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Abstract

Understanding rockfall is of great interest in mountainous regions.
The challenges are identifying the source area, determining the
trajectories and runout length. Special equipment or deposits from
past events are needed to identify the source areas. The estimation of
the trajectories and the runout length is also very complex, but
necessary in order to dimension protective measures. Nowadays,
there are some simulation tools based on different methods to
determine the runout length and the trajectories. One of them is the
software RAMMS::ROCKFALL which is continuously developed by
the Institute for Snow and Avalanche Research (SLF) Davos. In this
master  thesis the calibration of soil parameters in
RAMMS:ROCKFALL is performed with an experiment in a forest
near Surava. The experiment include three different forest scenarios,
one in the original forest (OF), one in the same forest area but with a
deforested section, leaving the deforested deadwood there (DW), and

in the last experiment these deadwood logs are removed (DEF).

Concrete EOTA;I?IQ (cubic rocks) are used as rockfall blocks in the

experiments and simulations. To recreate the experimental site for the
simulations, a high-resolution digital terrain model (DTM) and an
accurately reconstructed forest are used. To find the best match
between the RAMMS:: ROCKFALL simulations and the experiments,
adjustments are made to initial linear velocity and z-Offset, as well as
repositioning of the release point. The soil parameters of mechanical
soil strength (M) and drag coefficient (Cy) are calibrated to these
adjustments. Since the soil conditions are the same in all three
different experiments (with the exception of the forest), the interest in
the best fitting parameters is across all experiments. To compare the
deposition points of the experiments and simulations, a standard
deviational ellipse is created for each deposition pattern and the
lateral and longitudinal axes as well as the mean x- and y-coordinate
(center of mass - COM) are compared. With these variables of interest
and the adjustments made, the appropriate soil parameters Me = 1.2
and Cy = 1.0 were found in RAMMS:ROCKFALL to obtain good
congruence of the simulations and the experiments. The runout
length in the DW is the shortest because the lying deadwood stems
hold up most of the rocks. When the deadwood stems are removed
(DEF), the rocks move further than in both other forest scenarios.
There is a great effect of lying deadwood or standing trees to slow
down the rocks. Although the deposition pattern of the simulations
and the experiments matched well, the lateral dispersion is always too
small, even if the tree elasticity is higher or a roughness is manually
added to the DTM. Therefore, this needs to be investigated further to
achieve better agreement in lateral dispersion.
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Chapter 1

Introduction

In Switzerland two-thirds of the area belongs to the Alps. In such regions,
natural hazards as avalanches, debris ows and rockfalls are a widespread
danger and threaten people, infrastructures and trafc roads [3].
Identifying those hazards and consequently invoke adequate and economic
countermeasures is a constant theme for societies inhabiting mountainous
areas. Avoidance of the hazardous areas or you minimization of the risk of
a damage are two mitigation strategies. Risk reduction in the case of
rockfall can happen via natural protections, such as protective forest,
adequate monitoring and early warning systems, or via arti cial structures,
such as protective barriers [4, 5]. To build and dimension such
constructions, an accurate process understanding is inevitable.  With
growing development pressure also in rural areas, especially in touristic
hotspots, larger societal demands on mobility and decreasing risk tolerance
rockfall prediction and protections are becoming more important.
Additionally, due to the climate change with warmer summers, rockfall
frequency will increase in higher elevation areas with retreating permafrost
[6]. Rockfalls typically have small volumes but are frequent on some slopes,
and can have long runout [4]. It can be dened as the downward
movement of detached rock fragments (a single rock, several blocks, or a
fragmented mass of rock) by freefalling, bouncing, rolling, and sliding [7].
Crosta et al. [4] lists a classi cation of different rockfalls according to their
volume: block falls (volume 10 2-1¢ m3); mass falls (1—-10 m3); very
large mass falls (1-10' m3); and mass displacement (more than 10/ m?).
Therefore, rockfall scenarios always differ in size, location and frequency.
Thus, rockfall management require the identication of the potential
release location, the possible rock size and the possible rockfall trajectories.
In some areas the identi cation of a potential release location is easier than
in others. For example talus slopes at the foot of cliff faces are obvious
evidence of rockfall, whereas rockfall on slopes with vegetation is more
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dif cult to recognize [8].

The triggering factor for rockfall can be very different and usually is a
complex interaction of different factors. The favoring of rockfall depends
on the degree of weathering of the rock, which can lead to fracturing,
opening of joints and therefore to mass detachment. The slope degradation
consequently is dependent on a plethora of environmental factors causing
physical and chemical weathering, as well as on the morphological and
geotechnical characteristics of the bedrock material. Specic triggering
factors for the detachment of rocks can be such as, earthquakes, rain
storms, rapid snow melt, freeze-thaw cycles of water in joints, root
penetration and wedging, stress relief after glacier retreat, leverage in high
winds, or simply progressive rock mass degradation. [8, 4]

While in the end it is always gravity as nal cause, the subtle interplay of
all the above factors impede a high level of accuracy in answering the
"when” and "where” of a potential rockfall. For this reason, permanent
protection must be in place in particularly vulnerable areas.

The 3D trajectory, frequency, kinetic energy, and height above ground of
rockfalls, as well as the local slope morphology, are crucial for
dimensioning of rockfall protection measures [4]. Depending on the
possibilities and environmental circumstances, different approaches to
rockfall protection measures are used; there are purely arti cial such as
protective nets or protection galleries, quasi-natural such as dams and
ditches and natural such as protective forest measures [5]. Protection
galleries in Switzerland protect railways or streets against medium
magnitude events with a high frequency. They are typically build for
impact energies up to 3'000 kJ [9] or up to 5'000 kJ [10]. Besides galleries,
exible protection barriers with ring nets provide good protection against
rockfall. They are able to resist energy levels up to 10'000 kJ [11]. If such
energy levels occur, these nets or very large, quasi-natural embankments
can withstand the occurring forces [5]. For comparison a 4'000 kg (s 1.5
m?3) free falling rock from a height of 10 m has a kinetic energy of 400 kJ
and to get the 10'000 kJ you need a free falling rock of 25'000 kg s 9.3 m°)
from a height of 42 m. For such high energies massive embankments or
special ring nets are needed to hold back the rockfall, which in turn are
very expensive. For smaller energies, protective forests are a good and
cost-effective alternative. Forest in the transit or deposit area act like
barriers, they reduce the velocity and the jump height of the rockfalls and
thus reduce the length of the falling distance [12]. Even dead wood lying in
the transit or deposit area act like barriers and decelerate or stop falling
rocks [12]. But forest in the source area could have a negative effect on
rockfalls. Roots of trees could penetrate joints and can promote rockfall or
if the wind causing trees to sway, can trigger rocks in rare cases [13, 14].
However, generally trees have a positive effect in the source area, they



stabilize the boulders with their roots and thus prevent them from falling
down.

There are different approaches to obtain a prediction of rockfall hazard.
Common ground is the identi cation of the release area and a subsequent
estimation trajectories with highest possible accuracy. Identi cation of
rockfall sources are based on a geomorphologic mapping of potential or
active source areas, evidence of past rockfall via aerial photo interpretation
and eld investigations [7]. Today, imaging techniques such as
photogrammetry or terrestrial laser scanning are used to obtain accurate
3D reconstruction and structural analysis of large rock walls [4]. After
rockfall source identi cation, key task is the prediction where the boulder
will interact with the topography and stop. To get the best prediction
results, fusing engineering expertise with state of the art numerical rockfall
model is considered the best solution. Today, there are different approaches
that can be categorized into Empirical Models Mathematical
Models/Process-based Modelad GIS-based modelg7, 8]. The empirical
runout models include for example the shadow anglemethod, which is
based on the energy line concept. This shadow anglds the angle of a
straight line between the highest point of the talus slope and the stopping
point of the longest runout boulder for any given rockfall [8]. This method

is easily applicable to use in geographic information systems (GIS) and
takes into account the different geologic and topographic settings, but
important factors such as soil properties, vegetation, or small-scale
topography of the study area are not considered well. Previous work of
Copons et al. [15] listing shadow angles for different scenarios between 17°
up to 31.5° and Dorren et al. [8] comparing studies with a resulting shadow
anglebetween 22° and 30¢ illustrate the large variations. Thus, it is agreed
that this method should be used for a rst approximation of the runout
length only. The category of process-based models simulate the rockfall
movement over a slope surface, and there are several approaches that vary
in detail and accuracy. Some are really basic (as thesimple dynamics rockfall
modelby Keylock and Domaas [16], and many others) and take into account
only the frictional force and the acceleration due to gravity. While
process-based models simulate the motion as a sequence of airborne and
contact phases, in simpler models the falling boulder is restricted to a
two-dimensional plane, that is lateral movements discarded. Some models
consider the boulders mass concentrated in a point or as an ellipsoidal
body, some models differentiate the contact phase of the boulder with the
ground between bouncing, rolling and sliding and others do not [8].
Volkenwein et al. [5] provides a comprehensive overview on different
rockfall models and their speci cs.

A modern 3D simulation tool is the RAMMS::ROCKFALL software. It is
based on non-smooth contact dynamics method with hard contact laws
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and all different shapes of rocks can be run in the simulation. Input
requirements are a digital elevation model, an idea about the release area
and rock shape and mass. [17]. New research ndings are continuously
transferred to the code aiming at a ever more robust calibration. Latest
calibration work considers the translational velocity vectors, angular
velocities, impact duration and forces, ballistic jump heights and length of
the trajectories [2]. Even the effect of the forest is considered depending on
the terrain. Lu et al. [18] studied the effect of different rock shapes on the
deposition pattern in forested simulations, and postulated that platy rocks
have the largest lateral dispersion, followed by equant and spactially rather
concentrated elongated rocks. While rock shape is a key factor, the lateral
dispersion depends also on the macro- and micro-topography, and the
rock-ground interaction[19].

1.1 Objective

The goal of this study is to calibrate the Ilatest version of
RAMMS::ROCKFALL with a high-resolution digital terrain model (DTM)
as low as single digit centimeter scale, scrutinizing the DTM resolution
effects on simulated trajectory paths. Main objective is a consistent
incorporation of macro- and micro-topography, and hence achieving
congruence with simulation to experiment comparisons. Additionally,
investigations on how lying deadwood in the transit zone affect rock
deposition patterns and what happens when the deadwood is removed.
The study optimally leads to best-practice recommendations for the use of
high-resolution DTMs within the RAMMS::ROCKFALL software and is a
stepping stone in the calibration in forested terrain. The results also help to
advance the understanding of rockfall in forests and the rock-tree
interactions and its effect on depositon patterns.



Chapter 2

Material and Methods

This chapter summarize obtained eld data and applied post-processing
methods. While the acquisition of the eld data was not part of this study,

it is still brie y explained here in order to put the retrieved data in context
with the performed analysis whitin this study. The main novel contribution

of this work is presented in Data analysis The CH1903+/LV95 coordinate
reference system is used throughout the analysis and the results unless
otherwise noted.

2.1 Study area

The study area is a forest near Surava (Release point: 2'765'796, 1'169'610)
and covers an area of about 6'000 n? with an inclination of roughly 30° in a
north-northwest orientation. The elevation of the area is between 1'000 m
a.s.l. and 1120 m a.s.l.. According to the of ce for forests and natural
hazards of canton Grisons the forest site (Waldstandort) is carbonate
r-spruce forest with white sedge (Adenostylo glabrae-Abieti-Piceetum
caricetosum albae 58)ith predominant spruce (Picea abieqR0].

2.1.1 Field Data

The eld data were obtained during eld trips in 2017 and 2018. The data
comprises forest data such as tree height and coordinates of the trees, an
accurate digital terrain model (DTM) and the deposition points of the
experimental rockfalls.

The rst experiment was carried out with the original forest (see Figure: 2.1)
on the 8" and 09" November 2017. After the rst experiment in the original
forest, an area of about 1'000 n?, intersecting at about 25 m in the direction
of the fall line of the rocks, was cut down in the upper area and the logs were
left in the area. Therefore, the second experiment on the 24" November 2017

11
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