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[1] Dry snow slab avalanches initiate from shear fracture in a thin weak layer underneath
a planar slab of cohesive snow. In this paper, field data from more than 400 snow
shear fracture tests are analysed and applied to the problem of snow slab release and snow
pack instability evaluation. The paper contains a new, but simple, analytical model to
estimate the critical length for fracture. The model contains the assumption of a finite
fracture process zone which may be a significant fraction of the slab depth D or the critical
length L for weak layer shear fracture. The results suggest that the ratio L/D is of order 1
for both the data and the model as previously predicted for the snow slab. Using a
combination of experimental results from laboratory tests, two sets of field data and the
new model, suggests that previous theoretical arguments about snow slab release over
almost 30 years are congruent with the field data. Simple extension to explain viscoelastic
temperature effects and slope normal weak layer deformation on snow slab instability
evaluation is included in the analysis. Since the experimental field data contain
viscoelastic effects and slope normal effects, it is imperative to account for these in the
model and for snow slab instability evaluation.
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1. Introduction

[2] Dry snow slab avalanches initiate by propagating
shear fractures from within a thin relatively weak layer
underneath a thicker, stronger slab. It has been known for
30 years [McClung, 1977] that alpine snow is a pressure
sensitive, dilatant, strain-softening material when it fails in
shear. The fundamental process involves the failure of
bonds between grains which are a significant fraction of a
millimeter size or more. The large failure elements (e.g.,
millimeter size) and the strain-softening behavior imply that
the zone over which shear failure is taking place (called the
fracture process zone (FPZ)) must be large and comparable
to some important slab dimensions such as the slab depth,
D, to measured perpendicular to the weak layer [Bažant et
al., 2003]. Thus, the fracture process zone is finite and it has
been suggested that alpine snow is a quasi-brittle material
[McClung, 1979, 1981; Bažant et al., 2003] with a fracture
mechanical size effect needed to explain the known
decrease of nominal strength with increasing sample size.
Up to now, since the fundamental paper by Palmer and Rice
[1973] introducing quasi-brittle fracture mechanics to the
Earth materials (soil, rock, snow, ice), most evidence for the
Earth materials has come from laboratory tests instead of
field tests to get the fundamental fracture characteristics.
The exception, being the work of Dempsey et al. [1999] on

ice. In this paper, I provide partial verification for the snow
slab using the results of 488 fracture tests from field tests on
alpine snow by Gauthier and Jamieson [2008], Sigrist
[2006], and my own field measurements taken in March
2008. The field tests show that the median of the critical
length ratio L/D, is O(1) as predicted by [Bažant et al.,
2003].
[3] Since the experimental results show that the critical

length, L, is comparable to slab depth, I also provide a
simple one-dimensional model based on the work of Cleary
and Rice [1974] which is applicable when the fracture
process zone length, w, is as large as the critical length
(w/L � 1). The model allows theoretical estimates of the
critical length in terms of slab and weak layer mechanical
properties including pressure sensitivity which is a known
characteristic of alpine snow [McClung, 1977, 1987;
McClung and Schaerer, 2006]. The model contains the
prediction that shorter critical lengths are expected for
higher applied normal stress which is evident in the field
tests of Gauthier and Jamieson [2008] and my tests in the
winter of 2008. In addition, maximum estimates of w are
provided from the model and it is suggested that w is
O(100)xE as hypothesized by McClung and Schweizer
[2006], where E is the mean grain size in the weak layer.
[4] In this paper, previous results obtained by Palmer and

Rice [1973] and Bažant et al. [2003] are utilized but two
extensions of their work are included. These extensions
include the one dimensional model described above for w
comparable to L and provision for slope normal deformation
within the fracturing weak layer which accompanies slope
parallel shear deformation. The latter is described both in
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laboratory tests and from field tests. Figure 1a shows a shear
fracture which has propagated under a snow slab on a slope
with slope normal deformation (collapse) prior to tensile
fracture through the slab. Figure 1a suggests that the
tensile fracture initiated from the bottom of the slab. The
shear fracture in the weak layer propagated first with tensile
fracture initiating at the interface between the collapsed and
noncollapsed portion of the weak layer. Figure 1b shows a
similar pattern from field tests on flat terrain (slope angle
0�) described below. In Figure 1b, the propagating shear
fracture initiated at the point where the saw blade was
turned upward with tensile fracture through the slab after a
short propagation distance. Given that the shear fracture
propagated along the weak layer, I suggest that a portion of
the gravitational energy released by making the saw cut in
the weak layer resulted in horizontal slip to drive the shear
fracture in the weak layer. Figures 1a and 1b provide the
motivation for simple extension of the previous work to
account for the combination of slope normal and slope
parallel deformation with a weak layer of finite thickness
when it fractures.
[5] The quantitative aspects of the field fracture tests

reported in this paper also confirm the importance of
accounting for the normal stress effects implied by the

new model. In this paper, the new model is presented first,
followed by comparison with the fracture data from the field
tests. The field tests do not contain all the material input
needed so the comparison relies upon data from laboratory
tests, including slab modulus and strain-softening data from
shear fracture tests, as well as weak layer fracture energy
determined from slab avalanche data. Since the data needed
come from diverse sources, comparison of data with the
theory is not highly precise but this is a common charac-
teristic of field measured geophysical experiments.

2. Description of Field Tests and Characteristics
of Data

[6] Sigrist [2006] and Gauthier and Jamieson [2008]
provide detailed descriptions of the field tests used in this
paper. The reader is referred to their work for more detail
but a brief description is given here. The procedure involves
introducing a cut upslope or downslope within a weak layer
underneath a long rectangular block of snow cut free on all
sides. The cut is made to a length L at which the shear
fracture propagates rapidly within the weak layer. Figure 2
contains a schematic of the test setup. The block of snow is
about 30 cm wide with a total length, L0, ideally at least 3–

Figure 1a. Photo of snow slab fractures with collapse
(slope normal) deformation in the weak layer. A shear
fracture propagated first up the low angled slope within the
weak layer followed by tensile fracture through the slab
initiated at the interface between collapsed and noncol-
lapsed portions of the weak layer. Photo courtesy of the
Department of Civil Engineering, University of Calgary,
Calgary, Alberta, Canada.

Figure 1b. Photo of fractures observed in field tests on
horizontal terrain (slope angle 0�). The shear fracture
initiated at the position where the saw is located by cutting
through the weak layer from left to right. Tensile fracture
through the slab occurred after the shear fracture propagated
for about 20 cm. Photo courtesy of R. Burrows.
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4 times the depth. In most of the tests, both ends of the
block are cut free so that they represent free surfaces on the
upslope and downslope ends and the sides of the block are
also free surfaces. The cut within the weak layer is made
either upslope from the lower end of the block or downslope
from the upper end of the block. Gauthier and Jamieson
[2008] showed that there is no statistical difference between
cuts made upslope or downslope. For the remainder of this

paper and in the model developed later, I will take the cut as
being made upslope. Gauthier and Jamieson [2008] also
performed tests for slopes of different angle from y = 0�–
50� (mean 25�) which provide evidence of normal stress
and slab stiffness. My own data further clarify these effects,
as shown below.

2.1. Length Scales in the Problem

[7] There are a number of length scales in the problem
(Figure 2) including L0, length of the block tested; L, critical
length of the cut in the weak layer; D, slab depth measured
perpendicular to the weak layer; w, length of the fracture
process zone for the shear crack or shear band; d0, thickness
of the weak layer; E mean size of grains in the weak layer;
and d, mean displacement during strain softening shear
fracture for alpine snow. Table 1 gives some typical values
and scaling ratios for these quantities. It is important to note
that two of these quantities (w, d) are not measurable along
with the field tests. Both quantities are connected from
theoretical estimates provided by Palmer and Rice [1973]
and also with a simple theoretical model explained below.
The estimate of d comes from laboratory measurements of
shear fracture of alpine snow. Thus, even though a theoret-
ical explanation of the field tests requires all of the length
scales above, it is important to recognize that not all of these
can be measured with the field tests so that an explanation of
the tests will require more input than is actually measured.
[8] In this paper, the terms shear crack, shear band and slip

surface are taken to mean the same thing. In accordance with
shear failure of alpine snow and other geotechnical materials
they imply relative sliding within the weak layer. Also, the
‘‘crack’’ is not traction free but instead, there is frictional
sliding with a relationship between shear stress, t, and
relative sliding displacement, d. Acoustic emissions mea-
sured during simple shear experiments [McClung, 1987]
show a sharp peak in emission rate prior to achievement of
peak stress with rapid decline during softening. These experi-
ments suggest there is considerable dilational straining and
microfracturing prior to peak with formation of a slip surface
at or slightly after peak stress. In the simple model below, it is
assumed that sliding begins at peak stress with softening to
residual stress after a mean displacement d whose magnitude
is determined from laboratory fracture tests on alpine snow as
about 0.1 mm. After residual stress in achieved, it is assumed
that sliding takes place relative to surfaces of the band with t
at the residual value, tr.

Figure 2. (a) Schematic for field tests made with a saw cut
of critical length, L, within a weak layer of thickness, d0,
with a total block length, L0, with slope angle y . (b) Side
view schematic of the field tests with D as the slab depth.
The parameter w is the length of the fracture process zone.
The coordinate system is defined such that x is measured
from the left end of the block (x = 0) to the end of the cut or
slip surface (x = L) in the direction of the dotted line in the
center of the weak layer.

Table 1. Length Parameters for Dry Snow Slab Avalanche Initiation and for the Test Data Used

Length
Scale Typical Values Comments

L0 0.2–2 m Does not appear in the theory if L0/L � 1.
L 0.07–0.95 m Critical length ratio L/D is important in the

theory and of great practical importance.
D 0.1–1.3 m Fundamental scaling parameter for size effects in

nominal shear strength and critical length ratio.
w 5 to several 10s of cm A material property scaled with grain size in Appendix A.
d0 1 mm to several cm If d0 exceeds several mm or several times the mean grain size,

vertical displacement (collapse) may take place in the FPZ.
E 0.2–10 mm Here w is scaled with median values of E for weak layer types in Appendix A.
d 0.1–0.3 mm Fundamental parameter in the theory. The values come from

fracture tests with rapid strain softening in lab tests.

F01022 MCCLUNG: SNOW SLAB FRACTURE FROM FIELD TESTS

3 of 17

F01022



[9] In the case of the field tests, the saw cut induces both
slope normal and slope parallel deformation and the cut may
be envisioned as a crack with residual friction on the crack
surfaces. In laboratory tests, straining and microcracking
produces a slip surface with fall from peak to residual
strength. In the case of avalanche formation, a stress or
strain concentration in terms of a macroscopic imperfection
within a weak layer can initiate relative sliding within weak
layer as described by Bažant et al. [2003] and suggested by
Palmer and Rice [1973].

2.2. Influence of Column Length L0

[10] Gauthier and Jamieson [2008] reported 3 types of
test results. Most of the tests, they called CRL (for critical
length) in which the critical length, L, was essentially
independent of column length L0. Another type of test, they
called CP (for constant proportion) in which the critical
length was approximately proportional to L0, consisted of
seven sets of tests. A third type of test, they labelled VAR
(for variable) in which the critical length was partly influ-
enced by L0, consisted of three sets of tests. In this paper,
only the results of CRL tests are used for which the results
are independent of L0. The reader is referred to Gauthier
[2007] and Gauthier and Jamieson [2008] for a description
of the other types of test results.

3. Results From Failure and Fracture of Alpine
Snow in Simple Shear

[11] When deformed in simple shear, test results show
that alpine snow is a pressure sensitive, dilatant, strain-
softening material [McClung, 1979, 1987; Schweizer, 1998;
McClung and Schweizer, 1999]. The experimental test
results show that when failure is achieved (a peak on a
shear stress-displacement curve) alpine snow is in a dilatant
state whether the sample simply fails and slowly softens
after the peak or whether the sample fractures and collapses
or settles rapidly once the peak is achieved [McClung,

2007c]. Figures 3a and 3b are an example for which fracture
has taken place at peak stress for fine grained, faceted snow
deformed in direct simple shear as described by McClung
[1977]. The horizontal displacement rate for this example is
about 0.1 mm/min. Faceted snow is an important weak layer
form which is very common in human triggered avalanche
failure layers. This example shows that the characteristic
mean displacement over which rapid softening takes place
in a fracture experiment is of the order d = 0.1 mm. This
value is similar to results in tension fracture experiments on
alpine snow [McClung and Schweizer, 2006] and concrete
[Bažant and Planas, 1998, p. 180]. McClung [2007c]
present more data in relation to this important scale for
softening and fracture for alpine snow. Slow strain-softening
failures without fracture typically show displacements over
which softening takes place an order of magnitude above this
value, i.e., d = 1 mm or more [McClung, 1977]. This result is
of immense importance since the size of the fracture process
zone is determined mostly by the material parameter d
relatively independent of the size of the snow slab [Palmer
and Rice, 1973]. In addition, the fracture tests exhibit much
more severe strain softening (drop from peak to residual)
compared with results from slow tests.
[12] Another important effect for shear fracture in shear

frame tests as opposed to slow softening failure or rapid
softening fracture is that the pressure sensitivity is greatly
reduced. Slow, strain-softening tests on faceted snow
[McClung, 2007c; McClung, 2007c] show that peak friction
angles are typically in the range 50� < f < 70� for either
slow failure and softening or for slow failure followed by
fracture and rapid softening accompanied by collapse.
Figure 4 shows a peak failure envelope for the faceted
snow similar to that in Figures 3a and 3b. The slope of the
curve gives a peak friction angle of approximately 70�.
These peak friction angles are higher than slope angles for
which avalanches release [McClung and Schaerer, 2006]
which suggests that imperfections or strain and stress

Figure 3a. Direct simple shear results for shear stress
(kPa) versus horizontal displacement for faceted snow.
Density is 165 kg/m3, test temperature is �15�C, and grain
size is 0.2–0.5 mm. The mean displacement by strain
softening after peak stress is d � 0.1 mm.

Figure 3b. Vertical displacement versus horizontal dis-
placement for the sample in Figure 3a. The graphs show that
fracture takes place during a dilatant state with collapse
following failure at peak stress. Horizontal displacement
following fracture at peak stress is of the order of 0.2 mm.
Horizontal displacement rate is 0.1 mm/min. The sample
size is 11.5 cm diameter with a height of 2 cm.
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concentrators in weak layers are involved in the initiation of
avalanches [McClung, 1987]. Fracture tests performed rap-
idly by Jamieson [1995] with a shear frame by applying
weights on top of the frame suggest friction angles f � 5�–
10� during fracturing for faceted snow and surface hoar.
These latter values are utilized in the model developed
below to interpret the field tests described in section 2.
[13] Taken together, these results show that implied

mechanical behavior including pressure sensitivity under
failure with slow softening is greatly different for shear
frame tests than when rapid softening takes place following
fracture in a dilatant state at peak stress. Fracture implies
very short characteristic displacement during softening. and
the shear frame tests indicate much less pressure sensitivity
(i.e., much lower friction angle) than in slow direct simple
shear tests. For the model below, the most important
characteristics are the low-pressure sensitivity (low values
of f) and the characteristic displacement of order 0.1 mm
during fracturing.

4. One-Dimensional Model for Quasi-Brittle
Fracture Initiation With Finite Fracture
Process Zone

[14] The model presented by Palmer and Rice [1973] for
initiation of shear fracture on a slope provides the basic
starting point. The model was applied to avalanche failures
by McClung [1979, 1981] and Bažant et al. [2003]. The
basis of the model of Palmer and Rice [1973] is that failure
of a strain-softening material in a shear band underneath a
slab results in fracture once a critical length is achieved. An
important assumption which is retained in the new model
presented below is that the dominant deformations take
place in the weak layer (sliding layer) as opposed to the
slab. The fracture process zone over which strain softening
takes place is considered to be of finite size. However, the
implications of the model of Palmer and Rice [1973] are
such that the overall length of the band must be greater than
or equal to characteristic size[Bažant et al., 2003]. Also, the

length of the fracture process zone (FPZ) must be less than
in order to form correspondence with the analogy to linear
elastic fracture mechanics (LEFM). Thus, it was assumed
that w � L in previous models.
[15] The test data summarized below (Table 2) show that

the ratio L/D is often less than one. In Appendix A, I have
summarized the scaling of L/D and I have provided ap-
proximate estimates of for the new model below which is
developed for w � L to replace the assumption of small FPZ
(w � L). Even though two dimensional solutions are
required [Bažant et al., 2003] for best accuracy, such
models involve assumptions about mechanical behavior
and properties which are unknown for alpine snow. The
uncertainties involved in 2-D modelling would negate the
greater accuracy sought. Therefore, one dimensional mod-
elling is retained below.
[16] Estimates of the critical lengths for alpine snow are

in the range of several 10s of cm. [McClung and Schweizer,
1999]. The length-scale data in Table 2 suggest that the
original model of Palmer and Rice [1973] should be
modified such that a finite FPZ may be assumed. In the
model below, therefore, I assume that w < L to derive a
propagation condition for specifying the critical length
scaled with D, L/D. It may be noted that if w � L then
layer failure is achieved when peak shear strength is
mobilized all along the band. From the concepts developed
by Palmer and Rice [1973], fracture may ensue at applied
shear stress well below peak stress for long bands, L/D� 1.
From the values in Table 2, it can be expected that the
applied shear stress is near but below peak nearly all along
the band since the bands lengths are fairly short when scaled
with D and I take this assumption in the model below.
[17] The model developed below is expected to be

applicable approximately to the fracture data reported above
and also to dry snow slab avalanche initiation. The fracture
mode is taken as mode II, inplane shear deformation. Even
though avalanche shear failures spread upslope and across
slope after initiation, I suggest that initiation is mostly in the
upslope and/or downslope direction since the applied shear
stress by slab weight is in the downslope direction and this
is the same geometry used in the test data analyzed in this
paper.

4.1. Model Assumptions

[18] The model is developed by considering the geometry
in Figure 2 appropriate to the field test data described
above. A crack is introduced within the weak layer by
making a cut with a 2 mm thick snow saw upslope from the
lower end of the slab. Two important effects are expected by
making the cut: release of gravitational potential energy and
introduction of slope parallel slip along the band. The

Figure 4. Failure envelope for six samples similar to
Figures 3a and 3b with peak shear stress plotted versus
applied normal load. The data suggest a peak friction angle
(from the slope of the curve) near to 70�.

Table 2. Descriptive Statistics for L and L/Da

Forms
Sets/Number
of Tests

L
(Median)

(m)

L
(Range)
(m)

L/D
(Median)

L/D
(Range)

NP 6/121 0.25 0.07–0.71 0.66 0.14–2.00
SH 11/177 0.37 0.19–0.95 1.15 0.47–2.52
FC 7/91 0.24 0.18–0.38 0.85 0.29–1.14
ALL 33/488 0.33 0.07–0.95 0.87 0.14–2.52
aWeak layer crystal forms include NP (nonpersistent), SH (surface hoar),

and FC (faceted crystals).
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gravitational energy per unit area released with a slope
normal drop of order Dy � 1 mm [Sigrist, 2006, p. 90] is
given approximately by rgD(Dy)cosy . For median values
given below, D = 0.41 m; r = 152 kg/m3 and y = 20�, the
energy released per unit area is about 0.6 or 1.2 N/m for a
drop of 2 mm corresponding to saw blade thickness. This
exceeds the mode II fracture energy, GII, for avalanche weak
layers (0.005–0.1 N/m) estimated by McClung [2007a] by
at least a factor of 5. Thus, if even less than 20% of the
gravitational energy is directed toward horizontal displace-
ment during fracture, GII can be exceeded. Since the initial
fracture is a shear fracture in the weak layer, I suggest that a
fraction of the gravitational energy released will be associ-
ated with slip in the slope parallel direction following failure
at peak stress. Weak layers composed of persistent forms
such as faceted crystals, surface hoar, and depth hoar are
expected to have anisotropic (orthotropic) behavior, resis-
tant to slope normal deformation and propensity for shear or
slope parallel deformation when disturbed [McClung,
2007c]. For a granular material like snow, with typically
only 20% volume fraction filled by solid material, it would
be highly unlikely to make a saw cut in the weak layer
without generating slip in the slope parallel direction as well
as slope normal displacement. High-speed photography of
field tests, as reported here, has confirmed the presence of
both slope parallel and slope normal displacements [van
Herwijnen et al., 2008] associated with shear fracture
propagation.
[19] Following failure of the material in the weak layer at

peak shear stress at the tip of the band, I assume strain
softening over the region of the fracture process zone with
horizontal slip along the band starting from d = 0 at the band
tip where peak shear strength is attained. Behind the band
tip, I distinguish between two cases to describe the relation
between shear stress and displacement along the band:
[20] 1. In case 1, for an infinitesimally thin band, the

applied shear stress is taken as the downslope gravitational
shear stress due to the weight of the slab, t0 = tg =
rgDsiny . This case corresponds to small weak layer thick-
ness d0 and it may be applicable to some cases of avalanche
release. Case 1, for the present model, amounts to applica-
tion of initial stresses generated by body force per unit
volume of magnitude, tg/D, all along the band. This case
applies to a very thin band with no slope normal deforma-
tion during stress relief. This is an approximation since near
the tip of the band a constant relationship is not expected to
hold exactly. Energy release per unit area as the band
extends by Dx is given by tgDx due to slab weight.
[21] 2. In case 2, for examples in which a cut is made,

such as the experiments described here, or where failure is
within a weak layer of finite thickness, d0, on the order of
1 cm or so, I assume that slope normal displacement in the
weak layer (e.g., Figure 1a) releases gravitational energy
which is also accompanied by horizontal slip and effective
applied shear stress along the band. For a weak layer of
finite thickness or when a cut is made, I assume that t0 =
m0rgDcosy = m0sN where m0 is a dimensionless coefficient.
The horizontal slip along the block is expected to produce
tensile stress at and near the tip of the shear band. Typical
values for horizontal deformation, d, during snow fracturing
are on the order of about 0.1 mm from laboratory measure-
ments as shown above.

[22] Case 2, amounts to application of initial stresses as a
proportion of the slope normal body force per unit volume
sN/D all along the band. This case accounts for initial
stresses released by vertical and horizontal deformation in
a thick weak layer by collapse (e.g., by failure of relatively
thick layers of persistent forms) or by introduction of a saw
cut, as with the experiments. As with case 1, this case is an
approximation since near the tip of the band (within the
FPZ) since it is unlikely that a constant relationship would
hold exactly. Energy release per unit area as the band
extends by Dx is given by m0sNDx due to slab weight.
Case 2 provides the suggestion that given the same slab and
weak layer properties, the energy release is higher for lower
slope angles than for higher slope angles. It also provides an
explanation for propagation when y = 0� as observed by
Gauthier and Jamieson [2008] and as illustrated in Figure
1b. The field data presented below show shorter critical
lengths for slopes of lower angle to support the model
assumption.
[23] For case 2, it can be expected that slope normal

deformation in the weak layer may result in slab bending
with a compressive zone at the bottom of the slab over the
region of the FPZ where slope normal deformation is taking
place. In addition, there may be shear deformation by
rotations within the slab. These effects are ignored in the
present model but they represent work that must be done to
deform the slab as the cut is made in an experiment.
[24] Since case 1 and case 2 represent gravitational

energy release through snow fracturing, there is no reason
why case 1 cannot also be formulated by a dimensionless
coefficient multiplied by applied normal stress as with case
2. However, there are no shear experiments available for a
layer of infinitesimal thickness and so case 1 is retained as
stated for correspondence with the previous models of
Palmer and Rice [1973] and Bažant et al. [2003] and their
direct analogy to conventional mode II fracture mechanics.
[25] For case 2, because of the low effective friction angle

during fracturing, I expect that a significant portion of the
available energy will be available for production of shear
fracture surface at and near the tip of the band in the FPZ.
From simple modelling as a pressure sensitive material, the
available shear stress (traction) from initial stress on the
band following fracturing at peak shear stress in a dilatant
state may be estimated. The traction, without residual
friction, is approximately t0 = m0sN where m0 = tanf is
analogous to an the effective friction coefficient during
fracturing.
[26] The traction including residual friction is then st =

t0 � tr with residual shear strength, tr, mobilized along the
band. For case 1, st = tg � tr. For case 2, st = m0sN �
tr = tan(f)sN � tr. From the work of Jamieson [1995],
values of are expected to be in the approximate range of
5�–25� depending on crystal form in the weak layer with
the lower values expected for persistent forms (5�–10�)
including faceted crystals and surface hoar. Similar values
are suggested by relating horizontal and vertical displace-
ment during simple shear fracture tests on alpine snow
[McClung, 2007c]. Thus, it is assumed that failure occurs
in a dilatant state when peak stress is achieved at the head of
the FPZ with both slope parallel and slope normal defor-
mation (collapse) occurring during fracturing over the scale
of the FPZ. Figure 3a shows the stress and deformation
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pattern during fracturing and collapse of facted snow as
support of this assumption.
[27] The approximation of constant initial stress all along

the band for both cases means that for the model below,
details such as slip and traction within the FPZ will not be
highly accurate. For short bands, detail within the FPZ
becomes very important so that two dimensional modelling
is required for good accuracy [Bažant et al., 2003]. How-
ever, here the emphasis is on the propagation condition
which is mostly determined by details outside the FPZ so
the one dimensional approximation may be acceptable for
the application sought here.
[28] Following Palmer and Rice [1973], I assume for

simplicity that the cohesive crack model applies with d
being the relative horizontal slip between surfaces of the
shear band and I take the drop from peak shear strength, tp
to tr being linear in the fracture process zone, so that the
mode II fracture energy is represented as GII = (tp � tr)d
where d is the mean displacement in the FPZ. Failure occurs
by propagation of a slip surface (or shear band) for which
relative sliding leads to reduction of strength from peak to
residual within the FPZ and the traction vector at every
point on the band satisfies the yield condition corresponding
to a value of d at that point. The stress field behind the tip of
the band is assumed to be continued smoothly into the
region ahead of the band where failure has not yet taken
place with no singularities or point force regions. This
assumption is appropriate for a quasi-brittle material with
a finite sized FPZ compatible with the cohesive crack
model. Bažant [2005] has outlined some of the limitations
of the cohesive crack model, introduced by Rice [1968],
which normally includes this deformation assumption. Fol-
lowing Palmer and Rice [1973], it is assumed that the snow
below the weak layer is much stiffer than the slab above the
weak layer so that any deformation below the weak layer is
not accounted for. McClung and Schweizer [2006] have
discussed some of these limitations with respect to the snow
slab.

4.2. Model Development

[29] The model is developed with the assumptions that
the dominant deformation and energy transfer is in the weak
layer (or sliding layer) and stress deformation pattern within
the FPZ is unchanged as the band moves or as the cut is
made. The model development is for inplane shear defor-
mation (mode II). However, the development is based on
the work of Cleary and Rice [1974] derived for antiplane
shear deformation (mode III) during deformation. The
equations developed by Cleary and Rice [1974] for anti-
plane deformation may be derived from the model devel-
opment here by replacing the elastic modulus with the shear
modulus [E0 = (2m/1 � n) ! m] where m, n are the elastic
shear modulus and Poisson’s ratio respectively. Simple
extension of Cleary and Rice’s model is included to contain
the possibility of slope normal deformation during exten-
sion of a weak layer of finite thickness, d0, is included in the
model below as presented in section 4.1.
[30] When slope normal displacement takes place, it will

also be required that slab bending may take place as well as
shear deformation by rotations in the slab. Both of these will
require energy input as the band extends but these terms are
ignored in the present formulation.

[31] Following Palmer and Rice [1973] and Rice [1973],
the deformation is considered with respect to one dimen-
sional modelling. The coordinate system is such that x is
measured from the left end of the block (x = 0) to the end of
the cut or slip surface (x = L) in the direction parallel to the
weak layer (Figure 1b). The x deformation is considered as
u(x) = �d(x). The weak layer slip begins with d = 0 at the tip
of the band (x = L) increasing to d = d0 at the left end of
the band (x = 0) with a value 2d at the end of the FPZ (x =
L � w) as explained below.
[32] Initially, the stress strain relation for the slab material

is taken as linear elastic, with depth averaged tensile stress
being given by

s ¼ E0e� p0 ¼ �E0 dd
dx

� p0: ð1Þ

In equation (1), positive extensional strain is given by e =
�dd/dx since d decreases as x increases. In equation (1),
�p0 represents depth averaged compressive stress (analo-
gous to pressure) when e = 0 ahead of the band tip.
[33] The depth averaged equilibrium condition is given

by

D
d s
dx

¼ t0 � t xð Þ; ð2Þ

where t(x) is the shear stress distribution on the band. The
shear stress distribution on the band may be represented in
terms of d as

t dð Þ ¼ tr for d � 2d

t dð Þ ¼ tr þ
GII

d
1� d

2d

� �
for d � 2d:

ð3Þ

In equation (3), for simplicity, the stress drop from peak (d =
0) to residual (d = 2d) is taken linear with d in the FPZ with
a residual value outside of the FPZ.
[34] Multiplication of equation (2) with the average

extensional strain and integrating gives

D

Zx

0

e
d s
dx0

dx0 ¼ �
Zx

0

t0
dd
dx0

dx0 þ
Zx

0

t x0ð Þ dd
dx0

dx0: ð4Þ

Now when x = L, the critical condition for extension of the
band is achieved. The mean value of the longitudinal stress
at the free surface is given by s(x = 0) = 0. Up slope and just
behind the band tip, e = 0 [Cleary and Rice, 1974] and the
mean value of the longitudinal stress is given by s(x = L) =
�p0. Thus, equation (4) can be expressed as

D

Zs x¼Lð Þ¼�p0

s x¼0ð Þ¼0

s þ p0

E0

� �
ds ¼ �

Z0

d0

t0dd þ
Z0

d0

t dð Þdd: ð5Þ

Using equation (3), the propagation condition is then given
by

Dp20
2E0 þ t0 � trð Þd0 ¼ GII : ð6Þ
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In (6), the first term on the left represents energy per unit
area from pressure relief and the second term is gravitational
energy per unit area released by stresses in excess of
residual. These driving terms on the left size are balanced by
the mode II fracture energy within the weak layer on the
right side.
[35] In order to fully develop the propagation condition,

the slip, d0, at the end (free surface) of the band must be
obtained. Integration of equation (4) over the limits from L
(at the tip of the band) to x gives the following equation:

D

Zx

L

e
d s
dx0

dx0 ¼ �
Zx

L

t0
dd
dx0

dx0 þ
Zx

L

t x0ð Þ dd
dx0

dx0: ð7Þ

Upon integration, with d = 0, e = 0 at x = L at the tip of the
band [Cleary and Rice, 1974], gives the following
differential equation in terms of d at position x

DE0

2

dd
dx

� �2

¼
Zd

0

t dð Þ � tr½ �dd � t0 � trð Þd: ð8Þ

For d � 2d, equation (8) reduces to

dd
dx

� �2

¼ C0 � C1d; ð9Þ

where C0 = 2GII/DE
0; C1 = 2(t0 � tr)/DE

0.
[36] Solution of (9) gives

x ¼ 2

C1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C0 � C1d

p
� 2

C1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C0 � C1 2d

� 	q
þ L� wð Þ d � 2d:

ð10Þ

Now if x = 0, then d = d0 and after some algebra, the
propagation condition is obtained as

st 1� w
L

� � L

D
þ p0

� � ffiffiffiffi
D

2

r
¼

ffiffiffiffiffi
E0

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GII 1� 2std

GII

� �s
w � L;

ð11Þ

where st = m0sN � tr to emphasize the dependence on
normal stress during failure of layers of finite thickness or
st = tg � tr for an infinitesimally thin layer. Equation (11)
is subject to the constraint that 2sd/GII < 1.
[37] Equation (11) may be expressed in a form analogous

to Irwin’s [1958] equation relating an effective fracture
energy, GII

*, and an effective critical stress intensity factor,
KIIc
* , such that

G*II ¼ GII 1� 2std
GII

� �
; K*IIc ¼ st 1� w

L

� � L

D
þ p0

� � ffiffiffiffi
D

2

r
: ð12Þ

From equation (12), KIIc
* =

ffiffiffiffiffiffiffiffiffiffiffi
E0G*II

q
analogous to Irwin’s

[1958] relation for fracture toughness. It is important that
GII
*; KIIc

* are not equated to GII; KIIc which are fracture
energy and fracture toughness and terms reserved for linear
elastic fracture mechanics in which the FPZ is taken as

infinitesimal instead of finite as is appropriate for alpine
snow.
[38] For the special case of w/L � 1 and std/GII � 1

equation (12) reduces to the expression given by Palmer
and Rice [1973] and Rice [1973] for the same geometry
when st = tg � tr = rgDsiny � tr.
[39] Solution of equation (8) for slip in the FPZ gives

d ¼ 2d
GII=d � st

GII=d

� �
1� cos L� xð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GII

2DE0d
2

s" #( )
d � 2d:

ð13Þ

For equation (13), it may be verified that d = 0, e =�dd/dx = 0
at x = L.With d = 2d; x = L � w, the FPZ size is estimated as

w ¼ 2d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Dd

2
E0

GII

s
cos�1 1� 1

C2

� �� �

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Dd

2
E0

GII

s
p
2
þ sin�1 st

GII=d � st

� �� �
; ð14Þ

where C2 = [(GII/d � st)/(GII/d)].
[40] The size of the FPZ from equation (14) is considered

in Appendix A where it is suggested that equation (14) is
not very accurate. One reason is the approximation of
constant initial stress, st, released all along the band. Other
reasons include the limitations of the standard cohesive
crack model as discussed by Bažant [2005, pp. 179–182]
and the simple linear slip relation of equation (3). In
Appendix A, approximate scaling of w with weak layer
grain size is given and w is related to propagation length L.

5. Estimates of Critical Length Ratio
From the One-Dimensional Model

[41] Consider equation (11) written in the nondimensional
form

t0 1� w
L

� �
þ p0

D

L
� tr 1� w

L

� �
tp � tr

¼

ffiffiffiffiffiffiffiffiffiffiffi
2E0d

2

DGII

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2std

GII

s
D

L

� �
:

ð15Þ

In equation (15), the first two terms in the numerator on the
left side represent the average shear stress on the band due
to gravitational loading and the lateral pressure. The
maximum value of the average shear stress is tp. For short
bands, when w is comparable to L, failure of the layer will
occur when the applied shear loads are near tp. Palmer and
Rice [1973] showed that long bands may satisfy the
propagation condition when the applied loads are well
below peak. If the pressure term is small, it is easy to see
that the ratio on the left side of equation (15) is less than
one. Considering the concepts outlined by Palmer and Rice
[1973] and Rice [1973], it is suggested that the ratio in (15)
is less than or equal to 1 so that an inequality results for the
right hand side and

L

D
�

ffiffiffiffiffiffiffiffiffiffiffi
2E0d

2

GIID

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2std

GII

s
: ð16Þ
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For the experiments, it is possible that w may be, as long, or
longer than the block length L. In that case, equation (12)
may be applied over the length of the block and the pressure
is given from s(x = 0) = 0 or p0 = �E0(dd/dx)x=0. Solution
gives an expression for L/D as

L

D
¼

ffiffiffiffiffiffiffiffiffiffiffi
2E0d

2

DGII

s
sin�1 bð Þ; ð17Þ

where b = p0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D=2E0GII

p
[1/(1 � std/GII)].

[42] Equation (16), derived for w < L, may be compared
with equation (17) derived for the case when w > L. The
leading square root radical on the right side is the same for
both cases. Given that the numerator and denominator of b
must both be positive, I suggest that 0 < sin�1(b) < p/2 so
the estimates of (14) and (17) should be of the same order.
However, since the multiplier on the leading square root
radical is less than 1 for equation (16) and it may as large as
p/2 in equation (17), it is possible that equation (17) may
yield slightly higher values for L/D. The model here,
combined with the data from the field and laboratory
experiments, has too much uncertainty in predictions to
detect the differences. The formulation in equation (17) will
not apply for avalanche initiation since p0 ! 0 in that case.
For the latter, from equation (15), if t0 ! tp, expression
(16) holds since the ratio on the left side is less than one for
the model.

6. Size Effect Predictions on L

[43] Expression (16) is considered of fundamental prac-
tical importance. It is evident that for short bands but where
w � L, an equality rather than an inequality may apply
approximately. In addition, expression (15) contains the
following two important, but related, size effects in relation
to the critical length ratio L/D:
[44] 1. The ratio L/D / 1/

ffiffiffiffi
D

p
so that thicker slabs imply

shorter critical length ratios, for the same mechanical
properties, slope parameters and geometrically similar slabs.
McClung [2005] provides the argument that dry snow slabs
are geometrically similar. Alternatively, L /

ffiffiffiffi
D

p
. The

restriction of the same mechanical properties and slope
parameters is very important since the parameters in equa-
tion (16) are related and correlated so that statistical
correlations without taking this restriction will be unreliable.
In fact, comparison with field data below suggests that the
proportionality L /

ffiffiffiffi
D

p
is a second-order effect at best.

[45] 2. There is a normal stress effect under the second
square root radical on the right. Higher normal stress
associated with thicker slabs, for weak layers of finite
thickness, implies shorter critical length ratio. I show this
effect below from field data. The data presented below
exhibit highly significant negative correlation of L and L/D
on normal stress as the model suggests. Expression (16) also
contains slope angle dependence on the left side for case 2,
since st = m0sN � tr where sN = rgDcosy . For the same
slab parameters and mechanical properties, expression (15)
predicts shorter critical lengths for lower slope angles as
shown by Gauthier [2007] from tests on 24 January 2006
and my own tests in March 2008 presented below. Varia-
tions in effective slab modulus E0 and fracture properties (d,

GII) also may have significant effects on the value of L/D
including viscoelastic effects and temperature as discussed
below.
[46] The same size effect concepts apply to the critical

length ratio for avalanches. I considered [McClung, 1979,
1981] the case for plane strain failure of a slab (without a
free surface) in mode II. In that case, p0 ! 0, equations (10)
and (14) apply and inequality (16) remains. Bažant et al.
[2003] considered a fracture mechanical size effect on
nominal shear strength for the snow slab. I have given a
similar formulation in Appendix B for the one dimensional
model given here. However, the size effect on critical length
ratio L/D (or L) is expected to be of much greater practical
significance since critical lengths are easily measurable in
the field and they depend on slab and weak layer properties
which are important in snow slab instability evaluation.

7. Data Characteristics

[47] Two data sets are presented in this paper on the basis
of the fracture field tests described above. First, the results
of 488 tests summarizing median values of cut lengths from
33 different weak layers described as CRL or tests for which
critical lengths were measured. From this data set, the basic
characteristics of L and L/D are presented and a comparison
with the model is presented for median values of parameter
input. Since the data consist of 33 weak layers with different
slab properties and slope characteristics, the important
assumption of similar slab mechanical properties and slope
angles is violated. Thus, a statistical and correlation analysis
cannot yield useful results for dependence on the important
variables including slope normal stress, sN, slope angle, y ,
and dependence on slab modulus E0 and D. As an example,
rank correlation between L and D gave Spearman correla-
tion coefficient Rs = 0.41 for the 33 layers which is highly
significant (p � 0.01) and one might be tempted to conclude
that the size effect described above is exhibited. However,
rank correlation of L/E0 with D gave Rs = �0.03 which is
not close to significant. This analysis suggests that the
former correlation is due to the modulus which is related
to D and the data set violates the condition of similar
mechanical properties and slab characteristics.
[48] In order to illustrate slope angle, normal stress and

size effects, a second data set collected in March 2008 is
then presented with 40 measurements made on the same
weak layer of surface hoar. This data set clearly illustrates
the dependence of slope angle, normal stress and slab
modulus as implied by the theory. The data set allows some
conclusions that the size effect described above, L /

ffiffiffiffi
D

p
is

displayed but only as a second-order effect.

7.1. Data From 33 Different Weak Layers

[49] The results consist of 488 tests which are summa-
rized in 33 different weak layers (or sets of tests) in this
paper for an average of about 15 tests in each layer or set.
The weak layers consist of three general types: nonpersistent
forms (6 sets, 121 tests), surface hoar (11 sets, 177 tests)
and facets (7 sets, 91 tests), and 6 sets (99 test) with
unreported crystal forms. Surface hoar and facets are called
persistent forms since they can persist for a long time in the
snow pack and they are especially dangerous for back
country travellers and a prime cause of accidents and deaths.
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Nonpersistent forms are typically found in new snow or the
early stages of metamorphism (e.g., decomposing and
fragmented forms) and they generally gain strength more
rapidly than persistent forms. See McClung and Schaerer
[2006, pp. 67–68] for further description and comparison of
persistent and nonpersistent forms. The results described
below are denoted by the abbreviations: FC, faceted crys-
tals; SH, surface hoar; NP, nonpersistent forms; ALL, all
forms. Tables 2 and 3 contain some important summary
descriptive statistics from the data for all 33 sets of tests.
Tables 2 and 3 below pertain to snow with the weak layer
being dry. One set of tests from 5 April 2006 was deemed to
havemoist snow in the weak layer and it is omitted from these
Tables 2 and 3. This case is discussed later in section 7.1
which deals with temperature effects.
[50] From Table 2, the median values of L/D are of order

1,as predicted by the one-dimensional size effect law of
Bažant et al. [2003]. However, there are wide variations and
numerous values below 1. Figure 5 shows a probability plot
of the values of this important ratio. The ordinate is of
logarithmic scale so the plot suggests that the data follow a
log normal probability density function over most of the
data range. A Kolmogorov-Smirnov (K-S) goodness of fit
test was performed for ln(L/D) compared to a normal
distribution giving a maximum difference statistic of
0.126 for the 33 sets of tests and two-tail probability of
0.672 indicating good evidence that the distribution of L/D
is log normal. The two-tail probability for L/D analyzed for
normal dependence is 0.164 with maximum difference
statistic of 0.195 which shows that log normal dependence
is preferred for the 33 sets of 488 CRL tests. For the critical
length L, the two-tailed probabilities are 0.422 for log
normal dependence and 0.181 for normal dependence.
Together, the results suggest that log normal dependence
for L/D and L based on the goodness of fit results and
probability plots.
[51] The ratio L/D is fundamental in the theory presented

above and from the predictions of Bažant et al. [2003].
Also, for practical applications the ratio L/D is expected to
be more important than the critical length L. The lower the
ratio L/D, the more unstable and more dangerous is the
snow pack. A short critical length, L, paired with a deep
snow pack implies an unstable snow pack combined with a
deep slab which implies a dangerous situation. A measure-
ment of short critical length implies only an unstable snow
pack without the potential size of the avalanche expected
taken into account. McClung [2008] has given estimates of
how avalanche volume and destructive potential increase as
D increases.
[52] Table 3 contains information on median grain size in

the weak layer and density in the slab/block. The grain size

information is used in Appendix A to estimate the scale of
the FPZ (length of w) with median grain size. The slab
density is used to estimate the modulus of the slab in
comparisons below.
[53] The median value of slab depth, D, is 0.41 m (33 sets/

488 tests) with a range of 0.14–1.30 m. This range covers
a broad range of avalanche applications [McClung and
Schaerer, 2006]. The data for D follow a log normal
probability density function. A K-S goodness of fit test
for D compared to a log normal distribution gave a
maximum difference statistic of 0.123 with two-tail proba-
bility of 0.698.

7.2. Comparison With Field Measured Lengths
Including Viscoelastic and Temperature Effects for the
Data Set of 33 Weak Layers

[54] Palmer and Rice [1973], Rice [1973], and Bažant
[2005] suggest that the scale of the fracture process zone is a
characteristic length which is a material property. According
to Bažant [2005], such a length implies a characteristic time
tc = w/V where V is the speed at which stress alterations take
place. For the experiments reported here, the cut speed is
estimated at about 0.2 m/s [Gauthier, 2007] and the FPZ is
estimated as one to several tens of cm which suggests that
the characteristic time is of order 1 s or a frequency of about
1 Hz. For such slow deformation in alpine snow, there will
be viscous effects [McClung, 2007b] which imply temper-
ature effects. Palmer and Rice [1973] and Rice [1973]
showed that the model concepts apply for viscoelastic slab

Table 3. Summary Descriptive Statisticsa

Forms
Sets/Number
of Tests

Median Grain
Size (mm)

Median Slab
Density (kg/m3)

Slab Density
(Range) (kg/m3)

Median Normal
Stress (kPa)

Normal Stress
(Range) (kPa)

NP 6/121 1.5 140 85–194 0.46 0.18–1.26
SH 11/177 2 155 134–213 0.61 0.23–1.02
FC 7/91 2 233 173–266 0.51 0.41–2.97
ALL 33/488 N/A 152 85–266 0.61 0.18–2.97
aWeak layer median grain size (mm), median slab density, range of slab density, and calculated normal stress on the weak layer. The normal stress is

calculated as sN = rgDcos(y), where r, g, and y are mean slab density, magnitude of acceleration due to gravity, and slope angle, respectively.

Figure 5. Probability plot for experimental values of the
median of L/D for 33 weak layers representing 488 tests.
The plot suggests that the ratio follows a log normal
probability function.
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deformation provided that a viscoelastic slab modulus is
chosen compatible with the speed of stress alterations. For a
frequency of 1 Hz, I provided an estimate of the viscoelastic
modulus of alpine snow as a function of density. The
effective shear modulus is estimated [McClung, 2007b] on
the basis of tests by Camponovo and Schweizer [2001]

log10 m fð Þ½ � ¼ 5:58þ 0:00857 r� 215ð Þ Pa f ¼ 1 Hzð Þ: ð18Þ

In all calculations below, I assume E0 (1 Hz) = 2.5 m (1 Hz)
with constant Poisson’s ratio of 0.2 for comparison with the
field data.
[55] I determined a range of values for GII [McClung,

2007a] appropriate for avalanche weak layers as 0.005–
0.1 N/m with a median value of about 0.02 N/m. With GII =
0.02 N/m and data in Table 1 (the median density 152 kg/m3,
the median value of D = 0.41 m and d = 0.1 mm), the
modulus is estimated as E0 = 0.29 MPa. The critical length
ratio from (16) is roughly 0.89 which compares with the
median value from the data from Table 2 of 0.89 and the
calculated mean value of 0.93 ± 0.21. The theoretical value
is determined by ignoring the normal stress term on the right
side of equation (16). The estimated median normal stress in
this case is about 0.61 kPa. From the data, the normal stress
term becomes highly significant at about 1 kPa. The
comparisons above suggest that the model combined with
fracture and strain-softening parameters contains reasonable
predictions. With the variations of the parameters (E0, GII, d,
D, st), it is straight forward to show that the ranges of L/D
in Table 1 are explainable.
[56] From Tables 2 and 3, the lowest value L/D = 0.14

comes from data with the lowest slab density (r = 85 kg/m3)
and I suggest the low value is mostly due to low effective
shear modulus. In fact, the density in this case is so low that
equation (18) would not be expected to be accurate at all
since it is based on extrapolation of experimental results
from higher-density snow. Using the data above for this
case with equation (18) and slab depth 0.51 m, gives a ratio
of 0.37 which is much higher than the measured ratio. The
measured critical length was only 0.07 m in this case, by far,
the lowest in the data set.
[57] Another important ratio is

L=Dffiffiffiffiffiffiffiffiffiffiffi
E0=D

p �

ffiffiffiffiffiffiffi
2d

2

GII

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2std

GII

s
m3=2

N1=2
: ð19Þ

The ratio in expression (19) has slab properties on the left
side and mostly weak layer properties on the right side.
From the data, the left side is evaluated with E0(r) calculated
from equation (18) for the 33 sets of tests. The calculated
median value of the ratio is 0.70 � 10�3 m3/2/N1/2 and the
mean value is (0.95 ± 0.21) � 10�3 m3/2 N1/2. Again using,
d = 0.1 mm; GII = 0.02 N/m (ignoring the normal stress
term) gives 1 � 10�3 m3/2 N1/2 for the right hand side,
which indicates good correspondence.

7.3. Temperature Dependence

[58] Since the test data are collected for slow deformation
rates, much too slow for completely brittle deformation,
temperature dependence can be expected in the comparison.
Gauthier and Jamieson [2008] did not report temperature

data whereas Sigrist [2006] reported test temperatures from
�6� to �7�C. Because of data scatter, with variations of
parameters, I would not expect much temperature depen-
dence in the data reported here. However, the effect of
temperature can be roughly estimated using equation (16)
from known temperature dependence of snow properties
from simple shear experiments. It was shown by Schweizer
[1998] that peak shear stress decreases by about 20% as the
temperature increases from �15� to about �2�C whereas
the tangent modulus, m, as determined by simple shear
experiments decreases by a factor of 3 over the same
temperature range [McClung and Schaerer, 2006, p. 86].
Thus, I expect the largest effect will be on the effective
shear modulus. Writing, the propagation condition analo-
gous to Irwin’s [1958] relation gives

K*IIc ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
E0G*IIc

q
: ð20Þ

This suggests that slab warming from �15� to �2�C can
decrease the effective fracture toughness by a factor of

ffiffiffi
3

p

by reduction in the modulus.
[59] Warming is also expected to increase the fracture

energy if warming reaches the weak layer under the slab.
However, this effect is expected to be much smaller than the
modulus effect, provided the weak layer remains dry.
Gauthier and Jamieson [2008] reported a critical length
ratio L/D = 7.5 on 5 April 2006. This is an extreme outlier
with respect to the data in Table 1. They did not report
temperature data. However, air temperature records from
Mount Fidelity, British Columbia, where the tests were
conducted, show temperatures above freezing all day in
the area. With a slab thickness of only 0.12 m, it is highly
likely that temperatures within the weak layer approached or
reached the melt point to greatly increase the fracture
energy.
[60] The combination of slab warming, without the

warming affecting the weak layer, has been noticed by
avalanche forecasters performing avalanche control with
explosives. Optimal effects of explosive control are
achieved when the slab has warmed but warming has not
yet reached the weak layer. Once the weak layer becomes
moist, explosives are generally not effective in releasing
avalanches. The same combination can also explain tem-
perature releases of dry slabs [McClung, 1996]. Occasion-
ally, thin dry slab avalanches release within minutes after
the sun strikes the slopes in the morning. I suggest this is
primarily due to reduction in effective fracture toughness by
decrease in slab modulus with warming by penetration of
short-wave radiation into the slab [McClung and Schaerer,
2006].
[61] In general, it may be said that slab warming should

increase the snow pack instability by reducing the effective
fracture toughness. However, should warming increase to
the point where the weak layer becomes moist, the effective
fracture energy may greatly increase to work against slab
instability. Since both fracture energy and fracture tough-
ness are theoretically brittle (e.g., elastic) material properties
by definition, they are expected to be largely temperature
independent for dry alpine snow as for ice [McClung,
1996]. However, the effective (viscoelastic) values will be
temperature dependent. Deformation imparted by humans
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such as skiers or on snowmobiles will contain a viscoelastic
component which implies important slab temperature depen-
dence. It is very common to observe increased instability for
skier triggering as the snow pack warms throughout the day.
Thus, viscoelastic deformation is paramount for modelling
skier triggering.

7.4. Data for Similar Slab Properties and the Same
Weak Layer: Slope Normal, Modulus, and Dependence
of L on D

[62] In March 2008, I gathered field data to assess slope
angle and normal stress dependence, slab modulus, E0 and
dependence on D. The measurements consisted of 40 CRL
tests with the same surface hoar layer. Two sets of 20 tests
were conducted on the same surface hoar layer at two
locations (Rogers Pass and Kootenay Pass) in British
Columbia separated by more than 200 km. At each location,
10 tests were conducted on steep slopes (38�, 32�), respec-
tively, at Rogers Pass and Kootenay Pass and 10 tests were
conducted on slopes of low angle (6.5�, 0�), respectively, at
Rogers Pass and Kootenay Pass.
7.4.1. Dependence of L and L/D on Slope Angle
[63] Two sample t tests and Mann Whitney tests were

performed for two the groups at each location. The results
showed that for L, L/E0 or L/D there is a highly significant
difference between the groups with shorter critical cut
length on the lower angled slopes and significance p <
0.0005. In fact, for each set of tests, the shortest cut length
on the steeper slope was longer than the longest cut length
on the lower angled slope. Table 4 contains the median
values and ranges for the four sets of tests.
[64] The values in Table 4 suggest dramatic slope angle

dependence for the tests on surface hoar, with median
values on steep slopes (>30�) for which avalanches are
expected being about twice those for low angled slopes.
Gauthier and Jamieson [2008] obtained a similar result for
one set of tests performed on 24–25 January 2006: critical
length was significantly shorter for y = 0� than for y = 30�.
However, the median cut lengths only differed by 6 cm and
the type of snow in the weak layer was decomposing and
fragmented which is not a type prone to collapse as opposed
to the tests on surface hoar described above. Another set of
tests performed on 8 February 2006 for the same weak layer
of faceted crystals but different slab depth and density (i.e.,
different sN) and slope angles y = 0� and y = 23� did not
show the slope angle effect. For the 8 February 2006 set of
tests, the applied normal stress for the steeper slope (y = 23�)
is actually slightly higher than for the flat terrain (2.7 and
2.5 kPa, respectively), and the slab thicknesses (1.30
and 0.98 m) are greatly different. Also, the slab densities
(233 and 266 kg/m3), which determine the slab elastic or

viscoelastic modulus, are significantly different. I suggest
that the combination of these differences prevents analysis
of slope angle or normal stress effects for the 8 February
tests.
7.4.2. Correlation Analysis for the Ratios L/D With E0

and L/E0 With D
[65] The model contains the predictions that L/D should

increase with E0 and the size effect prediction that L/E0

should increase with D. For tests at Rogers Pass, the
Spearman rank correlation coefficient, Rs for L/E

0 with D
was 0.35 with significance p > 0.05 (y = 6.5�); 0.77 with
p = 0.01 (y = 38�) and for Kootenay Pass, 0.38 with p >
0.05 (y = 32�). Thus, only one set of 10 tests displayed
significant rank correlation suggesting that the size effect is
very weak even though all test sets showed positive
correlation. The reason for the weak effect is that the E0

and D are connected.
[66] A similar analysis for correlation of L/D with E0 gave

Rs and p values as 0.87, p = 0.005 (y = 6.5�); 0.65, p =
0.025 (y = 32�) to illustrate the important effect of the
modulus on increasing the ratio L/D as implied by the
model. Because of the dominance of slope angle effects, it
was necessary to consider variations for the same or similar
slope angles to illustrate the correlations.
7.4.3. Correlation Analysis for Normal Stress and
Shear Stress
[67] The model predicts that L and L/D should decrease

with applied slope normal stress which is taken as sN =
rgDcosy . For results at Rogers Pass (20 tests), rank
correlation of L and L/D gave �0.65 and �0.66 respectively.
For Kootenay Pass (20 tests), the results were �0.74 and
�0.79. The significance for all these results is such that p <
0.005. For the applied shear stress, tg = rgDsiny similar
results were obtained but with correlation of positive sign,
and significance p < 0.005. The slope angle effects dominate
in both of these correlation studies. However, the results in
Table 4 provide the motivation for the normal stress effects in
the model above.

8. Pressure Needed for Propagation

[68] Since the pressure p0 results in energy released, it is
possible that it may have an effect on band propagation for
the tests. From the equation (11), the pressure is given by

p0 ¼
ffiffiffiffiffiffiffi
2E0

D

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GII 1� 2std

GII

� �s
� st 1� w

L

� � L

D

� �
: ð21Þ

Now if w/L ! 1 an upper limit inequality for the mean
pressure is

p0 �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2E0GII

D

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2std

GII

� �s
: ð22Þ

For an elastic or viscoelastic correspondence to the one
dimensional depth averaged constitutive equation, an
approximate expression for the pressure is [e.g., McClung,
1981]

p0 ¼
1

2

u
1� u

� �
rgD cos yð Þ: ð23Þ

Table 4. Values of L and L/D at Two Different Locations for the

Same Surface Hoar Layer With 10 Tests at Each Slope Angle

L (m) L/D

y0 LocationMedian Range Median Range

0.19 0.09–0.26 0.56 0.27–0.74 6.5 Rogers Pass
0.39 0.30–0.60 1.1 0.83–1.5 38 Rogers Pass
0.43 0.37–0.46 1.15 1.00–1.24 0 Kootenay Pass
0.61 0.57–0.70 2.05 1.78–2.69 32 Kootenay Pass
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For comparison, I will take Poisson’s ratio u = 0.2 as
appropriate for slab material within the density range of
Table 3. I will take E0(r) from equation (18) and the median
value for GII = 0.02 N/m. This allows calculation of
pressure estimates from equations (21) and (22). Calcula-
tions for the 3 sets of tests using these estimates showed that
for 3 sets of tests, the pressure needed to drive the band
(equation (20)) is less than the pressure released. If the
normal stress term in equation (21) is included, the number
of sets of tests would most likely increase for which the
pressure released may drive the band. In Appendix A, it is
suggested that the normal stress term could have a value as
low as

ffiffiffiffiffiffiffi
0:1

p
. At this extreme limit, the same calculations

suggest that 11 of the 3 sets could have enough energy
released by pressure relief to drive the band. I conclude that
the energy released by relief of lateral pressure can have a
significant effect for at least some of the tests.
[69] Since Poisson’s ratio is expected to increase with

slab density, and slab density generally increases with slab
depth, the pressure released can increase with thicker slabs.
Thus, as D increases, the pressure released increases not
only with depth but by Poisson effects whereas the pressure
to drive the band (e.g., equation (21)) decreases by two size
effects so it becomes more likely that pressure released can
drive the band.
[70] Equation (22) is written for either elastic or visco-

elastic correspondence but it is very important that there is
likely to be a large difference in pressure released for these
two cases with higher values for the elastic case. It is
beyond the scope of this paper, to speculate about the true
pressure released when viscous effects dominate. The esti-
mates in equation (21) may be considered as approximate
maximum values much more appropriate for the elastic
case.

9. Limitations

[71] The approach in this paper has been to present simple
explanation and analysis applied to a problem which is
fairly complex. The simplicity of a simple one-dimensional
analytical model is chosen instead of the complexity of a
potentially more accurate two-dimensional treatment. Ex-
tension to two dimensions would require assumptions about
the failure and fracture properties of alpine snow which are
presently unknown. Thus, uncertainty about the predicted
results would remain. Simplicity is also used in the exten-
sion to the viscoelastic case through correspondence re-
placement of the slab modulus. Again, the true solution is
undoubtedly more complex. Palmer and Rice [1973] point-
ed out that, properly, it is the unloading modulus which
matters but there are not enough data on alpine snow to
distinguish between the loading and unloading modulus
considering variations with density, temperature and texture.
[72] Alpine snow is a material with large failure elements

(bonds and grains of mm scale) which implies it is a quasi-
brittle material with a FPZ comparable to or a significant
fraction of important lengths in the problem including L and
D. In addition, unlike concrete or other quasi-brittle materi-
als, alpine snow is normally at a temperature which is
greater than 90% of the homologous melt point and the
volume fraction filled by solids is often around 20% or less
for avalanche and snowpack instability problems. It is

extremely unlikely that such a combination of properties
could be modelled using LEFM as posed originally by
Griffith [1921, 1924] in the 1920s with an infinitesimal
FPZ. Even though the quasi-brittle approach applied in this
paper remedies some of these difficulties, a final formula-
tion with a proper viscoelastic treatment has still not been
accomplished.
[73] A further complication for avalanche initiation is that

in some important cases, slope normal deformation takes
place during failure and fracture so that the conventional
deformation patterns (inplane and antiplane) with only
horizontal deformation during shear fracture initiation and
propagation will be inadequate. In cases of layer failure of
finite thickness, field observations show vertical deforma-
tion on the order of 1 mm or more during the fracture
process (see Figure 1a). The modelling in this paper is
perhaps the simplest method to account for possible two
dimensional weak layer failure including slope normal and
slope parallel deformation. Two dimensional finite element
formulations could provide more insight but such would
require guesses about the actual deformation pattern and
considerable uncertainty would remain. The stress and
deformation pattern within the FPZ for slab avalanche
initiation would be extremely difficult, if not impossible,
to determine accurately.
[74] Some limitations are also evident from the field tests.

The sample widths are 30 cm (Figure 2) which is really not
wide enough to completely satisfy plane strain conditions as
assumed in the mode II propagation model. Also, as noted
above, some of the tests have cut (critical) lengths which are
near the end of the block, so that the free surface at the end
of the block may have had an influence. To partially remedy
this problem, only CRL tests were used here to eliminate
any dependence on block length. In addition, since the tests
are analyzed as sets of critical lengths (on average about 15
in a set), the true scatter in the test data is not apparent.

10. Conclusions and Discussion

[75] The field data suggest that the ratio L/D is in the
range 0.1 to 2.5 for dry snow with median about 0.9. Thus,
the median of the data approximately matches the ad hoc
prediction of Bažant et al. [2003] the the ratio should be of
order 1 or somewhat larger. However, values smaller than
one are found in the field data. The median critical lengths
for all the tests are around 30 cm from Table 2 with
variation from about 0.1 m to 1 m. It is not surprising to
find such variations since, in reality, each weak layer and
slab consists of snow with a different combination of crystal
forms and size.
[76] If snow is taken as a quasi-brittle material, the data

and information suggest that fractures initiate from finite,
but small, regions on the order of 1 to several 10s of cm as
suggested by McClung and Schweizer [1999]. For practical
considerations, section 6 on size effects is of primary
importance. For snow slab instability evaluation, the im-
portant quantities are the critical length, L, or the ratio L/D
and how these may vary with slab thickness, fracture
properties and viscoelastic effects including temperature.
The suggestion of small, but finite sizes, has very important
implications for forecasting and decision making for back-
country travel in avalanche terrain. Such small regions
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under a slab would be nearly impossible to locate. Similarly,
it would be virtually impossible to measure their properties.
Thus, from a fracture test, such as described in this paper or
by Sigrist [2006] and Gauthier and Jamieson [2008], one
can only hope to get a general idea about the state of
instability not about what might be the weakest point (or
worst case).
[77] For snow slab avalanche instability evaluation there

are, in fact, two related types of sample size effects which of
importance: 1. the fracture mechanical size effect on shear
strength or L or L/D as described in the previous paragraph
and 2. spatial variability of these parameters within the
weak layer. From a risk perspective, spatial variability
within the weak layer under a slab is of much greater
importance in snowpack instability evaluation because it
implies a residual uncertainty which cannot be eliminated.
Avalanches will likely initiate from the weakest zone under
the slab which is comparable or less than D in length. The
nominal strength involved in fracture initiation within the
weakest zone will then likely represent the strength for a
shear sample size of nearly infinite areal extent, given that
typical dimensions of snow slabs are on the order of 100 D
in either slab width or downslope length [McClung, 2008].
Thus, I suggest that for practical applications involving
snow slab instability evaluation, the fracture mechanical
size effects discussed in the first paragraph of section 6, can
help to interpret experimental results at a site. However, the
problem of spatial variability and unknown locations of the
weakest zones within the weak layer will still remain. Thus,
in general, no definitive answer will be provided by an in
situ fracture test such as analyzed in this paper. This is why
a holistic approach to forecasting and decisions is needed
[McClung and Schaerer, 2006] with a basis on more than
one piece of evidence, e.g., a critical length ratio L/D, from
a fracture test.
[78] The model ratio L/D depends upon both slab prop-

erties (E0, D, st) and weak layer fracture properties (GII, d)
which must be important in slab instability evaluation. The
simple model presented contains two important extensions
over the original model of Palmer and Rice [1973]. These
include provision so that the FPZ length w may be as large
as L (from the model of Cleary and Rice [1974]) and
introduction of slope normal deformation during fracture
through a simple model of normal stress effects. With these
modifications, the model seems capable of explaining the
data fairly well. For example, the normal stress and slope
angle effects which appear in the data also appear in the
model. In the modelling, simplicity was assumed instead of
a more complex model with proper accounting for visco-
elastic and two dimensional effects. This was justified on
the basis that the needed experimental data on fracture
properties are not available at this time. Thus, more com-
plex modelling would involve hypotheses and guesses
which would negate the expected gains from more complex
modelling.

Appendix A: Model Estimate of Fracture Process
Zone Size

[79] The length of the fracture process zone is expected
to be a material property which may scale approximately
with grain size [Bažant and Planas, 1998; McClung and

Schweizer, 2006]. McClung and Schweizer [2006] suggested
that for alpine snow, w � 100 x grain size and Bažant and
Planas [1998] suggested that for concrete that scale is about
10 x maximum grain size. In this Appendix, I attempt
estimates of w from the simple one-dimensional model.
[80] From equation (13), the analytical estimate is

w ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Dd

2
E0

GII

s
cos�1 1� 1

C2

� �� �

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Dd

2
E0

GII

s
p
2
þ sin�1 st

GII=d � st

� �� �
: ðA1Þ

Now if st ! 0the quantity in square bracket goes to p/2.
The propagation condition in equation (10) is subject to the
constraint that 2std/GII < 1. Using this expression in
equation (A1) suggests that the square bracket [] ! p.
Using these limits, suggests that the value of w can be
represented as

w ¼

ffiffiffiffiffiffiffiffiffiffiffi
2E0d

2

GII

s ffiffiffiffi
D

p
K0 stð Þf g; ðA2Þ

where p/2 � K0 � p. Equation (A2) is derived entirely from
slip in the FPZ so it is not expected to be highly accurate,
particularly in the viscoelastic case which is used to
compare with the experiments. Direct application of (A2)
will overestimate the length of the FPZ. In order to be more
useful, model constraints are applied consistent with the
propagation condition. Substituting, equation (A2) into the
inequality (15), yields

L � wK0 stð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2std

GII

s
: ðA3Þ

Now if st ! 0, then K0(st) ! p/2 to yield the limit, w/L �
2/p whereas the upper limit from the model is w/L � 1.
[81] From expression (A3), let 2std/GII = 1 � e0 where e0

is less than one. Expression (A3) may then be written

L � wK0 stð Þ ffiffiffiffiffi
e0

p
: ðA4Þ

Thus, the upper limit ratio w/L may be expressed as

w
L
� 1

p
ffiffiffiffiffi
e0

p ; ðA5Þ

which implies e0 � 0.1 for which K0 ! p.
[82] Thus, some approximate upper limits on w are given

by (2/p)L � w � L. The lower of these values is probably a
better estimate for the tests since, w/L ! 1 implies essen-
tially that released pressure drives the band or crack.
Table A1 relates median grain size, the range of upper
limits of w([(2/p)L; L]), and the scale of w defined by the
ratio of w to the median grain size as a scale in terms of
number of grains, with crystal form and number of tests
(and sets of tests) using median values of L from Table 1.
[83] I conclude that the model suggests the value of w is

around one to several 10s of cm for the tests which should
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be approximately the minimum size for crack propagation.
This was predicted by McClung and Schweizer [1999]. The
FPZ scaling length compatible with the model is on the
order of about 100 times the mean grain size in the weak
layer. Since the volume fraction filled by solids is only
about 20% for alpine snow, I suggest that the scale with
respect to number of grains should be larger than for an
engineering material like concrete which has much less air
content. The conclusions here cannot be regarded as with
high accuracy because of the simplicity of the model
employed. Bažant and Planas [1998] suggested a scale on
the order of 10 times maximum grain size for concrete in
mode I.
[84] From the CRL test data, the value of L/D has least

squares mean 0.92 ± 0.25 within one standard error. The
CRL tests most closely match model assumptions. This is
close to the prediction of Bažant et al. [2003] for a value of
1 or a little larger. Application of the limits above gives
some approximate values

1

p
L

D
� w

2D
� 1

2

L

D
: ðA6Þ

[85] Inserting the least squares mean for L/D gives some
rough values for w/2D between 0.3 and 0.5 which is a finite
size but somewhat below the ad hoc estimate of order 1
suggested by Bažant et al. [2003]. With the median value of
D = 0.41 m from the tests, rough values for w/2 might be in
the range 10–20 cm for the tests. Introduction of a saw cut
with a blade 5 cm wide, as with the tests, can be expected to
produce a stress concentration which is effective over a
horizontal scale of several times the blade width (normally
about 2–5 times the blade width by St. Venant’s principle
[Sokolnikoff, 1956]). Thus, the rough scaling here seems at
least of the right order of magnitude for the failure process
zone from the tests. Extrapolation to the avalanche case,
where weak zones or imperfections [Bažant et al., 2003] can
introduce strain and stress concentrations, may not imply
the same results.
[86] Palmer and Rice [1973] and Rice [1973] considered

the size of the FPZ for the case in which the critical stress
intensity factor is evaluated for a singular viscoelastic stress
field with a small FPZ in relation to other length scales in
the problem. From their work, assuming the cohesive crack
model applies, the FPZ size is given by

w ¼ 9p
32

E0 fð Þ d
2

GII

: ðA7Þ

For the median values in Table 2, r = 152 kg/m3; E0 =
0.29 MPa; (from equation (16)) and d = 0.1 mm; GII -

0.02 N/m, as used previously for the test data, the estimate
is w = 0.13 m. This value is of the same order of magnitude
as the values in Table A1. In this case, the approximation of
small FPZ eliminates dependence on other length scales
(e.g., D) as in equation (A1) but the order of magnitude
agreement is encouraging. Application of the simplest
viscoelastic treatment, as done here, considering only the
effects of slab modulus, suggests that the FPZ length is not a
material constant but it depends on temperature and time.
After rapid stress alterations such as by application of
explosives, the driving term KII

2 /E0(t, T) may increase with
time or with increase in temperature by stress relaxation to
reach a critical condition. Occasionally, avalanches release
some time after avalanche control and viscoelastic effects
may play an important role [McClung, 1996].

Appendix B: Size Effect Law Related to Strength
Appropriate for Dry Slab Avalanches

[87] In this Appendix, I consider the size effect scaling
law for the one-dimensional propagation condition analo-
gous to the development given by Bažant et al. [2003] of
the avalanche case p0 ! 0. The propagation condition is

st 1� w
L

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2std

GII

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2GIIE0

p 1ffiffiffiffi
D

p D

L

� �
: ðB1Þ

Following Bažant et al. [2003], let the ratio L/D be
expanded about the initial crack length a0 in the equivalent
crack approximation

a ¼ L

D
¼ a0

D
þ w
2D

¼ a0 þ
w
2D

: ðB2Þ

The propagation condition may be then restated

st 1� w
L

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2std

GII

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2GIIE0

p 1ffiffiffiffi
D

p 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a0 þ

w
2D

� �2
r : ðB3Þ

Expansion of the denominator on the right in a two term
Taylor series gives upon rewriting

st 1� w
L

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2std

GII

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GIIE0=a0cf

q
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ D

D0

� �s ¼
t 0ð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ D

D0

r ; ðB4Þ

where t(0); D0 are
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2E0GII=a0w

p
; and w/a0 respectively.

Expansion of the denominator of the left side of (B4) in a
two term Taylor series gives

st 1� w
L

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2std

GII

s ¼ st 1� w
L

� �
1þ std

GII

� �
: ðB5Þ

Table A1. Approximate Model Estimates of w Scaled With

Number of Grains in the Weak Layera

Forms Sets/Number
of Tests

Median Grain
Size (mm)

Range
of w (m)

Number
of Grains

NP 6/121 1.5 0.19–0.30 125–200
FC 7/191 2 0.19–0.30 100–160
SH 11/177 2 0.22–0.35 110–175
aThe number of grains is given by w/(median grain size).
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However, d/GII; 0.005 for typically expected values and if
std/GII � 1 then (B4) can be expressed as

st ¼
t 0ð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ D

D0

r 1

1� w
L

� � : ðB6Þ

Equation (B6) reduces to the one dimensional size effect
law of Bažant et al. [2003] if w/L � 1

st ¼
t 0ð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ D

D0

r ; ðB7Þ

with st = tg � tr.
[88] Thus, two approximations (std/GII � 1 and w/L �

1) are needed to obtain correspondence with the size effect
law of Bažant et al. [2003]. The same approximations are
needed to derive the propagation condition posed by Palmer
and Rice [1973] for the overhanging layer from the prop-
agation condition of equation (10). The first implies low
applied loads relative to peak shear stress and the second
implies a very long band relative to the FPZ. Thus, both
approximations imply a long band relative to other dimen-
sions in the problem.

Notation

d0 weak layer thickness (m).
D slab depth measured in slope normal direction (m).
E mean size of grains in weak layer (m).
E0 effective Young’s modulus of snow slab (Pa).
g magnitude of gravity acceleration (dimensionless).

GII mode II fracture energy (N/m).
KII mode II stress intensity factor (Pa(m1/2)).
L critical length of shear fracture (m).
L0 total length of snow block (m).
p0 one-dimensional depth averaged stress (pressure)

(Pa).
t time (s).
tc characteristic time (s).
T temperature (�C).
V speed (m/s).
x longitudinal coordinate (m).
y slope normal coordinate (m).
a ratio (dimensionless).
d displacement or slip along shear band (m).
e depth averaged extensional strain (dimensionless).
m elastic shear modulus or viscoelastic modulus if

frequency dependent (Pa).
m0 dimensionless coefficient (dimensionless).
r mean snow slab density (kg/m3).
n Poisson’s ratio (dimensionless).
s depth averaged one-dimensional tensile stress

(dimensionless).
sN slope normal stress on the weak layer (Pa).
st st = m0sN � tr or st = tg � tr (Pa).
t shear stress (Pa).
tg shear stress on weak layer (Pa).
tp peak shear stress (Pa).
tr residual shear stress (Pa).

t0 t0 = m0sN (Pa).
f peak friction angle (degrees).
y slope angle (degrees).
w length of fracture process zone (m).
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