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Considerations on the Glide
Snow Avalanches based on
the Stauchwall Model

Avalanches are natural events that can have consequences such as silvicultural losses, infra-
structural damages, fatdlities. In this paper, the attention is given to glide avalanches starting
by a glide crack, a tensile crack that propagates at the crown — the upper release limit — due
to the internal stress variation. However, the presence of a glide crack does not always give
rise to a glide avalanche. In fact, when the slab starts to move, interacts with the stauchwall
(the downslope boundary of the slab) which can fail or withstand.The Stauchwall model was
adopted in order to verify if the gliding avalanche is triggered or not, by analyzing the dynamic
stability of a slab subjected to an initial perturbation. In this paper, the model has been expan-
ded by coupling it with a stress failure criterion. Thanks to this new failure criterion, it is possible
to investigate the possible causes of subsequent glide avalanches triggering (in terms of hours
or even days) dfter the crack propagation. In addition, the effect of a skier's fall/brake on the
slab stability is analyzed. Finally, a sensitivity analysis of the model pointed out the important
role played by the basal snow/soil friction. Therefore, it is shown that actions meant to increase

this characteristic may be taken into account to effectively prevent glide avalanches.
Keywords: Glide avalanches, Stauchwall model, Full-depth avalanches, Avalanche release, Shear

strength, skier:

1. Introduction

Snow avalanches are natural
phenomena that can cause tran-
sportation problems, damages to
structure and infrastructures, fata-
lities, etc. Usually, avalanches can
be categorized as dry or wet snow
avalanches (Peitzsch et al. 2012).
Wet avalanches still represent a
fascinating topic since it is diffi-
cult to forecast and control/trig-
ger them using explosives (Baggi
and Schweizer 2009; Peitzsch et al.
2012; Stimberis and Rubin 2011;
Simenhois and Birkeland 2010;
Lackinger 1987).

In this work, the attention is
given to snow glide avalanches
which can be considered as wet
avalanches (McClung and Scha-
erer 1993). The snow gliding is a
translational motion of a whole
snow slab due to gravitational for-
ces (der Gand and Zupanci¢ 1965;
McClung 1981). This motion is
more probable to happen when
the ground surface has reduced
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basal friction (e.g. grassy or smo-
oth rocks), the slope inclination is
higher than 15°, the snow-ground
interface has a temperature of 0°C
and/or liquid water is present in
this interface, etc... (Conway and
Raymond 1993; der Gand and Zu-
panci¢ 1965; Lackinger 1987; Mc-
Clung 1981; McClung and Clarke
1987). It is possible that a crack
propagates at the upper limit of
the slab due to the development
of tensile stress generated by the
snow gliding (Feistl et al. 2013).
This crack is named glide crack
and has a typical half-moon sha-
pe. This propagation coincides
with a change of the slab equili-
brium (Fig. 1). Therefore, the slab
starts to move downwards and a
force redistribution takes place
from the crown to the stauchwall
(Bartelt et al. 2012a; Ancey and
Bain 2015). If the stauchwall is
able to withstand the force redi-
stribution, a new equilibrium of
the slab is obtained; otherwise the
glide avalanche is triggered (Bar-
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teltetal 2012a; Feistl et al. 2013).
[t seems clear that there are only
two possible situations after the
crack opening: (i) an immediate
avalanche release, or (ii) the new
equilibrium is preserved. Howe-
ver, delayed releases may happen.
In these cases, the delay between
the crack propagation and the
glide avalanche release can range
from hours to weeks (Ancey and
Bain 2015).

Bartelt et al. 2012a presented
a model - the Stauchwall model
— meant to study the slab-stau-
chwall interaction after the crack
propagation (Fig. 1). Here, the slab
is assumed as a rigid body and the
stauchwall as an homogeneous and
viscoelastic one. After the crack
propagation, in the transient state,
the stauchwall may reach the criti-
cal strain rate £, which implies its
failure and the avalanche release.
Otherwise, it is considered that the
stauchwall does not fail and that
the slab reaches a new equilibrium.

In the present paper, the Stau-
chwall model is coupled with a
stress failure criterion in order to
also consider the possibility that a
snow glide avalanche release is due
to the achievement of the shear
strength t,, of the stauchwall. This
new model is named Stuachwall
stress model. Thanks to this new
failure criterion, it is possible to exa-
mine the causes of delayed releases
and define operative methods me-
ant to trigger instable slabs on the
slope after the crack propagation.

In addition, the skier’s fall/bra-
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Tension
crack

Basal friction: p
Slab and stauchwall width: b

ke effects on the slab-stauchwall
stability are investigated and a
sensitivity analysis is performed
in order to point out the parame-
ters that have the largest influen-
ce in the model results. The same
analysis is then used to demon-
strate how small increases of basal
friction may be used to prevent
snow glide avalanches.

1.1. The Stauchwall model

As introduced, the Stauchwall mo-
del (Bartelt et al. 2012a) is adopted
in the present work. Several appli-
cations and discussions regarding
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this model are present in literature
(e.g. Bartelt et al. 2012a; Feistl et al.
2013; Feistl et al. 2014; Holler 2014;
Ancey and Bain 2015). A small sum-
mary regarding this model is pre-
sented in the following paragraphs.

The Stauchwall model assumes
that a prismatic monolithic slab
(having density p, length [, depth
h, and width b) starts to move on a
slope inclined of y at the time t =
0 to which corresponds the crack
formation. It is hypothesized the
presence of a basal friction p un-
der the slab. It has to be p < tany
in order to let the slab start the
motion. Due to the slab move-
ment (¢t > 0), the stauchwall un-

Maxwell model
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Fig. I — Schematic re-
presentation of the
snowpack after the
crack propagation. g,
and g, are the compo-
nents of the gravity
acceleration parallel
(gx) and perpendicular

) to the slope u(t),
ut ), and U(t) are, re-
spectively, the displace-
ment, velocity, and ac-
celeration of the slab.
The strain at the stau-
chwall is denoted by
g(t). d is a generic di-
stance on the slab whi-
chitis assumed that an
eventual skier falls/bra-
kes and stops his mo-
tion.

dergoes to an axial strain &(t) and
to an axial stress 6,(t) (Fig. 2b) that
can be evaluated considering the
following slab equilibrium:

mii(t) = mg, — | mg, + o (t)bh (1)

where: m is the slab mass (m =
pbhl), g.and g, are the components
of the gravity acceleration parallel
and perpendicular to the slope and
1i(t) is the slab acceleration in the
direction parallel to the slope. The
compressive normal stresses are
considered to be negative.

Since snow shows viscoela-
stic characteristics (Mellor 1974;
Salm 1975; Voytkovskiy 1977,
Von Moos 2002; Von Moos et al.
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Fig. 2 — Stauchwall model: (a) schematic representation of the Burger's model; (b) detail of the stauchwall. In Fig. 2a the subscript m refers
to the Maxwell dashpot 1, and spring E,,, while k refers to the same elements of the Kelvin-Voigt model (1, and E,).

Aprile 2022

23



r

(2 AT
(Z2AN

4 Y

2003), Bartelt et al. 2012a model-
led this viscoelastic behavior con-
sidering a Burger’s model. This
consists in a Kelvin-Voigt model
in series with a Maxwell model
(Fig. 2a). The stauchwall (Fig. 2b)
is considered as a homogeneous
prism (with density p, length [,
depth A, and width b) and having
no basal friction. This last assu-
mption is true in the presence of
melted water in the snowpack. It
is also considered that it is possi-
ble to neglect the stauchwall stress
history for t < 0. In addition, the
displacements having direction
parallel to the slope of stauchwall
lower side are not allowed. Thanks
to these hypotheses and conside-
ring the stauchwall as a mono-di-
mensional element, it is possible
to find the differential equation
that puts in relation the stress
o,(t), the strain rate &(t) and their
derivatives:

6X(t)+{E—m+E—m+i}sx(t)+
M Mk Mk

v s =g g+ L
NNk Mk

2)

0)

where: 1, and E, refer, respectively,
to the dashpot and the spring ele-
ments of the Kelvin-Voigt model,
and n,, and E,, refer to the same
elements of the Maxwell model.
Note that the stauchwall self-wei-
ght is neglected in the evaluation
of the stress 6,, and this stress is
assumed independent of the coor-
dinate x.

Thanks to these assumptions,
Bartelt et al. 2012a affirmed that
the strain rate £&(t) and its derivati-
ve &(t) can be evaluated by knowing
the slab velocity u(t) and its accele-

ration ii(t), as:
é(t)=—@
21, 3)
€= 21

S

Therefore, by substituting Egs. 3a
and 3bin Eq. 2 the following equa-
tion is obtained:

6X(t)+F—m+E—m+E—k}Gx(t)+
M M Mk (4)

E E E E E
+20K & (1) == + =2k ()

N Nk " 215 zlsnk

The system of differential equa-
tion composed by Eq. 1 and 4
represent the Stauchwall model.
With the substitution of the mass
definition in Eq. 1, it is possible to
observe that the model is indepen-
dent of both the width b and the
depth h.

This system has to be numeri-
cally integrated with the following
initial conditions:

u(0)=0,
1(0)=0,
c,(0)=0,
.(0)=0.

®)

reminding that t = O corresponds
to the crack formation.

The stauchwall failure is attai-
ned if the strain rate &(t) reaches
the critical value &, =107
(Bartelt et al. 2012a, 2012b; Fei-
stl et al. 2013). In fact, the snow
shows a brittle compressive failure
for this strain rate which was pro-
ved thanks to triaxial tests (Sca-
pozza and Bartelt 2003; Scapozza
2004).

Tab. | — Snow rheological parameters (Bartelt et al. 2012a).

p Ey Mm Ee "k
kg/m? Pa Pas Pa Pas
210 1.0+ 108 15+ 107 2010 10106
250 15+ 108 14107 15107 25108
24
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2.The Stauchwall Stress
Model

In order to combine the original
strain state stauchwall failure cri-
terion with a stress failure one, it
is necessary to evaluate the mate-
rial strength and the stress state
of the stauchwall after the crack
opening (¢t > 0). In the Stauchwall
model, the stauchwall is assumed
as a viscoelastic material having
no friction to the ground. Two
sets of rheological parameters
(Tab. 1), for two different snow
densities, were adopted. These
values (utilized by Bartelt et al.
2012a, 2012b; Feistl et al. 2013)
were evaluated thanks to triaxial
tests performed by Von Moos et
al. 2003.

In addition, it was hypothesized
that the stauchwall is isotropic
(Salm 1975; Desrues et al. 1980;
De Biagi 2009; Koéchle and Sch-
neebeli 2014) and homogeneous.
The homogeneity of the snow is
another aspect that can be verified
when all layers of the snowpack
have fully metamorphosed to wet
grains thanks to high temperatu-
res or rain (Hirashima et al. 2008).
A last assumption was neglecting
the stress history of stauchwall
before the crack propagation (for
t < 0). This assumption is anyway
already considered as an initial
condition for the solution of the
Stauchwall model (Eq. 5).

Concerning the failure criterion
added to the Stauchwall Stress
Model, it is assumed that the stau-
chwall fails when the shear stren-
gth is reached and a Tresca failure
criterion is considered.

It is assumed that the stau-
chwall is composed of moist snow
considered having a volumetric
water content 0 (%). Therefore, its
shear strength, which is conside-
red uniform within the stauchwall,
follows the empirical formulation
of Yamanoi and Endo 2002, eva-
luated as a function of its dry den-

sity pgy, as:

Aprile 2022
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This formulation is valid in the ran-
ge 0< 0 < 8.2% and for new snow,
decomposed snow, and rounded
grains (Yamanoi and Endo 2002;
Hirashima et al. 2008).

To define the stauchwall stress
state, the pattern in Fig. 2b is con-
sidered, where a vertical section
of the stauchwall is represented.
It is assumed that this section be-
longs to a vertical plane x, y and
the axis z is perpendicular to it.
The origin of z is at one flank of
the stauchwall so that z = b is the
opposite flank. It can be assumed
that at z€[0,b] the displacements
in z direction are constrained by
the surrounding snow. Thus, this
generic stauchwall vertical plane x,
y shows plane-strain conditions. If
the vertical component of the sel-
f-weight is neglected, the stress
o,(t) is zero at every point belon-
ging to the vertical line connecting
two generic points A and B (Fig.
2b). Therefore, 6,(t) is the smallest
principal stress (if 6,(t) < 0V ¢t > 0)
because (Sy(t) =0ando,(t) = v(o,(t)
- Gy(t)). For this reason, the maxi-
mum absolute shear stress acting
in the x, y plane is evaluated as:

o, (t)
2

andithas aninclination ¢ =45° -y
with respect to the horizontal.

Hence, the stauchwall fails (for
t > 0) when at least one of the fol-
lowing inequalities is true:

T, (t)= 7

@2k OR [, 02T,  (©®)
which represents the coupled fai-
lure criterion. In fact, the inequa-
lity [e(t) 2[,, (t) is the criterion
adopted by Bartelt et al. 2012a and
the second inequality (t,,(t)>1,,)
is the one proposed in this work.

In the Section “Results and
Discussions” some analyses are
presented as well as the obtained
results.

Aprile 2022

2.1. The Stauchwall Stress
Model applied to a skier’s fall/
brake

Let’s consider a slab and a stau-
chwall. It is possible that imme-
diately after the crack opening
the stauchwall does not fail. The-
refore, the system reaches at t; a
new equilibrium. We assume that
askieris skiing on theslabatt > t;
in a direction parallel to the x axis
(Fig. 2b) with a speed v, ;. The to-
tal mass of the skier is considered
equal to my,,, = 80 kg. Itis possible
to suppose that at a certain time
t1 > ty, the skier falls/brakes and
then stops his motion (g, = 0)
at a distance d(< Dalong the x axis
after a time Ot It is supposed
that this distance is completely
included on the slab. Therefore,
the variation of the skier’s kinetic
energy is:

AK skier i

9
2 ©
- E MitierVskier i

_l S 2
skier — 2 Miier OV

where 61/skier = Vskier,f — Vskieri = ~Vskier,i
is the is the skier’s speed varia-
tion.

The variation of the skier’s po-
tential energy in the distance d
is:

AP Vskier = M Vskier gdSin\V (10)
= M Vgiier gxd

Thanks to the Energy Conserva-
tion Law, to stop his motion, the
work that the skier must apply on
the slab is:

Wskier = AI<sl<ier + AP skier = E stopd (11)

[t is possible to assume that the
skier applies a constant force Fy,,
on the slab in order to stop his mo-
tion. Therefore, the work applied
by the skier is W, = Fy,d and:

1 2
F;*top =Myier 8x + gmskiervskieni (12)

So the skier’s deceleration is con-
stant and equal to

~

2A M

‘ -—
VZ
skier i
- ‘[gx - 7}

and he will stop after a time:

61/ kier 2V ki ’-d
Btygp=—" "=~ "5 (13)
a S x +Vskier,i

For t, < t < t3 (t = t5 + Otyp),
when the skier is decelerating,
he applies a constant force to the
slab. Thus, the slab equilibrium
becomes:

mii(t) = mg, — umg, +
+6,(t)bh + Fy,

Fort > t3, when the skier has stop-
ped, the force equilibrium is:

(14)

mtota(t) = Meoi8x T

— UWMeygy + 6,()bh (15)

where my,, = m + My,

Note that these two forces equi-
librium (Eq. 14 and 15) are no lon-
ger independent of the slab width
b and thickness h.

If Equation 14 is divided by
the slab mass m, it is possible to
highlight the term F,.,,/m that
represents the skier fall/brake
contribution on the slab accele-
ration. This term should be small
if the slab is very heavy. This ob-
servation is anyway examined in
the Section 3.3 where the analyses
results are presented.

The Equations 16a, 16b and
16c summarize the three diffe-
rent systems of equations that
have to be used in order to eva-
luate the effect of a skier’s fall/
brake. In particular, Equation
16a represents the Stauchwall
model. This Equation has to be
used in the first phase when
the crack propagates. Equation
16b represents the Stauchwall
stress model applied to the case
when on the slab a skier-bra-
king is present (therefore called
skier-braking model). In order
to numerically integrate this sy-
stem of equations, we assume the
results of the Stauchwall model

25
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(Eq. 16a) for t = t; (at the end of the first transient state) as initial conditions. Finally, Equation 16c is the
Stauchwall-skier model. This equation is valid when the skier is on the slab immediately after he stops his
motion and, for this reason, when he does not apply force to it (t > t3). The initial conditions to solve this

system (Eq. 16¢) are the results of the skier-braking model (Eq. 16b) for t = t3

fort <t M M Mk

6X(t)+{E—m+E—m+ﬂ}dx(t)+

EmEk
N MNx s

Em

zzsnk

mii(t) =mg, —pumg, + o, (t)bh

6X(t)+{E—m+E—

forty, <t <t,

fort 2ts M M Mk

m+E_k

M Mk Mk
mii(t) =mg, —pumg, +0,(t)bh+F,

&, (t) +[E—W+E—W+E—k}sx(t)+ Eny o, (t)= Q—mii(t)+

E,E, E

}sx(t)Jr—cx(t)=—mi2(t)+Mu(t)
2lm

21

m'lk s s

top
E E, E,
ank

MmNk Zs

My U(E) =My 8, — Wm, g, + 0, (t)bh

3. Results & Discussions

The results and discussions of the
performed numerical analyses are
presented in this Section. At the
beginning, attention is given to
the results of analyses carried out
using the Stauchwall model. Sub-
sequently, the results and com-
ments on the delayed releases and
the skier’s triggering are reported.
Finally, the results of the sensiti-
vity analyses are shown and some
observations for the control and
prevention of these avalanches
are given.

3.1. Stauchwall model
analysis

The results of the analyses carried
out using the Stauchwall model are
presented in this Section. In parti-
cular, investigations on the failure
criteria and stauchwall length are
performed.

Stauchwalls are not so well de-
fined in real cases and they may
be partially destroyed after the
avalanche release. Thus, the stau-
chwall length is difficult to be me-
asured/estimated. In Figure 3 the
results of six analyses meant to
study the influence of these length
estimations are presented. In these

26

two graphs the shear strength 1, (0
= 0) and the critical strain rate &,
are also plotted. The analyses were
carried out considering a fixed to-
tal length [ + [, = 30m, y = 35°, u =
0.45 and three stauchwall lengths
I;=1,2 and 4 m. For what regards
the first three analyses, the assu-
med density (with the correspon-
ding rheological parameters) is p =
250kg/m?® and results are reported
in Figure 3a. A density p = 210 kg/
m? (with the related rheological
parameters) is considered for the
other three analyses and the resul-
ts are displayed in Figure 3b.
From Figure 3 it is possible to
notice that the stauchwall length
estimation has a much larger effect
on the maximum strain rate than
the maximum shear stress. Assu-
me as a reference the results obtai-
ned using a stauchwall length of 2
m and a density p = 250 kg/m3. If
this length is halved the maximum
strain rate increases by 34 % (23
% for p = 210 kg/m3) while the
maximum shear stress incremen-
ts by 12 % (11 % for p = 210 kg/
m?). Similarly, doubling the stau-
chwall length (/; = 4 m) implies a
26 % reduction of the maximum
strain rate (17 % for p = 210 kg/
m3) while the maximum shear
stress decreases by 13 % (7 % for p
=210kg/m?3). Since the stauchwall

5. () zz—zii(t)+%u(t)

u(t)

(16a)

(16b)

(16¢)

length has to be supposed and the
stauchwall stress is less sensitive
to this hypothesis, the stress cri-
terion should help to understand
if the stauchwall fails. This fact can
be verified by paying more atten-
tion to Figure 3a. It is possible to
notice that the snowpack under
study fails, by reaching only the
critical strain, only if a stauchwall
length of [, =1 m is assumed. In
parallel, if the shear strength is ta-
ken as a failure criterion, the assu-
mption of the stauchwall length is
less important since for both [ =
1 and 2 m the stauchwall will fail.
It is interesting to highlight
that it is possible to determine if
the stauchwall failure is due to the
stress criterion or to the strain rate
criterion. To do this it is necessary
to evidence that the curves obtai-
ned in Figure 3 have to be read in
an anticlockwise direction starting
from the axes origin. As example,
let’s consider the results of the
analysis performed considering /;
=2 mand p = 210 kg/m?3 (Fig. 3b).
[t is possible to affirm that in this
case the avalanche is released be-
cause the critical strain rate is at-
tained while the stauchwall stress
never reaches the material stren-
gth. As a matter of fact, proceeding
on the curve starting from the axes
origin, the critical strain rate is the

Aprile 2022



GEOINGEGNERIA E ATTIVITA ESTRATTIVA

12
9t :
'E‘ u.--uu-..:.-
A ke
= 6
c " Tcr(e = 0)
| |écr|
3y /S lai =1m
_Eg = 2 m
= _’!3 =4m
0 0.005 0.010 0.015 0

le| [s7']

Fig. 3 —The plots show the results considering a fixed total length | + I; = 30 m, three stauchwall lengths [ = 2 and 4 m, y = 35°, p =

0.005

0.010 0.015

el [s7']

0.45. Figure 3a shows the results of the analyses carried out considering a density p = 250 kg/m? The results of the analyses carried out
assuming p = 210 kg/m? are displayed in Figure 3b. In the plots the shear strength (1., (6 = 0)) and the absolute value of the critical strain

rate €,, are represented.

first line intersected by the curve.
This means that the remaining
part of the curve is just theoreti-
cal since the avalanche is triggered
as soon as the critical strain is re-
ached. Therefore, it is possible to
distinguish in between failures.

Another important fact can be
pointed out looking at the results
obtained for p = 210 kg/m? and [
=4 m (Fig. 3b). In this case it is
difficult to be sure if the avalanche
is released only by looking at the
strain rate criterion. However, the
stauchwall failure is clear conside-
ring the stress criterion. This fact
highlights the importance of cou-
pling these two criteria.

The results of analyses perfor-
med considering a snow density
p = 250 kg/m? (with the related
rheological parameters), a stau-
chwall length [, = 2 m and varying
the slope inclination and the slab
length are summarized in Figure
4.The target of these analyses is to
calculate the frictions for which the
avalanche s triggered and to define
if the release is caused because the
critical strain rate is attained (solid
color) or if the shear strength is re-
ached (top bar prisms with transpa-
rency). It can be observed that the
critical strain rate is exceeded when
relatively small friction values are

Aprile 2022

considered. The cases of avalanches
due to the fact that shear strength
is attained correspond to small in-
tervals of friction values only. From
Figure 4 it is interesting to observe
that the stress criterion is stricter.
In detail, if the strain rate criterion
is the only one adopted, it is possi-
ble to underestimate the minimum
friction value necessary to avoid a
glide avalanche because with this

¥ [°]
Fig. 4 —The image displays a three-dimensional plot showing the friction values necessary
1o trigger the avalanches considering different slope inclinations and slab lengths.This graph
has been computed considering a density p = 250 kg/m? (with the related rheological pa-

rameters of Tab. |), and a stauchwall length

value the material strength is exce-
eded and the avalanche is triggered.

3.2. Delayed releases

Thanks to the stress failure crite-
rion it is possible to examine de-
layed releases. Let’s consider the
Stauchwall model (Eqg. 16a) and let’s
suppose that in the transient state

=2 m.The solid color of the bars represents

the frictions for which the critical strain rate is attained while the top bar prisms, with tran-
sparency, represent the friction values for which the shear strength (1, (6 = 0)) is attained.
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the stauchwall did not fail. It is pos-
sible to consider the curve obtained
considering [; = 4 m in Figure 3a as
example. In this case, for a certain
time ¢, > O coincident with the end
of the transient state, a new equili-
brium exists. This time t; can be de-
fined as the time in which the slab
acceleration becomes constant and
equal to zero. Therefore, the stress
becomes constant and equal to:

o, (t > t)) = pgl(ucosy - siny) (17)

and the strain rate becomes
&t2t))=0,(t=t;)/n,, (therefo-
re £€(t>t;)=0). Since both the
strain rate and the shear stress are
constant and considering that the
failure is not attained for t > t;, the
avalanche can be triggered only by
two factors, an equilibrium pertur-
bation or a loss of strength.

A perturbation of the slab-stau-
chwall equilibrium can be caused,
as an example, by an increasing
presence of melted water at the
snow-soil interface which reduces
the basal friction p. It is possible to
suppose that this variation (which
starts at the generic time t, > t;) is
very slow so that the strain accelera-
tion is almost zero while the stress
inside of the stauchwall increases
(Eq. 17). For this reason, it is not
possible to attain the critical strain
rate. However, the stauchwall can
fail because the shear strength is
attained (e.g. dashed line in Fig. 5).

The second possible cause of a
delayed release is a reduction of
the material strength. To take into
account this strength variation,
it is possible to suppose that at t
= t, the snow is on the slope and
that its humidity starts to increase
(due, as example, to solar irradia-
tion or to rain). This water content
raise produces a reduction of the
snow shear strength (Eq. 6). Thus,
the stauchwall stress can arrive at
the material strength and, as con-
sequence, the avalanche is trigge-
red (e.g., dotted line in Fig. 5).

An even more realistic situation
can be the combination of both
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the mechanisms presented before
(e.g., solid line in Fig. 5). In fact,
water due to metamorphism/rain
may act on both the basal friction
and the shear strength.

3.3. Skier’s triggering

The analysis of a skier that stops
over a slab is presented in Figure
6 (Eq. 16a, b and ¢). This specific
case represents a perturbation of
the slab equilibrium. Therefore, if
the avalanche is triggered by the
skier, it is possible to consider it as
a delayed release. With the nota-
tion previously introduced, the pa-
rameters assumed in the analysis
areb=10m,t=0.5m,[,=2m,[=
20 m, y = 35°, p =250 kg/m? (and
the related rheological parameters
of Tab. 1), vg4;,,=13.9m/sand d =
10 m. The results are presented in
Figure 6. It is possible to note that
the effects of the skier’s fall/brake

are quite limited in terms of shear
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stress while they are more marked
in terms of strain rate. The critical
values are not attained in both ca-
ses. It has to be underlined that no
changes in basal friction and shear
strength were considered during
the analysis. Moreover, it is impor-
tant to point out that the results
are dependent on the slab mass.
In fact, according to the model
introduced in Sub-section 2.1, the
outcomes of some analyses under-
lined the fact that a fall/brake of
a skier has noticeable effects only
in very light slabs. In this case, the
critical strain rate may be attained
while the increase of shear stress is
relatively small. As example, the cri-
tical strain rate in the stauchwall is
attained due to the skier’s fall/brake
considering the following parame-
tersb=0m,t=0.3m,,=2m,[=10
m, y =35, p=250,y=35%p=250
kg/m? (and the related rheological
parameters of Tab. 1), vy, = 13.9
m/s and d = 5 m. However, if the
snowpack thickness is increased by
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Fig.5 —The image displays a graph in which the snow resistance domain (for a fixed density)
is defined as the area under the grey line which represents the shear strength as a function
of the volumetric water content. It is then considered a stauchwall that does not fail after the
glide crack propagation (considering 6 = 1%,/ =20 m,l; =2 m,p = 250 kg/m?,y = 30°,and
1 =0.50 and the related rheological parameters of Tab. I).The generic point of coordinates
0= 1%, 1,(t > t;) = 2.5 kPa represents the stauchwall status at t = t, and it is coincident
with the point from which the three straight lines generate. The dotted line represents the
evolution of the stauchwall status due to the increase of water content, the dashed line
represents a basal friction decrease and the solid line is a combination of both mechanisms.
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just 5 cm, the maximum stauchwall
strain rate results below to the cri-
tical value. Similarly, if the distan-
ce d is increased by one meter, the
critical strain value is not reached.
In literature (Feistl et al. 2014; van
Herwijnen and Simenhois 2012)
glide avalanche having short slabs
and thin snow covers are recorded
even if, unfortunately, slabs widths
are not reported. However, these
cases represent a relatively small
amount of the field observations.
Therefore, it seems plausible (even
if not very probable) that, after a
crack propagation, the snow re-
mains on the slope and that a skier
can trigger the glide avalanche.

3.4. Sensitivity analysis

An investigation of the model sen-
sitivity has been carried out. This
investigation is implemented using
the Stauchwall model (Eq. 16a) wi-
thout considering the failure cri-
teria. In particular, a base analysis
is performed considering the fol-
lowing parameters: b=30m, t=0.5
m,/;=2m,[=30m, y=35,pu-=
0.35, p = 250 kg/m? and the rela-
ted rheological parameters (Tab. 1).
Subsequently, one by one, all the
parameters are varied by +5% in or-
der to understand the role played by
them in the model results. It has to
be underlined that the results of the
Stauchwall model are independent
of the slab width b and thickness t.

The results of this sensitivity
analysis are summarized in Figu-
re 7. This plot was created in order
to point out the important role
played by the basal friction p and
by the slope inclination y. In fact,
these two parameters are the ones
that most affect the model results.
The variation of all the other pa-
rameters creates a relatively small
change in the results. This is evi-
denced with a grey area in Figure 7.

The results show that the eva-
luation of both the basal friction
and the slope inclination is crucial
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Fig. 6 — The image shows an analysis performed considering at first the results of the
Stauchwall model then the effect of the skier's braking and finally the transient of the new
system.The shear strength and the critical strain rate are also plotted in the graph.
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Fig. 7 — The image shows the results of the sensitivity analysis. The continuous thick line
represents the base analysis, the dashed curves are the variations of the slope inclination
y.The variations of the basal friction p are plotted with a dotted curve and the grey area
encloses the variations of all the other parameters.

in order to have a reliable model.
Of course, it is much simpler to
measure a relatively precise value
of slope inclination rather than
assess the basal friction, that is of
more uncertain and delicate de-
termination. This value depends
on many slope characteristics like
type of surface, surface roughness,
type of vegetation, vegetation len-
gth, presence of water, etc.

3.5. Prevention & control

In this Subsection, some ideas re-
garding the prevention and con-
trol of glide avalanches are made
thanks to a general view of the
results reported in the previously
Subsections.

Itis possible to start by recalling
the two examined mechanisms as
possible delayed release causes be-
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cause it is interesting to consider
them in order to artificially trigger
glide avalanches. Water could be
used in order to reduce the basal
friction by pouring it in the crack
using a helicopter. A second possi-
bility is the reduction of the mate-
rial strength by watering the stau-
chwall. However, this method can
imply a large quantity of water. In
fact, 10 kg of water are necessary
in order to produce a 1 % increase
in the volumetric water content
per m? of snow. A third solution
consists in coupling these two
methods. At first, it is possible to
act on the stauchwall to enable the
water to decrease the shear stren-
gth. Water can be poured into the
glide crack at the second transit
of the aircraft. However, these
methods (even if they are coupled)
do not guarantee an immediate (or
predictable with a good certainty)
release which is not perfect in ac-
cordance with the principles of ar-
tificial triggering. As a subsequent
action, water can be used to strike
the slab. This operation can act on
the slab equilibrium in a way like
the skier’s fall/break. Unfortuna-
tely, it is not simple to compute
the effect of this strike. However,
although large helicopters having
large buckets can carry up to ~2-4
m?3 of water, the effect of the strike
may be negligible if the targets are
very heavy slabs. Moreover, the
Stauchwall model considers rigid
slabs while the real snow could ab-
sorb part of the impact energy.
The important role that the ba-
sal friction plays in the Stauchwall
model results was underlined in
the sensitivity analysis. This effect
can be interpreted in another way:
small increases of this characteri-
stic reduce noticeably the strain
rate and shear stress inside the
stauchwall. This fact can be used for
avalanche prevention. On slopes
where frequent glide avalanches
occur, short furrows (perpendicu-
lar to the maximum slope inclina-
tion) may be created. Otherwise, as
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less impacting measure, the grass
can be shortened before the winter
(cutting it or using animals which
graze it) or shrubs can be implan-
ted. Feistl et al. 2014 pointed out
as these two slope characteristics
(short grass and shrubs presence)
are related to glide avalanches ha-
ving longer slab and that occurred
on steeper slopes. Another way to
interpret this observation points
out that shorter grass and shrubs
prevent glide avalanches in cases of
short slabs and mild slopes.

4. Conclusions

The present work focuses on the
study of glide avalanches. In par-
ticular, analyses were performed
using the Stauchwall model for
which a stress failure criterion was
coupled with the criterion adopted
in previous works. The numerical
results show that glide avalanches
may be triggered because the snow
shear strength is attained while the
critical strain rate is not. [t was also
proved that the utilization of just
the critical strain rate as a failure
criterion may lead to underestima-
tion of safe basal friction values.

In glide avalanches, it is difficult
to define/measure the stauchwall
length which is an important pa-
rameter in the Stauchwall model.
The present work shows that the
stauchwall length estimation has
much larger effects on the maxi-
mum strain rate rather than the
maximum shear stress. Therefore,
the Stauchwall Stress model could
be an interesting option.

An important characteristic of
these avalanches is that they may
be not triggered immediately after
the crack propagation but after se-
veral hours or days. The Stauchwall
stress model has been used in or-
der to make some considerations
regarding these delayed releases
thanks to the adopted new failu-
re criterion. Hence, it was proved
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how an increase of the stauchwall
water content or/and a reduction
of the basal friction canlead to the
avalanche release.

The proposed model has been
also expanded to consider the
skier’s fall/brake over the slab.
The results show as this effect may
trigger a glide avalanche in the
case of very light slabs.

The sensitivity analysis has hi-
ghlighted how small variations in
the slope angle and in the basal fri-
ction lead to quite noticeable va-
riations in Stauchwall stress model
results.

Finally, some considerations
regarding possible methodologies
meant to prevent and/or control
glide avalanches are presented. A
possible artificial trigger metho-
dology has been outlined. It has
been then pointed out how the
stauchwall stress model sensitivity
to the basal friction could be used
as a glide avalanche prevention
method.

Further studies may focus their
attention on many influencing
aspects. Rheological parameters of
different snow types may be impor-
tant in order to apply more effecti-
vely the stauchwall model. Studies
meant to determine the stauchwall
length can be crucial since this len-
gth plays a very important role.
Moreover, model refinements may
give more realistic results. It can be
interesting, for example, to consi-
der the effect of the basal friction
under the stauchwall or no longer
consider the stauchwall as a lum-
ped element and model it as a vi-
scoelastic continuum.
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