost Research Establishment, Technical
Report 78. Wilmette, {1i,, Jan. 1961,

. (1968) Bubbles and bubble pressures in Antarctic glacier ice, Army
Cold Regions Research and Engineering Laboratory, Research Report 249,
Hanaver, N. H., Oct. 1868,

22

Ohio State University, Research Foundation, USNC-IGY Antarctic Glaciological




- G - N Tt ETA S SUPNUNCIR WO ST AR ETTT MTTININ. o8 sRTp T SR Tyt e T TR
r © e iimerr e eieage T . 3 T Al
1

|

S

TR T sl TR TR AT T

BT e

Hoeck, E. (1958) Influence of radiation and temperature on the melting

“ process of the snow cover, Army Snow, tce and Permafrost Research Estab-
L e lishment, Translation 49. Wilmette, Hi., Jan. 1858,
i- ; Jellinek, H, H. G. (1957} Compressive strength praperties of snow, Army
Pl Snow, Ice and Permafrost Research Establishment, Research Report 34.
g 4 Wilmette, i1, July 1957,
£ & Kingery.W.D. (1960a) “On the metamorphism of snow,” in International . _____
e i Geological Congress, XXI Session, Norden, 1960. Copenhagen, 1860, pp. 81-
- s 89.
: . {19€0b} "Regelation, surface diffusion, and ice sintering,”
Eﬁ Journal of Applied Physics, vol, 31, no. 5, May. 1960, pp. 835-838.
g’ Kovacs, A. (1967} Density, temperature, and unconfined compressive

strength of polar snow, Army Cold Regions Research and Engineering
Laboratory, Special Report 115, Hanover, N. H., July 1967.

TR R

BT SRS

Langway, C. C. {1987} Stratigraphic analysis of a deep ice core from
Greenland, Army Cold Regions Research and Engineering Laboratory,
Research Report 77. Hanover, N. H,, May 1967.

e

Mellor, M. {1963) “'Polar snow, a summary of engineering properties,”
in lce and snow, ed. by W. D. Kingery. Cambridge, Mass., M. |. T. Press,
1963, pp. 528-559.

Moser, E. H. and Sherwood, G. E. (1966) Compacted-snow runways in
: Antarctica—Deep Freeze 65 trials, Naval Civil Engineering Laboratory,
& -——— ————Technical Report R-480; Port Hueneme, Calif., Sept. 1966, T

g

. 11967) “The load-carrying capacity of depth-processed snow
on deep snowfields,” in Physics of snow and ice; proceedings of the Inter-
national Conference on Low Temperature Science, Sapporo, 1966, vol, 1,
pt. 2. Sappeoro, Japan, institute of Low Temperature Science, Hokkaido
University, 1967, pp. 993-1005,

Moser, E. H. and Stehle, N. S. (1964) “Compacted snow characteristics,
test devices and procedures,”’ in Science in Alaska; proceedings of the 14th
Alaskan Science Conference, Anchorage, 1963. College, Alaska, Alaska
Division, American Association for the Advanczment of Science, 1964,
pp. 145-158.

Nakaya, U. and Matsumoto, A. (1954) "'Simple experiment showing the
existence of ‘liquid water’ film on the ice surface,’”” Journal of Colloid
Science, vol. 9, no. 2, Feb. 1999, pp. 41-49.

23




I

i Patenaude, R. W., Marshall, E. W. and Gow, A. {1959) Deep-core drilling
in ice, Byrd Station, Antarctica, Army Snow, ice and Permafrost Research
Establishment, Technical Report 60. Wiimette, 1., July 1859,

Ragle, R. H. and others. {1960} Deep-core drilling in the Ross {ce Shelf,
Little America V, Antarctica, Army Snow, lce and Permafrost Research
Establishment, Technical Report 70. Witmette, 1., June 1960.

T PRG£S PO T

Ramseier, R. 0. {1968} Some physical and mechanical properties of polar
R ”’FSﬂﬁWi'Af m‘V“Cﬁld'REQiOHS'Rmch"N"Eﬂginwrh'@taborato?y”;ﬂés@a’fcﬁ**”" Tt T
Report 116, Hanover, N. H., Feb. 1966.

Sherwood, G. E. and Moser, E. H. {1967) Compacted-snow runways in
Antarctica— Limitations of contaminated snow, Naval Civil Engineering
Laboratory, Technical Report R-533. Port Hueneme, Calif., June 1967.

sttt i [+ Bt 0 R 8 00 L il v s b S Eimeniesnesd s

THRETS). PR I R re vane

7_
bz, o

Stephenson, P. J. {1967} “Some considerations of snow metamorphism in
the Antarctic ice sheet in the light of ice-crystal studies,’” in Physics of snow
and ice; proceedings of the International Conference on Low Temperature
Science, Sapporo, 1966, vol. 1, pt. 2. Sapporo, Japan, institute of Low
Temperature Science, Hokkaido University, 1967, pp. 725-740. i

i B P L sink

Tongiorgi, E. and others. {1962) “‘Deep drilling at Base Roi Baudouin, :
Dronning Maud Land, Antarctica,” Journal of Glaciology, vol. 4, no. 31,
Mar. 1962, pp. 101-110. '

Winchell, A. N, and Winchell, H. {1951} Elements of optical mineralogy,
pt. 2. Description of materials, 4th ed. New York, Wiley, 1851,

Cold Regrons Research and Engineering Laboratory, Technical Report 82.
Hanover, N. H., Aug. 1962.

Yosida, Z. {1958) Quantitative study of the metamorphism of snow crystals
by sublimation, Army Snow, Ice and Permafrost Research Establishment,
Translation 57. Wilmette, iil., May 1958,

Wuori, A. F. (1962} Supporting capacity of processed snow runwavs, Army. .

. {1961) ""The first stage in the change of snow into glacier ice,”
Antarctic Record {Japan), no. 11, Jan. 1961, pp. 12-16.

24




Bt e S Mt e

[ —— —_— . . . % ; 1
T v O :
|

.
|
!
z
1
!
:
!
|
i
!
&
|
|
l
1
!
|
l

-aBpopmouy s1yl dojaAap 03 POIDNPUOD &g YILEBIERS 18i5) POPUL

U0 $1 3 ‘SIUBULGAED yONd JOy 1333140 1RUCIINIAO 30 JUSUIdO|BASP 41 O] JUIUISSI 81 Yidap

Yiis SPROJ PRNdE JO UOIINGIISIP FE "UOLLIPPR U] "Dol~ PUE DT |~ USAMIEq SeINIRIadLIg)

e ‘Sutuspaey 36¢ 10 ‘Yimosb pucq Ag Pemo)jo) ‘sl R 3o ALISUSD [EDILD 8 JNeU JO

18 PEARIOR 927 $IBLALLS MOUS WNLIIKEW T8GL PRHYDUO0D $.a 1) SIUBWAARTS MOus Yifluans

Jaybiy 104 senbiuydel 183100 Buidapaap 10; siseq € 3P1A0Id 03 JGPIO UI-—LCIIINaL IRIOR PUR

UNIRASHUS) “8I0wSR.d BTIS U IS LUSIHTIOWRIAU AMOUS [OLLOD TRYL SUWEIUELIMW Jofaw s o

SIUAN|JUI PuB SFEEPS0IT YL §0 AsoieiDgey BuitaauBuz HAID IRARN @yl 18 apaiu sem ADNMIS

"1 JOeIl 03 SeSOYdsoweI M AIMOE MOUS S8 Ajfeanien $JnI30 1By LOIEdY ISUap JO dalep

Y1 SABILIIR D) B|GR UG 10U SABY SEEEEO0.T IFAYL ‘SIIIJY DU IR0 SB B8N 40} MOUS JDLJINS
10 Aydeden Buiseq pue Alsuap puyl asessaur Sunoedwiod pue Buissasod yBnoyly

8L L0101 {02 I MOUS (o wsiydsowmnay |
paysseipun OL6L k-n:joen_ s d gz 90L-HL
BIYNS 'S ‘N AG ‘{Iutd) MONS 40 WSIHJBOWY LI

40 NOLLYODILLSIANI—NOLLIYINOD MONS
Asoresoqge-] unieaubuz pay RN

To———-

|
_ “BPIPAOUY SIYL UOIBAGD 0L PAIDNPUOSD B¢ YIILISIL JEYS PAPUIL
_ 0283 31 3 “SIUMLAASH YINE 104 BLIANID |BUCNRIFC0 JO JURUGOIEASP Byl O) jenuResY §1 Idep
YU SPRO| Pt OB JO UCIINGLIISID S8 “UDILPPE U] Do~ PuB Doz |~ VidmIsq SeanRladwa
_ 18 ‘Butuepiey efe 10 YIMOIS DUOG AQ PaMOYI0} .mEu?& 09 )0 AUSUBD W10 € JRIL 10
18 PeAStOR BUR SUIBUSAS MOUS LN 18Y3 PAPNIUOD seN: 3] "RuawaIard mous iBuans
_ JyBly J0j sanbiuysal 0eq BuiKIOAID 10) 213G 8 APIACI 03 JDPID 1-—~UOHISIPR JE{0S pUR
SINIALE] ‘FINTSOIT *82)8 UILIB——LUSIHOIOWIBTEM MOUS |04IU0D 18I SUSSIUSHOBIU JOfat 3yl JO
_ SBOUBN(ZU| PUB SREa04d Ayl JO A103000G8 BuisPRLIBUT AL (BARN JUD IR aPRW SEM ADMS v
|
|

"801 110D O SASOUTIOWEBW AMOIS MOUS 58 A[RIMBU SIMI0 18Y) UOHEDIHISUAD J0 8a.Bep
BY3 GASILOR OF SN USEY 10U IARY SHBII0IT SEBY) “S11I0I1 PUT SPROU 3T ISR JO) MOUS 2oR}INS
10 Audedes Guieen pue ALsuap oul essasous Sunoeduwiod pue Buissssosd yBnoyyy

Sti40-LOrLLOW-Z *} MOUS JO wisydioulay i
passeiun  OL6L ..QOERTO snjd gz 90L-ML
YAS "3 "N AG ' (Iurd) MONS J0O WSIHJHOWY.LIN

40 NOILLVYOULASIANI—NOILIVINOD MONS
Asraione) BursuiBug pai ASN

i —— — p— r—— —— VMO SO — —— — ——e  ;a— O ——— —— W— np———

— i “aBRoMO] $1L{l JOIASP 0) PAIINPUICD ¥ YOINEEE) JBYL POPURU
_ AL0281 SI v_ ‘SIUBLAARD YANS JOL BLIBILD (BUDIRIBAO JO JUNUCOIIAID B3 O3 ISIIUASSS 3) Ladap
_ Yim SpROJ paljcide 40 UOLNGLASIP S8 ‘WOLLPER V| “Dgl~ PUR Dol i~ URIMIG seamesadwe)
1@ ‘Bliuspary ebe 16 ‘|amosB puoq AG Pemo0} ‘. Wo/wB (9 JO ALIBUIPD |B[11ID @ 88U O
_ 10 vu.!ﬂua aie SYIBUSLIS MOUS WINLLIXRS 1BYI PAPN{EUC) SEM 3] "SIuBWaned Mous Yiluans
19yBty 4y sanbILYDe) 40310Q BUIdORAGD 401 SISEQ @ SPIADLI O} JBPIO UI——UDIIRIPE) IRIOS pue
_22338} *aunssasd ‘0z VBB WEHICHIOWBIIW MOUS [013U0D 1813 SIWSIINYD JoIRW 8y 5O
SEOUN L PUE SASSEI0IT 4L SO AI0L010GEY BurioawiBu j1A1) [EAEN L) Le epRW SEM ApNiS v
_ *a9) J219R16 U3 SESOYUIOUIELAW AMOIS MOUS $8 A|2INIEY S4NID0 18YL UONBIRISUIR 4o se:8ep
[:17} Ej,_:.on 01 3149 UBaY 10U BARY $a5¥a20d ASHLYL ‘SHEIY PUE SPRO SR OSN IO} MOUS FORUNE

_ 40 Airgeded Bugieag pue AliISuep syl a5ed.ou) Bundedwod pur Buisseaoad ySnoyyy

Wm—_..rc.po.:omﬁ ) Mous o weiyd:ouweiay 4
| pelpsseoun  OLG) 1equisdeg SN dGZ  90L-HL
i 91451S ‘S "N AQ '(1euld) MONS 20 WSIHIHOWV.LIN

i 30 NOLLVYOILSIANI—NOILOYVIWNOD MONS
” Arorioqect BuuesuiBuz 1AL jeARN

_ |
~ . ‘abpapaou sit)) dOI9ASP 03 PRIDNPUCD B YIEEER 1L pEDUAL
A0 8 ¥ ‘SIUSLSARE LINS SO} B1IR1LID (BUONRICO JO JLGWHOIAIR JYL 01 |BIIUSESS $) idap
_ Yhim 5pRO| PO JO LONNQUASIE S8 'UCIMPPE U] Dal~ PUR Dol |~ UBIMIAG 50amBIsduey
1e ‘Bytuepiey abe JO *YIMOIB PUOY AQ POMOHD) ‘WIS (0O JO AUSUSP (EII1LIT B 8L JO
— 1€ ParaIYIE B2 SIIBUSLIE MOUS LINWIXEW B3 PEPNTIUOD SeMm 3| 'siudwensd mous yilivens
sayfing 104 sanbiuyay 181380 SUICOIBARP I0) SISBG B SPIADIC 03 JOPIO U ——UONRIPSES A0S DUS
_ BamBiadus] ‘asnssasd ‘921% U1IE - WSIAIOWRIAL MOUS [0XIUCD IBLL SWLISIURYDIW s0few &3 Jo
S22UBNHUL IPUR SeSSEs0ud Bl JO AJoteioqEn Buliasuifu g (1M (BARN SUI 19 SDIW S8M ADMS &
*351 4810916 01 $050YdIOWIEIANU APMOJS MOUS 32 AJRINITL BANID0 JBLYT UOIEdHISUDP 10 dbap
~ ay o..a?ua O} B(¥ UABK 10U SABY SASS300d SSA\ "S{IRIT PUR SPEOI 57 9871 40} MOUS 384N

30 Z_uw%u Buigeq pue AJisusp sy aseasduy Bundeduiod pue Buistesosd yBnowyiy

_ BLL-L0Lo-Liod-Z Mmout o weiydsowsnay 3
_ [PoIpSSRIOUN QL) JquisaRQ  Sni I GZ  OL-HL
_ IYNG 'S "N Aq ‘{ieuld) MONS 30 WSIHFHOWVLIN

40 NOLLYDHLSAANI—NOLLIVINOD MONS
Arcesoqe BuuesuiBuy pard IRARN

——— o— Am—— oiitn it mmetete e e o et St Smandtn S Ammtna A ot mvpna ot

—— ot ottt s, St it S it o e s arttts | WAL | St i ot A O

%
|
|
:
|
|
|
l
l
|
l
l
|
|
|
I
|
\
|
|




NG Fll e o

TR AT L

A 3

Unclassi /ied

’ Sounty Claxsification
OOCUMENT CONTROL DATA . R D

Srewety classalication of 1itie, body of ABSHACE nnd inde sy annolation aur ! b apntered when the sverall seport tn rlasaifendy

T diiGima Tred AC TiViTY [Carporare syrher) M REFONT RECQRITT Cohftef et a oo

Navai Civil Engineering Labnoratory Unclassified

2. ANJUS

Port Hueneme, California 93041

[‘:—ﬂ?»ﬁ TIILE

_ SNOW COMPACTION—INVESTIGATION ON METAMORPHISM OF SNOW

taleoid L Sl Arit-s R U rtc ity

e
v e A 8 TR SRR G NTINGY g R e rarg b o L

4. OESCMIB Y1ui NOTLS [Type of ropert awd inciveive detes)

3 Final: .une 1968—Aprit 1970
: FRTAGTHONS | - 7irel sbwe, Wi . fa8t name}
: N. S. Stehle
i
:'; &. NEPORT DAYE Ta. TOTAL RD. OF FAGES . MO. OR RELF
i December 1970 25 3
3 oo CORTRACT OR CRRNT HO . 96, GRIGINATOR'S NEROR T NUMSE (ST "
k » emoszcvwo. Z-RO11-01-01-118 TR-706
i, ) " VT STER NESOAT NOUh (ANY eiver rambers A1 mby bn SSied
.
: i VO, IS TR BUTION STATENENTY
. I
@ This document has been approved for public release and sale; its distribution is unlimited.
r‘ [T TUPPLEMENTARY HOTER 12. SFONBORING it i TARY AC TIVITY
A Director of Navy Laboratories
e Washington, D. C. 20360
[T AMSTRAC T
S
2§ ————§—— —Although-procesting and compacting increase the density ond bearing capacity of surface
snow for use as roads and trails, these processes have not been able 10 zchieve the degree of den-
3 sification that occurs naturally as snow slowly metamarphioses o glacier ice. A study was made
at the Naval Civit Engineering Laboratory of the processes and influences of the major mechanisms
o that control snow metamorphism-—grain size, pressure, temperature and solar radiation—ir order
1 to provide a basis for developing better techniques for higher strength snow pavements, It was
concluded that maximum snow strengths are achieved at or near a critical density of 60 gm/cm?3,
followed by bond growth, or age hardening, at temperatures between -129¢ and -79C. In
: addition, as distribution of applied loads with depth is essential to the development of opera-
tional criteria for such pavements, it is recommended that research be conducted to deveiop
this knowledge. ;
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