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Abstract. Snow-supporting avalanche defence structures are increasingly being built at high
altitudes in potential permafrost areas. Special construction methods and guidelines have been
developed to ensure a minimal stability of the structures, which have a vital role in the

protection of underlying settlements and transport infrastructure against snow avalanches. If
the avalanche slopes are located on ice-rich permafrost terrain, as is the case in a steep
avalanche gully above Pontresina (Eastern Swiss Alps), other means of protection must be

used – such as deflection or retention dams – as construction on ice-rich sediments can be very
problematic. Experimental snow-supporting structures were built in 1997 in order to test
different types of structures and their foundations, to develop specially adapted construction
methods and to monitor the long-term behaviour of the structures in moderately creeping

frozen ground with volumetric ice contents under 20%. Snow-nets were found to be the most
suitable type of protection against avalanches in this type of permafrost terrain due to their
deformability and because they are well adapted to rock fall. The structures do not improve

slope stability but contribute towards maintaining permafrost as they delay snow melt by
modifying the spatial and temporal distribution of the snow cover. The results of the project
described have led to a better understanding of permafrost-related avalanche defence prob-

lems.

Keywords: snow-supporting structures, avalanches, ice-rich permafrost, slope stability,

ground temperature

1. Introduction

In the Alps permafrost or permanently frozen ground is mainly found at
high altitudes, above about 2,500 m ASL and consequently, relatively little
infrastructure is directly affected – mainly mountain huts, cable car stations
and avalanche defence structures are constructed there (Haeberli, 1992). In
the latter category, snow-supporting structures, which are designed to retain
snow on steep slopes in avalanche starting areas, are frequently located
at high altitudes, as they have to be built at the top of slopes in avalanche
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starting areas. Tourism in the Alps has led to a steady increase in the size of
settlements and in the density of vehicles on transport routes, implying that
safety requirements are changing and the requirement for protection against
avalanches has risen. Snow-supporting structures are therefore also increas-
ingly being built in permafrost terrain. There are currently 15–20 zones
equipped with snow-supporting structures located in permafrost in the Swiss
Alps (Stoffel, 1995). In the literature there are no references to snow-support-
ing structures in permafrost in other Alpine countries such as Austria, Italy
or France, although they have many structures and similar avalanche and
permafrost conditions. In less densely populated mountainous areas (e.g. in
USA, Russia or Canada) snow-supporting structures are hardly used at all
(personal communication, S. Margreth).

First attempts at building snow-supporting structures in permafrost
rapidly showed that freezing ground temperatures, ice-rich terrain and
unstable slopes caused technical problems and that special measures would
have to be taken to ensure adequate protection against avalanches if these
types of structures were to be used effectively (Haefeli, 1954; Stoffel, 1995).

The first documented reference to potential problems concerning the
building of snow-supporting structures in permafrost was made by Haefeli
(1954), who emphasized that the effect of the structures on ground temper-
ature and stability was not known, but that artificial modifications in snow
cover distribution induced by the presence of the structures could lead to
changes in frost penetration and hence to modifications of ground ice con-
tent – and therefore possibly to a reduction of slope stability. This obser-
vation was made at an early stage in the history of the structures, as the
avalanche disaster of 1951 (causing 98 deaths in Switzerland) was the main
catalysing factor leading to the construction of over 500 km of structures
existing in the Swiss Alps today (Margreth et al., 2000).

At present, engineers and foresters responsible for the construction of
snow-supporting structures encounter construction problems related to the
presence of ice in the ground and due to freezing ground temperatures.
Various technical questions have arisen, for example, on the strength of
anchors in permafrost and on the compressive strength of grout in nega-
tive thermal conditions, as the grout tends to freeze before hardening,
leading to reduced compressive strength. In order to reach the bedrock, the
anchors, which are typically 3–10 m long, have to penetrate the active lay-
er, the topmost part of the ground which melts in summer. This often con-
sists of a mixture of loose rocks, ice, water and air, and is subject to creep.
Observations of damages to structures located in creeping permafrost ter-
rain have been made, for example at Wisse Schijen, Randa (Canton Valais,
south-western Switzerland), where a row of snow bridges was displaced
1.5 m downslope between 1990 and 1995 and subsequently had to be
rebuilt elsewhere, incurring substantial costs (Phillips et al., 2003a).
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Drilling boreholes to anchor the snow-supporting structures can be
particularly difficult in ice-rich terrain because slope angles are steeper
(leading to collapse of the boreholes) and because the presence of ice
in sedimentary deposits can cause mud-clogging during drilling, due to
friction melting (Phillips, 2000). Grouting of anchors is problematic at sub-
freezing temperatures because the grout typically freezes during the curing
process, before attaining the required compressive strength of 35 MPa after
28 days (SLF/BUWAL, 1990). At many sites, rock fall damages the steel
structures, particularly in warm summers when active layer thickness
increases in the surrounding rock outcrops and scree (Figure 1).

As snow-supporting structures are expensive (1,000–1,600 Euros per
metre-length), mainly due to high transportation costs, it is essential that

Figure 1. Snow bridge in permafrost terrain damaged by rock fall (Emshorn, Valais,
1996).
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they are built in an efficient manner, ensuring a long durability. The pro-
ject entitled ‘‘Snow-supporting structures in permafrost’’ was started at the
Swiss Federal Institute for Snow and Avalanche Research (SLF) in 1996,
with the aims of determining whether and how the structures could be
built in alpine permafrost regions – and whether they have any long-term
influence on the thermal regime and stability of the frozen ground
(Phillips, 2000; Thalparpan 2000; Phillips et al., 2003b).

This paper focuses on the problem of installing appropriate avalanche
defence structures in permafrost terrain. Snow-supporting structures were
tested and monitored in moderately creeping permafrost terrain, with low
volumetric ice content. In addition, the monitoring of the thermal regime
and stability of an ice-rich avalanche starting zone where the construction
of avalanche defence structures is not possible is described. The project
combines geotechnical, engineering and thermal investigations on ava-
lanche slopes and has led to a better understanding of permafrost-related
problems in the field of avalanche defence construction.

2. Study Sites

Pontresina is a village with a population of 1,850 (and an additional 6,700
tourists during the winter season) in the eastern Swiss Alps and has a long
history of avalanche defence strategies – as early as 1910 the area equipped
with snow-supporting structures above Pontresina was the largest in Swit-
zerland (Coaz, 1910). There are currently over 15 km of structures on the
slopes above the village, including dry stone walls (first built around 1880),
concrete structures and modern steel snow-bridges. They are located in the
avalanche starting areas northeast of the village and retain snow on these
slopes, preventing the formation of avalanches.

One sector of the slope above Pontresina, the Laviner Giandains gully,
has not been equipped with snow-supporting structures of any kind. The
top of the avalanche gully is occupied by a steep, ice-rich rock glacier ton-
gue. Large avalanches triggered in this sector and affecting the village
notably occurred in 1964, 1969, 1975, 1985, 1994 and 2001 (Stoffel, 1995),
emphasizing the need for protective structures (Figures 2 and 3).

The steep slopes above Pontresina provide an ideal context for a combi-
nation of natural hazard monitoring and applied research. The essential
elements for the construction of avalanche defence structures and for the
investigation of the stability of unconsolidated sediments in permafrost are
all present: steep slopes, ice-rich permafrost sediments, and the existing
requirement for efficient defence against avalanches and debris flows.
Measurements are effected at two sites, Laviner Giandains (site 1) and
Muot da Barba Peider (site 2) (Figure 4 and 5).
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Figure 2. Avalanche triggered in the Laviner Giandains starting zone above Pontresina
in 1975 (Photograph: Avalanche service, Pontresina).

Figure 3. Avalanche deposit on the road in the village in 2001 (Photograph: F. Techel).

AVALANCHE DEFENCE STRATEGIES AND MONITORING OF TWO SITES 357



F
ig
u
re

4
.
M
a
p
sh
o
w
in
g
th
e
lo
ca
ti
o
n
o
f
th
e
st
u
d
y
si
te
s
1
a
n
d
2
a
b
o
v
e
P
o
n
tr
es
in
a
.
S
ca
le
:
1
:2
5
,0
0
0
.
S
it
e
1
is
sh
o
w
n
b
y
a
ci
rc
le

a
n
d
S
it
e
2

b
y
a
sq
u
a
re
.
T
h
e
1
5
k
m

o
f
sn
o
w
-s
u
p
p
o
rt
in
g
st
ru
ct
u
re
s
a
b
o
v
e
P
o
n
tr
es
in
a
a
re

v
is
ib
le

(b
la
ck

li
n
es

p
a
ra
ll
el

to
th
e
co
n
to
u
r
li
n
es
).

T
h
er
e

a
re

n
o
st
ru
ct
u
re
s
in

th
e
L
a
vi
n
er

G
ia
n
d
a
in
s
g
u
ll
y
.
R
ep
ro
d
u
ce
d
b
y
p
er
m
is
si
o
n
o
f
sw

is
st
o
p
o
(B
A
0
4
5
9
9
9
).

MARCIA PHILLIPS358



2.1. SITE 1: LAVINER GIANDAINS ROCK GLACIER TONGUE

The top of the Laviner Giandains avalanche gully is a 36� steep west ori-
ented blocky slope above Pontresina (Figures 4 and 5). It forms the tongue
of the rock glacier complex Foura da l’Amd’ Ursina located west of Piz
Muragl. The steep part of the slope reaches from 2550 to 2720 m ASL.

Attempts to effect anchor pull-out tests in 1987 indicated that construc-
tion in the Laviner Giandains avalanche starting zone would be impossible,
as drilling was extremely difficult in this ice-rich terrain (Heimgartner,
1988; Stoffel 1995). In addition, the slope was considered to be a potential
release area for large debris flows in summer (Keller et al., 2002). These
findings had two consequences: firstly, a project was started to determine
whether and how avalanche defence structures can be built in permafrost
terrain (Phillips, 2000; SLF/BUWAL, 2000; Thalparpan, 2000). Secondly,
the Laviner Giandains slope had to be monitored using borehole deforma-
tion and temperature measurements and an alternative type of avalanche
protection was designed. This resulted in the construction of a com-
bined avalanche/debris flow retention dam just above the village in 2003
(Figure 6). Assuming a potential debris flow starting area of 0.8 km2, it
was estimated that 25,000–100,000 m3 of debris could be mobilized and
the dam was designed accordingly – to retain 100,000 m3 of debris flow

Figure 5. Aerial photograph showing the location of study sites 1 and 2. (Photo-

graph: M. Hoelzle). Site 1 is shown by a circle and Site 2 by a square.
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material or alternatively, 240,000 m3 of avalanche snow in winter (Keller
et al., 2002). The avalanche/debris flow triggering zone is of particular
interest for Pontresina and has therefore been monitored closely for over a
decade in view of the safety of the village (Phillips et al., 2002).

2.2. SITE 2: MUOT DA BARBA PEIDER EXPERIMENTAL SLOPE

An avalanche slope which does not affect the village, on Muot da Barba
Peider (site 2) (Figures 4 and 5) was chosen in order to develop and test
appropriate snow-supporting structures for permafrost, to investigate the
thermal regime of permafrost ground on an artificially modified slope, and
to monitor their long term behaviour.

In parallel, instruments to monitor slope stability, the ground thermal
regime and other influencing factors were installed (Phillips, 2000). New
Swiss guidelines for the construction of snow-supporting structures in per-
mafrost terrain were developed based on the data acquired in field and
laboratory experiments (SLF/BUWAL, 2000).

The north-western flank of the Muot da Barba Peider ridge is a steep scree
slope in permafrost which tends to avalanche naturally in winter. The ava-
lanches do not affect Pontresina as their runout area is on the upper reaches

Figure 6. Combined avalanche/debris flow retention dam (under construction in
2003) protecting Pontresina at the foot of the Laviner Giandains gully. (Photograph:
M. Hiller SLF).
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of the Foura da l’Amd’ Ursina rock glacier. The slope sector being investi-
gated is between 2930 at 2980 m ASL with an average slope angle of 38�. The
ice content of the ground was determined from borehole cores and is much
lower than at Site 1, with volumetric ice contents of 10–15% (Phillips, 2000).

3. Methods

3.1. BOREHOLE DEFORMATION AND TEMPERATURES

In 1990 a 37.5 m borehole was drilled in the rock glacier tongue at Site 1
to monitor the thermal state of the ground and to measure slope stability
in the creeping frozen material, which has a maximum volumetric ice con-
tent of 80%, which was estimated from borehole logs in the top 15 m
(Vonder Mühll, 1993; Hoelzle et al., 1998). Deformation measurements
were effected between 1990 and 1999 (Hoelzle et al., 1998; Arenson et al.,
2002), until they had to be ceased because the borehole sheared off at
around 26 m depth in 2000. The borehole was initially drilled down into
the bedrock, which was located at 30 m (Hoelzle et al., 1998) and equipped
with an inclinometer tube. The latter was anchored in the stable bedrock,
allowing horizontal deformation in the creeping rock glacier to be mea-
sured (VAW, 1992; Phillips et al., 2002). Deformation measurements were
effected using a Sinco Digitilt inclinometer (precision ±0.15 mm m)1).

Continuous automatic borehole temperature measurements have been
effected since 1997. Before, they were carried out both manually and auto-
matically (Vonder Mühll and Holub, 1992; Vonder Mühll et al., 1998).
The lowest two thermistors were cut off in 2000 but the remaining ones
continue to function despite being trapped in the tube. Their presence has
rendered further deformation measurements impossible.

The tube contains a chain of 12 YSI 46006 thermistors with a calibrated
precision of ±0.1 �C connected to a Campbell CR10X data logger. Measure-
ments are effected hourly and the daily mean is registered. Currently, the
thermistors are located at the following depths: 0, 1.2, 3.2, 5.2, 7.2, 9.2, 13.2,
17.2, 21.2, 25.2, 29.2, 33.2 m, based on the positions of the initial thermistors
between 1990 and 1997 (Vonder Mühll and Holub, 1992). The thermistors at
29.2 and 33.2 m were disconnected in 2000 when the borehole sheared off.
The data logger is on the ground surface, protected by a concrete shaft.

In 1996 two 18 m boreholes (B1 and B2) were drilled at Site 2, in the
steep scree slope (Figure 7). The boreholes were tubed and equipped with
YSI 46006 thermistors at depths of 0.5, 1, 2, 3, 4, 6, 8, 10, 13.5
and 17.5 m. The measurement setup is the same as that at Site 1, using
Campbell CR10X loggers and concrete shafts to protect them against rock
fall. Temperatures are measured hourly and the daily mean is registered.
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Two further boreholes (B3 and B4) were drilled at Site 2 in 1996 to a
depth of 6 m (Figure 7) and were equipped with inclinometer tubes. Defor-
mation measurements are carried out once a year. The stratigraphy and ice
content of the ground were determined using cores from these boreholes.
The top 1.6 m consist of blocky scree, which is underlain by 2 m of silt
and stones containing ice (10–15% volumetric ice content). The bedrock
occurs at 3.6 m depth in B3 and at 3.8 m depth in B4 (Phillips, 2000).

3.2. EXPERIMENTAL SNOW-SUPPORTING STRUCTURES

Three types of structure were built at Site 2 in 1997: conventional rigid
snow-bridges, flexible snow-nets and a specially designed ‘‘suspended
sledge’’ construction, a snow-bridge which is only anchored upslope and
which can move freely downslope (Figure 8). Statically determined struc-
tures, where the different foundations have no stiff connection, are as-
sumed to be suitable in permafrost soils. Four types of foundations were
tested in various combinations: micropiles (Gewi bars), cable anchors,
steel tubes and plate foundations. Anchor lengths varied between 3 and
6 m, depending on the thickness of the scree above the bedrock, the

Figure 7. Locations of the boreholes at Site 2 and of the snow-supporting structures
which were built in 1997. One temperature- and one inclinometer borehole (B1 and

B3 respectively) are located between the structures, whereas the other two (B2 and
B4) are in a reference position on the same slope but further away from the struc-
tures. The snow-nets are located on the left, the snow-bridge top right and the sus-

pended sledge bottom right.
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tom) developed at SLF.
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compactness of the sediments and the ice content of the ground. Various
combinations of anchors and foundations used under snow-nets are shown
in (Figure 9). The positions of the anchor heads and of the plate founda-
tions are surveyed yearly, using a Wild TC 1610 theodolite (precision
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Figure 9. Examples of anchors and foundations used under snow-nets.
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±2 mm) and reflectors which are mounted on the foundations or anchor
heads. In addition, each element is photographed yearly and changes are
recorded (Figures 10a and b).

A selection of anchors, boreholes parallel to the anchors and structure
supports (which are above the ground surface) were equipped with YSI
46006 thermistors to determine whether the steel supports conduct heat
from the sun into the underlying permafrost via the anchors.

Figure 10. (a) A snow-bridge anchor (micropile) at Site 2 in 1997. (b) The same an-
chor in 2003 showing the denudation of the top of the anchor and surface erosion of
the scree around the anchor head.
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In addition, specially adapted building methods were tested during the
construction of the experimental snow-supporting structures. The anchor-
ing process involves the drilling of a borehole, into which the anchor is
placed and which is then filled with injection grout. A minimum grout
compressive strength of 35 MPa after 28 days is necessary for attaining
sufficient bearing capacity of the anchors (SLF/BUWAL, 1990/2000). Neg-
ative ground temperatures (regardless of ice content) induce the injection
grout to freeze in the borehole, preventing the completion of the hardening
process, which leads to reduced compressive strength of the grout. Grout
tests were effected in the laboratory and in the field to investigate grout
strength under permafrost conditions, to determine an ideal curing process
at negative temperatures and an ideal grout injection temperature (EMPA/
SLF, 1999; Phillips et al., 2003a). Anchor pull-out tests were carried out to
determine the bearing capacity of anchors according to ground type and to
effect creep tests in permafrost sediments (Phillips et al., 2003a).

4. Results and Discussion

4.1. SITE 1: BOREHOLE MONITORING

The data obtained at Site 1 since 1997 (Figure 11) indicate that the perma-
frost is ‘‘temperate’’ (i.e. close to 0 �C (Delaloye, 2004)), and that the
ground is permanently frozen at 5.2 m depth. Permafrost thickness is
around 40 m and the stratigraphy, which was determined by borehole log-
ging, consists of interspersed layers of blocks and ice underlain by bedrock
at 30 m depth (Vonder Mühll and Holub, 1992). Deformation measure-
ments effected between 1994 and 1997 indicate that the rock glacier is
creeping at a slow but steady rate of a few centimetres per year into the
Laviner Giandains avalanche gully (Figure 12, Arenson et al., 2002). This
confirms the measurements reported by Hoelzle et al. (1998), effected
between 1990 and 1994. The mean annual vertical temperature curves (cal-
culated for the hydrological year) show that ground temperatures vary
strongly in the upper 10 m of the ground on an annual basis (Figure 13).
The depth of the zero annual amplitude remains fairly stable at around
10 m depth.

Borehole drilling and anchor pull-out tests effected on the rock glacier
tongue at Site 1 indicated that it is ice-rich (Heimgartner, 1988; VAW,
1992). The blocky, highly porous active layer insulates the underlying per-
mafrost to a certain extent and significant thermokarst subsidence of the
rock glacier surface such as that observed by Johnson and Nickling (1979)
due to melt of interstitial ice has not been measured (Kääb, 1996; Kääb
and Völlmer, 2001). Precipitation or snow melt water either runs off down-
slope at the surface, on the permafrost table (Gardaz, 1998) or refreezes in
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the ground. The introduction of relatively warm water into the ground and
the release of latent heat through freezing (Hinkel and Outcalt, 1994) has
the effect of causing a rapid temperature increase to 0 �C, particularly dur-
ing spring snow melt (Figure 11). Snow melt water and precipitation
affects both the thermal regime of the ground and slope stability (Rist and
Phillips, 2005). Debris flows triggering on the steep rock glacier tongue
would probably entrain material from the active layer only and not from
the underlying ice-cemented rock glacier material (Arenson, 2002). The
active layer thickness at the tongue varies significantly from year to year
(see also Figure 18) and is probably highly dependent on the duration of
the winter snow cover (not measured at this site) and on summer thermal
conditions. Due to the unstable and ice-rich nature of the steep slope, it
was not technically advisable to build snow-supporting structures there
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and an alternative solution was used in the form of the avalanche and
debris-flow retention dam built above Pontresina in 2003.

4.2. SITE 2: BOREHOLE MONITORING

The borehole temperatures measured at Site 2 (Figures 14 and 15) indicate
that the active layer is consistently warmer and thicker (see also Figure 18)
during the summer in borehole B2 (no snow-supporting structures) than in
B1, which is located between the structures. This can probably be attrib-
uted to the fact that snow melt is delayed between and above the struc-
tures (Phillips et al., 2000) as no avalanches occur there and because snow
drifts tend to accumulate in their vicinity (Figure 16).
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Horizontal deformations are much more pronounced in B4 (no snow-
supporting structures) than in B3 (Figure 17). In both boreholes, creep
mainly affects the active layer, which contains ice during a large part of the
year. As creep rates in icy sediments increase with increasing temperatures
(Hoelzle et al., 1998), it is probable that the lower creep rates measured
between the structures are due to the lower ground temperatures reigning
there. The presence of snow-supporting structures does not have a
slope-stabilizing effect as the anchor strengths required would be impossi-
ble to attain (Thalparpan, 2000).

The ground temperatures at Site 2 are distinctly colder than that at Site
1. This can be attributed to altitude and orientation, but also to the fact
that the borehole at Site 1 is located in relatively flat terrain just above the
steep rock glacier tongue, whereas the boreholes at Site 2 are located
directly in a steep blocky slope. In the latter type of terrain, up- and
downslope air circulation between the blocks (also in winter, underneath
the snow cover) probably plays an important role in lowering ground
temperatures (Neher, 1939; Delaloye, 2004).
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4.3. EVOLUTION OF ACTIVE LAYER DEPTHS AT BOTH SITES

Determination of active layer thickness can be difficult in ice-rich rock gla-
ciers, due to changes in mass balance. However, vertical displacements of
the rock glacier surface at Site 1 have been determined photogrametically
(Kääb, 1996; Hoelzle et al., 1998, Kääb and Völlmer, 2001) and have
shown that the elevation differences are less than 2 cm year)1, which is
negligible here, as maximum active layer thickness as determined thermally
(Figure 18) has varied between 3 and 5 m. These fluctuations in active
layer thickness imply that the potential amount of material which can be
entrained in the event of a debris flow in the Laviner Giandains gully in
summer is highly variable.

The boreholes at both sites registered an increase in active layer depth
in the exceptionally warm summer of 2003, but the active layer was almost
equally deep in the summers 2000 and 2001 at Site 1. The thickness of the
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active layer is dependent on the duration of the snow cover, air tempera-
ture in the absence of a snow cover, surface roughness, pore size and air
circulation between the blocks, direct solar radiation and a number of
other influencing factors. Active layer depths at Site 2 are probably less
variable because the site is shadier and about 300 m higher, implying that
mean annual air temperatures are lower and the snow cover duration is
longer, protecting the ground from direct solar radiation and warm sum-
mer air temperatures. B1 has the shallowest active layer depth, which can
be attributed to the fact that snow cover duration is longest between the
snow-supporting structures.

The fact that boreholes are point measurements should be emphasized –
active layer depth is probably quite variable over the entire surface of the
slope. Whereas the maximum active layer depth measured in boreholes B1
and B2 at Site 2 was 2.6 and 3.4 m, respectively in August 2003, ice lenses
were observed at the same time at a depth of only 1.6 m in trenches which
were dug between the two boreholes.
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Figure 15. Mean annual vertical borehole temperatures in B1 and B2 between 1996
and 2003.
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4.4. SITE 2: EXPERIMENTAL SNOW-SUPPORTING STRUCTURES

The total mean horizontal displacement of anchors of the same type be-
tween 1997 and 2003 is shown in (Figure 19). The positions of 28 anchor
heads/foundations (steel ropes, micropiles, tubes and plates) under three
types of snow-supporting structure (snow-net, snow-bridge and suspended
sledge) were measured annually. The mean displacements of all types of
anchors are between 1 and 1.5 cm year)1, which is acceptable according to
the new Swiss Guidelines (SLF/BUWAL, 2000). The recommended maxi-
mum value of 5 cm year)1 was only exceeded by three rope anchors in
2000–2001 (5.2, 5.3 and 5.7 cm displacement). In comparison, anchors
located at another permafrost site, Wisse Schijen in Valais have creep rates
of 5–20 cm year)1 (Phillips et al., 2003b). At Site 2 the anchors/founda-
tions under the snow-nets were generally more stable than those under the
snow-bridge or suspended sledge.

Whereas air temperature and the temperature of the steel supports fluc-
tuate strongly on a diurnal basis, the temperature of the steel tube anchors
remains very stable, below 0 �C. For example, after an initial warming of
approximately 3 �C in May 1998 (probably due to snow melt water infil-
tration), none of the temperature fluctuations registered on the support can

Figure 16. Delayed snow melt above the structures at Site 2.
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be seen on the anchor (Figure 20). This can be attributed to the poor ther-
mal connections between the support and the anchor and to the fact that
the support only warms for a few hours daily. This distinguishes the snow-
supporting structures from steel structures such as oil pipelines which are
subject to a constant source of heat and therefore have to be raised above
the frozen ground and cooled passively in order to prevent melting of
ground ice in arctic permafrost (Sorenson et al., 2003).

4.5. SWISS GUIDELINES FOR THE CONSTRUCTION OF SNOW-SUPPORTING

STRUCTURES IN ALPINE PERMAFROST TERRAIN

The Swiss guidelines (BUWAL/SLF 2000) developed as a result of the
analysis of the measurements and tests described in this paper make sev-
eral recommendations for the construction of snow-supporting structures
in unstable permafrost terrain, the most important of which are:

– The presence of permafrost should be investigated before construction
by drilling boreholes and measuring ground temperature for at least
1 year. The amount of ice in the ground can be estimated during extrac-
tion of drilling material and with drill cores.
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Figure 17. Horizontal deformations measured in boreholes B3 and B4 between 1996
and 2003.

AVALANCHE DEFENCE STRATEGIES AND MONITORING OF TWO SITES 373



– Creep rates of frozen sediments should be measured with inclinometer
measurements in boreholes. If creep rates exceed 5 cm year)1, alternative
methods of protection against avalanches should be used if possible (e.g.
retention or deflection dams in the avalanche runout zone). If absolutely
no alternative is possible, snow-supporting structures can be built, but
their mid-term design life is not guaranteed.

– Snow-nets should be used in lieu of snow-bridges on slopes with tolera-
ble creep rates as the geometry of the nets can easily be corrected and
they are better adapted to slopes with rockfall activity.

– During the drilling of anchor boreholes, the down-the-hole hammer
should be extracted frequently to avoid clogging due to friction melting
of permafrost ice. Anchors and foundations should be inserted and gro-
uted immediately to avoid refreezing.

– Final designing of anchors should be effected after in situ anchor pull-
out tests have been carried out.

– Specially adapted injection grout, suitable for ground temperatures
down to )4 �C must be used. It must be injected between 20 �C and
30 �C.

– Monitoring of the structures and the underlying ground is recommended
on an annual basis.
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Figure 18. Maximum active layer depths measured in the boreholes at Sites 1 and 2
(B1 and B2) between 1997 and 2003.
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These guidelines have been in practical use in Switzerland since 2000 and
will be useful in other countries already using the 1990 Swiss guidelines
for the construction of snow-supporting structures (most Alpine countries,
Iceland, Japan and Canada).

5. Conclusions

Snow-supporting structures should only be built in permafrost terrain if
creep rates are less than 5 cm year)1, volumetric ice content is less than
20% and if special construction methods are used, as described in the
Swiss guidelines for the construction of snow-supporting structures in per-
mafrost (SLF/BUWAL, 2000). Structures can be built at higher creep rates
if no other alternative is possible, but their minimum design life of
50 years is not guaranteed. Ice-rich terrain (such as rock glaciers) must be
avoided as the technical problems are too complex to ensure efficient, long
term avalanche protection. If the terrain is not appropriate and/or other
natural hazards are present, alternative types of avalanche protection must
be used, as is the case for the Laviner Giandains gully above Pontresina
where a combined avalanche/debris flow retention dam was built at the
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Figure 19. Mean displacement (and standard deviations) of all anchors between 1997
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base of the gully. The ideal type of snow-supporting structures for moder-
ately creeping permafrost terrain are snow-nets, as they are highly flexible
and well adapted to rock fall. Specially developed building methods have
to be used in permafrost, in particular for drilling anchor holes and for
grout injection. Guidelines were developed in the context of this project for
the construction of snow-supporting structures in permafrost and are
currently applied to all construction sites located in permafrost terrain.
Monitoring of the experimental structures continues in order to investigate
whether any modifications of the guidelines are necessary. It was found
that the snow-supporting structures have a slight cooling effect on the
underlying permafrost in that they delay snow melt, but that they cannot
stabilize a creeping slope. The effects of erosion due to increased snow
melt runoff are currently being investigated. The structures do not conduct
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heat into the underlying ground via the steel supports and anchors, as the
thermal coupling between these elements is low and because the structures
are not constantly subject to heat but only to diurnal warming through
direct solar radiation. The creep rates of the experimental structures at
Site 2 are generally lower than 5 cm year)1. Surficial erosion and denuda-
tion of the anchors has been observed at Site 2, but it is not yet known
whether and at what point the anchors will be pulled out or rupture. It is
assumed that in creeping permafrost terrain anchors do not have a design
life of 100 years as they do in non-permafrost. The geotechnical and ther-
mal monitoring of the two investigated sites has allowed to obtain valuable
information on the stability of permafrost slopes with different ice contents
and the evolution of alpine permafrost temperatures since 1996.

Continued monitoring of snow-supporting structures in permafrost ter-
rain is necessary to determine the effects of high creep rates in the layer of
scree, which mainly affects the tops of the anchors, as it is not yet known
what the long-term consequences to the structures are. Ongoing observa-
tions will provide additional information on the ideal combination of
structure and anchor types to be used in these particular conditions.
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Kääb, A. and Völlmer, M.: 2001, Digitale photogrammetrie zur Deformationsanalyse von
Massenbewegungen im Hochgebirge, Vermessung Photogrammetrie Kulturtechnik 8(2001),
538–543.

Keller, F., Haeberli, W., Rickenmann, D. and Rigendinger, H.: 2002, Dämme gegen
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