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ABSTRACT. Avalanche measurements and observations that were carried out at the
Ryggfonn test site, Norway, on 16 April 2005 are analyzed. The data include pulsed
Doppler radar measurements, impact pressure readings from load cells mounted at two
locations within the track and stress readings from load plates flush with the upstream
slope of a catching dam. The radar measurements were used to derive velocities
and estimates on the retarding acceleration. The retarding accelerations show a wide
discrepancy with commonly used model assumptions. Pressure measurements were
combined with velocity measurements. The measurements infer that commonly used
drag factors are not sufficient to describe force exert by slow moving wet snow. Mea-
surements with load plates imply plastic failure rather then Coulomb-type friction. Field
observation of the avalanche track suggest that erosion / abrasion due to (saltating)
particles is one possible entrainment mechanism.
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1 INTRODUCTION

There are only a few dedicated full-scale avalanche test-
sites; full-scale avalanche in the sense that avalanche of
size 4 and more could be observed. Probably, one of the
first sites was the Russian site at Khibini, cf. (Kotlyakov
et al., 1977; Bozhinskiy and Losev, 1998). Certainly, also
the measurements at Rogers pass belong in the line of
early full-scale measurements (McClung and Schaerer,
1985; Schaerer and Salway, 1980). The Ryggfonn site
is operated by the Norwegian Geotechnical Institute since
1980. Early measurements from this site can be found in
(Norem et al., 1985; Bakkehøi et al., 1981). In Japan, the
Kurobe Canyon serves as instrumented full-scale test-site
Kawada et al. (1989); Nishimura et al. (1989, 1993). Since
1997/1998, the Swiss test side Vallée de la Sionne / Valias
is in full operation (Ammann, 1999). However, also its
predecessor should be mentioned; although, mostly only
radar measurements were done at Lukmanier Pass, Val
Medel / Grisons (Gubler, 1987; Salm and Gubler, 1985).
A comprehensive overview of the European sites can be
found in (Issler, 1999), and an updated version of this in
(Barbolini and Issler, 2006).

Although measurements of full-scale avalanches are ex-
pensive and time consuming, and they are a difficult to
perform under those harsh conditions within an avalanche
(and not always easy to understand), they are indispens-
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able to gain in-depth understanding of the flow behavior of
avalanches. They are needed to crosscheck the scaling
used in small-scale experiments. They also form the basis
for developing and calibrating models. Information on ex-
perimental techniques and sensors can be found in (Issler,
2003).

In the following we focus on measurements and ob-
servations from one full-scale event (20060416 15:00) at
Ryggfonn.

2 RYGGFONN TEST-SITE

The Norwegian Geotechnical Institute (NGI) operates the
full-scale avalanche test-site Ryggfonn, Western Norway,
over more than 25 years. The test-site is characterized by
a north facing bowl in the upper part of the track, a vertical
drop of about 900 m in total, and a horizontal track length
of about 2000 to 2100 m at max. The mean inclination of
the main track is about 29◦. Typical avalanche sizes range
between 2 (mass of 100 Mg) and 4 (mass of 10 000 Mg),
may reach even class 5, according to the Canadian snow
avalanche size classification and maximum front velocities
are up to 60 m s-1. Observations include dry and wet snow
avalanches. Figure 1 gives an overview of the test site.

During the years, the instrumentation has changed. At
present, measurements from Ryggfonn avalanche test-site
include pressure readings from five load cells with a size
of 1.2 × 0.6 m2 at two locations in the lower third of the
track. At a 16 m high catching dam in the runout zone, nor-
mal and shear stresses are measured on two places. The
crown width of the dam is 75 m. In addition, six geophones
are placed in the ground in the run-out zone. Recently,
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Figure 1: Overview of the Ryggfonn test site (UTM). The
view shows the line of the main track, the locations of the
load cells (LC45 and LC123) and the placement of the load
plates in the dam (LP1 and LP2). In addition, two Doppler
radar positions are indicated (DRA1 and DRA2).

two pairs of FMCW Doppler radar were also buried in the
lower part of the track. These should provide flow height
information, information on erosion, and, hopefully, on the
vertical velocity profile. Additionally, NGI owns a pulsed
Doppler radar for velocity measurements along the track.

3 MEASUREMENTS AND OBSERVATIONS

Table 1: Avalanche characterization. The avalanche is
also documented in (Gauer and Kristensen, 2005).

Date Size Classification (ICSI)
yyyymmdd hh:mm A B C D E F G H J

20050416 15:00 4 4 7 1 2 7/2 3 7 3 4

On 16 April 2006 a size 4 avalanche was released by det-
onating 150 kg of explosives buried in the top cornice at
ridge line above the bowl. Preceding the event were nearly
two months of stable weather and snow conditions. The
first part of April showed a period of snowfall and south-
west winds favoring blowing and drifting snow. Around
the 15th, the weather cleared and the same day a small
avalanche ran in the lower path as a result of afternoon
sunshine.

The weather during the release was sunny and calm
with 0.25 m fresh snow deposition from the previous days.
At 1420 m a.s.l. the air temperature was -2.5 ◦C with high
temperatures of -1.5 ◦C the preceding 24 hours. South-
westerly winds blow at 2 m s-1 with gusts up to 5 m s-1. In
the runout zone the air temperature was about 5 ◦C at the
time of release.

The avalanche started out as dry-mixed one. At the
end of the bowl it nearly came to halt, but it picked up
some speed again in the steeper lower section of the track.

Figure 2: Avalanche 20050416 15:00: Velocity and ac-
celeration vs. location along the lower track for seven in-
stants in time. The upper panel shows the averaged veloc-
ity and the lower panel the retarding acceleration derived
from the respective pair of adjoining range gates of the
Doppler radar. In addition, the thin solid line in the upper
panel shows the front velocity. The dashed dotted line in
the lower panel gives aslp = g sinφ. The thick solid line
gives the path profile in the lower part of the track.

There it eroded a substantial amount of snow and proba-
bly triggered a second wet slide. Table 1 gives a charac-
terization of the event following the Canadian size clas-
sification (cf. McClung and Schaerer, 1993) and the In-
ternational Avalanche Classification (Avalanche Atlas, UN-
ESCO, 1981).

3.1 Velocity measurements

During this event, it was possible to gain pulsed Doppler
radar measurements from the lower part of the track (be-
low about 800 m a.s.l.). Figure 2 depicts velocity mea-
surements and derived retarding accelerations for seven
instants in time (measured relative to the arrival time at the
steel tower). In addition, the front velocity is shown in the
upper panel and in the lower panel the driving (slope paral-
lel) component of the gravity, aslp = g sinφ, is given. The
retarding acceleration, aret, is calculated by

aret = a− g sinφ , (1)
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where g is the gravitational acceleration and φ the slope
angle (positive down slope). a is the effective acceleration
of a part of the avalanche (“fictitious mass block”) within
the avalanche. (This is the one that is derived from the
velocity measurements). For an explanation on the deriva-
tion of a, we refer to Gauer et al. (in press,s). The retarding
acceleration is a measure for the resisting forces acting on
the avalanche.

At the time as the avalanche enters the area covered by
the radar, it is accelerating and the velocity of the frontal
part increases. Usually, the head velocity tends to be
higher then that of the body and tail until the avalanche
starts to stop. This can also be seen from the velocity pro-
files shown in Figure 4. At the height of the concrete wedge
the avalanche starts to decelerate rapidly. Retarding accel-
erations are as high as ≈ 12 m s-2 (absolute value). The
dry part at the front stopped about 75–100 m short of the
dam. The wet part continued to flow slowly another ap-
proximately 2 minutes piling up in front of the dam.

Figure 3: Avalanche 20050416 15:00: Retarding accel-
eration vs. velocity at for points. The first two correspond
points just above and below the steel tower (LC45) and the
other two to points above and below the concrete wedge
(LC123). Numbers give the relative position to the steel
tower and the mean slope angle at those points. aV S is
the retarding component according to (2).

Figure 3 plots the retarding acceleration vs. velocity for
four location as the avalanche passes by. This is a kind of
Eulerian representation; a Lagrangian representation can
be found in (Gauer et al., submitted). No unambiguous re-
lation between retarding acceleration and velocity evident.
The mean slope angle at the steel tower is approximately
30◦ and at the concrete wedge about 26◦. At low velocities
(<∼ 10 m s-1) three of the four plots imply velocity indepen-
dency. In addition to the derived retarding acceleration,
the resistance component as it would be given, e.g., in a
Voellmy-Salm type model is shown:

aV S = −g

(
µ cos φ +

u2

ξ ha

)
. (2)

The parameter used are estimates, but they are in accor-
dance to the Swiss guide lines; µ = 0.25, ξ = 1000 m s-2,
and ha = 1.5 m. The slope angle for this example is 28◦.

a)

b)

Figure 4: Avalanche 20050416 15:00: Load cell measure-
ments: pressure vs. position within the avalanche; a) at
steel tower and b) at the concrete wedge. Note the log-
arithmic scaling of the left ordinate and the different hori-
zontal scaling. Values are running means with 25 m filter
width. The black dashed lines show the corresponding ve-
locity profiles. (LC5, which is not shown, was totally buried
and LC3 was initially partial buried at that time.)

Obviously, the model would underestimate the resistance
at low velocities whereas it overestimates it at high speeds.

3.2 Pressure measurements

Figure 4 shows the measured impact pressure and the cor-
responding velocity distribution. Here, the position within
the avalanche is a measure of distance behind the front as
it passes the sensor. (It is similar to the wind run.) The
measured pressures of up to 600 to 800 kPa are surpris-
ingly high. These pressures are probably related to the
damp or wet snow slide behaving like a cohesive flow a
high shear strength, but could also be attributed to some
large and hard snow blocks originating from the cornice, or
combination of both. At the front of the avalanche we still
observe a fluidized (saltation) layer before the more dense
part arrives. If one relates the measured pressure values,
LC, to the dynamic pressure one can attain an estimate of
the combination of density and drag factor

ρ CD =
2 LC

Ae U2 , (3)
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Figure 5: Avalanche 20050416 15:00: Load plate mea-
surements: Shear stress vs. normal stress at the slid-
ing plane (surface of the snowpack) along the dam slope.
Shown is the lower plate LP1. Q is the total traction and
P the normal stress at the sliding plane. The dashed line
in the panel corresponds to the ratio between shear and
normal stress in the case of static loading ( −tan 40◦ or
−tan 20◦).

where Ae is the effected sensor area and U the measured
velocity. If one further assumes a density, ρ, between 300
and 500 kg m-3 within the slowly moving tail, one finds a
CD of approximately 20 to 40 for LC2 there. Values that
are typically proposed for CD are in the order of O(2-6),
cf. (Norem, 1990; Salm et al., 1990; Mellor, 1968). The
measurements indicate that the drag factor depends much
more on the flow regime as commonly recognized. Espe-
cially, the force in slow moving avalanche might be consid-
erably underestimated.

3.3 Load plate measurements

Figure 5 shows the total traction Q versus the normal pres-
sure, P , at the sliding surface (boundary between snow-
pack and avalanche). For a detailed explanation how the
measurements at the load plates can be related to the
sliding surface, we refer to Gauer et al. (in press). Only
the slow moving wet part arrived at the dam and slowly
loaded the load plate. On arrival of the avalanche, the
shear stress increases with the normal stress (t = 35 –
45 s). Then, a shear (plastic) failure is obvious (t = 45 –
55 s), i.e., the shear stress is independent of the normal
stress. In this case, the yield stress is about 1.5 – 2 kPa.
Thereafter, the plot shows basically a static loading. In this
case one would expect Q/P =−tan φe, where φe is the ef-
fective slope angle. The dam slope is about 40◦, the slope
of the deposit in front of the dam prior to the event was
about 20◦. To give an impression of the final stage, Fig-
ure 6 depicts a snapshot of the deposit. The height over
the load plate is about 8 m of fresh deposit.

Figure 6: Avalanche 20050416 15:00: Snapshot from the
deposits. The arrow indicate the approximate location of
the load plate, however the main deposit is slightly of.
(Photos by Arne Moe/NGI.)

4 Erosion

One of the puzzling questions, which was disregarded for
awhile after first descriptions by, e.g. (Grigorian and Os-
troumov, 1977; Eglit, 1983; Brugnot and Pochat, 1981;
Mellor, 1968; Hopfinger and Tochon-Danguy, 1977), but
caught recently new attention (Sovilla et al., 2001; Sovilla,
2004), is the question of mass balance and erosion mech-
anism. Gauer and Issler (2004) proposed several possi-
bilities, among others erosion / abrasion due to (saltating)
particles. Figure 7 shows snapshots from the track during
and after the avalanche descent at about the same loca-
tion. The erosion of the snowpack by the avalanche is ob-
vious. The scratch marks remind one at abrasion due to
particles or clods.

5 DISCUSSION AND CONCLUSIONS

Measurements and field observations of an artificially
released avalanche at the full-scale avalanche test-site
Ryggfonn, Norway are presented.

Velocity measurements using Pulsed Doppler radar and
derived retarding acceleration infer that friction terms in
several classic avalanche models (for example Salm et al.
(1990); Perla et al. (1980)) are overestimating the resis-
tance at high avalanche speeds and underestimated it in
the runout phase. This has consequences in respect to
hazard zoning.

Pressure measurements with large size load plate sug-
gest that the drag factor in the slow-moving wet part of the
avalanche can reach values of 20 to 40, which is far more
than commonly used. With even such basic things as the
drag coefficient not yet understood there is clearly much
more research that should be undertaken in this area.

Field observations of scratch marks in the remaining
snowpack along parts of the track and video analysis from
the avalanche event indicate that substantial entrainment
occurred and that erosion / abrasion due to saltating parti-
cles is a possible mechanism (cf. Gauer and Issler, 2004).
However, there is definitely more work to be done to ob-
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Figure 7: Avalanche 20050416 15:00: Snapshots from the track. Left hand side: during the descent of the avalanche;
right hand side after the event (similar location). Obviously, the avalanche eroded during the descent. Scratch marks
remind one at erosion / abrasion due to (saltating) particles. (Photos by Arne Moe/NGI)

tain a better understanding of the mass balance and the
involved mechanisms.

Still further work is needed to combine results from dif-
ferent sensors to construct an even clearer picture of the
avalanche structure. At the Ryggfonn site, we hope, for
example, to gain further insight from the FMCW-radars in
the next years. However, as some of the observations
might be specific to the avalanche path, it is important
to cross-check results from Ryggfonn with measurements
from other test sites, which needs an international cooper-
ation.
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