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Abstract

Dry snow slab avalanche release is preceded by two fracture mechanical processes: shear failure of a weak layer or an

interface within the snowpack, followed by tensile failure of the overlaying slab. For a slope stability analysis based on

fracture mechanics, the fracture toughness of snow has to be known. The purpose of this work was to evaluate snow fracture

toughness in mode I, to determine to what extent it is affected by the specimen size and shape and to search for adequate

correction methods. Edge-cracked beam-shaped snow specimens cut from homogeneous layers of naturally deposited snow

were subjected to three-point bending and cantilever beam tests. To describe the size dependence an empirical size effect law

and the FAD (failure assessment diagram) approach were explored. By comparing the three-point bending with the cantilever

beam tests a shape dependence of the toughness was found. The fracture process zone was estimated to be in the order of at

least one centimetre. Due to the large size of the fracture process zone a dependence of the toughness on the specimen size

has to be expected, as it is typical for non-linear, quasi-brittle materials. Experiments with four different specimen sizes

clearly confirmed that toughness is size dependent, possibly up to the scale of a slab avalanche. Preliminary results suggest

that the actual fracture toughness might be twice as large as the one determined experimentally. Therefore, size correction

functions will be essential to transform toughness data of laboratory-scaled experiments to the scale relevant for snow slope

stability models.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Before the release of a dry snow slab avalanche

several damage processes occur. Damage accumula-
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tion in a weak layer of the snowpack or along an

interface between two different snow layers leads to

an initial failure in shear followed by fractures in

tension, which finally releases the slab avalanche

(Perla and LaChapelle, 1970, Schweizer et al.,

2003). Both fracture processes can be described

and understood by the theory of fracture mechanics.

Thus, the corresponding material characteristics such
hnology 43 (2005) 24–35



Fig. 1. Three-point bending setup before and after cracking. Snow

specimen dimension: 20�50�10 cm.
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as the fracture toughness in Mode I and Mode II

have to be known (McClung, 1981). They are es-

sential to well-founded and reliable slab release

models.

The available data on fracture toughness of snow

are still relatively few (Kirchner et al., 2000; Kirchner

et al., 2002a,b; Faillettaz et al., 2002; and Schweizer

et al., 2004). In all previous studies cantilever beam

tests were used to determine fracture toughness. As-

suming linear elastic fracture mechanics (LEFM) to be

applicable, they obtained KIc values ranging from 0.1

to 1.5 kPa m1 / 2, depending on snow type and density.

However, Schweizer et al. (2004) pointed out that the

standard size requirements for LEFM were not ful-

filled for the specimens used (20�50�10 cm), which

makes the application of the test results to snow slope

stability models questionable.

Bazant et al. (2003) related fracture toughness to

the avalanche release process by taking a size effect

into account. They formulated a size effect law based

on equivalent linear elastic fracture mechanics and

found that fracture toughness in shear is approximate-

ly proportional to the thickness of the overlaying slab

to the power of 1.8. Dempsey et al. (1999a,b) tested

sea ice over a very large sample range from 0.1 up to

100 m and confirmed Bazant’s empirical size effect

law (Bazant and Planas, 1998) to be valid even over

this large range. They calibrated the size effect law

with experiments between 0.1 and 3 m and were then

able to predict correct toughness values up to a size of

100 m.

The present paper introduces a new test method

and reports on a preliminary study on the size and

shape dependence of snow fracture toughness and on

possibilities for corresponding corrections. The final

aim is to extrapolate laboratory toughness data to the

snow slab avalanche scale. For this purpose four

different specimen sizes and three different specimen

geometries were used: two types of cantilever beam

tests with different protrusion, and a three-point

bending test. Furthermore, attempts were made to

estimate the size of the nonlinear fracture process

zone.

However, regarding the variety of influencing

parameters, the presented experimental data are not

yet statistically sound. They have to be considered as

preliminary and need to be confirmed by further

tests.
2. Experimental methods

2.1. Three-point bending test

Three-point bending tests (3PB-tests) were per-

formed on snow samples of naturally deposited

snow with a standard testing apparatus (Fig. 1). The

specimens were cut out of the snowpack in the sur-

roundings of Davos (Switzerland) with beam-shaped

aluminium cases. The density of the snow samples

ranged from 140 to 380 kg/m3. Four different sizes of

cases were used (Table 1). The largest snow case was

close to the limit of what can be handled in the field

and transported to the laboratory without destroying

the natural snow structure. The other sizes were cho-

sen such that a size range of 1 :4 was achieved and

included the one used by Schweizer et al. (2004)

(20�50�10 cm). The thickness w was the same

for all specimen sizes in order to avoid a possible

thickness effect (b2D similarityQ, according to Bazant

and Planas (1998)).

All experiments were performed in the SLF cold

laboratories at Weissfluhjoch and Davos (Switzer-

land) at temperatures between �7 and �15 8C in

a standard material testing apparatus which is

designed to measure compressive or tensile forces

up to 20 kN with a resolution of 0.1 N. The snow

specimens were supported by two aluminium cylin-

ders with a diameter of 6 cm separated by a span s

(Fig. 2a). Into the central cross section, a sharp cut

of variable length a was introduced from below with

a thin metal saw blade. The load was applied in



Fig. 2. Experimental setup for three-point bending test (a) and

cantilever beam test (b).

Table 1

Snow specimen dimensions used to determine the size effect (Series

E, Table 2)

Height h (cm) Length l (cm) Width w (cm)

8 20 10

13 31 10

20 50 10

32 80 10
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displacement control at a constant rate of 200 mm/

min through another aluminium cylinder with a di-

ameter of 5 cm. The velocity was chosen high in

order to cause a brittle fracture and to avoid viscous

effects. The aluminium cylinders were used to in-

crease the contact area and thus to prevent local

snow deformation at the loading points. The diame-

ter of the cylinders is expected to have only a minor

influence on the test results.

The force required to break the specimens, Fc, was

small and ranged between 1 and 60 N, depending on

beam size and density. Thus, the weight of the beam

had to be taken into account in calculating the applied

stress and stress intensity factor.

The stress intensity factor (SIF) for the present

system can be obtained by combining the 3PB-solu-

tion and the pure bending case given by Tada et al.

(2000). Correspondingly, the critical stress intensity

factor KIQ , which is defined as the fracture toughness

KIc if the size criterion for LEFM turns out to be

fulfilled, is obtained as:

KIQ ¼
ffiffiffiffiffiffi
pa

p 6

h2
0:95

Fcs

4w
f 1

a

h

� �
þMm f 2

a

h

� �� �
ð1Þ

where a is the crack or cut length and h the specimen

height. The functions f1(a /h) and f2(a /h) are given in

Tada et al. (2000). The factor 0.95 in the first term

was found in a numerical computation to be appro-

priate to correct for the difference in the ratio s /

h between the experiments (s /h between 2 and 2.5)

and the SIF-solution in Tada et al. (2000) (s /h=4).

Mm is the moment per beam width due to the body

weight:

Mm ¼ 1

8

G3PB

s

� �
s2 � l � sð Þ2
h i

ð2Þ
where G3PB= shqg. s is the span of the specimen,

w its width, l its length, q the snow density and

g the acceleration of gravity (Fig. 2a). For our

3PB-experiments the part due to the moment Mm

in Eq. (1), is about 60% of the part due to the force

(Fcs /4w).

2.2. Cantilever beam test

In order to link the experimental data to those of

Schweizer et al. (2004) the same cantilever beam tests

(CB-tests) were performed. The specimens were

notched from top until the protruding part with length

L broke off under its own weight at a critical cut

length a =ac (Fig. 2b). L was chosen to be either 10

cm or 15 cm. Since the cut in the CB-tests is loaded in

mixed mode, the SIF in mode II, KII, has to be taken

into account. For h�abL, the system is equivalent to

the asymptotic case of a deep edge crack under a

bending moment and a shear force. The corresponding

SIF are given in Tada et al. (2000):

KI ¼
3:975M

h� acð Þ3=2
ð3Þ

and

KII ¼
1:463GCB

h� acð Þ1=2
ð4Þ

where GCB is the cantilever weight per specimen

width (GCB=Lhqg) and M is the moment per spec-

imen width (M=GCBL /2).

In a brittle material like snow, the mode interaction

is likely to be governed by the criterion of maximum

hoop stress suggested by Erdogan and Sih (1963),
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which leads approximately to the following failure

diagram (Schindler, 2004):





 KII

KIc





V
ffiffiffi
3
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2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� KI

KIc

r
: ð5Þ

Replacing KIc in Eq. (5) by the critical SIF in Mode

I, KIQ yields:

KIQ ¼ KI

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2
I

4
þ 4

3
K2
II

r
: ð6Þ

Eq. (6) slightly deviates from the formulation for

the critical stress intensity factor given by Kirchner et

al. (2002a). Particularly for deep cuts, Eq. (6) is the

more appropriate approximation. Taking KII into ac-

count in Eq. (6) increases KIQ by about 6% to 37%,

depending on snow density.
Fig. 3. Cohesive crack model with a linear distribution of the

cohesive stresses rcoh(x) acting on the virtual crack-faces.
3. Size requirement

In the presence of a crack, a local non-linear zone

evolves in any material due to the extreme stress

concentration at the crack-tip. As long as the length

Rc of this non-linear zone remains small compared to

the crack length and the characteristic dimensions of

the specimen, LEFM can still be applied (Anderson,

1995). In fracture toughness testing of elastic-plastic

materials, the applicable standards like ASTM E399

require Rc at crack instability to be about 8 times

smaller than the crack length a or the ligament width

h�a, whichever is smaller. To estimate Rc, often

Irwin’s approximation of the plastic zone size is

adapted (Irwin, 1958). By replacing the yield strength

by the tensile strength of snow rRt, the plastic zone at a

crack-tip loaded in mode I can be expressed as:

Rci
1

p
KI

rRt

� �2

: ð7Þ

As snow is a non-ductile material at the strain

rates applied in our tests, the non-linear zone is restrict-

ed to the fracture process zone at the crack-tip. In the

fracture process zone the material behaviour is char-

acterised by strain softening, i.e. decreasing stresses

with increasing deformation. This behaviour can be

described by Barenblatt’s cohesive force model (Bare-

nblatt, 1962). The strain-dependent strength of the
material is interpreted as cohesive stresses rcoh(x) act-

ing on virtual crack-faces in the range 0 bx bRc, i.e. the

process zone (Fig. 3). The distribution of rcoh(x) is

usually unknown, but for physical reasons it has to

be a decreasing function between the maximum at

x=Rc and zero at x =0. Assuming, for the sake of

simplicity, Rc V a and a linear behaviour of the cohe-

sive stress with x, this model yields (Schindler, 1996):

Rci
9p
32

KI

rRt

� �2

; ð8Þ

which is about three times the value given by Eq. (7).

Moreover, if the condition Rc V a is not fulfilled, then

Rc becomes dependent on the crack length and speci-

men geometry. Beyond LEFM, even Eq. (8) can con-

siderably underestimate the actual length of the non-

linear zone.

Concerning the size requirement which has to be

fulfilled for an application of LEFM, there is only

little experience on non-ductile materials in general

and snow in particular. A simplified application of

Barenblatt’s model to a deeply cracked beam in bend-

ing (Schindler, 1996) indicates that the corresponding

requirement should be at least as restrictive as the one

given by ASTM E399 for elastic-plastic materials.

The maximum length of the nonlinear zone is

obtained from Eqs. (7) or (8), respectively, by setting

KI=KIc. In the case of sub-sized specimens, KIc is not

known a priori, so it has to be replaced by KIQ. Since



C. Sigrist et al. / Cold Regions Science and Technology 43 (2005) 24–3528
KIQ is in general smaller than KIc, Rc can be signif-

icantly underestimated. To avoid this uncertainty it is

preferable to use corrected KIc values in Eqs. (7) or (8)

rather than KIQ (see Section 4).
4. Size corrections and scaling laws

If LEFM does not apply, the fracture process is no

longer governed by the stress intensity factors only.

This means that the critical stress intensity factor KIQ

of Eq. (1) does not represent the actual fracture tough-

ness KIc of the material, but an apparent fracture

toughness that depends on the geometry and the size

of the specimen. Thus the measured KIQ values have

to be corrected to the size of the problem which has to

be solved.

4.1. Scaling law

Fracture processes that are governed by nominal

stresses or plastic collapse are scalable, whereas those

governed by crack instability are not (Bazant and

Planas, 1998). The reason is that for a larger struc-

ture, more energy is released at the crack front by the

same crack extension, Da. Accordingly, there is no

size effect in nominal strength rN for specimens

which are smaller than a certain size. For large

sizes a pure brittle behaviour is dominant and struc-

tures fail at a fixed stress intensity factor, which

depends on the absolute crack length. This general

behaviour is schematically shown in Fig. 4 (Bazant

and Planas, 1998), using a general size parameter D.
Fig. 4. Fracture mechanical size effect on the strength of a material

(Bazant and Planas, 1998).
Based on experimental data of tensile fracture,

Bazant and Planas (1998) proposed the following

general scaling law for the nominal strength

rN ¼ BrRtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ D=D0

p ð9Þ

where rRt is the tensile strength, B is a dimension-

less constant, and D0 a characteristic size. In Fig. 4,

D0 is the point where the line for linear elastic

behaviour intersects with the horizontal line for plas-

tic collapse. However, Eq. (9) can only serve to

predict the size effect in cases of short cracks or

geometrically similar crack systems.

4.2. Equivalent fracture toughness

According to Bazant and Planas (1998) it is possi-

ble to experimentally obtain an equivalent fracture

toughness KIc
e which is an estimate of fracture tough-

ness KIc. A simplified version of Eq. (1) is used,

which neglects the factor 0.95 and replaces function

f2 with function f1:

KIQ ¼ rN

ffiffiffiffiffiffi
pa

p
f1

a

D

� �
: ð10Þ

The nominal strength rN is defined as the maxi-

mum surface stress in the uncracked state

rN ¼ 6

h2
Fcs

4w
þMm

� �
: ð11Þ

The error due to the simplification does not exceed

5% for our experiments and is justifiable for a first

estimate of KIc
e. By rearranging Eq. (9) a linear de-

pendence of the characteristic specimen size D is

obtained:

1

rN

� �2

¼ c1Dþ c2 ð12Þ

with c1 ¼ 1

D0 BrRtð Þ2 and c2 ¼ 1

BrRtð Þ2 :. In our experi-

ments the characteristic length D is associated with

the specimen height h. If the data are plotted as

1

rN

�2
versus the specimen height h, D0 and BrRt
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can be estimated from slope and intercept of a linear

regression by

D0 ¼
c2

c1
ð13Þ

and

BrRt ¼
1ffiffiffiffiffi
c2

p ; ð14Þ

By including Eqs. (9)(13) and (14) in Eq. (10), KIQ

can be written as

KIQ ¼
ffiffiffiffiffiffi
ap

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 þ c1D

p f 1
a

D

� �
: ð15Þ

For large D, c2 can be neglected in Eq. (15).

According to Fig. 4 the specimen behaviour is linear

elastic for large D, i.e. KIQ tends to KIc
e, and Eq. (15)

simplifies to

Ke
Ic ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p
c1

a

D

� �r
f1

a

D

� �
for DHD0: ð16Þ

4.3. Size correction based on FAD

Beyond LEFM, the fracture process is governed by

the interaction of the stress intensity factors KI and the

global stresses rNa acting in the region of the crack

tip. A practical tool to cope with this complex situa-

tion of an interaction of local and global stresses is the

so-called failure assessment diagram (FAD), which

represents the interaction as a failure line in the

plane KI–rNa, as schematically shown in Fig. 5

(Milne et al., 1988). FADs are often used to assess

the stability of a cracked structural component in
Fig. 5. Theoretical failure assessment diagram (FAD) for brittle

material behaviour.
elastic-plastic fracture mechanics. Reversing the

idea, the FAD might serve to estimate fracture tough-

ness KIc from the apparent fracture toughness values

KIQ determined with specimens that did not fulfil the

size requirement (Fig. 5). In Milne et al. (1988) a

universal FAD was given as

Kr ¼
0:3þ 0:7exp � 0:6L6r


 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 0:5L2r

p : ð17Þ

In the terminology of the present paper, Kr =KIQ /

KIc and Lr =rNa /rRt.

The global stress rNa of a 3PB-specimen is similar

to the nominal stress rN (Eq. (11)) of the remaining

cross section (h�a). Assuming for the sake of sim-

plicity – as common in FAD-application – an ideal

plastic stress distribution in the ligament, the elastic

stress given by Eq. (11) is reduced by a factor of 2 /3

(e.g. Nash, 1998), thus:

rNa ¼
1

h� að Þ2
Fcs

w
þ 1

2

G3PB

s

� �
s2 � l � sð Þ2
h i� �

:

ð18Þ

The analogous global stress for the CB-tests

includes the shear stresses. Taking them into account

roughly by applying Mohr’s circle to the global stres-

ses, one obtains:

rNa ¼
2M

h� acð Þ2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2M

h� acð Þ2

 !2

þ GCB

h� ac

� �2

vuut :

ð19Þ

However, being established semi-analytically for

elastic-plastic materials, Eq. (17) is not expected to

hold for snow as well without any restrictions. An

alternative FAD derived on a theoretical basis in

Schindler (2004) is

KIQ

KIc

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� rNa

CrRt

r
: ð20Þ

Eq. (20) only holds for Rc V a, but from experi-

ence in elastic-plastic fracture mechanics it is

expected that the range of applicability of Eq. (20)

exceeds the range of LEFM considerably. By evalu-

ating Eqs. (17) or (20) KIc can be estimated from KIQ

values.
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5. Results and discussion

During winter 2003/2004 five series of experi-

ments were performed (Table 2). In the first two series

(A, B) the specimens were tested in 3PB. Series C and

D included 3PB-tests and CB-tests. In series E differ-

ent specimen sizes were used.

5.1. Density dependence

The critical stress intensity factors (SIF), KIQ, were

evaluated for the 3PB-tests and CB-tests of series A–

E, according to Eqs. (1) and (6), respectively. The

results are compiled in Fig. 6 and Table 2. The

dependence of mechanical properties on density can

be described with a power–law relation (Perla et al.,

1982):

KIQ ¼ AqB: ð21Þ

The coefficients A and B were determined by

using a log–log plot of the data presented in Fig. 6

and by applying a linear regression line. For series

A–E this resulted in A=(2.9�10�6F3.4�10�6)

kN m3 / 2 kg�1 and B =2.40F0.14. The linear re-

gression was statistically highly significant

( p b0.0001). Schweizer et al. (2004) reported values

for A between 3.1�10�5 kN m3 / 2 kg�1 and

1.3�10�5 kN m3 / 2 kg�1 and for B between 1.9

and 2.1 depending on snow type. For comparison,

the relations fitted by Schweizer et al. (2004) for

CB-tests are shown in Fig. 6.
Table 2

Summary of type and number of experiments (3PB: Three-point bending,

beam test with L=15 cm)

Series Type and no. of experiments Specimen sizes

(h, l, w) (cm)

Snow

3PB CBT 10 CBT 15

A 7 – – (20, 50, 10) Smal

B 12 – – (20, 50, 10) Deco

facet

C 6 11 4 (20, 50, 10) Smal

0.25–

D 27 13 26 (20, 50, 10) Smal

form

E 20 – – (8, 20, 10)

(13, 31, 10)

(20, 50, 10)

(32 , 80, 10)

Deco

roun

Snow type is given as grain shape, grain size and hardness (hand test) ac
The power–law fits suggested by Schweizer et al.

(2004) given in Fig. 6 show that their KIQ values

were on average lower than the ones obtained in the

present study. The difference is relatively small up to

a density of about 250 kg/m3 and further increases

with increasing density. A comparison of the results

with those of Schweizer et al. (2004) is difficult

because their measurements are limited to densities

up to 275 kg/m3, whereas most of our measurements

were with densities above 300 kg/m3. The lack of

sufficient data at low densities might have had an

influence on the value of coefficient B which cannot

be quantified. Furthermore, Eq. (6) can differ consid-

erably from the one used by Schweizer et al. (2004).

For deep cuts, KIQ might be underestimated by their

equation.

5.2. Shape dependence

According to LEFM, KIQ should be a material con-

stant and independent of the test method, i.e. equivalent

to the fracture toughness KIc. However, the KIQ values

for the CB-tests in Fig. 6 tend to be significantly smaller

than those for the 3PB-tests. Among the CB-tests, the

ones with a cantilever length of L=10 cm failed at

smaller KIQ than the ones with L=15 cm. Hence, a

dependence of KIQ on the test method can be observed.

The essential difference between the test methods is

their different specimen shape (Fig. 2), since the effect

due to mixed-mode fracture in the CB-tests was taken

into account (Eq. (6)). Therefore, the geometry of the
CBT 10: Cantilever beam test with L=10 cm, CBT 15: Cantilever

type Snow density

(kg/m3)

Snow

temperature

(8C)

l rounded, 0.25–0.5 mm, 1F– 254F12 �6.5

mposed and fragmented, partly

ed, 0.5–1 mm, F–4F

148F3 �8.8

l rounded and faceted,

0.75 mm, 4F

220F7 �10.6

l rounded and partly mixed

s, 0.5–1 mm, 1F–K

328F17 �11.0

mposed and fragmented, small

ded, 0.5–1 mm, F–4F

186F12 �14.5

cording to ICSSG (Colbeck et al., 1990).
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Fig. 6. Critical SIF in relation to density (series A–E). The data is

distinguished according to the test method used. The power–law fit

is based on a linear regression in a log–log plot. For comparison the

power–law fits by Schweizer et al. (2004) are added;

KIQ=3.1�10�5q1.9 (dashed line) and KIQ=1.3�10�5q2.1 (dotted
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Fig. 7. Comparison of 3PB-tests and CB-tests (Series D). Critical

SIF in tension in relation to the relative notch length (a /h). The

results were normalised to a density of 330 kg/m3.
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specimens seems to be responsible for the difference.

This effect has been previously described by Faillettaz

et al. (2002) and Schweizer et al. (2004).

Fig. 7 shows the critical SIF, KIQ, in relation to the

relative notch length (a /h) for series D. In order to

eliminate the density dependence the data were nor-

malised to a density of 330 kg/m3, which was approx-

imately the mean density of series D (q =328F17 kg/

m3). This was made by assuming a linear relation

between density and KIQ, what is justified for a lim-

ited density range.

The mean KIQ for the 3PB-tests (4.2 kPa m1 / 2)

was 24% larger than the mean for the CB-tests (3.4

kPa m1 / 2). This corresponds to the findings in Fig. 6.

In Fig. 7 it can be seen that for the CB-tests KIQ

increased with increasing cantilever length L. This

supports the assumption of a shape effect. A shape

effect has to be expected if LEFM does not apply.

For the cantilever beam tests KIQ was increasing with

increasing notch length to specimen height ratio (a /

h). This corresponds to the findings of Schindler

(1996) for small ceramic specimens.

5.3. Fracture process zone

If the tensile strength rRt and the fracture tough-

ness KIc are known, the size of the fracture process

zone Rc can be estimated by Eq. (8). Because we do
not have yet a suitable size correction to extract KIc

from measurements of KIQ, we used KIQ to estimate

Rc according to Section 3. Since no direct measure-

ments of the tensile strength were made, it was esti-

mated from the nominal stress for each measurement

according to Eqs. (18) and (19) (Fig. 8). For a given

density one can assume that the measured nominal

stresses of the notched specimens have to be smaller

than the nominal stress of the unnotched specimens,

which would correspond to the tensile strength.

Therefore, a power–law relation with the boundary

condition rRb (q =0)=0 was fitted to the data in

Fig. 8 such that it formed an upper boundary:

rRb=1.23�10�4 q2.1 kPa. The estimated tensile

strength rRb was comparable to previous measure-

ments found in the literature. For example, for a

density of 200 kg/m3 we estimated a tensile strength

of about 8.4 kPa. According to measurements sum-

marized by Mellor (1975) the tensile strength is about

2–10 kPa. Jamieson and Johnston (1990) found lower

values of about 2 kPa.

With the estimate of the tensile strength and the

use of Eq. (8) the size of the process zone is plotted in

Fig. 9 as a function of snow density. For a typical

snow slab avalanche density of about 180 kg/m3, Rc is

about 1.1 cm.

Since we used KIQ instead of KIc, the resulting

Rc values represent a lower boundary of the effec-

tive size of the fracture process zone. Thus, the
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fracture process zone Rc was larger than, a / 8 or

(a�h) / 8, the limits for LEFM (cf. Section 3) for

most of our experiments. The fracture behaviour of a

non-ductile material due to a relatively large fracture

process zone is often called bquasi-brittleQ (Bazant and
Planas, 1998).

5.4. Size dependence

Results of fracture experiments with four different

specimen sizes (series E) are shown in Fig. 10. The

ratio of notch length to specimen height (a /h) was

kept constant at 1 /10. In Fig. 10a KIQ is plotted in

relation to the specimen height h. KIQ increased with

increasing specimen size. A linear regression was

statistically significant ( p =0.003) with a slope of

�1.9F0.5. In Fig. 10b the data are shown in a

log–log plot as in Fig. 4. The nominal strength rN

decreased with increasing specimen size. The de-

crease was statistically significant ( p =0.003) with

a slope of �0.23F0.07.

D0, BrRt can be evaluated by a linear regression of

the data if (1 /rN
2) is plotted vs. sample height h (Eqs.

(12)–(14)). The linear regression yields 0.07F0.02

kPa�2 m�1 for the slope and 0.02F0.01 kPa�2

for the intercept with a level of significance of

p =0.015.

Snow density ρ (kg/m3)

Fig. 9. Size of fracture process zone Rc in relation to snow density
D0 ¼ 0:30F0:13m

BrT ¼ 7:07F0:88 kPa
With Eq. (16) and (a /D)=1 /10=const., KIc
e can be

determined:

Ke
Ic ¼ 2:20F0:40 kPa

ffiffiffiffi
m

p
:

The slope in Fig. 10b is less than �1/2, as associ-

ated with LEFM in Fig. 4. The slope (�0.23) indi-

cates that specimen sizes were in the range of D0

in Fig. 4. This suggests that our specimens were

not large enough to be in a range where LEFM

would be applicable. The reason for this is the

large size of the fracture process zone. However,

it is hardly possible to increase the sample size

because larger samples cannot be handled any

more.

The equivalent fracture toughness KIc
e=2.20F0.40

kPa m 1 / 2 was as expected larger than the value

obtained by the power–law fit of Eq. (21) of KIQ=

0.81 kPa m1 / 2, with A=2.9�10�6 kN m3 / 2 kg�1,

B =2.4 and a density of 186 kg/m3. The effectively

measured mean KIQ of series E was about 1.2

kPa m1 / 2.

The ratio b =D /D0 should be at least 25 if the

deviation from LEFM should be less than 2%

(Bazant and Planas, 1998). At best we obtain a

ratio of bc1, because D0 is similar to our speci-

men dimensions. Thus, even the most optimistic

estimates indicate that the specimen dimensions re-

quired for LEFM are too large for any practical

purpose. Even in the case of a snow slab avalanche

this criterion is not fulfilled. Fracture depths mea-
derived from KIQ and rRb values.
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sured slope perpendicular at the crown (tensile frac-

ture) of slab avalanches were about 65 cm for a

dataset including natural and human triggers (Perla,

1977) and about 40 cm for only human-triggered

avalanches (Schweizer and Lütschg, 2001). Eq. (15)

can be used for a first estimate of a critical stress

intensity value representative for a slab thickness

D =50 cm

Kslab
IQ ¼ 1:69 kPa

ffiffiffiffiffiffi
m:

p

The ratio (a /D) was kept at 1 /10 as for the

experiments. For future estimates of KIc
slab a shape
correction has to be added accounting for the differ-

ent shapes between laboratory experiments and slab

geometry.

The above results are only a rough estimate and

have to be considered as preliminary because of the

small number of experiments, (N =20) out of which 3

had to be excluded because the specimens failed

during preparation. Therefore, further experiments

and an increased measurement precision will be need-

ed to corroborate these findings.

5.5. FAD determination

By the correction based on Eqs. (17) or (20) no

tendency of convergence to a size-independent

KIc value was found. This indicates that the actual

FAD for the present material and specimen geometry

differs significantly from the ones described by Eqs.

(17) or (20). To obtain an improved, test-specific

FAD, the experimental data have to be plotted in a

diagram (rNa /CrRb) vs. (KIQ /KIc). In order to nor-

malize both axes, the tensile strength rRb and the

fracture toughness KIc had to be estimated. To esti-

mate rRb the power law relation (Fig. 8) was used. To

estimate KIc, KIQ was plotted in relation to (rNa /

CrRb) with C set to 1. Theoretically KIQ /KIc should

be about one for rNa /CrRbb0.3. Therefore, KIc was

estimated as the upper boundary of the KIQ values for

which rNa /CrRbb0.3. The corresponding experimen-

tal data are shown in Fig. 11. As an FAD two linear
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regression lines for the two different test methods can

be used:

3PB-specimens:

KIQ

KIc

¼ 2:5
rNa

rRb

þ 0:22 ð22Þ

CB-specimens:

KIQ

KIc

¼ 1:23
rNa

rRb

þ 0:34: ð23Þ

Although the values seem to correlate well, espe-

cially for the CB-tests, Eqs. (22) and (23) do not

resemble the typical shape of an FAD (Fig. 5),

which is characterized by a decreasing Kr with in-

creasing Lr as described by Eqs. (17) and (20). This

behaviour cannot be explained so far and requires

further investigations. Reasons for the differing

shapes of Figs. 5 and 11 might be that the condition

behind Eq. (20), RcVa, was not fulfilled for our

experiments and that the outcome of Fig. 11 is very

sensitive on how the upper boundaries to estimate rRb

and KIc are chosen. The latter reason concerns rather

the scatter of the points than the influence on the slope

of a linear regression. Measuring the tensile strength

rRb in parallel to the toughness might decrease the

uncertainties when applying this method.

Eqs. (22) and (23) can be used at least formally to

correct the KIQ values according to Section 4.3. The

resulting KIQ values are shown in Fig. 12. The calcu-

lated KIc values now converge compared to the KIQ
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Fig. 12. KIQ values in comparison to the corresponding corrected
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values, not only between the different sizes but also

between the two specimen types, at least for higher

snow densities.

The absolute value of KIc can not be considered as

being representative at the moment, because of the

rough estimate of rRb and KIc to normalize the axis as

mentioned above and the problems in explaining the

increasing Kr with increasing Lr.
6. Conclusions

In order to investigate the size and shape-depen-

dence of fracture toughness measurements on labora-

tory-sized specimens of snow, tests with three different

specimen geometries and four different sizes were

performed. The three specimen geometries consisted

of a three-point bending test and two cantilever beam

tests with cantilever lengths of 10 cm and of 15 cm.

The 3PB-test method was adapted to snow experi-

ments for the first time and proved to be applicable.

The critical stress intensity factors found were

similar to previous measurements, with a similar den-

sity dependence. The 3PB-tests provided higher

values than the CB-tests which depended on cantile-

ver length. The differences between the test methods

were significant and attributed to non-negligible size

and shape effects. The fracture process zone was

estimated to be in the order of at least one centimetre,

implying that snow has to be considered as a quasi-

brittle material at the scale of our experiments. For a

quasi-brittle material linear elastic fracture mechanics

(LEFM) is applicable only with a size correction.

As a method to correct the apparent fracture tough-

ness to the size-independent material property KIc the

equivalent fracture toughness according to Bazant and

Planas (1998) was determined. Preliminary results

suggest that the actual fracture toughness KIc can be

twice as large as the apparent one in the experiments.

From the present results, fracture toughness is

expected to be size dependent up to the scale of a

slab avalanche. Therefore, an appropriate scaling law

for KIc is essential when fracture mechanics is applied

to predict avalanche release.

As a possibility to correct individual toughness data

from laboratory specimens, a new method based on the

FAD-theory was explored. For this purpose the specific

FAD for a certain test method had to be established by a
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series of tests, since the universal FADs given in the

literature were found to be inadequate for the present

purpose. The preliminary results are promising, but the

obtained FADs have to be considered as tentative and

have to be verified by further tests.

The presented results represent some first steps

aimed at designing laboratory measurements to deter-

mine snow fracture toughness which will be transfer-

able to snow slope stability and avalanche release

modelling.
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