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This report presents data collected from the full-scale avalanche test si te Ryggfonn during 
the Winter 2004/2005. The weather and snow conditions are described and when possi-
ble, the avalanches have been characterized according to the IAHS avalanche code and 
the deposit boundaries have been mapped. 

Measurements obtained from the avalanche path include impact pressure readings from 
two load cells at a steel tower as well as impact press ures on three load cells fixed toa con-
crete structure. In addition, normal stress and shear stress were measured at two locations 
at a 16 m high dam. Six geophones, placed in the ground in the runout zone, have de-
tected vibrations from some of the passing avalanches. When possible, for each avalanche 
the front speeds have been estimated. This estimates are based on pulsed Doppler radar 
measurements, seismie measurements, and the timing between impacts on the construc-
tions. The pulsed Doppler radar provided also velocity measures from the avalanche body. 

The measurements obtained are briefty discussed and presented in graphs . 
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Task leader: Karstein Lied; participation of Krister Kristensen, Carl Harbitz, Peter Gauer, 
Arne Moe, Erik Lied and Harald Iwe, as well as the Department of Geology and Geo-
physics, University of Barcelona, the Icelandic Meteorological Office- Avalanche section 
and Austrian Institute for Avalanche and Torrent Research 

1.1 Test site 
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Figure 1.1: Overview of the Ryggfonn test site (UTM coordinates in m). The view shows 
the line of the main track and the locations of the load cells (LC45 and LCJ 23) and the 
placement of the load plates in the dam (LP 1 and LP2). In addition, two Doppler radar 
positions are indicated (Ri and R2). 

The Ryggfonn full-scale avalanche test si te has been in operation since 1980. The test site 
has a vertical drop of about 900 m anda horizontal length of 2100 m. Typical avalanche 
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Fig ure 1.2: Profile Line of main !rack at the Ryggfonn test site. The horizontal distance is 
measured relative to the steet tower. Sensor positions are indicated 

size ranges between 2 (mass of 0.1 Gg) and 4 (mass of 10 Gg) according to the Canadian 
snow avalanche size classification (McClung and Schaerer, 1993); they may even reach 
class 5 (mass of 100 Gg). Maximum velocity can reach up to 60 m s- 1. Figure 1.1 shows 
a location map of the main sensors used during the winter season 2004/2005 and Fig-
ure 1.2 gives an impression of the profile of the main track. 

1.2 lmpact pressure measurements 

The steel tower has a diameter 1.3 m and is equipped with 2 load plates, each with an area, 
Am, of 1.2 m x 0.6 m. The concrete structure is instrumented with 3 load plates identical 
to those at the steel tower. 

The interpretation of load cell measurements is not straightforward. Commonly, the drag 
force, FD, due toa flow around a slender obstacle is expressed in terms of a dimensionless 
drag factor CD, i.e. 

( l.l) 

Here, p is the density of the fluid, U00 the upstream ftow velocity, and Aa is the projected 
area of the obstacle that is affected. lf Aa is less Am then the pressure measurements have 
to be corrected by a (unknown) factor Am/ Aa. This can cause an uncertainty. Reasons 
for Aa < Am can be that the ftow height of the avalanche is smaller then the height of the 
plate or the plate is already buried from deposits. The drag factor itself is a function of the 
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ftow regime and depends on factors like the Reynolds number, Re, Froude number, Fr, 
and the geometry of the obstacle. If one con siders a granular flow, C 0 might also depend 
on the patticle concentration, size, and restitution coefficient. Depending on the ft ow 
regime, Co can vary by several orders of magnitude. Despite this, the value used fora 
rectangular cross section in dry ftow avalanches is comrnonly set to 2, cf. (Mellor, 1968). 
This holds true for the powder part as well as for the <lense patt, even if not explicitly 
stated. In (Norem, 1990), Norem proposed a value of 2.5 for dry snow avalanches and 6.3 
for wet snow avalanches based on impact pressure measurements from the Ryggfonn test 
site. Salm and others (1990) recommend a Co equals 2 and a density of 300kg m- 3. 

Due to the large size of the sensors, the measured impact forces represent average values. 
Single impacts might exceed these values by an order of magnitude. The averaging effect 
of the large size also causes a damping of the ftuctuation intensity, defined as 

I _ LC - LC ~ I 2u' p' I 
F- ~ -+ -

LC U P 
( 1.2) 

LC is the measured pressure by the load cell and LC is a running mean taken either over 
0.5 s (approximately between 5 m to 15 m spatial resolution) or 5 m. Temporal averaging 
has the disadvantage that the spatial resolution might change during time. On the other 
side, spatial averaging seems only reasonable, if at least a rough estimate of the velocity 
distribution along the flow direction is available. Fora better comparison, the plots of the 
turbulent intensity are restricted to a maximum value of one, even if partly this value is 
exceeded. This can occurs mainly in the tail shortly before the avalanche stops and single 
blocks hit the sensor. In this case the average value is dose to zero but the single impact 
is noticeable. 

1.3 Load plate measurements 

On the uphill side of the dam, two 1 m2 large load plates are placed at heights 2 and 8 m 
above the dam base. The plates are constructed to measure the three stress components: 
(z) normal to the slope, (x) shear pointing towards the dam crown and (y) shear pointing at 
a right angle. Each load plate has a maximum measuring range of 400 kPa in the normal 
direction and 200 kPa for the shear components. A detailed description can be found in 
(SATSIE, 2003). 

In general, an avalanche transmits stresses due to normal pressure, p, and tangential trac-
tion, q, at the contact surface. Thus, any stress within a snowpack is a combination of 
both contributions, and forces measured by a load plate can be written as 

LPz = fz(P, qx, qy , a) 
LPx = fx(P, qx, qy, a) 
LPy = fy(p, qx, qy , a) 

(1.3) 
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Figure 1.3: Load plate measurements: schematic illustrating the relation between the 
coordinate systems adapted to the ground and the snow swface, respectively. 

where a is the angle between the sliding su1face and the plane of the load plate. The 
functions fx, fy. and fz might be defined using the superposition of the Boussinesq solu-
tions fora point load normal and tangential to the contact surface with an elastic, isotropic 
and semi infinite medium and their integration over the loaded area. If one assumes, for 
simplicity, the avalanche as an uniform rectangular load, the measured force can then be 
used to back-calculate the normal stress, p, and the tangential components, qx and qy . 
Assuming an infinitely wide avalanche hitting the dam anda Poisson ratio v equal to 0.5, 
the stresses at a point with coordinates (x,z) (see Fig. 1.3) within the snow pack read 

I 
(}X 

_ 2z ja p(s)(x - s)2 ds _~ ja qx(s)(x - s)3 ds 
7f - b ((x - s)2 + z2)2 7f - b ((x - s)2 + z2)2 

_ 2z3 ja p(s) ds _ 2z2 ja qx(s)(x - s) ds 
7f -b ((x - s)2 + z2)2 rr -b ((x - s)2 + z2)2 

_ 2z2 ja p(s)(x - s) ds _ 2z ja qx(s)(x - s)2 ds 
7f - b ((x - s)2 + z2)2 7f - b ((x - s)2 + z2)2 

The stresses in the system of the load plates are then given by 

( 1.4a) 

( l.4b) 

(1.4c) 

The angle, a , measure between the dam surface and the surface of the snowpack, depends 
on the snow distribution in front of the dam. For definition of the load functions in three 
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dimensions we refer to, e.g., (Johnson, 2001, Chapter 3.2 and 3.6). Due to the motion 
of the avalanche, the load functions vary with time. Only those parts of the avalanche in 
proximity to the sensors contribute much as the inftuence of a distributed load decreases 
with distance. Shortcomings in the approximations above are: 1) the Poisson ratio, v , for 
a real snowpack is less than 0.5; 2) one should consider a layered system consisting of a 
soft snowpack and a stiffer ground. 

l .4 Velocity estimates 

Estimates of the avalanche front speed are based on pulsed Doppler radar (DR) measure-
ments by NGI, seismie measurements by the Department of Geology and Geophysics 
(DGG) at the University of Barcelona, and the timing between impacts on the construc-
tions. In the plot for time series, the zero time is taken as the time when the avalanche hits 
the first sensor. In the Winter 2004/2005 the first sensor was the steel tower. 

Pulsed Doppler radar measurements 

In one successful avalanche releases during the season, pulsed Doppler radar systems 
were used to measure the avalanche velocity. The pulsed Doppler radar emits short pulses 
and samples the echo in distinct time intervals, corresponding to distance intervals (range 
gates). Frequency analysis of the echo signals, exploiting the the Doppler effect, yields 
the velocity distribution within the width of a range gate. Thus, it is possible to gain 
information on the front speed along the track and information on the velocity versus 
time at a specific location (Schreiber and others, 2001). 
From this information it is also possible to approximately transform times series of mea-
surements at a specific location into a spatial distributions of the same quantity along 
the avalanche body as it passes the sensor (neglecting any change of the quantity down-
stream). This allows one to get a glimpse of the spatial structure of the avalanche. The 
position within the avalanche, Xpwa. is a measure of distance behind the front as it is 
measured by the sensor after a given time. The position can be calculated by 

Xpwa = lt u(t) dt 
to 

(1.6) 

where t 0 is the arrival time of the front at the speci fic location. Xpwa is comparable to the 
wind run used in meteorology. 

In addition to the velocity, information on accelerations can be derived. To this end, the 
velocities of a pair of adjoining range gates, having a width ~x are compared. Starting 
with a fi rst guess of the average velocity, u, between both range gates ( either the upstream 
velocity, u1(t1), or another suitable estimate) the required travel time, ~t = ~x/u, be-
tween the range gates can be calculated. Then, the velocity of the downhill range gate 
u2 (t1 + ~t) is used to recalculate u = ( u1 (t1) + u2(ti + ~t)) /2. In this way, the average 
velocity can be found iteratively. The estimated acceleration is calculated by 
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(1.7) 

However, one should keep in mind that the measured velocities are actually only a weighted 
average speed within the width of the range gate. In the experiments, range gate widths 
of 25 m, were used. 
Commonly used mode! equations for avalanches base the balance between driving force 
due to gravity and the resisting force due to dry friction (no velocity dependency) and 
friction which is linear and quadratic in the velocity (cf. Mellor (1968)). This can be 
written by 

(1.8) 

Using the calculated acceleration (deceleration) values from (1.7), it is possible to fit these 
according to (1 .8) and so gain some idea of the friction coefficients. It should be noted 
that a 1 and a 2 in this representation are function of the tlow height. Not included in this 
approximation are effects due to the gradient of the normal pressure appearing in models 
based on continuum mechanics. 
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The first part of the 2004-2005 was fairly stormy with comparatively large amounts of 
snow. By the end of January the total snow height at 930 m a.s.l. was 340 cm, corre-
sponding to more than 200% of the median for this month. The winds in this period had 
a slightly more westerly component than normal, which resulted in a rather unusual snow 
deposition pattern, and as an effect of this, avalanche releases at unusual locations. This 
is reflected in the release pattern of the winter's )argest avalanche in Ryggfonn in early 
January. 

The snow was nevertheless mostly stable during the winter, except for a depth hoar layer 
near the ground that had been established in December. This situation caused unexpected 
avalanching in some paths, but the January avalanche in Ryggfonn resolved the situation 
in this starting zone. 

Due to the loss of the meteorological station at Fonnbu by fire, no monthly climate data 
are available. However, Fig. 2.1 shows weather measurements from stations close to the 
avalanche site. Red line graphs indicate measurements made in the runout zone at 600 
m a.s.l., blue graphs indicate indicate measurements made at a ridge station close to the 
starting zone at 1400 m a.s.l. The precipitation is measured at a valley station (Sindre, 
Stryn). The vertical lines are the avalanche occurrences in the Ryggfonn path. 
The following avalanches were observed in the Ryggfonn path this winter: 

• December 7 2004 at 17:00 h: naturally released small avalanche 

• January 7 2005 at 04: 16 h: naturally released wet snow avalanche; this avalanche 
consisted mostly likely of two distinguish surges of which the first surge was a dry 
mixed avalanche and the second more wet. 

• April 15 2005: naturally released small dry snow avalanche 

• April 16 2005 at 15:00 h: artificially released dry snow avalanche 

A classification is given in Tab. 2.1 and an overview of the available measurements in 
Tab. 2.2. Figure 2.2 plots the outlines of the two major avalanches at Ryggfonn in Winter 
2004/2005. 
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Fig ure 2.1: Weather data from Ryggfonn test si te. Red Line g raphs indicate measurements 
made in the runout zone at 600 m a.s.L., blue graphs indicate indicate measurements 
made at a ridge station close to the starting zane at 1400 m a.s.L. The snow height and 
the unfilled accumulated precipitation graphs is based on data from the DNMl-station 
58880 Sindre, 118 m a.s.L. Vertical lines with arrows indicate avalanches in Ryggfonn 
(solid=natural, dotted=artificial avalanche) 
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Date Size 1 

Table 2.1: Avalanche classification 

Deposit Classification (ICSI? 

Rev: 
Rev. date: 
Page: 13 

Speed (m s- 1) 

yyyymmdd hh:mm ( 103 m3) A B c D E F G H J LC4-LCI 3 I LCl- LPJ4 

101 m 2 18 m 

20041207 17:00 NA NA 3 2 l 2 7 3 2 I I NA 
20050 107 04: 16 4 NA 3 2 l I 7 3 2 I I 30 
2005010704: 16 b 4 NA 3 2 l I 2 3 2 1 I NA 
20050415 NA NA 7 I I 2 I I l I I NA 
20050416 15:00 4 NA 4 7 1 2 7(2) 2 7 3 4 30 

1 According to Canadian avalanche size classification, cf. (McClung and Schaerer, 1993) 
2 According to International Avalanche Classification (Avalanche Atlas (UNESCO, 1981), also in 
(McClung and Schaerer, 1993)) 
3The estimated average speeds are calculated between the steel tower and the concrete structure, 
4and between the concrete structure and the foot of the dam, respectively. 

NA 
17 
5 

NA 
5 

Table 2.2: Overview of archived measurements at Ryggfonn test site during winter season 
200412005 

Date geophone load cell load plate radar field maps 
yyyymmdd hh:mm (GF) l 23456Hl (LC)4 5 I 2 3 (LP) ! 2 P-DR obs. 
2004 1207 17:00 xoooooo uxooo 00 - - X 
20050107 04:16 xxxxxxx xxxxx XX - - X 
2005010704:16 b 
20050415 ------ - - - --- -- - - X 
20050416 15:00 xxxxxxx BXXXX XX X X X 

Codes: X -data; P -sensor partly buried; B -sensor buried; 0 -data, hut no measured signal (did not reach 
sensor); - -no data; U sensor status unknown 
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Figure 2.2: Map of the Ryggfonn test site with the all avalanche deposits recorded in 
Winter 200412005. The black line indicates the natura/ avalanches, while the red solid 
line represents an artificially released avalanche on 20050416 I 5:00 
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Weather and avalanche summary At 930 m a.s.l., the air temperature was -0.7°C, 
with high temperatures of 4.0°C the preceding 24 hours. At the time of the avalanche 
release there were SSW-wind of 6 m s-1, with gusts up to 12 m s- 1. In the runout zone at 
600 m a.s.l. the temperature was 2.7°C, which was also the highest in the preceding 24 
hour period. 

Results 

1+-~~~-+~~lll~+\-W 

a) 410000 

Figure 2.3: Avalanche 20041207 17:00: Deposition/outline map. 
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Figure 2.4: Avalanche 20041207 17:00: Load cell measurements: pressure vs. time; a) 
logarithmic and b) linear presentation. 
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Figure 2.5: Avalanche 20041207 17:00: Deposition/outline map in the Ryggfonn area 
( upper panel); Avalanche de pos it in the Fonnbu area around the same time (lower panel). 
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Avalanche code (UNESCO/IAHS 1981): A3, B2, Cl, 01 (2), E7, F3, G2, Hl, Jl. 
(second avalanche A3, B2, Cl, 01(2), E2, F3, G2, Hl , Jl ). 

During a period of strong winds and snow in the first part of January, several natura) 
avalanches ran in the Ryggfonn path and the adjacent area. Because the 0°C isotherm 
was at around 1000 m a.s.l. at the time of release, the avalanche consisted of partly wet 
snow. As can be seen from the map, the avalanche originated from the west side of the 
cirque and lower on the west ridge. Bad visibility and irregular teITain made it difficult to 
es ti mate the depth and extent of the initial fracture. 

Weather and avalanche summary At the time of the avalanche release at 04: 16 h, the 
air temperature at 930 m a.s.l. was -0.1°C, with high temperatures of 0.8°C the preceding 
5 hours. There were strong winds from SSW, with gusts up to 19 ms- 1, heavy snowfall 
and drifting snow in the starting zone. In the runout zone at 600 m a.s.l. the temperature 
was 0.4°C, with high as 3.5°C, four hours earlier. 
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Figure 2.6: Avalanche 20050107 04:16: Deposition/outline map (upper panel); area of 
the dam after the avalanche. 
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Figure 2. 7: Avalanche 20050107 04:16: Timing of the first surge; Distance vs. time (tap); 
Front velocity vs. horizontal distance (bottom). Shown are estimates based on the arrival 
times at various sensor locations. 
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Figure 2.8: Avalanche 2005010704: 16: Timing of the first surge; Distance vs. time (tap); 
Front velocity vs. horizontal distance (bottom). Shown are estimates based on the arrival 
times at various sensor locations. 
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Figure 2.9: Avalanche 20050107 04:16: Load cell measurements (raw data): pressure 
vs. time; a) logarithmic and b)linear presentation. 
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Figure 2.10: Avalanche 20050107 04:16: Load cell measurements: pressure vs. time; 
top) at the steel tower; and bottom) at the concrete wedge. Data are running means over 
0.25 s. Right hand shows an enlargement of the first 30 s. 
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Figure 2.JJ: Avalanche 20050107 04:16: Fluctuation intensity vs. position within the 
avalanche. The lines present the measured impact pressure (dashed line) and the running 
mean (full line) taken over 5 m, respectively (left axis), at the concrete wedge. The fiuc-
tuation intensity is marked with dots (right axis). The underlying velocity pro file is based 
on correlation between pressure measurements at the steel tower and the concrete wedge 
and should be regarded as a rough estimate. Top: LCJ; middle: LC2; bottom LC3. 
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Figure 2.12: Avalanche 20050107 04:16: lmpact Pressure vs. positwn within the 
avalanche ( top ). Estimated density vs. position within the avalanche assuming CD ~ 2 
(bottom). Data are running means taken over 5 m. Note the logarithmic sea/ing of the left 
ordinale and the different horizontal scaling. The small inset proftles indicate the vertical 
density distribution showing the mean density over the height of individual plates (ticks 
mark density steps by 100 kg m-3 ). The black Line shows the corresponding velocity pro-
.file (right axis ). The underlying velocity pro.file is based on correlation between pressure 
measurements at the steel tower and the concrete wedge and should be regarded as a 
rough estimate. Correlation between LC4 and LCJ might indicate higher velocity in the 
frontal part. 
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Figure 2.13: Avalanche 20050107 04:16.- Load plate measurements: LP (raw data) vs. 
time. Tap: first surge; bottom: second surge 
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Fig ure 2.14: Avalanche 2005010704:16: Load plate measurements; first surge: Stresses 
vs. time (left hand side) and shear stress vs. normal stress at the sliding plane (siuface of 
the snowpack) along the dam slope (right hand side). The upper panel shows LP2 and the 
lower one LPl. LPz and LPx mark the measured stresses. P and Q are the calculated 
stresses according to (1.3). The dashed line in right panels corresponds to the ratio 
between shear and normal stress in the case of static loading ( - tan 20° or - tan 40° ). 
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Figure 2.15: Avalanche 20050107 04:16: Load plate measurements; second surge: 
Stresses vs. time (lefl hand side) and shear stress vs. normal stress at the sliding plane 
(suiface of the snowpack) along the dam slope (right hand side). The upper panel shows 
LP2 and the lower one LP 1. LPz and LP."C mark the measured stresses. P, and Q are the 
calculated stresses according to ( 1.3 ). The dashed line in right panels corresponds to the 
ratio between shear and normal stress in the case of static loading ( - tan 40°). 
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Avalanche code (UNESCO/IAHS 1981): A4, B2, Cl, 02, E7(2), F3, G7, H3, 14. 

After nearly two months of stable weather and snow conditions there was a period of 
snowfall and SW winds in the first part of April. It was decided to attempt a blasting of 
Ryggfonn when the weather cleared around the 15th. Before the blasting could be done 
however, a small avalanche ran in the lower path as a result of afternoon sunshine on the 
15th. On the 16th the main Ryggfonn avalanche was released by detonating 150 kg of 
explosives buried in the top cornice 

Weather and avalanche summary Sunny and cairn with 25 cm fresh snow deposition 
from previous days. At 1420 m a.s.l the air temperature was -2.5°C, with high tempera-
tures of-l.5°C the preceding 24 hours. SW-wind of 2 m s- 1, with gusts up to 5 ms- 1 . In 
the runout zone the temperature was 5.1°C at the time of release. 
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Figure 2. 16: Avalanche 2005041615:00: Snapshot from the avalanche release (photo by 
L. Rammer). 
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Figure 2.17: Avalanche 20050416 15:00: Snapshot from avalanche descent takenfrom 
the video by K. Kristensen. 
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Table 2.3: Field observations/ measurements 
location clod snow water comments 

density temperature con tent 
(kg m- 3 ) (OC) 

by the dam 450 -5 
530 

by the dam 450 0 wet surrounding snowpack 
450 0 
650 -5 dry 
670 0 wet 
650 0 wet 
450 -4 dry 
600 0 wet 

50 m above the dam 450 -5 dry 
450 -5 dry 
350 -5 dry 
380 -5 dry 
570 0 wet within shear plane 

75 m above the dam 500 -5 dry 
at the concrete wedge 400 0 wet shear plane 25 m west 

500 0 wet shear plan I 0 m west 
I 1/2 plates visible, 
wedge of avalanche snow in front of 
the plates 
40 cm edge length west 
70 cm edge length east 

at the steel tower 600 0 at the plate 
wedge of avalanche snow in front of 
the plates 
80 cm edge length west 
5 m length; 2-3 m width 

670 0 clod size: 0.1-0.5 m 
690 0 
400 0 
660 0 
630 0 
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Figure 2. 18: Avalanche 20050416 15:00: Deposition/outline map. Red lines events 
20050415; blueline 20050416 15:00 
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Fig ure 2. 19: Avalanche 20050416 15:00: Track status before the event. ( Photos by Arne 
Moe) 
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Figure 2.20: Avalanche 2005041615:00: Snow depthprofile at the dam be/ore the event. 
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Karstein Lied 

Figure 2.21: Avalanche 20050416 15:00: Sensor status before and after the event. Top: 
load cells at the steel tower; bottom at the concrete wedge. (Photos by Karstein Lied and 
Peter Gauer) 
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Figure 2.22: Avalanche 20050416 15:00: Sensor status after the event; the width of 
concrete wedge is about 0.6 m. (Photo by Krister Kristensen) 
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Figure 2.23: Avalanche 20050416 15:00: Deposition/outline map in the Ryggfonn area 
(upper panel); Avalanche deposit (lower panel; photo by Arne Moe takenfrom the ridge) 
The deposits on the right hand side and the outreach pointing to the right orig in from 
previous events. 
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Figure 2.24: Avalanche 20050416 15:00: a) Total deposition in the runout area; b) cross 
section along the line connecting the load plates 
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Fig ure 2.25: Avalanche 20050416 15:00: Timing; Distance vs. time (left); Front velocity 
vs. horizontal distance (right). Shown are estimates based on the arrival times at various 
sensor Locations and on video analysis. In addition, the thin black line (right side) shows 
the front velocity measured by the pulsed Dopp/er radar. Top row shows the whole track 
whereas the bottom row is an enlargement of the runout area. 
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Figure 2.26: Avalanche 20050416 15:00: Front velocity and front acceleration vs. loca-
tion along the lower track. The upper panel shows the velocity and the lower panel the 
acceleration derived from the front velocity readings. The thick solid line gives the path 
profile in the lower part of the track. os indicate the approximated midpoint of the range 
gate. 
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Figure 2.27: Avalanche 20050416 15:00: Velocity vs. position within the avalanche. 
Shown are all available range gate data. 
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Figure 2.28: Avalanche 20050416 15:00: Velocity (solid line; left ordinale) and accel-
eration (dashed line; right ordinale) vs. position within the avalanche. Tap) values are 
calculated fora location approximately 9 m below the steel tower (between RG19 and 
RG18); bottom) values given a point around the concrete wedge (between RG15 and 
RG14). The mean slope angle at the steel tower is approximately 30° and at the concrete 
wedge about 26°. 
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Figure 2.29: Avalanche 20050416 15:00: Velocity and acceleration vs. location along 
the lower trackfor six instants in time. The upper panel shows the averaged velocity and 
the lower panel the acceleration deri ved from the respective pair of adjoining range gates 
of the Dopp/er radar. In addition, the thin solid line in the upper panel shows the front 
velocity. The thick solid line gives the path pro.file in the lower part of the track. 
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Figure 2.30: Avalanche 20050416 15:00: Friction coefficients (according to (1.8) vs. 
location along the lower trackfor nine instants in time. The thick solid line gives the path 
proft.le in the lower part of the track. 
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Fig ure 2.31: Avalanche 20050416 15:00: Load cell measurements: press ure vs. time ( raw 
data; offset corrected); a) logarithmic and b) linear presentation. 
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Figure 2.32: Avalanche 20050416 15:00: Load cell measurements: pressure vs. position 
within the avalanche; a) at steel tower and b) at the concrete wedge. Note the logarithmic 
sea/ing of the lefl ordinale and the different horizontal sea/ing. The black dashed lines 
show the corresponding velocity pro.files. 
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Figure 2.33: Avalanche 20050416 15:00: Fluctuation intensity vs. position within the 
avalanche. The lines present the measured impact pressure (dashed line) and the run-
ning mean (full line) taken over 5 m, respectively (left axis), at the concrete wedge. The 
fluctuation intensity is marked with dots (right axis). LC4 (LC5 was partly buried at the 
time). 
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Figure 2.34: Avalanche 20050416 15:00: Fluctuation intensity vs. position within the 
avalanche. The lines present the measured impact pressures (dashed line) and the run-
ning means (full line) taken over 5 m, respectively (lefl axis), at the concrete wedge. The 
jfuctuation intensities is marked with dots (right axis). Top: LCl; middle: LC2; bottom 
LC3 (partly buried at the time). 
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Fig ure 2. 35: Aval ane he 20050416 15:00: p CD vs. position within the avalanche (dash-
dotted line). The full Lines represent the measured impact p ressure as the running mean 
taken over 5 m. Note the Logarithmic sea/ing of the Lefl ordinale and the different horizan-
taL scaling. The black dashed Lines show the corresponding velocity proftles. Upper panel 
gives measurements from the steel tower (LC4) and the lower panel from the concrete 
wedge (LC2). 
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Figure 2.36: Avalanche 20050416 15:00: Load plate measurements: LP (raw data) vs. 
time. 
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Fig ure 2.37: Avalanche 200504 I 6 I 5:00: Load plate measurements: Stresses vs. time 
(left hand side) and shear stress vs. normal stress at the sliding plane (suiface of the 
snowpack) along the dam slope (right hand side). The upper panel shows LP2 and the 
lower one LP 1. LPz, LP.-c, and LPy mark the measured stresses. P, Qx, and Qy are 
the calculated stresses according to (1.3 ). Q is the total traction. The dashed line in the 
right panels corresponds to the ratio between shear and normal stress in the case of static 
loading (-tan 40° or - tan 20°). 
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Figure 2.38: Avalanche 20050416 15:00: Series of snapshotsfrom the avalanche descent 
1. Circles indicate flying snow clods.(Photos by Arne Moe) 
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Figure 2.39: Avalanche 20050416 15:00: Series of snapshots from the avalanche descent 
Il. Photos are laken approximately every 1 s. Obvious are the impacts of clods around 
the front; some are dif.ficult to see due to the shadow of the cloud. The impinging clods 
seem to erode the snowpack and to through small clod up into the air. The clods were 
not obvious until the track steepened beyond the upper plateau. Jf one combines this 
observation with observation from fl.urne experiments (see Fig. 2.40) one might get an 
idea of possible erosion and entrainment mechanisms at the front of the saltation layer. 
(Photos by Arne Moe) 
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Fig ure 2.40: Series of snapshots from a subaqueous jlume experiment. Photos extracted 
from a high speed video taken at a fixed position. In this case, the water flow in front 
of the slide erodes remaining sand and clay particles f rom a previous experiment. The 
particles are lifted up ( direction indicated by the arrows) and finally incorporated into 
the slide (video by Trygve Ilstad). The series is included to give an idea of How snow 
might be incorporated info the fl.ow. 
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Figure 2.41: Avalanche 20050416 15:00: Snapshots from the track I. 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 ero-
sion/abrasion due to (saltating) particles. (Photos by Arne Moe) 
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Figure 2.42: Avalanche 20050416 15:00: Snapshots from the track Il. Left hand side: 
Overview; right hand side after the event (Circles indicate similar locations). Obviously, 
the avalanche eroded during the descent. Scratch marks remind one at erosion/abrasion 
due to (saltating) particles.(Photos by Karstein lied and Arne Moe) 
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Fig ure 2.43: Avalanche 20050416 15:00: Snapshots f rom the lower track. Line indicates 
the boundary of the eros ion. Inset shows the situation before the re lease. ( Photos by 
Karstein Lied and Peter Gauer) 
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Fig ure 2.44: Avalanche 20050416 15:00: Snapshots from the lower track (eros ion ! ). One 
can see a brownish strip indicating eros ion of soil. ( Photo by Krister Kristensen) 
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Figure 2.45: Avalanche 20050416 15:00: Snapshots f rom the lower track ( erosion Il). 
Lines indicate the boundary of the eros ion. (Photos by Karstein Lied and Peter Gauer) 
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Fig ure 2.46: Avalanche 20050416 J 5:00: Snapshots from the deposits. ( Photos by Arne 
Moe) 
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Table A-1: Code for morphological avalanche classification (1 981, Avalanche At-
las/UNESCO) 

Criterion Symbols 
Characteristics Criterion Characteristics 

pure mixed 
Manner of starting A 

Loose snow avalanche 1 } 7 
Slab avalanche 2 

Slab avalanche soft 3 
Slab avalanche hard 4 

Position of s liding surface B 
Surface-layer avalanche (general) 1 

} Surface-layer avalanchc, new snow frac ture 2 } 8 7 
Surface-layer avalanche, old snow fracturc 3 

Full-depth avalanche 4 

Liquid Water in snow fracture c 
Absent: dry-snow avalanche 1 } 7 
Present: wet-snow avalanche 2 

Form of Path D 
Unconfined avalanche 1 } 7 
Channelled avalanche 2 

From of movement E 
Powder avalanche (dominant) 1 } 7 
Flow avalanche (dominant) 2 

Surface roughness of deposit F 
Coarse deposit (general) 1 

} Coarse deposit angular blocks 2 
7 

Coarse deposit rounded clods 3 
Fine deposit 4 

Liquid water in deposit G 
Absent: dry-deposit 1 } 7 
Present: wet-deposit 2 

Contamination of depos it H 
Clean deposit 1 l 7 
Contaminated deposit (general) 2 

Contaminated by rocks , debris, soil 3 8 
Contaminated by branches, trees 4 
Contaminated by dcbris of s tructures 5 

Triggering mcchanism 1 

Natura! release 1 
Human release (general) 2 

Human release, accidental 3 
Human release, intentional 4 

1 This criterion is an element of the genetic classification. since the triggering mechanism within the given 
altematives is known most cases and is important for many problems, it is added to the morphological 
code. 
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Table A-2: Canadian snow avalanche size classijication system and typicalfactors (Mc-
Clung and Schaerer, 1993) 

Size Description Typical Typical path Typical impact 
mass (Mg) length (m) pressure (kPa) 

Re lative hannless to peoplc < IO 10 

2 Could bury, injure or kill a perso n 102 100 10 

3 Could bury a car, dcs troy a small 103 1000 100 
building, or break a few trees 

4 Could destroy a rai lway car, large 104 2000 500 
trnck, sevcral buildings, or a foresi 
with an area up to 4 hectares 

5 Largest s now avalanchc known; 105 3000 1000 
could destroy a villagc or a foresi 
of 40 hectares 
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