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Summary

Assessment of advantages and limitations of rockfall models require in-depth-knowledge in
the rockfall field, testing of model with field investigated data, as well as understanding
rockfall mechanics. This thesis intends to give an overview of currently in-use rockfall models
and summarizes the conclusions of researchers regarding the advantages and limitations of
the models which were employed in their research projects. The main part of the thesis
focused on the two complete rockfall models, RAMMS::Rockfall and Rockyfor3D. The two
models were employed in back calculation analysis based on the field investigation data of a
rockfall event that happened at Holaviki in the Community of Vik, Norway and was reported
by Norwegian Geotechnical Institute (NGI). The two models were compared, one versus
another, by looking at requirement input parameters, trajectory simulation approaches and
the outcome results.

Each model has shown its advantages and also limitations for future developments. Applying
those models in rockfall trajectory simulation is not a stand-alone approach, that does not
disregard the important role of field observation data, case history data and scientist
assessments that are essential for calibrating model parameters in order to improve
simulation results.

Keywords: rockfall, runout, modeling, RAMMS::Rockfall, Rockyfor3D, trajectory, simulation,
talus, topographical parameters.
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1. Introduction

1.1. Background and motivation statement

In the field of geohazards, rockfall normally has impacts on only small areas. However,
the damage to the infrastructure or persons directly affected is difficult to predict and may be
high with serious consequences.

Several rockfall models have been developed and applied in research and practice. The
common main purposes of the models are to identify the rockfall susceptibility area, simulates
the rockfall trajectories, which take into account the factors influencing the run-out distance
including rock mass, slope characteristics and topographic conditions, and finally mapping the
run-out areas. These models are relevant and much tools to assist in hazard mapping.

Assessment of advantages and limitations of a rockfall models require an in-depth-knowledge
in the rockfall field, testing of model with field investigated data, as well as understanding
about rockfall mechanics.

RAMMS::Rockfall and Rockyfor3D stand out to be the complete and advance models in
simulation of rockfall trajectories. Both of them can simulate the falls in 3-Dimentions. While
Rockyfor3D is being used in rockfall hazard assessments, the RAMMS::Rockfall with focusing
in applying different rock shapes in the trajectory modelling is becoming a tool in simulation
the trajectory of each individual rock after its releasing point.

Norwegian Geotechnical Institute (NGI), which is a leading international center for research
and consulting within the geosciences, has valuable information and experiences about
rockfall events in Norway. NGl is presently using Rockyfor3D for rockfall hazard assessments
and rockfall prevention studies in Norway. NGI always invests in development and applying
new tools in their research. Recently, with the new version of RAMMS::Rockfall, which was
developed with new insights about impact of rock’s shape parameters, NG| considers using
RAMMS::Rockfall in their near future rockfall consultant services and studies. Therefore, the
project of comparing Rockyfor3D versus RAMMS::Rockfall will have valuable contributions to
NGI.

RAMMS development team had visited NGI in August 2014 to present their developments in
the rockfall calculation algorithms. The idea of comparing RAMMS::Rockfall versus Rockyfor3D
has got their fully supports. They are very interested in the outcomes of the project, which will
be taken into account for the future development of new RAMMS::Rockfall versions. Using
RAMMS::Rockfall for simulation runs at Holaviki in the Community of Vik, Norway was the first
time ever the RAMMS::Rockfall trajectory simulation beta version model was tested on the
Norwegian geological condition. The outcomes of this study will then place a first step in the
long term future of employing such a model in Norway, especially at NGI.

With all the backgrounds and motivations, this master thesis intends to give detail
assessments of the two rockfall models, RAMMS::Rockfall and Rockyfor3D. The models will be
compared by looking at requirement input parameters, trajectory simulation approaches and
the run-out areas.



The model calculations were done using RAMM::Rockfall Beta_1.6.23 and Rockyfor3D v5.2.1.

1.2. The objectives of the study

Field investigated information of rockfall events in the area called Holaviki in the Community
of Vik, Norway, will be used as reference data for back calculation analysis by the two models
RAMMS::Rockfall and Rockyfor3D. Several set of simulation parameters describing geology
and topographic conditions of the areas will be employed in the scenario simulations. The
important expectation results are to be able to back calculate the rockfall event happened in
Holakivi as reported by NGlI, published in 1995.

The two models will be compared by looking at the physical parameters that have been
applied in calculation of rock motion and rock impact-contact with the terrain surface in order
to evaluate the advantage and disadvantage of each model. Suggestions on how to improve
the models are also expected.

2. Rockfall models — Why RAMMS::Rockfall versus Rockyfor3D

Published literatures in the recent years (1995-2013) on the field of rockfall models
were reviewed to find the most modern rockfall models, which were employed in different
studies and research projects. The following paragraphs describe shortly the characteristics of
the most recent in-use rockfall models.

Rockyfor3D - Rockyfor3D is a simulation model that calculates trajectories of single,
individually falling rocks, in three dimensions (3D). The model combines physically based,
deterministic algorithms with stochastic approaches, which makes Rockyfor3D a so-called
‘probabilistic process-based rockfall trajectory model’. Rockyfor3D can be used for regional,
local and slope scale rockfall simulations (Dorren, 2012).

RAMMS::Rockfall - RAMMS::Rockfall module employs rigid body algorithms to model the run-
out dynamics of single rock blocks over three dimensional terrain. This simulation model is
currently being developed at the Center of Mechanics (Institute for Mechanical Systems, ETH
Zurich) in close cooperation with SLF/WSL. The rock is modelled as a three-dimensional
indestructible polyhedral rigid body which can come into frictional contact with a tessellated
surface (Christen et al., 2012).

Slope Mass Rating (SMR) - The Slope Mass Rating is a parametric method that expresses the
susceptibility to instability of a rock slope by means of a rating system, taking into account
both the rock-mass quality and corrective factors depending on geometric relationships
between joint sets and the slope face (Apuzzo et al., 2013).

The Matheson’s graphical tests (MATHESON, 1983) are a useful method to identify type and
number of possible fundamental mechanisms of instability (plane sliding, wedge sliding, direct
and flexural toppling), considering a simplified calculation of the limit-equilibrium condition.
It consists of four graphical overlays suitable for each mechanism of instability to be used
together with stereo plots of discontinuities data (Apuzzo et al., 2013).



Numerical Manifold Method (NMM) - A complete rock failure process usually involves
opening/sliding of preexisting discontinuities as well as fracturing in intact rock bridges to form
persistent failure surfaces and subsequent motions of the generated rock blocks. The recently
developed numerical manifold method (NMM) has potential for modelling such a complete
failure process (Ning et al., 2012).

CONEFALL - Rockfall propagation areas can be determined using a simple geometric rule
known as shadow angle or energy line method based on a simple Coulomb frictional model
implemented in the CONEFALL. Runout zones are estimated from a digital terrain model
(DTM) and a grid file containing the cells representing rockfall potential source areas. The cells
of the DTM that are lowest in altitude and located within a cone centered on a rockfall source
cell belong to the potential propagation area associated with that grid cell. In addition, the
CONEFALL method allows estimation of mean and maximum velocities and energies of blocks
in the rockfall propagation areas (Jaboyedoff and Labiouse, 2011).

Rockfall Analyst (RA) — RA, a three dimensional extension to GIS, includes two major parts:
(1) 3D rockfall trajectory simulation and (2) raster modeling for spatial distribution of rockfalls.
As most of rockfall simulation modules, a “lumped mass’ or point approach is used in RA to
simulate rockfall trajectories. However, because the spatial autocorrelation of factors
affecting rockfalls (e.g. slope geometry, geology, vegetation, etc.), dominate the spatial
correlation of rockfall events in terms of their run out extent, velocity and energy distribution,
the spatial geostatistics-based raster modeling is used in dealing with the spatial distribution
of rockfall frequency, energy as well as their uncertainty (Lan et al., 2007).

RocFall - (RocFall 4.0, 2000) is a useful computer program based on the laws of motion and
collision theory which allows the path of rock blocks to be calculated. The kinetic energies,
velocities, endpoints (fall out distances) and bounce heights at each point within a profile can
also calculated. RocFall can also assist in determining remedial measures: the material
properties of each slope segment can be changed and the analysis re-run, comparing the
results. Information about the kinetic energy and location of impact on a barrier can help
determine the capacity, size and location of barriers (Yilmaz et al., 2008). As the time of writing
this thesis, the RocFall ver 5.013 was released as the latest version with new developments.

CADMA - it allows predictions to be made of fall trajectories and of the relevant parameters
(energy, height of bounce, runout distance of the falling blocks) for the design of remedial
works (Azzoni et al., 1995)

Flow-R - is a spatially distributed empirical model developed under Matlab®. Application of
the model requires two distinctive steps based on a digital elevation model (DEM): (1) the
source areas are first identified by means of morphological and user-defined criteria, and then
(2) debris flows are propagated from these sources on the basis of frictional law sand flow
direction algorithms. (Horton et al., 2013)

Other model like STONE (or HY-STONE as today new version) developed by Guzzetti et al. in
2002 that was mentioned in Yilmaz et al.,, 2008. Or Perla and the SFLM models were
mentioned by Horton et al., 2013, and there are many more developed models. But due to



time constraint, this thesis limited to the introduced models only. A more complete list of
available rockfall models can be found in (Volkwein et al., 2011)

Literature authors divided rockfall trajectory models into different types or groups.
Azzoni et al, 1995 roughly divided into two types: those considering the block either with no
mass or with the mass concentrated in one point (kinematic and lumped mass methods,
respectively), and those that consider the block as a body with its own shape and volume. The
latter models are generally better than the former, as they are more capable of accurately
reproducing the different phases of the fall phenomena.

Dorren, 2003 divided existing models in three groups: (1) empirical models, (2) process-based
models and (3) Geographical Information System (GIS)-based models (Dorren, 2003).

Short definition of different types of rockfall models in Dorren, 2003:

- Empirical rockfall models are generally based on relationships between topographical
factors and the length of the runout zone of one or more rockfall events. Sometimes
these models are referred to as statistical models.

- Process-based models describe or simulate the modes of motion of falling rocks over
slope surfaces.

- GIS-based models are those either running within a GIS environment or they are
raster-based models for which input data is provided by GIS analysis. GIS-based
rockfall models consist of three procedures. The first procedure identifies the rockfall
source areas in the region of interest, the second determines the falltrack and the
third calculates the length of the runout zone.

Volkwein et al., 2011 grouped existing models firstly according to their spatial dimensions:
(1) two-dimensional (2-D) trajectory models, (2) 2.5-D or quasi-3-D trajectory models and (3)
3-D trajectory models, and secondly according to the underlying calculation principles
(Volkwein et al., 2011).

Later on, in 2013, Leine et al. distinguished between four different types of rockfall simulation
codes: (1)“horizontal” 2D approach, (2)“vertical” 2D approach, (3) 2.5D approach (being a
concatenation of the latter two) and (4) 3D simulation approaches (Leine et al., 2013).

Volkwein et al., 2011 described rockfall model types by their spatial dimension as:

- 2-D trajectory model simulates the rockfall trajectory in a spatial domain defined by
two axes. This can be a model that calculates along a user-defined slope profile that is
defined by a distance axis (x or y) and an altitude axis (z). Such a profile often follows
the line of the steepest descent.

- 2.5-D models, also called quasi-3-D models. These are simply 2-D models assisted by
GIS to derive pre-defined fall paths. The key characteristic of such models is that the
direction of the rockfall trajectory in the x,y domain is independent of the kinematics
of the falling rock and its trajectory in the vertical plane.

- 3-D rockfall models are defined as trajectory models that calculate the rockfall
trajectory in a 3-dimensional plane (x, y,z) during each calculation step.



Table 1: Main characteristics of a selection of currently in-use rockfall models

Process- Dimension

Models Empirical based GIS-based 2-D 3-D Approach
CADMA ° ° Hybrid
CONEFALL ° ° Lumped-mass
Flow-R ° ° Lumped-mass
NMM ° ° Lumped-mass
RAMMS::Rockfall ° ° ° Rigid body
RocFall ° ° Lumped-mass
Rockfall Analyst (RA) ° ° Lumped-mass
Rockyfor3D ° ' Hybrid

A hybrid system is a dynamic system that exhibits both continuous and discrete dynamic behaviour — a system that can
both flow and jump

Arigid body is an idealization of a solid body in which deformation is neglected

Lumped mass just means assuming all the mass is concentrated in one rigid object

In Table 1, the rockfall trajectory models were grouped by computation base, rockfall
trajectory dimension and approach. Most of rockfall trajectory models are process-based
models. Flow-R utilizes both empirical studies and physical modelling.

Experimental methods include empirical studies and physical modelling. Those methods
mainly consists of performing tests on scale models. That type of methodology is expensive
and unsuitable for statistical and parametric analysis.

Even though, Azzoni et al., 1995 concluded that experimental methods are still very important,
both for the study of the phenomenology and the assessment of the relevant physical
parameters, not to mention the correct calibration of the mathematical models.

Most models analyze the falls in a 2-dimensional (2-D) space, no introduced model is 2.5-D.
The 3-D analysis is more accurate but more expensive and time consuming. By the
development of computer technology in the last 20 years, and the availability of powerful
computers at moderate costs, the mentioned limitations have been overcome. The
development of process-based and GIS-based models that utilize statistical and parameter
analysis in simulation of the rockfall trajectory in 3-D has been in focus in the recent years.

Assessment of advantages and limitations of a rockfall models require an in-depth-knowledge
in the rockfall field, testing of model with field investigated data, as well as understanding
about rockfall mechanics. The thesis aims to summarize the conclusions of researchers in the
studies when applying rockfall models in their research projects (Table 2).

Table 2: Summary the advantages and limitations of rockfall models

Models Advantages Limitations
e Simple to run e Block fracturing is not taken into
CADMA (Azzoni et al., ° Prowd'es clear and easily read account .
graphical outputs, such as slope e Block falls along a trajectory not
1995) . . . .
profiles with fall trajectories, affected by those of the other
histogram of velocities blocks




Models

Advantages

Limitations

CONEFALL
(Jaboyedoff and
Labiouse, 2011)

e Suitable for large and rapid survey
where the collection of require
field data for kinematics bases
modelling is not possible

e Stand-alone solution

e Simple frictional model, assuming
that block sliding along a slope

e Strongly dependent on the slope
morphology

Flow-R (Horton et al.,
2013)

e Suitable for debris flow
susceptibility mapping.

e Low data requirement

e Open to the user in terms of
inputs and algorithms

e Volume and mass are not taken
into account

e Not suitable for individual event
modelling

e Cannot integrate local controlling
factors and actual physical
behaviors

NMM (Ning et al.,
2012)

e It allows non-persistent
discontinuities and can simulate
both the opening/sliding along
pre-existing discontinuities and
the fracturing in intact rock

e Simulate a complete rock failure
process

e The rigid body rotation is not
represented explicitly

e Unexpected material domain area
change occurs in rotation
modelling

RAMMS::Rockfall
(Leine et al., 2013)

e Influence of shape on the rolling
behavior of blocks can be studied

e Possible to describe the scarring
effect of rock on terrain

e Cannot describe the scattering
effect caused by collision with
individual trees

e No account for finite strength of
trees

RocFall (Yilmaz et al.,
2008)

¢ Ability to determine the current
state of the rocks as they pass
certain locations on the slope

o Difficult to establish spatial
distribution in the exact
coordinates in a global position

e Manually transferring data to
ArcGIS from RocFall

Rockfall Analyst (RA)
(Lan et al., 2007)

e Using both raster and vector data

e Capable of effectively handling
distributed geometry and
mechanical parameters

¢ Can call geostatistical functions
built in GIS environment

o No consideration of rock shape
factors

Rockyfor3D (Corona
et al., 2013) (Dorren
and Seijmonsbergen,
2003)

e Calculate multi bounces within a
pixel

¢ Only spherical shape is used to
calculate the contact with terrain
or trees

e Gaps within forest stands were not
taken into account in the input
data

Conclusions from different studies confirm that the 3-Spatial Dimensions rockfall models
compute high level of precision for calculation of trajectories, but they required very
detailed level of input data for example block shape and its exact position before the

release.

All rockfall models depends on data resolution and accuracy (especially the topographical
data), as well as on parameter selection including rock sources and ground surface
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properties. Therefore, field observation data and case history data are essential for
calibrating model parameters in order to improve simulation results.

The two most complete rockfall models are RAMMS::Rockfall and Rockyfor3D.

RAMMS::Rockfall takes into account 03 types of block shapes (Long, Equant, Flat) when
looking at the influence of shape on the rolling behavior of blocks in the simulation method.
A novel friction model, which involves a slippage dependent friction coefficient, has been
introduced in RAMMS::Rockfall. Using this friction model, it is possible to describe the
scarring effect of rocks on the terrain, i.e. rocks tend to plough into the ground material,
slide, and then lift off (Leine et al., 2013).

Rockyfor3D has the possibility to use different rock forms like rectangular, ellipsoidal, and
spherical and/or disc type block forms as input for the simulations. This block form
determines 1) how the block volume (and consequently its mass) and 2) how the moment of
inertia is calculated on the basis of three defined block diameters d1, d2 and d3. For
calculating the block position, the rebound on the slope surface and impacts against trees,
Rockyfor3D always uses a spherical shape (Dorren, 2012). Rockyfor3D, on the other hand,
has advantages on calculation the impact against a tree, when a falling block against a tree,
it loses a fraction of its kinetic energy.

Therefore, RAMM::Rockfall Beta_1.6.23 and Rockyfor3D v5.2.1 were selected to further
study against each other in the back analysis calculations.

3. Model testing areas

Testing the models with a full scale terrain area is necessary. The models were applied on
the area named Holaviki, located on the southern side of the Sognefjord. Sognefjord, located
in Sogn og Fjordane County in Western Norway, is the largest fjord in Norway and the
longest open (ice-free) fjord in the world. The fjord runs through many municipalities.
Holaviki area are located in the Vik municipality in the Sognefjord region (see Figure 1).

[ T F o2, MY

(

Figure 1: Holaviki areas n the Sognefjord region, Western Norway
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The Holaviki is a small village located on a small
flat area with mountain on one side and fjord
water on the other side. There is a main road
Fv92 runs through the area.

NGl report no. 585910-3 (December 1995) —
Natural rockfalls — Descriptions and
calculations by Ulrik Domass (Domaas, 1995)
described a rockfall event in Holaviki. A rockfall
(in phyllite) was released due to heavy rainfall.

The reason selecting this event is because very
seldom it is possible to study full scale rockfall
in action, but it has been possible for NGl to do
the investigation in this Holaviki event.
Otherwise mostly the investigation happens on
the situation results after rockfalls.

The historical data of this Holaviki rockfall

event will be rebuilt as input data into the two

testing model RAMMS::Rockfall and Rockyfor3D. The main purpose is to find parameters to
be used in the models from the full scale natural rockfalls. The scatter of these parameters
can be used to calibrate models.

Figure 2: Holaviki area - orthophoto

4. Input data requirements - RAMMS::Rockfall versus Rockyfor3D
4.1. Digital Elevation Model data (DEM)

Both RAMMS::Rockfall and Rockyfor3D require rasterised DEM which describes the
topography of the study area in three dimensions as mandatory input data for the
simulations. The preferred resolution lies between 1m to 10m. The DEM also define the
project boundary coordinate. From the DEM, Rockyfor3D calculates the slope and aspect
map. Additional to that, RAMMS::Rockfall calculate curvature and contour plot of the area
with the input DEM.

12



4.2, Release rocks

There are differences in defining $RAMMS | Rack Bullder [x]
release rock in the two models. In fock Shape Classfication
1: Equant 2:Flat 3:Long
RAMMS::Rockfall, user can define . v
release rock either as point (X,Y) or
as line (X1,Y1);(X2,Y2);... with : Ly g
:

distance between release points ¢
depends on the DEM resolution. : -

Choose Rock Shape Rock Shape Viewer Rock Characteristics

(From Rock Library) 3 A Dimensions XA /Z [m] W

While, in Rockyfor3D the release 1[cn - muert_135]
rock is defined by a raster which

has same size and resolution as Z(meahﬂswmj
input DEM. Value 0 (zero) will be T _‘
assigned for the cells that are not

source cells and rock density values Eoter Now PTS Flonamme [Exar 13,10 a5
(2500-3000kg/m3) will be assigned o |

for cells where a block from those
cells will be simulated. Figure 3: Rock Builder tool in RAMMS::Rockfall (source
(Bartelt et al., 2013))

Rock Density (kgin3) | 27000

4
Rock Mass (kg) 27740 2’
Rock Volume (m3) | 1.027 gl

Another difference between the

two models in term of release rock is that RAMMS::Rockfall defines release rock as point or
line while the Rockyfor3D consider release rock as areas (could be only one cell or many
cells).

4.3. Rock body

4.3.1. Form of rock

RAMMS::Rockfall introduce an input rock to the model as a cloud of points. Points are given
in (x,y,z) format. A convex hull of the rock-body’s points cloud is created, in doing so
RAMMS::Rockfall creates an entirely convex body of the rock; concavities are closed over in
the process.

Rock Builder in RAMMS::Rockfall assist users to define the rock body in 03 typical shapes
Equant, Flat and Long (Bartelt et al., 2013). The users can adjust the Rock volume and Rock
Mass to match the release rock in the natural rockfall event.

Rockyfor3D, in another hand, require the input data to define the rock body by 03 raster files
represent values of 03 dimensions (d1.asc, d2.asc, d3.asc). Plus 01 raster (blshape.asc) value
(0-4) to define rock shapes

0 - No block form / no source cell defined

1 - Rectangular block (all three diameters can be completely different)

2 - Ellipsoidal block (all three diameters can be completely different)

3 - Spherical block (all three diameters are identical)

4- Disc shaped block (smallest diameter is max. 1/3 of the other two block diameters, which
are rather comparable in size)

13



4.3.2. The random of rock at the release stage

In RAMMS::Rockfall the contact between the falling rock and the terrain is determined by
the contact of the rock corner points with the terrain surface (described in detail in
subchapter 5.2), and since the release rock in RAMMS::Rockfall is form by a cloud of points,
it is important to know the Initial Rock Orientation (phi, theta, psi) for the first contact
calculation. RAMMS::Rockfall gives the possibility to the users to run the multiple Rock
Orientations simulation by allowing user to define number of random orientations to change
the Initial Rock Orientation, the Phi, Theta, Psi can be varied between +/-10 — 20 degrees
randomly by RAMMS::Rockfall. The number of changing time is equal to user-define number
of random orientations.

On the other hand, Rockyfor3D allows user to run multiple simulations by randomly change
the volume of the rock. In Rockyfor3D, the three rock dimensions defined in each source cell
are varied uniform randomly with a predefined % (based on the defined volume variation
between +0% and +50%) before each simulation. This random variation is always identical
for all three block dimension values for one single simulation. This means that if the volume
variation is set to 5%, then all 3 block dimensions are randomly decreased or increased with
a value between 0 and 1.639%.

4.4. Terrain material

When in contact with the terrain surface, the magnitude of energy absorption of falling rock
very much depends on the type of terrain material that the rock gets into contact with.

RAMMS::Rockfall groups the terrain type by the hardness of terrain material (extra soft 2>
extra hard). Each terrain type will associate with a set of (mu-min, mu-max, beta, kappa,
epsilon, ground drag) (see Table 4 on page 21)

In the input step, user can either specify the overall terrain material for the study area or
insert polygon shape files for all the different and important terrain materials inside the area
of interest and select the terrain hardness level for for each polygon.

Rockyfor3D suggested 07 Soil Type — value (0-7) of underground, elasticity of the ground,
mapped by polygon before converting to raster (see Table 5 on page 24 for soil type
description). For each soil type Rockyfor3D assigns a mean value of the normal coefficient of
restitution (Rn), which is a component in the formula to calculate Vn — Normal Velocity (see
detail in 5.2.3.2 on page 22).

In additional to the soil type, Rockyfor3D introduce the possibility to use 03 raster files to
describe the slope surface roughness (rg70.asc, rg20.asc, rgl0.asc) represent rocks which
form obstacles for falling block. The 03 raster files, in respectively order, correspond to the
height of a representative obstacle (MOH) in meter that a falling rock encounters in
representative 70%, 20%, and 10% of the cases during a rebound in the defined polygon.

Table 3: Size of the surface roughness and the related Rg values (source:(Dorren, 2012))

Size of the surface roughness (MOH)  Possible Rg values (in m)

No roughness, obstacles absent 0

>0-10cm 0.03,0.05,0.08, 0.1
>10-50cm 0.15,0.2,0.25,0.3,0.35,0.4, 0.5
>50cm—-1m 0.6,0.7,0.8,0.9,1
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Size of the surface roughness (MOH)  Possible Rg values (in m)

>1-2.5m 11,1.2,1.3,1.4,15,2,25
>2.5-10m 3,4,5,6,7,8,9,10
>10m 100

Thus the Rg values given by the three size probability class rg70, rg20, and rgl0, represent
values that are used in respectively 70%, 20% and 10% of the rebound calculations.

For example a terrain which has Soil Type value 6 (bed rock) will have a set of rg70, rg20,
rg10 suggested by Rockyfor3D as 0, 0, 0.05 respectively. According to Table 3 and because of
both rg70 and rg20 is equal to 0 (zero), it means that 90% the falling rock will not face any
obstacles and 10% it will hit obstacle rocks which have MOH about 0.05m (or 5cm). The
input surface roughness values have to more or less precise.

4.5. Obstacles — Forests/Swamps/Waters

Input data requirements in RAMMS::Rockfall for forests or swamps or water areas represent
by polygons with layer height (m) and drag value (kg/s). RAMMS::Rockfall applies a linear
vicous damping force which is acting only within layer height.

Forest in Rockyfor3D is described by tree file [X,Y, DBH (cm)]
whereas:

- (X,Y) — coordinate of the tree
- DBH (stem diameter at breast height in cm)

Rocky3D also requires a raster file called “conif _percent.asc” to define the percentage of
coniferous tree in each cell.

Alternatively, Rockyfor3D can also use 04 raster maps to convert information to a tree file as
above.

- nrtree.asc to describe no. of stems/ha

- dbhmean.asc — mean DBH(0-250cm)

- dbhstd.asc — standard deviation of DBH (0-250cm)
- conif_percent.asc

4.6. Input data requirement conclusions

In general, RAMMS::Rockfall provide integrated tools that assist users to build necessary
input data requirement, the input data format for RAMMS::Rockfall could be in any types
points, lines, polygons or raster. While Rockyfor3D requires almost only as raster format and
users have to use third-party tool (ArcGIS, SAGA-GIS,...) to create necessary input data.

RAMMS::Rockfall has the advantage with rock builder tool, which allows users to build
different form of rock using cloud of points, by that way, the built rocks precise to the real
rocks. On the other hand, Rockyfor3D gives possibility to build terrain surface in most
appropriate way by allowing users to describe the roughness of the slope surface with the
height of a representative obstacle of the surface. By another word, because of well
computation what happens at, during and after the contact of the falling rock and terrain
surface is crucial for the next computation steps, both the two models try to allow users to
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provide as accurate as possible the information to calculate the contact between falling rock
and the terrain surface. Field investigation is necessary to collect such information.

Another main difference between the two models is the randomly change of falling rock for
each simulation. RAMMS::Rockfall uses same input rock form but will rotate Initial Rock
Orientation for each simulation, while Rockyfor3D will randomly change the volume of the
rock with no influent on the rock form because Rockyfor3D always use spherical shape for
calculating the rock position, the rebound on the slope surface and impacts against tree.

Regarding forest impact, Rockyfor3D has advantage when using provided input data to
create tree file with tree location (X,Y) and BDH (stem diameter at breast height in cm). That
allows users with enough field investigation data to build close-to-reality forest as obstacle
objects for the falling rock. While RAMMS::Rockfall consider forest as a drag layer with same
height as forest height and applies a linear vicous damping force with the drag layer height
(more detail described in 5.2.4).

5. Motions of rock in relation with physical parameters -
RAMMS::Rockfall versus Rockyfor3D

The outcomes of a model run are normally the combination results of input data setup and
the calculation algorithms. In order to compare and identify the differences when applying
the models on the full scale event, one should also study the calculation algorithms of the
two models. The following subchapters will describe the calculation algorithms of the two
model at each typical motion step of a rockfall event.

5.1. Free flight

In RAMMS::Rockfall, the rock is assumed to be a 3-D rigid body, with three translational
and three rotational degrees of freedom.

First RAMMS::Rockfall consider the rock in free flight and deal with the contact forces later. In
free flight the parameters that govern the motion are the mass, three moments of inertia, the
rocks three translational and three rotational velocities.

The rock motion is also governed by gravitational force, which act globally, and drag force,
which represent the effects of trees. Along with gyroscopic forces, which can cause irregular-
shape rocks to become rotate around a rolling axis.

In Rockyfor3D, as described in Dorren, 2012, Rockyfor3D considers the flight of rock as
parabolic free fall, which is calculated with a standard algorithm for a uniformly accelerated
parabolic movement through the air. The parameters that govern the parabolic free flight are
the initial velocity of the rock, the angle of projection and gravitational force with respect to
the local slope. When the rock reaches a vertical velocity of zero at the maximum height of
free flight path then gravitational force will take place and accelerate the rock downward.

Since Rockyfor3D uses only spherical rock in calculation of the rebound on the slope surface
and impacts against trees, the gyroscopic forces is neglected.
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5.2. Contact, during contact and rebound on the terrain surface

5.2.1. Contact

In RAMMS::Rockfall, contact forces and frictional contact forces are external forces
that change the direction of the falling rock.

The contact of the falling rock is detected by continually measuring the vertical gap length
between the rock and the terrain projections. When the gap (gn in Figure 4) is larger than 0
there is no contact, when it is less than O there is contact and the contact forces are
computed.

Contact forces are modeled as hard unilateral constraints with Coulomb friction using non-
smooth contact dynamic approaches (Bartelt et al., 2013). For the case of contact the rock
motion is determined by direction of contact forces and a number of active contact forces
depending on orientation and kinetics at the point of contact (contact between rock body’s
corner points (P) and the terrain projection (Q) as in Figure 4). The combination of these
forces and force directions allows the complex rotations and trajectory deviation to be
simulated.

Contact point Q has a normal contact force component (n) and two tangential components
(t1, t2). The contact force (n) guarantees the unilaterality of the contact, i.e. the non-
penetration constraint. The tangential force components are due to Coulomb friction and
are governed by the contact laws (Bartelt et al., 2013).

Figure 4: Contact detection in RAMMS (modified from (Bartelt et al., 2013))

To determine the resultant force direction, the relative velocity between the contact points
P and the terrain Q has to be calculated. The velocity of contact point P includes translational
velocity with respect to the body’s center of mass and its angular velocity in the fixed body
frame; for which P also has a fixed position vector relative to the center of mass. In other
words, RAMMS::Rockfall consider the rotational speed of the rock at contact.
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Because the forces (with a direction) are then applied at rock corner points, which are away
from the center of mass to a rock body with three degrees of translational and rotational
freedom, torques and moment arms occur to generate rotations and rebounds that
represent the true mechanics of an impact.

In Rockyfor3D, at contact position, the incoming velocity in the horizontal plane xy
(Vhor) and the one in the vertical plane z (Vvert) are converted into an incoming normal V, and
tangential velocity V: (with respect to the local slope). Then, the penetration depth of the
block at the impact location is calculated (Figure 5).

Xy

Figure 5: Contact algorithm used by Rockyfor3D (modified from Fig 6 in (Dorren, 2012))

5.2.2. During contact

In RAMMS::Rockfall, during contact, two physically different forces oppose the motion
of a falling rock: sliding friction and drag.

Sliding friction in RAMMS::rockfall

A Coulomb-type friction acts at corner points of the rock’s surface that are in contact with
the ground; it is a sliding friction associated with the distance the rock slides on the ground.
When there is no contact, this sliding friction no longer acts. However, because this friction
acts on a point on the rock’s surface, it will generate torques that initiate rotational
movements. ldentify the parameterization of the friction force is importance because it
controls the time when rock slides, rolls or jumps.

On the other hand, drag force acts at the rock’s center of mass in the direction opposite to
the rocks movement (velocity), this force creates no rotational moments. There are two drag
forces in the RAMMS::Rockfall model. The first represents vegetation drag; the second
represents the viscoplastic drag due to terrain deformation during ground contact.
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Figure 6: lllustration of slippage motion in RAMMS::Rockfall (source (Bartelt et al., 2013))

During the contact of rock on the terrain surface, in some cases, the rock contact can be with
soft soils that easily deforms under contact. In such contacts there is a degree of penetration
and sliding of the rock-body as the rock ploughs into the earth cover accumulating material
behind it leaving behind distinctive impact scars in the terrain. For that, RAMMS::rockfall
introduces a slip dependant friction that acts during sliding and accounts for the increase in
friction due to material accumulation behind the rock body as it slides through the impact
(see Figure 6). Detail about how the slip dependant friction acts will be described in 5.2.3.
Rebound subchapter.

Drag force in RAMMS::rockfall

As mentioned above there are two drag forces, the vegetation drag or forest drag which will
be described in subchapter 4.4.2 Forest drag. During the contact of the rock and the terrain
surface there is the viscoplastic ground drag.

The viscoplastic ground drag is introduced to account for the viscoplastic deformation that
occurs in terrain soils under rock impact. Viscoplastic ground drag acts when the rock is in
contact with the ground (gn < 0) as the rock is sliding on the terrain surface (s > 0). The
viscoplastic ground drag force Fy is proportional to the square of the rock velocity Vs? as well
as the mass of the rock m. In another words, the heavier and faster the moving rock the
more drag acts on the rock, because they penetrate the ground surface.

The viscoplastic ground drag force is proportional to the rock’s total kinetic energy. The
ground drag coefficient varies between 0.0 1/m (hard surface terrain) and 1.0 1/m (soft
surface terrain). RAMMS::Rockfall introduces ground drag coefficient values for different
terrain surface type as in Table 4 in 5.2.3. Rebound chapter below.

In Rockyfor3D, during contact, penetration depth Dy is also introduced with the
maximum depth equals the simulated block radius (see Figure 7). If the penetration depth is
calculated, the calculation of rebound can be initiated.

The required input parameters to calculate penetration depth in Rockyfor3D are:

e Normal coefficient of restitution (Rn)

e Diameter of the block (d in m)

e Mass of the rock (RockMass in kg)

e Impacting velocity of the falling block (V in m.s-1)

e Indentation resistance of impacted material (in MPa), indentation resistance has
values between 1-5 MPa for fine soil and 200-250 MPa for bedrock
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e Density of impacted material (in kg/m3), values between 1500 kg/m?3 for fine soil and

2500 kg/m3 for bedrock

And the used of 2 constants:

e k=1.207 (dimensionless constant accounting for the spherical block shape)
e B=1.2 (dimensionless compressibility parameter of the impacted material)

Xy

Figure 7: Penetration Depth algorithm in Rockyfor3D (modified from Fig 6 in (Dorren, 2012))

The penetration depth was introduced in both RAMMS::Rockfall and Rockyfor3D. In
additional to the slip dependant friction was introduced in RAMMS::Rockfall to simulate the
sliding of the rock-body as it ploughs into the soft earth cover.

5.2.3. Rebound
5.2.3.1.Rebound in RAMMS::Rockfall

The rebound in RAMMS::Rockfall happens when slip dependant friction reach its
maximum values. Each terrain surface type will be assigned a minimum and a maximum slip

dependant friction (see Table 4).

The slip dependant friction is an extension of the Coulomb friction model in which the
friction value p is made dependant on the slip distance (s) travelled by the center of mass

u(s) (Figure 8).
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Figure 8: Contact frame of rock on terrain (source (Bartelt et al., 2013))

The dependence of the friction coefficient on the slip distance (s) is:
H(s) = Kmin + % (Kmax —Hmin) arctan(Ks) [eq. 7 in (Bartelt et al., 2013)]

The slip distance (s) is a transition state variable which has a time-evolution. As long as there
is one active contact with normal contact force (n) > 0 between terrain and rock, distance (s)
grows by integrating the norm of the center of mass velocity vs of the rock.

The slip dependant friction ) therefore increases with the slipping distance of the center of
mass. There are 02 parameters K and  that control the act of the friction.

e The parameter K (sliding friction proportionality constant) controls how quickly the
friction increases from pmin, to pmax.

e The parameter B controls how quickly the friction is released as the rock departs the
ground scar.

The parameter B is linked to the penetration depth of the rock into the ground. Larger
penetration depths (softer materials) are associated with smaller B values.

If B is large, friction is immediately removed as the rock moves away from the ground.
Conversely, when B is small, sliding friction can act, even after the rock is no longer in
contact with the ground that is to reflect the physical behavior that the rock gradually has to
overcome the heap of ground material in front of it.

RAMMS::Rockfall introduces friction values as in Table 4 for different type of terrain surfaces.

Table 4: Terrain types and physical parameters used in RAMMS::Rockfall
Mmin  Mmax B(s?Y) K(m?') Grounddrag Characteristics

Snow 0.1 0.35 150 2 0.7 Snow-Gliding
Extra Soft 0.2 2 200 1 0.9
Soft 0.25 2 185 1.25 0.8
Medium Soft 0.3 2 175 1.5 0.7
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Mmin  Mmax B(s?Y) K(m?') Grounddrag Characteristics

Medium 0.35 2 150 2 0.6
Medium hard 0.4 2 125 2.5 0.5
Hard 0.55 2 100 3 0.4
Extra hard 0.8 2 50 4 0.2 Bedrock

5.2.3.2.Rebound in Rockyfor3D

The rebound velocities of the rock after contact is calculated in Rockyfor3D after the
computation of penetration depth (D;) during contact.

Xy
Figure 9: The rebound as represented by the algorithms used by Rockyfor3D (Dorren, 2012)

The velocity of the rock after rebound (V) has three components, normal velocity
component (Vn) and tangential velocity component (V) and rotational velocity (Vrot).

