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MECHANICAL BEHAVIOUR AND STRUCTURE OF SNOW 
UNDER UNIAXIAL TENSILE STRESS 

By HIDEKI NARITA 

(Institute of Low T emperature Science, H okkaido University, Sapporo, J a pan 060) 

ABSTRACT. The mechanical behaviour of snow was studied at - 10°C under uniaxia l tensile stress in a 
range of cross-head speed 6 .8 X 10- 8 to 3.1 X 10- 4 m S- I and snow density 240-470 kg m-3• It was found 
from the resisting force-deformation curves tha t the snow was deformed in two d ifferent ways: namely, 
brittle and ductile deformation at high and low stra in-rates, respectively. The critical stra in-ra te dividing 
the two d eformation modes was found to depend on the density of snow. In ductile d eformation, many 
small cracks appeared through out the entire specimen. Their features were observed by making thin sections 
and they were compared with small cracks formed in natural snow on a mountain slope. 

The maximum strength of snow was found to d epend on strain-ra te : a t strain-rates a bove about 10- 5 S-I, 
the maxim um strength increased with decreasing stra in-rate but below 10- 5 S- I it decreased with decreasing 
strain-rate. 

R ESUME. Comporlements micaniques et structures de la 1l1lige sous Ulle contrainte de tension uniaxiale. On a etudie 
les comportem ents mecaniques de la neige a - 10°C sous une contrainte de tension uniaxiale dans une 
gamme d e vitesse de deformation de 6,8 X 10- 8 a 3, I X 10- 4 m S- I et d e densite de 240 a 470 kg m- 3• D'apres 
les courbes deformation/force resistante, on a trouve que la neige se d eform at de deux manieres differentes, 
a savoir des deformations de rupture et plastique avec des vitesses de deformation respectivem ent rapides et 
lentes. La vitesse critique sepa ra nt les deux types d e deformation a ete trouvee fonction d e la densite de la 
neige. Dans la deformation plastique beaucoup d e petites fissures apparaissent dans toute la masse de 
l'echantillon. Ces particula rites ont ete observees en pratiquant des coupes minces et ont ete comparees aux 
petites fi ssures qui se forment da ns la neige na turelle sur une pente en m ontagne. 

On a trouve que la resista nce maximum de la ne ige dependait de la vitesse de deforma tion : a des vitesses 
de deformation superieures a environ 10- 5 m S- I, la resistance maximum croit si la vi tesse d e deformation 
decroit, m a is en dessous de 10- 5 m s- I eUe decroit qua nd se reduit la vitesse de deforma tion. 

ZUSAMM ENFASSUNG. M echanisches Verhalten und Strukturen von Schnee unler einachsiger ,(ugspannUl,g. Das 
mechanisch e Verhalten von Schnee wurde bei - 10°C unter einer einachsigen Zugspannung im Bereich 
einer Gesch windigkeit des E inspa nnkopfes von 6,8 x 10- 8 bis 3, 1 x 10- 4 m s- I und bei einer Schneedichte 
zwischen 240 und 470 kg m- 3 untersucht. Aus d en Diagrammen fur Widerstandskraft und Deformation 
ergab sich, dass sich del' Schnee auf zwei verschiedene Arten verformte, namlich sprod e bei hohen 
Deformationsgeschwindigkeiten, geschmeidig hingegen bei niedrigen. Fur die kritisch e D eformations­
geschwindigkeit an del' Grenze zwischen beiden Verformungsarten zeigte sich eine Abha ngigkeit von del' 
Schneedichte. Bei del' geschmeidigen Verformung erschienen viele kleine Sprunge durch d ie ganze Probe ; 
ihr Verlauf wurde an Dunnschliffen untersucht und mit dem kleiner Sprunge in naturlich em Schnee eines 
Gebirgshanges verglichen. 

Die maximale Festigkeit d es Schnees erwies sich abhangig von del' D eformationsgeschwindigkeit: bei 
Deformationsgeschwindigkeiten uber etwa 10- 5 S- I wuchs die m aximale Festigkeit mit abnehmender 
Deformationsgeschwindigkeit, doch unter 10- 5 S- I nahm sie mit del' D eformationsgeschwindigkeit ab. 

I NTRODUCTION 

Before an avalanche is released, several tension cracks are formed in the snow-cover near 
the crest of a mountain slope, and the formation mechanism of the tension cracks has been 
considered to be due to brittle fracture, based on many tensile-strength measurements of snow 
(Keeler and Weeks, 1967; K eeler, 1969; M a rtinelli , 1971 ; Sommerfeld , 1971 ). This paper 
describes the results of a deta iled study of the d eformation beh aviour of snow under tension, 
including modes of crack formation and fracture. I t is considered tha t these forms of mechani­
cal behaviour of snow under tension are very important in understanding properly the 
initiation mechanism of avalanches. 

EXPERIMENTAL APPARATUS AND METHODS 

The apparatus used for the tension tests, shown schematically in Figure 1, could provide 
different constant deformation rates between 2 .5 X 10- 9 and 3. 1 X 10- 3 m S- I . The ascending 
or falling speed of the rod was controlled by cha nging the decelerators, which were directly 
connected with the rod and the motor, and the reduction ratio between the gea rs X and Y 
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(Fig. I). For the tensile tests, IS different speeds were chosen, ranging from 6.Sx 10-8 to 
3. I X 10-4 m s-', which corresponded to strain-rates from approximately 5.5 X 10-7 to 
2.5 X 10-3 s- '. The tensile forces were measured with load cells with capacities of 2 X 103 N 
and 5 X 102 N, which were used depending on the snow density. The forces were recorded 
continuously on a strip chart. 

Fig. I. Schematic diagram cif the experimental apparatus. I. Snow specimen; 2. Load cell; 3. Connector; 4. Ascending rod; 
5. Decelerators; 6. Motor. 

Snow samples of homogeneous structure, grain shape, and density were obtained from 
natural snow layers by close inspection of slices about 10 mm thick by transmitted light. The 
snow was then cut into a cylindrical shape having a diameter of 5 X 10-2 m and a length of 
12.5 X 10-2 m. The long axis was chosen to lie in the snow layer. 

The snow specimen was fixed by freezing to the two metal connectors, transmitting the 
force to the load cell and ascending rod. The contact surfaces of the connectors had many 
circular grooves (I mm depth) at intervals of I mm in order to increase the contact surface area 
between the snow specimen and the connectors. The values of strain and strain-rate of the 
specimen were computed from the change of distance between the connectors. 

Specimens used were fine-grained old snow of density ranging from 240 to 470 kg m-3• 

The preparation of specimens and measurements were carried out in a cold laboratory at 
- 1O±2°C. As the temperature of the snow layer from which specimens were cut was almost 
constant around -3 to - 5°C, measurements were conducted after a snow specimen had been 
kept dry and the snow temperature throughout became - 10°C. Internal structures of snow 
specimens were observed by making thin sections of snow samples after testing by the method 
developed by Kinosita and Wakahama (1960). 

RESULTS AND CONSIDERATIONS 

Types cif diformation cif snow 

When a snow sample is under tension, a resisting force arises with increasing deformation. 
The shape of the resisting force-strain curve is determined essentially by the deformation speed 
and the density of snow. Typical curves obtained are shown in Figure 2; in these tests the 
snow was elongated up to a maximum strain of 23% when no rupture occurred, but most 
specimens were elongated up to a strain of 15-20%. 
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Fig. 2. Typical resisting force-strain curves. 

Type a, strain-rate 8.33 X 10- 4 rI, density 370 kg m-3 • 

Type b, strain-rate 9.15 X 10- 5 rI, density 298 kg m-3 • 

Type c, strain-rate 2.96 x 10- 5 rI, density 445 kg m-3 • 

Type d, strain-rate 9.54 X 10- 7 S- I, density 337 kg m-3 • 

20 

Type a refers to a brittle fracture. The resisting force increased linearly with increasing 
strain to result in rupture. Most of the fracture took place in the central part of a cylindrical 
specimen, lying in a plane perpendicular to its long axis. The fracture pattern was charac­
terized by a fracture accompanying the rapid growth of a crack without plastic deformation. 

In type b, the snow specimen did not rupture even when the force passed through a 
critical point C, at which the force deviated from a linear relation. The force became almost 
constant after passing through the critical point and began to decrease at point K because of 
the growth of invisible small cracks. Catastrophic fracture of the snow took place when the 
strain was about 6.9%. Just before rupture many small cracks appeared throughout the 
entire specimen (Fig. 3). 

Fig. 3. Photograph of cracks. The arrows show tlte direction of elongation. 

In type c, the deformation behaviour is similar to that of type b at lower strains but at 
point G two or three of the many small cracks described above grew larger. As a result, the 
resisting force decreased rapidly. In these two cases (types b and c), the snow can be said to 
have behaved as a ductile material, since the fracture was characterized by gradual crack 
growth after considerable plastic deformation. The Poisson ratio during deformation was 
about 0.18. 

In type d, no maxima of the resisting force nor cracks were observed. However, if the 
specimen continues to be strained it will finally fracture, possibly in a ductile manner. Photo­
graphs of snow specimens of each deformation type are shown in Figure 4. 
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Fig. 4. Photographs of snow specimens at the final stage of tests. a, b, c, and d correspond to types a, b, c, and d in Figure 2. 

Maximum strength of snow 

The relations between the maximum strength and the strain-rate are shown in Figure 5, 
together with the deformation types. The maximum strength is defined in this paper as 
O"max = Pm/A, where Pm is the largest resisting force in a curve, as shown in Figure 2, and A 
is the area on which the force acts. The dotted curves A, B, C, D, and E in Figure 5 are equi­
density lines of about 300, 330, 370, 410, and 445 kg m -J, respectively. It was found that the 
maximum strength had maxima in the range of abou t 1 X 10-4 to 2 X 10-5 S-I of the strain-rate. 
The peaks have a tendency to shift towards lower strain-rates with increase in the density. 

I t is clear from Figure 5 that the deformation types are specified by the ranges of strain­
rate; brittle fracture (type a) took place at strain-rates above about 1 X 10- 4 S-I. Ductile 
behaviour, which is shown by two different deformation modes (b and c), is located in the 
range from about 2 X 10-4 to 5.5 X 10-7 S-I. Type b is located in the narrow range from 
2 X 10-4 to 7 X 10-5 S-I but it is partly superposed on the brittle fracture. A point belonging to 
type b is at a strain-rate of 1.6 X 10-5 S-I, which is outside the above range. This deviation 
is considered to have been caused by nuclei for the rupture which were probably formed 
during the preparation stage of the specimen. 

Type c is found in the range of about 7 X 10-5 to 5.5 X 10-7 S-I. Type d is shown by the 
data of three specimens at strain-rates less than 9.5 X 10- 7 S-I. Their densities were 295, 305, 
and 335 kg m-3• But the snow of higher density deformed in type c at the same range of 
strain -rate. 

The strain-rate at the maximum strength (Fig. 5) is plotted as a function of the density in 
Figure 6. The boundaries dividing deformation types are represented by dotted lines. 

Formation of small cracks in snow 

It is important to know at which stage small cracks appear, since the cracks can be nuclei 
of the failure of snow, thus causing avalanching. Strains at which small cracks appeared are 
plotted against the strain-rate in Figure 7. The strain was obtained by measuring the elonga­
tion up to the rupture in the case of brittle fracture, and up to the beginning of the decrease in 
the resisting force in case of ductile fracture and deformation. A strong dependence is found 
between the strain and the strain-rate. 
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Fig. 5. Relations between the maximum strength and the strain-rate. Deformation types are specified by the symbols: • (type a), 
o (type b), 6. (type c), and . (type d). 

In the case of brittle fracture, the strain was almost constant within a range of 0·3-0· 7%. 
In the other cases, the strain increased with decreasing strain-rate. At strain-rates of 10-4, 

10-5, and 10-6 S-I, the strains were about 3,10, and 13%' respectively. 

Internal structures of snow 

When snow specimens were deformed to a large amount under tensile force, many small 
cracks appeared. Thin sections of snow which were elongated to about 13 % at strain-rates of 
7.7 X 10-6 S- I and 9.5 X 10-7 s-J are shown in Figure 8 (a) and (b), respectively. Some of the 
long and narrow voids lying in the plane perpendicular to the long axis of the specimen are 
small cracks; they are shown by small arrows in the photographs. Their average diameters 
and lengths were about 1-2 mm and 5-6 mm, respectively. In the above examples, the sizes 
of cracks at smaller strain-rates were smaller than those at larger strain-rates but the numbers 
increased at smaller strain-rates. This was the general tendency in the present tests. 
Wakahama (1960) observed different deformation modes in bonds and grains in compressive 
tests of thin sections of snow. The detailed observation of the above thin sections under tension 
did not show such different modes; in the tensile tests, fracture occurred mostly at the crystal 
boundaries (intercrystalline fracture). However, elongated ice bonds were noted to appear 
around a crack which opened largely at larger deformations (Fig. 8(c)). These facts suggest 
that bonds in snow are preferentially cut initially rather than elongated. 
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1~5im~~1 
Fig. 8. Thin sections of snow in the type c deformation. The arrows show the direction of elongation. (a) Strain-rate 9.5 X 10-7 

rt, strain 13.6% , density 440 kg m-3• (b) Strain-rate 7.7 X 10-6 r', strain 13.3% , density 410 kg m- 3• (c) Strain­
rate 4.1 X 10-6 s-', strain 12.7% , density 425 kg m- 3• 

Fig. 9. Thin section of snow sample under the natural tensile conditions in the vicinity of a tension crack on a mountain slope. 
The arrows show the direction of maximum inclination of the slope. 
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A photograph of a thin section of na tural snow under tension on a moun tain slope is shown 
in Figure g. The sample was collected in the vicinity of a tension crack in the snow-cover in a 
frequent avalanche path. Some long and narrow voids are seen in the photograph; these lie 
in a plane perpendicular to the direction of maximum angle of inclination of the slope. Their 
features are similar to those of the small cracks observed in the present tensile tests of snow. 

CONCLUDING REMARKS 

When snow was deformed under tensile stress, various deformation types were found at 
different strain-rates. Namely, the snow behaved as a brittle material at higher strain-rates 
and as a ductile material at lower strain-rates. The critical value of strain-rate dividing the 
two types depended principally on the density and possibly on temperature. The transition 
between brittle and ductile deformations lies at a strain-rate around 10-4 S-I; it becomes 
smaller for larger densities. Brittle deformation was a rupture which took place by rapid 
growth of a crack. On the other hand, in ductile deformation, many small cracks appeared 
throughout the entire snow specimen after considerable plastic deformation. Ductile deforma­
tion was divided into two types: one in which catastrophic fracture took place at a strain of 
6-14 % after considerable plastic deformation, and the other in which several small cracks 
grew gradually with increasing strain but without catastrophic fracture . 

Maximum strength increased with decreasing strain-rate in both brittle and catastrophic 
fracture, but it decreased with decreasing strain-rate in ductile deformation. The maximum 
strength had a peak at a strain-rate around 10-5 S-I. The strain-rate dependence of the 
fracture and maximum strength varied with temperature, snow qualities, etc., and further 
experimental studies are required before the detailed mechanism of the deformation of snow is 
clarified. 
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