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ABSTRACT

This researcimvestigateshe frequent rockfall events iDeBequeCanyon along-IF0. It uses
themulti-epoch photogrammetric monitoring datasets collected by the Colorado Department of
Transportation between 2014 and 20PHe study aims to assess the effectiveness of the direct
georeferencing approach in creating largeale photogrammetric models without ground
control points (GCPs]Jt also aims to develop a workflow for creating a regiestalle rockfall
inventory and characterize the spatial variability of rockfall characterislicthermorethe
researclseeks to evaluate the impact of4epesting rockmass structures on rockfall frequencies,
sizes, and shapes.

Comparison of the developed photogrammetric point clouds created using a direct geo
referencing approach to lidar suygerevealed a good matching precision. The precision was as
good as 0.059 m in terms of reoeansquared (RMS) difference metri€or efficient handling
of largescale, muldepoch models, the study implemented construction of photogrammetric
models for aly the first and last acquisition. The corresponding image datasets for intermediate
acquisitions were manually reviewelhis approach enabled rapid identification of the temporal
occurrence of each rockfall. Segmenting photogrammetric models into Isssgjlaents
minimized "bowteffect" distortion and reduced processing time.

The study revealed that rockfalttivity vary along DeBeque Canyon corresponding to
changes itithologies,rockmass conditiongnd the presence of oversteepened aheazased
rockfall activity can be attributed to factors such as glexce of weaker rockmassex;reased
degree of fracturindgjuman interferenc@ndpresence of steeper slop&se temporal rockfall
ratesincreasan yearswith a higher number of days with snow thickness exceeding 1 Trieh
study found that prexisting rockmass structures influenced rockfall failure mechanisms, shapes,
and scaling exponent of the powaw equationThe scaling exponents of the magnitude
cumuative-frequency (MCF) curves were foundlie impacteanainly by variations in litholog
anddegree of fracturinglhe expected range of block volumes obtained based on structural
mapping was larger than the actual rockfall voluriiéss discrepancy occred due to model
resolution limitations for structural mapping. It also resulted from the occurrence of smaller
rockfalls due to intact rock failure between mapped joints and rockfalls not bounded by joint

sets.
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CHAPTER 1 INTRODUCTION

In recent decades, the world has experienced a rapid iagrepspulation from 2.5illion in
1950to an estimated 8 billion in 20ZPInited Nations' World Population Prospe@622. To
accommodate this enormous growth, more people have moved and settled in remote
mountainous areas (Porter & Orombelli, 19819wdver, this proximity to mountainous areas
has made transportation corridargd infrastructuresuch as highwaysailways, bridgesand
buildings vulnerable to the danger posed by rockfalls (Bunce et al., 1997; Brawner & Wyllie,
1976; Budetta & Santo994). Rockfalls threaten human livesusedelays incritical services,
and disrupt travellTherefore, conducting research on rockfalls is essential for understanding the
characteristics and causes of this phenomenon, enabling the developadaduate mitigation

measures to reduce the associated risk.

A rockfall is defined as a detached individual rock block or cluster of blocks that travel
rapidly downslope by free fall, bouncing, or rolling (Varnes, 1978; Cruden & Varnes, 1996).
Detachment aturs when a block loses contact with bedrock and releases or fails by sliding or
toppling failure (Hantz et al., 2021). Smatiale rockfalls are the most frequent massting
events in higkdensity urban areas, characterized by unpredictable occurmhextaemely
high velocity of movement downslope (Hungr et al., 2005). Rockfalls can be triggered by many
factors, such as volcanic eruptions, earthquakes, and meteorological factors such as precipitation
and freezehaw cycles (Keefer, 1984; Hale et &009; Allen & Huggel, 2013; Delonca et al.,
2014).

The detailed investigation of rockfalls requires collecting detailed information on their rates,
spatial distribution, and geomorphological characteristics. Various monitoring techniques have
been employe for this purpose in the last few decades. The aim of this thesis is to highlight the
importance of the photogrammetry Structén@n-Motion (SfM) technique in identifying and
analyzing rockfalls in largscale rock slopes. To achieve this objective, Ummed Aerial
Vehicles (UAVs) were employed to collect higesolution aerial datasets of rockfall events, and
an optimized workflow for processing these datasets was developed. Several algorithms were
utilized for automated processing and analysis of tHeated rockfall datasets. The resulting
inventory and developed algorithms will enable enhanced study of rockfall characteristics and

patterns on a large scale. It will also contribute to understanding the geological contribution to
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rockfall occurrenced-urthermore, the developed workflow in this thesis will contribute to

improved ease of application of SfM in rockfall detection.

SfM is an effective technique for constructing thdémensional (3D) models from two
dimensional (2D) images. Capturing images for the target scene from various viewpoints enables
algorithms to calculate the 3D positions of the features detected indgesntSfM is cost
effective and has the advantage of covering kaiggde outcrops efficiently, producing high
resolution models comparable in accuracy to lidar. Moreover, the availability of numerous
software packages, such as Metashape and Pix4d, whamnate most of the SfM process make
it an accessible approach for handling large datasets. Thanks to its wide range of applications,

high precision, and affordability, SfM has become a widely accepted tool in geoscience.

The application of UAVs has beconmereasinglycommonfor studying rockfalhazards
particularly in areas with high, inaccessible, and steep slopes. In these locations, conducting
traditional field surveys and mappiogn behazardougWang et al., 2022; Nesbit et al., 2022).
The abilityof UAVSs to fly at different elevations and imaging ranges provides several
advantages over terrestrial photogrammetry. These include capturing different perspectives of
the scene and reducing occlusion of objebi® costeffectiveness, increased safeand ease of
application of UAVs allow for repeated surveying of laggale, steep slopes to be conducted

over short periods.

The thesis focuses on rockfalls that regularly occur at the rock slopes of DeBeque Canyon
along Interstate Highway 70-7I0) in western Colorado, USA. TherD highway is a critical
transportation route connecting Grand Junction's urban areas to the DenvErgamed.(1).

Dueto the high traffic volumes and high speeds on the road, cars in this area are vulnerable to
rockfalls, which can result in injuries and fatalities. In response, the Colorado Department of
Transportation (CDOT) has conducted a mefioch photogrammetrimonitoring campaign to

cover the area of DeBeque Canyon using UAVs. The monitoring campaign was carried out from
2014 to 2021, aiming to develop a rockfall database to understand the rockfall behaviors,
processes, and frequencies along the Canfyterge scale rockfall inventory developed from
long-term monitoring datasets is essential for understanding the spatial variability of rockfall

characteristics. It also helps in understanding how slopes deteriorate over time along this critical
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highway sectionThis information is crucial for evaluating the expected rockfall volumes and

developing mitigation measures.

DeBeque Canyon

ey

Figurel.l Location map for the-Y0 Highwaysection from Grand Junction to the Denver
metropolitan area showing the study site at DeBeque Canyon.

1.1 Structure from Motion Photogrammetry

Photogrammetry is a remote sensing technology capable of building a 3D model of an object
by processing photographs taken of the object at different anglearages (Schenk, 20059)he
perception of human eyes for depths depends on binocular vision, where each eye captures a
separate image for an object. The brain then converges these images into a single 3D view
Based on that, the stereoscope device wastasgédate a depth illusion for eyes by presenting
two different images to each eye separately. This gives each eye (left and right) a different view
of the same object in two images, within overlapping portions, creating a 3D effect with a sense
of depth.This analog photogrammetry was applied for decades to gather information from pairs

of overlapping vertical aerial photos. Several measurements were obtained from the 3D view,
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including distances, elevations, and scales. However, this manual method $etom@d¢ime

consuming when applied to larger scales and more images.

In the 1980s, digital photogrammetry was introduced. With digital photogrammetry,
measurements can be made on many images quickly and with less effort. This advancement
allowed for Digitd Elevation Models (DEMSs) to be produced for the imaged surfaces based on
the calculated elevations. However, manual input was still needed for the image location, camera
orientation, and manual registration of image pixels using Ground Control Points)(G&ére

establishing any measurements.

As technology progressed, digital photogrammetry took advantage of increased computer
power and the development of sophisticated algorithms leading to the emergence of Structure
from-Motion (SfM) photogrammetry. $f detects the camera position and orientation without
needing GCPs of known coordinates (Westoby et al., 20h2)general process of Sfifigure
1.2), typically starts with detecting and matching features in multiple images and obtaining
camera positionsSubsequent stefsvolve generating a tie point cloud, geaferencing,
building dersified point clouds, and mesh generatiWestoby et al., 2012; Rodgers et al.,

2022). This technique enables more automated acquisition of 3D data than traditional

photogrammetry techniques.

SfM depends on computer vision techniques to build 3D modwsis digital images. The
SfM process begins by identifying distinctive features in each photo, such as points or lines, and
matching these features between all images (Snavely et al., 2008). The match is determined by
comparing the surrounding elements awthat feature in all images until finding enough
correspondence. These correspondences are then used to calculate the camera positions and
orientations by solving the relative positions of the camera (Hartley & Zissermas), 2dding
more images to therocess will improve the matching and accuracy of camera positions and
orientations. Once camera positions and orientations are obtained, the tie point cloud can be
created, which represents the primary 3D model of the scene. Finally, thevidwitbtereo
algorithm (MVS) is employed to densify the tie point clouds producing a more detailed point
cloud or 3D mesh (Rose et al., 2015).

The SfM workflow consists of a set of progressively developed algorithms, as no single

algorithm can do all these steps al¢Rarukawa & Hernandez, 2015). The detection and
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extraction of distinctive features in images are accomplished using theliBcaiant Feature
Transform (SIFT) algorithm introduced by Lowe (2004). SIFT is the most popular and applied
algorithm for objectecognition and description (Nguyen et al., 2014). The SIFT algorithm
identifies characteristic key points, under variable scales, rotation, distortion, and illumination
conditions (Lowe, 2004).

/ Input GCPs / / InputPhotos/

Feature detection &
Bundle Adjustment

l

Build Sparse
Point Cloud

A

l

Maijority

No
Aligned? / Input More Photos7

Georeference

l

Error
Reduction

/ or\
Build Dense Build Digital
Point Cloud Elevation Model

Figurel.2 The generabfM workflow, adapted from Rodgers et al. (2022).
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Once the key points in the images are detected and described, the feature descriptor vectors
are compared to find the best match across images. This compadsorathing step can be
performed using the approximate nearest neighbor matching algorithm (Arya et al., 1998; Brown
& Lowe, 2005).The detected correspondences from this step provide an initial estimation for the
camera position and orientation. This estiion is refined through iterative ndinear least
squares optimization algorithms to obtain more accurate camera(jpsstsby et al., 2012).

The precision of the camera pose estimation directly affects the accuracy of the subsequent
reconstruction ofhe 3D scene.

After identifying correspondences and camera pose, the 3D reconstruction of the scene can be
accomplished. This process can be broken down into two main steps: triangulation and bundle
adjustment. In the initial triangulation step, the 3Difpmiss of the key points are calculated, and
the initial 3D model is constructed (Wohler, 2D1The bundle adjustment step follows, where
the initial 3D positions are refined by iterative adjustments to reduce the reprojection error of the
3D points in tle image plane (Zhang et al., 2006). The optimal outcome of the bundle adjustment
is a tie/sparse point clou&i@ure1.3B) that represents the fistaned 3D positions of the key
points (Westoby et al., 2012).

After bundle adjustment, the MVS algorithm produces a densified point cloud for the 3D
scene (Seitz etl., 2006). This generates depth maps for the images, with each pixel displaying a
depth value relative to the distance from the camera (Fuhrmann et al., 2014). After filtering and
removing outliers from the depth maps, they are used to generatguatily 3D meshes, digital

terrain models, and dense point clouds, as showigure1.3C (Vollgger et al., 2016).

The resulting SfM model is referencexdan arbitrary or local coordinate system without-real
world scale. Therefore, geeferencing brings the 3D model into a standard coordinate system,
typically using GCPs. These markers can be identified in the photos, and their coordinates can be
measurd using surveying tools to provide reabrld scale and orientation for the modgaz
Ablanedoet al., 2018). The accuracy of the resulting 3D models typically increases when an
increased number of GCPs is used (Harwin et al., 2015; Eltner & Schné&iigy FHugenholtz et
al., 2016; Aguerd/ega et al., 2017).

GCPs should be placed at the edges of the surveyed scene and distributed evenly across the

entire area to achieve optimal gesferencing. However, distributing GCPs along slopes can be
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time-consuming, laborintensive, and pose a high risk, especially in steep rock slopes. Therefore,
a direct geereferencing approach can be used, in which the coordinates of the camera recorded
during photetaking are used directly (Sav#blanedo et al., 2018). Thipproach saves the

effort and cost associated with installing and processing GCPs, reducing the processing time.

Figurel.3 Example of the SfM process results for a rock slope in DeBeque Canyon-along
70. A) Photograph of the natural scene, B) The tie point cloud, and C) The final densified point
cloud.
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1.2 Literature Review and Research Needs

This section will present a literature review on the application of Structure from Motion in
geoscience anithe areas that require further research. Additionally, it will provide a literature

review on the structural controls on rockfalls and the utilized methods for assessment.

1.2.1 Geoscience Applications of Structure from Motion

While the basic concept of SfM datback to 1979, publications on its application in
geosciences emerged in 2QEbellan et al., 2016). SfM has become increasingly valuable to
geoscientists due to its capability to produce Higgolution and precise digital elevation models
(DEMSs). Thesenodels enable them to study changes in topographic and geological features with
a higher level of accuracy (James & Robson, 2012; Fonstad et al., 2013). The availability of
software capable of automating the SfM processes motivated researchers t@acdligotk on
larger quantities of data and analyze earth processes over a more extended peried (Nadal
Romero et al., 2015; Eltner et al., 2016). Furthermore, SfM can also be combined with other 3D
data acquisition techniques, such as Terrestrial L3semng (TLS) and Infrared
Thermography to produce even more precise datasets (Warrick et al., 2019; Lim et al., 2005;
Mineo et al., 2022).

Given the many strengths of SfM, it has been used in various areas of geoscience to
investigate a wide range of reseagelestions. For instance, SfM has been implemented to map
erosion and sedi me nQltmannmsatrals 2002 Rikeljtet ab, B015), dtddP | e i r e
volcanic areas (Kolzenburg et al., 2016), monitor glacial processes (Piermattei et al., 2016; Ryan
etal., 2015) and track groundwater flow (lkkala et al., 2022). It has also been applied to assess
landslide movements (Peppa et al., 204/arrick et al., 2019), analyze rockmass behavior
(Mineo et al., 2022), and monitor coastal erosion (James & Rolb3bB; Westoby et al., 20).

Monitoring rock slopes for rockfall detection requires higholution databases that enable
the detection of minor rockfalls (Dorren, 2003). Recent advances in data acquisition and
monitoring techniques have enabled the ctibecof high spatial and temporal resolution
datasets (Rosser & Massey, 2022). These techniques include -tpasedlinterferometric
syntheticaperture radar (GBASAR) (e.g. Zhang et al., 2018), reglerture radar (RAR) (e.g.
Werner et al., 2008), Satédl INSAR (e.g. Rott et al., 2002), lidar (eWeidner& Walton,
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2021), robotic total station (e.g. Glueer et al., 2021), Lpkdtogrammetry (e.g. Sarro et al.,
2018; Graber & Santi,®2a), and thermal imaging (e.g. Teza et al., 2015).

SfM-photogrammetry is effective for monitoring rock slopes and detecting rockfalls (Van
Veen et al., 2017; Gigli et al., 2022). There has been a noticeable increase in published research
using SfMphotagrammetry in slope monitoring in recent years (Guerin et al., 2020; Giacomini
et al., 2020; Rossi et al., 202DAV -SfM photogrammetry relies on remote data acquisition
where he data collection is conducted using higgsolution cameras mounted on UA&M
offers faster deployment, relatively lower cost, and better color representation compared to other
techniques such as aerial and terrestrial laser scairaidgl1.1). It canalsomonitor changes

over largescale areas with a high spatial resolution, similar to laser scanning (Lato et al., 2015).

The application of UAVs in rockfall investigation has been widely accepted for different
aspects ofhe rockfall hazards assessment (Sarro et al., 2018; Saroglou et al., 2018). UAVs have
been used to build 3D models for evaluating rockfall risk during emergencies (Giordan et al.,
2015).This approach can be applied to study rockfall trajexsdwy captuing images of slopes
from different altitudes. It helps in obtaining higdsolution topographic surveys and identifying
rockfall source areg$aroglou et al., 2018).

Change detection on point clouds from different epochs can help to identify thé apatia
temporal occurrences of rockfalls and quantify their frequencies, sizes, and shapes. The precision
of change detection for rockfall was improved by the development of the $tidte Modeko-

Model Cloud Comparison (M3C2) algorithm by Lague et &1@). The M3C2 algorithm has

proven effective in identifying changes across complex terrahes M3C2 algorithm was first

applied for change detection along slopes by Stumpf et al. (2015). They endorsed its accuracy for
change detection applications aralume estimationit is currentlythe most widely applied

approach for rockfall change detection (DiFrancesco et al., 2020; Weidner & Walton, 2021,
Schovanec et al., 2021).
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Tablel.1 Comparisorbetween Photogrammetry and Aerial/Terrestrial laser scanning
(ALS/TLS), adapted from Lato et al. (2015), with lower numbers indicating better performance.
Highlighted cells indicate where photogrammetry performed better than or comparably to laser
scanning

Remote site accessibility

Speed of deployment

Ability to map smaliscale discretehanges
Ability to map largescale discretehanges
Ease of data collection

Spatial resolution

Map smaliscale discontinuity features
Map largescale discontinuity features
Full-color 3D data

Georeferenced spatial accuracy
Individual point accuracy

Portability of equipment

Affordability (small spatial footprint)

Map vertical topographic features

Map horizontal topographic features

NERPNNRPRRNRRRRPRERRN
NRPRPRPNNRPRPRNRNDERNRN
PNWWWWWEWNWER WNR

Owing to the great potential of SfM in slope monitoramplications, researchers have been
working to provide practical workflows for the efficient employment of SfM. These workflows
include the acquisition and processing of photo datasets and the 3D scene reconstruction through
the detection of rockfall locains and volume calculation (Westoby et al., 2012; Kromer et al.,

2019; Graber & Santi, 202p However, most of these workflows were designed for sgtalle
datasets and require further development and adjustments to enable their implementation on

largescale slopes.

The application of direct ge@ferencing in photogrammetry has been introduced hefore
Efforts have been made to enhance its accuracy compared to using Gtt&stfonalgec
referencing One of the earliest attempts to apply direct-gderencing in UAV
photogrammetry was conducted by Gabrlik (20Hg)wever, the accuracy was unsatisfactory
due to inaccuracies in camera parameter calculafidnese inaccuracies caused errors of several

tens of centimeters horizontally and even laggeorsvertically. Rabah et al. (2018) achieved
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increased horizontal and vertical accuracy (by 0.034 m and thp&%pectivelypy usng an
RTK-GNSS receiver onboard the UAV for positionithg collected images.

Peppa et al. (2019) proposed a-gef@rencing technique that eliminates the use of GCPs in
multce poch datasets. They sear cheGlPfsoor bfeitxweed nand
photos, which can be used as GCPs inmgéerencing the 3D model, given the overall stability
of the siteKromer et al. (2019) provided a SfM workfldar model development and change
detection that does not requBCPs. Theyoundthat similar accuracgould be obtained if the
internal camera parameters were fixa@r time(when using a fixed camera system). Recently,
different approaches were developed for utilizing directrgéerencing in photogrammetry.
These approaches depend on the recordedrdatahe GPS/GNSS receivers installed on the
UAVs and the subsequent processing stépppatiet al. (2020) compared five different
approaches for recording coordinates using GPS/GNSS and concluded that direct geo
referencing could obtain an accuracyadew centimeters without using GCR&sbit et al.

(2022) found that the precision of photogrammetric models using direcefgencing
increase®y usingdifferent imaging angles. Trabtainedprecision is similar to modeldilizing
GCPs.

SfM-photogranmetry has been utilized to monitor rock slopes and characterize rockfalls
across various spatial scales and over variable time periods. The applications of SfM-in small
scale rock slopes aim to quantify rockfall occurrences, study rockfall dynamicsatevalakfall
hazards, and map rockmass discontinuities (Giacomini et al., 2020; Papathanassiou et al.,
2020;Hayakawa& Obanawa2020;GomezGutiérrez& Goncalves, 2020; Gallo et al., 2021;
Graber & Santi, 2028). Most of the existing research on rockfall is focused on monitoring
smallscale sloped-dowever, in many cases it is necessary to investigate rockfall occurrences

over long distances such as highways and coastal cliffs.

Giacomini et al. (2020) utilized a system of two digital cameras to monitor a 70 m long,
highly fractured, open pit slope Australia for seven weeks. The study detected many rockfalls
(up to 650 events) and small volumes (up td a6 with stableMagnitudeCumulative
Frequency (MCFJelationships. The results helped to characterize rockfalls and evaluate the
climatic and gelogical impact with high accuracy and precision. Graber & Santi @Ggfplied

the UAV-SM to study four smalkcale, natural rock slopes ranging in area from approximately
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4,500 nt to 17,000 M The four slopes were imaged at approximatelymoath inervals to

detect changes resulting from rockfalls over one year of monitoring. Although there were few
detected rockfalls, the photogrammetry for these small sections enabled the study of the rockfall
frequencies and the detection of the triggering fadtwreockfalls at the study sites.

Most largescale photogrammetric studies are conducted for monitoring cliff erosion (Baily &
Nowell, 1996; Costa et al., 2004; Moore & Griggs, 2002; Westoby et al., 2012). For example,
Westoby et al. (2012) utilized MV/SfIM to monitor erosion rates along a one km coastal cliff.
They used a 14.7 Megabyte digital camera from a distance range86fra5The study
demonstrated the capability of the lmast MVSSfM monitoring technique to investigate cliff

erosion and identjfrockfall volumes as small &0 x 10° m®.

Other studies on regionatale rock slope monitoring have been conducted U4ifg These
studieshaveinvestigatedhe relationship between rockfall occurrences and slope angles. They
havealso studied theohgterm behavior of rock slopes, identified potential rockfall sources, and
observed changes in rockfall frequencies over {inoge et al., 2009; Benjamin et al., 2020;
Rossi et al., 2021). Benjamin et al. (2020) found that the magrfiteigeency relatnship of
rockfall occurrences depends on the scale of the monitored sédt®study recommended
monitoring a total of 2.5 km for larggcale slopesalthough this length recommendation is likely
not universal and may depend on-sipecific factors, its used as basic benchmark for this
study. This would help obtain a reliable estimate of the relative occurrence of large and small

rockfall volumes.

Although numerous studies have investigated slope behavior over time, most of them were
conducted on a local scale, and a few considered the regional scale context. Furthermore,
existing processing techniques for regiesedle datasets require optimizatio achieve better
accuracy and efficiency when applied on a large scale.

1.2.2 Structural Controls of Rockfall

Many factors affect the initiation of rockfalls, including slope geometry, intact rock strength,
weathering conditions, and prevailing rockmasscstimes. The resulting rockfalls can be
differentiated into structurdriven rockfalls, associated with planar, wedge, or toppling failure,
and nonstructuredriven rockfalls, formed by weathering and raveling (Vandewater et al., 2005).

In addition to othefactors, preexisting rockmass structures can play an important role in
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determining slope susceptibility to rockfall. Structure characteristics such as orientation, spacing,
roughness, and persistence can control the failure mechanism, frequency ds&re penof

resulting rockfalls.

Vandewater et al. (2005) suggested that variations in lithology and the number of joint sets
are the main factors determining the type and size of resulting rockfalls. Their study indicates
that increasing lithological vaiion has the potential to create large,-stacture driven
rockfalls. Additionally, the existence of more than two sets of discontinuities creates structurally
controlled rockfalls with varying sizes, depending on the spacing of the discontinuitigss Slo
with a lower degree of lithological variation and more than two joint sets with spacing larger

than 1 marelikely to produce large structurally controlled rockfalls.

Intact rock strength also plays an important roldeterminingthe shapes and szef
rockfalls through rock bridges. Rock bridges can add stability to rock blocks by holding them in
place along weak surfaces. On the other side, gradual weathering of rock bridges over time might
increase the risk of rockfalls by introducing weakeneathses to the rockmass that can lead to
intact rock failures. Evaluation of the impact of rock bridges on rockfalls has been conducted
mostly on single cases of large rockfalls rather than {acgée datasets of large number of
rockfalls (Paronuzzi an8eafini, 2009; Sturzenegger and Stead, 2012). Fewer studies have

considered the largecale context (de Vilder et al., 2017).

The structural controls of rockfall can be evaluated through field investigation, kinematic
analysis, numerical modeling, rockfalmulation, and structural mapping from remote sensing
surveys. The most practical discontinuity survey methods of rock exposures are scanline (Priest
& Hudson, 1976), circular (Mauldon et al., 2001; Sturzenegger et al., 2011), and window
mapping (Sturzergger & Stead, 2009). Structure mappofgock surfacesisingthe 3D models
acquired from photogrammetry and TLS has been extensively investigated (Haneberg, 2008;
Lato et al., 2009; Sturzenegger & Stead, 2009; Ferrero & Umili,;ACHrhbert et al., 200)2The
accuracy of derived fracture networks and representative fracture characteristics relies heavily on

the resolution of the 3D models (Sturzenegger et al., 2011).

Numerical modeling has increasing importance in incorporating rockmass structures and
modding rockfall failures. Both continuum and discontinuum models have been applied to

simulate the behavior of rockmass structures and evaluate the impact of structures on the
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rockmass stabilityStead & Coggan, 20126rok et al., 2018). Discrete fracturetworks (DFN)

are increasingly applied in the simulation of rockmass fractures and to obtaining rockfall block
shapes, sizes, and frequencies (Sturzenegger et al., 2011; Lambert et al., 2012). Lambert et al.
(2012) conducted detailed window structure magpin 3D photogrammetry models to assess

the rockfall hazards using 3D discrete fracture network modeling (DFN). A statistical
distribution of rockfall volumes was obtained using Monte Carlo simulation based on the
mapped joint sets. The resulting sizetrdisition was compared to observations from images to
generate the best representative size distribution.

1.3 Research Objectives

To address the knowledge gaps identified in the literature review, the proposed thesis aims to

investigate the following researobjectives and related questions:

Objective t Implement a workflow for creating 3D photogrammetric models for regiscele

datasets and evaluate the accuracy of the direetejeencing on the scale of the models.

1 How effective is the direajecreferencing method for creating largeale (i.e., regional)

photogrammetric models without GCPs?

The accuracy of using the direct geferencing method is evaluated by comparing
photogrammetric dense clouds to reference models obtained from lideysurhe statistical
distribution of differences between the two models is used to assess the accuracy of the models
and provide a quantitative measurement of their similarie. findings of this comparison will
helpin identifying the potential of thisnethod for producing reliable photogrammetric models.
Additionally, it will aid in recognizing the enhancements needed to imgrdvee mo d el 0 s

accuracy.

1 How can the time of occurrence of each rockfall through the 1@ptich acquisitions be

identified without having to build several models?

Building photogrammetric models for mu#poch acquisitionion a large scale requires
extensive time and effort. Therefore, the current research focuses on building photogrammetric

models for the first and last acquisits. The identification of rockfall events in the intermediate
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acquisitions is made by manually reviewing the image datasets. The accuracy and limitations of

this approach are assessed by evaluating the frequencies and sizes of the detected rockfalls.

Objective 2 Create aegional scaleockfall inventory and characterize the spatial variability of
rockfall characteristics along DeBeque Canyon.

1 How do rockfall rates, magnitudes, frequencies, and shapes vary along the Canyon?

The obtained rockfall dataeutilized to characterize the rockfall occurrences along the
Canyon. Several comparisons are conducted between the studied sites to demonstrate the spatial
variability of rockfalls across the Canyon. The rockfall rates, magnitudes, and frequencies in
addtion to volumes and shapes are compared to evaluate the differences within and between the

study sites.

1 What are the expected reasons for similarities/differences in roaktiallacteristics

between the studied sites?

The variability of rockfall characteristics along the Canyon is analyzed and compared to
changes in geologypckmass conditiorslope aspectand human activity. Geology varies across
the Canyon, which can affect the sizes and shapes of rockfalls. @ttansf such as the
variations in the slope angles and ginesencef excavated and stesfopes are also assessed.
The spatial variability of rockfall activities is compared to these factors to demonstrate which

factor(s) may have the highest impact ookfall occurrences across the Canyon.

Objective 3 Evaluate the structural impact on the rockfall occurrences in terms of intensity, sizes,

and shapes.

1 How do the pre=xisting rockmass structures influence the rockfall mechanism(s) at each

site?

Slopescale mapping is conducted on the photogrammetric models to identify the orientation,
persistence, and spacing of the joint sets at every site. These data are utilized to determine the
failure mechanisms of the rockfallhe measured spacingf the joins areutilized to obtain the
expected range of block volumes using Monte Carlo simulation. This range is then compared to

the actual rockfall volumes obtained from photogrammetry.
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CHAPTER 2 STUDY SITES

DeBeque Canyon is situated in Mesa County in wesletarado, USA. The Canyon has
been shaped by the natural process of erosion of the Colorado River over several thousands of
years. The Canyon cliffs consist of sandstone and shale that are susceptible to weathering and
erosion, leading to rock instabilifend rockfall formationRjgure2.1). The frequent rockfall
events have a notable impact on the traffic aleidq that runs parallel to the ColoraBover. A
photogrammetry monitoring campaign was conducted that covered the entire 22 miles (35.4 km)
of the Canyon. Specific sites were chosen for this study based on the collected data, which were
distributed along the entire length of the Canyon. Thapter providean overviewof the
geology and topography of the Canyon and the selected sitaedyIt alsalescribs the data
collection conducted by CDOT.

Figure2.1 Examples of rockfalls d@beBeque Canyon. A) A large sandstone block detached
from the top of the slope and fell into the ditch. B) Small rock fragments scattered on the road.
C) Damage to the road from rockfalls. Photos courtesy CDOT.

2.1 DeBeque Canyon

DeBeque Canyon is located it the Colorado Plateau, southwest of the Piceance Creek
Basin, and occupied by the sedimentary rocks of the Mesa Verde group (Erdmann, 1934). The

exposed sedimentary rocks at the surface consist primarily of sandstone alternating with softer
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