Nat. Hazards Earth Syst. Sci., 14, 292931, 2014 Natural Hazards
www.nat-hazards-earth-syst-sci.net/14/2921/2014/

doi:10.5194/nhess-14-2921-2014 and Earth System
© Author(s) 2014. CC Attribution 3.0 License. Sciences

Quantification of basal friction for technical and silvicultural
glide-snow avalanche mitigation measures

T. Feistl!:2, P. Bebt, L. Dreier!, M. Hanewinkel3, and P. Bartelt!

IWSL Institute for Snow and Avalanche Research SLF, Flilelastrasse 11, 7260 Davos Dorf, Switzerland
2Technical University Munich (TUM), Engineering Geology and Hydrogeology, Arcisstrasse 21, 80333 Munich, Germany
SUniversity of Freiburg, Forestry Economics and Planning, Tennenbacherstrasse 4, 79106 Freiburg, Germany

Correspondence tdf. Feistl (thomas.feistl@slf.ch)

Received: 31 March 2014 — Published in Nat. Hazards Earth Syst. Sci. Discuss.: 29 April 2014
Revised: 24 September 2014 — Accepted: 26 September 2014 — Published: 7 November 2014

Abstract. A long-standing problem in avalanche engineer- and other infrastructure. Because glide-snow avalanches are
ing is to design defense structures and manage forest standfficult to predict Oreier, 2013, hazard engineers rely on
such that they can withstand the forces of the natural snownitigation measures to stabilize the snow cover and pre-
cover. In this way, glide-snow avalanches can be preventedvent glide-snow avalanches from starting. These measures
Ground friction plays a crucial role in this process. To verify include both technical defense structures and forédes-(
existing guidelines, we collected data on the vegetation covegreth 2007 Hoéller, 2012. A critical problem for decision
and terrain characteristics of 101 glide-snow release areas imakers is to define potential release areas in real terrain and
Davos, Switzerland. We quantified the Coulomb friction pa- understand how terrain and vegetation characteristics influ-
rameteruny, by applying a physical model that accounts for ence release and can be managed to defend against glide-
the dynamic forces of the moving snow in the stauch zone snow avalanche hazard.
We investigated the role of glide length, slope steepness and The mechanics of glide-snow avalanches involve two prin-
friction in avalanche release. Our calculations revealed thatiple components: the compressive strength of the stauch-
the slope angle and slab length for smooth slopes correspongall and the frictional properties of the ground ¢er Gand
to the technical guidelines for defense structure distances iand Zupagic, 1966 Hafeli, 1967 McClung, 1975 Bartelt
Switzerland. Artificial defense structures, builtin accordanceet al, 2012. Glide-snow avalanches typically occur when
with guidelines, prevent glide-snow avalanche releases, evewater accumulates on the snow—soil interface, either by melt-
when the terrain is smooth. Slopes over 40 m in length andng (because of a warm soil surface) or by meltwater pene-
45° in steepness require a ground frictiorugfy = 0.7 corre-  tration through the snow covein(der Gand and Zup@it,
sponding to stumps or tree regeneration to ensure protectiorl966 Mitterer et al, 2011). As the ground friction decreases
Forest management guidelines that define maximum foresbecause of the meltwater, the lost frictional forces must be
gap sizes to prevent glide-snow avalanche release neglect thaken up in the tensile or compressive zone of the snow
role of surface roughness and therefore underestimate theover; otherwise, it begins to glide (Fid). Typically, the
danger on smooth slopes. snow cover breaks first in the tensile zone, and a glide crack
(a so-called=ischmau) opens. This causes an additional re-
distribution of stress within the snow cover, and leads to a
fragile stability governed by the strength of the compressive
1 Introduction zone. This zone is termed the stauchwhkdkinger 1987
Bartelt et al, 2012. The stauchwall is fixed to the ground, ei-
Full-depth, glide-snow avalanches are common events on thgher pecause the basal surface is rough, or because the slope
steep, smooth slopes of the European Alpsder Gand and s flatter, leading to large compressive stresses. Any obsta-

Zupartic, 1966 Holler, 2014. Although these slides have cles, such as trees, will help to stabilize the snow cover by
relatively small release areas, they endanger roads, railways
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1966 McClung 1975 Héller, 2004 Bartelt et al, 2012.
Vegetation can increase the ground roughness significantly
(de Quervain1979 Fiebiger 1978 Newesely et a).200Q
Holler, 2007, Leitinger et al, 2008 Schneebeli and Bebi
2004 Weir, 2002. Although all authors agree that glide-
snow avalanche activity is retarded by dense forest stands,
the quantification of basal friction as a function of vegetation
structure is missing.

In this paper, we aim to combine a physical ground
friction—stauchwall model with data on glide-snow avalanche
release areas to quantify the role of technical and silvicultural
avalanche protection measures. To this end, we collected and

Fi 1. Opening of alid K h b The left analyzed data of the characteristic vegetation cover, terrain
igure 1. Opening of glide cracks{schmav) nearavos. 'nefett %nd snow characteristics of glide-snow avalanche release ar-
slope released, probably because the slope is steeper than the right

part.ly and/s denote the observed slab length and the stauchwall*&S o_n the Dorfberg, near Davos_, Switzerland. We compar_e
length. the glide-snow avalanche data with model results and test if

existing guidelines are in accordance with our measurements.

As the glide-snow avalanche model includes the important

role of ground roughness — which is strongly influenced by
absorbing the additional stress. The distance between obst#he vegetation cover — we are able to link the observed ter-
cles in large part determines the stress redistribution: if therain roughness and ground vegetation to specific Coulomb
distances are too great, the natural strength of the snow covdriction values. Finally, we attempt to answer the questions
will be overcome, and snow slides will resulte{ Quervain  of where, when and what elements of terrain roughness are
1979 Hodller, 2004. A key parameter in the mitigation of most appropriate for glide-snow avalanche prevention.
glide-snow avalanches is therefore the distance between de-
fense structures and the allowable forest clearing size. Differ-
ent approaches have been addressed to define distances be- Methods
tween defense structures and maximum forest gap sizes. The
Swiss guidelines on sustainable management of protective.1 Observed glide-snow avalanche release areas
forests (NaiS) rehner et a).2009, for example, are based
on a statistical evaluation of data mostly gained in a fieldGlide-snow avalanches are observed every season on the
campaign in Switzerland from 1985 to 199Gubler and  Dorfberg, above Davos, Switzerland, and were documented
Rychetnik 1991 Meyer-Grass and Schneehdl®92. State-  via time lapse photography in the winters of 2011/2012 and
ments on possible avalanche formation as a function of slop2012/2013 yan Herwijnen and Simenhqi2012. Their oc-
angle and gap length could be made, taking ground rougheurrence depends on meteorological conditions such as tem-
ness qualitatively into accounfiiehner et a).2005. These  perature, snow depth, snow stratification and ground temper-
guidelines were successfully applied in the past by forestersature Dreier, 2013 Dreier et al, 2013, but their location in
Leitinger et al.(2008 developed a spatial snow-glide model the terrain is almost similar each yeBreier(2013 mapped
based on data of two study areas in Austria and Italy. It takeghe release zones according to the photos (se€?fighese
slope angle, surface roughness, slope aspect, winter precipphotos were not georeferenced, and a small uncertainty con-
tation and forest stand characteristics into account. Likewisecerning the location of the release areas in the terrain ex-
the technical guidelines for avalanche prevention structuressts, but we suppose the error to be relatively small. We per-
in release areas in Switzerland are based on calculations dbrmed a field campaign in autumn 2013 where we collected
the pressure that a slab exerts on an avalanche preventiatata on the characteristic vegetation cover, vegetation height
bridge @de Quervain and SalM963 Margreth 2007). Slope Ay, distance to the next obstacle and terrain characteristics of
angle, snow depth and the Coulomb friction of the snow on101 glide-snow avalanche release areas on the Dorfberg. The
the ground are taken into account. compaction of vegetation due to the snow cover weight was

Although the relationship between slab length and slopedocumented in a second field campaign in February 2014.

angle at which glide-snow avalanches release is well under- The south-to-east-facing slope below the Salezer Horn
stood Fiebiger 1978 Imbeck 1984 Imbeck and Meyer- (2536 m) covers 200 ha. The elevation of the observed re-
Grass 1988 Gubler and Rychetnik1991 Meyer-Grass lease areas ranges from 1700 to 2300sm.aGrassy slopes,
and Schneebelil992 Leitinger et al, 2008, the important  shrubs and forest alternate with stones and small rock walls.
role of ground roughness remains an unknown parameteiVe calculated the mean slope anglesnd slab lengthg
Ground friction dictates the force redistribution and thereforeof all avalanche release areas using ArcGIS. The release
the loading on the stauchwalln(der Gand and Zup4&it, height was estimated with the snow depthmeasured at

Nat. Hazards Earth Syst. Sci., 14, 29212931, 2014 www.nat-hazards-earth-syst-sci.net/14/2921/2014/



T. Feistl et al.: Vegetation effects on glide-snow avalanches 2923

Figure 3. Different vegetation types were observed in our field
campaign. The main types were long grass, short grass, low dwarf

shrubs and strong lignified shrubs.
Figure 2. Glide-snow avalanche release zones on the Dorfberg, g'g

Davos (Swissimad®, DV 033594, 2013).

] o o As topography contributes to roughness, we assume the
the meteorologlqal station in Davos.'The station is S'tuatedunderlying terrain of the release areas to play an important
at a lower elevation (1560 msl.), but is not exposed to the (gl in glide-snow avalanche release. Therefore, we docu-
sun. The snow depth on the Dorfberg and therefore the repented the dominating terrain types and their heigtor
lease height of the glide-snow avalanches resemble the sno@gch release area. Typical features we found were smooth
depth measured at the meteorological station in the investisteps, rocks and ridges. We performed a Mann-Withney
gated winters. _ _ U test in order to test if these different vegetation and terrain

We documented the typical vegetation cover of the 101iynes in release areas correlate with slope angle, slab length

release areas (Fi@), and found four characteristic types of g4 snow depth.

vegetation: We parameterized surface roughness using the measured

terrain irregularity heights; and vegetation heights,. This

allowed us to relate the observed heights to the calculated

2. short grassNardionspp.) friction parametenm. The heightshy and it are assigned
values characteristic of the observed vegetation and terrain

3. low dwarf shrubsEricaceae, Vaccinuium, Empetrdm  types. This is necessary in order to transfer the model results
to other field locations.

1. long grass Calamagrostis villosa

4. strong lignified shrubsRhododendron, Juniperlus

No avalanches were observed in forested terrain. We2.2 Selection of avalanches with stauchwall
recorded the dominating vegetation species, if more than one
vegetation type was present in a single release area. Thé/e selected events where we assume the snow cover be-
vegetation height, was measured in November 2013 and low the release area to be fixed to the ground, the so-called
February 2014 (Figd). Ouir first field study took place in au- stauchwall. The mechanical stauchwall model (Se&cB)
tumn; therefore, this vegetation height represents the surfacis applicable for these events. A flatter slope, higher sur-
that the first snow fell on. In February 2014, the vegetationface roughness or an obstacle (F&).below the release
heights were measured below the snow cover at representarea are cases where a fixed stauchwall is probable. Several
tive locations on the Dorfberg. We observed a mean heightvents without a stauchwall were neglected in further stud-
of long compacted grads, < 1cm, in contrast to short up- ies. In particular, events with either a drop or with a steeper
right grass withhy, = 3 cm, low dwarf shrubs with, = 4 cm slope below the release area (FBywere disregarded. These
and strong lignified shrubs with 10 ceniy < 20 cm (Fig 4). events were found by comparing the slope angle of the re-
The snow cover of depths = 0.5m compacted long grass to lease areaa with the slope angle of the areas bel@wIf
one tenth of the height in autumn. Short grass, low dwarfa < 8, we assume no stauchwall to be present. Out of 101
shrubs and strong lignified shrubs were compacted to onglide-snow avalanches, 67 events were considered with a
fourth of their original height. stauchwall. Of these 67 events, 31 released on compacted
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Figure 4. Vegetation below the snow cover. Vegetation heightare lower in winter than in autumn: 10-20 cm for strong lignified sh(ahs
4 cm for low dwarf shrubgb), 3 cm for short gras&) and less than 1 cm for long gra@h.

stauchwall

Figure 5. Cases where a stauchwall forms(&), the area below the release zone is flatter than the release area. The rougher surface below
the release zone fixes snow to the gro(n)l and a tree can be an effective obstacle stabilizing the snow cover below the relegsg area

long grass, 4 on upright short grass, 31 on low dwarf shrubs Only avalanches with stauchwall were considered for this
and 1 on strong lignified shrubs. categorization. Long compacted grass always had smooth
Vegetation cover and terrain both contribute to groundterrain underneath. We assume this combination of long
roughness. We defined three combined categories (segrass and smooth terrain to form the surface with the lowest
Sect.3.1) to enable a simplified classification: friction. Short grass or low dwarf shrubs on smooth terrain
were defined as the second category, and the third category
1. smooth terrain covered with long compacted grass;  was shrubs on steps or rocks. On stepped terrain or on rocky

. . . I i fi - i ion.
2. smooth terrain covered with short upright grass or Iows opes, we did not find any grass-dominated vegetation

dwarf shrubs; and

3. rocky or stepped terrain covered with shrubs.
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@

Viscous
deformation

Detachment zone with
gliding friction p,

Figure 6. Cases where no stauchwall forms: either there is a terrain
drop (a) or the area below the release is steeper than the releas
area(b).

2.3 Mechanical stauchwall model
Figure 7. Model description: a slab with length,, snow density

To predict glide-snow avalanche release, we apply the twoand snow deptlis starts to glide on a slope with angle A glide

dimensional visco-elastic continuum modelRdirtelt et al.  crack opens and the weight of the slalis balanced by the friction

(2012. The model divides the snow cover into two regions: of the snow on the groundm, and the stauchwall with length,

the sliding zone and the stauchwall (Fiy. The sliding zone ~ snow density and material parametefs,, Ey, ng, andny,.

has lengthy,; the stauchwall has lengthand is fixed to the

ground. We assume a snow cover with defpthand a ho-

mogenous density. Therefore, the total mass per unit width The visco-elastic constantg&, Ek, nm, nk) are density and

of the slab isn = phsCosxly. The snow cover starts to slide temperature dependeion Moos et al.2003 Scapozza and

downwards once the frictional force on the ground can notBartelt 2003. Equations2) and @) are a system of two cou-

withstand the gravitational force of the snowpack, and a tenled ordinary differential equations that can be solved nu-

sile crack opens at the crown. Static equilibrium is lost, andmerically. Numerical solutions are presentedirtelt et al.

the tensile force at the crown must be transferred to the slid{2012. The model predicts the strain rate=u/2ls in the

ing zone and the stauchwall. The avalanche releases if a cristauchwall. The total strai’ and therefore the total de-

ical strain rate is reached. It is possible that the lost force iormation are calculated by summing the strain rates at ev-

balanced entirely by an increase in shear stress at the baggy calculation step with lengthz: E(t + At) = e (1) +€éAt.

of the snow cover. In this case, no avalanche will release, buYVhen the strain rates exceed a critical value, we consider the

this scenario requires high frictiony, to transfer the lostten- ~ stauchwall to fail, and an avalanche is released.

sile force to the ground. Moreover, the driving force and the

friction resistance are in balance: 2.4 Technical guidelines

mgx = Ummgz, (1)  For further analysis, we refer to the technical guidelines for
avalanche prevention structures in release areas in Switzer-

whereg, and g, are the gravitational accelerations in the land (Margreth 2007, the Swiss guidelines on sustainable
slope parallel and normal directions, respectively. These de- L

. ’ . management of protective forests NaliBdhner et aJ 2005,
pend on the slope angte. It is also possible that the lost g P ) 9

. . .~ _and the Austrian norm for avalanche prevention structures
force is taken up by the stauchwall. In_thls case, there is arZAustrian Standard Institut@011). These guidelines specify
outl-lf)f-balance stress that must be resisted by the stauch- the maximum allowable length between defense structures
wail: and the maximum allowable length of forest clearings. For
mit(t) = mgy — pmmg. — o (1)hsCOSY, 2) clarity, we denote these gllovyab_le lengthsigand I;, re- _

spectively. The stauchwall is within these lengths. The guide-
where u(r) is the displacement velocity of the slab. Be- lines require knowledge of the ground friction, which we
cause snow is a visco-elastic material, the stauchwall resisthave designatedq for the guidelines. The distance between
ing stresso is time dependent. A simple Burger model is prevention bridges is calculated accordinggte: 2%,

used to calculate the resisting action of the stauchwall: For example, the allowable defense structuréaabfgt%m
E E Ey E, E Switzerland is calculated with friction values ob0< g <
5@+ [—m + =+ —} 6(t) + [ n }a(r) (3)  0.6. Therefore/q(ug, @) andls(ug, @) as the guidelines de-
M Tk Tk T Tk pend on the slope angte Although the technical and for-
= ﬂﬂ(t) + E’"Eku(t)_ est guidelines are based on different approaches, the aim of
2s 2nils all the guidelines is similar: within the distanckg.q, o)

www.nat-hazards-earth-syst-sci.net/14/2921/2014/ Nat. Hazards Earth Syst. Sci., 14, 292434, 2014
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Table 1. The observed vegetation types on the Dorfberg. Mean vegetation gightiutumn and winter, slope angle slab lengthg and
a photo of a typical example case are added.

Long Short Low Strong
Vegetation type compacted upright dwarf lignified

grass grass shrubs shrubs
Number of avalanches 45 6 49 1
Meana (°) 35 36 39 35
Meanlg (m) 26 42 28 38
Meanhy (m) in autumn  0.10 0.13 0.14 0.5
Meanhy (m) in winter ~ 0.01 0.03 0.04 0.15

Photo

or ls(ug, @), no avalanche should release. On the Dorfberg,3 Results and discussion

we have measured the distance between the fracture crown

and the stauchwall; we denote the observed lengthg e 3.1 Results of field observationsg(pm, &)
have documented the terrain features and vegetation associ-

ated with eaclly. Furthermore, we have quantified the mean ;¢ releases in the Dorfberg study area were found on
slope angle of each S|I.de _observed in the field. That is, Welong grass (45 avalanches) and on low dwarf shrub vege-
havelg(im, ). If the guidelines are correct, we should have 400" (49 avalanches), whereas only a few avalanches re-
leased on vegetation categories “short grass” and strong “lig-

la(ua, @) < lg(um. o) +1s ) nified shrubs” (Tablel). Categories “short grass” and “low
and dwarf shrubs” had comparable vegetation heights(Ta-

ble 1). We subsequently combined these two categories in
l(ud, @) < lg(um, @) +s, (5) our data analysis. The mean vegetation height of long grass

was 10 cm, whereas the mean vegetation height of short grass
where the stauchwall length is denotigchnd added to the was 13 cm, of low dwarf shrubs 14 cm and of strong ligni-
measured slab length. These comparisons should also hold fied shrubs 50 cm. These values were measured before the
for the mechanical model. To distinguish between measuredirst snowfall. Below the snow cover (measurements taken
and modeled slab length, we denote the modeled slab lengtim February 2014), the heights decreasedjo< 1 cm for

by Iy. That is, long grasshy = 3 cm andky, = 4 cm for short grass and low
dwarf shrubs, and 10cm iy < 20cm for strong lignified
la(ud, @) < Im(um, @) +Is (6)  shrubs. We also combined different terrain types according to

their measured irregularity heighis(Table2). Irregularities

in smooth terrain and ridges had a mean height of approxi-
mately 20 cm, in contrast to stepped and rocky terrain, with

[ <] ls. 7 . .

fid, @) = Im(ptm, @) +1s (7) approximately 30 cm. We note that in autumn, only 5 cm sep-
We calculated the critical slab lengths (the slab lengths af"ates the vegetation types, and 10 cm separates the two ter-
failure /m) for all slope angles mentioned in the guidelines. N classes. Below the snow cover, the differences are even
Different friction parametersu, were applied in the model smaller. This is an indication that small height variations can
calculations. By comparison, we could quantify the friction €@d to a large difference in surface friction.

values we observed in the field. In the model calculations, we The release of glide-snow avalanches on the Dorfberg de-
tested different snow densities and snow depths to investigat@ended strongly on surface characteristics. Releases occurred

the role these parameters had in strain rates and therefof8 Steeper terrain in areas with shrubs compared to areas
glide-snow avalanche formation. with long grass (Mann-Whitne¥/ test, p = 0.008) and in

areas with terrain type “smooth” compared to other terrain
types (79 events out of 101). The combination of vegeta-
tion and terrain categories led to clear correlations between

and

Nat. Hazards Earth Syst. Sci., 14, 29212931, 2014 www.nat-hazards-earth-syst-sci.net/14/2921/2014/
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Table 2. The observed terrain on the Dorfberg. Mean slope aagldab lengthly, terrain height:; and a photo of a typical example case

are added. Note the high number of smooth terrain cases.

Terrain Ridge Smooth Steps Rocks
Number of avalanches 1 79 12
Meana (°) 36 37 40
Meanig (m) 40 26 34
Meanht (m) 0.15 0.19 0.32
Photo

glide-snow avalanches and surface characteristics. This su¢
gests the importance of basal properties. For example, wi
found that glide-snow avalanches can release on relativel
flat slopes, and had the shortest slab lengths if the terrail
was smooth and was covered with long grass. Higher slopeg
angles and longer slab lengths were observed for the slopeﬁ
covered with short grass or shrubs growing on smooth ter-§
rain. The highest slope angles and release lengths were ne < <
essary for cases where the terrain was rocky or stepped ar%
covered with shrubs. In this case, the mean slope angles ars
slab lengths increased. g .

Snow depthis (at the release) correlated weakly with the
slab lengthly (Fig. 8). Avalanches with a release length of =
Iy > 50 m were observed only for snow depths of more than
1m, hs > 1 m. Note that slope angle and snow deptlis

could not be correlated. The mean snow depth was slightly

140

Slab length dependence on snow height

¢long grass
M short grass
* low dwarf shrubs
strong lignified shrubs

20 a0 60 80 100 120 140 160 180

slab length [m]

higher for short grass, low dwarf shrubs and strong lignifiedFigure 8. Slab length and snow height correlate weakly (Pearson
shrubs ks = 94 cm) than for long grass{ =84 cm). Snow coefficient of correlation squareck? = 0.25). The longest slabs
depth has an influence on the mean vegetation height, as veg@y were observed for snow heightscosy greater than 90 cm.
etation is compressed by the snow mass (TdblEig. 4). Whereas short release areas (up to 50 m) are possible for any snow
Long grass is already compressed with a relatively smallneight, long slabs are characteristic of large snow heights. Here,
load. However, shrubs need more weight for a similar ef-we only look at the 67 events where we assume a stauchwall to be
fect. We observed glide-snow avalanche release on less ste@f°Sent

slopes covered with low dwarf shrubs only for snow depths

hs> 1m. No such effect was found for slopes covered with

grass.

3.2 Results of model calculationgm, (ptm, o)

terial parameters and the critical strain rate were defined ac-
cording to the work o¥/on Moos et al(2003, Scapozza and
Bartelt(2003 andBartelt et al(2012. Model results for dif-

We performed a series of model calculations to establish derent slope angles, slab lengths and friction parameter values
correlation between strain rate, slab length, slope angle andre depicted in Fig9. We varied density and the stauch-
ground friction. We studied the influence of ground rough- wall length Is, which depends on the snow depih. We

nessum on slab lengthi, and slope angle by modeling the
resistance and failure of the stauchwall (S@cB). We kept
the material parameters of snow{ = 1.5 x 108Pa Ex =

1.5x 10" Pa nm = 1.4x 10° Pas, nk = 2.5x 10°P&) constant
and defined a critical strain rate in compressian=(

found friction values between, = 0.33 andum = 0.81 for

a densityp = 300 kg nT3 and a stauchwall lengtl = 2 m.

The lowest values are necessary for a slope angle30°

and slab length; =30 m to prevent the stauchwall from
failing. The highest values are necessary for a slope angle

0.01 s 1) that leads to the collapse of the stauchwall. The ma-o = 45° and a slab length, = 60 m. Clearly, the calculated

www.nat-hazards-earth-syst-sci.net/14/2921/2014/
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Threshold values of friction, slope angle and slab length Field data and model results
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Figure 9. Three-dimensional plot showing combinations of fric-

tion um, slope anglex and slab lengtlim for a critical strain rate * * * slopeiagle["] * * *

¢ =0.01s L. The higher the slope angle, the higher the frictign

must be to prevent a failure of the stauchwall. The larger the slabFigure 10. Comparison of glide-snow avalanche release length and
lengthlm, the larger the frictiopum must be to prevent failure. stauchwallg + Is from the Dorfberg with model results. The graph
shows slope angle against slab length of the 67 avalanches with
a stauchwall. We divided the data into three roughness categories:
gmooth terrair-long grass, smooth terrainshort grass or shrubs

slab lengths and slope angles at failure depend strongly o k
and stepped or rocky terrainshrubs.

the friction parametetm.
We investigated the role of snow densityand snow depth
hsin the model results. We kept the slab lenggrand slope

result suggests that snow cover stability is relatively robust
anglex constant. The model results revealed that a chang

) . 3 . % changes in snow depth. Moreover, the model results are
in density ofAp = 50kg nT* needs a corresponding change , accordance with the observations, which show a similar

in the friction parametea .m of approximately 0.03. There- o (Fig. 8). For example, we found very little correla-

fore, we find that higher density snowpacks require higherj,, henween avalanche release and snow depth: glide-snow

surface roughness in order for the stauchwall to withstand, 51anches can have both large and small fracture heights.
the higher pressure. Moreover, the process of densification by

show settling coupled with meltwater (decreasg@j could 3.3 Comparison of guidelines, model results and field

be a critical combination leading to glide-snow avalanche re- observations

lease. Thus, the process of densification, which can stabilize

the high winter snowpack, must not automatically lead to aWe compared observed slab leng§§(g:m, ) from the Dorf-

reduction in glide-snow avalanche activity. For further stud- berg with our calculated model results(uum, @) (Fig. 10).

ies, we kept the density constapt= 250 kg nm 3. For this analysis, we only used data of the events with a
The pressure on the stauchwall also depends on the snostauchwall (see Sec?.2). To be able to compare these to

depthhs. However, snow depth also increases the strengttguidelines, the stauchwall lengih was added to the ob-

of the stauchwall, and therefore the snow depithas no  served slab lengtly+Is and the modeled slab lengths+/s.

direct effect on glide-snow avalanche release. This resuliVe divided the observed release areas into the three different

is reflected in Eqg.4). In the model calculations, we as- categories: (1) smooth terrain with long grass, (2) smooth ter-

sumed the stauchwall length to be twice as long as the snowain with short grass or shrubs, and (3) stepped or rocky ter-

depth. This assumption is based on observations, as shownain with shrubs (Tabl8). Friction values of L < um < 0.5

for example in Fig.1, in which the stauchwall length can were tested. A lower ground friction of the observed events

be discerned as the zone with wavelike perturbations on thés indicated if the lengtly, + I5 of the three terrain and veg-

surface of the snowpack. No systematic measurements extation categories is lower than the model calculation curves

ist, since the stauchwall is typically destroyed during anin Fig. 10. We found release areas with smooth terrain and

avalanche release. We therefore varied the snow defathd long grass below theiy, = 0.1 curve, whereas smooth ter-

the stauchwall length, respectively, and found that greater rain with shrubs or short grass was mostly (87 %) above the

depth snow covers are more stable on smooth slopes. Thigm = 0.1 curve. 92 % of rocky or stepped terrain with shrubs
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Table 3. Vegetation and terrain combined into three categories. The
least roughness was observed for smooth terrain with long grass ar
the roughest surface was observed when stepped or rocky terrai
was covered with shrubs. The second category was smooth terrai
covered with short upright grass or shrubs.

Terrain+ vegetation Smooth  Smooth+short  Stepped or

long grass  grass or shrubs  rocky + shrubs
Number of avalanches 31 23 13
Meana (°) 35 39 40
Meanig (m) 27 27 42
Meanhy + At (m) in autumn  0.30 0.33 0.54
Meanhy + ht (M) inwinter  0.20 0.22 0.41

Guidelines and field data

-8-NaiS guidelines, minimal
requirements
NaiS guidelines, ideal
requirements
Guidelines defense structure
distances, CH
-+-Guidelines defense structure
distances, low friction, CH
-+-Guidelines defense structure
distance, high friction, CH
-®-Guidelines defense structure
distances, AUT
-#-Guidelines defense structure
distances, high danger, AUT
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Figure 11. Comparison of guidelines with Dorfberg data. Note that
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Model results and guidelines ap=0.1
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-8-NaiS guidelines, minimal
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NaiS guidelines, ideal
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Guidelines defense structure
distances, CH
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Figure 12.Comparison of guidelines with model results. Model cal-
culations with friction valueg.m = 0.1 correspond to the technical
guidelines for avalanche prevention bridges. Maximum forest gap
sizes proposed by the Swiss guidelines on sustainable forest man-
agement (NaiS) are appropriate for low slope angles and high fric-
tion.

different snow depths recommend larger distances between
defense structures.

In contrast, most of the events on the Dorfberg are below
the tolerable forest gap sizes. Lower slope angles and shorter
slab lengths than proposed in the guidelines are sufficient to

most of the Dorfberg glide-snow avalanches had longer slab length&llow the release of glide-snow avalanches, especially when
and released on steeper slopes than proposed by the defense str@suming a smooth surface.

ture guidelines of Switzerland. In contrast, forest gaps with slope

We then compared the guideline values with the model

angles and lengths in accordance with the Swiss guidelines on susesults, and found a good correspondence when comparing
tainable management of protective forests (NaiS) would not havethe technical guidelines for defense structures and stauch-

hindered avalanche formation in a lot of cases on the Dorfberg.

was above the.,, = 0.3 curve. The same analysis was per-
formed for vegetation cover only. While release areas with
long grass are found even below thg, = 0.1 curve, 86 %

of all other vegetation types are above thg = 0.2 curve.

wall model results with low friction, i.e., for friction val-

uesum = 0.1. This indicates that the guidelines assume low
friction values, which is essential for the safe design of sup-
porting structures. However, for higher friction values, the
stauchwall model is more sensitive to the slab length and
slope angle. Thus, for high friction values, we can devise
slopes that are stable for slope angles up fo Be technical

Guidelines on defense structure distances and forest ga@uidelines are again conservative, since they do not assume

sizes were formulated in Switzerland and Austria to preventsuch high friction values. In comparison, the correspondence
avalanches from releasing. We compared our observation8etween the forest management recommendations and the
with these guidelines to check on their performance. Guide/model results was poor. This indicates that the guidelines are
lines on technical avalanche defense in Switzerland distinnot consistent for the same ground roughness and slope angle
guish between different ground roughnesses and assume fri¢Fig. 12). The calculated maximum slab length fog = 0.4

tion parameter values of ®< uq < 0.6. For the same slope and slope angle = 35> corresponds to the guideline values
angle, this variation leads to a change in the allowable slador gap sizes under ideal conditions. However, the model re-
length of a maximum of 3m. The values for slab length andsults for lower slope angles overestimate the guideline values
slope angle for small snow depths (1.5m) are in the range’md underestimate the guideline values for high slope angles.
of almost all events on the Dorfberg of the 2011-2013 win- Moreover, the forest guidelines are appropriate for low slope
ters (Fig.11). Deviations due to smooth or rough surfaces are@ngles and high friction, but appear to miscalculate the ac-
small. Guidelines in Austria that do not distinguish betweenceptable gap length in steep terrain.
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4 Conclusions interface, and therefore to cover a wide range of values (0.1
< um <1.0).
Guideline values for the distance of technical defense

In this study, we quantified the effect of ground roughness orstructures are in accordance with the data and the model cal-
glide-snow avalanche release with data on the typical vegeeulations for low friction v = 0.1). Our results indicate
tation cover and topographical characteristics of 101 releas¢hat the release of glide-snow avalanches in between defense
areas. Additionally, we employed a physical model that ac-structures is unlikely. According to the Swiss guidelines, the
counts for stauchwall mechanics and predicts failure or resisdistance between structures depends strongly on the assumed
tance depending on the slab length, snow depth, snow dermaximum snow depth. A greater snow depth leads to larger
sity and basal friction. We defined a critical strain rate that inspacing. This is in accordance with our model calculations.
turn defines the maximum slab length and slope angle allowHowever, this conclusion is based on the model assumption
able to prevent glide-snow avalanche release. The materiahat higher snow covers are associated with longer stauch-
parameters elasticit¥,,, Ex and viscosityym, nk were kept  wall lengths. This assumption is supported by the field ob-
constant. The model results indicate a strong dependence akrvations. The important relationship between snow cover
maximum slab length and slope angle on the Coulomb fric-height and structure spacing is central to ongoing discussions
tion um of the snow on the ground, which we were able to (Matsushita et a]2012. Austrian guidelines do not account
quantify by comparing the model results with our observa-for varying snow depths; therefore, relatively large distances
tions. are recommended for small snow deptAsgtrian Standard

Our field study revealed that glide-snow avalanches rednstitute 2011). Guidelines on maximum forest gap sizes
lease on grass or shrubs and on smooth, stepped or rocky Switzerland fit our observations and calculations only if
terrain. The release angle and observed slab length deperile ground roughness is relatively high. Raf ~ 0.4, the
on the vegetation and terrain. We were able to define threguidelines ensure safety for slope angles belotv 3b pre-
roughness categories that have different characteristic vegerent avalanche formation on such slopes, we assume that a
tation and terrain heights. On the one hand, smooth terrairterrain roughness corresponding to stepped or rocky terrain
with long grass has the least roughness, and the release ahd dwarf shrubs (e.gVaccinium vacciniunor Rodhoden-
avalanches is possible on relatively flat slopes with short slaldron ferrugineurhis necessary in addition to the minimal re-
lengths. On the other hand, avalanches release on stepped gquired forest cover characteristics given in the existing guide-
rocky terrain with shrubs only if the slope is steep and long.lines. Higher slope angles would even require a higher terrain
Snow depth plays an important role, as vegetation is comroughness corresponding to strong lignified shrubs, stumps
pressed by the snow’s weight, and therefore the friction isor piles of dead wood to hinder gliding. To leave logs of
lowered significantly. While long grass is compressed with adead wood and high stumps in clearings is already often con-
small load, for shrubs to be pressed together, a higher snowidered to be a safety measure in silvicultural management
cover is needed. (Frehner et a).2005 BAFU, 2008. This study underlines

We were able to draw conclusions about the Coulombthe importance of these measures, in particular for protective
friction of the snow—soil interface by comparing the field forests with low roughness and little ground vegetation.
data with stauchwall model calculations. Assuming stauch-
wall strength to be the crucial factor in glide-snow avalanche
release, we selected data of release areas where the pregcknowledgementsThe authors thank the Austrian Research
ence of a stauchwall could be expected. We defined apprc)XQenter for Forests for organizing the meeting on forest protection

imate friction valuegim for categories “smooth terrain with and natural hazards in January 2014. We profited from interesting
long grass” fun = 0.1), “smooth terrain with short grass presentations and conversations rich in content on the topic of this
m— Y. 3

” w . . work. Professor Kurosch Thuro, Chair of Engineering Geology at
or shrubs” um = 0.2) and “stepped or rocky terrain with the Technical University of Munich, supported our work and made

shrubs” (tm = 0.4). These values represent the minimum j; hossible. This research was funded by the Bavarian Environment
Coulomb friction for a wet snow-soil interface that leads agency.

to glide-snow avalanche formation. They are slightly lower

than the valueseitinger et al.(2008 found for abandoned Edited by: P. Tarolli
meadows, but in the same range as the valneder Gand  Reviewed by: J.-T. Fischer and two anonymous referees
and Zupafic (1966 estimated for wet grass. These values

are in good agreement with previous studies, and indicate

that meltwater is the crucial factor leading to glide-snow

avalanches. In contrast, the friction values proposed in the

Swiss guidelines on artificial avalanche defense structures

(0.5 < ug < 0.6) are questionable if we assume snow glid-

ing on wet smooth soil. We expect the frictipm, to depend

on terrain, vegetation cover and the wetness of the snow—soil
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