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ABSTRACT 

This research investigates the frequent rockfall events in DeBeque Canyon along I-70. It uses 

the multi-epoch photogrammetric monitoring datasets collected by the Colorado Department of 

Transportation between 2014 and 2021. The study aims to assess the effectiveness of the direct 

geo-referencing approach in creating large-scale photogrammetric models without ground 

control points (GCPs). It also aims to develop a workflow for creating a regional-scale rockfall 

inventory and characterize the spatial variability of rockfall characteristics. Furthermore, the 

research seeks to evaluate the impact of pre-existing rockmass structures on rockfall frequencies, 

sizes, and shapes. 

Comparison of the developed photogrammetric point clouds created using a direct geo-

referencing approach to lidar surveys revealed a good matching precision. The precision was as 

good as 0.059 m in terms of root-mean-squared (RMS) difference metric. For efficient handling 

of large-scale, multi-epoch models, the study implemented construction of photogrammetric 

models for only the first and last acquisition. The corresponding image datasets for intermediate 

acquisitions were manually reviewed. This approach enabled rapid identification of the temporal 

occurrence of each rockfall. Segmenting photogrammetric models into smaller segments 

minimized "bowl-effect" distortion and reduced processing time. 

The study revealed that rockfall activity vary along DeBeque Canyon corresponding to 

changes in lithologies, rockmass conditions, and the presence of oversteepened areas. Increased 

rockfall activity can be attributed to factors such as prevalence of weaker rockmasses, increased 

degree of fracturing, human interference, and presence of steeper slopes. The temporal rockfall 

rates increase in years with a higher number of days with snow thickness exceeding 1 inch. The 

study found that pre-existing rockmass structures influenced rockfall failure mechanisms, shapes, 

and scaling exponent of the power-law equation. The scaling exponents of the magnitude-

cumulative-frequency (MCF) curves were found to be impacted mainly by variations in lithology 

and degree of fracturing. The expected range of block volumes obtained based on structural 

mapping was larger than the actual rockfall volumes. This discrepancy occurred 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 increase in population from 2.5 billion in 

1950 to an estimated 8 billion in 2022 (United Nations' World Population Prospects, 2022). To 

accommodate this enormous growth, more people have moved and settled in remote 

mountainous areas (Porter & Orombelli, 1981). However, this proximity to mountainous areas 

has made transportation corridors and infrastructures such as highways, railways, bridges, and 

buildings vulnerable to the danger posed by rockfalls (Bunce et al., 1997; Brawner & Wyllie, 

1976; Budetta & Santo, 1994). Rockfalls threaten human lives, cause delays in critical services, 

and disrupt travel. Therefore, conducting research on rockfalls is essential for understanding the 

characteristics and causes of this phenomenon, enabling the development of adequate 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 occurs when a block loses contact with bedrock and releases or fails by sliding or 

toppling failure (Hantz et al., 2021). Small-scale rockfalls are the most frequent mass-wasting 

events in high-density urban areas, characterized by unpredictable occurrence and extremely 

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 freeze-thaw cycles (Keefer, 1984; Hale et al., 2009; 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 employed for this purpose in the last few decades. The aim of this thesis is to highlight the 

importance of the photogrammetry Structure-from-Motion (SfM) technique in identifying and 

analyzing rockfalls in large-scale rock slopes. To achieve this objective, Unmanned Aerial 

Vehicles (UAVs) were employed to collect high-resolution 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 the collected 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 occurrences. Furthermore, 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 three-dimensional (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 in the images. SfM is cost-

effective and has the advantage of covering large-scale outcrops efficiently, producing high-

resolution models comparable in accuracy to lidar. Moreover, the availability of numerous 

software packages, such as Metashape and Pix4d, which automate 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 become increasingly common for studying rockfall hazards, 

particularly in areas with high, inaccessible, and steep slopes. In these locations, conducting 

traditional field surveys and mapping can be hazardous (Wang et al., 2022; Nesbit et al., 2022). 

The ability of UAVs 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 objects. The cost-effectiveness, increased safety, and ease of 

application of UAVs allow for repeated surveying of large-scale, 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 (I-70) in western Colorado, USA. The I-70 highway is a critical 

transportation route connecting Grand Junction's urban areas to the Denver area (Figure 1.1). 

Due to 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 multi-epoch photogrammetric monitoring 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 Canyon. A large-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 



 

13 

highway section. This information is crucial for evaluating the expected rockfall volumes and 

developing mitigation measures. 

 

Figure 1.1 Location map for the I-70 Highway section 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 angles and ranges (Schenk, 2005). The 

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 was used to create 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 becomes more time-

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 Digital Elevation Models (DEMs) 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 (GCPs) before 

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. SfM detects the camera position and orientation without 

needing GCPs of known coordinates (Westoby et al., 2012). The general process of SfM (Figure 

1.2), typically starts with detecting and matching features in multiple images and obtaining 

camera positions. Subsequent steps involve generating a tie point cloud, geo-referencing, 

building densified point clouds, and mesh generation. (Westoby 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 models from 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 around that 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 & Zisserman, 2003). Adding 

more images to the process 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, the Multi-view Stereo 

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 alone (Furukawa & Hernández, 2015). The detection and 
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extraction of distinctive features in images are accomplished using the Scale-Invariant Feature 

Transform (SIFT) algorithm introduced by Lowe (2004). SIFT is the most popular and applied 

algorithm for object recognition and description (Nguyen et al., 2014). The SIFT algorithm 

identifies characteristic key points, under variable scales, rotation, distortion, and illumination 

conditions (Lowe, 2004). 

 

Figure 1.2 The general SfM 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 comparison and matching 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 estimation is refined through iterative non-linear least-

squares optimization algorithms to obtain more accurate camera poses (Westoby et al., 2012). 

The precision of the camera pose estimation directly affects the accuracy of the subsequent 

reconstruction of the 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 3D positions of the key points are calculated, and 

the initial 3D model is constructed (Wöhler, 2012). The bundle adjustment step follows, where 

the initial 3D positions are refined by iterative adjustments to reduce the reprojection error of the 

3D points in the image plane (Zhang et al., 2006). The optimal outcome of the bundle adjustment 

is a tie/sparse point cloud (Figure 1.3B) that represents the fine-tuned 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 et al., 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 generate high-quality 3D meshes, digital 

terrain models, and dense point clouds, as shown in Figure 1.3C (Vollgger et al., 2016).  

The resulting SfM model is referenced to an arbitrary or local coordinate system without real-

world scale. Therefore, geo-referencing 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 

measured using surveying tools to provide real-world scale and orientation for the model (Sanz-

Ablanedo et al., 2018). The accuracy of the resulting 3D models typically increases when an 

increased number of GCPs is used (Harwin et al., 2015; Eltner & Schneider, 2015; Hugenholtz et 

al., 2016; Agüera-Vega et al., 2017).  

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

entire area to achieve optimal geo-referencing. However, distributing GCPs along slopes can be 
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time-consuming, labor-intensive, and pose a high risk, especially in steep rock slopes. Therefore, 

a direct geo-referencing approach can be used, in which the coordinates of the camera recorded 

during photo-taking are used directly (Sanz-Ablanedo et al., 2018). This approach saves the 

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

 

Figure 1.3 Example of the SfM process results for a rock slope in DeBeque Canyon along I-

70. A) Photograph of the natural scene, B) The tie point cloud, and C) The final densified point 

cloud. 



 

18 

1.2 Literature Review and Research Needs 

This section will present a literature review on the application of Structure from Motion in 

geoscience and the 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 dates back to 1979, publications on its application in 

geosciences emerged in 2010 (Abellan et al., 2016). SfM has become increasingly valuable to 

geoscientists due to its capability to produce high-resolution and precise digital elevation models 

(DEMs). These models 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 to collect and work on 

larger quantities of data and analyze earth processes over a more extended period (Nadal-

Romero et al., 2015; Eltner et al., 2016). Furthermore, SfM can also be combined with other 3D 

data acquisition techniques, such as Terrestrial Laser Scanning (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 research questions. For instance, SfM has been implemented to map 

erosion and sediment transportation (dôOleire-Oltmanns et al., 2012; Pikelj et al., 2015), study 

volcanic areas (Kolzenburg et al., 2016), monitor glacial processes (Piermattei et al., 2016; Ryan 

et al., 2015), and track groundwater flow (Ikkala et al., 2022). It has also been applied to assess 

landslide movements (Peppa et al., 2019; Warrick et al., 2019), analyze rockmass behavior 

(Mineo et al., 2022), and monitor coastal erosion (James & Robson, 2012; Westoby et al., 2020).  

Monitoring rock slopes for rockfall detection requires high-resolution databases that enable 

the detection of minor rockfalls (Dorren, 2003). Recent advances in data acquisition and 

monitoring techniques have enabled the collection of high spatial and temporal resolution 

datasets (Rosser & Massey, 2022). These techniques include ground-based interferometric 

synthetic-aperture radar (GB-InSAR) (e.g. Zhang et al., 2018), real-aperture radar (RAR) (e.g. 

Werner et al., 2008), Satellite InSAR (e.g. Rott et al., 2002), lidar (e.g. Weidner & Walton, 

https://scholar.google.com/citations?user=Zc7JoogAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=txJ6gzcAAAAJ&hl=en&oi=sra
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2021), robotic total station (e.g. Glueer et al., 2021), UAV-photogrammetry (e.g. Sarro et al., 

2018; Graber & Santi, 2022a), 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 SfM-photogrammetry in slope monitoring in recent years (Guerin et al., 2020; Giacomini 

et al., 2020; Rossi et al., 2021). UAV-SfM photogrammetry relies on remote data acquisition, 

where the data collection is conducted using high-resolution cameras mounted on UAVs. SfM 

offers faster deployment, relatively lower cost, and better color representation compared to other 

techniques such as aerial and terrestrial laser scanning (Table 1.1). It can also monitor changes 

over large-scale 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 of the 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 trajectories by capturing images of slopes 

from different altitudes. It helps in obtaining high-resolution topographic surveys and identifying 

rockfall source areas (Saroglou et al., 2018).  

Change detection on point clouds from different epochs can help to identify the spatial and 

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 Multi-Scale Model-to-

Model Cloud Comparison (M3C2) algorithm by Lague et al. (2013). The M3C2 algorithm has 

proven effective in identifying changes across complex terrains. The M3C2 algorithm was first 

applied for change detection along slopes by Stumpf et al. (2015). They endorsed its accuracy for 

change detection applications and volume estimation. It is currently the most widely applied 

approach for rockfall change detection (DiFrancesco et al., 2020; Weidner & Walton, 2021; 

Schovanec et al., 2021). 
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Table 1.1 Comparison between 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. 

Task TLS Photogrammetry ALS 

Remote site accessibility 3 2 1 

Speed of deployment 2 1 2 

Ability to map small-scale discrete changes 1 2 3 

Ability to map large-scale discrete changes 1 1 1 

Ease of data collection 1 2 3 

Spatial resolution 1 1 2 

Map small-scale discontinuity features 1 2 3 

Map large-scale discontinuity features 1 1 1 

Full-color 3D data 2 1 3 

Georeferenced spatial accuracy 1 2 3 

Individual point accuracy 1 2 3 

Portability of equipment 2 1 3 

Affordability (small spatial footprint) 2 1 3 

Map vertical topographic features 1 1 2 

Map horizontal topographic features 2 2 1 

 

Owing to the great potential of SfM in slope monitoring applications, 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 locations and volume calculation (Westoby et al., 2012; Kromer et al., 

2019; Graber & Santi, 2022a). However, most of these workflows were designed for small-scale 

datasets and require further development and adjustments to enable their implementation on 

large-scale slopes. 

The application of direct geo-referencing in photogrammetry has been introduced before. 

Efforts have been made to enhance its accuracy compared to using GCPs for traditional geo-

referencing. One of the earliest attempts to apply direct geo-referencing in UAV 

photogrammetry was conducted by Gabrlik (2015). However, the accuracy was unsatisfactory 

due to inaccuracies in camera parameter calculations. These inaccuracies caused errors of several 

tens of centimeters horizontally and even larger errors vertically. Rabah et al. (2018) achieved 
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increased horizontal and vertical accuracy (by 0.034 m and 0.029 m, respectively) by using an 

RTK-GNSS receiver onboard the UAV for positioning the collected images. 

Peppa et al. (2019) proposed a geo-referencing technique that eliminates the use of GCPs in 

multi-epoch datasets. They searched for fixed and stable features ñpseudo-GCPsò between 

photos, which can be used as GCPs in geo-referencing the 3D model, given the overall stability 

of the site. Kromer et al. (2019) provided a SfM workflow for model development and change 

detection that does not require GCPs. They found that similar accuracy could be obtained if the 

internal camera parameters were fixed over time (when using a fixed camera system). Recently, 

different approaches were developed for utilizing direct geo-referencing in photogrammetry. 

These approaches depend on the recorded data from the GPS/GNSS receivers installed on the 

UAVs and the subsequent processing steps. Teppati et al. (2020) compared five different 

approaches for recording coordinates using GPS/GNSS and concluded that direct geo-

referencing could obtain an accuracy of a few centimeters without using GCPs. Nesbit et al. 

(2022) found that the precision of photogrammetric models using direct geo-referencing 

increases by using different imaging angles. The obtained precision is similar to models utilizing 

GCPs. 

SfM-photogrammetry 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 dynamics, evaluate rockfall 

hazards, and map rockmass discontinuities (Giacomini et al., 2020; Papathanassiou et al., 

2020; Hayakawa & Obanawa, 2020; Gómez-Gutiérrez & Gonçalves, 2020; Gallo et al., 2021; 

Graber & Santi, 2022a). Most of the existing research on rockfall is focused on monitoring 

small-scale slopes. However, 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 in Australia for seven weeks. The study detected many rockfalls 

(up to 650 events) and small volumes (up to 10-4 m3) with stable Magnitude-Cumulative-

Frequency (MCF) relationships. The results helped to characterize rockfalls and evaluate the 

climatic and geological impact with high accuracy and precision. Graber & Santi (2022a) applied 

the UAV-SfM to study four small-scale, natural rock slopes ranging in area from approximately 

https://sciprofiles.com/profile/188577
https://sciprofiles.com/profile/1184157
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4,500 m2 to 17,000 m2. The four slopes were imaged at approximately one-month intervals 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 factors for rockfalls at the study sites. 

Most large-scale 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 MVS-SfM to monitor erosion rates along a one km coastal cliff. 

They used a 14.7 Megabyte digital camera from a distance range of 25-30 m. The study 

demonstrated the capability of the low-cost MVS-SfM monitoring technique to investigate cliff 

erosion and identify rockfall volumes as small as 7.0 x 10-2 m3.  

Other studies on regional-scale rock slope monitoring have been conducted using TLS. These 

studies have investigated the relationship between rockfall occurrences and slope angles. They 

have also studied the long-term behavior of rock slopes, identified potential rockfall sources, and 

observed changes in rockfall frequencies over time (Loye et al., 2009; Benjamin et al., 2020; 

Rossi et al., 2021). Benjamin et al. (2020) found that the magnitude-frequency relationship of 

rockfall occurrences depends on the scale of the monitored section. The study recommended 

monitoring a total of 2.5 km for large-scale slopes; although this length recommendation is likely 

not universal and may depend on site-specific factors, it is used as a 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 regional-scale datasets require optimization to 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 rockmass structures. The resulting rockfalls can be 

differentiated into structure-driven rockfalls, associated with planar, wedge, or toppling failure, 

and non-structure-driven rockfalls, formed by weathering and raveling (Vandewater et al., 2005). 

In addition to other factors, pre-existing 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, size, and shape of 

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 variation has the potential to create large, non-structure 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 discontinuities. Slopes 

with a lower degree of lithological variation and more than two joint sets with spacing larger 

than 1 m are likely to produce large structurally controlled rockfalls.  

Intact rock strength also plays an important role in determining the shapes and sizes of 

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 weakened surfaces 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 large-scale datasets of large number of 

rockfalls (Paronuzzi and Serafini, 2009; Sturzenegger and Stead, 2012). Fewer studies have 

considered the large-scale context (de Vilder et al., 2017). 

The structural controls of rockfall can be evaluated through field investigation, kinematic 

analysis, numerical modeling, rockfall simulation, 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 (Sturzenegger & Stead, 2009). Structure mapping of rock surfaces using the 3D models 

acquired from photogrammetry and TLS has been extensively investigated (Haneberg, 2008; 

Lato et al., 2009; Sturzenegger & Stead, 2009; Ferrero & Umili, 2011; Lambert et al., 2012). The 

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 

modeling 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 stability (Stead & Coggan, 2012; Török et al., 2018). Discrete fracture networks (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 mapping on 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 size distribution 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 research objectives and related questions: 

Objective 1: Implement a workflow for creating 3D photogrammetric models for regional-scale 

datasets and evaluate the accuracy of the direct geo-referencing on the scale of the models.  

¶ How effective is the direct geo-referencing method for creating large-scale (i.e., regional) 

photogrammetric models without GCPs? 

The accuracy of using the direct geo-referencing method is evaluated by comparing 

photogrammetric dense clouds to reference models obtained from lidar surveys. The statistical 

distribution of differences between the two models is used to assess the accuracy of the models 

and provide a quantitative measurement of their similarity. The findings of this comparison will 

help in identifying the potential of this method for producing reliable photogrammetric models. 

Additionally, it will aid in recognizing the enhancements needed to improve the modelôs 

accuracy. 

¶ How can the time of occurrence of each rockfall through the multi-epoch acquisitions be 

identified without having to build several models? 

Building photogrammetric models for multi-epoch acquisitions on a large scale requires 

extensive time and effort. Therefore, the current research focuses on building photogrammetric 

models for the first and last acquisitions. 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 a regional scale rockfall inventory and characterize the spatial variability of 

rockfall characteristics along DeBeque Canyon. 

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

The obtained rockfall data are utilized 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 

addition to volumes and shapes are compared to evaluate the differences within and between the 

study sites.  

¶ What are the expected reasons for similarities/differences in rockfall characteristics 

between the studied sites? 

The variability of rockfall characteristics along the Canyon is analyzed and compared to 

changes in geology, rockmass condition, slope aspect, and human activity. Geology varies across 

the Canyon, which can affect the sizes and shapes of rockfalls. Other factors, such as the 

variations in the slope angles and the presence of excavated and steep slopes are also assessed. 

The spatial variability of rockfall activities is compared to these factors to demonstrate which 

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

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

and shapes. 

¶ How do the pre-existing rockmass structures influence the rockfall mechanism(s) at each 

site?  

Slope-scale 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 rockfall. The measured spacings of the joints are utilized 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 western Colorado, 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 instabilities and rockfall formation (Figure 2.1). The frequent rockfall 

events have a notable impact on the traffic along I-70 that runs parallel to the Colorado River. 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. This chapter provides an overview of the 

geology and topography of the Canyon and the selected study sites. It also describes the data 

collection conducted by CDOT. 

 

Figure 2.1 Examples of rockfalls at DeBeque 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 within 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 




























































































































































