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Fracture toughness of snow in shear and tension
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Abstract

Snow slab avalanche release involves brittle fracture. The fracture criterion in mixed mode for dry snow (p = 170
kgm~) was determined by cantilever beam experiments: (K, +K,2[C)]/ 2 =430+£90 Pam'/. Fracture toughness in
shear, Ky, is about the same as in tension, Kj.. © 2002 Acta Materialia Inc. Published by Elsevier Science Ltd. All

rights reserved.
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1. Introduction

As brittle fracture leads to slab avalanche re-
lease, fracture toughness is an essential property of
snow to be considered for snow slab stability
evaluation [1]. Recently Louchet [2] and Kirchner
[3] have proposed release scenarios, and the frac-
ture toughness of snow in tension has been deter-
mined [4]. Fracture in tension can occur at the top
margin of a snow slab avalanche preceded by a
shear fracture in the weak layer or at the weak
interface underlying the slab [5]. The fracture
toughness in shear, Kjj, is therefore of particular
interest. In fact, mixed mode situations, where the
snow slab is under both shear and tension are
likely to exist. It is therefore necessary to measure
not only K} and K. separately, but to establish a
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fracture criterion for mixed mode. Generally
speaking, Ky of any material has rarely ever been
measured. In practice pure tensile and shear
loadings are rare, mixed mode loadings prevail. In
the laboratory it is notoriously difficult to subject
specimens to pure traction or pure shear [6-9].

2. Test geometry and data

The standard four point shear specimen of
Richard et al. [7,8,10] has been modified to allow
for mixed mode. The reason for using the canti-
lever beam geometry of Fig. 1 is its simplicity.
Scaled down versions could be used for in situ
measurements in the field. Measurement of the
fracture toughness is reduced to measurement of
length and weight. Beams of height w = 20 cm and
width ¢+ =10 cm are cantilevered by L = 10 cm,
and a weight P is applied at a distance H = 5 cm to
the side of the crack. With a fishing line a crack of
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Fig. 1. Specimen geometry used. The load P is applied 5 cm to the left of the crack in the cantilever beam of height w = 20 cm and
thickness # = 10 cm. (a) schematic and (b) photograph of experimental set-up after fracture has occurred.

depth a is cut into the beam along the plane of
support. The resulting notch is narrower than the
grain size of snow. Since any crack in snow will be
intergranular rather than intragranular, the cuts
are representative for natural cracking in snow.
On 11 January, 2001 a set of 18 such beams
were tested at a temperature of —20 = 1 °C in the
cold laboratory of the Swiss Federal Institute for
Snow and Avalanche Research SLF. The snow
had been harvested the day before, and stored
overnight at —20 °C in the cold laboratory. The
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snow originated from a layer of recently depos-
ited snow, was characterised according to [11]
as decomposing and fragmented precipitation
particles and small rounded grains of 0.3-0.8 mm
in size; snow hardness index was estimated as 1—
2, and snow density was 170 &= 10 kgm™>. In situ
temperature at the time of harvesting was —9 °C.
In order to further characterize the snow tex-
ture, samples were preserved and subsequently
analysed with the surface section technique
(Fig. 2). The high porosity of low density snow

Fig. 2. Microstructure of snow type tested. Binarized picture of a surface section. Black denotes ice, white is pore space (p =
174 kgm~3). Scale given is 1 cm. Arrow points to snow surface (right margin was parallel to snow surface, as were top of beams).
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Fig. 3. The critical crack length @ as a function of the applied
load P. The linear trend, decreasing crack length a with in-
creasing load P, is statistically highly significant.

that typically forms slab avalanches, is well illus-
trated.

Fig. 3 shows the crack length a at which the
overhanging part of the beams broke off as a
function of the applied load P. The scatter in crack
length a for one and the same load P is not only
due to experimental difficulties, but genuine and
well known for the case of snow [12]. This is due to
the fact that failure of snow, in particular in the
brittle range, is not of deterministic but statistical
nature [13,14]. Under identical experimental con-
ditions, the low Weibull modulus of snow makes
fracture a haphazard affair.

3. Stress intensities

Our geometry (Fig. 1) resembles the geometry
of Fig. 4, for which formulae are available. In
addition to the applied load P, the weight of the
cantilever G acts as body force and creates a mo-
ment M. For each experiment, G (=~3.4 N) was
determined by weighing the part of the snow beam
that was broken off. Combination of the pure
bending case 2.13 of Tada et al. [15] and the four
point shear case 10.15 of Murakami [16] provides
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Fig. 4. The geometry for which analytical expressions (Eqs. (1)
and (2)) are available.

Ki = Fi (%G) V. )

The geometric factors used, Fj, Fj, and F are
shown in Fig. 5 [15,16]. Because of the difference
between our geometry (Fig. 1) and the one used
for the finite element calculations [15] (Fig. 4), the
values are only approximate. The values of Fj in
Fig. 5 agree, up to 10%, with the value for H/w =
0.5 for the compact shear case 10.12 of Murakami
[16], and thus seem sufficiently reliable.

Certainly, Fj; and F increase, and F; decreases
with crack length; also the absolute values are
correct up to factor of two. In any case, both Fj
and +/a vary little, the range of Kj; covered by our
measurements comes from the variation of the
load P.
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Fig. 5. Geometric factors (Egs. (1) and (2)) as a function of the
relative crack length a/w.
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If the cantilever is long and the cut short, a < w,
the second term in Eq. (1) becomes dominant. In
that situation 6FMt > Fy (P 4+ G)w, so that K >
Kj. This was the case for the previous K| mea-
surements [4]. The opposite extreme, a short can-
tilever under external load, favours mixing and
is the geometry used. Egs. (1) and (2) are based on
the assumptions of beam theory. Accordingly, in
the un-cracked beam, the tensile stress varies lin-
early, and the shear stress parabolically across
the profile [10]. For short beams and shear load-
ing this is only approximately true [17]. Since
our geometry is likely to become standard, cali-
bration curves for K; and Ky need to be deter-
mined. For pure body loading these will be
linear in the density and function of (a/w) and
(L/w). For the case of external loading they will be
linear in P and functions of (a/w), (L/w) and

(H /w).

4. Results and discussion

The weight of the snow creates a moment
M = 1.73 Nm™' in the crack plane. Given the fact
that for the resulting 6M /w? =260 Pa, that for
loads P between 20 and 80 Nm™' the factor
(P + G)/wt varies between 270 and 570 Pa, and
that the geometric factor Fi < F' (Fig. 5), one
concludes that in Eq. (1) the first term is small
compared to the second one. Physically, this
means that to K; only the weight of the snow, but
not the external load P contributes, while to Kj; the
load P contributes. This way the mixing K;/Kj; can
be controlled (Fig. 6).

From the data of Fig. 3 we computed the stress
intensities according to Egs. (1) and (2). As the
applied load P increases, the critical crack length a
decreases, but Kj; increases. On the other hand, K
decreases with decreasing crack length a. The
tensile and shear components are out of phase,
with increasing loading the mixing changes: shear
mode increases, tension mode decreases. In Fig. 7
the stress intensities at which the snow breaks in
mixed mode is shown. What is approximately
conserved, and this is an experimental result, is the
amplitude:
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Fig. 6. The fracture toughness in tension, Kj. and in shear, Ky
as a function of the applied load P. The linear trends shown are
statistically significant.
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Fig. 7. Stress intensities K. and Kj;. at which snow fractures in
mixed mode. Mean values of the toughness, irrespective of
mixing, are K. = 280 + 95 Pam'/? and Ky = 310 £ 85 Pam'/2.
In mixed mode, as indicated by concentric circles, the criterion
is (K2 +K3.)"* = 430 £ 90 Pam'/>.

\/ K2 + K3, = 430 £ 90 Pam'/?. (3)

This result is reasonable: in mode I two surfaces
of energy y are created by the crack extension force
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K. /E, thus one should have 2y = K}, /E, where E is
Young’s modulus, about 0.5 MPa for the type of
snow tested [18]. With Kj. = 250 Pam!/?> one ob-
tains y = 63 mJm~2. The surface energy of snow
has never been measured. A simple model of an
open-cell foam [19] with beams of thickness ¢ and
length L gives

Tsnow _ g(4/1)* = 4Pmov _ 0,74, 4)
Yice Pice
In fact, Petrenko and Withworth [20] report the
surface free energy of ice at 0 °C to be about 70
mJm~2, compatible with our results considering
the simple foam model used.

The critical size a. of a crack under shear stress
7 in a material of toughness Ky is given by

T/ma. = K. (5)

A snow slab of density p and thickness /2 on a slope
of angle o exerts a shear stress

T = 4pghsin 2o (6)

For typical values, p = 170 kgm™3, # = 0.5 m and
o =38° Eq. (5 provides a critical crack size
a. = 0.1 m. This is in accordance with previous
estimates of the critical size of an imperfection
needed to initiate fracture propagation in snow
slab avalanche release [21]. In snow slab avalanche
release, however, the faces of the shear crack are
pressed together by the weight of the snow. The
relevant Kj; under such friction is presumably
larger than our values measured with open fric-
tionless surfaces [22].

5. Conclusions

The fracture toughness of snow in shear, Kjy, is
about the same as the fracture toughness of snow
in tension, Kj.. For snow of density 170 kgm™,
the fracture criterion in mixed mode is (K{ +
K2)'"? = 430 + 90 Pam!/2. With its extraordinary
low values of Kj. and Kj;. snow is one of the most
brittle materials known to man. Nevertheless, frac-
ture mechanics is applicable and is the theory ap-
propriate for catastrophic failure of snow slopes.

Snow slab avalanche release models should re-
flect this fact.
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