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Abstract

Experiments were made on fracture of snow under tensile stress in the laboratory and field, as the
tensile fracture plays one of the most important roles in the releasing mechanism of a slab avalanche.

First, specimens, in the cylindrical form 5 cm in diameter and 12.5 ¢cm in length, of natural fine-grained
old snow were subjected to a uniaxial tensile experiment in the cold laboratory at various temperatures,
the snow density ranging from 240~470 kg - m™ and the crosshead’s tensile speed ranging from 6.8x107®
~3.1x 10™m - 57!, which provided the specimens with the average strain rate in the range from 5.5x 1077
~2.5%107%™. Then, the maximum extension attained was 23 %. Also investigated in the experiment
was how much the behavior of snow under tensile stress depends on density and temperature.

As the result of the above experiment it was revealed that, when the strain rate was higher, medium
and lower, brittle fracture, two modes of ductile fracture and fractureless creep took place respectively.
Accordingly, four general types were classified as to the behavior of snow under tensile stress. In the case
of ductile fracture, microcracks appeared locally in a band or all over the specimen when the tensile strain
amounted to several percent, which was followed by fracture as the percentage increased.

Secondly, conditions under which microcracks grew were investigated, whereby it was found that
fracture started with formation of microcracks. Then, using the critical strain, a description was given to
the condition under which snow under tensile stress came to fracture.

Thirdly, the fracture condition obtained in the laboratory using small-sized specimens was examined
by subjecting a snow cover on a slope in the field to an experiment, with the result supporting the validity
of this condition. Finally, a brief rheological interpretation was given to the fracture of snow under tensile
stress.

* Contribution No. 2625 from the Institute of Low Temperature Science
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I. Introduction

According to the Classification of Avalanche defined by Japanese Society of Snow and
Ice (1964), the avalanche is classified into two general types, i. e., “point released avalanche
(avalanche released from a point)” and “zone released avalanche (avalanche released by a
zone or slab)”, by a difference in mechanism of avalanche releases, apparently by a difference
in areal extent of avalanche sources. While the slab avalanche appears as either full-depth
or surface avalanche, the point released avalanche appears only as the surface avalanche.
Generally speaking, most of large-scale and disastrous avalanches belong to the slab ava-
lanche type ; they break out frequently throughout the snow season (Akitaya 1974, Ikarashi
1979).

A slab avalanche is released instantly by zonal disintegration of a snow slab on a slope.
The snow slab can stay stably on the slope against the gravity, being supported by the
neighboring snow cover and the bed ground or snow. The boundary of the slab is generally
classified into four parts according to the position ; i. e., crown surface (upslope side of the
slab), stauch wall (downslope side), flank surface (lateral side) and bed surface (bottom)
(Perla & Martinelli 1976). The neighboring snow or ground of the slab supports the slab
from sliding down the slope by tensile, compressive and shear strength of snow and friction
between snow and the ground across the boundary. If a snow slab on a slope loses these
supports as a result of fracture of the boundaries, a slab avalanche is released.

Fractures of slab boundaries do not necessarily take place simultanelously all over the
boundaries. In the case of the ground avalanche which is a full-depth slab avalanche, it is
clearly observed that snow fracture along the crown surface takes place primarily, appearing
as a large tension crack. Then, deformation of the slab comes about as a result of its glide
motion, appearing as surface pleats and undulations ; and finally a ground avalanche is
released (Shoda 1967, Narita & Shimizu 1974, 1975, 1976, 1977). The lapse of time required
for an avlanache release form the time of appearance of the primary tension crack varies
greatly depending upon the condition. Generally, it is from a few hours up to several days
for the ground avalanche, but sometimes a tension crack remains at the crown surface until
the time of snow melt, even having spread its width but without an avalanche release. (In
the case of a superficial slab avalanche, it is released almost the moment that a tension crack
appeared.)

The crown surface (wall of the tension crack) shows two kinds of features accoridng to
the condition. Generally, a crown surface appears as a clearly cut plane surface perpen-
dicular to the slope, as if it was caused by brittle fracuture of the snow cover. This is a
fairly well-known fact. Sometimes, however, the crown surface appears as a rugged and
irregular cut end, which shows that microcracks were scattered in snow near the tension
crack. It looks as if the snow cover was torn off by ductile fracture. This is a newly
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noticed fact which has not been reported. It is reasnoably considered from these obser-
vations that tensile fracture of snow across the crown surface of a snow slab on a slope plays
a fairly important role in the releasing mechanism of a slab avalanche.

A large number of researches have been conducted on the behavior of snow under tensile
stress as follows : Shinojima (1962) made a research on the creep of snow by a tensile
experiment with the strain rate of the order of 1.6 X1077s™". Several investigators (Keeler &
Weeks 1967, Keeler 1969, Martinelli 1971, Sommerfeld 1971) carried out “spin-tests” of snow
actively to measure the tensile strength of snow, but the strain rates of the tests were not
made clear. Salm (1971) deduced a failure criterion of snow by tension and compression
from a laboratory experiment on strain rates in the range of € >1.6x107%™". McGabe &
Smith (1978), using a testing instrument for the tensile strength of snow, made six experi-
ments in the range of £§=0.5~5.0x10"%"". However, the strain rates they used were
sporadic ones and in a limited range, because they had a practical aim mainly to obtain the
tensile strength of snow ; so, the result failed to provide basic information on the mechanism
of fracture of snow.

Thus, the author intended to make fundamental researches on the behavior of snow
under tensile stress in terms of deformation and fracture in a wide range of strain rates so
that he was able to use the result for a sufficient discussion on the releasing mechanism of
a slab avalanche. Having initiated an experiment of snow under tensile stress in 1977
(Narita 1980), he continued the experiment totaling 210 in number, under the condition as
follows : the temperature and the strain rate, to which snow specimens with a density from
240~470 kg - m™® were subjected, ranged from —2.5~—18C and 55%X107~2.5x 10737
respectively. Besides, in order to validate the fracture condition obtained from the labora-
tory experiment in which small-sized specimens were used, he conducted a field experiment.
Both the experiments were carried out at the Avalanche Observatory, located in Toikanbetsu
in northern Hokkaido, of the Institute of Low Temperature Science, Hokkaido University,
and in the vicinity of the Observatory.

II. Uniaxial Tensile Experiment : Types of Deformation and
Fracture of Snow

II. 1. Experiment

i) Snow Specimen
A total of 210 uniaxial tensile experiments of snow were carried out from January-
March in 1977, 1979 and 1981, in the cold laboratory of the Avalanche Observatory,
Toikanbetsu, using specimens of fine-grained old snow.
A snow specimen was prepared as follows : To begin whith, a snow block uniform in
structure (grain size and density), approximately 30 cm X 30 cmx60 cm in dimensions, was
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sampled from a natural snow cover near the Observatory. The uniformity of snow structure
was assured through a visual examination of a snow plate of 1 cm thick by transmitting light
through it at the sampling site. The selected snow blocks were stored in the cold room at —
10°C to maintain their initial conditions as good as possible, suppressing metamorphosis of
snow.

Then, snow specimens were successively taken out from a stored snow block using a
cylindrical metal sampler (5 cm in inner diameter and 12.5 ¢cm in length) in parallel to the
snow layer, at least after 24 hours of storing but not later than 30 days.

ii) Instrument and Experiment

The instrument used for the tensile experiment of snow, shown schematically in Fig. 1,
can provide the crosshead with different constant deformation speeds between 6.8 X 107 and
3.1x10m - s The ascending speed of the rod was controlled by the decelerator 5 and the
reduction gears X and Y, in Fig. 1. For the tensile experiment of snow, 18 different constant
speeds were selected, ranging from 6.8 x107® to 3.1x10™m - s™, which corresponded to the
average strain rates of the specimens approximately from 5.5xX1077 to 2.5%x 107%™ The
tensile force was measured by a load cell with a capacity of 2X10°N or 5% 10?N, depending

13 12

Fig. 1 Schematic diagram of the instrument of
tensile experiment of snow.

1: snow specimen, 2 : load cell, 3 : connector,

4 : ascending rod, 5 : decelerator, 6 : motor, 7 :

fan, 8 : electric heater, 9 : thermometer, 10 :

thermo-regulator, 11 : dial gauge, 12 : ampli-

fier, 13 : recorder, X & Y : decelerating gears. Fig. 2 A snow specimen mounted on the instru-

ment. S : snow specimen, C : connector, A :
ascending rod, L : load cell.
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upon the snow density. Also, displacement of the crosshead was measured with a dial-gauge
to check things such as whether the crosshead was moving properly. The tensile force and
displacement of the crosshead were recorded continuously on a trip chart during the experi-
ment.

The instrument was installed in a thermally insulated box, which was placed in the cold
laboratory kept at —20°C. Inside of the box was kept at a specific temperature between 0
and —20°C, using an electric heater, a stirring fan and a thermo-regulator. The temperature
inside the box was also recorded simultaneously on a trip chart.

A connector was fixed at each end of a snow specimen by the freezing method ; the
specimen was then mounted on the apparatus between the load cell and the ascending rod, as
shown in Fig. 2. Each connector had a series of concentric circular grooves (1 mm both in
width and depth) with the interval of 1 mm on the contact surface with snow for increasing
the contact surface area with the snow specimen. When the connectors were fixed, the axis
of the specimen had to coincide precisely with those of the rod and the load cell through the
connectors. For that purpose, the specimen and the top and the bottom connector were
placed, before they were fixed, horizontally on a guide rail with a straight V-shaped groove
in the order : the top connector, the specimen, the bottom connector ; then, they were brought
to contact with each other by sliding the connectors along the groove. At this stage, if the
temperature of the connectors was about+0.5°C, it melted both the cut ends of the snow
specimen by a thickness of 1~1.5 mm and no more. Allowing the specimen to stand as it
was for a while, the connectors were each tightly fixed on each cut end of the specimen
maintaining a common axis with the specimen by the freezing of the meltwater which had
filled up the circular grooves of the connectors. The meltwater did not penetrate into the
body of the specimen. This procedure was conducted in the cold laboratory kept at —10°C.

Temperatures at which the experiment was conducted were —2.5°, —6°, —10° and —18°
C. So, a series of tests was carried out check the thermal equilibrium of a snow specimen,
which was initially kept at —10°C, with the air and instrument, which were different in
temperature from the initial temperature of the specimen. As a result, it was confirmed that
the specimen attained a thermal equlibrium in shorter than 50 minutes, even in case of a
largest temperature difference amounting to 8°C. Therefore, a tensile experiment was
started one hour, at least, after the specimen was mounted on the apparatus in the box at a
specified temperature.

1. 2. Tensile Deformation and Local Strain of Snow !

Although snow with an apparently uniform structure was subjected to a uniaxial tensile
experiment at the constant speed of the crosshead, it was not obvious whether or not uniform
strain took place all over the specimen and whether or not values of displacement and speed
of the crosshead enabled the calculation of the real strain and strain rate of snow, re-
spectively. To make them obvious observations were made, in some detail, of the real
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deformation of snow in the local domain of the specimen by the following experiment.

In advance of the experiment the specimen was
graduated exery 1 cm on the lateral side parallel to
the axis by stenciling the lines with colcothar powder,
as shown in Fig. 3. During the experiment,
deformation of the graduations was intermittently
photographed and measured. Then the local strain of
the specimen was calculated taking exery other
graduations as the boundaries of a local domain.
The local strain was calculated by comparing the
original distance between every other graduations as
the intial length with the transformed distance at
every measurement as the final length. The result is
given in Fig. 4.

As seen clearly in the diagrams, the local strain
which took place was not uniform all over the
specimen ; moreover, a dispersion in local strain
increased as the deformation of the specimen pro-
gressed (Fig. 4 (a)). If the specimen was slowly ex-
tended, the dispersion of the local strain was con-
siderably small even in case of large strain (Fig. 4 (b)).
In Fig. 5, the standard deviation of the local strain was
plotted against the apparent strain of the whole body Fig. 3 Graduated snow specimen.
of the specimen in the crosshead &. This result shows (I em graduation)
clearly the tendency of the local strain described above, though the data obtained for a small
strain rate are not sufficient to warrant a conclusion.

Thus, the local domain of a snow specimen behaves unsystematically even under uniaxial
tensile stress, which is caused possibly by uniformless distributions of mechanical property
and invisible nucleus of fracture in snow texture, as shown by observations of thin sections.
Moreover, nobody can estimate the real local strain from a displacement in the crosshead of
the specimen, i. e, the deformation of the whole body of the specimen.

Here, when characterizing the experimental condition, the author defined the strain of a
specimen, g, by the apparent strain of the specimen in the crosshead ; so, in this paper the
strain of a specimen does not necessarily coincide with the real local strain.

1. 3. Twpes of Deformation and Fracture of Snow under Tensile Stress

At the beginning, snow of the density p was subjected, at —10°C, to the strain rate Zin
a uniaxial tensile experiments, p and € ranging from 290~310 kg - m™® and 5.5x 1077~2.5X
107%s7? respectively. The experiment led to the classification of four general types con-
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Fig. 4 Distribution of the local strain of snow under uniaxial tensile stress. Chain
line indicates the strain of the specimen in the crosshead e.

cerning deformation and fracture of snow, i. e., types a, b, ¢ and d, depending upon the strain
rate E, as shown in Fig. 6. The followings give the description and definition of each type :
i) Type a : When a snow specimen was extended at a strain rate in the range of 2.4 X
10 <£<25x107%", the resisting force of snow to extension increased linearly with
an increase in strain, until the specimen suddenly broke up at a strain of 0.15~0.309,
the largest being 0.89, as shown in Fig. 7. The cut end of the fracture was sharp and
perpendicular to the direction of tension, but observations of thin sections showed no
noticeable change in structure of snow, as compared with the initial state. Although
the deformation of snow up to the time of fracture looked to be “elastic” by an
apparent linear relation between resisting force and strain, it was actually a “visco-
elastic” deformation, and the fracture was “brittle fracture”. This type of deforma-

tion/fracture of snow was classified as “type a” in this paper (Figs. 6 and 7).
Strength of snow R in the case of “type a” was defined by the largest resisting
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force to extension by which the snow
specimen was broken up.

Type b : When a snow specimen was
extended at a strain rate of 7.0x107°<
£<2.4x10™%s™!, it was not broken up in
the linear visco-elestic region OC, and
behaved viscously in the region
beyound point C sustaining a fairly
constant resisting force to extension,
as shown in the diagram of Fig. 8. At
point K, the resisting force began to
decrease obviously, leading to fracture
at F. Characteristic appearances of
this type of deformation/fracture were
the formation of “microcracks” in the
specimen and the feature of fracture.
On the way of the viscous deformation
CK, microcracks appeared
perpendicularly to the direciton of

STANDARD DEVIATION OF LOCAL STRAIN
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Fig. 5 Standard deviation of the local strain of

snow under uniaxial tensile stress.
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Fig. 6 Four types of deformation and fracture of snow under uniaxial tensile stress.
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tension in a limited zone near the
When
the deformation came close to K, an
indication of fracture appeared in the

central part of the specimen.

area of microcracks, as seen in photo-
graph (2) of Fig. 8. The indication of
fracture grew to a distinct crack and
stretched the width fairly quickly as
the deformation increased, and finally
attained to the fracture of the
Compared with that of the
brittle fracture of type a the cut end of
the fracture showed a rather rugged

specimen.

RESISTING FORCE

R 5 Strength of snow

N
X O

o(x10° N)

(5

0

F I
oo Brittle

¢ fracture
B M

05 10 15
STRAIN , £( %)

Fig. 7 Deformation/fracture of snow, type a.
(8=8.33x 1077, p=370 kg-m=3, T=—10"C)

surface. As this fracture was very similar to a specific type of fracture in metallurgy,

this was called “ductile fracture” in this paper.

=z
o
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&) 2r R K
O Olumcoans
 Rpc E Ductuile
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Fig. 8 Deformation/fracture of snow, type b.

(£=9.15%107%"", p=298 kg-m™3, T =~10°C)

This type of deformation/fracture of
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snow was classified as “type b”.

Strength of snow R in the case of type b was defined by the maximum resisting
force of snow to extension which appeared in the viscous region CK.
Type ¢ : When a snow specimen was extended at a strain rate of 1.0 xX105<z<7.0 X
107571 it behaved also viscously like type b in the region beyond C. But it was never
torn off even by a large strain of £=23.3%, while a remarkable failure appeared on the
specimen near the end of the experiment, as shown in the photographs of Fig. 9. The
resisting force of snow to extension began to decrease very slowly on the way to K,
obviously at K, and very remarkably at G, in the diagram of Fig. 9. The most
characteristic appearances of this typje of deformation/failure process was the
formation of microcracks in the specimen and the feature of failure. On the way of
the viscous deformation CG, microcracks appeared perpendicularly to the direction of
extension all over the specimen. They increased their number and size as the exten-
sion proceeded. In the region beyond G, an indication of fracture appeared at several
places in the specimen, and they grew to large cracks connecting several microcracks
with each other. However, the specimen was never torn off even by a large strain of

w
T

R ; Strength of snow

RESISTING FORCE 1% ny
— N

' ( ' L 1 ' L 1 L | i L I 1 I i I L 1 I L s

STRAIN, (%) 10

o
(8]

£€-=0 €= 8.9 €= 16.5 £=18.7 £=23.3 %
Fig. 9 Deformation/fracture of snow, type c.
(£=2.96 x 107557}, p=455 kg - m™®, T=—10C)
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Fig. 10 Deformation of snow, type d.
(=954 x 107s™!, p=337 kg - m™®, T=—10C)

23.39, as shown in the photographs of Fig. 9. It took 2.2 hours from the start of this
experiment to attain to the strain of §=23.3%, 1. e., from the photographs (1) to (5) of
Fig. 9. Continuing this experiment further, the specimen would also be torn off by
ductile fracture. This type of deformation/failure of snow was classifed as “Type ¢”.
Strength of snow R in the case of type ¢ was defined by the maximum resisting
force of snow to extension which appeared in the region beyond C.
Type d : When a snow specimen was extended at a strain rate of 5.5X 107<E<1.0%
107%1, it behaved as a viscous substance, increasing the length and decreasing the
diameter uniformly with neither fracture nor microcracks as the extension proceeded,
even by a large strain of §=22.39, as shown in the photographs of Fig. 10. The
resisting force of the snow to extension increased very gradually as the strain &
increased, as shown in the diagram of Fig. 10. This type of deformation was classified
as “type d”. The deformation of snow of type d is “creep” as far as no failure appears,
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at least up to §=22.3% in this experiment.
1. 4. Density Dependency of the Behavior of Snmow under Tensile Stress

The first series of tensile experiments of snow was carried out under conditions of the
constant snow density (290~310 kg - m™) and the constant temperature (—10°C), in the range
of 55%x107"~2.5Xx 107%™ in strain rate, to obtain the general view of the behavior of snow
under tensile stress. To investigate the density dependency of the behavior of snow under
tensile stress, the second series of tensile experiments of snow was carried out. In this
series, the density of snow was ranged from 245~466 kg - m™, while the temperature was
keept at —10°C. The strain rate covered the range from 55X1077~22x107%% The
strength of snow was measured by the definition described in II. 3. The results were plotted
in the diagram of strain rate € versus strength of snow R together with the type of
deformation/fracture of snow, as shown in Fig. 11. As seen on the diagram, the strength of
snow increased fairly rapidly with a decrease in strain rate in the region of brittle fracture
(type a), while it decreased rather gradually in the regions of ductile deformation/fracture

IR T T TR T T T T LR AR T 1 1

. Deformation/
Density Fracture

( kg-mi3) [Type be[Type a
250~350 [¢] L] ]

350~450 s A 1

N
o

—
(3]
I

)
|

- o]
- °© Q

®
| 9= 250~350kgm3
5 / ductile . i ]
B se
[ ]

o Lt MR L 1||n|[_ 1ol | _
10° 10° .6t 10°
STRAIN RATE € .(s™)

STRENGTH OF SNOW R, (x10°Nm?2)
T

Fig. 11 Density dependency of tensile strength of drifted snow, and transi-
tion from brittle fracture to ductile fracture.



14 Hideki NARITA

LA L e N s N N A D I L B B B
A -
- .
s A A
=3
10 ;‘ .‘0 ° A _:
E (1) [ [ - A AA A 7]
L. - oo @ AA B
n \\~~.\. .... A A A A4 Rk
B T~ “ gt 4x10°P-256 |
- ) o % o ~ - A\A\[ig €=-354x10 X
@ 10 3 o A A~k A E
Ty C T~
- ]
w B J
E . & A 2 an A J
AA A
Z .5 o o
= | .
ém = o) o A E
= [ b
wn _ i
- o] o A A .
- o o 4
_6— T~ ° ° A
©E Teeelle ;- -354x10°-4.93 E
= ~ ~ . _log €=-354x10"F -4, 3
- ® e ‘~g~\é A ]
_1 I T O S | l#L AT AN TN A S DR T T B W A i
250 300 350 400 450

DENSITY OF SNOW (kgm )

Fig. 12 Density dependency of behavior of drifted snow under tensile stress.
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(types b and c).

Regarding the effect of the snow density on the strength of snow, one can see a general
tendency that the strength of snow increases with increasing snow density. However, the
density dependency is rather broad. It is considered that the strength of snow does depend
not only on its density, but also on its structure, i. e., diameter, length, orientation and number
of ice bonds connecting the snow grains with each other ; the strength of snow vaires
considerably with the structure even for specimens of the same density. The structure is
likely to have a predominant effect on the strength of snow rather than the density itself.
However, the author took the density as one of the parameters of the strength of snow for
the first approach to investigate the snow strength, as we do not have any other appropriate
ways to describe the snow structure precisely at the present time. This fact must have
brought about such a rather broad dependency of the strength of snow on the density.

Plotting the experimental results on a p — & diagram, the types of deformation/fracture
of snow were clearly specified by the range of strain rates, as shown in Fig. 12. Namely,
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brittle fracture (type a) took place at strain rates above 2.3 X107*s™ at the denisty of 300 kg -
m~3, and the boundary for the strain rate of transition from type a to type b descended with
an increase in density. Accordingly, the brittle fracture condition is,

log €>—354x107%- p—2.56, (1)

Where € is the strain rate (s%) and p is the snow density (kg - m™). Equation (1) suggests
that brittleness of snow increases with an increase in snow density or strain rate.

Ductile behavior (types b and ¢) appeared in the range from about 1x 107%™ to 2.3 x10™*
s~ at the density of 300 kg - m™. The number of data of type d obtained were three in the
experiments of this series, and the boundary between types d and ¢ was given by the condition
under which type d took place, as the following equation :

log €< —354x107+ p—4.93. 2

Equation (2) suggests that plasticity of snow increases with a decrease in snow density or
strain rate.

. 5. Temperature Dependency of the Behavior of Snow under Tensile Stress

Another tensile experiment of snow was made to look into the temperature dependency
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Fig. 13 Temperature dependency of tensile strength of calmly deposited snow, and
transition from brittle fracture to ductile fracture.
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The relation between the strain rate 16 .~
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and the strength of snow is shown in C - a /”’
Fig. 13. The temperature dependency -

& o

of the strength of snow under tenisle :‘ﬁ i ,,‘5:" log & =-0756log T -3.45 |
stress appeared very clearly in con- w 7 ® i
trast with the density dependency. ; i o < |
The strength of snow sustained a re- & od &

markably constant value in the higher é -

region of brittle fracture (type a) and g 10 E _:
rapidly increased in the lower region, C Density 360380 kg-m™ .
as the strain rate decreased. In the B = 00 % ]
transitional region from brittle

fracture to ductile deformation/ ) | . . i
fracture, the strength of snow attained I_,‘e -0 = I_é L '_2[.5 :

to the maximum value ; then it de- TEMPERATURE T,(°C)

creased rather gradually with a de- Fig. 14 Temperature dependency of behavior of calmly de-
crease in strain rate in the ductile posited snow under tensile stress. (The same symbols

. . . .. as in Fig. 13 are used.)
behavior region. Besides, the position

of the maximum strength of snow shifted toward to lower strain rate, whereas the value of
it increased with lowering temperature.

A comparison of the #— R curves given in Figs. 11 and 13 shows some different general
shapes from each other, though they should accord exactly with each other if the conditions
of the specimen and experiment coincided. The reason of such a disaccordance in the —
R curves was considered to originate from a structural difference in snow specimens. As for
snow used in the experiments, it was drifted snow for the former series and calmly deposited
snow for the latter series. Observations of thin sections of these two kinds of snow showed
some structural difference between them ; namely, the grain size of the drifted snow was
somewhat finer than that of the calmly deposited snow on the average, if they had about the
same density. As mentioned in the previous section, the strength of snow varies fairly
widely with the structure, even in case of the same density. Therefore, it is considered that
such a systematic sampling of snow for the experiments, i. e., drifted snow for the experi-
ments for density dependency and calmly deposited snow for those for temperature depen-
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dency, resulted in such a disaccordance in the general shapes of the €— R curves between
these two series. Further experiments are necessary to clarify this disaccordance.

Plots of experimental results of this series on the diagram of temperature versus strain
rate (7 —% diagram), show a fairly clear boundary between the brittle fracture and ductile
fracture of snow, as shown in Fig. 14. Accordingly, the brittle fracture condition is,

log € >—0.754 log T —3.45, (3)

where Z is the strain rate (s and T is the temperature ("C). Equation (3) suggests that
brittleness of snow increases with lowering temperature and increasing strain rate.

. Formation of Microcracks in Snow under Tensile Stress

M. 1. Field Observation of Micvocvacks appearing in a Snow Cover on a Slope

Field observations were made of microcracks appearing in a snow cover on a slope near
tension cracks. Two types of snow fracture making a tension crack were found, as briefly
described previously, i. e, “brittle fracture type” and “ductile fracture type”.

Figure 15 shows a tension crack of the brittle fracture type. The cut end of the fracture
is fairly straight and smooth, being perpendicular to the slope. No noticeable change was in

structure of snow in the region near the crack,
et compared with that of ordinary snow away from
the crack, even by observations of thin sections.
This type of the cut end keeps its clear-cut shape
for a fairly long time, even after the widening of
the crack width.

Fig. 15 Tension crack of the brittle fracture type. Fig. 16 Tension crack of the ductile fracture type.



18 Hideki NARITA

50cm

Fig. 17 Microcracks which appeared in a natural snow cover on a slope.
(1) Location of the tension crack (at the center of the circle). (2) Thin section
of snow sampled at 30 cm upslope of the tension crack. Thin section was
prepared in parallel to a snow layer. (Arrow mark indicates the direction of
the maximum slope.)

Figure 16 shows a tension crack of the ductile fracture type. The cut end of the fracture
is rugged and irregular, and small cavities of several centimeters in diameter were observed
scattering in snow near the crack.

A snow block was sampled from a position about 30 cm upslope side of a tension crack
(ductile fracture type), which appeared in the circle on photograph (1) of Fig. 17, and thin
sections of the snow were observed. A thin section of the snow was prepared in parallel to
the snow layer. As seen clearly in photograph (2) of Fig. 17, microcracks of the order of
millimeters in width and millimeters—~ centimeters in length had appeared on the thin section
of the snow roughly perpendicularly to the direction of the maximum slope line. Such a
structure in snow is very characteristic and hardly observed in the ordinary snow cover.

A fairly large number of such observations were made ; and it was presumed that these
microcracks and small cavities in snow near some tension cracks should have been created
when the snow cover was going to be broken up under tensile stress.

M. 2. Observation on Micvocrack Growth in Snow in the Labovatory

As described briefly in the previous Chapter, microcracks appeared in snow when it was
subjected to a tensile deformation of type b or ¢, 1. e, extension at a strain rate of the order
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7.0 mm

Fig. 18 Microcracks which appeared in a snow specimen after a tensile experiment
(deformation type c).
(1) Observation by transmitting light. (2) Thin section of the specimen (Arrow
mark indicates the direction of tension).

of 107<E<10™s™, Figure 18 gives an example of the microcracks which appeared in a
snow specimen subjected to tensile deformation of type ¢ in the laboratory. Positions of the
microcracks are approximately perpendicular to the direction of tension, and their shapes are
similar and their dimensions are of the same order as those observed in the natural snow
cover.

Through these observations on the microcracks, it was considered that the microcracks
found in a natural snow cover in the vicinity of tension cracks (ductile fracture type) and that
those observed in the snow specimen used for the tensile experiment at the strain rate of the
order of 107<z<10"*s" were formed by the same mechanism.

M. 3. Growth Condition of Micvocracks in Snow underv Tensile Stress

To investigate the growth condition of microcracks in snow in more detail, the following
experiments were conducted :

1) Effect of strain rate : A tensile experiment of snow was carried out using specimens
of a constant density, practically ranging from 410~440 kg - m™, at the constant
temperature of —10°C and three different strain rates : F=95%107; 7.7x10°%; 41X
107%s"".  When the strain of the specimen attained to a constant value of §=139;, it
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Strain rate 9.5%x10"7s"}, (2) Strain rate 7.7x107%", (3) Strain rate 4.1x107%77,
strain 13.6%, density 440 kg- strain 13.3%, density 410 kg- strain 12.7%, density 425 kg-
m™®, temperature - 10°C. m~3, temperature —10°C. m™?, temperature--10°C.

Fig. 19 Effect of strain rate on the microcrack growth in snow under tensile stress,
in the laboratory. (Arrow mark indicates the direction of tension.)

stopped extending : then its thin sections were observed concerning the growth of
microcracks. Figure 19 shows the result. As seen on the photographs, the growth of
microcracks was fairly evident at a high strain rate (?5: 4.1 x107°s7"); less evident at a
medium strain rate (F=7.7x 107%™); and rather obscure at a low strain rate (E=95%

10%s™). The highest strain rate (6=4.1x 1075 of this experiment is close to the
upper limit of the type b range in the first series of the previous Chapter, whereas the
lowest one (=9.5%10""s™1) is close to the lower limit of the type ¢ range in the same
series. So, this experiment covered roughly the range of microcrack growth in snow
under tensile stress.

This result shows a clear tendency of an increase in growth of microcracks with
an increase in strain rate, as far as the strain rate is in the range of ductile behavior
of snow.

Effect of temperature : Another tensile experiment of snow was conducted in a similar
way to the first one except the strain rate which was kept constant at F=4.4%10"%",
and the different temperatures : T =—25", —6°, —18°C. Density of a snow specimen
was p=360~370 kg - m? and the experiment was stopped at a constant strain of €=
109. The resultant photographs of thin sections are given in Fig. 20. From them we
can see a weak but certain tendency of an increase in growth of microcracks with
lowering temperature, though not so clearly defined as those in the first experiment.
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(1) Temperature—2.5°C, strain (2) Temperature—6°C, strain 9. (3) Temperature —18°C, strain
9.89, strain rate 4.40 X 10-%s71, 99, strain rate 4.44x107%7", 10.29%, strain rate 4.40x10°°
density 379 kg-m™. density 378 kg-m ™3 s7!, density 370 kg-m™,

Fig.’ 26 Effect of temperature on the microcrack growth in snow under tensile stress,
in the laboratory. {Arrow mark indicates the direction of tension.)

On the whole, it is concluded that the microcracks grow in snow under tensile
stress at a strain rate in the range of the order of 1077 <e< 107%™ and that the growth
is more active with increasing strain rate and lowering temperature.

IV. Fracture Condition of Snow

V. 1. Critical Strain and Fracture Condition of Snow

In the tensile experiments of ductile deformation of snow (types b and ¢), the maximum
resisting force of snow to extension appeared at a strain beyond the yield point. The
resisting force decreased very gradually beyond the maximum point immediately or after
sustaining the maximum value for a while.

It was considered that the nucleation and growth of the microcracks in snow resulted in
this gradual decrease in resisting force. In this connection, the author defined the nucleation
of microcracks as the beginning of fracture of snow, and the ultimate tensile strain without
microcracks as the critical strain &, which coincides with the strain at the instant of the
beginning of a decrease in resisting force from the maximum value. In other words, fracture
of snow under tensile stress begins at the critical strain & by nucleation of microcracks.

From this standpoint, the critical strain of snow was plotted against strain rate as shown
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Fig. 21 Density dependency of critical strain & of drifted snow. (The fracture
condition of snow 1)

in Fig. 21. Brittle fracture took place at the critical strain, less than 0.5 94, regardless of the
strain rate down to approximately 1X107%s™". Then the critical strain increased with a
decrease in strain rate at least down to 5X1077s™".  As for the broad density dependency of
the critical strain of snow it can be observed that the critical strain increases with a decrease
in density of snow.

Two solid lines in Fig. 21 give the lower limits of nucleation of microcracks in snow, one
for 450~350 kg - m~ and the other for 350~250 kg - m~® in density range. This means that
the microcracks can be nucleated in snow in the region above the corresponding solid line.
Accordingly, the fracture condition of snow, defined by nucleation of microcracks, can be
given for drifted snow at —10°C as follows : Namely, fracture of snow starts in the region of,

&> —5.20 log £—20.0,

(for p<450 kg - m™ ; 55X 1077<&E<9.5x 1075s7Y), (4)
&> —6.60 log £—25.8,
(for p<350 kg - m™®; 55X 107<e<2x 107%™, (5)

where & is the tensile strain (%),  the strain rate (s™) and p the snow density. The density
of 450 kg - m™ is a considerably high value for natural seasonal snow. And as the critical
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Fig. 22 Temperature dependency of critical strain & of calmly
deposited snow. (The fracture condition of snow II)

strain of snow with smaller density appears larger, it is considered that eq. (4) is valid for the
most of drifted snow.

The temperature dependency of the critical strain of calmly deposited snow appeared
fairly clear as shown in Fig. 22. Namely, the critical strain increase with rising temperature.
Accordingly, the fracture condition of calmly deposited snow of 360~380 kg - m™ in density
is given as follows : Namely, fracture of snow starts in the region of,

§>—735 log £—28.3,

(for T=—25C ; 8x10°<&<1.3x 107, (6)
> —4.10 log €—16.6,

(for T=—6C ; 1x10°<e<7x 107%™, )
> —350 log £—15.6,

(for T=—18C ; 1 X10™5<z<4x10"%™). ®)

As the range from 360~ 380 kg - m™ represents the average density of naturally settled
seasonal snow, it is considered that egs. (6), (7) and (8) are valid for average snow deposited
calmly at —2.5°, —6° and —18°C respectively.

The critical strain curves in Figs. 21 and 22 do not coincide with each other even under
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the same condition concerning snow density and temperature. This disaccordance is con-
sidered to originate from a difference in structure of snow tested, i. e., drifted snow for the
experiments on density dependency and calmly deposited snow for those on temperature
dependency, rather than from a difference in snow density, as pointed out previously. A
complete description of the fracture condition of snow calls for further research under wider
ranges in kinds and structures of snow as well as temperature.

IV. 2. Tensile Experiment of a Snow Cover on a Slope and
Validity of the Fracture Condition

A snow cover on a slope was subjected to a tensile experiment in the field for examina-
tion of the validity of the fracture condition of snow which was obtained in the laboratory
with specimens of the limited size. As it was suggested that glide motion of a snow cover
on a slope played the principal role in making a tension crack in advance of a ground
avalanche release (Endo and Akitaya 1976), artificial glide motion of a snow cover on a slope
was generated by the following way.

In autumn of 1980 a short
railway was set up on the north
slope in the vicinity of the Ob-
servatory in parallel to the maxi-

mum slope line with an inclination
of 17.5°. A four wheel truck with
a deck of 1.2 m in length, 0.9 m in
width and 0.15 m in height above
the ground was placed and
anchored at the upslope end of the
railway. Four snow catchers
(wooden boards 15 c¢cm in height
and 90 cm in width) were fixed
upright at an equal interval on the

deck perpendicularly to the direc-

tion of the truck, for securing a

snow cover on the deck firmly at Fig. 23 Schematic diagram of a tensile experiment of a snow cover
its bottom 1ayer as shown in Fig. on a slope, and strain-grids on the lateral sidewall (April 2,

23. When the truck was 1981, 19: 00)

anchored, a platform was also built and fixed to the slope on the upslope side of the truck.
Its surface was on the same plane as the surface of the deck ; its downslope end adjoined the
upslope end of the truck and its upslope end was where its surface intersected the surface of
the slope ; it had the same width as the truck. So, the side view of the platform was like a
wedge tapering upslope. It enabled to smooth out a gap between the surface of the truck and
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that of the slope. After a sufficiently thick snow accumulation covered the slope in the end
of winter, snow sorrounding the truck and platform was carefully removed, keeping the
exposed snow walls vertical and smooth. Places subjected to snow removal were on both
lateral sides of the truck and platform as well as the downslope side of the truck ; the place
kept intact was on the upslope side of the platform. As a result, the side walls of the snow
cover on the truck and platform were vertical along their outer edges, except for the upslope
side of them. Then, a traction device, composed of a motor, a decelerator and a worm-gear
jack, was fixed on the ground and connected with the truck through a load cell to measured
the resisting force of the snow cover to extension by traction, as shown in Fig. 24.
Twenty-seven markers (thin alminium o ,
AN L ey
AT

pins of 1.5 mm in diameter and 15 cm in
length) were planted horizontally on a
vertical sidewall of the snow cover to be
tested referring to the snow stratum making
strain grids numbered 1 to 27, as shown in
Fig. 23. When released from the anchor, the
truck was pulled down along the railway by

the traction device, at a constant speed of 6.
2 cm - day™. The coordinates of the 27
markers were precisely measured inter-
mittently to calculate the local strain of the
snow cover under test.

The local strain of the snow cover was
measured on 18 local domains A to R, 17
quadrilaterals and 1 triangles, as shown in
Fig. 23. The local strain was calculated by
the use of displacements of three neighboring
markers under an assumption of homogene-
ous strain (Jaeger 1956, Shimizu 1968,
Shimizu and Huzioka 1975), as Shimizu (1968) Fig. 24 Tensile experiment of a snow cover on a
clarified experimentally that the homogene- slope (April 24, 1981). A : truck, B - snow

A catcher, C : load cell, D : traction device.

ous strain allowed the strain of snow in a unit

layer of a snow cover to be sufficiently approximated except for melting snow. For a local
domain of a quadrilateral, strain was calculated on two component triangles of the quadri-
lateral ; then they were averaged. Measurements of the markers’ coordinates were made
four times through the experiment, i. e., at the start of the experiment (Fig. 23), and 12, 21 and
37 hours after the start. The local strain was calculated taking the final position of a
marker in the previous measurement as the initial position for the sucessive measurement.
Figures 25 (a), (b) and (c) are graphical expressions of the local strain rate (s7) in logarithmic
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Fig. 25 Distribution of the principal axes of strain and of strain rate (s™) in local
domains on the lateral sidewall of a snow cover on a slope. Strain rate is
given by logarithmic value ; a solid line for tension and a broken line for
compression.

(a) April 3, 7 : 10, (b) April 3, 16 : 10, (c) April 4, 8 : 00, 1981.

value, and Figs. 26 (a), (b) and (c) are numerical expressions of the local strain (%) and strain
rate (s7!) generated in the individual exprimental period.

In the first experimental period for the beginning 12 hours a clear tendency can be seen
in Fig. 25 (a) that the orientations of the first principal axes of strain (tensile strain) of the
most of local domains were sharply inclined downward in the downslope side. This is a
fairly characteristic pattern, compared with those in the stable snow cover on a slope in a
tensile region in which most of the first principal axes lay in a position around the horizontal
(Huzioka et al. 1978, 1979, 1980). This characteristic pattern of the first principal axes of
strain in the snow cover under test must be evidence of exertion of traction on the snow cover
in this experimental stage. Moreover, large strain rates of the order of 107%™' were
observed in Q and R, as indicated by a double frame in Fig. 26 (a), while those in all other local
domains were of the order of 1077s™ which were merely the common values of those in the
stable snow cover on a slope in a tensile region (Huzioka et al. 1978, 1979, 1980). The large
values appearing in Q and R are considered to result from a local effect of the traction, as
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Q and R were fairly close to the snow
catcher of the truck.

As a whole, it can be said in this step
that traction of the snow cover under
test exerted an influence strongly on the
local domains in the vicinity of the action
point of the force, but weakly on the
further domains.

In the second period between 12 and
21 hours after the start, a large strain
rate of the order of 107%™ appeared in
domains I, J, K, L and M, in addition to Q
and R, as shown in Figs. 25 (b) and 26 (b),
while those of the order of 10757 or less
in other domains. The first principal
axes of strain in the most of domains
appeared approximately in parallel to
the ground slope in contrast with either
those of the first period or of the general
case in this area. This is also a fairly
characteristic pattern of the local
strains, suggesting the mechanical con-
dition in this period under which the
tension by the truck was exerted on the
entire depth of the snow cover more
strongly than in the first period.
Furthermore, the right-hand sides of five
quadrilateral domains I to M which
showed a large strain rate, i. e, the lines
of markers 17 to 22, are approximately
on the plane perpendicular to the trac-
tion, passing through the gap between the
fixed platform and the deck of the
moving truck. This is considered as an
indication that a fracture plane was to be
formed along the row of domains I to M.
If so, such behavior of the snow cover is
fairly similar, in a general view, to those
of snow specimens of the limited size in
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Fig. 26 Distribution of the first principal strain (tension, %)

and strain rate (s7'). The double frame indicates a
local domain of the snow where the strain and strain
rate observed were large. (a) April 3, 7: 10, (b) April
3,16 : 10, (c) April 4, 8 : 00, 1981.
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the laboratory described previously. Three cracks which appeared in snow in the vicinity of
the snow catcher of the truck are likely to have resulted from a strong effect of traction
according to their locations.

The final measurement of the experiment, 37 hours after the start, gave large strain rates
of the order of 107%7! in domains J, O, Q and R, and those of the order of 1077s™* or less in
all other domains, together with remarkable growth of cracks, as shown in Figs. 25 (c) and
26 (c). On observation of thin sections of snow in the local domains prepared after the
experiment, active growth of microcracks was revealed in domains J to M, while no trace of
it in A to H.

The following explanation may be given to the behavior of the tested snow cover in this
experiment. In the first period of the experiment, tension caused by the traction truck
exerted influence strongly on the snow in the vicinity of the snow catcher of the truck, and
weakly on those in further locations. In the second period, the tension exerted influence on
the entire depth of the snow cover more strongly. A sign of fracture plane appeared as a
row of local domains I to M with a large strain rate which was on a plane perpendicular to
the tension. Also, large cracks appeared in snow. In the third period, the major part of the
traction worked to enlarge the cracks, but not so much as to extend the snow itself.

#2 #1
(1) 2.25 x 10-%s-' |} (N) 3.84 x 10-7s-?
(19.4 %) (3.32 %)
#1 #2 #2 #3
(A) 3.37 x 10-7s™! (E) 3.37 x 10-7s-! (J) 2.88 x 10-%s-!? {0) 1.07 x 10-%s-!
(2.91 %) (2.91 %) (24.9 %) (8.7 %)
#1 #2 #2 #2
(8) 2,69 x 10-7s-} (F) 560 x 1077s~} (K) 3.37 x 10-%s-? (P) 8.91 x 1077s"!
(2329%) (4.84 %) (29.6 %) (7.70 %)
#2 #1 #2 ¥ 1
(C) 3.84 x 10-7s-! (6) 6.86 x 1077s-? (L) 3.74 x 10-%s-! (Q) 2.07 x 10-%s-*
(3.32 %) (5.93 %) (32.4 %) (17.4 %)
#1 #1 #2 #1
(D) 3.09 x 10-7s-! (H) 7.14 x 10-7s-? (M} 2,07 x 10-%s-? (R) 2.66 x 10-%s-!
(2.67 %) (6.17 %) (17.9 %) (23.0 %)

Fig. 27 Distribution of maximums of tensile strain rate (s7!) and strain (%)
on the lateral sidewall of a snow cover on a slope ; the values
observed after a crack was formed in the local domain were ex-
cluded. The number with # given at the top of each frame gives the
serial number of the experimental period of the observation. The
double frame indicates a local domain where a crack or microcracks
were observed in snow, by the final observation. On domains N, O
and P, thin sections of snow were not observed.
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The largest strain and strain rate in each local domain of the tested snow cover through
the experiment were compiled in Fig. 27. When a crack appeared in a domain, the largest
values of those up to the previous period were taken. The time of microcrack formation
was not detectable in this experiment ; and a sudden change in strain and strain rate did not
take place by formation of microcracks. So, the largest values of those through the
experiment were used for the domain where microcracks were formed but cracks were not.
The domain in which cracks or microcracks were formed was indicated by a double frame
in Fig. 27.

As a result the domain in which cracks or microcracks were formed was perfectly
coincident with those in which the strain and strain rate observed were large. The differ-
ence in numerical values of the strain and strain rate between the fractured and unfractured
domains is extremely evident ; i. e., more than 17 % in strain and 2 X 107%™ in strain rate in
the fracture domain, while a few percent in strain and of the order of 1077s™ in strain rate
in the unfractured domain.

The fracture condition of snow obtained in the previous section was applied to this
experimental result for examination of its validity. A snow cover subjected to this experi-
ment was dominantly composed of calmly deposited snow, the snow temperature being 0°C.
Thus, as shown in Fig. 28, the data obtained by this experiment were plotted on a diagram
of strain rate versus strain together with the critical strain curves of calmly deposited snow
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Fig. 28 The fracture condition of snow and field observations.
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indicated in Fig. 22. The critical strain curve of snow of 360—380 kg - m™ in density at 0°
C (a fine broken line} was drawn by a simple extrapolation of those curves of snow of the
same density at —18°, ~6" and —2.5°C. In Fig. 28, fractured domains [ to M, Q and R appear
in a clearly isolated region from the unfractured domains. However, a half of the fractured
domains, especially I, M and Q, are evidently not under the fracture condition at 0°C, though
all the unfractured domains A to H and N to P are perfectly in the unfractured area of the
fracture condition. Here, attention should be paid on the term “the maximum strain,/strain
rate” in this experiment, as the values were averaged over 10 hours or more of an experi-
mental period, while the real strain “strain rate of snow must have varied with time which
had a direct relation to the fracture of snow. It is naturally considered that the real
maximum strain,“strain rate should be larger than these averaged values. If so, it is likely
that the real positions of points I, M, Q and R are closer to the condition than the positions
indicated in Fig. 28. Such experimental results support the validity of the fracture condition
qualitatively at least, though a quantitative question still remains unsolved.

The results of measurements of internal strain of a snow cover on a slope in the tensile
region, obtained by Shimizu (1968), Akitaya et al. (1971) and Huzioka et al. (1971), were also
plotted in Fig. 28. All these measurements were made on the stable snow cover without
cracks or microcracks in it at 0°~ —6°C. As seen clearly in the diagram, all the measure-
ments of the previous researchers lie in the unfractured region. This fact also supports the
validity of the fracture condition. It is imperative that the present description of the
fracture condition of snow will be brought to completion by further research, changing the
parameters over wider ranges.

V. Rheological Interpretation of Fracture of Snow

Generally, a rheological model can be a great help in explaining the
mechanical property of snow, though it may be necessary to apply
different models on a case by case basis. De Quervain (1946), Yosida E
(1953) and Kojima (1954) adopted Burger’s model for investigation of
behavior of snow under stress, which was a combination of a Maxwell
and a Voigt model connected in series. Salm (1971) opted for a nonlinear
rheological model to derive his failure criterion of snow. Meanwhile,
Kinosita (1957) showed that the outline of behavior of snow under stress "l
can be described well even only by the Maxwell model. For simplicity’

s sake the author draws now on the Maxwell model (Fig. 29) to make a
brief rheological interpretation on fracture of snow under tensile stress.
Reiner and Weissenberg (1949) pointed out the followings. Namely, J)
total deformation of a solid body is generally composed of elastic defor- Fig. 29
mation and viscous deformation ; total work W to deform the solid body Maxwell model
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is consumed to achieve these two kinds of deformation properly ; then, the work done for
elastic deformation, W, is charged in the body as potential energy, whereas the work done
for viscous deformation, Wy, is dissipated thermally. Then,

W =W+ W )

When the charged energy in the body, Ws, exceeds a certain critical value W, the body
is broken up. That is, the fracture condition of a solid body under stress is given as,

W — Wy=We > W, (10)

This equation suggests that fracture of a solid body under tensile stress corresponds to
breaking up of the spring element of the Maxwell model.

Generally, the behavior of a solid body under stress varies according to the balance
between the elastic deformation energy W; of the spring, and the viscous deformation energy
Wn of the dashpot of the corresponding Maxwell model.

1) If W< Wy, the dashpot is hardly deformed, while the spring is deformed elastically
and attains to the critical extension easily, then breaks up. Such behavior of the
Maxwell model corresponds to brittle fracture of snow defined by type a.

i) If We> Wy, the spring is hardly deformed, while the dashpot is deformed viscously.
This corresponds to viscous deformation of a body or creep of snow defined by type

d.
Namely, for brittle fracture,
WL: fE'EE dt
Wv fﬂ *Ey dl‘
_ E€b T
=S <, (1)

and for creep,

J/I_/ﬁ:: E-ept
W 7 €q

where W: : deformation energy of the spring in a Maxwell model,
Wy : deformation energy of the dashpot of the model,
E : elastic modulus of the spring element,
7 - viscosity coefficient of the dashpot,
&g : strain of the spring element,
&y : strain of the dashpot,
¢« working time of force.
The relaxation time = of a Maxwell model is given as,

t=7/E, (13)
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and then,
t/r=en/ee (14)

This is the fracture condition of a Maxwell model, where ¢ is the working time of force
necessary to break up the spring element. If ¢ <z, the model will be broken up as ez attains
to a critical value, and if #> 7 on the contrary, the model will be deformed viscously without
fracture.

The lower limit of the brittle fracture of snow was investigated by the use of the previous
experimental result. To estimate the relaxation time of snow it is secessary to obtain
experimentally the viscosity coefficient » and the elastic modulus E of the snow.

The viscosity coefficient 7 can be estimated from the stress-strain rate curve of the
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snow. Visco-elastic equation of a Maxwell model is given as,

de _ 1 iE.) 1

=54 5 F (15)
If the body is deformed viscously, the first term of the right side of eq. (15) vanishes ; and the
viscosity coefficient » of the body is calculated as,

n=F/e. (16)

A number of cases of dF /d¢=0 were found
in the experiments mentioned earlier in this
paper, whereby the values of viscosity coef-
ficient  (Ns - m™?) of snow of 360~380 kg -

m™ in density were calculated for each case.
They were plotted in an ?—7; diagram, as
shown by solid lines in Fig. 30. For the case
of brittle fracture, this method cannot be
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and Yosida’s value (1971) by a double-pendu- strain rate of Maxwell model for transition
from fracture range to viscous deformation
range.

lum method with a frequency of 2 Hz. From
their results, values of 7 of fine-grained old
snow of around 370 kg - m™ in density were plotted in an t—E diagram as shown by broken
lines in Fig. 30.

By the use of these values of # and E, the values of the relaxation time = of snow of 360
~380 kg - m™® in density were calculated by eq. (13). The working time ¢ necessary to break
up a snow specimen, in brittle fracture or in formation of microcracks in snow, was estimated
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from the resisting force-strain curve of the experiments. From these results, the relaxation
time curve (z-curve in solid lines) and the working time curve (¢-curve in broken lines) both
at —2.5°, —6° and —18°C, were obtained, as shown in Fig. 31.

As clearly seen on the diagram, the ¢—curve interesects the corresponding 7—curve in
the same way, at a certain strain rate écy at the same temperatures. The Maxwell model
is broken up when the strain attains to a certain critical value, in the right side region of the
intersection C as ¢ <z there. On the other hand, in the left side region of C it is not possible
to measure experimentally the working time ¢ necessary to break up the Maxwell model,
because >z there, and the Maxwell model is not broken up in any way but it is deformed
viscously. As a matter of fact, however, the working time t necessary to make a local
minute fracture such as formation of microcracks of type b and type ¢ was experimentally
measured. The Maxwell model is definitely inapplicable to such behavior of snow as
formation of the microcracks in snow, which shows limitation in applicability of the Maxwell
model.

Meanwhile, it was found that the critical strain rate zc of real snow for transition from
brittle fracture (type a) to ductile fracture (type b), given in Fig. 19, coincided considerably
well with the critical strain rate &cy for transition from the fracture region to the creep
region of the Maxwell model at different temperatures ; that is, at —2.5°, —6°, —18°C,
respectively for Z.=1.6x107% 6.8% 1075 44x10%" ; &m=13x10"* 6.5x1075, 4.0x 105",
Such a close coincidence of the values of & and écy is a point of great interest, calling for
a further research for clarification of it.

VI. Concluding Remarks

Snow specimens were subjected to tensile experiments in the laboratory and field.
First, according to strain rates, the four general types were introduced in classification of the
deformation and fracture of snow under tensile stress. They are types a (brittle fracture),
b and ¢ (two modes of ductile fracture) and d (viscous deformation), which corresponded to
the strain rates of the order of 107%™ or more ; 107°~107%""; 107°~10"%7"; 1077s™* or less,
respectively. Then upon investigations made concerning the density dependency and the
temperature dependency of the foregoing types as well as the formation of deformation or
fracture, it was found that the boundary between the two adjacent types shifted toward the
side of larger strain rates with increasing snow density and rising temperature. The critical
strain rate g for transition from brittle to ductile fracture appeared in the vicinity of the
maximum strength of snow, which increased with increasing snow density and lowering
temperature. For defining the fracture of snow by the formation of microcracks, the
fracture condition of fine-grained old snow was given using &c.

Meanwhile, the result of a tensile experiment of a snow cover on a slope in the field
supported the validity of the foregoing fracture condition, though not all the quantitative
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questions were solved. For acquiring a thorough knowledge of the fracture condition we are
called on to continue a research by varying control fractors widely, especially the kinds and
structures of snow.

Finally, a rheological interpretation was briefly made, using the Maxwell model, which
was capable of giving a satisfactory explanation to the behavior of snow of types a and d,
but not the behavior of types b and ¢. As the most interesting point, however, a good
coincidence was found between the numerical values of the critical strain rate éqy of the
Maxwell model for transition from the fracturing range to the viscous deformation range and
those of & of snow for transition from brittle to ductile fracture. A further look into this
point is called for in reaching a clearer understanding of the nature of tensile fracture of
SNnow.
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