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Summary and conclusions

Mountain forests can protect people and infrastructure from snow avalanches in a cost-effective

way. In this thesis, we have carried out a series of small-scale chute experiments to study the

braking effect of trees on snow avalanches. We assume that the avalanche releases above the

forest and that the trees are not broken or bent upon impact of the avalanche.

The chute consists of three straight sections: an upper or “acceleration” section 0.2 m wide

and 1.5 m long, a middle or “forest” section 1.0 m wide and 2.0 m long consisting of three alu-

minium plates with a rectangular grid of pre-drilled holes, and a lower or “runout” zone 1.0 m

wide and 2.0 m long. The inclination of both the upper and the middle section is 35°, while the

lower section is inclined at 10°. The avalanche is released from a container at the top of the up-

per section. The snow is modelled by glass beads (ballotini) with a diameter of 0.1 mm. The trees

are modelled by metal pins that are inserted into the aluminium plates in computer-generated

random patterns. The experiments were filmed from above and from the side with a frame rate

of 60 fps.

A total of 54 experiments have been carried out: twelve reference experiments without a

forest, of which six were carried out at the beginning and six at the end of the study, and 42 ex-

periments with a forest. We have varied the following three parameters: the velocity at which the

avalanche hits the forest (incident front velocity), the stem diameter of the trees, and the forest

density. The incident front velocity was varied by varying the mass of the avalanche. Three dif-

ferent masses of ballotini were used: 2 kg, 4 kg, and 6 kg. We used two different stem diameters.

The metal pins with a diameter of 3.2 mm were used as the thinner trees. For the thicker trees,

plastic tubes with an outer diameter of 6 mm were threaded onto the metal pins. The forest

density was varied by varying the number of metal pins inserted into the aluminium plates. The

forest density is 100% if there is a metal pin inserted into every pre-drilled hole. Four different

densities were used: 10%, 25%, 50%, and 90%. We have measured the front velocity and the

flow depth of the avalanche along the forest section of the chute by analyzing the films manu-

ally frame-by-frame. Further, the runout distance was measured with a ruler straight after each

experiment.

We have given a detailed phenomenological description of the flow of the avalanche through
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the forest. We have observed two main phenomena that have a braking effect on the avalanche:

(1) the creation of large fans in the first row of trees that slow down a large amount of the ballotini

and (2) the creation of smaller fans further down the chute that spread the ballotini sideways.

The larger the mass of ballotini, the larger the fans. The relative effect of each phenomenon de-

pends on the density of the forest. As the forest density increases from 0% to 100%, the amount

of ballotini that are slowed down upon entering the forest increases, while the degree of lateral

spreading decreases. The optimal combination of the two phenomena occurs around a forest

density of 50%. For a stem diameter of 6 mm, the fans in the first row are larger than for 3.2 mm,

while the fans further down the chute are of about the same size as for 3.2 mm. Therefore, the

amount of ballotini that are slowed down upon entering the forest is greater for 6 mm than for

3.2 mm, while the degree of lateral spreading is the same for both stem diameters.

We have plotted profiles of the front velocity of the avalanche for both the reference ex-

periments and the forest experiments. The front velocity does not differ significantly between

the reference experiments and the forest experiments. Further, we have plotted profiles of the

flow depth of the avalanche and compared the flow depth for the different masses, the differ-

ent stem diameters, and the different forest densities. The flow depth is greatest for a mass of

6 kg, followed by 4 kg and 2 kg, and is greater for a stem diameter of 6 mm than for 3.2 mm.

The flow depth increases from the front of the avalanche, attains a maximum, and decreases

again towards the tail. For a forest density of 10%, the flow depth both increases and decreases

most rapidly. The flow depth is greatest for 10% at first, but after some time, the flow depths

for 25% and 50% become greater. For 90%, the flow depth is smallest at all times. We have

plotted the runout distance for each experiment as a function of the forest density and fitted

quadratic trendlines for each mass and each stem diameter. The runout distance decreases

from 0% through to 50%, but increases again slightly from 50% to 90%.

In summary, a forest has a maximum braking effect for forest densities around 50% where

trees grow quite densely high up in the avalanche path, slowing down the bulk of the snow, and

more openly further down the chute so that the snow can be spread sideways. The braking effect

is greatest for mature forests where the trees have larger stem diameters than in younger forests.

The larger the avalanche, the greater the braking effect of the forest.
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Chapter 1

Introduction

1.1 Background

Problem formulation

Snow avalanches cause the closure of roads and railways and damage and destroy infrastructure

and buildings. Between 2005 and 2015, four people in Norway were killed as houses were hit by

snow avalanches. Every year, the Norwegian road authorities (Statens vegvesen) have to close

roads either due to avalanching or due to a high risk of avalanching. Most snow avalanches that

hit a road will block the road in both directions, isolating entire communities until it is safe to

clear the road (Figure 1.1). In 2011, the driver of a snow clearing vehicle was killed by a snow

avalanche in the county of Rogaland (NGI).

Figure 1.1: Snow avalanche blocking a road in the county of Troms, March 2014. From: http:
//www.nordlys.no/nyheter/stort-snoskred-blokkerer-e6/s/1-79-7218872.

2

http://www.nordlys.no/nyheter/stort-snoskred-blokkerer-e6/s/1-79-7218872
http://www.nordlys.no/nyheter/stort-snoskred-blokkerer-e6/s/1-79-7218872
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Seasonal road closures are an example of passive protection measures, which regulate the

presence of people and property in avalanche-prone areas. Other examples are seasonal oc-

cupation of houses, warning signs, avalanche forecasting, hazard mapping, and land-use plan-

ning. Active protection measures include avalanche control by explosives, snow fences, devia-

tion, retarding, and catching dams, retarding earth mounds, splitting wedges, snow sheds, and

tunnels (Figure 1.2). The most expensive measures – snow sheds and tunnels – give the best pro-

tection, especially along mountain roads where the largest avalanches occur. Along the coast

and in the lowlands, dams, mounds, and wedges can be effective at a cost of only 10-20 %. For

details on the different active protection measures and their application in road engineering,

see Norem (2014).

(a) Retarding mounds. (b) Snow fences. (c) Snow shed.

Figure 1.2: Examples of active protection measures. From: http://avalancheservices.

ca/images/ (1.2a and 1.2b) and http://www.fhwa.dot.gov/publications/publicroads/

09julaug/03.cfm (1.2c).

Protection forests are another example of an active protection measure. According to the

Protocol for the implementation of the Alpine Convention in the field of mountain forests (1996),

“mountain forests [...] provide the most effective, the least expensive, and the most aesthetic

protection against natural hazards”. In Norway, it has been suggested to use existing moun-

tain forests as protection forests at several locations in the country (Høydal et al., 2013). In this

context, it is important to be able to quantify the braking effect trees have on snow avalanches.

The braking effect of trees on snow avalanches can be studied by observing natural avalanches

and forested terrain in avalanche-prone areas, by developing theoretical models for snow avalanche

dynamics that account for the braking effect of trees, by full-scale experiments with artificial

avalanches released by explosives, by medium-scale experiments with large chutes and natural

snow, or by small-scale experiments with medium to small chutes and a granular or powder ma-

http://avalancheservices.ca/images/
http://avalancheservices.ca/images/
http://www.fhwa.dot.gov/publications/publicroads/09julaug/03.cfm
http://www.fhwa.dot.gov/publications/publicroads/09julaug/03.cfm
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terial instead of snow. In this master thesis, small-scale experiments will be carried out to study

how the presence of a forest affects the flow of the avalanche. The goal of the thesis is to describe

the flow phenomenologically and to quantify the front velocity, the flow height, and the runout

distance as a function of three key parameters: the incident front velocity of the avalanche, the

stem diameter, and the forest density.

Literature survey

Protection forests

Brang et al. (2001) define a protection forest to be “a forest that has as its primary function the

protection of people or assets against the impacts of natural hazards or adverse climate”. The

protective capacity of a forest depends on the type, intensity, and frequency of the natural haz-

ards involved as well as on the tree type, age, and forest structure. Forests can act as a means

of protection in different ways depending on their position along the avalanche path. A for-

est in the starting zone may inhibit avalanche formation, while a forest in the transit or runout

zone may decelerate or stop avalanches. In a field campaign in northern Sweden, Breien and

Høydal (2014) study how birch forests stabilize the snow pack in avalanche starting zones. They

find that in the forested area, there are no persistent weak layers, homogeneous layers are un-

dulating, bent, or broken, and the surrounding snow is anchored to tree stems and low-lying

branches by ice (Figure 1.3).

Figure 1.3: Low-lying branches of a birch acting as an anchor on the surrounding snow. From:
Breien and Høydal (2014).
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As part of the project “Evaluation of landslide hazards in forested terrain” (“Vurdering av

skredfare i skogsbestander”), a collaboration between the Norwegian Geotechnical Institute

(NGI) and the Norwegian Water Resources and Energy Directorate (NVE), Høydal et al. (2013)

have published criteria for coniferous forests in the starting zone (Table 1.1). Most coniferous

forest stands in Norway fulfill those criteria. Berger et al. (2013) have published criteria for pro-

tection forests in the European Alps (Table 1.2).

Table 1.1: Threshold values for protection forests, as given by Høydal et al. (2013) (starting zone
only, coniferous forests).

Parameter Threshold value
Gap size in the direction of the slope: 30°: < 50 m

35-40°: < 40 m
40-45°: < 30 m

Canopy cover 50%
Diameter at breast height (DBH) > 12 cm
Tree height > 5 m

Table 1.2: Threshold values for protection forests, as given by Berger et al. (2013). The acronyms
H and DBH refer to the height and diameter at breast height of the trees, respectively.

Parameter Threshold value
Proportion of deciduous trees and larch
- in the starting zone: < 30%
- in the transit and runout zones: > 70% along corridor edges

> 30% otherwise
Gap size
- in the direction of the slope: < 1.5 times the average tree height
- perpendicular to the slope: < 15 m
Canopy cover 30°: > 30%

35°: > 50%
> 40°: > 70%

Coefficient of stability (H/DBH) Coniferous forests: H/DBH < 65
Broad-leaves: H/DBH < 80

Tree height > twice the height of the snow cover
Crown height on the edges of gaps > 2/3 H
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Theoretical models for the braking effect of trees on snow avalanches

Different approaches have been used to model snow avalanche flow. The Voellmy-Salm model

(Voellmy, 1955; Salm et al., 1990) is one of the oldest dynamical models. The motion of the

avalanche is assumed to be governed by gravitational forces and two types of frictional forces:

a Coulomb, or bed, friction, and a velocity dependent friction. Assuming that the mass of

the avalanche is constant, the acceleration of an avalanche along its path is given by aV S =
g sinα−

(
µg cosα+ g

ξh u2
)
, where µ and ξ are constants, α is the slope angle, and h and u are the

flow height and velocity of the avalanche, respectively. Many 1D and 2D models based on the

Voellmy-Salm approach have been implemented, for example AVAL-1D (Christen et al., 2002)

and RAMMS (Christen et al., 2010).

Forests may act as a brake to avalanche flow in two different ways: either the avalanche

may lose energy in breaking tree trunks and branches, overturning trees, and entraining woody

debris and root plates, or the trees may act as rigid obstacles to the flow. The processes in the

former case have been modelled by Bartelt and Stöckli (2001) and Feistl et al. (2015) (“friction

approach”). A model for the latter case is presented in Feistl et al. (2014) and Teich et al. (2013)

(“detrainment approach”).

Bartelt and Stöckli (2001) derive formulae for the deceleration of an avalanche with mean

flow density ρa , height h, and length l due to fracturing of trunks and branches (a f t and a f b),

overturning (ao), and entrainment of trees (aet ). Accounting for trunk fracturing and entrain-

ment of trees, the acceleration of the avalanche is given by

a = aV S +a f t +aet

= g sinα−

µ+ u f πr 2
t

ρahldw dl

1

g cosα︸ ︷︷ ︸
∆µ

g cosα−


g

ξh
+ mt

ρahldw dl︸ ︷︷ ︸
∆

g
ξh

u2,
(1.1)

where u f is the bending fracture energy per cross-sectional area, rt is the radius of a tree

trunk, mt is the mass of a tree, and dl and dw are the mean tree spacing respectively in the

direction of flow and perpendicular to the flow.

Feistl et al. (2014) derive formulae for the volume of snow deposited behind trees or groups
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of trees and an average deposition height that depends on the forest structure. The momentum

of the detrained mass per unit area is instantaneously subtracted from the total momentum of

the avalanche flow: ρa
dhd
d t ‖u‖ = K , where u is the velocity of the avalanche. The parameter K is

calibrated by linking observed mean deposition heights to forest characteristics. Typical values

for K are 10-100 Pa (Teich et al., 2013).

The Norwegian model (Bakkehøi et al., 1983) is a statistical method based on a data set of 206

registered snow avalanches where the runout distance of an avalanche is expressed in terms of

an angle α= 0.96β−1.4°, with α and β as in Figure 1.4. Anderson and McClung (2012) present a

probabilistic model for avalanches that start in timber-harvested terrain. For a non-exceedance

probability P , the angle α is given by α(P ) = (
µ− σ

k

)+ σ
k

( P
1−P

)k
, where µ = 30.5°, σ = 1.78°, and

k =−0.06.

Figure 1.4: Definition of the angles α and β in the Norwegian model. Adapted from: Lied and
Kristensen (2003).

A case study of an avalanche that partly ran through forested and partly through unforested

terrain is presented in Takeuchi et al. (2011). The trees had an average height of H = 15.5 m

and a stem diameter at breast height of DBH = 0.38 m. 9.2% of the trees were uninjured, 36.9%

were upright with only the branches broken, 8.5% were leaning, 10% were broken and fallen,

and 35.4% were stumps without fallen trunks or fallen trunks without stumps. The speed of the

avalanche flowing into the forest was estimated to be 26-31 ms−1. In a presentation at DACA-
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13 in Davos, Switzerland, Y. Takeuchi quantifies the braking effect of the forest by simulating

the avalanche for a large range of Coulomb bed friction angles φbed and comparing the output

velocity profiles to the observed velocity profiles. The best fits for respectively the forested and

the unforested part of the terrain were given by φbed = 13−14° and φbed = 24−26°. The Swiss

guidelines recommend that the velocity dependent friction coefficient ξ should be halved while

the Coulomb friction coefficient µ is not changed.

Physical modelling of snow avalanche flow around obstacles

A large number of small-scale experimental studies on snow avalanche flow have been pub-

lished. Powder snow avalanches have been modelled by for example Bozhinskiy and Sukhanov

(1998), while Hutter and Koch (1991), Hutter et al. (1995), Greve and Hutter (1993), Wieland

et al. (1999), Pouliquen (1999), Pouliquen and Forterre (2002), and Iverson et al. (2004), for ex-

ample, have modelled granular snow avalanches. In particular, Gray et al. (2003), Hákonardóttir

et al. (2001), Faug et al. (2003), Brateng (2005), and Hauksson et al. (2007) have studied the flow

of granular snow avalanches around obstacles: a pyramid (Gray et al., 2003), braking mounds

and a dam (Hákonardóttir et al., 2001), a dam (Faug et al., 2003), braking mounds, collecting

dams, and diverting dams (Brateng, 2005), and cylinders and rectangular blocks (Hauksson

et al., 2007).

For the granular material, Gray et al. (2003) use plastic pellets 2-3 mm in size, while Hákonardót-

tir et al. (2001), Faug et al. (2003), Brateng (2005), and Hauksson et al. (2007) use spherical glass

beads (ballotini) 0.1 mm in size.

Gray et al. (2003) carry out two series of experiments using a plane chute inclined at respec-

tively 42° and 34°. In the first series, the pyramid is placed with one of its corners pointing ups-

lope, and in the second with one of its corners pointing downslope. With the pyramid pointing

upslope (inflow Froude number: 5.79), oblique shocks are observed on the lateral sides of the

pyramid. Two expansion waves form on the lee side, and a grain-free region opens up. With the

pyramid pointing downslope (inflow Froude number: 3.82), the grain-free region is narrower. A

normal shock propagates upslope from the blunt face of the pyramid, creating a dead zone that

diverts the flow around the pyramid. The steady state for both experiments is shown in Figure

1.5. Gray et al. (2003) simulate their experiments using a hydraulic model.
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Figure 1.5: Steady state of the granular flow around a pyramid with the pyramid pointing ups-
lope (left) and downslope (right). From: Gray et al. (2003).

Hákonardóttir et al. (2001), Faug et al. (2003), and Brateng (2005) use a chute consisting of

two plane sections: an upper section with an inclination of up to 45° where the granular mate-

rial is accelerated to a constant speed, and a lower section, or runout zone, with a smaller slope.

Hákonardóttir et al. (2001) and Faug et al. (2003) place the obstacles at the top of the lower sec-

tion, while Brateng (2005) places them at different locations on the lower section and at different

angles. The setup used by Hákonardóttir et al. (2001) is shown in Figure 1.6.

Figure 1.6: Setup for an experimental series with a plane chute with two sections. From:
Hákonardóttir et al. (2001).
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Faug et al. (2003) observe two types of local effects of the dam: the formation of a dead zone

upstreams of the obstacle and a jet whereby a stream of particles is launched from the top of the

obstacle and lands back on the chute further downstreams. Faug et al. (2003) plot the lengths of

respectively the dead zone and the jet as a function of the dam Froude number Frobs = up
g hobs

and find that the lower the Froude number, the longer the dead zone, and the higher the Froude

number, the longer the jet. Three flow regimes are defined: one that is dominated by the de-

trainment of material in the dead zone, one that is dominated by local energy dissipation linked

to the jet formation, and an intermediate regime. For each of the three regimes, Faug et al. (2003)

derive formulas for the normalized runout length x/x0 as a function of the normalized obstacle

height hobs/h, where x and x0 are the runout lengths for respectively the experiment in question

and a control experiment with no obstacles and hobs and h are respectively the obstacle height

and the maximum flow depth at the location of the obstacle for the control experiment.

Like Faug et al. (2003), Hákonardóttir et al. (2001) observe the formation of a jet, and derive

an equation for the trajectory of a jet as a function of the throw angle and the throw velocity.

In order to estimate the energy dissipated upon impact with the obstacle, the ratio u1√
u2

0−2g hobs

,

where u0 and u1 are the flow velocity before and immediately after impact, is plotted against

the normalized obstacle height. Plotting x/x0 against hobs/h, Hákonardóttir et al. (2001) find

that obstacle heights greater than twice the flow depth do not further reduce the runout length.

Hákonardóttir et al. (2001) also find that many narrow obstacles lead to a greater reduction in

runout length than fewer, wider obstacles with the same cross-sectional area.

Brateng (2005) plots profiles of the specific energy z + u2

2g in order to estimate how much

energy is dissipated upon impact with the obstacles. The slope of the energy line is assumed

to be the sum of a Coulomb friction term, a velocity dependent term, and singular losses, for

example due to the impact with an obstacle. Without obstacles, the energy line is found to be

fairly straight, indicating that Coulomb friction is dominant. Brateng (2005) finds that braking

mounds are most efficient further up, while dams are most efficient further down the runout

zone. The mounds’ efficiency increases with increasing height of the mounds up to three times

the flow depth.

Hauksson et al. (2007) use a plane chute inclined at an angle of 34°. A single obstacle, a

slender rectangular block or a cylinder of different dimensions, is placed close to the bottom
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of the chute. Hauksson et al. (2007) measure the impact force F of rapid granular flow (Froude

number: 13) and compute the dynamic drag coefficient CD = F
1/2ρa Aū2 , where A is the projected

area of impact and ū is the depth-averaged steady state flow velocity. It is found that CD is in the

range 0.7-0.85 for rectangular blocks and in the range 0.5-0.55 for cylinders for obstacle heights

greater than about three times the flow depth.

Figure 1.7 shows the granular material being thrown upwards and to the sides in a fan-

shaped pattern upon impact.

Figure 1.7: Fan-shaped stream of granular material around a slender cylindrical obstacle. From:
Hauksson et al. (2007).

What remains to be done?

To the author’s knowledge, no experimental studies on the braking effect of a group of cylindrical

obstacles exist. Neither the model for breaking and entrainment of trees by Bartelt and Stöckli

(2001) nor the model for detrainment of snow behind trees by Feistl et al. (2014) has been verified

by laboratory experiments. The probabilistic model by Anderson and McClung (2012) has not

previously been applied to laboratory studies. The existing models have been developed on

the basis of field data. An experimental study will shed light on the physical processes involved

under controlled circumstances, and the data may be used to calibrate existing and develop new

models.

1.2 Objectives

The main objective of this master thesis is to carry out an experimental laboratory study on the

braking effect of trees on snow avalanches and to analyze the results. The objectives are to
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1. carry out a series of small-scale chute experiments where the incident front velocity, the

stem diameter of the trees, and the forest density are varied and the front velocity, the flow

height, and the runout distance are measured

2. give a phenomenological description of the flow of the avalanche through the forest

3. quantify the front velocity, the flow height, and the runout distance as functions of the

incident front velocity of the avalanche, the stem diameter, and the forest density

1.3 Approach

The chute experiments will be carried out at the pile laboratory at NTNU’s Department of Civil

and Transport Engineering. The design of the chute was originally proposed in Kahrs (2015) and

adapted according to the dimensions of existing and commercially available components as

well as to allow a greater range of experiments. The experiments will be filmed by two cameras

set to 60 frames per second from the top and from one side, and the resulting videos will be

analyzed manually frame-by-frame to determine the front velocity and the flow height of the

avalanche with the help of a distance scale drawn onto respectively the bottom of the chute and

onto a number of trees. The runout distance will be measured straight after each experiment

using a ruler (Objective 1). Objective 2 will be met by observing the flow of the avalanche frame-

by-frame as it passes through the forest. Profiles of the front velocity and the flow height will

be plotted, and the runout distance will be plotted as a function of the key parameters incident

front velocity, stem diameter, and forest density (Objective 3).

1.4 Limitations

The conditions at NTNU’s pile laboratory are out of the author’s control. As the laboratory is

normally used for experimental studies on piles, the chute is set up on top of a large container

of dry sand. The surfaces in the laboratory are covered with dust and grains of dry sand. The air

at the laboratory is very dry, while the temperature is around 20°C. Both the relative humidity

and the temperature vary within one day and from day to day. This limits the repeatability of the
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experiments. All measurements are done manually, limiting their accuracy. The front velocity

is computed based on distance measurements with a precision of 1 cm, the flow depth is read

off from a scale with a precision of 1 mm and 5 mm, and the runout distance is measured with a

precision of 5 mm. This limits the precision of the measurements.

1.5 Structure of the thesis

The rest of the thesis is structured as follows. Chapter 2 gives an overview of snow avalanche ter-

minology, characteristics, and formation. In Chapter 3, a dynamical model for snow avalanche

flow is presented. In analogy with hydrodynamics, laws governing open channel flow and the

flow around cylindrical obstacles are given. In Chapter 4, we present the setup of the model

including the filming equipment, the technique to measure raw data, and the experiments to be

carried out. In Chapter 5, the raw data from the experiments is analyzed.



Chapter 2

Phenomenological background of snow

avalanches

With minor changes, this chapter is taken from (Kahrs, 2015). In this chapter, we give an overview

of snow avalanche terminology, types of snow avalanches, snow avalanche formation, and avalanche-

prone terrain in general and in Norway in particular. Unless otherwise cited, the contents of this

chapter are based on McClung and Schaerer (2006).

2.1 Terminology

By definition, a snow avalanche is a mass of snow that slides, tumbles, or flows down an inclined

slope. Avalanche movement occurs along an avalanche path (Figure 2.1). The starting zone

or release zone is the point or area where an avalanche releases. Upon release, the avalanche

accelerates and moves through the transit zone or track, where it attains its maximum speed.

The track is characterized by minimal deposition of snow. On the contrary, an avalanche can

entrain snow mass up to ten times its initial mass. Initial masses range from 10 to 100000 t. In

the runout zone, the avalanche quickly decelerates and stops, depositing debris. The runout

distance is the horizontal distance from the top of the release zone to the tip of the runout zone.

14
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Figure 2.1: An avalanche path with a starting zone, a transit zone, and a runout zone. From:
www.meted.ucar.edu/afwa/avalanche/.

An avalanche path can have multiple starting zones, transit zones, and runout zones. Fig-

ure 2.1 shows the definition of the starting, transit, and runout zones for the largest avalanche

possible in a particular avalanche path.

2.2 Classification of snow avalanches

Snow avalanches may be classified into loose-snow avalanches and slab avalanches (Figure 2.2).

Loose-snow avalanches start from a single point and consist of cohesionless surface or near-

surface snow. They sweep out more surface snow as they move down the slope and have a tri-

angular shape. Most slab avalanches form as a weak layer in the snowpack fails. The snowpack

fractures at the top of the starting zone (crown), and a rectangular slab consisting of a cohesive

layer of snow begins to slide down the slope along the bed surface as the fractures propagate

along the left and right sides of the slab (flanks). At the lower end of the slab, a wedge-like frac-

ture surface forms (stauchwall). The bed surface may coincide with the weak layer along which

the original failure occurred, or the avalanche may sweep out a deeper slab as it moves down

the slope. The initial height of the slab is usually between 0.5 and 2.0 m. Usually, the volume of

slab avalanches is between 100 and 100000 m3, but may be up to 1000000 m3 and more (Norem,

2014).

www.meted.ucar.edu/afwa/avalanche/
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Figure 2.2: A slab avalanche with crown, flanks, and stauchwall. From: http://ffden-2.phys.
uaf.edu/311_fall2004.web.dir/Jennifer_March/avybasics.htm.

Another way of classifying snow avalanches is by the water content of the snow, measured

in % per volume. Dry, moist, wet, and very wet snow avalanches have water contents of respec-

tively 0%, 0-3%, 3-8%, and 8-15%. Slush has a water content of more than 15%.

In general, a slab avalanche consists of three main components: a dense core of rounded

particles with a diameter of the order of centimetres to metres, a saltation layer or fluidized

layer of particles up to 50 cm in diameter, and a suspension layer or powder cloud of particles

0.1 mm to 1-2 mm in diameter (Figure 2.3). As a rule of thumb, the densities of the three layers

are about 300 kg/m3, 30 kg/m3, and 3 kg/m3 (Issler, 2004). A wet slab avalanche may consist

of only a dense core. The destructive potential of a snow avalanche depends on its density and

its speed. Wet slab avalanches have a high density, but generally move at speeds lower than 40

ms−1. Dry slab avalanches, with a speed of up to 60-70 ms−1, cause most damage and fatalities.

Figure 2.3: A mixed avalanche has three main components: the dense core, the saltation layer
and the powder cloud. From: Sovilla (2004).

http://ffden-2.phys.uaf.edu/311_fall2004.web.dir/Jennifer_March/avybasics.htm
http://ffden-2.phys.uaf.edu/311_fall2004.web.dir/Jennifer_March/avybasics.htm
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2.3 Avalanche formation

For both loose-snow and slab avalanches, initial failure is in shear. The shear strength of a snow-

pack depends on its cohesion and its internal friction.

Bond formation

Cohesion is a measure of how well snow grains and individual layers are bonded to each other.

The rate of bond formation increases rapidly with increasing snow temperature. In maritime

snow climates, which are characterized by heavy snowfall and relatively high temperatures,

avalanches occur during or immediately after snow storms as the fresh snow quickly stabilizes.

Rain, however, can melt bonds, lubricate the bed surface, and cause major avalanching. The

meltwater can refreeze to ice, forming future sliding surfaces. Continental climates are char-

acterized by relatively low snowfall and low temperatures. In such climates, bond formation is

slow, and weak layers persist.

Persistent forms

Those weak layers may consist of depth hoar, surface hoar, or facets, so-called persistent forms.

The persistent forms in layers form due to high temperature gradients (10°C/m) between the

surface of the snow and the surrounding air (surface hoar), the bottom of the snowpack and the

ground (depth hoar), or across near-surface layers. Surface hoar forms when moist air above

a cold snow surface becomes oversaturated with water vapour. The vapour condenses on the

snow surface, leading to the growth of feathery crystals. Depth hoar consists of large cup crystals

that form as water vapour migrates from the warm ground upwards through the cold snowpack

and condenses. Orientation to the sun is important as it influences incoming radiation. The

balance between short- and longwave radiation can cause rapid temperature changes near the

surface and large temperature gradients across the top few centimetres of the snowpack. This

leads to so-called radiation crystallization at the surface. Several centimetres below the surface,

the snow may melt and later refreeze to form an ice crust. Being impermeable to water vapour,

this ice crust allows faceted crystals to grow immediately below the crust. Figure 2.4 shows an

ice crust with a layer of faceted crystals above and below.
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Figure 2.4: An ice crust with a layer of faceted crystals above and below. From: http://www.
cnfaic.org/observations/fotogallery.php?id=p2640.

Persistent forms have low shear strength, but can remain unstable over long periods of time

because they are resistant to vertical deformation.

Deformation and fracture mechanism

In general, deformation in the snowpack occurs in tension, in compression, and in shear. Figure

2.5 shows how deformation of the snowpack decomposes into a component of compression and

a component of shear deformation. The steeper the slope, the larger the component of shear

deformation.

Figure 2.5: Decomposition of snowpack deformation into a component of compression and a
component of shear deformation. From: McClung and Schaerer (2006).

Snow deforms readily under its own weight as it often is within more than 95% of its melt-

ing temperature (in K). It creeps like a viscous fluid, and the higher the temperature, the more

http://www.cnfaic.org/observations/fotogallery.php?id=p2640
http://www.cnfaic.org/observations/fotogallery.php?id=p2640
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important viscous effects become. Brittle fractures cannot occur in snow unless the deforma-

tion rate exceeds 100 times the deformation rate under ordinary creep. Persistent forms are

extremely prone to propagating shear fractures. In wet snow, the energy required to propagate

brittle shear fractures is extremely high. With slush in the failure layer, the slab avalanche release

mechanism changes from brittle shear fracture propagation to glide-induced tensile fracture.

Loose-snow avalanches release when the slope angle is greater than the snow’s angle of repose,

which depends on the type of snow as shown in Figure 2.6.

Figure 2.6: The snow’s angle of repose depends on the type of snow. From: McClung and
Schaerer (2006).

McClung and Schaerer (2006) give the following guidelines for starting zone inclines:

60-90°: frequent snow sluffs

30-60°: dry loose-snow avalanches

45-55°: frequent small slab avalanches

35-45°: slab avalanches of all sizes

25-35°: infrequent large slab avalanches, wet loose-snow avalanches

10-25°: infrequent wet slab avalanches, slush flows
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Redistribution of snow

Often, an avalanche is triggered by the addition of snow load to the top of the snowpack. Snow

can either be added to the snowpack directly from precipitation or as drifting snow. Redistri-

bution of snow by wind is a major feature of mountain snowpacks. The redistribution of snow

depends strongly on the local topography and the exposure to wind. In general, snow is picked

up on the windward side of ridges and deposited on the lee side of ridges, in gullies, and in

notches. Figure 2.7 shows a pattern of cross-loading, gully, and notch deposition depending on

the prevailing wind direction. Wind speeds of 5 m/s are sufficient to pick up loose, unbonded

snow, but may exceed 25 m/s for dense, bonded snow.

Figure 2.7: Redistribution of snow depending on the prevailing wind direction. From: McClung
and Schaerer (2006).

2.4 Avalanche-prone terrain

When assessing whether or not a location is a potential release zone for snow avalanches, what

type of snow avalanches may occur, and how large those avalanches may be, the following fac-

tors are important (Norem, 2014):

– slope inclination

– wind exposure and amount of precipitation

– topography
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– ground roughness and vegetation cover

– orientation to the sun

In Norway, the counties of Møre og Romsdal, Sogn og Fjordane, and Hordaland along the

western coast, Nordland, Troms, and Finnmark along the northern coast, and Telemark in the

central part of the country are particularly prone to snow avalanching. Figure 2.8 shows a map

of Norway with potential release and runout zones of snow avalanches.

Figure 2.8: Potential release and runout zones of snow avalanches in Norway. From: atlas.
nve.no.

atlas.nve.no
atlas.nve.no


Chapter 3

Theoretical background

The large-scale behaviour of a snow avalanche is commonly approximated by the flow of a con-

tinuous homogeneous fluid. In this chapter, we introduce concepts from fluid dynamics and

apply those to snow avalanches. In Section 3.1, a dynamical model for snow avalanche flow is

derived. This section is based on lecture notes by Issler (2004) and on Norem (2014) and is partly

taken from Kahrs (2015). As the avalanche moves down the avalanche path, potential energy is

converted to kinetic energy. Energy may be lost due to friction and in collision with obstacles.

This may be visualized by means of an energy line, a concept introduced in Section 3.2. This

section is based on Olsen (2015). In Section 3.3, two numbers that govern the behaviour of fluid

flow, the Froude number and the Reynolds number, are introduced. This section is based on

lecture notes by Øivind Arntsen for the course TVM4116 Fluid mechanics, taught at NTNU in

the autumn semester of 2014. The flow of a snow avalanche through a forest may be viewed as

the flow of a fluid around cylindrical obstacles. The basic case, one isolated cylinder, is based

on Moe (2014). A review on fluid flow around a pair of circular cylinders has been published by

Sumner (2010). Fluid flow around groups of three and four cylinders has been studied by for

example Tatsuno et al. (1998) (three cylinders) and Lam et al. (2003a), Lam et al. (2003b), Lam

and Zou (2007), and Lam et al. (2008) (four cylinders). Nicolle and Eames (2011) study fluid flow

through and around a circular array of cylinders. The case of multiple cylinders is based on the

latter. In Section 3.4, possible flow regimes are described. Finally, in Section 3.5, we derive a

formula for the longitudinal force on cylindrical obstacles.

22



CHAPTER 3. THEORETICAL BACKGROUND 23

3.1 The Voellmy-Salm model

In this section, we derive a generic point-mass model for snow avalanche dynamics and its ex-

tension to one dimension. The Voellmy-Salm model is given as an example.

3.1.1 The Voellmy-Salm model as a point-mass model

One should note that point mass models indicate the runout distance for the avalanche’s cen-

tre of mass, not the front of the avalanche. Point-mass models assume that the length of the

avalanche is small compared to the length of the avalanche path. The avalanche is represented

by a point mass m moving along the avalanche path.

By Newton’s Second Law, the rate of change of momentum of m is equal to the sum of the

forces acting on m:

ma +u
dm

d t
= d(mu)

d t
= Fg −Fr , (3.1)

or

a = 1

m

(
Fg −Fr −u

dm

d t

)
, (3.2)

where u and a = du
d t are the velocity and acceleration of m averaged over the avalanche, and Fg

and Fr are the gravitational and the resistive forces acting on m along the avalanche path (Figure

3.1). The term u dm
d t = uq represents the change of momentum due to snow mass entrainment

or detrainment. Here, we assume that q = 0.

α

x

αFg

Fr

mg

Figure 3.1: Setup of the point mass model.
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The gravitational force is given by Fg = mg sinα, where α is the slope of the avalanche

path. The resistive force Fr is usually expressed as the sum of a Coulomb friction term Fc =
mg

(
c +µcosα

)
, where it is assumed that the snow behaves like a Mohr-Coulomb granular ma-

terial with cohesion c = 0 and a bed friction coefficient µ between 0.25 (dry snow) and 0.6 (moist

or wet snow), and a velocity-dependent term Fd . For Fd , different models exist. Often, those

models are based on hydrodynamics. The Voellmy-Salm model (Voellmy, 1955; Salm et al.,

1990), which assumes that a snow avalanche behaves like fluid flow in an open channel, is one

of them:

Fr = Fc +Fd = mg

(
µcosα+ u2

ξh

)
, (3.3)

where ξ is a constant with units ms−2, and h = h(x) is the height of the avalanche at position x.

Assuming that the avalanche path is sufficiently long, m will reach a terminal velocity u∞ and a

corresponding runout distance x∞ given by

u∞ =
√
ξh∞

(
sinα−µcosα

)
(3.4)

and

x∞ = ξh∞
2µg

cosα
(
tanα−µ)

. (3.5)

At the point where u = u∞, Fr = Fg and

u√
g h cosα

=
√
ξ

g

(
tanα−µ)

, (3.6)

where Fr = up
g h cosα

is the Froude number (see Section 3.3).

As the terminal height h∞ of the avalanche depends on the initial height h0, a good estimate

of h0 is essential for this model. The Voellmy-Salm model is sensitive to the choice of parameters

µ and ξ, and widely different combinations of parameters can result in the same runout distance

computed. According to Norem (2014), the value for the runout distance x∞ is most sensitive

to the choice of µ, while the value of the terminal velocity u∞ is most sensitive to the choice of

ξ. Due to very limited data on avalanche speed and runout distances, the choice of parameters

remains uncertain (Issler, 2004). Buser and Frutiger (1980) propose µ= 0.157 and ξ= 1067 ms−2
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based on the back-calculation of ten extreme avalanche events.

3.1.2 The Voellmy-Salm model as a 1D model

For 1D models, the length of the avalanche is no longer considered negligible. Instead, the

avalanche is divided into a number N of blocks (Figure 3.2).

i

α

x

α

N

1

...

...

Fg i

Fr i

Fi i+1

Fi−1i

mi g

Figure 3.2: Setup of the 1D model.

The acceleration of block i is given by

ai = 1

mi

(
Fg i −Fr i − vi qi +Fi−1i −Fi i+1

)
, (3.7)

where Fi−1i is the force exerted by block i −1 on block i and the other terms are as defined

for the point mass model in Section 3.1.1. The force Fi−1i is modelled as the resultant of a hy-

drostatic pressure at the interface between blocks i −1 and i , adjusted by a factor λi to account

for the fact that snow is not a perfect fluid:

Fi−1i = ρiλi
h2

i−1/2

2
wi g cosα, (3.8)

where hi−1/2 is the height at the interface, hi and wi are the height and the width of block i , and
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ρi is the density of the snow in block i . In the following, it is assumed that wi = w and ρi = ρ are

constant. By considering conservation of mass and momentum for each block, two differential

equations are derived:

∂h

∂t
+ ∂ (hu)

∂x
= q

∂ (hu)

∂t
+ ∂

(
hu2

)
∂x

=−g
∂

∂x

(
λ

h2

2
cosα

)
+ g h

(
sinα−µcosα

)− g

ξ
u2

(3.9)

The model assumes that the entrained or detrained snow mass has zero velocity.

The 1D model can be extended to two dimensions. There are many implementations of

both 1D and 2D models. Two of those are the packages AVAL-1D (1D, Christen et al. (2002)) and

RAMMS (2D, Christen et al. (2010)).

3.2 The energy line

Since the height of a snow avalanche is small compared to its length and width, many dynamical

models for snow avalanche flow use a depth-averaged velocity profile. This justifies the appli-

cation of Bernoulli’s equation for uniform fluid flow:

u2
1

2g
+ p1

ρg
+ z1 =

u2
2

2g
+ p2

ρg
+ z2 +hL , (3.10)

where u1, p1, z1 and u2, p2, z2 are the flow velocity, the fluid pressure, and the elevation above

an arbitrary reference level at points 1 and 2, respectively. The terms u2

2g , p
ρg and z are called

the velocity head, the pressure head, and the elevation head, respectively. The difference in

total head at points 1 and 2 is equal to the head loss hL , which consists of frictional losses h f

and singular losses hs . Considering snow avalanches, h f = µcosα+ u2

ξh per unit length of the

avalanche path with the Voellmy-Salm approach. A singular loss hs of the form K u2

2g , where K

is a constant, may occur as the avalanche hits an obstacle in the avalanche path. The effect

of multiple obstacles is not generally equal to the sum of the effects of each single obstacle as

obstacles may interact. In a forest, one would expect there to be a singular loss at each tree due
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to the avalanche hitting the tree, but one would also expect there to be singular losses as the

snow masses contract and expand between the trees.

For open channel flow, the fluid pressure p is equal to the hydrostatic pressure ρg h at that

point, where h is the flow depth. Assuming that the flow depth is constant,

u2
1

2g
+ z1 =

u2
2

2g
+ z2 +hL . (3.11)

An energy line is a diagram of the total head u2

2g + z plotted against the channel profile. The

term u2

2g may be considered as the kinetic energy of the flow, and the term z as the potential en-

ergy. An example of an energy line for a snow avalanche is given in Figure 3.3. From the defini-

tion of hL according to the Voellmy-Salm approach, we see that if Coulomb friction is dominant,

the energy line will be straight with a slope equal to µ. For a number of back-calculated snow

avalanches, an average slope of 0.4 : 1 was found (Norem, 2014).

Figure 3.3: Profile of Nakkefonna, Norway, with back-calculated energy line and velocity profile.
From: Norem et al. (2006).

3.3 The Froude and Reynolds numbers

The flow of a fluid is governed by three types of forces: an inertial force Fi = ρu2L2 related to the

rate of change of flow velocity, a viscous force Fv = µuL = ρνuL related to the fluid’s resistance
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to shearing, and a gravitational force Fg = ρL3g , where ρ, µ, and ν are the fluid’s density and

dynamic and kinematic viscosity, respectively, u is the flow velocity, and L is a characteristic

length. For a snow avalanche, L may be the flow depth or the width of an obstacle.

The Froude number Fr, the square root of the ratio between the inertial forces and the gravi-

tational forces, Fi
Fg

= u2

g L , determines whether a fluid flow is fluvial (subcritical, Fr < 1) or torrential

(supercritical, Fr > 1). For dense avalanches, generally 5 ≤ Fr ≤ 10 (Issler, 2004).

The ratio between the inertial forces and the viscous forces, Fi
Fv

= uL
ν is called the Reynolds

number, Re. It determines how turbulent a flow is. For sufficiently large velocity gradients in

the flow (Re > 2500), vortices will occur and in turn induce new velocity gradients. Smaller

and smaller vortices are created until the viscous forces are relatively large enough to dampen

out new vortices. If the viscosity is very large (Re < 2000), no vortices will occur, and the flow

is said to be laminar. Following the Voellmy-Salm approach, for a snow avalanche the shear

force Fv = ρL3g (µcosα+ u2

ξL ). Substituting this into the definition of the Reynolds number,

ReVoellmy = u2

µg L cosα+ u2
ξ/g

→ ξ
g as u →∞. This means that with ξ= 1067 ms−2 as proposed by Buser

and Frutiger (1980), ReVoellmy, max ≈ 100, and snow avalanche flow should be laminar. Note that

ReVoellmy = 1

µcosα+ u2
ξL

Fr2. A plot of ReVoellmy as a function of u with µ = 0.157, ξ = 1067 ms−2, a

slope angle α= 35°, and L = 0.5, 1, and 2 m is shown in Figure 3.4.

Figure 3.4: The Reynolds number according to the Voellmy-Salm approach as a function of the
flow velocity u of the avalanche, with µ = 0.157, ξ = 1067 ms−2, a slope angle α = 35° and a
characteristic length L of 0.5, 1, and 2 m.
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3.4 Flow around cylindrical obstacles: flow regimes

It is important to bear in mind that while a tree is not surrounded by snow prior to being hit by an

avalanche, fluid dynamics considers a cylinder that is immersed in a uniform fluid flow. Further,

if the fluid is initially at rest, the final flow pattern does not develop until some time. The fully

developed flow pattern depends on the ratio between the inertial forces and the viscous forces,

the Reynolds number, as shown in Figure 3.5.

Figure 3.5: Regimes of fluid flow across a circular cylinder. From: Lienhard (1966).
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For a snow avalanche with a Reynolds number between 40 and 100, one would expect a flow

regime with a laminar vortex street. In this regime, the inertial forces are so much larger than

the viscous forces that the flow along the surface of the cylinder separates at the so-called point

of separation. In the wake on the downstream side of the cylinder, vortices are shed alternately

from the left and the right side of the cylinder with a frequency f0 = u∞
D St, where u∞ is the up-

stream flow velocity, D is the diameter of the cylinder, and St ≈ 0.2 is the Strouhal number. With

an avalanche speed of the order of 10 ms−1 and a tree diameter of the order of 0.1 m, the vortex

shedding frequency will be of the order of 10 Hz. As the avalanche is slowed down by the forest,

one would expect a transition to a flow regime with a fixed pair of vortices in the wake and fi-

nally, to a regime of unseparated flow.

Nicolle and Eames (2011) simulate the flow through and around a circular array of cylinders

for a range of void ratios φ = NC

(
D

DG

)2
, where NC is the number of cylinders, D is the cylinder

diameter, and DG is the diameter of the array. The Reynolds number of the array is 2100. Three

different flow regimes are observed (Figure 3.6). For low void ratios (φ < 0.05) (Figure 3.6a),

the cylinders have uncoupled individual wakes where vortex shedding occurs. For intermediate

void ratios (0.05 < φ < 0.15) (Figure 3.6b), a stable wake is generated behind the array. The in-

dividual wakes interact to quickly eliminate any vortices. For high void ratios (φ> 0.15) (Figure

3.6c), the array generates a wake that is similar to that of a solid cylinder of the same scale.

(a) (b) (c)

Figure 3.6: Vorticity fields for circular arrays with seven (3.6a), 39 (3.6b), and 95 (3.6c) cylinders.
From: Nicolle and Eames (2011).
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3.5 Flow around cylindrical obstacles: forces

Under the assumption that a fluid is incompressible, irrotational, and inviscid (ideal), the ve-

locity and pressure distributions of a uniform flow with upstream velocity u∞ and pressure p∞

about a cylinder with radius R are given by potential theory:

ur = u∞ cosθ

(
1− R2

r 2

)
uθ =−u∞ sinθ

(
1+ R2

r 2

)
p = p∞+ ρu2∞

2

R2

r 2

(
2cos2θ− R2

r 2

) (3.12)

Here, r and θ are polar coordinates with the origin at the centre of the cylinder. The resulting

velocity and pressure fields are shown in Figure 3.7, where x = r sinθ and y = r cosθ.

Figure 3.7: Velocity and pressure fields for uniform flow of an ideal fluid about a cylinder with
radius R. From: https://en.wikipedia.org/wiki/Potential_flow_around_a_circular_
cylinder.

Note that the pressure field is symmetric. In particular, the pressure at the surface of the

cylinder is given by p(r = R,θ) = p∞+ ρu2

2 (2cos2θ−1) with a maximum of p(R,0) = p∞+ ρu2

2 ,

the stagnation pressure. The components p∞ and ρu2

2 are called the free-stream static and free-

https://en.wikipedia.org/wiki/Potential_flow_around_a_circular_cylinder
https://en.wikipedia.org/wiki/Potential_flow_around_a_circular_cylinder
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stream dynamic pressure, respectively. Integrating over the surface of the cylinder, the total

force on the cylinder is zero. This is known as d’Alembert’s paradox. In reality, no fluid is com-

pletely inviscid. A common solution is to consider a boundary layer close to the surface of the

cylinder where viscous forces are significant. Outside of this boundary layer, potential theory is

applied.

Commonly, two types of forces acting on a cylinder are considered: a drag force Fd acting

in the direction of the flow and a lift force Fl acting in a transversal direction. The drag force

consists of two components, a friction drag due to the frictional forces acting along the sides of

the cylinder and a form drag due to pressure differences across the cylinder in the direction of

the flow. For circular cylinders, usually only the form drag is considered. Two snapshots of the

pressure distribution around a cylinder for a flow with Re = 100 are shown in Figure 3.8. On the

upstream side of the cylinder, the pressure is high, with its maximum at the stagnation point. All

around the downstream side of the cylinder, the pressure is low. The resultant force is the form

drag. The lift force, the resultant of pressure differences in the transversal direction, alternates

in direction depending on whether a vortex is shed on the left or right side of the cylinder.

Figure 3.8: Two snapshots of the pressure distribution of fluid flow with Re = 100 across a circu-
lar cylinder. From: http://xoptimum.narod.ru/eng/results/incompressible/cylinder/
cylinder.htm.

The drag force is expressed as a multiple of the free-stream dynamic pressure:

http://xoptimum.narod.ru/eng/results/incompressible/cylinder/cylinder.htm
http://xoptimum.narod.ru/eng/results/incompressible/cylinder/cylinder.htm
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Fd = 1

2
ρCd Au2, (3.13)

where A is the projected area of the cylinder normal to the flow direction. The dimension-

less drag coefficient Cd is a function of the Reynolds number and the relative roughness of the

cylinder. A plot of Cd against the Reynolds number is shown in Figure 3.9 for a rough and for a

smooth cylinder. For a Reynolds number of the order of 10-100, Cd ≈ 2.

Figure 3.9: The drag coefficient Cd as a function of the Reynolds number. From: http://www.
propellersafety.com/propeller-guard-reduced-drag/.

Holzinger and Hübl (2004) empirically find that the drag coefficient for snow avalanches

is a decreasing function of the Froude number for Froude numbers in the range 1 < Fr < 15:

Cd = 9Fr−1.2. According to this formula, the drag coefficient for snow avalanches with 5 ≤ Fr ≤ 10

will be in the range 0.6-1.3.

For a circular array of cylinders, force scatter plots are shown in Figure 3.10 for the same void

ratios as in Figure 3.6. For low void ratios (Figure 3.10a), the drag force acting on an upstream

cylinder is similar to that acting on an isolated cylinder while the lift force is slightly larger. For

cylinders further downstream, both the drag force and the lift force are larger as the flow is ac-

http://www.propellersafety.com/propeller-guard-reduced-drag/
http://www.propellersafety.com/propeller-guard-reduced-drag/
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celerated between the upstream cylinders. For intermediate void ratios (Figure 3.10b), the drag

force acting on the individual cylinders is steady, with the force on the upstream cylinders dom-

inating the total force on the array. The total lift force on the array is negligible. For large void

rations (Figure 3.10c), the lift forces are significant.

(a) (b) (c)

Figure 3.10: Force scatter plots for circular arrays with seven (3.10a), 39 (3.10b), and 95 (3.10c)
cylinders. From: Nicolle and Eames (2011).



Chapter 4

Experiments

In this chapter, a series of chute experiments with a granular material is described. In particular,

we describe the materials used for the chute and for the granular material, the design of the

chute, and the equipment used for measuring and recording data. Further, the parameters to

be varied and the parameters to be measured are given, along with a detailed description of the

experimental program and procedure.

4.1 Objectives

In this thesis, we model the dense core of a dry snow avalanche released above and flowing into

a forest in order to study the braking effect the tree stems have on the moving avalanche. The

effect a forest in the release zone may have in inhibiting avalanche formation is not considered.

The powder cloud of dry snow avalanches may cause significant damage in a forest by stripping

the branches off trees and cutting off the tree tops in entire forest stands (Steinar Nordal, pers.

comm.). We model only the tree stems, not the branches and crowns.

Four phenomena that may be considered when studying the flow of a snow avalanche through

a forest are: (1) the hydrodynamic effect of a group of rigid obstacles in the flow path (normal

and oblique shocks, interaction of shock waves, dead zones in front of the obstacles, jets, con-

traction and expansion of the flow), (2) reinforcement of the snow by broken trees, (3) energy

loss due to entrainment of broken trees in the flow, and (4) energy loss due to breaking and

overturning of trees. This study will focus on phenomenon (1) with the objective of answering

35
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the following key questions:

1. Which hydrodynamic effects do we observe as the avalanche moves through the forest?

2. How do key parameters of the flow (flow depth, front velocity, runout distance) change as

compared to a reference experiment?

4.2 Scaling

In order to be able to predict the behaviour of full-scale snow avalanches based on the results

from small-scale laboratory studies with powder or granular materials, the experimental param-

eters need to be scaled correctly. Iverson et al. (2004) derive four similarity criteria assuming that

the dynamic response of the avalanche (u,τ) is a function of its physical properties as a granular

material and the slope angle α:

(
u√
g l

,
τ

ρg h

)
= f

(
NP , NR ,c?,E?

)
, (4.1)

where NP =
p

l/g
µh2/kE

, where k is the hydraulic permeability of the granular mixture, is a timescale

ratio between the timescale for avalanche motion and the timescale for the diffusion of ex-

cess pore pressure, NR = ρh
p

g l
µ

is a Reynolds number with
√

g l as the characteristic velocity,

and c? and E? are the cohesion and the bulk stiffness normalized by the characteristic stress

ρg h. In an ideal granular avalanche, the effects of fluid pressure, viscosity, intergranular col-

lisions, and bulk compression on the motion of the avalanche are negligible, that is, where

NP , NR ,E?→∞ and c?→ 0. However, if the pore fluid is at least as viscous as water, the motion

of large avalanches containing water will be affected by the pore pressure, while the motion of

small, laboratory scale avalanches will be affected by viscosity. The bulk stiffness E?À 1 for both

small-scale and large-scale avalanches, while the cohesion c? can have a much larger effect on

small-scale than on large-scale avalanches. One example of cohesive forces is the electrostatic

attraction of grains to surfaces of the experimental apparatus. In order to limit electrostatic ef-

fects, Iverson et al. (2004) carry out their experiments under an ion emission hood and apply an

antistatic aerosol. Further, the relative humidity is limited to 30-70 %.
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In this study, we apply a geometric similarity criterion given by a length scaling r and a ki-

netic similarity criterion. Assuming that the flow of a dry snow avalanche is dominated by grav-

ity rather than viscosity, the Froude number is chosen as a kinematic similarity criterion. From

Chapter 3, we know that Re = 1

µcosα+ u2
ξL

Fr2 with the Voellmy-Salm approach. If Coulomb friction

is dominant and the friction coefficient µ and the slope angle α are the same in nature and in

the model, kinematic similarity is also given for the Reynolds number. The two similarity criteria

give the following scalings:

Length: r
Volume: r 3

Velocity:
p

r
Time:

p
r

Although the braking effect of trees on snow avalanches is the subject of this study, we did

not measure the impact force exerted by the flow on the obstacles. It is, however, important that

the force scales correctly so that the braking effect is not overestimated. From Chapter 3, we

know that the dynamic drag coefficient CD is a function of the Froude number for 1 < Fr < 15.

With the similarity criterion on the Froude number, the impact forces should therefore scale

correctly.

4.3 Experimental setup

4.3.1 Granular material

In previous small-scale laboratory studies on the flow of dry snow avalanches, the snow has

been modelled by either powder or granular materials. Powder materials have been used to

model dry snow avalanches with an aerosol cloud (Bozhinskiy and Sukhanov, 1998). A wide

range of granular materials have been used: spherical glass beads with a diameter of 3 and 5

mm, plastic lens-shaped beads, and quartz and marmor granulates (Hutter and Koch, 1991;

Greve and Hutter, 1993; Hutter et al., 1995; Wieland et al., 1999), sugar sprinkles (Gray et al.,

2003), sand (Hákonardóttir et al., 2001), and spherical glass beads (ballotini) with a diameter

of 0.1 mm (Hákonardóttir et al., 2001; Brateng, 2005; Hauksson et al., 2007). We used spherical
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glass beads (Ballotini Solid Soda Glass Balls, SiLibeads, Sigmund Lindner GmbH, ordered from

VWR) with a diameter of 0.090-0.15 mm. The bulk density, the internal friction angle (assumed

to be equal to the angle of repose), and the static and dynamic bed friction angles (relative to

the bed surface described in Section 4.3.2) are given in Table 4.1.1

Table 4.1: Bulk density ρ, internal friction angleφint , and static and dynamic bed friction angles
φbed, stat and φbed, dyn of the ballotini.

ρ (kg/m3) φint (°) φbed, stat (°) φbed, dyn(°)
1583 23-26 37-41 27-28

4.3.2 Chute

The chute has a wooden frame and consists of three sections: an upper, or “starting”, section 200

mm wide and 1500 mm long, a middle, or “forest”, section 1020 mm wide and 2000 mm long, and

a lower, or “runout”, section 1040 mm wide and 2000 mm long. The upper and lower sections

as well as the top and bottom of the middle section are made of plywood with a thickness of

10 mm. The middle section consists of three aluminium plates with a thickness of 10 mm and a

width and length of respectively 1000 and 480 mm. The lower section is fixed with an inclination

of 10°. The three sections are hinged together so that the inclination of the middle and upper

sections can be varied. For this study, both the upper and the middle sections were inclined at

an angle of 35°. The setup of the chute is shown in Figure 4.1.

1The values given in Table 4.1 should be considered crude estimates. The internal friction angle was determined
by pouring about 100 ml of ballotini onto a piece of aluminium foil and measuring the height and diameter of the
resulting cone-shaped deposit. The static and dynamic bed friction angles were determined using a wooden board
with the same bed surface as the chute. A rectangular area of 6 by 12 cm on the board was covered with a thin layer
of ballotini, and the board was inclined until the ballotini began to move. The height was read off from a scale, and
the board was quickly lowered again until the ballotini stopped. Again, the height was read off.
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(a) Drawing of the chute viewed from above.

(b) Drawing of the chute viewed from the side.

(c) Photo of the chute.

Figure 4.1: Setup of the chute.



CHAPTER 4. EXPERIMENTS 40

Forest

Each aluminium plate has a rectangular grid of 33 by 16 pre-drilled holes with a diameter of

3.3 mm and a spacing of 30 mm, where each grid point represents a position where a tree may

grow. The trees were modelled using metal pins cut from filler rod with a diameter of 3.2 mm.

The metal pins have a length of 60 mm and were inserted into the holes to a depth of 10 mm.

Release mechanism

The top 30 cm of the upper section are used as a container from which the granular material is

released by rapidly pulling up a wooden plate. The plate can either be pulled out, opening the

container completely, or pulled up to metal brackets that can be screwed to the side walls for an

opening of 1, 2, 3, 4, or 5 cm (Figure 4.2).

Figure 4.2: Container with metal brackets screwed to the side walls. Here, the wooden plate can
be pulled up for an opening of 5 cm.

Surface

Snow avalanche motion may be viewed as the motion of a granular material along a rough sur-

face. We considered surface materials with a roughness of one grain diameter. First, a frosted

plastic film (Frostet innsynsvern 200x60 cm, bought at JULA) was tried. Trial experiments showed

that the movement of the glass beads (which are electropositive) along the plastic (which is

electronegative) generated an electrostatic charge. The more experiments were carried out, the

more charge built up. Due to the increasing electrostatic attraction between the surface and the

grains, the experiments were not repeatable. In order to prevent the generation of static elec-

tricity, the plastic film was sprayed with an antistatic aerosol (Vinylglans, bought at Biltema).

The silicone oil contained in the spray, however, gradually changed the consistency of the gran-
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ular material from that of fine, dry sand to that of moist sand. Again, experiments were not

repeatable.

Instead, the surface of the upper and the middle section of the chute was covered with

double-sided removable carpet tape (TESA Teppetape Avtagbar 25 m, ordered from BAUHAUS)

which was covered with a thin layer of ballotini. By choosing the same material for the surface

as for the snow, there would be no difference in electron affinity. Trial experiments confirmed

that experiments now were repeatable. The lower section of the chute was left uncovered.

4.3.3 Filming equipment

The experiments were filmed from above and from the side with two GoPro Hero 4 Black cam-

eras with a resolution of 1920x1080 (Full HD) and a frame rate of 60 fps. Figure 4.3 shows the po-

sitions of the cameras. The cameras were positioned precisely using the software GoPro Camera

Control 2 (http://www.tequnique.com/gopro) to live-stream the current view of the camera

to a PC screen. GoPro’s remote control Smart Remote was used to start and stop the two cameras

simultaneously.

Figure 4.3: Positions of the two cameras: one above the chute to the left in the photo, and one
fixed to the side wall along the middle section of the chute to the right in the photo.

4.4 Parameters

In this thesis, we study the front velocity and the flow depth of the avalanche as it moves through

the forest as a function of its incident front velocity, the stem diameter of the trees, and the forest

http://www.tequnique.com/gopro
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density. Further, we recorded the runout distance of each avalanche. The parameters and their

range of values in prototype and model scale with a length scaling of r = 1 : 100 are summarized

in Table 4.2.

Table 4.2: Parameters and range of values in prototype and model scale.

Parameter Prototype Model
Incident front velocity 10-30 ms−1 1-3 ms−1

Stem diameter 32 cm, 60 cm 3.2 mm, 6 mm
Forest density 10%, 25%, 50%, 90% 10%, 25%, 50%, 90%
Front velocity 10-30 ms−1 1-3 ms−1

Flow depth 0.5-2 m 5-20 mm
Runout distance 0-200 m 0-200 cm

4.4.1 Parameters to be varied

Incident front velocity

We used three different values for the incident front velocity of the avalanche. Three possible

ways of varying the incident front velocity were considered: 1. varying the inclination of the

middle and upper sections of the chute, 2. varying the initial flow depth of the avalanche, and 3.

varying the mass of ballotini. The trial experiments described below were carried out without a

forest.

Possibility 1 was considered impractical, and the inclination of the middle and upper sec-

tions of the chute was fixed at 35° (see Section 4.3.2).

Ideally, the avalanche should attain its terminal velocity before hitting the forest, and any

acceleration or deceleration of the avalanche along the forest section should be due to the pres-

ence of the trees. For moderate angles of inclination, the flow on an inclined plane is steady and

uniform if the flow depth h is greater than a threshold depth h(α), where α is the inclination

of the plane. If the inclination is too large, the flow will accelerate along the plane (Pouliquen,

1999; G. D. R. MiDi, 2004). This is the basis of Possibility 2. For the fixed inclination of 35°, we

carried out a number of trial experiments with initial flow depths of 1, 2, 3, 4, and 5 cm. The flow

depth was varied by varying the opening of the container from which the avalanche is released.

As an indicator of the velocity of the avalanche, the runout distance was measured (see Section
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4.4.2). In accordance with Pouliquen (1999), it was found that the runout distance increased

with increasing initial flow depth. For flow depths of 1 and 2 cm, however, the runout distance

was considered too short (bearing in mind that the presence of a forest would further shorten

the runout distance). From 3 to 4 cm, the increase in runout distance was about 15 cm, and

from 4 to 5 cm it was about 10 cm. Bearing in mind a certain natural variability in the runout

distances, this increase was considered very small.

For Possibility 3, the container was opened completely so that all ballotini were released at

the same time. A number of trial experiments were carried out with different masses of ballotini.

Again, the runout distance was measured as an indicator of the avalanche’s velocity. We also

measured the flow depth at the bottom of the starting section (see Section 4.4.2). For masses of

2, 4, and 6 kg, the corresponding flow depths were about 6, 9, and 12 mm. The runout distance

increased by about 40 cm from 2 to 4 kg and by about 25 cm from 4 to 6 kg. This was considered

sufficient, and Possibility 3 was chosen with the three masses 2, 4, and 6 kg. A scale with a

precision of 1 g was used to weigh out the correct mass of ballotini before each experiment. A

frame-by-frame video analysis (see Section 4.4.2) indicated that the avalanche did not accelerate

along the forest section.

Stem diameter

For practical reasons, only two different stem diameters were used: a diameter of 3.2 mm and

a diameter of 6 mm. For the value of 3.2 mm, the metal pins were used as trees by themselves.

For the value of 6 mm, 50 mm long pieces of PVC tubes with an inner diameter of 4 mm and an

outer diameter of 6 mm (ordered from VWR) were threaded onto the metal pins. The metal pins

and pieces of PVC tube are shown in Figure 4.4.
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(a) Metal pins with a diameter of 3.2 mm. (b) Pieces of PVC tubes with an inner diameter of 4
mm and an outer diameter of 6 mm.

Figure 4.4: Varying the stem diameter.

Forest density

The forest density is the fraction of grid points where trees are growing. As we assume that

an existing forest does not grow in a regular pattern, a MATLAB code was written to generate

a random pattern of trees within a grid of 33 by 16 points for a given density (Appendix A.1).

Three such patterns give one forest configuration. For each of the densities 10%, 25%, and 50%,

two random forest configurations were generated. Metal pins were inserted into the aluminium

plates according to the patterns for each configuration, creating holes in the surface cover of the

forest section. When switching between configurations, redundant existing holes were plugged

by pushing down the metal pin. Along the top and bottom rows and the leftmost and rightmost

columns, the aluminium plates are screwed to the wooden frame so that redundant metal pins

had to be taken out. The holes were sealed with a piece of double-sided Scotch tape covered

with a layer of ballotini. For a density of 90%, metal pins were inserted into the existing holes

from the forest configurations for 10%, 25%, 50%, and 90%. The seven configurations used are

given in Appendix B.

4.4.2 Parameters to be measured

Front velocity

To compute the front velocity of the avalanche along the forest section of the chute, the videos

with a front view of the chute were analysed frame-by-frame using the free software VirtualDub,
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version 1.10.4. The bottom of the chute was marked with lines with a spacing of 1 cm normal

to the flow direction (as well as with a spacing of 10 cm parallel to the flow direction in order to

show the width of the avalanche), and the avalanche front’s position was read off to the closest

centimetre for each frame. As the avalanche generally does not have a well-defined front, the

front position was taken to be the average of the two points furthest down the chute, one within

10 cm to the left and one within 10 cm to the right of the centre line. The front velocity was

computed as the average of three consecutive frames.

Flow depth

For practical reasons, the flow depth in unforested terrain was measured at the bottom of the

upper chute. A sheet of mm-paper was fixed to one of the side walls as shown in Figure 4.5a,

and the maximal flow depth was read off manually as the avalanche flows past upon release

from the container. The accuracy is about +/- 1 mm. In order to measure the flow depth in

forested terrain, ten trees within the view of the side camera were marked with a scale as shown

in Figure 4.5b. The red lines of the scale are 5 mm apart. The flow depth at each tree was read off

frame-by-frame to the nearest 5 mm in an analysis of the videos with a side view of the chute.

(a) Sheet of mm-paper from which the flow depth
at the bottom of the upper chute is read off.

(b) Trees with a scale from which the flow depth in
the forest section is read off.

Figure 4.5: Measuring the flow depth.
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Runout distance

The runout distance as measured from the top of the runout section of the chute indicates the

forest’s braking effect without further analysis. The bottom of the chute was marked with lines

with a spacing of 10 cm normal to the flow direction (as well as parallel to the flow direction

in order to show the width of the runout), and a 30 cm plastic ruler was used to measure the

distance from the closest line. The runout distance was recorded with a precision of 0.5 cm.

Some runouts had a clearly defined front, while others had a two-part front with a very thin

layer of ballotini in front of a markedly thicker layer (Figure 4.6). In the latter case, the runout

distance of the thicker layer was recorded with the runout distance of the thin layer given in

parentheses.

(a) Runout with a clearly defined front. (b) Runout with a two-part front.

Figure 4.6: Runouts with different types of fronts.

4.5 Experimental program and procedure

In total, 54 experiments were carried out in sets of six experiments per day. On the first and last

day (Days 1 and 9), we carried out reference experiments without a forest. On both days, two

experiments each with 2, 4, and 6 kg of ballotini were carried out in random order. This enabled

us to check for repeatability both within the same day and from the first day to the last day. The

program for the reference experiments is given in Table 4.3.
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Table 4.3: Program for the reference experiments.

Day Mass of ballotini (kg)
2 4 6

1 1 x
2 x
3 x
4 x
5 x
6 x

9 49 x
50 x
51 x
52 x
53 x
54 x

The program for the experiments with a forest is given in Table 4.4. Each day, the six experi-

ments for one forest configuration – one experiment each with 2, 4, and 6 kg of ballotini for each

of the two stem diameters 3.2 and 6 mm – were carried out. For each forest configuration, the

experiments were grouped into two subsets of three experiments, one with the three masses for

the first stem diameter and one with the three masses for the second. Within each subset, the

order of the masses was random. On the day with the second forest configuration for the same

forest density, the order of the two subsets was switched. For time reasons, the experiments with

a forest were not repeated.
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Table 4.4: Program for the experiments with a forest.

Day Mass of ballotini (kg) Stem diameter (mm) Forest density (%)
2 4 6 3.2 6 10 25 50 90

2 7 x x x
8 x x x
9 x x x

10 x x x
11 x x x
12 x x x

3 13 x x x
14 x x x
15 x x x
16 x x x
17 x x x
18 x x x

4 19 x x x
20 x x x
21 x x x
22 x x x
23 x x x
24 x x x

5 25 x x x
26 x x x
27 x x x
28 x x x
29 x x x
30 x x x

6 31 x x x
32 x x x
33 x x x
34 x x x
35 x x x
36 x x x

7 37 x x x
38 x x x
39 x x x
40 x x x
41 x x x
42 x x x

8 43 x x x
44 x x x
45 x x x
46 x x x
47 x x x
48 x x x
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Procedures for preventing the build-up of electrostatic charges

The experiments were carried out in NTNU’s pile laboratory at the Department of Civil and

Transport Engineering. A simple hygrometer from Clas Ohlson (http://www.clasohlson.com/

no/Termometer-hygrometer/36-1264) was used to measure the temperature and relative hu-

midity at the laboratory. The temperature was between 18 and 24°C every day, usually increas-

ing by about 2°C from morning to evening. The accuracy of the hygrometer is, according to the

product website, +/- 5% at room temperature for relative humidities between 25 and 95%. Most

days, the relative humidity was below 25%. At low relative humidities, static electricity can have

a particularly strong effect as it takes a long time until the electrostatic charge has been neutral-

ized by the moisture in the air. To further prevent electrostatic charges from building up on the

surfaces of the chute and on the ballotini, the ballotini were brushed off the upper and middle

section of the chute after each experiment using a carbon fiber brush (hama Platebørste, bought

at Clas Ohlson). Between the trees, a small paint brush was used. On the lower section, a plastic

brush was used to brush off the bulk of the ballotini. Any remaining ballotini were wiped off

using a microfiber cloth (Figure 4.7a). Before being weighed for the next experiment, the bal-

lotini were sieved through an earthed metallic mesh to remove any electrostatic charge on the

ballotini (Figure 4.7b). The ballotini were sieved into a metallic bowl, and a metallic cup was

used to add or remove ballotini from the bowl (Figure 4.7c).

(a) Brushes. (b) Earthed metallic mesh. (c) Metallic bowl and cup.

Figure 4.7: Equipment used to prevent the build-up of electrostatic charges.

http://www.clasohlson.com/no/Termometer-hygrometer/36-1264
http://www.clasohlson.com/no/Termometer-hygrometer/36-1264


Chapter 5

Results

In this chapter, we present the results of the chute experiments described in Chapter 4. In Sec-

tion 5.1, we describe the flow of the avalanche phenomenologically by example of selected ex-

periments. Snapshot sequences of the corresponding videos are given in Appendix C, with the

videos with a front view in Section C.1 and the videos with a side view in Section C.2. Photos

of the corresponding runouts are given in Appendix D. We describe characteristic phenomena

of the flow and look at how those phenomena are affected by different incident front velocities,

stem diameters, and forest densities. The results of the measurements of the three parameters

front velocity, flow depth, and runout distance are presented in Section 5.2. The raw data from

the manual measurements of the flow depth at the bottom of the upper chute and the runout

distance are given in Appendix E.

5.1 Phenomenological description of the flow of the avalanche

5.1.1 General description of flow characteristics

In this section, we give a detailed description of the flow of the avalanche from the top to the

bottom of the middle section of the chute. The flow of the avalanche through unforested terrain

is described by example of reference experiments carried out before and after the forest experi-

ments with a mass of 4 kg (Experiments 2 and 49), and the flow of the avalanche through a forest

is described by example of an experiment with a mass of 4 kg, a stem diameter of 3.2 mm and a

50
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forest density of 50% (Experiment 19). We also describe the runout.

Reference experiments carried out before the forest experiments

First, we describe the flow of the avalanche without a forest for the reference experiments car-

ried out before the forest experiments (Figures C.2 and C.13). Upon leaving the upper section of

the chute, the avalanche begins to expand sideways (Figure C.2a). It appears that rather than

expanding at the base, the avalanche expands by ballotini rolling off the top surface of the

avalanche. The degree of expansion increases from the front towards the tail, with the width

of the front remaining at 20 cm throughout its motion down the middle section of the chute.

This gives the avalanche an oval shape (Figures C.2b and C.2c). From measuring the flow depth

at the bottom of the upper section of the chute, we know that the flow depth of the avalanche

increases from the front, attains a maximum, and decreases again towards the tail. The greater

the flow depth, the more ballotini will have to roll off until the angle between the top surface of

the avalanche and the ground no longer is greater than the angle of repose. The flow depth of

the avalanche remains largest in the central 20 cm, which becomes apparent as all ballotini have

left the upper chute and the flow depth gradually decreases (Figure C.2f). Figure C.2f also shows

the maximum lateral expansion of the avalanche. We see that the degree of expansion increases

linearly from the top to the bottom of the middle section of the chute, with a width of about 40

cm at the bottom of the first aluminium plate and a width of about 55 cm at the bottom of the

third aluminium plate.

The lateral expansion of the avalanche is also visible from the side (Figures C.13b-C.13e). As

the avalanche moves down the chute, streaks along the lateral edge of the avalanche come into

view (Figure C.13c). Those streaks become more pronounced with time (Figure C.13d). New

streaks appear closer and closer to the centre of the avalanche (Figure C.13f). The streaks may

be created as ballotini roll off the moving avalanche and are layered on top of each other to the

right and left of the central 20 cm, and all layers continue to move simultaneously.

Streaks in the direction of flow are also visible in a photo of the runout (Figure D.1). The

streaks can be seen as a pattern of crests and troughs. Most clearly, however, one can see the

contours of a layering normal to the direction of flow. The contours follow the shape of the front

of the runout. The layering may be created as ballotini close to the surface of the avalanche
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continue to move on top of ballotini that already have come to rest due to the frictional forces

between the ballotini and the surface of the chute, depositing ballotini from behind on top of

ballotini in front. The front of the avalanche comes to rest first before the rest of the avalanche

is deposited in layers behind.

In the videos both from above and from the side, we see that the front of the avalanche is

frayed. A reason for this may be that the strips of carpet tape on the upper section of the chute

were not laid perfectly adjacent to each other but have some overlap and gaps. Another possible

reason is that the front of the avalanche moves by saltation rather than gliding. According to

Norem et al. (1987), there is a critical angle of inclination at which dispersive pressures become

larger than the overburden pressure. At the front of the avalanche, the flow depth is very low so

that the overburden pressure will be small. For glass beads, the critical angle is between 26° and

32°, which is less than the angle of inclination of the upper and middle sections of the chute.

The lower chute has an angle of inclination less than the critical angle, and we see that the front

of the runout is smooth.

Experiments with a forest

Figures C.5 and C.16 show the flow of the avalanche through a forest. The front of the avalanche

appears to pass the first row of trees almost unhindered by simply flowing around the trees

(Figure C.5a). Behind the trees, a grain-free region opens up. As more ballotini enter the middle

section of the chute and hit the trees, the grain-free regions widen. Rather than flowing around

the trees, the ballotini are thrown up and around the trees in a fan (Figure C.5b). The more

ballotini that hit the trees, the larger the fans become.

The flow density of the avalanche may play a crucial role. If the front of the avalanche moves

by saltation, the flow density near the front will be much lower than that of a dense-flowing core.

The packing of the glass beads will be quite loose. This means that the mass of ballotini can be

compressed into a denser packing to be able to flow in between the trees. As the flow depth

of the avalanche increases from the front towards the tail, the overburden pressure increases.

With an increasing flow density, the ballotini may approach their densest packing so that they

no longer can be compressed further. When hitting a tree, the ballotini therefore have to climb

up the tree before they can move around, creating a fan.
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The front of the avalanche continues to flow around the trees in its path. Initially, no other

fans are created. A reason for this may be that a large number of ballotini are slowed down in

their motion and thrown into suspension by the fans in the first row of trees. As the avalanche

continues its movement, however, large fans are created also behind some of the trees further

down the chute (Figure C.5d). A possible reason is that the ballotini that were thrown up into

suspension fall down again so that the amount of ballotini at the densest packing increases

again. It appears that large fans are created primarily behind trees that have no immediate

neighbours diagonally upstreams. A reason for this may be that the ballotini move towards those

trees by gliding or saltation rather than being thrown at them from fans at neighbouring trees.

The density of ballotini hitting those trees is therefore larger. The fans in the top row of trees,

however, remain the largest.

While the fans in the centre point in the direction of flow, the fans on the lateral edges of the

avalanche are asymmetric with the innermost wing of the fan pointing in the direction of flow

and the outermost wing of the fan pointing away from the direction of flow at an angle of about

20-40°. This leads to a lateral spreading of the avalanche to a maximum width of about 45 cm at

the bottom of the first aluminium plate and about 60 cm at the bottom of the second aluminium

plate. The width remains at about 60 cm along the third aluminium plate (Figure C.5j). This

means that more ballotini are spread sideways with a forest than without a forest, where the

avalanche expands into a triangular shape. After all ballotini have left the upper chute and the

avalanche thins, the fans narrow and decrease in height (Figures C.5j-C.5l).

The side view of the chute shows not only the lateral spreading of the avalanche, but also the

flow height. In Figure C.16a, one can see that the front of the avalanche passes through the forest

at a flow height similar to that in unforested terrain. Behind the front, however, clouds of ballo-

tini are thrown up into the air to increasingly greater heights (Figures C.16b-C.16g). Along the

lateral edge, one can observe the creation of fans at each tree. As the trees are hit by more ballo-

tini, the height of the fans increases (Figures C.16e-C.16h). Towards the tail of the avalanche, the

height of the fans decreases again (Figures C.16i-C.16o). Figure C.16p shows that a little wedge

of ballotini remains behind each tree after the avalanche has passed through the forest.

Figure D.5 shows the runout of Experiment 19. As for the reference experiment, the front

of the avalanche stops first before the rest of the avalanche is layered behind. The contours of
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the layers are visible in the figure. In addition, one can see grooves in the runout that appear

to follow the direction of the fans: in the direction of flow towards the centre of the runout,

and slightly away from the direction of flow towards the lateral edges. The distance between

two grooves appears to be about 3 cm, the minimum distance between two adjacent trees. The

runout is only slightly wider than the runout for the reference experiment, but much shorter.

The edges of the runout are jagged, while the edges of the runout for the reference experiment

are almost smooth.

Reference experiments carried out after the forest experiments

Finally, we give a description of the flow of the avalanche without a forest for the reference exper-

iments carried out after the forest experiments as compared to the reference experiments car-

ried out before the forest experiments (Figures C.11 and C.22). As in Experiment 2, the avalanche

expands into an oval shape. The degree of lateral expansion is the same for both experiments.

However, both the front and the lateral edges of the avalanche are more frayed than for Experi-

ment 2. At the centre of the chute, we see a fan being created (Figure C.11b). In both the front

and the side view, we can see streaks in the flow direction (Figures C.11c and C.22b). It appears

that those streaks are small fans that are created as the ballotini hit a piece of tape, a metal pin

that has not been pushed far enough into its hole, or the edges of a hole where a metal pin has

been pushed down too far (Figure C.22g). After the avalanche has passed, we can see parallel

streaks along the columns of trees (Figures C.11f and C.22h). This is a further indication of the

avalanche flow being disturbed by the holes in the carpet tape.

Also the edges of the runout are more frayed than for Experiment 2 (Figure D.11). In addition,

we can see parallel grooves in the direction of flow that appear to be created downstreams of

each column of trees. Again, this indicates that the holes in the carpet tape disturb the flow of

the avalanche.
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5.1.2 Description of flow characteristics for different incident front veloci-

ties

In this section, we look at how the phenomena described in Section 5.1.1 are affected by the

three different incident front velocities resulting from releasing 2, 4, and 6 kg of ballotini. The

characteristics of the flow are described by example of three reference experiments (Experi-

ments 1, 2, and 3), and three forest experiments with a stem diameter of 3.2 mm and a forest

density of 50% (Experiments 19, 20, and 21).

Reference experiments

Figures C.1, C.2, and C.3 and C.12, C.13, and C.14 show the flow of the avalanche for the three

masses respectively from above and from the side for the reference experiments. We see that for

all three masses, the avalanche expands into an oval shape (Figures C.1c, C.2c, and C.3c). The

degree of expansion, however, depends on the mass of ballotini. At the bottom of the first and

the third aluminium plate, the avalanche expands to a maximum width of about 35 and 50 cm

for 2 kg, about 40 and 55 cm for 4 kg, and about 45 and 60 cm for 6 kg (Figures C.1f, C.2f, and

C.3f).

From the side, we see some streaks in the direction of flow for all three masses (Figures C.12b,

C.13b, and C.14c). Those streaks become much clearer in Figures C.12e, C.13e, and C.14e, which

show the avalanche as it has reached its maximum lateral expansion. For 2 kg, there appear to

be streaks across the entire width of the avalanche, for 4 kg, there appear to be no streaks at the

centre of the avalanche, and for 6 kg, there are streaks only at the very edge of the avalanche.

The formation of streaks may be related to shear stresses between the individual layers of mov-

ing ballotini. In analogy to fluid dynamics, the bottom layer of ballotini may be stopped in its

motion by the bed friction (“no-slip condition”), inducing a shear stress between the bottom

layer and the layer above. The individual layers of ballotini will be slowed down in their motion

successively as the shear stress is transferred from layer to layer. As the shear stresses become

smaller towards the top surface of the avalanche, it is possible that streaks only form up to a cer-

tain flow depth. From measurements at the bottom of the upper section of the chute, we know

that the flow depth of the avalanche is smallest for 2 kg and largest for 6 kg. As the avalanche
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thins towards the tail, the amount of streaks close to the centre of the avalanche increases for

both 4 kg and 6 kg (Figures C.12f and C.13f).

The runouts for the three masses are shown in Figures D.1, D.2, and D.3. (As no photo was

taken of the runout for Experiment 1, a photo of the runout of Experiment 5 is shown instead.)

We see that while the runouts differ in width and length, with the runout for 6 kg being the

widest and longest followed by the runouts for 4 kg and 2 kg, the shape of the runouts is the

same. All three runouts have an elongated shape with a smooth curved front and fairly smooth

straight edges that show the layering of the runout from the side. The layering can also be seen

from above from contours in the shape of the front of the runout. In addition, all three runouts

have streaks in the direction of flow.

Experiments with a forest

For the forest experiments, the flow of the avalanche for the three masses is shown from above in

Figures C.5, C.6, and C.7 and from the side in Figures C.16, C.17, and C.18. The flow pattern ap-

pears to be the same for all three masses: the front of the avalanche passes unhindered through

the forest by flowing around the trees, while further behind, the ballotini are thrown around the

trees in fans that point in the direction of flow at the centre and away from the direction of flow

at an angle of about 20-40° close to the edges of the avalanche (Figures C.5f, C.6f, and C.7f). Al-

though the size of the fans for the different masses depends on the mass of ballotini, with the

fans for 6 kg being largest followed by the fans for 4 kg and 2 kg, the relative sizes of the fans for

each mass are the same: the largest fans are created in the top row of trees, and the largest of the

remaining fans are created behind trees without immediate neighbours diagonally upstreams.

In Figures C.5h, C.6h, and C.7h, we see the fans at their largest. The figures also show the de-

gree of lateral spreading of the avalanche for the three masses. The avalanche with a mass of 6

kg spreads the most, followed by the avalanches with masses of 4 kg and 2 kg. The maximum

spreading is shown in Figures C.5l, C.6l, and C.7l: about 50 cm for 2 kg, about 60 cm for 4 kg, and

about 70 cm for 6 kg. For 2 kg, this is the same as for the reference experiment. For 4 kg and 6 kg,

this is an increase by respectively 9.1% and 16.7% as compared to the reference experiments.

The degree of lateral spreading of the avalanche for the three different masses can also be

seen from the side. As the avalanche spreads sideways, small fans are created along the lateral



CHAPTER 5. RESULTS 57

edge of the avalanche for both 4 kg and 6 kg (Figures C.16g and C.17g), with the height of the

fans being largest for 6 kg. The reason for this is that the flow depth along the edge becomes

larger for 6 kg than for 4 kg. For 2 kg, the flow depth is too low for any fans to be created. From

the red markings on some of the trees, we see that clouds of ballotini are thrown up to heights

that increase from the front towards the tail of the avalanche for all three masses. At all times,

the height of the clouds is greatest for a mass of 6 kg, followed by 4 kg and 2 kg. Figures C.16g,

C.17g, and C.18f show the clouds at their maximum height.

Figures D.5, D.6, and D.7 show the runouts for the three experiments. The three runouts have

almost the same shape. The edges are more jagged than for the reference experiments, and the

jags are located in the same places for the three masses. The jags have, however, different sizes.

The runout for 6 kg has the largest jags and the runout for 2 kg the smallest. Also, the overall size

of the runouts is different. The runout for 6 kg is widest, longest, and appears highest, followed

by the runouts for 4 kg and 2 kg. On top of each runout, we see grooves that appear to follow the

direction of the fans. The grooves appear to have the same depth and the same relative length

for the three masses.

5.1.3 Description of flow characteristics for different stem diameters

In this section, we describe how the two stem diameters 3.2 and 6 mm affect the flow of the

avalanche through the forest. As examples, we use experiments with a mass of 4 kg and a forest

density of 50% (Experiments 19 (Figures C.5 and C.16) and 22 (C.8 and C.19)).

We see that for both stem diameters, large fans are created behind the first row of trees (Fig-

ures C.5b and C.8b). Those fans appear to be both higher and wider for 6 mm than for 3.2 mm.

A reason for this may be that due to the larger stem diameters, there is less room for ballotini to

flow in between the trees. In order for all ballotini to pass the trees, a larger amount of ballotini

will need to climb up the trees for 6 mm than for 3.2 mm. The front of the avalanche appears to

flow unhindered through the forest for both stem diameters. Narrow grain-free regions with a

width of about one tree diameter open up behind the trees. Although the fans behind the first

row of trees remain the largest, large fans are created downstreams of the first row for both stem

diameters some time after the front of the avalanche has passed (Figures C.5e and C.8e). Those

fans are created behind the same trees and appear to be of similar size for the two stem diame-



CHAPTER 5. RESULTS 58

ters. A reason for this may be that due to the fans in the first row being larger, more ballotini are

slowed down in their motion as they enter the forest for 6 mm than for 3.2 mm. The density of

ballotini at a given point further down the chute will therefore be less for 6 mm than for 3.2 mm,

and the ballotini can be compressed more until the densest packing is reached. As a result, the

fans do not become as large as they would have done had the density been the same as for 3.2

mm. However, the fans for 6 mm are wider so that the ballotini are spread sideways at a larger

angle for 6 mm than for 3.2 mm. Nevertheless, the degree of lateral spreading appears to be the

same for both stem diameters (Figures C.5l and C.8l).

From the side, we see the height that the clouds of ballotini are thrown up to. At all times,

the height of the clouds is somewhat greater for 6 mm than for 3.2 mm. The maximum height,

however, occurs later for 6 mm than for 3.2 mm (Figures C.16g and C.19h). This indicates that

the flow density for 6 mm is less than for 3.2 mm: at a given time, more ballotini have moved a

given distance for 3.2 mm than for 6 mm. In Figures C.16p and C.19p, we can see the wedges

of ballotini that are deposited behind the trees after the avalanche has passed through the for-

est. The wedges appear to have about the same height, but the width is the same as the stem

diameter so that the total volume of the wedges is larger for 6 mm than for 3.2 mm.

Figures D.5 and D.8 show the runouts for the two experiments. The width of the runouts is

the same, but the runout for 6 mm is about 20 cm shorter than for 3.2 mm. The lateral edges of

the runouts have similar shapes with jags in the same places, but the front of the runout is more

jagged for 6 mm than for 3.2 mm. On the surface of both runouts, we see grooves that follow

the directions of the fans – in the direction of flow towards the centre of the runout and at an

angle to the direction of flow towards the edges. Further, the contours of a layering normal to

the direction of flow can be seen. While the grooves appear to have about the same width and

depth for the two stem diameters, the contours are much more pronounced for 6 mm than for

3.2 mm. The reason for this appears to be that the individual layers are much thicker for 6 mm

than for 3.2 mm.

5.1.4 Description of flow characteristics for different forest densities

Finally, we look at the flow characteristics of the avalanche for four different forest densities: 10,

25, 50, and 90%. This is done by example of experiments with a mass of 4 kg and a stem diameter
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of 3.2 mm (Experiments 8, 19, 32, and 48, with the corresponding figures C.4 and C.15, C.5 and

C.16, C.9 and C.20, and C.10 and C.21).

For all four densities, large fans are created as the avalanche passes the first row of trees

(Figures C.4b, C.5b, C.9b, and C.10b). The width of the grain-free region that opens up behind

the trees appears to depend on the distance between adjacent trees in the first row. For 10%,

the distance is so large that neighbouring fans do not interfere. For this density, we see the

largest grain-free regions. For the other three densities, the distance between adjacent trees is

so small that each fan is compressed by the wings of the neighbouring fan. If there are trees

in two adjacent holes, the width of the grain-free region is hardly wider than the diameter of

the tree. As there are trees in almost all holes for 90%, all fans are very narrow. For all four

densities, fans are created downstreams of the first row with some delay after the front of the

avalanche has passed. This delay is smallest for 10%, where fans are created immediately after

the front has passed. A reason for this may be that the fraction of ballotini that flow between

the trees is much larger than the fraction of ballotini that are thrown up into suspension by the

fans in the first row. Except at the very front, the flow density will therefore be so large that the

ballotini cannot be packed any more densely. We see that the delay increases with the density

of the forest (Figures C.4e, C.5e, C.9e, and C.10e). It is reasonable to assume that ballotini that

fall down again after having been thrown into suspension continue to move by saltation rather

than gliding. The higher the forest density, the more ballotini are thrown into suspension by the

first row of trees, and the more ballotini will therefore move by saltation. This means that the

flow density will decrease with increasing forest density. While the relative sizes of the fans are

the same for all four densities, with the fans in the first row being largest and the largest of the

remaining fans being created behind trees with no immediate neighbours diagonally upstreams,

the absolute size of the fans decreases with increasing forest density. The larger the fans, the

larger the amount of ballotini that are spread sideways. The avalanche spreads to a maximum

width of about 70 cm for 10%, 65 cm for 25%, 60 cm for 50%, and only 45 cm for 90% – 10 cm

less than for the corresponding reference experiment.

From the side, we see that the flow height of the avalanche increases rapidly to its maximum

for 10%, while the increase is more gradual for the other three forest densities. This would be

expected as fans are created immediately after the front of the avalanche has passed for 10%, and
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with some delay for the other three densities. The maximum height of the clouds of ballotini is

largest for 10% and smallest for 90% (Figures C.20e and C.21g). For 25% and 50%, the maximum

heights of the clouds are quite similar (Figures C.15h and C.16g).

The runouts of the four experiments are shown in Figures D.4, D.5, D.9, and D.10. In agree-

ment with the degree of lateral spreading of the avalanche observed in the videos, the width of

the runout is greatest for 10%, followed by 25%, 50%, and 90%. The runout is about 10 cm longer

for 10% than for 50%, but about 10 cm shorter than for 25%. The length of the runout for 90% is

about the same as for 50%. The shapes of the runouts are very different: the edges of the runouts

for 10% and 50% are jagged, while the edges for 25% and 90% are much smoother. The shape of

the runout, however, depends strongly on the random pattern of the forest.

5.1.5 Summary of observed phenomena

In summary, we have observed the following characteristic phenomena as the avalanche flows

through a forest (Figure 5.1): (1) The front of the avalanche appears to flow unhindered through

the forest; (2) The creation of fans. The largest fans are created in the first row of trees (or, more

precisely, behind the first tree in each column). Smaller fans are created downstreams of the

first row some time after the front of the avalanche has passed. The largest of those are created

behind trees that have no immediate neighbours diagonally upstreams; (3) The ballotini are

thrown up into suspension by the fans; (4) The lateral spreading of the avalanche by the fans, in

particular fans along the lateral edges of the avalanche whose outermost wing points away from

the direction of flow.
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(a) Phenomena (1) and (2)

(b) Phenomenon (3)

(c) Phenomenon (4)

Figure 5.1: Four characteristic phenomena observed as the avalanche flows through a forest.

Varying the incident flow velocity of the avalanche affects the degree of lateral spreading.

The relative size of the fans is the same for all three flow velocities, but the larger the inci-

dent flow velocity, the larger the absolute size of the fans. Varying the stem diameter affects

the amount of ballotini that are thrown into suspension at the first row of trees. For a stem di-

ameter of 6 mm, the fans created in the first row of trees are larger than for 3.2 mm. Finally,

varying the forest density affects both the amount of ballotini that are thrown into suspension

by fans behind the first row of trees and further downstreams and the degree of lateral spread-

ing. The braking effect of the forest appears to be a combination of ballotini being slowed down

in their motion by interfering fans, in particular in the first row of trees, and a lateral spreading

of the avalanche.
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5.2 Data analysis

5.2.1 Front velocity

Reference experiments

Figure 5.2 shows profiles of the front velocity of the avalanche along the middle section of the

chute for the refererence experiments carried out before and after the forest experiments (Ex-

periments 1-6 and 49-54). There does not appear to be a trend in the measured front velocity

along the chute. For each mass, the front velocity appears to vary randomly about an aver-

age value. In Table 5.1, we have given the average front velocity for each experiment. For each

mass, the values are within one standard deviation of each other. For the reference experiments

carried out after the forest experiments (Experiments 1-6), however, the values appear to be

somewhat higher than for the reference experiments carried out before the forest experiments

(Experiments 49-54). From Section 5.1, we know that the flow of the avalanche in Experiments

49-54 is disturbed by pieces of carpet tape and metal pins. In the following, we therefore use the

average values for Experiments 1-6: 1.46 ms−1 for 2 kg, 1.79 ms−1 for 4 kg, and 1.95 ms−1 for 6

kg.

Table 5.1: Average front velocities for the reference experiments.

Mass (kg) Average front
velocity (ms−1)

Average front
velocity (ms−1)

2 3 1.46±0.08 50 1.52±0.07
4 1.45±0.08 53 1.52±0.07

4 2 1.76±0.16 49 1.82±0.09
6 1.82±0.12 52 1.79±0.12

6 1 1.93±0.06 51 2.03±0.11
5 1.97±0.09 54 2.03±0.12

In Figure 5.3, we have plotted the average front velocity against the maximum flow depth

measured for each mass. We have used the following values for the flow depth: 5.5 mm for 2 kg,

9 mm for 4 kg, and 12 mm for 6 kg. According to the Voellmy-Salm model (see Section 3.1), the

terminal velocity u∞ is proportional to
p

h, the square root of the flow depth. The plot shows the

best fit: u∞ = 0.59
p

h. Although a model cannot be reliably fitted with only three data points,
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the plot indicates that the Voellmy-Salm model fits our data well.

Figure 5.3: A plot of the average front velocity against the flow depth. The curve u∞ = 0.59
p

h
has been fitted to the data by eye.

The Froude number of the flow is computed to be 6.94 for 2 kg, 6.65 for 4 kg, and 6.28 for 6

kg. This is within the typical range of values for a dense snow avalanche (see Section 3.3).

Experiments with a forest

In Figure 5.4, we have plotted profiles of the front velocity for the forest experiments together

with profiles of the front velocity for a reference experiment carried out before the forest experi-

ments and a reference experiment carried out after the forest experiments. The profiles indicate

that the front velocity for the forest experiments does not differ significantly from the front ve-

locity for the reference experiments. This is in agreement with the observation that the front

of the avalanche appears to move through the forest unhindered by the trees in its path (see

Section 5.1). We have plotted the corresponding energy lines in Figure 5.5. As the front velocity

does not differ significantly from a constant average value, the energy lines are parallel to the

surface of the chute.
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5.2.2 Flow depth

The method for measuring the flow depth of the avalanche in forested terrain described in Sec-

tion 4.4 was designed for the dense-flowing core of an avalanche. As described in Section 5.1,

however, a large amount of ballotini moves in suspension or by saltation rather than gliding.

We have therefore measured the flow depth as the height of the lowest red marking on a tree

that is visible through the clouds of ballotini around. Even though this may not always give the

correct height of the avalanche at the position of the marked tree, the measured heights allow

us to compare the flow depths for different combinations of parameters qualitatively. As ex-

amples, we have used the same experiments as in Section 5.1. In Figure 5.6, we have plotted

the flow depth for Experiments 19, 20, and 21 to compare the flow depths of avalanches with

different incident front velocities, or masses. In Figure 5.7, we have plotted the flow depth for

Experiments 19 and 22 to compare the flow depths of avalanches that move through forests with

different stem diameters. Finally, we have plotted the flow depth for Experiments 8, 19, 32, and

48 in Figure 5.8 to compare the flow depths of avalanches that move through forests with dif-

ferent densities. The plots correspond to the snapshots of the videos with a side view given in

Appendix C.2.

For different masses, we see that in general, the flow depth is greatest for 6 kg, followed

by 4 kg and 2 kg. This is in agreement with the observations in Section 5.1. For the reference

experiments, a smooth increase in flow depth was observed from the front to a maximum. The

flow depth remained at this maximum for some time before decreasing again towards the tail of

the avalanche (see Section 5.1). For the forest experiments, we see a similar increase, maximum,

and decrease, but rather at each tree individually than for the avalanche as a whole. The flow

depth at each tree may fluctuate. This appears natural as the ballotini are thrown through the

air rather than glide along the surface. For different stem diameters, we see that the flow depth

is generally greater for 6 mm than for 3.2 mm. This agrees with what we observed in Section

5.1. For different forest densities, we see that the flow depth increases most rapidly for 10%.

Between about 0.3 s and 1.0 s, the flow depth for 10% is largest, followed by 25% and 50%, which

are similar. The flow depth for 90% is much smaller. From about 1.0 s, the flow depths for all

densities decrease, with the flow depth for 10% decreasing most rapidly and the flow depth for

90% decreasing most slowly. By about 1.4 s, the flow depths for 25% and 50% have become
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largest, while the flow depth for 10% has become as small as the flow depth for 90%. This is in

agreement with our observations in Section 5.1.

5.2.3 Runout distance

In Figure 5.9, we have plotted the runout distance against the forest density for all experiments.

For each mass and stem diameter, we have fitted the corresponding individual data points with

a quadratic trendline. We observe the following: (1) the runout distance decreases as the forest

density increases from 0 to 50%. The more open the forest, the greater the decrease in runout

distance as more trees are added. As the forest density increases to 90%, the runout distance

increases again; (2) the runout distance is less for a stem diameter of 6 mm than for a stem

diameter of 3.2 mm. The difference is greatest for 6 kg and smallest for 2 kg, and is larger at 25%

and 50% than at 10% and 90%; (3) the gradient of the trendline is greater for a stem diameter of

6 mm than a stem diameter of 3.2 mm. This means that at any forest density, the effect on the

runout distance of adding or removing trees is greater for 6 mm than for 3.2 mm. For each stem

diameter, the gradients of the trendlines for the three masses 2 kg, 4 kg, and 6 kg are about the

same; (4) the difference in runout distance for two forest configurations with the same density

can be substantial. In particular, we see this for the two lowest forest densities 10% and 25%. At

each density, the difference is largest for 6 kg, followed by 4 kg and 2 kg.

As we observed in Section 5.1, the braking effect of the forest on the avalanche appears to be

a combination of two phenomena: the slow down of a large amount of ballotini by large fans in

the first row of trees and the lateral spreading of ballotini by smaller fans further down the chute.

At a density of 10%, there are so few trees high up on the chute that most ballotini continue to

move down the chute unhindered by the forest. The fans further down the chute are almost

as large as the fans in the first row of trees so that the degree of lateral spreading is greatest at

10%. At a density of 90%, most ballotini are slowed down by the many fans in the first row of

trees. The fans further down the chute are very small so that the degree of lateral spreading is

lowest at 90%. As the forest density increases from 0% to 100%, the amount of ballotini that are

slowed down upon entering the forest increases, while the degree of lateral spreading decreases.

It appears that the optimal combination of the two phenomena occurs around a forest density

of 50%. In Section 5.1, we observed that the fans in the first row of trees are larger and wider for
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a stem diameter of 6 mm than for 3.2 mm, while the fans further down the chute are of about

the same size. The amount of ballotini slowed down upon entering the forest is therefore larger

for 6 mm than for 3.2 mm, while the degree of lateral spreading is the same. Therefore, a forest

with large stem diameters has a greater braking effect than a forest with small stem diameters.

It would be natural for the forest configuration to have the least effect on the runout dis-

tance at large and at very small forest densities. At small forest densities, the distance between

the trees is so large that the braking effect of the forest can be expected to equal the sum of the

braking effects of the individual trees. The position of each tree along the chute and relative to

other trees is not as important as for intermediate forest densities, where the fans behind neigh-

bouring trees interact. For the two configurations for a forest density of 25%, we see that there

are no trees at all in the avalanche path in the first seven rows of the forest for Configuration 1,

while there are a few trees in this area for Configuration 2. Therefore, ballotini will be slowed

down and spread sideways earlier with Configuration 1 than with Configuration 2. The larger

the forest density, the more trees will grow at the minimum distance to their neighbours, and

the less probable it becomes for large areas of the forest to be without trees.

In summary, a forest appears to have a maximum braking effect for densities around 50%

where trees grow quite densely high up in the avalanche path, slowing down the bulk of the

snow, and more openly further down the chute so that the snow can be spread sideways. Fur-

ther, the braking effect is greatest for mature forests where the trees have larger stem diameters

than in younger forests. The larger the avalanche, the greater the braking effect of the forest.
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(a) Mass: 2 kg

(b) Mass: 4 kg

(c) Mass: 6 kg

Figure 5.2: Plots of the front velocity for the reference experiments.
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(a) Mass: 2 kg, forest density: 10% (b) Mass: 2 kg, forest density: 25%

(c) Mass: 2 kg, forest density: 50% (d) Mass: 2 kg, forest density: 90%

(e) Mass: 4 kg, forest density: 10% (f) Mass: 4 kg, forest density: 25%

(g) Mass: 4 kg, forest density: 50% (h) Mass: 4 kg, forest density: 90%

Figure 5.4: Plots of the front velocity for the forest experiments.
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(i) Mass: 6 kg, forest density: 10% (j) Mass: 6 kg, forest density: 25%

(k) Mass: 6 kg, forest density: 50% (l) Mass: 6 kg, forest density: 90%

Figure 5.4: Continued: Plots of the front velocity for the forest experiments.
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(a) Mass: 2 kg, forest density: 10% (b) Mass: 2 kg, forest density: 25%

(c) Mass: 2 kg, forest density: 50% (d) Mass: 2 kg, forest density: 90%

(e) Mass: 4 kg, forest density: 10% (f) Mass: 4 kg, forest density: 25%

(g) Mass: 4 kg, forest density: 50% (h) Mass: 4 kg, forest density: 90%

Figure 5.5: Plots of the energy line.
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(i) Mass: 6 kg, forest density: 10% (j) Mass: 6 kg, forest density: 25%

(k) Mass: 6 kg, forest density: 50% (l) Mass: 6 kg, forest density: 90%

Figure 5.5: Continued: Plots of the energy line.
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(a) t = 0

(b) t = 0.1 s

(c) t = 0.2 s

(d) t = 0.3 s

Figure 5.6: Plots of the flow depth for the three masses 2 kg, 4 kg, and 6 kg. Experiments 19, 20,
and 21 are used as examples (stem diameter: 3.2 mm, forest density: 50%).
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(e) t = 0.4 s

(f) t = 0.5 s

(g) t = 0.6

(h) t = 0.8 s

Figure 5.6: Continued: Plots of the flow depth for the three masses 2 kg, 4 kg, and 6 kg. Experi-
ments 19, 20, and 21 are used as examples (stem diameter: 3.2 mm, forest density: 50%).
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(i) t = 1.0 s

(j) t = 1.2 s

(k) t = 1.4 s

(l) t = 1.6 s

Figure 5.6: Continued: Plots of the flow depth for the three masses 2 kg, 4 kg, and 6 kg. Experi-
ments 19, 20, and 21 are used as examples (stem diameter: 3.2 mm, forest density: 50%).
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(m) t = 1.8 s

(n) t = 2.0 s

(o) t = 2.5 s

(p) t = 4.0 s

Figure 5.6: Continued: Plots of the flow depth for the three masses 2 kg, 4 kg, and 6 kg. Experi-
ments 19, 20, and 21 are used as examples (stem diameter: 3.2 mm, forest density: 50%).
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(a) t = 0

(b) t = 0.1 s

(c) t = 0.2 s

(d) t = 0.3 s

Figure 5.7: Plots of the flow depth for the two stem diameters 3.2 mm and 6 mm. Experiments
19 and 22 are used as examples (mass: 4 kg, forest density: 50%).
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(e) t = 0.4 s

(f) t = 0.5 s

(g) t = 0.6

(h) t = 0.8 s

Figure 5.7: Continued: Plots of the flow depth for the two stem diameters 3.2 mm and 6 mm.
Experiments 19 and 22 are used as examples (mass: 4 kg, forest density: 50%).
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(i) t = 1.0 s

(j) t = 1.2 s

(k) t = 1.4 s

(l) t = 1.6 s

Figure 5.7: Continued: Plots of the flow depth for the two stem diameters 3.2 mm and 6 mm.
Experiments 19 and 22 are used as examples (mass: 4 kg, forest density: 50%).
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(m) t = 1.8 s

(n) t = 2.0 s

(o) t = 2.5 s

(p) t = 4.0 s

Figure 5.7: Continued: Plots of the flow depth for the two stem diameters 3.2 mm and 6 mm.
Experiments 19 and 22 are used as examples (mass: 4 kg, forest density: 50%).
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(a) t = 0

(b) t = 0.1 s

(c) t = 0.2 s

(d) t = 0.3 s

Figure 5.8: Plots of the flow depth for the four forest densities 10%, 25%, 50%, and 90%. Experi-
ments 8, 19, 32, and 48 are used as examples (mass: 4 kg, stem diameter: 3.2 mm).
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(e) t = 0.4 s

(f) t = 0.5 s

(g) t = 0.6

(h) t = 0.8 s

Figure 5.8: Continued: Plots of the flow depth for the four forest densities 10%, 25%, 50%, and
90%. Experiments 8, 19, 32, and 48 are used as examples (mass: 4 kg, stem diameter: 3.2 mm).



CHAPTER 5. RESULTS 82

(i) t = 1.0 s

(j) t = 1.2 s

(k) t = 1.4 s

(l) t = 1.6 s

Figure 5.8: Continued: Plots of the flow depth for the four forest densities 10%, 25%, 50%, and
90%. Experiments 8, 19, 32, and 48 are used as examples (mass: 4 kg, stem diameter: 3.2 mm).
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(m) t = 1.8 s

(n) t = 2.0 s

(o) t = 2.5 s

(p) t = 4.0 s

Figure 5.8: Continued: Plots of the flow depth for the four forest densities 10%, 25%, 50%, and
90%. Experiments 8, 19, 32, and 48 are used as examples (mass: 4 kg, stem diameter: 3.2 mm).
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Figure 5.9: Plot of the runout distance against the forest density fitted with quadratic trendlines.



Chapter 6

Summary and recommendations for further

work

6.1 Summary and conclusions

In this thesis, we have carried out a series of small-scale chute experiments to study the braking

effect of trees on small to medium snow avalanches. We assume that the avalanche releases

above the forest and that the trees are not broken or bent upon impact of the avalanche.

In Chapter 2, we have given an overview of snow avalanche terminology, types of snow

avalanches, avalanche formation, and avalanche-prone terrain. The theoretical background

for the experimental study has been given in Chapter 3. The large-scale behaviour of a snow

avalanche is commonly approximated by the flow of a continuous homogeneous fluid. We have

described the Voellmy-Salm model, a dynamical model that assumes that a snow avalanche be-

haves like fluid flow in an open channel. As the avalanche moves down the avalanche path and

into the runout zone, it loses energy in friction and in collision with obstacles. The loss of energy

may be visualised by energy lines. In our study, the trees act like rigid cylindrical obstacles to the

flow. We have therefore described possible flow regimes for fluid flow around one cylinder and

groups of cylinders.

In Chapter 4, we have described the setup of the chute, the materials, and the filming equip-

ment. The chute consists of three straight sections: an upper or “acceleration” section 0.2 m

wide and 1.5 m long, a middle or “forest” section 1.0 m wide and 2.0 m long consisting of three

85



CHAPTER 6. SUMMARY 86

aluminium plates with a rectangular grid of pre-drilled holes, and a lower or “runout” zone 1.0

m wide and 2.0 m long. The inclination of both the upper and the middle section is 35°, while

the lower section is inclined at 10°. The avalanche is released from a container at the top of

the upper section. The snow is modelled by glass beads (ballotini) with a diameter of 0.1 mm.

The trees are modelled by metal pins that are inserted into the aluminium plates in computer-

generated random patterns. The experiments were filmed from above and from the side with a

frame rate of 60 fps.

Further, the program for the experiments has been described. A total of 54 experiments have

been carried out: twelve reference experiments without a forest, of which six were carried out at

the beginning and six at the end of the study, and 42 experiments with a forest. We have varied

the following three parameters: the velocity at which the avalanche hits the forest (incident front

velocity), the stem diameter of the trees, and the forest density. The incident front velocity was

varied by varying the mass of the avalanche. Three different masses of ballotini were used: 2 kg,

4 kg, and 6 kg. We used two different stem diameters. The metal pins with a diameter of 3.2 mm

were used as the thinner trees. For the thicker trees, plastic tubes with an outer diameter of 6

mm were threaded onto the metal pins. The forest density was varied by varying the number of

metal pins inserted into the aluminium plates. The forest density is 100% if there is a metal pin

inserted into every pre-drilled hole. Four different densities were used: 10%, 25%, 50%, and 90%.

We have measured the front velocity and the flow depth of the avalanche along the forest section

of the chute by analyzing the films manually frame-by-frame. Further, the runout distance was

measured with a ruler straight after each experiment. This meets Objective 1.

In Section 5.1, we have given a detailed phenomenological description of the flow of the

avalanche through the forest, meeting Objective 2. We have observed two main phenomena

that have a braking effect on the avalanche: (1) the creation of large fans in the first row of trees

that slow down a large amount of the ballotini and (2) the creation of smaller fans further down

the chute that spread the ballotini sideways. The larger the mass of ballotini, the larger the

fans. The relative effect of each phenomenon depends on the density of the forest. As the forest

density increases from 0% to 100%, the amount of ballotini that are slowed down upon entering

the forest increases, while the degree of lateral spreading decreases. The optimal combination

of the two phenomena occurs around a forest density of 50%. For a stem diameter of 6 mm,
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the fans in the first row are larger than for 3.2 mm, while the fans further down the chute are of

about the same size as for 3.2 mm. Therefore, the amount of ballotini that are slowed down upon

entering the forest is greater for 6 mm than for 3.2 mm, while the degree of lateral spreading is

the same for both stem diameters.

For the reference experiments, the front velocity is proportional to the square root of the

flow depth as predicted by the Voellmy-Salm model (Section 5.2). We have plotted profiles of

the front velocity of the avalanche for both the reference experiments and the forest experi-

ments. The front velocity does not differ significantly between the reference experiments and

the forest experiments. The corresponding energy lines have been plotted. Further, we have

plotted profiles of the flow depth of the avalanche and compared the flow depth for the differ-

ent masses, the different stem diameters, and the different forest densities. The flow depth is

greatest for a mass of 6 kg, followed by 4 kg and 2 kg, and is greater for a stem diameter of 6 mm

than for 3.2 mm. The flow depth increases from the front of the avalanche, attains a maximum,

and decreases again towards the tail. For a density of 10%, the flow depth both increases and

decreases most rapidly. The flow depth is greatest for 10% at first, but after some time, the flow

depths for 25% and 50% become greater. For 90%, the flow depth is smallest at all times. We

have plotted the runout distance for each experiment as a function of the forest density and fit-

ted quadratic trendlines for each mass and each stem diameter. The runout distance decreases

from 0% through to 50%, but increases again slightly for 90%. This meets Objective 3.

In summary, a forest has a maximum braking effect for forest densities around 50% where

trees grow quite densely high up in the avalanche path, slowing down the bulk of the snow, and

more openly further down the chute so that the snow can be spread sideways. The braking effect

is greatest for mature forests where the trees have larger stem diameters than in younger forests.

The larger the avalanche, the greater the braking effect of the forest.

6.2 Discussion

Repeatability

The reference experiments were used to check the repeatability within one day as well as the

day-to-day repeatability. From the data given in Table E.1, we see that the repeatability within
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one day was very good, in particular for the reference experiments carried out before the forest

experiments (Day 1) where the runout distances measured were within 0.5 cm of each other

for each of the three masses of ballotini. However, we see that the runout distances measured

during the reference experiments carried out after the forest experiments (Day 9) are about 15

cm (about 12%) shorter for 4 kg and about 27.5 cm (about 19%) shorter for 6 cm, and about the

same only for 2 kg. Below, we discuss possible sources of error. The repeatability of the forest

experiments was not checked.

Sources of error

Environmental errors There were both daily and day-to-day variations in the relative humidity

and the air temperature at the laboratory. In particular, the air was very dry, increasing the

build-up of electrostatic charges. The following precautions were introduced (see Section

4.5): using a thin layer of ballotini to cover the surface of the chute so that the electron

affinity of the surface and the mass of ballotini was the same, using a carbonfibre brush

and a microfiber cloth to wipe the ballotini off the surface of the chute, sieving the ballotini

through an earthed metallic mesh after each experiment, and using a metallic bowl and

a metallic cup. After that, the repeatability within one day was very good, indicating that

electrostatic charges did not increase during the day. Day-to-day variations in the relative

humidity and air temperature may, however, be one of the reasons for the bad day-to-day

repeatability. However, we would expect the error to vary randomly from day to day so

that the braking effect of the forest would not be systematically over- or underestimated.

As the experiments were carried out in a pile laboratory, there was a lot of dust and sand.

Precautions included storing the ballotini in sealed plastic bags and covering the bowl that

was used to weigh and pour the ballotini into the container at the top of the chute with a

piece of cardboard. As the ballotini were sieved after each experiment, all particles larger

than 250 microns were eliminated from the mass of ballotini. As the same ballotini were

used throughout the experimental study, the amount of smaller particles in the mass of

ballotini is likely to have increased from Day 1 to Day 9.

Equipment errors Bits of carpet tape and metal sticking up from holes that trees had been
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pushed down into disturbed the flow considerably (see Section 5.1). The later a forest

configuration was used, the more holes there would be from earlier configurations, in-

creasing the error. This is probably the main reason for the poor day-to-day repeatability.

We can expect, however, that the higher the forest density, the smaller the error would be

as the number of holes would be small relative to the number of trees. The highest error

can be expected for the forest configurations with a density of 10%, which were not used

until Days 6 and 7 so that the number of holes was high relative to the number of trees.

For those configurations, it is possible that we have overestimated the braking effect of the

forest considerably.

Human errors All measurements were based on manually reading a scale. When reading off the

flow depth at the bottom of the upper chute, there may have been a parallax as the author

may have looked at the scale from slightly above or below so that the flow depth may have

been over- or underestimated. It was difficult to read off the position of the front of the

avalanche from the scale on the bottom of the chute as the colour of the ballotini and the

surface of the chute was the same. The very front of the avalanche was almost invisible.

Further, the front of the avalanche was jagged and not well-defined. When reading off the

flow depth in the forest section from the scale on some of the trees, there were clouds of

suspended ballotini between the camera and the trees so that the height of the avalanche

at the trees was not visible. Due to the ballotini moving in both suspension, saltation, and

gliding, the flow depth was not well-defined. However, as all measurements were carried

out by the author of this thesis, there should be no error due to different people defining

the front position or the height of the avalanche in different ways.

Model vs. nature

The goal of the thesis was to model the dense core of a small-to-medium dry snow avalanche.

The Froude number of the model avalanche was between 6 and 7, which is within the typical

range of Froude numbers for dense snow avalanches. With a length scaling of 1:100, the front

velocity of the avalanche becomes about 15-20 m/s and the flow height about 0.5-1.3 m. Those

are realistic values for the dense core of a small dry snow avalanche.
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A natural mountain forest will grow in a random pattern. Although we randomized the pat-

tern in which the trees were inserted in the aluminium plates in the forest section of the chute,

the underlying pattern of holes was regular. The higher the forest density, the more regular the

pattern of trees became. Even with a forest density of 90%, there were 32 corridors without any

trees. With a stem diameter of 3.2 and 6 mm, the total width of the corridors was respectively

89% and 80% of the width of the forest. Further, natural trees have a crown. Assuming that

the branches of the trees are not broken upon impact of the avalanche, the crown will intercept

snow balls in suspension. Rather than being spread sideways out of the avalanche path or falling

back to the ground and continuing to move down the avalanche path, snow balls may be slowed

down or stopped upon impact.

Ballotini are uniformly graded and cohesionless. Dry snow is commonly considered a co-

hesionless material. However, while the collisions between ballotini and between ballotini and

metal pins may be considered elastic, grains of snow and snow balls may deform as they collide

with each other and with trees. Upon impact, some of the kinetic energy may be transformed

into heat so that snow balls melt in motion and refreeze together as the motion stops. This will

give avalanche snow a much higher cohesion.

Rheology of the avalanche

Although the goal of the thesis was to model the dense core of a snow avalanche, it appears that

the model avalanche is partly fluidized. In both forested and unforested terrain, the density of

the avalanche near the front appears to be very low. In unforested terrain, the density of the

rest of the avalanche appears to be that of a dense flowing core. In forested terrain, however, the

ballotini are thrown up into the air upon hitting trees. Although there is no powder cloud, a large

amount of ballotini are suspended in clouds of very low density at any time. After the ballotini

have fallen back to the ground, it is reasonable to assume that they will behave as a saltation

layer rather than a dense flowing core. The analogy with the flow of a continuous homogeneous

fluid that the theory in Chapter 3 is based on may not be valid for the model avalanche in this

study. In contrast to an incompressible liquid, large parts of the avalanche may be compressed

into a denser packing. The less dense the avalanche, the more compressible it becomes. For

an incompressible fluid, one would expect the permeability of a group of cylinders to decrease



CHAPTER 6. SUMMARY 91

with an increasing number of cylinders in the flow path. This analogy may not be valid as the

density of the avalanche decreases with increasing forest density as more ballotini are thrown

into suspension by the first row of trees. Further, the theory on fluid flow around cylinders and

groups of cylinders assumes that the cylinders are immersed in the fluid before the fluid is set

in motion. There is no fluid front that hits the cylinders. This may be the reason why we have

observed the creation of fans rather than a flow regime with the creation of a laminar vortex

street.

Comparison with other studies

To the author’s knowledge, no experimental studies have been published on the flow of a gran-

ular material around a group of slender cylindrical obstacles. In Chapter 1, we gave an overview

over five experimental studies on the flow of a granular material around respectively a pyramid-

shaped obstacle (Gray et al., 2003), braking mounds and a dam (Hákonardóttir et al., 2001), a

dam (Faug et al., 2003), braking mounds, collecting dams, and diverting dams (Brateng, 2005),

and a single slender cylinder or rectangular block (Hauksson et al., 2007). The behaviour of the

avalanche upon hitting the obstacle depends on the geometry of the obstacle. The metal pins

we used to model the tree stems may be considered as slender cylindrical obstacles. Like Hauks-

son et al. (2007), we observed the creation of fans. However, the size of the fans depends on the

position of the metal pin on the chute and the pin’s position relative to other pins. While fans

near the centre of the chute are symmetrical, fans furthest to the side have one wing pointing in

the direction of flow and one wing pointing away from the direction of flow. The slender obsta-

cles in Hauksson et al. (2007) are located at the centre of the chute and therefore symmetrical.

Although Hákonardóttir et al. (2001), Faug et al. (2003), and Brateng (2005) observe a different

type of flow behaviour, with the granular material being thrown up into a jet from the top of

the obstacles, the conclusions on the braking effect of the obstacles may be compared with the

conclusions from our study. Brateng (2005) concludes that placing the mounds in a row gives

the highest degree of spreading, that the degree of spreading is highest if the row of mounds

is placed high up on the chute, that more than one row of mounds increases the total braking

effect, and that increasing the density of mounds per row increases the braking effect up to a

density of 0.7-0.8. For higher densities, the braking effect decreases again. In our study, we have
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not compared the degree of lateral spreading for forest configurations with different positions of

the first row, and we have not compared the degree of lateral spreading for a row of trees and sin-

gle trees in different rows. However, for a forest density of 25%, Configuration 2 with the first row

of trees high up on the chute had a greater braking effect than Configuration 1, where the first

row of trees was located further down the chute. This agrees with the findings in Brateng (2005).

We found, however, that the degree of lateral spreading was greatest for a forest density of 10%,

with fewer trees per row than for higher forest densities. This is in disagreement with Brateng

(2005). In agreement with Brateng (2005), we expect the braking effect of a forest with a single

row of trees to be lower than that of a forest with multiple rows of trees as trees further down the

chute increase the degree of lateral spreading. However, we expect there to be an upper bound

for how many rows there should be and how closely the rows should be located to each other.

Like Brateng (2005), we found that increasing the forest density from 0% to 50% increases the

braking effect of the forest, while further increasing the density to 90% slightly decreases the

braking effect. This is in disagreement with Hákonardóttir et al. (2001), who conclude that the

density of mounds in the avalanche path should be as high as possible. Hákonardóttir et al.

(2001), however, place the mounds in one row and do not test multiple rows of mounds. Faug

et al. (2003) conclude that the braking effect of a dam is a combination of two effects: storage

of the granular material upstreams of the dam and local energy dissipation at the dam, where

the local dissipation of energy is the most important. In our study, we found that the amount

of granular material stored behind the trees was negligible. This is to be expected as a dam has

a much larger cross-sectional area normal to the direction of flow than a tree. As we computed

energy lines based on the front velocity of the avalanche, which was virtually the same in the

experiments in unforested and forested terrain, we have not been able to compute the loss of

energy per tree. The slow-down and lateral spreading of the bulk of the granular material upon

impact with the trees, which we found to be the most important braking effects of the forest,

however, indicates a considerable dissipation of energy at each tree.
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6.3 Recommendations for further work

Several approaches have been used to account for the braking effect of trees on snow avalanches

in theoretical models for snow avalanche flow. Two approaches were briefly presented in Chap-

ter 1: the “friction approach”, where the loss of energy in breaking and overturning trees and

entraining woody debris is computed and the friction parameters µ and ξ in the Voellmy-Salm

model are adjusted accordingly (Bartelt and Stöckli, 2001), and the “detrainment approach” by

Feistl et al. (2014), where the authors compute the loss of momentum due to snow mass being

deposited behind tree stems. A third approach would be to adjust µ and ξ by back-calculating

model avalanches. As the Voellmy-Salm model applies to the dense-flowing core of a snow

avalanche, it is important that the model avalanche not be fluidized. According to Norem et al.

(1987), the critical angle above which a model avalanche of glass beads becomes fluidized is

between 26° and 32°. We recommend to extend the experimental study of this thesis as follows:

– The inclination of the forest section of the chute should be reduced to 25°. The upper

section of the chute might have to be inclined more. As the internal friction angle of the

ballotini is about 25°, the avalanche might not start moving at an inclination of 25°.

– As metal bits and pieces of carpet tape sticking up from holes in the carpet tape disturbed

the flow of the avalanche considerably, the experiments should be carried out in order of

increasing forest density. We recommend to start by generating one random pattern of

trees per aluminium plate for the lowest forest density. The plates can be swapped and

rotated by 180° to generate a total of 48 possible configurations. Patterns for higher forest

densities should be generated by randomly adding trees to the existing three patterns, not

by generating completely new patterns. To make the swapping and rotating of the plates

more practicable, we recommend using plywood plates rather than aluminium plates.

– We recommend drilling the holes in the plates with a spacing of 10 mm rather than 30

mm. With a minimum spacing of the trees of 30 mm, this will allow for forest configura-

tions where the rows of trees are shifted relative to each other. At high forest densities in

particular, this will make the patterns of trees less regular and reduce the total width of

corridors without any trees to 68% of the width of the forest for a stem diameter of 3.2 mm
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and 41% for a stem diameter of 6 mm.

– To improve the visibility of the front of the avalanche in the forest section of the chute, we

recommend using dark plates. The visibility of the front of the avalanche was much better

in the highest and lowest parts of the forest section that were made of dark plywood than

on the light aluminium plates.

– We recommend to measure the flow depth of the avalanche using a laser. This will allow

measurements with a precision of +/- 1 mm, and a profile of the avalanche from front to

tail can be measured.

– We recommend to measure the surface velocity of the avalanche at different positions

along the avalanche as the front velocity was a poor indicator of the braking effect of the

forest. This can be done by adding coloured glass beads of a larger size to the mass of

ballotini and tracking the position of each bead along the chute. One should check that the

flow of the avalanche is not disturbed by the beads, neither in unforested nor in forested

terrain.



Appendix A

MATLAB code

A.1 Generation of a random forest pattern

Below, the code of the MATLAB function forest_generator used for generating a random for-

est pattern within a grid of 33 by 16 points is given. The function is called with the parameter

density, the forest density given as a fraction of the total number of grid points.

function forest_generator(density)

rows = 16;

cols = 33;

f = zeros(rows,cols);

no_trees = floor(density*rows*cols);

r = randperm(rows*cols,no_trees);

for i=1:no_trees

f(r(i)) = 1;

end

print_matrix(f);

end
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The function print_matrix given below prints a given matrix to the computer screen. Here,

print_matrix is called by the function forest_generator to print the forest pattern gener-

ated.

function print_matrix(matrix)

[rows cols] = size(matrix);

for i=1:rows

for j=1:cols

fprintf('%i ',matrix(i,j));

end

fprintf('\n');

end

end



Appendix B

Forest configurations

· – grid point without a tree

* – tree

* – tree marked with a scale

• – grid point with a broken metal pin pushed down into the hole

97
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Figure B.1: Forest density 10%, Configuration 1
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Figure B.2: Forest density 10%, Configuration 2
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Figure B.3: Forest density 25%, Configuration 1
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Figure B.4: Forest density 25%, Configuration 2



APPENDIX B. FOREST CONFIGURATIONS 102

Figure B.5: Forest density 50%, Configuration 1
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Figure B.6: Forest density 50%, Configuration 2
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Figure B.7: Forest density 90%



Appendix C

Snapshot sequences from selected videos
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C.1 Front view

(a) t = 0 (b) t = 0.2 s (c) t = 0.5 s

(d) t = 1.0 s (e) t = 2.0 s (f) t = 3.0 s

Figure C.1: Experiment 1 (mass: 6 kg)
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(a) t = 0 (b) t = 0.2 s (c) t = 0.5 s

(d) t = 1.0 s (e) t = 2.0 s (f) t = 3.0 s

Figure C.2: Experiment 2 (mass: 4 kg)
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(a) t = 0 (b) t = 0.2 s (c) t = 0.5 s

(d) t = 1.0 s (e) t = 2.0 s (f) t = 3.0 s

Figure C.3: Experiment 3 (mass: 2 kg)
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(a) t = 0 (b) t = 0.1 s (c) t = 0.2 s

(d) t = 0.3 s (e) t = 0.4 s (f) t = 0.5 s

Figure C.4: Experiment 8 (mass: 4 kg, stem diameter: 3.2 mm, forest density: 25%)
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(g) t = 0.7 s (h) t = 1.0 s (i) t = 1.5 s

(j) t = 2.0 s (k) t = 2.5 s (l) t = 3.5 s

Figure C.4: Continued: Experiment 8 (mass: 4 kg, stem diameter: 3.2 mm, forest density: 25%)
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(a) t = 0 (b) t = 0.1 s (c) t = 0.2 s

(d) t = 0.3 s (e) t = 0.4 s (f) t = 0.5 s

Figure C.5: Experiment 19 (mass: 4 kg, stem diameter: 3.2 mm, forest density: 50%)
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(g) t = 0.7 s (h) t = 1.0 s (i) t = 1.5 s

(j) t = 2.0 s (k) t = 2.5 s (l) t = 3.5 s

Figure C.5: Continued: Experiment 19 (mass: 4 kg, stem diameter: 3.2 mm, forest density: 50%)
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(a) t = 0 (b) t = 0.1 s (c) t = 0.2 s

(d) t = 0.3 s (e) t = 0.4 s (f) t = 0.5 s

Figure C.6: Experiment 20 (mass: 6 kg, stem diameter: 3.2 mm, forest density: 50%)
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(g) t = 0.7 s (h) t = 1.0 s (i) t = 1.5 s

(j) t = 2.0 s (k) t = 2.5 s (l) t = 3.5 s

Figure C.6: Continued: Experiment 20 (mass: 6 kg, stem diameter: 3.2 mm, forest density: 50%)
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(a) t = 0 (b) t = 0.1 s (c) t = 0.2 s

(d) t = 0.3 s (e) t = 0.4 s (f) t = 0.5 s

Figure C.7: Experiment 21 (mass: 2 kg, stem diameter: 3.2 mm, forest density: 50%)
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(g) t = 0.7 s (h) t = 1.0 s (i) t = 1.5 s

(j) t = 2.0 s (k) t = 2.5 s (l) t = 3.5 s

Figure C.7: Continued: Experiment 21 (mass: 2 kg, stem diameter: 3.2 mm, forest density: 50%)
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(a) t = 0 (b) t = 0.1 s (c) t = 0.2 s

(d) t = 0.3 s (e) t = 0.4 s (f) t = 0.5 s

Figure C.8: Experiment 22 (mass: 4 kg, stem diameter: 6 mm, forest density: 50%)
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(g) t = 0.7 s (h) t = 1.0 s (i) t = 1.5 s

(j) t = 2.0 s (k) t = 2.5 s (l) t = 3.5 s

Figure C.8: Continued: Experiment 22 (mass: 4 kg, stem diameter: 6 mm, forest density: 50%)
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(a) t = 0 (b) t = 0.1 s (c) t = 0.2 s

(d) t = 0.3 s (e) t = 0.4 s (f) t = 0.5 s

Figure C.9: Experiment 32 (mass: 4 kg, stem diameter: 3.2 mm, forest density: 10%)
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(g) t = 0.7 s (h) t = 1.0 s (i) t = 1.5 s

(j) t = 2.0 s (k) t = 2.5 s (l) t = 3.5 s

Figure C.9: Continued: Experiment 32 (mass: 4 kg, stem diameter: 3.2 mm, forest density: 10%)
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(a) t = 0 (b) t = 0.1 s (c) t = 0.2 s

(d) t = 0.3 s (e) t = 0.4 s (f) t = 0.5 s

Figure C.10: Experiment 48 (mass: 4 kg, stem diameter: 3.2 mm, forest density: 90%)
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(g) t = 0.7 s (h) t = 1.0 s (i) t = 1.5 s

(j) t = 2.0 s (k) t = 2.5 s (l) t = 3.5 s

Figure C.10: Continued: Experiment 48 (mass: 4 kg, stem diameter: 3.2 mm, forest density: 90%)
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(a) t = 0 (b) t = 0.2 s (c) t = 0.5 s

(d) t = 1.0 s (e) t = 2.0 s (f) t = 3.5 s

Figure C.11: Experiment 49 (mass: 4 kg)



APPENDIX C. SNAPSHOT SEQUENCES FROM SELECTED VIDEOS 124

C.2 Side view

(a) t = 0 (b) t = 0.17 s

(c) t = 0.33 s (d) t = 0.67 s

(e) t = 1.0 s (f) t = 1.5 s

(g) t = 2.0 s (h) t = 4.0 s

Figure C.12: Experiment 1 (mass: 6 kg)
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(a) t = 0 (b) t = 0.17 s

(c) t = 0.33 s (d) t = 0.67 s

(e) t = 1.0 s (f) t = 1.5 s

(g) t = 2.0 s (h) t = 4.0 s

Figure C.13: Experiment 2 (mass: 4 kg)
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(a) t = 0 (b) t = 0.17 s

(c) t = 0.33 s (d) t = 0.67 s

(e) t = 1.0 s (f) t = 1.5 s

(g) t = 2.0 s (h) t = 4.0 s

Figure C.14: Experiment 3 (mass: 2 kg)
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(a) t = 0 (b) t = 0.1 s

(c) t = 0.2 s (d) t = 0.3 s

(e) t = 0.4 s (f) t = 0.5 s

(g) t = 0.6 s (h) t = 0.8 s

Figure C.15: Experiment 8 (mass: 4 kg, stem diameter: 3.2 mm, forest density: 25%)
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(i) t = 1.0 s (j) t = 1.2 s

(k) t = 1.4 s (l) t = 1.6 s

(m) t = 1.8 s (n) t = 2.0 s

(o) t = 2.5 s (p) t = 4.0 s

Figure C.15: Continued: Experiment 8 (mass: 4 kg, stem diameter: 3.2 mm, forest density: 25%)
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(a) t = 0 (b) t = 0.1 s

(c) t = 0.2 s (d) t = 0.3 s

(e) t = 0.4 s (f) t = 0.5 s

(g) t = 0.6 s (h) t = 0.8 s

Figure C.16: Experiment 19 (mass: 4 kg, stem diameter: 3.2 mm, forest density: 50%)
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(i) t = 1.0 s (j) t = 1.2 s

(k) t = 1.4 s (l) t = 1.6 s

(m) t = 1.8 s (n) t = 2.0 s

(o) t = 2.5 s (p) t = 4.0 s

Figure C.16: Continued: Experiment 19 (mass: 4 kg, stem diameter: 3.2 mm, forest density: 50%)
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(a) t = 0 (b) t = 0.1 s

(c) t = 0.2 s (d) t = 0.3 s

(e) t = 0.4 s (f) t = 0.5 s

(g) t = 0.6 s (h) t = 0.8 s

Figure C.17: Experiment 20 (mass: 6 kg, stem diameter: 3.2 mm, forest density: 50%)
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(i) t = 1.0 s (j) t = 1.2 s

(k) t = 1.4 s (l) t = 1.6 s

(m) t = 1.8 s (n) t = 2.0 s

(o) t = 2.5 s (p) t = 4.0 s

Figure C.17: Continued: Experiment 20 (mass: 6 kg, stem diameter: 3.2 mm, forest density: 50%)
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(a) t = 0 (b) t = 0.1 s

(c) t = 0.2 s (d) t = 0.3 s

(e) t = 0.4 s (f) t = 0.5 s

(g) t = 0.6 s (h) t = 0.8 s

Figure C.18: Experiment 21 (mass: 2 kg, stem diameter: 3.2 mm, forest density: 50%)
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(i) t = 1.0 s (j) t = 1.2 s

(k) t = 1.4 s (l) t = 1.6 s

(m) t = 1.8 s (n) t = 2.0 s

(o) t = 2.5 s (p) t = 4.0 s

Figure C.18: Continued: Experiment 21 (mass: 2 kg, stem diameter: 3.2 mm, forest density: 50%)
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(a) t = 0 (b) t = 0.1 s

(c) t = 0.2 s (d) t = 0.3 s

(e) t = 0.4 s (f) t = 0.5 s

(g) t = 0.6 s (h) t = 0.8 s

Figure C.19: Experiment 22 (mass: 4 kg, stem diameter: 6 mm, forest density: 50%)
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(i) t = 1.0 s (j) t = 1.2 s

(k) t = 1.4 s (l) t = 1.6 s

(m) t = 1.8 s (n) t = 2.0 s

(o) t = 2.5 s (p) t = 4.0 s

Figure C.19: Continued: Experiment 22 (mass: 4 kg, stem diameter: 6 mm, forest density: 50%)
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(a) t = 0 (b) t = 0.1 s

(c) t = 0.2 s (d) t = 0.3 s

(e) t = 0.4 s (f) t = 0.5 s

(g) t = 0.6 s (h) t = 0.8 s

Figure C.20: Experiment 32 (mass: 4 kg, stem diameter: 3.2 mm, forest density: 10%)
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(i) t = 1.0 s (j) t = 1.2 s

(k) t = 1.4 s (l) t = 1.6 s

(m) t = 1.8 s (n) t = 2.0 s

(o) t = 2.5 s (p) t = 4.0 s

Figure C.20: Continued: Experiment 32 (mass: 4 kg, stem diameter: 3.2 mm, forest density: 10%)
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(a) t = 0 (b) t = 0.1 s

(c) t = 0.2 s (d) t = 0.3 s

(e) t = 0.4 s (f) t = 0.5 s

(g) t = 0.6 s (h) t = 0.8 s

Figure C.21: Experiment 48 (mass: 4 kg, stem diameter: 3.2 mm, forest density: 90%)
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(i) t = 1.0 s (j) t = 1.2 s

(k) t = 1.4 s (l) t = 1.6 s

(m) t = 1.8 s (n) t = 2.0 s

(o) t = 2.5 s (p) t = 4.0 s

Figure C.21: Continued: Experiment 48 (mass: 4 kg, stem diameter: 3.2 mm, forest density: 90%)
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(a) t = 0 (b) t = 0.17 s

(c) t = 0.33 s (d) t = 0.67 s

(e) t = 1.0 s (f) t = 1.5 s

(g) t = 2.0 s (h) t = 4.5 s

Figure C.22: Experiment 49 (mass: 4 kg)
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Selected photos of the runout
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Figure D.1: Experiment 2
Figure D.2: Experiment 3

Figure D.3: Experiment 5
Figure D.4: Experiment 8

Figure D.5: Experiment 19 Figure D.6: Experiment 20
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Figure D.7: Experiment 21 Figure D.8: Experiment 22

Figure D.9: Experiment 32 Figure D.10: Experiment 48

Figure D.11: Experiment 49



Appendix E

Raw data

Table E.1: Manual measurement data for the reference experiments.

Flow depth
(mm)

Runout distance
(cm)

Flow depth
(mm)

Runout distance
(cm)

1 12 147.0 49 9 103.5 (105.5)
2 8 121.0 50 4-5 77.0 (84.5)
3 6 79.0 (81.0) 51 12-13 116.0 (122.0)
4 5-6 80.0 52 9 106.5 (107.5)
5 12-13 147.5 53 5-6 81.5 (83.5)
6 9 121.0 54 12 120.5

Table E.2: Manual measurement data for the experiments with a forest.

Runout distance
(cm)

Runout distance
(cm)

Runout distance
(cm)

Runout distance
(cm)

7 62.5 19 70.0 (75.0) 31 62.0 (63.5) 43 66.5 (72.0)
8 94.5 20 92.0 32 80.5 (86.5) 44 76.0
9 111.0 21 53.0 (56.5) 33 91.0 (103.5) 45 52.0

10 51.5 22 54.5 (57.5) 34 61.5 46 85.5 (91.0)
11 74.0 23 55.5 (70.0) 35 78.5 47 58.0
12 84.0 24 41.0 (45.5) 36 78.0 (89.5) 48 78.0
13 63.5 25 41.0 (49.5) 37 103.5 (107.5)
14 39.5 (45.0) 26 66.5 (71.0) 38 80.5 (83.5)
15 56.0 (57.5) 27 54.0 (57.5) 39 61.5
16 94.0 28 53.0 (57.0) 40 119.5 (121.5)
17 74.5 29 73.5 41 96.0
18 50.0 (54.0) 30 87.0 42 63.0
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