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Abstract

Rockfall presents an ongoing challenge to the safe operation of transportation infrastructoss ac
Canada, creating hazardous conditions which can result in damage to roads and railways, as well as loss
of life. Conventional rockfall risk assessment frameworks involve the determination of several pieces of
informationrelevant tohazard managemeribcluding vhere rockfalls might come from, howefjuently
they will fall, and howarge the falls will be. Another important piece of information is the likelihood
that a given fall will reach the road or kaay. One method ofstimatingthis likelihood $ the use of
rockfall runout programs which simulate the 3D trajectories of volumes of falling rock. The focus of this
research is thelevelopment and testingf a new rockfall simulation workiw which uses the Unity3D
gameengine and other complimentaD modelling softwar@ackages

The simulation methodevelopedhas been applied to two different rockfall field studies from
the literature, one in Ehime Japan, and one in the Port Hills region of New Zealand. Rockfall runout
information collected at thse sites including translatiahand rotational velocit, and deposition
location hasbeenusedto test the ability of our technique to simulate rockfall trajectories which are
redlisticcompared to rockfall events on real slop@sparametric investigain into the various inputs
necessary to setup a basic rockfall simulation was also completed in order to identify any key
sensitivities in the model.

The workflow necessary to produce 3D rockfall simulations using Unigy@Dlined The
technique is cpable of simulating the trajectories of multiple moving fragmentsrate andsupports
the use of higklresolution 3D geometry extracted from remote sensing datasets. Using this workflow
five fragmental rockfall events from our field study sites in SeCahiral, British Columbia were
simulated. The results of this work demonstrate the capability our rockfall simulation tool to model

complex rockfalscenarios usingigh-resoluion (<10 cmYerrestrial laser scanning inputs.
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and postfailure meshes is shown (upper right), as well as a stagtagepresentation of the wedge

sliding failure mode. It should be noted that partsthud source rockmass also exhibited overhanging
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Figure 45: Visual overview of the 32%fiexural toppling event detected at the White Canyon East site
between June and Augus026. The event involved a large slab of weathered and heavily jointed
rockmass which failed approximately 14 m above track level. Site photos (left) of the source zone pre
and postfailure are shown. Change detection results of the event are shown (Qemitér cool colours
indicating material loss and warm colours indicating material accumulation. Change detection results
indicate the bulk of material from the rockfall event was retained in the tsidk ditch. The rockfall hull
of the event, extractedrbm the pre and postfailure meshes is shown (upper right), as well as a stereo
net representation of the flexural toppling failure mode. It should be noted that parts of the source

rockmass also exhibited overhanging SECHANS. ...........couiiiiiiiiiiii e 117

Figure 46: Schematic overview of the 15*planar sliding rockfall event detected at the White Canyon
West site between October 2015 and February 2016. The event involved an irregularly shaped slab of
weathered aml heavily jointed rockmass which failed approximately 9.5 m above track level. Site photos
(left) of the source zone pr@and postfailure are shown. Change detection results of the event are

shown (center) with cool colours indicating material loss andweolours indicating material

accumulation. Change detection results indicate that the bulk of the material from the event was
retained by the traclside ditch. The rockfall hull of the event, extracted from the-jared postfailure

meshes is shown (uppeight), as well as a sterawet representation of the planar sliding failure mode.



Figure 47: Schematic overview of the 8mlanar sliding event detected at the White Canyon West site
between July and October 2016. The event involved the failure of two distinct sections of the jointed
source rockmass, with the upper ()nand lower (2 ) failures releasing from 10 m and 6 m above
track level respectively. Site photos (left) of theisme zone preand postfailure are shown. Change
detection results of the event are shown (center) with cool colours indicating material loss and warm
colours indicating material accumulation. Interpretation of the pfadkimagery indicates that the lasv
failure was inside the slide path of the upper rockfall event. It is our interpretation that these events
likely occurred simultaneously, with the lower failure occurring as a result of impact from the upper
failure. Change detection results indicataththe bulk of the material from the two events was retained
by the trackside ditch. The rockfall hull of the events, extracted from the prel postfailure meshes is
shown (upper right), as well as a steneet representation of the planar sliding faié mode for the
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Figure 48: Before and after photos of the 24*mvedge sliding event from White Canyon East. The top
row shows the prdall debris present in the trdeside ditch (A), as well as the pial source zone (B).

The bottom row shows the pogall accumulation in the traeckide ditch (C), as well as the pdali

source zone (D). From these images we can see the heavily jointed state of the rockfallefabsapd
rockfall backscarp, post fall. A notable increase in the quantity and size of debris fragments in the track

side ditCh iS ViSIDIE POSAIL. ........ooooiiii e 121

Figure 49: Schematic of potentidtagmental rockfall runout behaviour. Here leading material from the
event has filled up a catchment ditch. Trailing rockfall material impacting the back of the deposit has the
potential to push the leading material forward and out of the ditch (blackvasjo Additionally, the

initial material has created a surface in which trailing rock fragments can runout over top of (grey

trajectory), reducing the effectiveness of the ditch and leading to fragments reaching the.track.23

Figure 410: Snapshots from a video of a fragmental rockfall event occurring above a section of railway

in western Canada. Elapsed time between frame 1) and frame 6) is approximately 2 seconds124

Figure 411: Screenshots of a fragmental rockfall simulation (1000 fragments) for the 3@ kfall
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Figure 412: A comparison dhe actual and simulated change detection results from the 17@etge
sliding event at Goldpan. The simulation produced a good comparison with the actual change results,

yielding a similar spatial distribution, and magnitude of change. In both casesaletion takes place
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on the midslope bench and on top of the rock shed, with the majority of volume running out off the
slope. The percentage of initial source volume retained at various locations on the actual and simulated
slope is displayed and showsstrong agreement between the actual and simulated analysis. Areas of
additional loss in the actual change detection, on top of the rock shed and at thelopie bench, are

not captured in the simulation results. The simulation technique uses a fixgdl stope surface, and is

not able to capture smaller slope failures which may have occurred as a result of runout from the initial
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Figure 413: A comparison of the actual disimulated change detection results from the 22wedge

sliding event from White Canyon East. The simulation produced a good comparison with the actual
change results, yielding a similar spatial distribution, and magnitude of change. The percentatigd of in
source volume retained at various locations on the actual and simulated slope is shown. In this case the
majority of material in both the actual and simulated analysis ends up in the-sidelkditch, with a

smaller component of the volume stoppedside the gully. In the simulated change a small number of

fragments do reach track level, representing approximately 2% of the simulated valume......... 131

Figure 414: A comparison of the actual asinulated change detection results from the 32ftexural
toppling event from White Canyon East. The simulation produced a good comparison with the actual
change detection results, yielding a similar spatial distribution, and magnitude of change. The
percentage of initial source volume retained at various locations on the actual and simulated slope is
shown. The majority of material in both cases is retained in the tsad ditch. In the simulated case a
small amount of the simulated volume comes totres the slope (0.5%) and runs out into the track
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Figure 415: A comparison of the actual and simulated change detection results from thé dlamar
sliding event from Whit€anyon West. The simulation produced a good comparison with the actual
change detection results, yielding a similar spatial distribution, and magnitude of change. The
percentage of initial source volume retained at various locations on the actual anth&hslope is
shown. The majority of material in both cases is retained in the tsadd ditch. In the simulated case
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Figure 416: A comparisonfahe actual and simulated change detection results from the*@lamar
sliding event from White Canyon West. The simulation produced a good comparison with the actual
change detection results, yielding a similar spatial distribution, and magnitude neh&he

percentage of initial source volume retained at various locations on the actual and simulated slope is
XVii



shown. The majority of material in both cases is retained in the tsid ditch. In the simulated case a
small amount of the simulated volune®mes to rest on the slope (1.5%) and runs out into the track
oL T= T (T TP 134

Figure 417: Results of the 15 simulation iterations run for the 24amdge sliding event at White

Canyon EasEach point represents the end point of a simulated fragment in one of the 15 simulations
run. The envelope of red points indicates the runout of 95% of the simulated volume, with the purple
and blue portions representing envelopes containing the additidegland 1% of the material
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Figure 418: A section view of the 15 simulation iterations run for the ZAvmdge sliding event at
White Canyon East. The top plot shows the awalation of simulated fragments across the section. The

notable peak visible at 270 m is in alignment with the location of the tsii catchment ditch......140

Figure 419: Comparison of the 1&mulation iterations of the 24 fwedge sliding event using the pre
fall (empty) and posfall (full) ditch geometries. In the full ditch scenario the 95% and 99% runout
boundaries have shifted further forward into the track area, indicating a decresffectiveness in the

ditch at stopping material from reaching the track...........ccoovveeiiiiii e, 142

Figure 420: The distribution of simulated volume for the diadl and postfall ditch geometries is
shown. The vdical grey and black lines indicate the 95% volemm@out boundaries for the two cases.
Simulation using the podall (full) ditch geometry results in the 95% volummout boundary shifting
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Figure 421: A schematic overview of the volume percentages stopping at different locations for the 15
simulation iterations using the empty and full ditch geometries. Simulation using the full ditch geometry
resulted n nearly twice as much material reaching track level. The distribution of the grain sizes which

reached track level in the full ditch scenario iS alSO SNOWN- ......c..vvenivieieee e 144

Figure 51: Comparing the preous (A) and current (B) approaches to modelling raltick rockfall

1V 810 T2 152

Figure 52: Comparing the three potential timings of fragmentation which could have taken place for the
events discussed in Chapter 4. Red indicates which blocks are breaking away from the initial source rock

mMass and travelling dOWNSIOPE.........uu e e 157
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Figure 53: Showing the results of different Voronoi fraing methods. Recursive fracturing in b) results
in the additional fracturing of the initial convex polyhedra in a). Shape constraints in c) result in the

elongation of the convex polyhedra, creating a more sHiet fracture network........................... 159

Figure Bl: Before and after photos of the 170*medge sliding event at Goldpan. The top row shows
the prefall debris present on the slope and rock sheeBjAas well as the p#all source zone (C). The
bottom row shows the postall accumulation on the slope and rock sheeHPas well as the po&ll
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Figure B2: Before and after photos of the 32*fitexural topplingevent at White Canyon East. The top
row shows the prdall debris present in the trackside ditch (A), as well as thdgtesource zone (B).
The bottom row shows the pogall accumulation in the trackide ditch (C), as well as the pdali
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Figure B3: Before and after photos of the 15%mplanar sliding event at White Canyon West. The top row
shows the predall debris present in the trackside ditch (A), as well as tieefadl source zone (B). The

bottom row shows the postall accumulation in the trackide ditch (C), as well as the pdali source

Figure B4: Before and after photos of ther® planar sliding event at White Canyon West. The top row
shows the prefall debris present in the trackside ditch (A), as well as thefgtesource zone (B). The

bottom row shows the postall accumulation in the trackide ditch (C), as well as thegtdall source
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1.1 Project Background

Rockfall$ a massnovement hazard which threatens communities and infrastructure wattde. This

hazard is particularly problematic along transportation corridors in western Canada where highways and
railways have been constructed in narrow river valleys adjatmesteep rock slopef-igure 11). For
transportation operators the management of these hazards represents an ongoing engineering
challenge with significant economic costs and safety cong@imser and Jayaprakagi012) As a

result, highway and railwastakeholders are interesteith the development of new methods and
technologies to effectively identify, monitor and assess faltkazards afflictingransportation

corridors.

-

Figure 1-1: A section of Caradian National Railway running along the Thompson River in British Columbia.
This site is one example of the challenging slope conditions pent for transportation operators in western
Canada. (Photo courtesy of Peter Gloor. Available at www.railpicturesa)



The work comprising this thesis has been completed as part of a larger collaborative research
effort known as the Railway Ground Hazard Research Program (RGHRP). The RGHRP was initiated in
2003, as a collaborative partnership between Canadian indasttyacademia, and includése
Canadian National (CN) Raily, the Canadian Pacific (CRailway Transport Canada, the Geological
{ dzZNBSe 2F /Iyl RFYZ vdzSSyQa ! yABSNEAGES FyR GKS ! yA
provide an improved undetanding of ground hazards which have the potential to adversely affect
transportation infrastructure, such as ground subsidence, debris flow, and rockfall, and to develop
practical solutions for their identification and management.

Research conducted atdzZS Sy Q& ! YASBSNEAGE & LI NI 2F GKS wbDI
hazardous rock slopes using remote sensing techniques such as Aerial Laser Scanning (ALS), Terrestrial
Laser Scanning (TLS), and Structure from Motion Migtiv Stereo (SfMMVS) Photgrammetry. Each
of these technologies provide a means of generating 3D models of the slope surface, supporting a wide
range of geotechnical and geomechanical analyses. To date, notable research completed by the group
includes:

9 The construction of a rockfalatabase from change detection data for analyzing frequency

magnitude relationships and triggering events (van Veen 2016)

1 An exploration of rockfall modelling techniques using game engine technology and high

resolution remote sensing data (Ondercin 2016)

9 The analysis of structural constraints on the detection offaikeire rockfall deformation (Rowe

2017)

1 Development of small scale deformation detection methods and4eeatinuous monitoring

techniques for rockfall deformation analysis and early wariiiigmer 2017)

This body of work represents the ongoing development of techniques which aid in the

identification, characterization, and analysis of rockfall hazards. The majority of past and current
2



investigation has been focused on the study of rockfafldnds in soutltentral British Columbia, along

sections of the CN mainline heading towards the port of Vancouver. In this region, and other

transportation corridors across Canada, rockfall has the potential to cause significant service

interruptions, damae to infrastructure, and in severe cases, loss of life. The work completed by the
vdzSSyQa | yAOBSNEAGE wDIwt GSIY A& LINIG 2F Ly 2y3z2Aa
effectively manage rockfall hazards, attempting to mitigate potential fir@osses due to rockfall and

provide safe operating conditions for personnel and the public.

1.2 Thesis Scope and Objectives

The work presented in this thesis is a direct continuation of previous work completed by Matthew
Ondercin, exploring the use of ganengine technology as a platform for developing rockfall simulations.
The primary objective of this thesis is to further investigate the potential this technology has for creating
realistic rockfall simulations, with an emphasis on testing model perfoomasing data from field scale
rockfall experiments and natural rockfalls, as well as developing further rockfall simulation capabilities.
This objective is separated into a number of project tasks:
1 Refine and document the workflow necessary to move ffaid data such as highesolution
point clouds and site photographs to a functioning 3D rockfall simulation in the Unity game
engine
91 Develop a methodology for incorporating the rockfall shape and structure detected from
sequential TLS scans into our gaemgyine based rockfall simulation
9 Carry out a parametric analysis of input parameters in order to better understand model
performance and identify any key sensitivities
1 Compare simulation results to recorded data from field scale rockfall experimentsamith

emphasis on kinematic information such as translational and rotational velocity



9 Test the techniques ability to modighgmentalrockfall runout for natural rockfall cases
detected along the Thompsefraser River corridor using highsolution3D point ¢éouds and

site imagery

The overall goal of this work is to further investigate the potential of our ganggne based
technique to reliably simulate rockfall runout, including rockfall behaviour which cannot currently be

modelled using other rockfall modkhg software.

1.3 Thesis Format and Outline

This thesis has been written following the guidelines and requirements outlined by the School of
DNJ Rdzk G S { (i diBniv&sity ahdises\a dzénSs¢riQtistyle format.

Chapter 2 lays out the stepy-step proces of generating a rockfall simulation using our gangine

based technique.

Chapter 3 explores simulation performance through parametric analysis and the simulation of rockfall
experiments from the literature.

Chapter 4 explores the ability of the tatdjue to simulate natural rockfall cases detected using TLS, and
the applicability of forward models for the same sites.

Chapter 5 discusses the resultsiod work presented in Chapters 2 throughas well as the main
conclusions of the research projeaid recommended future work.

Chapters 2, 3 and Have been written astandalonemanuscripts for the purpose of submission to

scientific journals and each contain a brief review of literature relevant to each of the topics.
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2.1 Introduction

Rockfall is agplogical process which involves the conditioning, detachment, and downslope movement
of material from rock atcroppings (Higgins and Andre@12). It is a process most commonly found in,

but not confined to, mountainous environments where steep slopegpaesent and erosion and

weathering rates are higliRik due to rockfall may includéransportation service interruptions, severe
damage to building and transportation infrastructure, and in some cases loss of life. An example of this
is a 53,000 rrockfall event which occurred in November 2012, approximately 150 km northeast of
Vancouver in the Fraser River valley. The event resulted in the burial of 100 m of Canadian National Rail
line, the destruction of a 21 m long rockfall protection shed, and 4 otesgl service interruption

(Kromer et al. 2017).

It is important that we can properly assess and manage risk due to rockfall in order to mitigate
against potential consequences. A general process for the management of slope failures such as rockfall
is outlined in the Canadian Technical Guidelines andPasticegelated to Landslides (VanDine 2012).

The risk management process includes the identification of rockfall risk scenarios, such as locating
potential rockfall source zones and elements akriFor each rockfall scenario identified it is necessary

to carry out analyses estimating important information such as the likelihood of rockfall occurrence and
the probability that rockfall material will reach a given ar€ansider the simple casekigure 21. The
buildings here are subject to rockfall hazard from the mountain slope above. As an engineer you are
tasked withcarrying out a rockfall risk assessment with the ultimate godkesfgning a mitigatio

strategy to protect the infrastructure the base of the slopeWith a limited budget and no prior

knowledge of rockfall in the area you might decide to place a deflection berm or catchment system in
6



front of the western cluster dfuildingsas they are closer to source and present the higldesisity of
elements at risk. Shortly after, a large rockfall happens, travelling downslope and impacting one of the
eastern residences. A second rockfall event also takes place and due to local slope geometry and
sufficient kinetic energy, bounces over tdeflection berm, impacting one of the western buildings.
Having nobbserved prior rockfall runout the site, this chain of events would have been difficult to
predict. This is where modelling, in combination with geological data from direct obsenraattbn

remote sensing, can be a useful tool for supporting engineering decisions such as the placement of

protective structures.



Figure 2-1: Depicting a simplified rockfall hazard scenario with an upslope sarce zone and two

developed regions in the valley below. In response to the hazard identified from the rockfall source
protection structure is built without proper investigation into the potential rockfall runout

scenarios. Following construction two rokfall events occur, one travelling further east than
expected and impacting an unprotected residence, and the other bouncing over the protective wall

and into the more densely populated area.

Rockfalfunout simulations are used to predict rockfall ruidhrough empirical or numerical
methods which model the bouncing, rolling, and sliding of rockfall debhisse simulations araften
carried out as part of rod&ll riskassessment programs, with the goal of providing information on
expected rockfallrajectories, runout distances, and impact energies; all imporigmtits tomitigation
RSAAIY P 9YLIANROIET Y2RSfa o0FlaSR 2y FASER 20aSNBIGA

original model proposed by Heim (1932), relating the vertical awd:bntal travel distance of rockfall



debris using what is referred to today as ttoekfall shadow angler fahrboschundgTurner and Duffy
2012) With the increased availability of computing technology, numerical methods which attempt to
model the physiclcollision between simulated slopes and rockfall objdetée become more common
Earlyprogramsrelied on simplified slope and rockfall geometries, using 2D slope profiles and point
masses for collision between the falling rock and slope. Increasedgsioggpower and advances in
computer graphics now allow for added model complexity, accounting for 3D slope and rockfall
geometries. This is important as it has been pointed out by authors such as Azzoni et al. (1995) that
there is often a lateral componeémo rockfall trajectory, in addition to the expected downslope
movement. Distinct geomorphic features such as gullies and ridges also play a role in preferentially
funnelingrockfall material on the slope. The use of 2D profiles for modelling does niitreahis more
complex 3D motion and can introduce user bias on the part of the engineer selecting the profiles. Any
rockfall model is constrained by how accurately the slope geometry is captured, with the availability of
guality 3D data being quite limitehistorically. The current availability of remote sensing technigues
such as terrestrial laser scanning (TLS) and struétane-motion (SfM) photogrammetry, now means
that 3D geometric information can be collected more easily for hazardous slopes,tandrohigh
resolution.

In this paper we will demonstrate the workflow necessary to construct a functioning 3D rockfall
model using current game engine technology. The concept was originally explored by Ondercin (2016),
demonstrating that it is possibl®@tuse a game engine to create a rockfall modelling tool which is
capable of leveraging the quality of 3D data now available for hazardous rock slopes from modern
remote sensing techniques. Since this work, further development has been completed, addimgdea
to the modelling workflow such as the use of true rockfall shape, as well as rigid body debris interaction.

This paper outlines the necessary steps required to move from field data collected along hazardous rock



slopes to a functioning rockfall modshd showcases some of the more advanced processes which can

be simulated using this technology.

2.2 Game Engine Technology

Agame engines a software package which aids video game development by providing generic
functionality for the steps of game develogmt that are common between broad classes of similar
games. This generic functionality includes features common to most games such as the rendering of
realistic graphics, simulated physics during object interaction, networking functionality, and player
control (de Byl 2015). This reduces the development overhead per game, removing the need for
developers to program these features every time they start creating a new game. In this sense, a game
engine is no different than any other Software Development$K), providing developers with the

tools, libraries, and relevant documentation they need to develop software applications.

When considering the development of a 3D rockfall modelling application, there are numerous
components outside of the physical isibn model itself which require attention. These include a user
interface (Ul), 3D visualization for simulation results, and an input/output (I0) system supporting
relevant 3D data formats. Most industry standard game engines targeting 3D game devetopmen
provide all of these components with no programming required. Possibly the most important feature
that game engines offer for developing a rockfall modelling tool is an efficient but realistic library of
methods to simulate 3D physics. The generic 3Bsigkysimulation offered by game engines provide a
movement system allowing simulated objects to translate and rotate under the influence of gravity and
other external forces, as well as to collide with other objects in 3D space. This is a vital fedture as
provides a basis for the movement of sintelé rockfall debris in the gamengine, including collision,

bouncing, rolling, and sliding along simulated slope objects.
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2.2.1Unity3D

The engine used for the development of our rockfall simulation prototypleedJnitygame engine
(Unity Technologie2018). Unity, or Unity3D, is an integrated development environment and game
engine used to create interactive mediapst commonly video games (Ha2x14).

Currently Unity3D is the most widely used thpdrty gameengine by independent developers.

It boasts a low barrier to entry, often regarded as one of the easiest game engine environments to learn,
offering a free version which includes all of the core engine features, and published source code. An
extensive lilbary of premade game assets are available freely and for purchase in the online Unity asset
store, and range from pr&abricated 3D models such as trees to gaeaiing tools which extend the

game engine development environment. While it is possible $ersito create their first games without

the need to write code, mostagnes do require significant codingnity currently offers two different
scripting languages, C# and JavaScript.

Physics simulation in Unity is handled by the NVIDIA PhysX engiftdANDArporation 2017).
PhysX is a simulation SDK developed by physicists and computer scientists at NVIDIA which supports
processes such as rigid and soft body dynamics, as well as fluid and cloth simulation. In the context of
rockfall simulationPhysX gid body dynamics offer many useful features including continuous collision
detection between multiple bodies at once, as well as support for custom 3D geometries. Rigid body
simulation is essentially an iterative rigid body solver which solves contadtietighal constraints at
the impulse velocity level, allowing for the simulation of bouncing, rolling and sliding behaviour.

The use of Unity3D as a development platform for interactive media outside video games is not
new. Its application spans field®m biomedical visualizatiore(g.Khalifa et al. 2015) to building
managementé.g.Shi et al. 2016). Examples from the geosciences include work done by Robinson
(2015) and Smid (2017) on the development of interactive virtual 3D field environments. These
examples demonstrate the applicability of the Unity game engine as a platform for developing media

11



and visualization tools outside traditiohentertainment and gaminglhe following sections will outline
the workflow necessary to use Unity3D as atfolrm for rockfall simulation.

This research builds on the original prafconcept work completed by Ondercin (2016)
exploring the use of game engine technology for building rockfall simulations. This work was largely
motivated by limitations identified igurrent simulation programs, most notably their ability to handle
very highresolution (<1 m) 3D terrain data. Many commonly used programs utilize 2D (slope profiles
(e.g. Rocscience Inc. 201ahd 2.5D (raster data (e.g. Dorren et al. 2Qt8&presentatons of the slope
surface, limiting their ability to model lateral runout and overhanging slope geometry respectively.
While fully 3D models are now available, such as the RAMMS:ROCKFALL model (Bartelt et al. 2016), they
are rarely used to simulate runoutithr terrain data of resolutions higher than 1 m, and typically
recommend the use of digital elevation models (DEMs) with resolutions in ¢H€Im range. The
application of remote sensing techniques such as terrestrial laser scanning (TLS) and Staroture
Motion Multi-View Stereo (SfMAVS) Photogrammetry to slope monitoring permits the collection of
topographic information with significantly higher resolutions. The use of Unity3D as a platform for
rockfall simulation allows us to take advantage of thikkresolution of these datasets, producing
simulations which use 3D slope models generated from point cloud data with centimeter scale point
spacings.

Available simulation programs are also limited in their ability to model rockfall runout comprised
of more than one moving object. Conventional simulation programs model the trajectories of single
blocks at a time and are therefore not well suited to modelling fragmental rockfalls which involve
multiple mobile rock fragments (Hungr and Evans 1988). Thigyaifimodern game engines to simulate
the interaction of multiple moving bodies simultaneously is advantageous for the simulation of these
types of rockfall. The focus of the current development of our gamgine based rockfall simulation

workflow is the incorporation of realistic 3D rockfall shape, and methods to support the generation of

12



fragmental rockfall simulations not currently possible using available modelling programs. A detailed
overview of existing rockfall modelling programs can be foundoitkwein et al. (2011), Turner and

Duffy (2012), and Vick (2015).

2.3 Simulation Workflow

The process of building a functional rockfall simulation in Unity from remote sensing datasets can be
broken down into hree main phases: imagery and terraiata analyis, 3D asset modelling, and game
scene setup andcsipting. An outline of the overalorkflow required to produce a simulation can be
seen in Figure-2. The following sections will serve as a detailed wailkugh of the steps required to

complete each pase of the simulation setup.
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Figure 2-2: Showing the general wokflow moving from imagery and point cloud data collected at field sites to a

functional simulation in the Unity game engine. The software sl to complete each processing step is shown next

to the process, including the software version. It should be noted that the software packages were selected basec

user experience with priority given to opersource packages.
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Example inputs and outpufer each of the steps will be discussed in the context of back
analyzing rockfall events which have been detected at our field sites as part of regular data collection
campaigns in western Canada. The case which is shown occurred between O€tahdrd? 2016 at a
site known as the White Canyon, located near the town of Lytton in soerlral British Columbia. The
White Canyon includes a large rock slope, over 500 meters tall in sections, with complex morphology
consisting of large debris chutes andti@l rock spires. The slope is composed primarily of a heavily
jointed quartzefeldspathic gneiss with notable amphibolite and mylonite layers. Intrusive phases of
gabbro, tonalite, and diorite crosscut the gneissic layering throughout the canyon anglaed to the
emplacement of the nearby Mt. Lytton Batholith (Brown 1981; Greig 1989). At the base of the slope is a
section of the Canadian National Railway main line, a vital piece of transportation infrastructure heading
towards the port of Vancouveand below this is the Thompson river. The site as well as its location in
western Canada are shown in Fig@r8. Our interpretation of the October 2016 rockfall event can be

seenin Figure 24.
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Figure 2-3: A section of the White Canyon study area in western Canada, located near the town of Lytton
British Columbia. A Canadian National train passing through the canyon is visible at the base of the slope

and above the Thompson River(Photo Courtesy of PeteiGloor. Available on www.railpictures.ca)
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Figure 2-4: An interpretation of a rockfall event which took place upslope of the CN mainline in south
central British Columbia, between October 7th and 9th 2016. ¥ailable data from the event suggests
that two masses of rock fell. A6.2 m? volume of rockfell from area (1). This material appears to have
slid downslope via the slidgath delineated in purple (2). We believe theollision of this material with
the slgpe below resulted in a second 2.0%failure (3). The accumulation of rockfall material at the base

of the track can be seetf4).

2.3.1Imagery and Terraiibata Analysis

Imagery and terrain data analysssthe first phase of the workflow in which informatiabout the

rockfall events we intend to model is extracted fronadabledata forthe site. For our field sites the

17



two types of data which are collected are 3D point clouds and photos. In both cases, the data is typically
collected terrestrially at a diance no greater than 700 m away from the slope of interest. Point cloud
data is collected via TLS using either an Optech ILRER3ID Riegl VZD0i LIDAR system, producing
clouds with average point spacings of 10 cm or less. Each site is scanned fitgpie rastablished
scanning locations, with the acquired point clouds aligned together during the data processing phase,
reducing the level of occlusion in the dataset due to scanning vantage. While the main focus of
sequential data acquisition campaigson TLS data, point clouds of the slope are also intermittently
generated using STV Sphotogrammetry from photos collected using a Nikon D700 or similar camera.
Site imagery is collected using the same camera model with a 135 mm lens. The photosareitiala
GigaPan EPIC Pro robotic camera mount, and stitched together intodsiglution site panoramas
using the software GigaPan Stitch (GigaPan Systems, 2013). A more detailed explanation of the typical
data collection process for our field sites danseen in van Veen et al. (2017).
From this field data all of the information necessary to setup a rockfall simulation in Unity can be
extracted. This information includes:
1. Cleaned point cloud data which can be used for mesh generation and surfacdingdel
2. Change detection maps showing regions where rockfall has occurred and debris has
subsequently accumulated
3. Rockmass discontinuity informatisalated to the shape, size and numhsrrock blocks in the
source zone

4. Information about the distribution ofarious surficial materials on the slope

The following subsections introduce the software packages used to extract this information and
will briefly mention the tools used in the software to carry out specific processing Stepsoftware
packages discssd are Blender (Blender Foundation 2P1Cloud@mpare (Cloud Compare 2017), and

PolyWorks (InnovMetric 20)fDetailed titorials on how to use these prograraad their underlying
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algorithms can be found on the softneapackages documentation pages
(http://mww.cloudcompare.org/doc/wikj https://docs.unity3d.com/Manual

https://docs.blender.org/manual/efdev/).

2.3.1.1Cleaning and Change Detection

The meskready point clouds and change detection results are extracted as part of the point cloud
processing workflow performed for all of the data collected at our field sites. This involves three main
phases: cleang, registration and alignment, and change detection. All three phases can be completed
using either the 3D metrology softwa Polyworksor the opensource point cloud procebgy software
CloudCompareFor this publication we will focus on the use of p@®urce applications as much as
possible and will discuss this phase of the workflow in the context of the steps taken using
CloudCompare.

Point cloud cleaning is done to remove unwanted points such as points outside of the analysis
area, or vegetation @ints which can negatively impact point cloud registration, resulting in poor
alignments. The removal of these points is done using manual segmentation in CloudCompare or
through semiautomated classification techniques such as CANUPO Classification gBcbdague
2012). Sequential cleaned point clouds are aligned using registration algorithms (ie. Iterative Closest
Point (ICP)) which fit two point clouds together in the same coordinate space by finding the geometric
transformation (translation, rotationand scaling) which minimizes the distance between their
componentgBesl and McKay 199X)ere the alignment is a twstep process. The first step is a coarse
alignment achieved through the selection of equivalent points in the two point clouds (thesnefer
cloud and the comparison cloud). Suggested points include geometrically unique features like the corner
of an object that is believed to be stable and mabving spatially over time. An example would be the
corner of a slope stabilization feature sugh a concrete buttress at the base of a slope. Next, an ICP

algorithm based on Besl and Mckay (1982)sed to bring the point clouds into fine alignment,
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minimizing the sum of squared differences in distance between point pairs in the two clouds.Whe no

cleaned and aligned point clouds can be used for mesh generation, as well as change detection analysis.
The goal of change detection is to identify areas of the slope that have undergone movement

which is expressed as changes in surface geometry. diiis lse ongoing deformation of the slope,

potentially signalinga future rockfall event, or outright material loss, indicating that a rockfall has taken

place. The detection of these slope changes is done by measuring the distance between cleaned and

aligred point clouds from two different dates. This is done in CloudCompare using36e Distance

plugin. M3C2 stands for Multiscale Model to Mo@budComparison and is a point cloud comparison

method developed by Lague et al. (2013). The method measueas ithange between point clouds in

the normal direction, accounting for the scaling of local surface roughness when initially orienting the

normal. An example change map for the study area produced using CloudCompare can be seen in Figure

2-5. The signedhange between the two point clouds is output, showing regions which have

experienced loss or accumulation of rockfall debris. From this we can extract information critical to the

rockfall modelling processish as source locatiowolume, and depositiorotation.
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Figure 2-5: M3C2 change detection results for the October 2016 event. Cool colours represent areas of slc
loss (negative change). Warm colours represent areas of slope gain (positive changeg figar vertical line of
positive change is due to movement of a slide detector fence pole adjacent to the track, interpreted here a

result of impact from the fallen rockfall material. Average point spacing: 10 cm.

2.3.1.2Rockmass Discontinuity Information

Theidentification and characterization of discontinuities in the rockfall source zone provides insight into
the structure of the rockmass and falling block(s) at the time of failure. In scenarios where little to no

discontinuities can be identified in thegsfailure source zone, it is more likely that the rockmass will fail
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as a single coherent block. Where discontinuities are present and persistent, we often see the failure of
masses of rock comprised wiultiple blocks, bounded bgiscontinuities in thesource rockmassThe

latter rockfall scenario is subject to disaggregation as the fall leaves the source zone, or during impact as
the material travels downslope, separating into isolated blocks along thexisting planes of

weakness. A third scenariotlee actual fragmentation of individual pieces of rock, either in the
disaggregation case, or the single block fall, where breaking does not occur alesxjgtieg

discontinuities. These end member processes are described well iCRuwilta et al. (2006 splitting

the rockfall process up into single block falls with and without breakage, and disaggregation falls with
and without breakage. Single block and disaggregation falls without breakage are the cases currently
considered in the Unity modelling apgach.

In order to determine which of the two rockfall types is most appropriate for a given model,
discontinuities in the source zone must be characterized. This can be done from visual inspection of the
high-resolution site imagery or measured direcitgm point cloud data using CloudCompare. An
example panorama demonstrating the coverage and resolution of the images, including mapped
discontinuity traces, can be seen in FigRf@. Due to the 2D nature of the images, phetsual
inspection is best fiothe hand mapping of discontinuity traces only and is not suited for the
measurement of joint plane orientation. This can instead be done in CloudCompare using either the
Virtual Compaswol (manual), theRANSAC Shape Detectdigin (automatic) (Schnabet al. 2007),
or the Facet/Fracture Detectioplugin (automatic) (Dewez et al. 2016). Using each tool, it is possible to
measure the 3D position and orientation of discontinuities directly from the point cloud. In all cases the
ability to accurately idetify joints or other planes of weakness is limited by the resolution of the
available data as well as the selection of tool input parameters by the user. The joint location and
orientations extracted here can then be used in the 3D rockfall mesh geneigttmse, splitting

modelled rockfall objects into distinct blocks based on the presence of joints.
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Figure 2-6: Example Gigapan panorama for the site of the October 2016 failure. The imagery provides

expansve coverage of the slope while maintaining resolutions high enough to perform discontinuity trace

mapping (red) in the rockfall source area (blue).
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2.3.1.3Surficial Unit Identification

The identification of various surficial units along the slope surface ée@ssary component of rockfall
modelling, as the nature of the collision between falling rock debris and the surface is dependent on
material type. For example, a rock on rock collision produces a more elastic rebound relative to a
collision with unconsdtiated material such as colluvium. This has been in part attributed to the fact that
unconsolidated materials are less rigid and more readily deform under the load applied during collision.
The effect which this process has on rockfall motion has beenregfeo by the creators of the
RAMMS::ROCKFALL modeliasoplastic ground dra@dBartlet et al. 2016). The delineation of surficial
units, such as unconsolidated materials, is done manually using visual inspection of the site panoramas.
These visual mappgs are used in the 3D modelling stage of the workflow, segmenting the generated
slope mesh on the basis of surficial material, which are then used to apply matepiapriate collision
parameters for simulation. An example of the manual mapping of @dpesits from photovisual

inspection can be seen in Figl24 .
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Figure 2-7: Showing an example of the visual delineation of unconsolidated debified) at the base of the
slope below the rockfall source ara (blue), completed using the Gigapan imagery.

2.3.23D Asset Modelling

The 3D asset modelling phase is where the 3D models which represent the physical objects in the real
world environment are generated. In our case, these models are open and closed trizagiles which
are collections of vertices, edges, and faces that describe the 3D shape of our object. In the simplest

case this step involves building models of the slope and the rockfall mass. In more sophisticated
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simulations this can include trees andbdis present on the slope as well as mitigation structures such

as rock sheds or deflection berms.

2.3.2.1Slope Object Modelling

A 3D model of the slope surface can be generated in a number ofusays Blender, CloudCompase
Polyworks. An example of a finehslope mesh ready for simulation can be seen in Figi@€This

section will explain the process of generating such a mesh using CloudCompare and Polyworks.

15m

Figure 2-8: A final production slope mesh fdlowing processing in CloudCompare and PolyWorks. At this

stage the above mesh is ready to be used for rockfall simulation in the Unity game environment.
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The initial mesh is produced in CloudCompare using both the cleaned and alignedqgidal
and pre-rockfall point clouds. The pestckfall cloud is used to model the source region of the slope as
the rockfall object will be sourced in the simulation from the bfelcture left on the slope from the
actual rockfall event. This method best approxingatiee conditions present in the source zone at the
time of failure. The preockfall point cloud is used for regions of the slope where the accumulation of
rockfall debris took place. This is done to better model the surface with which the actual rdekiad
would have travelled along at the time of failure. In the pamtkfall point cloud, accumulations of
rockfall debris downslope inherently change the geometry of the slope surface, potentially affecting the
trajectory of the simulated rockfall delsxi

In order to use both clouds for mesh generation, the desired sections of thepdepost
rockfall clouds are segmented and merged into a single cludesh is then generated from this cloud
usingPoisson Surface ReconstructinrCloudCompare. Thadgorithm was originally developed by
Kazhdan et al. (2006) and fits a surface model to the point clotadlasolving a Poisson problém3D
ALl OSd® ¢KS NBadzZ GAy3a YSakK Aad O2yaARSNBR agl GSNI GA
continuous closed 3D surface. In certain areas of the cloud where data was sparse this can produce
areas of inflation and incorrect curvature as the algorithm attempts to close the mesh. To fix this the
resulting mesh can be filtered by density, removing mestices in areas where the initial point cloud
density was low, such as around edges or occlusions. The removal of these regions inherently creates
holes in the now open mesh, producing surface geometries which cannot occur in the real world and
that are prddlematic for simulation in the game engine. Common topological and geometrical errors
which can occur during mesh generation, and in this case also as a result of the mesh filtering process,
are shown in Figur2-9. Currently tools for fixing mesh topologyrors do not exist in CloudCompare. As

a result, this step is completed using the software package Polyworks. Using the mesh repair tools in
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t 2 f e glRBdniodule, semiautomated hole filling can be completed, and all topological errors

removed.Thisprocess can also be completed usaigilar tools irBlender.
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Figure 2-9: Showing the various topological and geometrical errors which can occur during the mesh
generation process. The three most commartifacts resulting from mesh filtering in CloudCompare are
highlighted. (Modified after Rudolf et al. 2015).

In cases where multiple surficial units were identified earlier in the workflow, the slope mesh
will need to be segmented based upon the delireghtinit boundaries. This requires-importing the
now cleaned mesh back into CloudCompare for segmentation. This step is done after the mesh has been
cleaned as the cleaning process inherently alters the mesh geometry and can affect the boundary
alignmentof individually segmented mesh pieces. At this stage the slope mesh(es) are ready for import

into Unity.

2.3.2.2Rockfall Object Modelling

Similar to slope object modelling, rockfall object modelling is meant to produce a 3D mesh which
approximates the geometryf@ reatworld object in our rockfall scemnia, in this case the volume of

rockwhich fell. Instead of using the entire point cloud as in the slope modelling stage, only the section
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of the cbud related to our rockfall volumis required. This section islected on the basis of the change
detection results. The location and extents of the rockfall are indicated by negative change and can be
segmented out of the cloud in CloudCompare. This segmentation is done for the rockfall extents in both
the pre- and pst-rockfall point clouds since both clouds are needed in order to extract the front and
back surfaces dhe fall A mesh of the rockfall front and back surface point clouds can be created using
Poisson Surface Reconstructinithe same way as with théope mesh. This produces two triangular

meshes which are close in space, but not connected. An example of this is shown ir2HiQure

3m

Figure 2-10: Showing meshes of the front (red) and back (blue) rockfbsurfaces generated from pre and
postrockfall point clouds for a 6.2 n¥failure. Note that at this stage the meshes still require connection to
form the continuous surface of the rockfall mass.

The two open mesh surfaces must now be connected to ®icomplete 3D approximation of

the rockfall mass. Currently tools for the connection of two opeshes into a closedblume, as well
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as the subsequent splicing of the volume based on planar discontinuities, do not exist in CloudCompare.
For this the opersource 3D modelling and animation package Blemglased. The connection of the
FNRYyG FYyR o0FO1 NROUTFIfE adzNFI (REmieshinadifidr. Oisip@@S R (1 K NB
re-computes the geometry of the mesh based on the existing mesh coeme and curvature. While
not its intended use, the process of-cemputing the mesh geometry results in the connection of the
two meshes and has the additional benefit of maintaining curvature across the small gaps between the
pre- and postfall surfacesThe remeshing process is subject to the same topological and geometrical
errors as discussed above. The removal of these artifacts is completed using the mesipdieals in
Blender.
Following this, the complete rockfall mesh must be decimated agmg objects influenced by

physics in the Unity game engine are limited to 255 triangles Demémationmodifier is applied in
Blender, reducing the overall triangle count to 255 or I1&8¥e.now have a single block mesh of the
rockfall mass which is corapble with Unity.In cases where the simulated rockfall volume is going to be
segmented into several small fragments, decimation may not be necessary 285tranglelimit will
apply to each individual fragment instead of the overall volume.

At this mint the discontinuity information extracted previously can be incorporated into the
rockfall mesh. This is done by creating 3D planes based on the location and orientation of the measured
discontinuities from the point cloud. The rockfall mesh is biseatdg these planes, subdividing the
initial hull into multiple smaller hulls. This results in a set of 3D rockfall blocks which are aligned to form
the overall rockfall failure mass which was identffeom change detectiorin somecasesthe mapping
of discrete joint sets may not be practical due to the degree of fracturing present in the source mass, or
limited data resolution. In this case Voronoi fracturing can be completed in Blender usiGglthe
Fracturetool or Fracture ModifierBoth methods us the principle of Voronoi fracture networks (Ledoux

2007) to partition the 3D rockfall mesh into a collection of convex hull fragments. The fracture modifier
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in particular is based on fracturing algorithms from the Voro++ library originally developel dtyM
Rycroft et al. (2007) for the study of granular material fldlwe result of mesh segmentation by discrete

planes or Voronoi fracturing can be seen in Figufid 2At this point the rockfall object ieady for

import into the Unity development emvonment.

3m

Figure 2-11: Showing the completed rockfall meshe®llowing processing in Blender At this stage the rockfall
mass detected from change detection is made up of sevetastinct convex hulls Subdivision of the rockfall mesh
using discrete planar discontinuities is shown on the left. Subdivision of the rockfall mesh using Voronoi

fracturing is shown on the right.

2.3.3Game Scene Setup and Scripting

After the appropriate information has been extractedrin the remote sensing data and used to create
3D models of the objects in our rockfall environment, we are ready to start working in Unity. An

example of the Unity development environment can be seen in Figxd2 Unity uses a modular
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system for game delopment. Developers createcenesvhich are comprised of entities call€&hme

Objects Game objects can range from physical objects with geometry in the form of triangular meshes
to Ul elements for displaying game information to the user. These entiteesedfcontained objects,

each with their own properties such as an (X, Y, Z) position and (X, Y, Z, W) rotation in the 3D game
space. While game objects form the fundamental entities in our scene they do not accomplish much on
their own and instead act ore as containers for elements call€@mponentsComponents form the

basis for the game object, specifying the way it looks and behaves in the game environment. Compared
to scenes used for traditional game development, the scenes generated for roakifialthson are

relatively simple, typically requiring only three main game objects besides the basic camera and lighting
objects which make the 3D environment visible. These are the slope object, the rockfall object, and the
data management object. A concegal model of the rockfall scene setup including inputs from previous

steps in the workflow is shown in Figuze 3.
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Figure 2-12: Showing an example rockfall simulation setup in the Unity development enviroment. Four main panels are
present in the environment. The Hierarchy panel (1) displays the names of the GameObijects that are currently part of the
Scene. The Scene panel (2) is where visible objects are shown in the 3D environment. The Inspector pah& {&ere the
components attached to the currently selected GameObject are shown. The Project panel (4) is where all of the files

available in the current project are shown.
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Figure 2-13: A conceptual moctl of the simulation setup in Unity showing the various game objects involved

and their key components.

2.3.3.1Slope Game Obiject

As the name implies the slope object represents the slope surface with which our simulated rockfall
debris collides with, bouncingolting and sliding downhill due to gravity. In the case where multiple
mesh pieces were required due to variable surface units, the slope is represented by multiple game
objects, one for each mesh piece, forming a single compound object. A slope objeatiypas three
components: aMesh aRendererand aCollider An example of a setup slope object in Unity3D can be

seen in Figur@-14.
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Figure 2-14: Showing the setup slope GameObiject in the Unity gamengine. A view of therendered slope mesh in the

Scene viewport is shown. The Insepector view shows the components and relevant parameters set for the object.

The mesh component stores information about the geometry of the object which is represented
in 3D in the game environment, acting as a container for triangle meshes. The triangular mesh
F3a20AFGSR gAGK GKS aft2LI)S 202S00Qa YSaK O2YLRySyi
Modelling phase from the collected point cloud data. This mesh is i@gdanto the Unity3D
RSOSt2LIYSYyld SY@ANRBYYSYy(d Ia SAGKSNII oh. WX ®C. - -3 2
component.

The renderer component allows game objects it is attached to to be visible in the game
environment when the game is g run. The renderer component uses the geometric information
stored in the mesh, as well shading and textural elements, to control how the game object is seen. This

component is used solely for visualization and does not affect the rockfall simulasioltsr&éom a

physics perspective.
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The collider component allows game objects in Unity to participate in collisions. In this case the
collider component allows the slope object to act as a hard surface which moving objects in the scene
cannot pass throughut instead will collide with. An important property of the collider component is its
Physic Materiab ! O2ff ARSNRA LIKEaAO YIGSNRIE Fff2ga GKS
coefficientsused during collision between object®is is an impwant property for rockfall simulation,
as it forms the basis for the contact model between our simulated slope surface and rockfall objects. In
cases where multiple surficial units are identified along a slope surface, different physic materials can be
used. This allows the user to specify different restitution and friction values between hard rock and soft

soil surfaces for example.

2.3.3.2Rockfall Game Object

The rockfall objetcrepresents the rockfall materidbr which we are tempting to simulate runoutAs
described above, a given rockfall event can be composed of a single coherent mass of rock, or multiple
discrete blocks, separated by discontinuities in the source region. This is reflected in the simulation, as
the rockfall source volume can be modellesia single object or using numerous objects clustered
together. In rockfall scenarios where multiple blocks are expeaech as fragmental rockfall events,

the use of numerous objects allows us to capture the interaction of individual blocks with terhas

they exit the rockfall source zone and travel downslope. A typical rockfall object will possess similar
mesh, renderer, and collider components as the slope object. The rockfall object will also have two
additional components, &igidbody and aScipt component. A cluster ofoickfall game objects, forming

a complete compound rockfall object, can be séeRigure2-15.
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Figure 2-15: Showing the setuprockfall GameObject in the Unity game engie. A view of the rendered rockfall

mesh in the $ene viewport is shown. The Ingector view shows the components and relevant parameters set for
the object. The rockfall shown is comprised of a number of fragments, reflecting the jointed condition of the source
rock mass. The separation of these fragments is highlighted in orange. Each fragment is its own GameObject witt

its own components and parameters.

The rigidbody component allows objects to act under the influence of the game engine physics.
An importantdistinction here is the difference between game objeetth colliders (the slope) and
game objects which also have a rigidbody component (the rockfall). Game objects which only possess
colliders will behave statically and will not move in response tddhees imposed on them during a
collision. This component has a number of properties which affect the ways peysibked objects will

behave, and in turn the ability to realistically simulate rockfall runout. The first property is the objects
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mass. Whileounterintuitive, the mass property of all objects should be left at 1, as Unity uses a relative
mass system for physics and collision. Instead of setting the mass directly, a density value can be
assigned via script. This step is only necessary if atiaghip model the collision between two or more
non-static objects which you expect to have different densities. Otherwise relative masses are more
computationally efficient for simulating the collision between the slope and rockfall debridJJde
Gravity property must be selected, which allows the object to be influenced by gravitational acceleration
in the game engine. Theollision Detectioproperty should be set t€ontinuousThis property specifies
how the game engine will detect the collision betn moving and stationary objects. Continuous
collision detection reduces the potential for fast moving objects to pass through static colliders by
checking for collisions at every point along an objects path instead of at discrete positions. It also
enabks collision between an object and other dynamically moving mesh colliders in the scene; a
behaviour which is not available using the default discrete detection method.

The script component can be thought of agemeratpurposecomponent which developensse
to create functionality that is not available with the standard components available in Unity. The
component is a usedefined script written in either C# or JavaScript which accesses and modifies
information about the game object and its componeritsdugh the Unity scripting API. Scripts are able
to change how objects behave in the game environment, ranging from the way they are visualized, to
how they move and respond to user input. The main script attached to the rockfall object is used to
initialize component properties for the object (ie. density) which are not exposed in the development
environment, as well as to collect information about the game object while the simulation is running.
The script records initial value information about the olbjatthe start of the simulation such as its
initial position and mass. At set time intervals while the simulation is running, the script records the
simulated rockfalls position, translational velocity, rotational velocity, and height above the slope

surface.
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Additional scripts can be uséd customize the simulation for a particular rockfall scendfior
example, fisurficial units such as soil or talus are identified for the study slope, an additistoplastic
ground drag script cabe attached tahe rockfall object This script applies a drag force to the rockfall
object during collisions with sections of the model tagged soil or tagtgicinghe translatioral
velocity of the objectThe use of viscoplastic ground drag here is based on thatiequused in the
RAMSS:ROCKFALL madel shown in guation1-1. The drag forceR) isinversely proportional to the
kinetic energy of the block at impact, which is a function of block nmajgarfd velocity (¥, and is
scaled by the ground drag coeféat (G). The purpose of this equation is to simulate additional energy

loss due to the plastic deformation of certain slope materials during impact.

o Ysa [2-1]
C

2.3.3.3Data Management Game Obiject

The data management object is respible for the storage and output of data recorded during the
simulation. This object receives data from each of the rockfall objects, and organizes it into a single
array, indexed by rockfall. This is the simplest of the objects in the scene, requilyng single script
component to function. The lack of mesh and renderer components means that this object is not visible
and occupies no physical space in the 3D game environment. The script attached to this object passively
receives data from the scripttached to each rockfall object as they come to rest. The user can prompt
the data management object to save the rockfall data which it has collected at any point during the
simulation, exporting it to a .CSV. In response to user input, the script willbatmessage to the
communication log in Unity stating that the data has been saved successfully.

The data management object is also used for the visualization of rockfall trajectory results at the
end of the simulation. The user can prompt the data ngeraent object to render 3D lines in the game

environment which represent the paths taken by each of the raltkbjects, as well as plaeemarker
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game obiject at each collision location between a given rockfall object and the slope. An example of
postsimulation visualization from the data management object, as well as the relevant communication
outputs can be seen in Figupele6.

The C# scripts attached to both the rockfall and data management objects can be found in
Appendix A. Two additional scripts whiprovide functionality for different useases of the rockfall

simulation tool are also included.
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ID| Mass(kg) X Y Y4 Trans. Vel. (m/s) | Ang. Vel. (rad/s) | Pass Height (m)| Time Elapsed (s)
1| 583.20 -16.97 78.57 1.65 2.19 4.68 0.51 1.02
1| 583.20 -16.98 78.56 1.67 2.20 4.68 0.53 1.03
1| 583.20 -16.99 78.56 1.69 2.20 4.68 0.55 1.04
1| 583.20 -17.00 78.56 1.7 2:22 4.68 0.57 1.05
1| 583.20 -17.01 78.56 1.73 2.23 4.68 0.58 1.06
1| 583.20 -17.02 78.55 1.75 2.25 4.68 0.60 1.07
1| 583.20 -17.03 78.54 1.77 2.27 4.68 0.61 1.08
1| 583.20 -17.04 78.54 1.79 2.30 4.68 0.62 1.09

Figure 2-16: Showing the communication output and 3D visualizations generated by the data management olbjec
post simulation. Communication outputs are displayed in the console at the bottom of the environment and
indicate what step of the output process is currently running. Possimulation visualization takes places in the
Scene view, rendering the 3D trajetory of each rockfall object (magenta lines) as well as the collision points

between each object and the slope (red spheres). A sample of the .CSV data output of trajectory info is also shc
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2.4 Additional Functionality

The workflow described thus far prioles an explanation of the necessary steps to produce a rockfall
simulation in Unity. A single rockfall source is used, exiting the source zone under the influence of
gravity, with slope interactions characterized by the assigned physic materials. Thiheugse of

additional components and further custom scripting, more complex rockfall scenarios can be created.
This includes processes such as the interaction of multiple rockfall source zones, as well as the
entrainment of rockfall material in debris agoulations on the slope. It should be noted that the
processes shown below have not been validated, and are instead being discussed in order to illustrate
the adaptability of this modelling technique to unigue rockfall scenarios, previously unexplordtkin ot

modelling software.

2.4.1Rockfall Object Connection

In the case of the rockfall event from Figa-d, two slope losses were identified. Our current
interpretation of the photos and change detection results suggests that the lower slope loss likely
occurredas a result of the downslope movement of rockfall material from the higher source zone. The
interaction of rockfall material from the upper and lower source zones can be simulated in the game
engine through the use of an additional component callelbigi. Joints are used to create connections
between objects in the 3D environment. In this case the joamt be used to fix a rockfall object to the
slope, preventing it from moving simply due to gravity. A jbietwveen two objects is broken when the
force,or torque, applied to the joint exceeds tiBreak ForcandBreak Torqu@roperties set by the

user. Using the same steps as outlined previously, a game object of the lower slope rockfall mass can be
generated. With the addition of the joirdomponent, tle game objectsvhich make up this rockfall mass
can be attached to the slope. When the simulation is run, the collection of rockfall objects remains fixed

to the slope, and only fail away when material from the upper slope failure impacts this area with
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sufficient force. An example of this interaction between the two rockfall objects for a simplified slope

setup can be seen in Figu2el7.

Figure 2-17: Showing the interaction between two preractured rockfall Game Objects for a simplified planar slope
geometry. The upper rockfall object is able to freefall under the influence of gravity athe start of the simulation (&
b). Upon collision with the second source region (c) the force from impact breaks the fvibetween the rockfall

fragments and the slope surface. This initiates sliding, and subsequent runout of the second rockfall object (d).

2.4.2Rigid Body Debris Interaction
¢tKA&d NRBO(1FrFHft S@Syd LINRPGARSA | &SO0zayeRimulatiahdBisia 2 7F
process is the entrainment of rockfall material in the talus debris accumulations in the ditches adjacent

43



to the track at the base of the slope. It has been pointed out by authors such as Labiouse and
Heidenreich (2009) that the use tyfpical friction and restitution concepts for granular materials such as
talus is unreliable due to the plastic deformations which take place during the penetration of the rockfall
into the granular material surface. This is an important process fofighissite in particular, as many
rockfalls occurring on the lower reaches of the slope interact with these debris piles before reaching the
track or coming to rest. In order to capture this interaction without relying on the friction and restitution
paranmeters of our physic materials, the pile of debris itself can be modelled as a collection of individual
game objects. These debris objects are able to collide with each other, the slope, and the rockfall
material. This means that each particle of debrigds to be displaced during collision, allowing for the
penetration of the rockfall objects into the simulated debris surface. Currently the application of this
process is limited to small accumulations of tracks side debris and is not suitable for sigwulat
processes such as slope scale talus movements or rock avalanche runout. This is due to decreases in
simulation stability when attempting to simulate more than a few thousand rigid bodies at once. At the
moment the Unity game engine uses NVIDIA Phy3XBich implements the rigid body pipeline,
including contact generation and constraint solution, on the CPU. The newer NVIDIA PhysX 3.4, not yet
implemented in Unity, now provides a GRatcelerated implementation of the entire rigid body
pipeline, allowiry the simulation of over 50,000 individual bodies. Should this be implemented in an
upcoming Unity release, it will dramatically increase our ability to simulate larger material
accumulations in future experiments.

Debris pile generation starts Blendemwith the creation of a cube of desired voluni¥he cube
is then segmented using Voronoi fracturing using either@ed Fracturéool or the Fracturemodifier.
Severapropertiescan be adjustedh the tool ormodifier, influencing the end result of theaicture, in
particular the number of fragments produced for the final object. The volume of the initial cube created,

as well as the degree of fracturing applied, should reflect the expected volume of debris being modelled,
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with the average fragment sizeabed on particle sizes observed. Debris volume and padizé
distribution estimatesan be completed using point cloud data and site photographs, but a detailed
explanation of this process @itside the scope of this study

Once the cube has been &@tarred, the resulting collection of meshes can be imported into Unity
and turned into game objects. Each mesh fragment is assigned the same components as a regular
rockfall object, with the exception of the script component, as we do not need to colkgettory
information for each fragment during simulation. Simulated rigidbody debris piles can be placed
wherever concentrations of debris exist on the slope. In Figut8 we see a comparison between a
debris surface modelled as a static mesh, and aslaation of rigid body game objects. In the rigid body
scenario, the simulated debris fragments are able to move and the rockfall object is able to penetrate
the debris surface resulting in a shorter runout, and the displacement of debris material. dtathe
mesh scenario, the rockfall object is not able to penetrate the debris surface, instead rolling over the top

of the surface, resulting in an additional 7 m of runout.
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Figure 2-18 Showing two sepaate debris pile test scenarios. In each case the simulated rockfall block was allow
to travel downslope impacting the debris pile. The top row shows a rigidbody debris pile where individual debris
fragments are free to move. The bottom row shows a stationmoveable debris surface model. In the rigidbody
debris case the block penetrates the debris surface, displacing some of the material and being stopped in the

debris pile. In the static surface case, the block is unable to penetrate the surface, resigtin a 7 m increase in

total runout.

A complete model for the rockfall event which took place in October 2016, including the
interaction of source zones, rigid body debris entrainment, and-hégblution slope geometry, can be
seen as part of the incledl supplementary video. Individual frames from this simulation can be seen in

Figure2-19.
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Figure 2-19: Showing an example simulation involving the interaction of two rockfall source areas (375 objects), a
well as rigidbody debris interaction at track level (3000 objects). The upper slope pifeactured rockfall object is
able to fail and slide unde the influence of gravity (ab). In b) the upper slope material impacts the lower slope
rockfall object, breaking it away from the slope and allowing it to start sliding (c). In d) the majority of the material
from both source zones has made it to track level, colliding with and penetrating into the surface of the rigidbody
debris. At this point the remaining rockfall material on the slope are fragments which were arrested due to friction

or did not break away from the slope, due to insufficient force during impact.
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2.5 Discussion and Conclusion

The processes outlined above provide a method for simulating rocldall fiighresolution remote
sensing inputs. The use of this data in concert with game engine technology allows for rockfall
simulations to be generated which provide increased geometric resolution in comparison to other
standard rockfall modelling techniqueSor example, the modelling software RockyFor3D, recommends
the use of a 1 m resolution DEM (Dorren. 2015). In the processing example presented above, the slope
and rockfall objects were generated from point cloud data with a point spacing of 10 cnspahes
higher resolutions can be used where data is available. Data of this resolution is able to capture both
large scale terrain features like gullies, as well as smaller scale features such as increased surface
roughness over granular talus depositsdaidnally, simulated rockfall and slope model geometries are
fully 3D. This allows for lateral dispersion to occur in simulations, a process which is inherently ignored
in models using 2D slope profiles and rockfall shapes, and takes into considera&ibarming surfaces
which are ignored in 2.5D surfaces such as DEMs. By using fully 3D high resolution surface models,
surface roughness, overhanging geometry, and lateral dispersion are considered, all important to the
rockfall process.

As has been outlireby numerous authors (Azzoni et al. 1995; Vijayakumar et al. 2011; Glover.
2015), rockf shape plays an important role the runout process, and directly affects trajectory
between source and deposition. Using our gaemgjine based technique, rockfdibes not need to be
represented by simple cubes, spheres, and ellipses, and instead can be modelled using complex shapes,
which reflect the actual geometry of rockfall surfaces measured in the field. The structure present in the
source rockmass is factordato the rockfall object, further attempting to constrain the shape and size
of the individual simulated rockfall fragments which are expected to collide with the slope surface. Not
only does this process better reflect the geometry of individual rocktadiments, it also allows for the

simulation of each of these fragments simultaneously, capturing collision between them. The simulation
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of individual rockfall objects one at a time, a limitation in previous rockfall modelling techniques,
removes the potatial for interaction between discrete blocks during downslope movement,-over
simplifying the runout process.

In the case where a known rockfall event is being laekyzed, or a deforming rockmass
bounded by structure is being studied, the simulatedkfati objects do not need to be sourced with
initial velocities, or from arbitrary heights above the slope using this technique. The simulated falls can
be sourced from the specific location, and orientation, in which they occurred or are expected to occur
This is due to the fact that the rockfall objects used for modelling are extracted directly from the point
cloud of the slope and therefore from the source rockmass from which they originate. This is important
as it can reduce the uncertainty in the iaitconditions of our model, removing the need to guess
important factors like release orientation.

The ability to simulate complex interactions such as the triggering of the lower slope failure by a
rockfall upslope, or the simulation of the interactibatween rockfall material and talus debris, is a
testament to the adaptability of this technology to more complex rockfall scenarios. The modular nature
of the development environment, and ability to create custom scripts provides an opportunity to
exploreunique rockfall processes. The flexibility of this technique also extends to the way in which data
is visualized, with visual and numeric outputs fully customizable.

While the addition of the above rockfall processes attempt to capture interactions vanéch
observed during rockfall in nature, the added complexity makes model calibration and validation
increasingly difficult, and is recognized as a limitation of the work. Current validation of the modelling
technique is largely based on the baakalysiof rockfall events detected as part of our routine data
collection, similar to the event discussed throughout the paper. While these cases are a useful starting
point for testing, they provide limited information about the trajectories taken from source to

deposition, requiring the interpretation of impact points and travel path from photographs and change
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detection results alone. As well, no information related to the velocity, pass height, or impact energies
of the blocks is known. Next steps for this Wanclude a parametric analysis of the inputs which affect
simulation results, as well as more rigorous validation using the available data from laboratory and field

scale rockfall drop tests from the literature.
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3.1 Introduction

Rockfall modelling is often carried out with the goal of determining the envelope of likely rockfall
trajectories from given source zones on a slope. This includes the datdiom of maximum expected
runout distances, expected bounce heights and velocity along a given trajectory, as well as the
probability that rockfall will impact a given area. This information is helpful in assessing the level of risk
posed to communitiesrad infrastructure from rockfall, and can help in the design of countermeasures
such as ditches, fences, and sheds (Duffy and Turner, 2012).

Today rockfall runout analysis is most often completed using numerical models which simulate
the bouncing, rollingand falling of rockfall blocks downslope. Like any model, rockfall simulations are an
abstraction of the real rockfall process, with different programs choosing to model the rockfall and slope
geometry, as well as enerdgssduring collision, in differenivays. Energy loss is a complex process, and
dependent on a number of variables including rockfall size and shape (Hungr and Evans, 1993; Azzoni et
al. 1995; Glover, 2015), surface material parameters (Bozzmld®amini 1986; Paronu2£09), and
impact ggometry (Labiouse and DescoeudrE399; Chau et al. 2002; Bourrier et al. 2009; Glover. 2015).
Relationships between these variables during collision are notdeéiihed and as a result energy loss is
typically handled using contact functions which retyfoction and restitution coefficients. Given the
variable levels of detail used in different models, soineuation programs may bleetter suitedto
different site conditions, or aspects of the rockfall process. For example, Rockyiaogen and Berge
2012; Dorrer2012)was developed with the interaction between trees and rockfall in mind and is
therefore setup well for modelling the protective capacity of forests. The model also uses a roughness

parameter which represents the presence of rocky oldsson the slope, not captured in the slope
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model geometry, that can impede riiall motion On theother hand, the RAMMS::ROCKF#lddel
(Bartelt et al. 2016attempts to better model energy loss during known processes such as soil scarring,
using viscopistic damping coefficients, and the stippendent ramping of frictional coefficients during
collision, to simulate the increased resistance from soil material building up in front of rockfalls during
impact. In each simulation program there is a uniqueriplay of input variables which is important to
understand prior to use as a predictive model for rockfall runout. The coefficients used in each are
naturally a simplification of complex and highly stochastic processes, and do not necessarily capture the
true dynamics of the interaction between the rockfall and slope materials during runout. As a result, a
given set of parameters should be treated as site specific, requiring calibration using available
information about previous rockfall on the slope.

Thepurpose of this study is to test the performance of our gaangine based simulation
prototype to produce realistic rockfall trajectories. The modelling tool is based on the use of the Unity
game engine as a platform for rockfall simulation, taking adsgabf the builin physics offered by the
LX F G F2N¥Qa LIKeaA Oandsoh2001§ Sata Chaptér Such a ptatfoenzallowsdor the
reaktime simulation of sliding, rolling and bouncing motions of corwetk rockfalls, using high
resolution fully 3D surface models. This study is divided into two main sections, a parametric
investigation of simulation inputs, and simulation testing using data from field scale rockfall studies. The
work presented is not meant to be a detailed calibrationha technique to any one site and is instead
intended to showcase the ability of the technique in general to simulate rockfall trajectories which are

realistic.

3.2 Parametric Analysis

Parametric and sensitivity analyses are a common step in the developmeuabtrical models. For a

given model, it is important to understand the interaction between input parameters, and to identify
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which parameters are most influential on model output (Hamby 1994). This is especially important for
rockfall simulation as the ratom nature of the rockfall process, and inherent difficulty estimating
parameters such as restitution, leads to a large amount of aleatoric and epistemic uncertainty in model
input parameters (Turrin et al. 2009).
The main input parameters for our simulat technique are:

1 Slope geometry

1 Rockfall geometry

1 Rockfall release position and orientation

1 Coefficient of friction

1 Coefficient of restitution

1 Coefficient of viscoplastic dampening

3.2.1Friction and Restitution

The application of friction and restitution ihe simulation i©2 y 4 N2 f §t SR dzaAy 3 GKS ! yAi
Physic MaterialsPhysic Materials allow the user to control the interaction of objects through the
ALISOATFTAOLIGAZ2Y 2F FTNROGAZ2Y YR NBaGAGdzi A engineD2STFFAO
PhysX. A given interaction between the rockfall and slope meshes can involve multiple collisions, as well

as periods of bouncing, rolling or sliding. Depending orcpitsion kinematics, and the geometry of the

slope and rockfall objects, eachliision can contain mitiple contact points (Figure-B). The linear and

angular velocity of a block exiting a given interaction is dependent on each collision, and a product of

the iterative solution of contact and friction constraints hetimpulsevelocity level across all contact

points.
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Multiple
Contacts

% Single Rock-Slope
Interaction
<

Figure 3-1: Conceptual diagram of the multiple collisions, and contact points generated during a single
rock-slope interaction.V and ¥ variables represent incident(i) and rebound (r) translational and

rotational velocities.

The resolution of linear and angular velocity wentact is dependent on the simple friction and
restitution equations shown below. The friction coefficien} {s used during collision to detaine the
proportion of the normal forceN) between the simulated rockfall and slope surfaces which is to be
used for frictional resistance to movement. The friction forlggdcts in the opposite direction of the
downslope component of the incoming velty vector. The force calculated per contact is applied over
the simulation time step (as an impulse) and used in the solution of the new translational and rotational
velocities which occur as a result of collision. For comparison with standard fricigbesahe
coefficient of friction ¥) is typically equal to the tangent of the frictionangle{ ® Ly GKS | yA (@
environment, surface collisions are resolved into two contact anchor points, resulting in the frictional

force applied being twice as strong.erbfore, the effective friction angle is equal to the arctangent of
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double the Unity friction coefficierequation2-1). The equation for the frictional force applied per

contact anchor poinfequation 22), as well as the conversion between the coeffitief friction and

friction angle are shown belovdnlike the coefficient of dynamic friction, which is applied to the

tangential component of velocity, the coefficient of restitution operates only in the normal direction.

The coefficient is equal to thatio of the per contact relative velocity between the two colliding objects
before and after the collisiofequation 23). We recognize that currently more sophisticated per

contact friction and restitution collision functions exist, such as thedgyperdent friction model used

in RAMMS::ROCKFALL (Bartelt et al. 2016). While there is potential to integrate such functions into our

gameengine based modelling technique, that is outside the scope of this study.

% AOAQAI [3-1]

O ‘z(P [3-2]

® 33

V. [3-3]
)]

In order to investigate the affects of the friction and restitution coefficients in Unity3D, a
number of test simulations were run. The simulations involve a simgiabar slope, and 1 fibevelled
cubic rockfall object (Figui®2). The rockfall object is modelled after the standard Swiss rockfall block
used for testing rocldll protection structures (EOT2012). It is also the same shape used for the lab
scale testing conducted by Gloy@015). The simulated blocks were released above a slope inclined at
40 degrees, with the initial release coordinates, and orientation varied stochastically. A suite of

simulations was run, with 100 blocks simulated for each frietesiitution combinaton.
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Imx1Imx1m

Figure 3-2: Bi-planar simulation setup with an incline of 40 and a 1 n¥ equant block positioned in the

release zone.

The trends in translational and rotational velocity for a set restitution coefftdiR = 0.05) and
variable friction coefficient{ ' n dcampbe ¥eenirtFiguBe3. The translational and rotational
velocity of each block was measured at half second intervals and plotted against fall height, which is the
elevation of the block in gamengine coordinates. AOWESSmoothing cuve was fit to the datasets
for the purposeof graphical comparison. LOWESS, sometimes L&ER®&ally weighted smoothing, is
used here as it is a ngmarametric fitting technique, requiring no broad assumption about the form of
the relationship between autwo variables prior to fitting. The technique fits smooth curves to input
data using distanceveighted fitting of lines (LOWESS) or parabolas (LOESS) to subsets of points in a

moving window.
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Translation Velocity vs. Fall Height Rotational Velocity vs. Fall Height

Slope Angle: 40 Slope Angle: 40
Restitution: 0.05 D Restitution: 0.05

Fall Height (m)

fric: 0.30 ' AN ‘{‘\

5l st RS
. fric: 0.25-1.0 fric:' 0.25
K \
i
T
k‘(&r’
=T
R J—
[ e I
0 1 1 1 | 1 L J 0 L Il 1 1 1 1 |
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Translational Vel. (m/s) Rotation Vel. (rad/s)

Figure 3-3: Trends in rotational and translation velocity versus fall height for varying friction coefficients (0.25 1.00),
holding restitution = 0.05.

From these graphs it can be seen that the trend in translational velocity for the 100 trials is not
overly sensive to the coefficient of friction, as increases in model friction result in only minor leftward
shifts of the translational velocity curve. In comparison, rotational velocity is sensitive to increasing
coefficient of friction, up to a coefficient of apptionately 0.4. Coefficients below 0.4 result in the
majority of blocks sliding down the inclined plane. While one might expect that little to no rotation
would be present for friction values below the slope angle, the stochastic release orientation in
combhnation with bouncing due to a nerero restitution coefficient results in short periods of rolling for
a small number blocks. The number of blocks which begin to roll at some point during their trajectory
increases significantly with increasing coefficgeat friction, resulting in the large rightward shifts in the

rotational velocity trend, until the coefficient of friction surpasses the slope angle. It should be noted
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that the transition between sliding and redhd-bounce motions does not occur directy 0.4 but rather
0.42, due to the previously stated relationship between coefficient of sliding friction and the friction
angle.

In order to examine this relationship for the range of restitution values tested, the shift in the
rotational velocity curvemeasured here as the mean of the residuals between each subsequent friction
trial and the initial trial, was plotted against the friction coefficient (Figd#s. For all five restitution
values tested, the curves displayed two distinct sections. Tdefhef the 0.4 coefficient of friction, a
steep downward slope is present, indicating large leftward shifts of the velocity curve. To the right of the
curve a much flatter slope is present, indicating little to no shift in the velocity curve over the odn
friction values simulated, and thus minimal sensitivity to increasing friction once the slope angle has

been surpassed.
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Rotational Velocity Residuals vs Friction Coefficient
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Figure 3-4: Showingthe shift in the rotational velocity curve with varying friction coefficients. The yvalue
indicates the mean of the residuals between the trend in rotational velocity at the specified friction
coefficient and the initial coefficient of 0.25. Each curve is for a different restitution value.
Similar velocity versusll height plots were generated for a range of restitution values, holding
friction constant (Figur&-5). Neither velocity trends show notable sensitivity to changes in restitution

value. Looking instead at simulation bounce height we see an upward wéh increasing restitution,

which is to be expected. The design bounce height was compared for each friction and restitution
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combination in Figur8-6. The design bounce height here is defined as the height value which
encompasses 95% of the bounce ltggobserved, and is the value typically considered when selecting
the height of protedive rockfall structures (Wylli2014). The upward trend in design height with
increasing restitution (upward shifts in the design height vs. friction curves) is egpaoci@ble once

the friction angle threshold is crossed. At this point the dominant motion type has transitioned from

sliding to bounceand-roll, which inherently means more potential for bouncing and an increase in

separation between the simulated sloped rockfall surfaces.

s Translation Velocity vs. Fall Height s Rotational Velocity vs. Fall Height
. rest: 0.05 " rest: 0.05
rest: 0.10 N rest:0.10
- - -rest: 0.15 N - - -rest:0.15
- - -rest: 0.20 == -rest:0.20
- - -rest: 0.25 == -rest:0.25
\«\\ Slope Angle: 40 Slope Angle: 40
\\\\ Friction: 0.50 Friction: 0.50
W
\‘\\ \\\\
10 \t\\ 10 N,
N,
AN RN
W -~
w W
— \\\ N\
E %, N
Y
-
£ Y AN
— K« LY
2 AN AN
= \;‘ o
£ N )
AW (Y
AN \ ‘\
W N\
W *
5+ W 5 \ \\
W LN
W VY,
W VM
W LR
W Vi
W L Y
¥l " ‘| '
\
:: (LI
’I | ll !
B S0
L2 e P
ama®=" = -.1--.-—'—5—"" ==
0 | - L L J 0 L 1 | ]
0 5 10 15 0 9 10 15
Translational Vel. (m/s)

Rotation Vel. (rad/s)

Figure 3-5: Trends in rotational and translational velocity versus fall height for varying restitution coefficients (0.05
0.25), holding friction = 0.5.
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Design Bounce Height vs Friction Coefficient Design Bounce Height vs Restitution Coefficient
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Figure 3-6: Showing the change in design bounce height for each friction and restitution combination. The left plot
shows the change in design bounce height with increasing friction (each curve is a different restitution coeffit)e The

right plot shows the change in design bounce height with increasing restitution (each curve is a different friction
coefficient).

A similar comparison for mean runout for each fricti@stitution combination can be seen in
Figure3-7. Here we se a steep slope to the left of the slope angle threshold, with large increases in
runout as the friction angle increases. This is due to the higher mobility of bouncing and rolling blocks
compared to sliding ones. To the right of the slope angle threshtiuiklfrend flattens out with a less
obvious relationship between increasing friction and runout. In general, for increasing coefficients of
restitution, we see upward shifts in the runefriction curves, indicating increasing mean runout with

increasingestitution.
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Mean Runoutvs Friction Coefficient
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Figure 3-7: The above plot shows the change in mean runout with varying friction coefficients. Each curvi

is for a different restitution value.

3.2.2Viscoplastic Ground Drag
Following analysisaf KS 3 Y S Siff tHckigh 8nd EestitititwA cbafficients, we introduce a third
parameter, the coefficient of viscoplastic ground (vpg) drag. This parameter is assigned to regions of
slope which are expected to have deformable surface materials.

Fa the purpose of illustrating the effect of vpg drag on simulation results, in the context of this
simple experiment, the coefficien€) has been applied globally, modifying the behaviour of both the

sloped and flat planar surfaces. The equation usee hemodel the force applied due tgpgdrag is
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based on the ground drag equation from the RAMMS::ROCKFALL (Badelt et al. 2016and is

shown in equation 3} The drag forceR) isinverselyproportional tothe kinetic energy of the block at
impact(—w ), scaled by the vpg drag coefficieif)( Essentially, impacts with higher kinetic energy

(heavier, faster moving blocks) are expected to result in a larger amount of dampening as they cause
more surface deformation of the slope materiasulting in an increased dragging effect on the rockfall
block.

[3-4]

Velocity versus fall height plots were generated for a set of vpg coefficients, again releasing 100
simulated blocks on the flanar slope, holdin§iction and restitution constant (Figu@8). The plots
demonstrate that as vpg drag increases, a leftward (decreasing) shift occurs in both the translational and
rotational velocity trends. This shift is more pronounced and consistent in the casmefational
velocity. This is expected as the vpg drag is directly applied to the translational component of the block

velocity during simulation, with the reduction in rotational velocity a secondary effect.
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Rotational Velocity vs. Fall Height

15
vpg drag: 0.00 vpg drag: 0.00
- - -vpg drag: 0.05 - - -~vpgdrag: 0.05
- = =vpgdrag: 0.10 - - -vpg drag: 0.10
- - -vpgdrag: 0.15 N - = -vpgdrag: 0.15
- = =vpg drag: 0.20 ~N == =vpgdrag: 0.20
= = =vpg drag: 0.25 \\\ == -vpgdrag: 0.25
- = =vpg drag: 0.30 NN - = -vpg drag: 0.30
N,
Slope Angle: 40 N Slope Angle: 40
Friction: 0.55 ‘\‘ Friction: 0.55
10F Restitution: 0.05 10 AN Restitution: 0.05
»
N,
\\
»
‘b«
»
‘h‘\
»
®
R bk-
Ny Y
R ®
Wt o "
AR A
5] Syaat 5 \‘\‘
Nt A}
ATERA A
Vaas \\\
LYR R W
(YRS \‘\ ('Y
LA [
I ERA [ ‘ N
vy 1 a
gty ' ah w
ryon b " n
lll, I' o n |I|‘
teo ,' ’ ,"‘(‘“ B
I e S
e
e e S S
0 1 | 1 1 | 1 1 1 | 0 1 1 1 1 |
0 1 2 3 4 5 6 7 8 9 10 0 4 6 8 10 12
Translational Vel. (m/s)

Rotation Vel. (m/s)

Figure 3-8: Trends in rotational and translational velocity versus fall height for varying viscoplastic ground drag,
holding friction = 0.55 and restitution = 0.05.

Mean runout and design height plots were also generated for each vpg drag triab(&igurin

general, there is a subtle decrease in design bounce height as the drag coefficient increases, with a

maximum difference of just 10 cm (a 13% decrease). There is also a decrease in mean runout with

increasing drag coefficient, in this case watmore notable maximum difference of approximately 6.5 m

(30% decrease).
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Figure 3-9: The above plot shows the change in design height and mean runout for varying vpg drags, holding friction =
0.55; restitution = 0.05.

3.2.3Block Shape and Release Orientation

It has been stated by several authors (Azzoni et al., 1995; Chau et al., 1999) and explored extensively by
Glover (2015) that rockfall shape plays an important role in the dynamics of the runout process.

Folowing our investigation of input coefficients which affect energy dissipation during collision, it is
important that we look at the effects of block shape, as well as release orientation, on simulation

results. For this simulation three shapes were s&dctepresenting the encthember cases from the

Sneed and Folk (1958) shape ternary diagram, which classifies blocks on the basis of principal axis length
ratios. The exact shapes of the blocks used for our simulation (RBgLOgas well as the release

orientations, are based on the lab scale drop tests conducted by Glover (2015) at Durham University.
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The first simulation experiment compares the release of the three differentreachber block
shapes from the same position above the slope. In this caseltingate and platy blocks were released
in orientations which promote rotation, similar to a rolling barrel for the elongate block, or a rolling disc
for the platy block. The equant case does not have a preferential orientation and its axes of rotation a
equal about x, y and z. For each simulated block the exact starting location and orientation is varied by *
5 cm and degrees respectively. The trend in translational and rotational velocities for the 100 blocks of
each shape, as well the distribution®imulated end points can be seen in Fig&«¥0. In both the
translational and rotational trends we see separation between the curves for each shape, with the most
notable being the significantly lower rotational velocity trend for the platy block. $lagributed to the
decreased stability of the shape when rolling, with a tendency to roll over onto its side and start to slide.
This is the opposite of the elongate block which shows the highest trend in rotational velocity, attributed
to the fact that t shows less chaotic bounces, or sliding style motion, rarely diverging from-hkagerel
rolling. Despite notable differences in rotational velocity, the elongate and platy blocks show similar
translation velocity trends, with the equant block showing Highest trend in translational velocity.
This agrees with the finding of Glover (2015) that the equant block shapes tend to be the most mobile.
This is especially apparent in the runout distribution for the three shapes. The end point distribution plot
in Figure3-10 shows the end points for the 300 simulated blocks, coloured by block shape, with 95%
confidence ellipses fit to emphasize the shape of runout distributions. From this it can be seen that the
equant block produced the largest runouts. On avertdugeplaty block produced the shortest and most
compact deposition, with the elongate block showing slightly higher runoutsthenidrgest dispersion

laterally.
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Translation Velocity vs. Fall Height Rotational Velocity vs. Fall Height
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Figure 3-10: Trends in rotational and translational velocity versus fall height for the three enémember block
shapes. The end point for each simulated block is shown in plan view, with 95% confidence ellipses to emphasi

the shape of the deposition distribution.
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While velocity and runout ardearly affected here by the shape of the block used, release
orientation has also been shown to play a role in rockfall runout (Glover, 2015). In order to illustrate the
effect of release orientation for our model, the platy block was released in thrésefift orientations,
aligning different faces and axes of orientation, in the downslope direction. The resulting velocity trends
and runout distribution can be seen in Fig@4&1. It can be seen in both the translational and rotational
plots that orientaton A) and B) produce notably different trends compared to orientation C). This is due
G2 GKS FrOdG 020K .0 YR /0 KIS tSaa LRGSYGALlf
transitioning to slidedominant motion more quickly, with a higheegcentage of blocks stopped by
friction on the inclined plane. This can be seen in the runout distribution with a large number of the
blocks from orientation B) and C) coming to rest on the slope, while all of the blocks from orientation A)
runout onto theground plane. In this case the affects are no longer shape dependent, solely due to
release orientation for this parameter set, and therefore a result of the different length axes of rotation.

A similar set of test simulations was run for the equant bjoeleasing it at three different
orientations. Less variability in velocity and runout is expected in this case as there is no difference in
lengths between the three primary axes of rotation for equant shapes. The velocity trends and runout
distribution can be seen in Figuf12. As is expected, each orientation behaves similarly in terms of
translation and rotation, with similar average runout distances and levels of compactness spatially;

illustrating the fact that release orientation is less of a@mm for equant shapes.
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Translational Velocity vs. Fall Height Rotational Velocity vs. Fall Height
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Figure 3-11: Trends in rotational and translation velocity versus fall height for the three different release
orientations of the platy shape. The end point for each simulated blodgk shown in plan view, with 95%

confidence ellipses to emphasis the shape of the deposition distribution.

72



Translational Velocity vs. Fall Height

Rotational Velocity vs. Fall Height
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Figure 3-12 Trends in rotational and translation velocity versus fall height for the three different release
orientations of the equant shape. The end point for each simulated block is shown in plan view, with 95%
confidence ellipses to emphasis the shape of the deposition distribution.
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3.2.4Slope Resolution

The second area where geometry influences rotkimulation is the slope model utilized. Different
rockfall simulation programs opt for various representations of the slope surface, with the most
commonly used models being 2D cross sect{erg Rocfall (Rocscience Inc. 201&@6D DEMé&.g.
Rockfa3D (Dorren 2012)pr 3D mesheg.g. RAMMS:ROCKFALL (Bartelt et al. 20b&ur case, a 3D
triangular mesh is used, as it allows for lateral dispersion to take place, and is capable of representing
steep, overhanging geometries. When constructingslape geometry, it is important to consider the
resolution at which we will model the surface. It has been pointed out by ataathors (Crosta and
Agliardi2004; Frattini et al. 2012; Buhler et al. 2016) that the resolution of the slope geometry is an
important factor in rockfall modelling as it affects the expression of slope scale terrain features such as
gullies and benched topography, as well as surface roughness.

In order to look at some of theffects of resolution in our simple dplanar slope stup, the two
planes were replaced with a section of talus and rock surface created from a LIDAR scan of a mountain
slope in British Columbia. The point cloud of the slope section was-dampled to four different
resolutions (25 cm, 50 cm, 1 m, 2 m) whigere used to build the 3D meshes for rockfall simulation.

The slope setup using the four different mesh resolutions, as well as trajectories from an initial
simulation using a 1 fequant block can be seen in Figi&&3. Rotational and translational wslity
trends, as well as the runout distribution, of the £ eguant block for the four different resolutions can
be seen in Figurd-14. From this we can see that the difference between resolutions in terms of
translational and rotational velocity are min with only small separation between the velocity trends

for each. Similarly, the general shape and center location of the end point distributions are similar.
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Figure 3-13: Showing the 40 inclined bi-planar slope setup recreated using rock and talus slope LiDAR data. The slope
model was recreated at four different resolutions: 25 cm, 50 cm, 100 cm, and 200 cm. Simulated trajectories using a 1 m
block are shown.
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Figure 3-14: Trends in rotational and translational velocity for a block size of 1 m with four varying mesh
resolutions. The end point distribution for each slope resolution is shown.
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If different block sizes are used for the same test, we seffereht effect, with more notable
separation between trends for a given resolution, especially in the case of rotational velocity.3-igure
15 shows the translational and rotational velocity for varying mesh resolution, with each plot
representing one ofhree block sizes: 25 x 25 cm footprint, 50 x 50 cm footprint, and 1 m x 1m footprint.
Each plot is shown using the same scale and illustrates the increasing separation between trends for
different resolutions, as block size decreases. This increasedasigparith decreasing block size is a
result of the smaller blocks being affected more by the scale of surface roughness present in the various
resolution models. It should be noted that the increase in overall trend magnitude (not separation)
between plos, as block size decreases, is not solely a resolution dependent effect. This is largely due to
the size of the blocks, as smaller diameter blocks have lower moments of inertia. The effects of the
increasingly different velocity trends between resolutiavith smaller block sizes is also refledtin
changes in runout. TableBshows the change in runout between the 25 cm and 2 m resolution meshes
for each of the block sizes used. From this it can be seen that the largest difference in runout (15.6 block
lengths) between the lowest and highest resolution was for the 25 cm block size. The change in runout
decreases for the 50 cm and 1 m block size, with the change in runout for the 1 m block (5.7 block

lengths) being 3 times less than that of the 25 cm hlock
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Figure 3-15: Trends in rotational velocity versus fall height for varying resolutions. Each plot represents a different

block size.
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