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ELASTIC PROPERTIES OF PROCESSED SNOW WITH
REFERENCE TO ITS INTERNAL STRUCTURE

by
Ukichiro Nakaya

Introduction

In the summer of 1957, the visco-elastic properties of snow in the Greenland Ice
Cap were studied by the sonic method (Nakaya, 1959). In 1958, the visco-elastic
properties of snow processed by the Peter snow miller were investigated with special
reference to its age hardening (Nakaya, 1960). The experiments reported here were
made in the summer of 1959 on snow processed by the Peter miller and the Snowblast
miller at Site 2, 220 miles east of Thule, near 78°N latitude. The altitude is about
7000 ft.

In these experiments Young's modulus of various kinds of processed snow was
measured as a function of density and age hardening. A thin sect'.'i,'.’on of each sample
was made and the internal structure was examined. The samples were solidified in
aniline at a temperature below -15C, and brought back in dry ice to the USA SIPRE
laboratory in Wilmette, Illinois. Thin sections were made and photographed in the
SIPRE laboratory. The mechanism of age hardening was clarified by examining the
rate of increase of Young's modulus together with the mode of growth of bonds between
ice grains, as revealed in thin section,

Experimental method

Young's modulus. Young's modulus was measured by the same visco-elastic
meter as used in 1958, (For details see Nakaya, 1960). Young's modulus was
mneasured as a function of density and time of age hardening. The loss factor was
not measured,

Thin section method. The thin section of snow was made by a new method
developed by Kinoshita and Wakahama (1959). This method is more convenient for
observation of the internal structure of snow than Shimizu's method, which is
described in a former report (Nakaya, 1960).

A sample of snow is immersed in liquid aniline at a temperature of about -8C
and becomes soaked in a few seconds. When it is cooled down to about -15C, the air
~oids are filled with solid aniline, and the sample becomes a solid mass. In this
state, the thin section can be easily made without destroying the bonds. The procedure
is as follows: A flat surface is made by a microtome] and frozen to a glass plate by
slightly melting the aniline and refreezing. A small quantity of water is added at the
periphery of the sample to reinforce the bonding to the glass, Then the other side of
the sample is cut to desired thickness on the microtome. The whole operation is done
in a room at ~20C. The thin section is put under a microscope in a room at =5C or so.
The aniline soon melts and becomes transparent and photomicrographs (e.g., Fig. 1,
2) can be taken, :

To get a general idea of grain distribution and mode of bonding, the proper
thickness may be about half the mean grain size. Figure 1 shows a sample of hard,
naturally compacted snow, from a depth D of 185 cm in the ice cap. The mean grain
size is about 0.5 mm. This sample was cut to a thickness d = 0.22 mm, about half
the mean grain size. The small spheres are air bubbles which must be disregarded.
The advantage of this relatively thick section is not only that the mode of bonding is
revealed clearly but also that the grain size is shown in three dimensions. When the
section is too thin, the three-dimensional size distribution must be inferred. The
formulation of this problem has been done by Jellinek (1957) and many others, but
the calculation is time-consuming. The simplest way of obtaining the approximate
three-dimensional size distribution is to examine a relatively thick section of snow.
After photographing the thicker section (Fig. 1) the sample is refrozen and the
thickness reduced to d = 0.80 mm (Fig, 2). Some grains are lost in this thinner
section, but the nature of bonding is more clearly seen as shown by arrows. The
bond diameter is of the order of 0.1 or 0.15 mm, The thinner section is better for
examining the nature of the smaller bonds.
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Figure 1. Naturally compacted snow; settled hard,‘ D =1.85m.
p=0.448 g/cm?, d = 0,22 mm, x14. 8, no. 509.

Figure 2. Same sample as Fig. 1 after refreezing and reducing thickness,
d=0.08mm, x14. 8, no. 511, '
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Samples investigated. Snow blown and deposited by a snow miller (processed snow)
becomes hardened with time, usually fairly rapidly. The Peter snow miller and the
Snowblast miller were used for processing in the summer of 1959.

The Snowblast miller has a different disaggregating miller than the Peter apparatus
and has a semi-circular chute erected vertically so that the snow takes a semi-circular
path along the chute and hits the ground. The density of snow processed by the Snowblast
miller (designated SB) is greater than snow processed by the Peter miller (PS). More
fine particles are captured in SB than in PS and this seems more favorable for the
hardening of processed snow, as described in an earlier report (Nakaya, 1960). Some
of the processed snows were mechanically compacted, but others were left undisturbed.

Some samples of Peter snow deposits made in 1958 and left in the field for one
year were examined, Other samples were left in the undersnow laboratory for one
year. They were preserved in plastic bags and the shape of sample was kept almost
unchanged. Young's modulus was measured for these samples and compared with
that measured one year ago. The samples are listed in Table I.

Table I, Sample data.

Nature of processed snow Undisturbed Compacted
SB: new deposit A, B,D C,F
PS: new deposit E,M,P,I N =  swscene-
PS: 1 year in the field ] H,H' K,K'
PS: 1 year in the v, w.x,Yy,z,  ______.
laboratory a,b,e,f,g,h,¢

Elastic properties and internal structure of snow processed by Snowblast miller

Snow profile. The profile of a snow deposit processed by the Snowblast miller is
shown in Figure 3. When the deposit is undisturbed (series A, Fig. 3) both density p
and Young's modulus E increase with depth. The parallel is fairly good, which shows
that Young's modulus is proportional to
density. When the deposit is mechanically

compacted (series F, Fig. 3) both Young's E, YOUNG'S MODULUS (DYNES/CM)
modulus and density are high in the layer 0 05 1.0 1.5 2.0xi0"
near the surface. The density increases 0 A F

7 0. 61 in the layer 10 cm below the [, S

~urface. This is the highest density 10 \ ) [y e
litherto obtained in processed snow. The i

highest density obtained in 1958 was 0. 58
g/cm? for vibrated Peter snow and 0, 55
for compacted Peter snow. As a first
approximation, Young's modulus is
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miller with the back chute, was therefore 40 \x 4 by
more effective for snow compaction than \' 3 i

the Peter miller. The density of un~ 50 ? 0\15""9

disturbed and compacted snow becomes

" almost the same 50 cm below the surface,
Compaction seems to be effective to a
depth of about 50 c¢m,

Relation between Young's modulus
and density. Snow processed by the Snow~ Figure 3. Profile of Young's modulus and
blast miller was similar to the Peter denpity ln snow processed by Showblast miller.
snow observed in summer 1958 in the
relation between Young's modulus E and density p and in the incde of age hardening., The
E-p relation for undisturbed Snowblast snow, A-series, is shown in Figure 4. The E-p
relation for naturally compacted snow (dashed line, Fig. 4) is taken as the standard curve
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Figure 4. E-p relation for A-series SB undisturbed.
(Nos. in parenthesis indicate days of age hardening).

fo. discussion of the E-p relation of any processed snow, The characteristic of this
standard curve is that the E-p relation is expressed by a straight line for densities
above 0.5 g/cm? and shows an exponential form for densities below 0. 5, as explained
in full detail previously (Nakaya, 1959).

For processed snow also, E is proportional to p in the density range above 0,5,
This point was not very noticeable in the previous experiments, because the data in
the region of higher densities were not sufficient. When the Snowblast snow is
mechanically compacted, the density increases to 0. 61, and the straight part of the
‘E-p curve is clearly demonstrated. One example is shown in Figure 5. The empirci

E=k(p-0.5)+E,

in which E,;, ;5 is Young's modulus at p=0.5 Figures 4 and 5 show that Ey. 5 increas
gradually with time for both compacted and undisturbed snow. The value of k also
increases with time for the undisturbed snow, but is almost constant for compacted
snow, The time dependence of Ey.5 and k, from Figures 4 and 5, is shown in Figure!t
Each curve increases with time with the standard curve of naturally compacted snow
as its asymptote.

Young's modulus and internal structure. The observed data show some scatterin
along the E-p curve (Fig. 4, 5}, but if was noted that values for a given sample are
consistently higher or lower than the average for each stage of age hardening, For
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{(DYNES/CM?)

E, YOUNG'S MODULUS
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Figure 5. E-p relation for F-series SB compacted.

example, no. 4 in Figure 4 and no. 1 in Figure 5 show markedly higher values than
the average at each stage of age hardening, and no. 1 in Figure 4 and no. 8 in Figure 5
are always lower, The deviation AE from the E-p curve is expressed by an

_E+AE
q = —

= or AE = (a-1) E.

For a given density:

a>1, AE >0; stronger bonding between grains than the normal state,
a=1, AE =0; observed data lie on E-p curve,

a<l, AEX 0; weaker bonding between grains than the normal state,

Thus a can be taken as a measure of the internal structure of snow. In Figure 7, a for
A(2) and A(19) of undisturbed Snowblast snow is plotted as the function of depth in the
deposit. The two curves coincide almost perfectly. Therefore, the deviation from the
E-p curve is inherent in the sample, indicating that this deviation is due to the differ-
ence in the internal structure. No simple relation is observed between this structure
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mined by three factors: density, age,
determined by the number and size of bonds,

Samples F] angd F1', sB compacted (Fig,

and mode of bonding.

10 20 30 40

D, DEPTH (cM)

Figure 7, Deviation a of E from the
E-p curve. Undisturbed SB, A
(from Fig. 4).

profile and the density proi:ile (Fig. 3]
The layer of stronger bonding takes
Place at 20 cm and 40 cm belqw the
surface, and the weaker bonding a.t‘

5 cm and 30 cm. No such feature is
observed in the density profile. For
F-series, SB compacted (Fig, 8),' the
curves for 5 and 6 days of hardening
are almost the same and the values .
for 19 days agree with them, showing
that the deviation from E-p curve is
inherent in the sample,

From Photomicrographs of the th
Sections (Fig, 9, 10), it is clear that.
sample A4 (19), which shows an extn
ordinarily high E, has more and mueh
thicker bonds than A] (19), which has
a lower E than the average. This
shows that Young's modulus is deter-
The mode of bonding is

This point will be treated separately.

5) always show very high values of
Young's modulug and F'8 ang Fg§! very low values,

The structure of Fg' (6), which has

an exceptionally low value of B, jg Branular and few minute particleg are observed

(Fig. 11). The number of bonds ig also small,

ordinarily high £, ig quite different (Fig. 12), n
shows that the Presence of mi
as the number of bon

each other, Thig
ening the Processed snow,

Sample FI!
aving many minute particles bonded to
nute particles is favorable for strength-
ds becomes very large in this case.

(6): which has an extra-

Elastic PTroperties and internal Structure of Peter snow

An undisturbed Peter Snow deposit (without
the Snowblast snow (with chute), ranging betwee

The fo
hardening are similar to the results obtained in

is shown in Figure 13 for the E-series,

chute) usually has lower densities than
n 0.51 and 0,42 g/cms,
Tm of the curve and the trend of age
1958,

The E-p relation

A block cut from the new deposit of Peter Snow was brought into the undersnow

any weight,

The first wag left on the table without
the second with a load of p = 35 g/em?, ang the third with

p= 70 g/sz-

The sample was foo soft in the initial Stage to be cut into a bar for Young's modulus
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Figure 9. SB undisturbed, Al. = 0.479, t =19 days,
a=0.93, x17.6, no, 337.

Figure 10. SB undisturbed, A4. p = 0.484, t = 19 days,
a=1.19, x18.1, no. 346.




Figure 11,

SB Compacted, Fg,
a = 0,76, x18.1, no,

P =0 553
405,

» t =6 days,

Figure 13, SB Compacted Fj!

© P=0, 547
@ =1.30, x18,, ,f 408,
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Figure 13. E=-p relation. E, undisturbed Peter snow.

determination. The firstvE determination

S

was made 8 days after deposition. It is 0.8x10
clearly seen (Fig. 14) that the age hard- .

- . ~ X P=35G/CM
ening effect is accelerated by the load « % og} o p:70G/CM
applied. The 10-day old sample without ¢ ‘
load (Fig. 15) has many fewer bonds g sl ° o0 |
between grains than similar Peter snow a
loaded with p =70 g/cm? (Fig. 16). « \

. N . =1 2 —
Bonding is accelerated when a load is > oar . — |t
applied, This point must be taken into a 2 (18
account when age hardening of a thick 2 o3t 4
layer of processed snow is discussed. w o ;

¥ : o I(“g)’} 1% NO LOAD
One-year old Peter snow S ozl ) . . :

: £ 049 048 04T 046 045 044 043 042

Some samples whose Young's o '
modulus was measured in 1958 were P, DENSITY (G/CM?)
left in the undersnow laboratory for a
year in plastic bags. No change in the Figure 14. E-p relation, effect of load.
shape was detected. Four types of I, undisturbed Peter snow.

samples; a-h, {, V, W-Z, were
measured, ¥ The result for the V-series
is shown in Figure 17, '

In Figure 17, the value of 1-yr-old snow is shown by a heavy line, The E-p relations
for 7-, 10-, and l15-day-old snow are the results of the 1958 experiment. The high value
of E is considered to be due to strong bondings between grains. The internal structure
of sample V2 is shown in Figure 19, This gample is an example of a high Young's
modulus, E =0.73 x 1010 cgs. Air voids predominate because the density is low,
Young's modulus, however, is high compared to the density owing to the full development
of bonding. Bonding is 8o well developed that the snow shows a structure like a network

of ice rods. :

% For details of the samples, see Nakaya (1960), p. 3.
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Figure 15, Peter snow I,

noload. p =9
d =0, 08 mm,

.444, t = 19 days,
x17,6, no. 493,

Figure 16, Peter snow I

P=10g/em?, o= g 483, t = 10 days,
d=9,13 mm, x17. 6, no, 497,

. ..
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PS left in the laboratory for 1 yr,

The E-p relation for 2, a-h, and W-Z are shown in Figure 18, The heavy lines are
data for 1959, and the light lines for 1958. The series a-h and W-Z showed very high
values of E in the 1958 experiment, because of the heterogeneity in size distribution of
grains. The increase in E during one year is not so marked. It is about 10% for the

series a~-h and W-2Z.

The f-series showed the normal value of E in the 1958 experiment. The increase
in E during one year was much larger compared with the a-h and W-Z series.

Sample {5 is an example of high density and large Young's modulus; E = 1,23 x 1010 ¢gs,
p = 0.510. The internal structure of this sample after one year is shown in Figure 20,
The volume of air voids is markedly less than that of V2 (Fig. 19) and the bonds are very
well developed. The comparatively large grains are bonded together with a network of
ice rods heavier than sample V2. The internal structure is similar to that of a sample
taken from about 20 m depth in naturally compacted snow, which is almost 30 years old.

Peter snow left in the field one year

Some Peter snow deposited in 1958 was left in the field untouched. These deposits
were excavated in the summer of 1959, and the profiles were examined, The new snow
that covered the Peter deposit was removed shortly before the examination.

Profile of undisturbed PS. The profile of an undisturbed layer (0-series) 120 cm
thick was studied, Young's modulus and density of 23 samples from various strata
were measured (Fig. 21). The parallel between E and p is very regular. Roughly
speaking, this deposit is composed of two layers. From 0 to 70 cm, both E and p
increase with depth. Maximum E is observed at D =70 cm. In the lower layer
70 - 120 cm, both E and p decrease with the depth, ‘

The internal structure varies in different strata, Snow near the top (Fig. 22),
which has a low Young's modulus, shows a somewhat granular structure and the number
of bonds is small, although bonding is well developed for many grains. Traces of
crystalline facets are seen. They are due to sublimation of snow to a more granular
condition.

The structure of snow near the middle of the deposit, which shows a high value of
E, is quite different (Fig. 23). All grains are rounded in form and the bonds are not
‘only abundant but each one is very well developed. A high Young's modulus is expected
for a sample with this structure. In the lower layer, the granular nature is again

1
i
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Figure 19, Peter snow, V2,

E=1yr. p=0.448, x17.6, no. 260,

Figure 20, Peter snow #5, t =

1 yr, P =0.510, x17. 6, no. 267.
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slightly apparent, In one example (Fig. 24) , «
from near the bottom of the deposit, most o) Q.5 .0 1.5 2.0xI0
of the bonds are fairly well developed, but 1

some show a trace of evaporation. The loh - P\"\‘ E 0- SERIES

number of bonds is much smaller than inthe k.

middle layer. The shape and arrangement

of grains show that vapor transfer musthave
taken place in this layer. The general trend
of the profile will be discussed later (Fig.27). 30

20

A layer of depth hoar was observed just
beneath the Peter deposit. The layer was so
fragile that Young's modulus could not be
measured. The structure is an assemblage . 50OF

40

of separated grains, and few bonds are ob- 5
served {Fig. 25). Crystalline facets are & 60
well developed, showing that extensive -
sublimation has taken place. A layer of E 70t
depth hoar is always observed beneath a W
deposit of processed snow, and the mech- 80
anism of its formation is another problem

to be studied. sol

Profile of PS compacted. Profiles were
made at two places in compacted Peter snow. |gg
The thickness of the deposit was 80 cm. The

profile (Fig. 26) is quite different from Lok

Figure 21, Both Young's modulus and den- . SoTToM OF PETER

sity are very high near the surface and de- . ___(4 SNOW LAYER

crease with depth. At about 30 or 40 cm, E 120 [ P |

and p of the compacted deposit are almost f=037 Ficz5] ’

the same as in the undisturbed snow. Below ot . . L . e

30 cm depth, E and p are almost constant 0.42 044246 45050 o052 %54 .56 058 0.600'62

for K, with a slight increase at about 50 c¢m ‘ .
depth. In the H'-series, however, E de- P, DENSITY (G/CM>)

creases rapidly below the level of about 40 Figure 21. Profile of undisturbed PS;O-
cm. This is due to a depth hoar layer at series. Left for 1 yr in the field.
55-60 c¢m depth, where E shows the minimum wvalue.

General trend of profile. The general trend of the profile is shown in Figure 27 for
the undisturbed O-series and the compacted K-series. In the undisturbed deposit E
increases with depth and then decreases after passing a gradual maximum. The density
curve shows a form similar to the E curve. In the whole deposit, E varies in a wide
range of nearly 0.5 to 2. 0 x 10*? dynes/cm2. This variation is very large compared
with that of the new PS deposit, and must be due to sublimation in the deposit during the
year in the field. This is supported by photomicrographs of the internal structure
(Fig. 22-24).

The profile of the compacted PS deposit, K~series, is also shown in Figure 27.
It is interesting to note that below the level of about 40 cm both E and p show a trend
similar to those of the undisturbed snow. Above this level, however, the profiles
‘show contrary tendencies. The values increase toward the surface of compacted snow
and decrease in the undisturbed snow. This difference must be caused by compaction,

In Fig. 27, the E vs D curve B'C' for compacted snow is extrapolated in the range
B'A" by followmg the trend of the range BA of the undisturbed snow. The effect of
compaction is shown by the difference between the two curves A'B' and A"B'. A
similar phenomenon is observed also for the density profile. The effect of compaction
is shown by the difference between F'G' and F''G!',

These results indicate that mechanical compaction increases p and E to a depth of
about 40 cm, with the effect increasing towards the surface, The difference in the
absolute values of E or p at B'B or G'G is due to differences in the nature of the
original snow or a slight change in the ambient condition while the deposit was forming.
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Figure 24. Peter snow undisturbed, O; t = 1 yr in the field,
D=110cm, p =0.523, x14.8, no. 356.

Figure 25. 0O; Granular snow beneath the PS layer. D = 125 em,
' " p=0.37, x14.8, no. 348. .
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Figure 27. General trend of profile,

undisturbed O-series and compacted

K-series. (Smoothed curves from
Fig. 21, 26.)

e K'(E)
B0 Biﬂps layer

Relation between Young's mod-
ulus and density. The E vs p rela-
tion for undisturbed and compacted
PS is plotted (Fig. 28). All points
are scattered in the neighborhood
of the E-p curve for naturally com-
pacted snow. The maximum devia-
044 046 048 050 052 054 0356 055 050 652 057 0.6 tion is abou‘t +15% of the standard

value: that is, E of naturally com=~
P, DENSITY (G/CM3) ‘ pacted snow of the same density,
The granular samples show lower

Figure 26. Profile of PS compacted; H, H!, values of E. The O-series sam-

K,K'-series. Left in the field for 1 yr, ples below 80 cm depth belong to
this category (line AB, Fig. 28).

S0+
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Young's modulus as a function of density and age

The E-p relations for various types of processed snow (Fig. 4, 5, 13, 17, 18, 28)
are summarized in Figure 29. All types show the same tendency as a first approximatie
fl’he. features are as follows: In the range of density above 0.5 g/cm?, the E-p relation
is linear. Below 0.5, E decreases with decrease in density in an exponential form, For
EEhe new deposits the phenomenon of age hardening is shown by the upwards shift of the

~p curve,

When the processed snow is left in the field for one year, the E-p relation is
Scattered in the area of a band, with the curve for naturally compacted snow lying
lnside of this band. High densities were observed in the 1-yr-old snow, the maximum
being 0.59. The maxirmnum density observed in 1958 in compacted Peter snow was 0, 55.
The increase in density is due to the effect of the load of overlying snow.

The PS samples left in the laboratory for one year showed very high values of E,
Among thgse,. the V, W-Z, and a-h series already showed high values of E in the previow
year. This high value of E was explained by the heterogeneity of grain size. After one

year the Young's modulus of these samples became very large, almost twice that of
naturally compacted snow. The effect is marked in the range of low density.

Age hardening and internal structure

" Age hardening of Snowblast snow. The increase of Young's modulus with time t is
]S)lown In Figure 30 for Snowblast snow. Five samples of undisturbed SB (Al, A8, B4,
» D5) are shown. For compacted SB, the values of EE corresponding to p = 0, 550




~
—

"xA 1 103 PISTF Y3 ur 333T Sd JO
-mous pessanoid Jo SPUIY SNOTIBA IO0F UOTIRII d-H “67 2INJ1d 91298~ 1 ‘H PUL $91I95- 3] 3] pa3oeduwiod g3 pue
’ §91198-0 pPoqInisipun 9y ‘uomersI d-F g7 2i1ndrg
((WD/9) ALISN3G ¢
((WD/2) ALISN3Q 'd
0vG  2v0 H»0 ., 9¥0 8v0 050 2CO0  HSO 950  BGO 090 290

(ZWO/SENACI) SNINGOW S,9NNOA ‘3

' T T T T : — 0 Zv0 pv0 S¥0  8¥0 O0S0 260 S0 950 8S0  080 290
= T ! ! T T T T T
O
= ANqull_l 4 20 i \ 1
«n RS
D - al3id N 4 po -
& ¥A-1'Sd L e 4 o
a B ~e "~
0 ( e
E - . ~ b // //I
Q -1 90 LT /,/Wu/// | Jd 5o
m v m ///o o 4/1 N i
- HAl'Sd A o - ~ o~ N
Ay (u-9) 80 m = /o// N 4 8o
(Z-m) 5 00 a
m._u . @ N /; // 7 v 2 ot
o e S 01
[45] N
H = ;
B -4 2 m B 12
R c
ML . *
&y 4 e B 1 o
o E
& z
[aH 19 @ L _ - 9
o H
N g |
3
& o2 oz
. : \ /‘ %,
L ) (¥YINNYE9) ; v X o
1% L woo08<a) o azsunisiaNn ° L o 4 ze
. " >,
N\ J‘V /\G
L o a3g¥NLISiaNn © NI
4 ve ; % % B
B HHINH] O3L0VdNOD e _/. AN 2 %, e
\ 2,
- N\ » 7 A
L NN
1°9¢ X Ho01% 92

o_o_xm.m



18 ELASTIC PROPERTIES OF PROCESSED SNOW
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Figure 30, Age hardening of Snowblast snow, undisturbed (A, B, D)
and compacted (F). Nos, in parenthesis show density, g/cm3.

and p = 0.575 are taken from the F-series curves in Figure 5. All curves show the
form of a saturation curve, The trend agrees with the results obtained in 1958 for
Peter snow (Nakaya, 1960, Fig. 11).

The relation between age hardening and internal Structure was studied with respect
to two samples of undis turbed snow A8 and B4,

Photomicrographs of A8 taken at three stages are shown in Figures 31-34, Two
days after deposit (Fig, 31), large and minute grains are seen mixed with each other.
Bonds between grains are observed at most of the points of contact. The average size
of the bond is of the order of 0.1 mm diam, At ¢ =< 4 days (Fig. 32) minute particles
are smaller in number than at ¢ = 2 days and the bonds are more developed, The
average bond size is a little over 0.1 mm,

The change in internal structure is clearly seen at ¢t = 19 days (Fig. 33).

Minute particles are almost gone, and the bonds are very well developed. The dis-
appearance of minute particles is considered to be partly due to sublimation and partly
to amalgamation with larger grains (discussed below). The average size of bond grew
to about 0,2 mm in diameter, Usually one grain is not a single crystal, but is made

of several crystals (Fig. 34). Most of the boundaries are observed in the form of a
straight line, One good example is shown hear the center of Figure 34. This kind of
boundary is conveniently explained ag the result of surface migration of H,0 molecules,

Initial stage of bonding. The initial stage of bonding was studied by solidifying the
snow sample with aniline shortly after the deposit was made. One example of undisturbed
SB (sample B4) is shown at ¢ = 2hr (Fig. 35), and t= 18 hr (Fig. 36). At t=2 hr,
many minute particles are observed and their shape suggests that they are produced by
crushing of the §now by the snow miller, Bonding between grains is not yet noticeable,
but close examination of the photograph reveals that a few bonds have already started
in this stage. It is an interesting fact that bonding has already begun 2 hr after deposition
After 18 hr (Fig. 36), bonding is clearly observed. Most of the points of contact
between grains are connected by ice bridges of about 0, 05 mm diam. The minute
particles decrease in number and become rounded, This must be caused, at least
partly, by evaporation due to curvature,
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Figure3l. A8: SB undisturbed, p = 0. 515, Figure 32. AS8: SB undisturbed, p = 0. 515,
t =2 days, x27.7, d = 0,07 mm. t = 4 days, x27.7, d = 0. 06 mm.

),

X
»

Figure 33. AS8: SB undisturbed, p = 0,515, Figure 34, Same as Fig. 33,
t = 19 days, x27.7, d =0, 08 mm. under crossed polaroids.
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Figure 35. B4: SB undisturbed, p = 0, 503,
t=2hr, x27.7, d = 0. 08 mm.

Figure 36. B4: 5B undisturbed, p =0,503,
t=18hr, x27.7, d = 0. 05 mm.

- ¥

JW g s*‘% &

Figurs 37. B4: SB undisturbed, p = 0, 472, Figure 38. B4: SB undisturbed, p = 0.472,
t=3days, x27.7, d = 0, 05 mm, t =17 days, x27.7, d = 0. 07 mm.
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Figure 39. Age hardening of Peter snow, 1958 and '59.

Similar behavior of minute particles and mode of bonding is observed in the case
of Peter snow (Fig. 40, 41). Further development of bonding is similar for SB (Fig.

37, 38) and PS (Fig. 42, 43).

Age hardening of Peter snow. The E-t curve for Peter snow is shown in Figure 39
for two series, B and M, N. Young's modulus corresponding to p = 0.50 1is read
from the E-p curve and plotted with a solid line. The trend of the curve is the same as
for Snowblast snow, The internal structure at t =3 days and t =15 days 1is shown
in Figures 42 and 43. Three days after deposition most minute particles have vanished
and ice bridges are developed, the average diameter being about 0.1 mm. At t= 15 days
(Fig. 43) the minute particles are all gone and the bonds are well developed. No essential
difference was observed in the structure of Peter snow and Snowblast snow.

The results of experiments carried out in 1958 and of tests on samples left in the
laboratory for one year are shown in Figure 39 by broken lines.

Mechanism of bonding

The mechanism of formation of ice bridges between grains is an interesting and
important problem not only from the scientific point of view but also from the standpoint
of snow engineering in the Arctic.

One of the features of this bridge is that in most cases the boundary between
amalgamated grains takes the form of a plane, a straight line in the two-dimensional
cut. One good example is given in Figure 34. Another example is shown in Figure 44.

The mechanism of formation of this kind of boundary is conveniently explained by
assuming the existence of a liquidlike film on the surface of ice at temperatures below
freezing. Weyl proposed this idea (1951); an experiment showing the existence of a
liquidlike film on the ice surface was reported a few years later (Nakaya and Matsumoto,
1954) and confirmed by Hosler and others (Hosler, Jensen, and Goldshlak, 1957).

If we assume this liquidlike film, the development of bonding will proceed as
schematically shown in Figure 47. In this case the formation of a straight boundary
is expected. The boundary as shown in Figure 47c is indicated by an arrow in the
photograph of Figure 45. Kingery (1959) studied the rate of growth of bonding at the
point of contact of two ice spheres, and found that the welding together of ice particles
occurs as a result of surface diffusion. In a similar experiment, Kuroiwa (personal
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J

Figure 41, E5: Peter snow, p = 0, 493,
t=21hr, x27.7, d = 0. 09 mm.

Figure 40. Es. Peter snow, p =0.493,
t:Zhr,x27.7_. .4 =006 mm,

Peter snow, p = 0. 493,
t=15 days, »i27. 7, d = 0,07 mm.

Figure 42, g5, Peter snow,

= o"' - ' R
t =3 days, %27, 7, d=0 07; 493, Figure 43, Es.
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Figure 44, B4: SB undisturbed, t = 3 days, p = 0.472,
d=0.04 mm, x17.6, no. 573.

Figure 45. DI1: SB undisturbed, t = 24 days, Figure 46. HIl: PS in the field, t = 1yr,

p = 0.464, d = 0. 02 mm, x36, no. 558. p =0.562, d =0.04 mm, x17.6, no. 549,
' ' crossed polaroids,
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Figure 47, Model of growth
of bonding by surface diffusion,

Figure 48. Sketf,h of arrangement of grains. PS left in the field for 1 yr;
H-series. Photo of part of sample is shown in Fig. 46.

c2$5nun1catlon) studied the’ growth of bonding statis tically during age hardening of

got y:::&:l\;’;h lz]Smg tEllu_e thin section method with aniline. According to his results,

Sintesing theore » Sublimation as we]_.l as surface diffusion participates in the process.
radioms ¥ 1s applicable under isothermal conditions. When a small thermal

g eX18ts, sublimation will take place on a microscopic scale, which is effective

in the growth of bondin . Further detaj i i
clarify the mernondic gof bonding, etailed experimental studies are necessary to

netw:rrlllceszi(::r;ds ievelop fully, the arrangement of ice grains shows a structure like a
e.g. Fig. 46 ig)s. T}'{‘ii;e_Samp_les left in the field for one year belong to this category
four Al th,is st;.ge n r;sasgezlntiir:edlﬁtﬁ_stage of transition of snow into glacier ‘

B . ) rysta i
lmportant role in further densification.y t#ation un
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