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Abstract 

The stability of slopes is controlled by geological structures, lithology, rock mass quality, 

and hydrogeological conditions. Additionally, the occurrence of exogenic and endogenic 

processes may weaken the rock mass forming the slope, promoting instability. Slope 

deformation is associated with the formation of a range of internal and external features, 

such as tension cracks, rock mass dilation, and rockfall, referred to as “slope damage”. 

In this research, state-of-the-art remote sensing techniques, including terrestrial and 

airborne laser scanning, digital photogrammetric methods, high-resolution photography, 

infrared thermography, and hyperspectral imaging, are employed to characterize slope 

damage features both spatially and temporally. New innovative measures of slope 

damage are introduced. Processes and mechanisms controlling the formation and 

distribution of slope damage are highlighted at selected major landslides using advanced 

numerical modelling techniques, including distinct element, hybrid finite-discrete 

element, and lattice-spring scheme methods. Innovative uses of remote sensing data as 

a constraint for 3D modelling of slope damage are presented. 

This research clearly demonstrates that several geological factors control the formation, 

distribution, and evolution of slope damage, with the results being summarised in a slope 

damage interaction matrix format. It is clearly shown that the characterization of slope 

damage, combined with remote sensing datasets and numerical modelling results, 

allows reinterpretation of slope deformation and failure mechanisms of selected 

landslides in rock and soil. The recognition and importance of interaction between 

kinematics, geological structures and damage on the long-term evolution of the Downie 

Slide and Hope Slide (BC) is clearly demonstrated. The important role of brittle fracture 

propagation on the kinematics of the 2014 San Leo landslide (Italy) on the 2014 slope 

failure is highlighted. The geomorphic controls on external spatio-temporal slope 

damage at the Ten Mile Slide (BC) is emphasised using new damage measures. 

This research highlights the need to include slope damage mapping techniques as a 

standard procedure in rock slope characterization, in order to obtain important insights 

on the mechanisms and processes that affect the stability, deformation, and failure of 

rock slopes. 
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Fig. 3.13 Conceptual workflow for draping two-dimensional datasets onto          
three-dimensional meshes. The distance of the feature from the          
survey station is 630 m, which provided a point spacing of 10 cm             
in the LiDAR point cloud and a ground pixel size of 1.3 cm in the          
high resolution photograph. .................................................................... 67 
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Fig. 3.16 Brittle damage investigation. a: high-resolution photograph used             
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controlling the stability of a tabular block; e,f: failed rock bridges 
characterized by a stepped morphology. The fracture is linked to a 
tectonic discontinuity through a curved crack; g,h: en-enchelon     
fractures along an intact rock bridge. ...................................................... 77 
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Fig. 4.3 TLS monitoring of rock slopes. a: analysis of the White Canyon          
along the Fraser River Valley (modified from Kromer et al., 2015b). 
Photographs show the slope prior to and after the 2013 collapse.         
The plots describe the progressive detachment of rock falls before          
the 2,300 m3 rock slide; b: near-continuous monitoring at a sea cliff       



xix 
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Fig. 4.5 Geological overview of the Ten Mile Slide. a: Lithologic map of                
the slide area, showing the location of the boreholes, the       
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Fig. 4.8 Plan and oblique views of the maps produced for the identification             
of external slope damage features (2017 LiDAR dataset). From top          
to bottom, hillshade map, aspect map, and slope map. The dotted       
lines outline the slide boundaries. .......................................................... 99 
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Chapter 1.  
 
Introduction 

The stability of high rock slopes is becoming an increasingly important topic from 

both a social and an economical perspective. Continued population growth has resulted 

in the settlement of steep and previously scarcely populated areas and the construction 

of major infrastructure in difficult terrains. The increasing need for mineral resources 

requires the excavation of deeper and steeper open pit mines. Furthermore, ongoing 

climatic changes are inducing an increase in landslide frequency, due to the retreat of 

alpine glaciers and the changes in global rainfall regimes. 

The stability of rock slopes is governed by many factors. They include structures, 

lithological features, and hydrogeological setting. Additionally, the action of endogenous 

and exogenous processes, such as earthquakes, groundwater fluctuations and rainfall, 

human activity, and geomorphic evolution of valleys may induce the formation of slope 

damage. Typical slope damage features include cracking, toe bulging, opening and 

shearing of discontinuities and localized intact rock fracturing. The gradual accumulation 

of slope damage weakens the slope, ultimately causing collapse through a process 

commonly referred to as “progressive failure”. Therefore, characterizing slope damage 

features, damage intensity, and distribution may provide insights on the mechanisms 

and processes underlying the deformation of a rock slope. This research focuses on the 

mapping, quantification, and interpretation of slope damage using an integrated remote 

sensing-numerical modelling approach. 

In the past two decades, the technological advances in remote sensing 

techniques have greatly enhanced the quality and amount of data that may be collected 

for rock mass and slope characterization purposes. Structural and geomechanical 

mapping is now routinely undertaken on three-dimensional slope models derived from 

laser scanning (both airborne and terrestrial) and photogrammetric methods, such as 

digital photogrammetry and Structure-from-Motion. Infrared Thermography is employed 

to identify and map seepage areas from a distance. Ground-based hyperspectral 

scanning has been more recently introduced to investigate rock slopes from close-range. 
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The data obtained from remote-sensing techniques can be used as input for 

numerical investigations. Preliminary rock slope stability analysis may be undertaken 

using kinematic and limit equilibrium methods with continuum and discontinuum 

numerical methods employed to simulate the complex, non-linear behavior typical of 

fractured rock masses. Advanced, hybrid and lattice scheme methods can simulate the 

brittle fracturing of intact rock bridges. 

1.1. Research objectives 

The main objectives of this research are: 

• To characterize the slope damage in rock slopes, both spatially and 
temporally, in varied structural, lithological, and geomorphological settings; 

• To develop guidelines for the quantification, description, and mapping of slope 
damage in natural rock slopes using remote sensing techniques; 

• To investigate, using numerical modelling methods, the evolution of slope 
damage prior and during failure; 

• To develop a qualitative rock slope damage interaction matrix based on field 
observations and numerical modelling results. 

The main research objectives will be achieved through: 

• The development of methods for the characterization of damage features 
simulated during numerical analyses; 

• The development of methods to describe and characterize the spatial 
distribution of slope damage in the field and its variation with time; 

• The development of an integrated remote sensing-numerical modelling 
approach for the efficient analysis of rock slope stability, in order to constrain 
slope damage simulations with field and remote sensing observation. 

1.2. Thesis structure 

This thesis is subdivided in eight chapters (Fig. 1.1). 

Chapter 1 provides the research objectives of the thesis and describes the 

structure of the dissertation. 
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Chapter 2 provides a general overview of state-of-the-art research on damage in 

rock slopes, methods for characterizing damage using remote sensing techniques, and 

numerical modelling methods available for the analysis of rock slopes. 

Chapters 3 and 4 develop, describe, and apply methods for the spatial and 

temporal characterization of slope damage. Chapter 3 describes the mapping and 

characterization of slope damage conducted at various sites in Alberta and British 

Columbia using multiple remote sensing techniques. At each site, a preliminary rock 

mass characterization is conducted. Then, slope damage mapping is undertaken, and 

the relationship with the observed structural setting is highlighted. At selected sites, 

seepage and surface alteration analyses are also performed. Chapter 4 investigates the 

temporal evolution of slope damage at the Ten Mile landslide, in British Columbia. Using 

multiple Airborne Laser Scanning (ALS) datasets, the changes with time of slope 

damage are investigated using a slope damage intensity approach. 

Chapters 5 and 6 describe detailed slope investigation undertaken at two major 

rockslide sites in British Columbia. Chapter 5 describes the analysis performed at the 

Hope Slide. Using remote sensing techniques and methods, an in-depth structural 

characterization of the slope is performed. Historical imagery is used to investigate the 

pre-failure slope morphology, and identify slope damage features. Laser scanning and 

digital photogrammetric techniques are employed to perform rock mass characterization 

and estimate the slide volume. A re-interpretation of the slide is provided, and a 

numerical modelling analysis undertaken to investigate the correlation between slope 

kinematics and slope dilation damage. Chapter 6 describes the characterization and 

interpretation of slope damage at the Downie Slide. External slope damage is mapped 

on an ALS dataset, and the slide area is divided into slope damage domains. Borehole 

data are used to reconstruct the morphology of the main rupture surface. GIS and 

numerical modelling analyses are undertaken to highlight correlations between external 

slope damage and sliding surface orientation. 

Chapter 7 describes the field, remote sensing, and numerical investigation of the 

2014 San Leo landslide (Italy). A synthetic rock mass approach is employed to 

investigate the role of brittle damage accumulation on the slope kinematics. Numerical 

modelling is undertaken using two-dimensional and three-dimensional methods allowing 

for the advantages and limitations of each approach to be highlighted. 
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Chapter 8 provides a summary of the analysis undertaken and discusses the 

conclusions of the research, including recommendations for future research. 

 

Fig. 1.1 Flowchart outlining the thesis structure 
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Chapter 2.  
 
Literature survey 

The deformation of high rock slopes is accompanied by the formation of features, 

comprehensively referred to as “slope damage,” which may have profound effects on the 

mechanical behavior and strength of the rock mass forming the slope. Therefore, the 

analysis and characterization of slope damage may provide insight on the stability of 

rock slopes. This chapter will provide an introduction to damage in rock slopes and an 

overview of the remote sensing and numerical modelling methods that can be used to 

characterise rock slope damage. 

2.1. An introduction to damage in rock slopes 

In general material science and engineering, damage can be considered a 

disturbance in a material that causes a change in mechanical behavior and a decrease 

in strength. One of the first definitions of damage was provided by Kachanov (1958), 

who described it as the progressive decrease in mechanical properties of an intact 

material, as a result of an applied stress. Valkó and Economides (1994) applied 

Kachanov’s damage mechanics principle to the investigation of hydraulic fracturing of 

intact rock. They observed that if a material point is partly damaged, only a (1-D) fraction 

of an elementary section is able to carry an applied load. Thus, if S is referred to as the 

nominal section, the net section (i.e., the fraction of S that can carry a load) can be 

described as:  

 𝑆 = S (1 − 𝐷) 

where the damage coefficient D is used to quantify the amount of damage, which may 

vary between 0 (for an undamaged material) and 1 (for a completely damaged material). 

In brittle material, such as intact rock, damage is generally caused by the 

formation, extension, and coalescence of brittle fractures. The investigation of brittle 

fracturing in rock is based on Griffith (1921), who observed that when a static load is 

applied to a volume of rock, stress concentration will occur at the tips of discontinuities 

and microcracks. Depending on the field stress applied to the material, the fracturing 
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may occur in three different modes (Fig. 2.1): tensile (mode I), shear (mode II), and tear 

(mode III). Additionally, the brittle fracturing may also occur through mixed, more 

complex, failure modes (e.g., mixed I-II mode). 

 

Fig. 2.1 Brittle rock failure mode. Mode I: tensile failure; Mode II: shear 
failure; Mode III: tearing mode; after Elmo (2006) 

It has been observed that the brittle fracture in compression develops throughout 

a series of stages, involving crack closure, elastic deformation, fracture initiation, stable 

fracture propagation, unstable fracture propagation, and coalescence (Bieniawski, 

1967), and associated with increase in applied stress (Martin and Chandler, 1994; 

Eberhardt et al., 1999; Cai et al., 2004). 

The occurrence of damage at the rock mass scale is a more complex process, as 

it involves an interaction between intact material and discontinuities. Its accumulation 

causes a decrease in stiffness, plastic strength, and seismic velocity. Hoek and Brown 

(1980) observed that the strength and deformability of a rock mass depends on the 

strength of the intact material, the confining stress, and the characteristics of the joint 

network. They developed a non-linear failure criterion in which both the inherited (i.e., 

structural) and the anthropogenic (i.e., blasting) rock mass damage are considered in 

order to reduce appropriately the estimated material strength using empirical 

relationships (Hoek et al., 1995; Eberhardt, 2012). 

Diederichs (2003) observed that, while for intact rock samples under 

compression the Hoek-Brown failure criterion can realistically describe the behavior of 

the material at both low and high confining stress, the material strength is over-estimated 

for rock masses in low confinement conditions. Carter et al. (2008) also highlighted 

issues in its application for rock masses of very high or very low quality. An S-shaped 

failure criterion (also referred to as “tri-linear envelope”) was proposed, that takes into 
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consideration the tensile failure (such as spalling) occurring in the rock mass when 

confinement is decreased (Diederichs, 2003). At the scale of the rock slope, the tri-linear 

failure criterion was found to be suited to describe the propagation of exfoliation joints 

during the exhumation of alpine valleys (Leith, 2012; Leith et al., 2014). Tuckey (2012) 

observed that stress conditions change at different locations within high (> 1 km) rock 

slopes. He suggested that shear failure may occur at depth, whereas tensile failure is 

more likely to occur at the crest and at the base of the slope. 

 

Fig. 2.2 Tri-linear failure envelope (Diederichs, 2003). Insets a, b, and c show 
examples of low-confinement stress conditions (Leith, 2012), 
favorable for spalling failure mechanism. a: sheeting joints (low 
vertical stress, high horizontal stress); b: exfoliation joints in high 
rock slopes (high vertical stress, low confinement); c: spalling in 
underground excavation (high vertical stress, low confinement). 
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2.1.1. Methods for the quantification of rock mass damage 

The mechanical behavior of rock masses is more complex than that of intact 

rock, due to the presence of discontinuities separated by intact rock bridges. Several 

methods exist that can be used to characterize and quantify rock mass damage. The 

Geological Strength Index, or GSI (Hoek et al., 1995; Hoek and Brown, 2018), is one of 

the most widely used approaches to describe the rock mass damage, and was initially 

introduced in order to estimate the rock mass strength in the Hoek-Brown failure 

criterion. The GSI is employed to evaluate the rock mass quality using charts that 

consider the rock structure and the surface conditions of the discontinuities. During the 

past 30 years, GSI charts have been updated and corrected to decrease the level of 

subjectivity (Cai et al., 2004; Hoek and Diederichs, 2013) (Fig. 2.3). A GSI chart for 

strongly heterogeneous materials, such as flysch, has been developed by Marinos and 

Hoek (2001). Day et al. (2014) developed a “composite GSI” approach to address the 

presence of “intra-block” features, such as veins and propylitic alteration zones, on the 

estimation of the GSI. 

The discontinuity network is also representative of the rock mass damage, and 

several methods can be employed for its characterization. Scanline mapping allows for 

the investigation of discontinuity spacing, persistence, orientation, roughness, and 

seepage conditions (ISRM, 1978). Block size and shape may also be obtained from the 

analysis of the discontinuity network. With the introduction of remote sensing techniques, 

more advanced approaches are now becoming routinely employed to perform 

discontinuity mapping and rock mass characterization, including circular and rectangular 

window mapping (Sturzenegger and Stead, 2009a; Tuckey and Stead, 2016; Westin, 

2017). With the introduction and the increasing application of Discrete Fracture Network 

engineering, fracture intensity approaches are now employed as a method of describing 

rock mass damage. Fracture intensity (Dershowitz et al., 2000) may be defined in two 

dimensions as the ratio between the total length of the fractures over the investigated 

area (P21), and in three dimensions as the ratio between the total area of the fractures 

over the investigated volume (P32). The fracture connectivity should also be addressed in 

order to better understand the mechanical behavior of the rock mass (Alghalandis et al., 

2015; Elmo et al., 2018). 
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Fig. 2.3 Quantification of the Geological Strength Index chart by Cai et al. 
(2004). Rock mass structure is evaluated based on the block 
volume, while the joint conditions are assessed based on waviness 
and alteration. 

Whereas discontinuity mapping and fracture intensity analyses are routinely 

performed in engineering practice, the investigation and quantification of rock bridges is 

largely neglected, mostly due to practical difficulties. In fact, intact rock bridges in high 

rock slopes can have a great impact on the evolution of a slope, as they reduce the 

kinematic freedom of potentially unstable volumes of rock mass. Martin (1978) 

suggested that a minimal amount of rock bridges along a rupture surface (even less than 

the 10%, in moderately hard rock) provides enough strength to stabilize the slope. 

Tuckey and Stead (2016) observed that as low as a 1-3% of rock bridges, favourably 

distributed within the slope, markedly increase its mechanical properties. Despite the 

obvious critical role of rock bridges in increasing the strength of the slope rock mass, the 



10 

characterization, mapping, and quantification of rock bridges remains a challenging task. 

Elmo and Stead (2018) highlighted both the limitations of characterizing rock bridges in 

two dimensions and the challenges in their investigation in three dimensions. Presently, 

the guidelines proposed in ISRM (1978) equate the discontinuity persistence to the 

measured trace length. However, Hencher (2013) suggested that the observation of a 

joint trace along an outcrop does not always entail the presence of a fully persistent 

discontinuity and in fact an “incipient” joint still can maintain a considerable tensile 

strength. This suggests that the very definition of what a rock bridge is remains a 

controversial subject, Elmo et al. (2018) (Fig. 2.4a). Sampaleanu et al. (2017) mapped 

brittle fracturing features along the rupture surface of rockfalls in natural and engineered 

rock slopes, using digital photogrammetry and laser scanner techniques. De Vilder et al. 

(2017) explored the use of a semi-automated procedure to map failed rock bridges along 

rock fall scars using two-dimensional imagery. Shang et al. (2017) developed a Forensic 

Rock Mass Excavation (FRME) approach for evaluating discontinuity persistence (Fig. 

2.4b). These methods, although useful for back-analyzing the stability of the rock slope, 

cannot be utilized to quantify the amount of rock bridges in a slope that has not failed. 

Indeed, it has been suggested that only a probabilistic approach (i.e., DFNs) may be 

effective in investigating the effects of rock bridges in the forward stability analysis of 

rock slopes (Elmo et al., 2018) and potential development of step-path failures 

(Dershowitz et al., 2017; Alghalandis and Elmo, 2018).  

 

Fig. 2.4 Challenges in the characterization of rock bridges. a: a potentially 
unstable block at the Takkakaw falls (Alberta, Canada). The stability 
is provided by rock bridges, but their area cannot be presently 
quantified (modified from Elmo et al., 2018); b: rock bridges 
observed along the surface after having been artificially split. Red 
areas identify the extension of rock bridges and incipient joints 
(modified from Shang et al., 2017). 
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2.1.2. Slope damage in large landslides 

The stability and evolution of high rock slopes is controlled by several important 

factors, including geologic and lithological features that combine to define the global 

strength of a rock slope. Structural and lithological features, such as faults, folds, rock 

mass jointing, foliation, and bedding may form release surfaces, along which volumes of 

the rock mass may slide or detach (Stead and Wolter, 2015). Many major rockslides 

have been at least partially controlled by structures or lithology, such as the Vajont Slide 

(Hendron and Patton, 1985; Semenza and Ghirotti, 2000; Wolter et al., 2014), the Hope 

Slide (Mathews and McTaggart, 1969; von Sacken, 1991; Brideau et al., 2005), and the 

Frank Slide (McConnel and Brocks, 1904; Pedrazzini et al., 2011; Humair et al., 2013). 

Badger (2002) illustrated the effects of fracturing in anticlinal folds over the stability of 

rock slopes, using conceptual drawings and field observations. He observed that the 

tensile cracking, perpendicular to the rock mass bedding, may act either as basal or rear 

rupture surfaces and provide kinematic freedom to potentially unstable blocks. Saintot et 

al. (2011) and Zorzi et al. (2014) highlighted the importance of foliation and inherited 

structures on the stability of high rock slopes. Stead and Wolter (2015) provide an 

excellent discussion about the relation between structural features and rock slope 

stability. They stress the importance of comprehensively characterizing rock slopes not 

only from a geotechnical perspective, but also from the point of view of the structural 

geology. 

The action of exogenous and endogenous processes gradually weakens the 

slope, causing a progressive decrease in stability until failure occurs (Eberhardt et al., 

2001). This process, known as “progressive failure”, is often accompanied by the 

formation of features induced by the slope deformation that are referred to as “slope 

damage” (Fig. 2.5). 

Stead and Eberhardt (2013) provide a comprehensive overview on the role of 

damage in the evolution of large landslides, and how factors such as kinematics, slope 

topography, and time may affect its evolution. Additionally, they suggest that slope 

damage features may be distinguished between “internal” and “external”, based on 

whether or not the damage features daylight at the slope surface. External slope 

damage features may be investigated using traditional field methods, as well as remote 

sensing techniques, whereas geophysical methods or borehole drilling are generally 
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required to investigate internal damage (Stead and Eberhardt, 2013). Following, an 

overview of the most common internal and external damage features associated with 

major slope deformation is provided, based on the published literature. 

 

Fig. 2.5 Conceptual description of the progressive failure process in rock 
slopes, in terms of driving and resisting forces (Gischig et al., 2015). 

The characterization of slope damage has predominantly been conducted in 

slopes affected by deep-seated gravitational slope deformations (DSGSDs). Extensional 

features, such as uphill and downhill facing scarps, double crest ridges, normal faults, 

tension cracks, closed depressions, and grabens (Fig. 2.6) are all slope damage 

features commonly observed in the upper part of deep-seated slope deformations 

(Agliardi et al., 2001, 2013a; Jaboyedoff et al., 2013). Chigira (1992) observed that the 

central part of DSGSDs are generally characterized by relatively undisturbed blocks, that 

can be bounded by normal faults (forming the rear boundary), strike-slip faults (lateral 

boundaries), and compressional features (at the front). Tensile fractures may result from 

the dilation of pre-existing discontinuities. Near surface folds can also be observed, often 

characterized by large voids due to the low confining stress (Jaboyedoff et al., 2013). 



13 

The shape of the folds depends on various factors, such as thickness of the layers, 

depth, and material strength (Chigira, 1992; Pedrazzini et al., 2011). In the lower slope, 

compressional features can be often observed, including buckling, folds, and reverse 

faulting (Chigira, 1992; Stead and Eberhardt, 1997; Clayton et al., 2017). In some cases, 

large landslides have been observed at the toe of DSGSDs. A well-known example is 

represented by the Ruinon landslide, located at the base of the Valfurva DSGSD, in 

Northern Italy (Agliardi et al., 2001; Agliardi et al., 2009b). Secondary slope instabilities 

were also recognized at the site of a DSGSD in Norway (Oppikofer et al., 2017). 

 

Fig. 2.6 Conceptual description of the slope damage features typically 
associated to DSGSDs. a: distribution of extension and 
compression areas along a slope affected by deep-seated 
deformation (modified from Jaboyedoff et al., 2013); b: slope 
damage features observed throughout areas affected by DSGSDs 
(Agliardi et al., 2001). 

Large, translational and compound rockslides are often bounded by discrete 

features. The rear boundary of the active Aknes rockslide, in Norway, is defined by a 

tensile fracture that has evolved into a 30 m-wide graben as a result of asymmetric 
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displacement rates in the western sector (Ganerød et al., 2008; Oppikofer et al., 2009). 

The Downie Slide is a massive, translational, extremely slow-moving rockslide located 

on the western slope of the Revelstoke Reservoir (British Columbia, Canada). The slide 

is bounded by cliffs, up to 100 m high, and several open cracks may be observed 

throughout the slide area (Piteau et al., 1978; Kalenchuk et al., 2013). Turtle Mountain 

(Alberta, Canada) is characterized by large, open fractures that behind the headscarp of 

the 1903 Frank Slide. As no appreciable displacement occurred since the time of failure, 

it was suggested that they formed at the time of the failure (Cruden and Krahn, 1973). 

Present-day instability is limited to an area referred to as “South Peak”, which is 

bounded by tension cracks that are currently being monitored (Froese et al., 2009; Wood 

et al., 2018). The 1963 Vajont slide developed, in the years prior to the failure, a 2 km-

long tension crack at the rear of the unstable mass (Semenza and Ghirotti, 2000). The 

event itself has been interpreted as the reactivation of a prehistoric slide, which caused 

the mobilization, along the sliding surface, of residual shear strength during the 1963 

failure (Hendron and Patton, 1985; Semenza and Ghirotti, 2000). Indeed, the Vajont 

Slide represents an excellent example of the important role of past failures on the 

present-day stability of rock slopes (Jaboyedoff et al., 2013). Additionally, the bi-planar 

morphology of the rupture surface is an example of the presence of a transition zone 

between active and passive blocks (also referred to as “Prandtl prism”) where slope 

damage accumulates, in the form of rock mass crushing, disintegration, and bulging 

(Mencl, 1966; Kvapil and Clews, 1979; Havaej et al., 2014b). 

The geomorphic investigation of the deposit may also provide information on the 

dynamics of a rockslide and failure evolution. Wolter et al. (2015) employed an 

engineering-geomorphological approach to map areas of compression, extension, and 

localized failures in the deposit of the Vajont slide. Paronuzzi and Bolla (2015) also 

investigated Vajont slide deposit in order to characterize the ductile and brittle features 

(referred to as gravity-induced rock mass damage) that developed during the failure. 

It has been observed that slope damage features can be recognized from the 

micro- to the macro-scale (Chigira, 1992). This allows physical models to be built and 

effectively used to investigate the evolution of deep-seated slope deformations (Muller 

and Hofman, 1970; Shea and van Wyk de Vries, 2008; Bachmann et al., 2009; Alejano 

et al., 2011). Slope damage features may also provide a means to investigate the 

temporal evolution of an instability. Agliardi et al. (2009a) employed radiometric analyses 
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to characterize the age of trench infilling, in order to reconstruct the chronological 

evolution of the Mt. Watles DSGSD (Northern Italy). Carbonel et al. (2013) performed 

stratigraphic and radiometric analyses to distinguish between tectonic and geomorphic 

features. Hermanns et al. (2015) employed cosmogenic dating to investigate the age of 

a slope deformation in the south face of the Aconcagua mountain (Argentina). Oppikofer 

et al. (2017) used radiogenic dating to investigate and reconstruct the progressive 

displacement of the Vollan DSGSD (Norway). 

2.1.3. Slope damage processes 

Whalley (1974) described how “endogenous” and “exogenous” processes concur 

in changing the environmental conditions of rock slopes, favoring the occurrence of 

failures. Leith (2012) observed that “endogenous” and “exogenous” processes cause a 

gradual degradation of the rock mass strength. He defined as endogenous the 

processes that exert stress on bedrock through tectonics, isostasy, and volcanism, 

whereas exogenous processes act through gravitational or climatic forces, such as 

weathering, rainfall, and geomorphic evolution of the valley sides. It is relevant to 

describe here common endogenous and exogenous processes that induce the 

accumulation of slope damage. 

Seismic activity and fatigue 

Seismic activity (e.g., earthquakes) induce dynamic loading on rock slopes that 

may cause the formation of damage and trigger slope failures, if the slope is in a 

condition of limit equilibrium. Earthquake-triggered slides have been extensively 

investigated in the literature. Chigira et al. (2003) described the geological and 

geomorphic setting of the Tsaoling landslide, in Taiwan, where failure was triggered by 

the 1999 Chi-Chi earthquake. The 1980 St. Helen’s eruption was preceded by a major 

seismically triggered rock slope failure (Voight et al., 1983). Azhari and Ozbay (2017) 

reviewed a set of over 170 seismically-induced slope failures in natural slopes, deep 

open pit mines, and tailing dams, observing that natural slopes appear to be more prone 

to failure, and that high pore water pressure represented a critical factor in most of the 

investigated events. 
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Fig. 2.7 Examples of tension cracks developed at the rear boundary of 
compound / translational slides. a: fracture marking the headscarp 
of the 1963 Vajont Slide (Italy). Fracture width is approximaterly 1 m 
(Semenza, 1967); b,c: rear fracture at the upper boundary of the 
Aknes slide in Norway (Ganerød et al., 2008). 

Other than the triggering action, seismic activity represents a major cause of 

fatigue and slope damage accumulation. After the 2015 Gorkha earthquake (Nepal), the 

USGS performed a series of helicopter flights to investigate the landslide hazard in the 

case of potential aftershocks (Collins and Jibson, 2015). The video, available for online 

viewing (Collins, 2015), shows extensive, co-seismic cracking at the crest of high slopes 

(Fig. 2.8), which may potentially cause amplification effects with future earthquakes 

(Gischig et al., 2015). Dellow et al. (2011) and Massey et al. (2017) investigated the 

effects of the 2011 Christchurch earthquake (New Zealand), observing that surface 
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cracking and rockfall events predominantly affected slopes higher than 10 m. Parker et 

al. (2015) investigated the 1929 Buller earthquake and the 1968 Inangahua earthquake 

(South Island, New Zealand), observing that the slope damage produced during the 

1929 event (i.e., legacy damage), persisted and conditioned the slopes for failures 

occurring in the 1968 event. Song et al. (2018) used a physical model to investigate the 

tensile cracking occurring in a partially submerged slope subjected to seismic shaking. 

Various authors also investigated the effect of seismic activity on rock slopes 

using a numerical modelling approach. Moore et al. (2012) simulated the evolution of 

seismically induced rock slope damage (i.e., fracture opening), that occurred at the 

Rawilhorn rock slide (Switzerland) prior to the failure. McColl et al. (2012) investigated 

the effect of glaciers on slope stability during earthquakes, observing that a decrease in 

amplification occurs in slopes partially or completely covered by ice. The accumulation of 

slope damage was conceptually analyzed by Gischig et al. (2016), who used a UDEC 

Voronoi approach to investigate the progressive brittle fracturing that accumulated in 

simple, conceptual slopes subjected to multiple, consecutive earthquakes. A similar 

approach was employed by Wolter et al. (2016) to investigate the effects of factors such 

as pre-existing tension cracks and lithological interfaces on seismic amplification at the 

1959 Madison Canyon Slide. 

 

Fig. 2.8 Seismic damage developed during the 2015 Gorkha earthquake 
(Nepal). Red arrows indicate tensile fractures at the crest of a high 
slope. Still frame from USGS video (Collins and Jibson, 2015). 
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Groundwater regime and hydromechanical fatigue 

The major effects of groundwater on the stability of rock slopes include: a) the 

reduction in effective stresses along potential rupture surfaces, and b) the fatigue 

accumulation process that may occur with cyclical variations of pore water pressure. 

Groundwater pressures have had a role in the evolution of several major rock slope 

failures. The 1987 Val Pola rock avalanche, in Northern Italy, was likely triggered by the 

heavy rainfall that affected the Valtellina area in the days prior to the failure (Costa, 

1991; Azzoni et al., 1992). The impounding of reservoirs in mountainous regions often 

results in an overall decrease in the stability of the surrounding slopes. A well-known 

example is represented by the 1963 Vajont slide (Hendron and Patton, 1985; Semenza 

and Ghirotti, 2000). Jian et al. (2014) investigated the failure of the Qianjiangping 

landslide, located along the Three Gorges reservoir (China). They observed that the 

increase in pore pressure caused by the impoundment of the reservoir induced an 

increase in displacements, until the slope collapse occurred. 

A strong impact of hydromechanical fatigue on rock slope stability was suggested 

by Sullivan (2007), who demonstrated the effects of the interaction between rainfall, 

effective storage, pore pressure and mechanical behavior of open pit mine slopes. 

Styles (2009) employed a Finite-Discrete element, FDEM, numerical approach to 

investigate the effects of an increase in water table level on the stability of a jointed rock 

slope, observing that brittle fracturing of rock bridges is enhanced due to the decrease in 

effective stresses along the joints. Eberhardt et al. (2007) investigated the relationship 

between the displacements observed at the 800 million m3 Campo Vallemaggia 

landslide and the deep, artesian ground water pressure measured along the sliding 

surface. The accumulation of hydromechanical fatigue at the site was investigated by 

Preisig et al. (2016) using a numerical modelling approach. Smithyman (2007) 

highlighted the role of cyclic water table fluctuations over the stability of the Little Chief 

slide (British Columbia). 

Geomorphic evolution of valley sides 

Geomorphic evolution of valleys may be associated with the accumulation of 

slope damage due to the redistribution of stresses and changes in the kinematic 

conditions in rock slopes. Kinakin and Stead (2005) highlighted the importance of 

topography on the deformation of high rock slopes, as a result of localized stress 
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concentration. Fluvial erosion may change the topography by steepening the toe of rock 

slopes inducing stress concentrations at the base. Imrie (1991) attributed to this process 

the accumulation of slope damage, in the form of tensile cracking and joint relaxation, 

observed at three potential dam sites in Northern British Columbia (Canada). Glacial 

debuttressing and retreat was also found to strongly affect the stability of rock slopes, 

both in the long- and short-term. Evans and Clague (1994) suggested that the 

destabilizing effects of glacial debuttressing may extend for thousands of years after the 

glacial retreat. This is supported by statistical analysis (Holm et al., 2004) and numerical 

modelling investigations (Riva et al., 2018). An example is represented by the 1991 

Randa rockslides, which represent the outcome of a long-term slope damage 

accumulation, induced by stress concentration in a slope over-steepened by glacial 

erosion and retreat (Eberhardt et al., 2004; Leith, 2012). However, the debuttressing 

effect of ice is a controversial subject. McColl et al. (2010) suggested that the rheological 

properties of ice are not able to prevent the deformation of rock slopes. In contrast, Kos 

et al. (2016) observed that the displacement rates of the Mooshflu rockslide in 

Switzerland, sharply increased when the glacier at its base retreated past the limit of the 

slide volume. Clayton et al. (2017) observed that the Mitchell Creek slide, in Northern 

British Columbia, initiated in 1958 and gradually retrogressed with the progressive 

glacial retreat. Ongoing deformation has also been observed through InSAR monitoring 

(Hosseini et al., 2018). Roberti et al. (2018) showed that the 2010 Mt. Meager rock 

avalanche (Canada) was preceded by slope deformation that occurred during the retreat 

of the Capricorn Glacier. These works suggest that glacial retreat facilitates, in the short-

term, the kinematic release of major rock slope failures. 

Debuttressing due to rock slope failures may also induce a stress redistribution 

and the subsequent formation of slope damage features. Major tension cracks were 

observed behind the headscarp of the Frank Slide (Alberta, Canada), after the 1903 

event, which were suggested to have formed at the time of the failure (Cruden and 

Krahn, 1973). 
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Fig. 2.9 Tension cracks behind the headscarp of the Frank Slide, caused by 
the debuttressing affect of the 1903 event (Humair et al., 2013). 

Intact rock fracturing 

In recent years, brittle fracturing has been a major focus in the field of rock 

mechanics, due to its primary role in changing the strength and deformability of intact 

rock (Eberhardt et al., 1999) and rock masses (Elmo and Stead, 2010). The initiation 

and propagation of brittle fractures also plays a key role in the evolution of the kinematic 

stability of rock slopes at various scales. Havaej et al. (2014b) investigated the 

accumulation of brittle damage in rock slopes with bi-planar rupture surface, showing 

that fracturing of intact material may allow a slope to fail, through the accumulation of 

micro-cracks in the transition zone. They also simulated the failure of a non-daylighting 

wedge, due to brittle damage accumulation and subsequent formation of a daylighting 

basal rupture surface. Elmo et al. (2018) highlight examples of incipient rockfalls, the 

stability of which is governed by rock bridges. 
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Fig. 2.10 Importance of intact rock fracturing in the evolution of large rock 
slides. a: intact rock fracturing at within the transition zone of a bi-
planar slide (modified from Havaej, 2015); b: potential step-path 
failure surface developed through planar discontinuities and intact 
rock bridges (Elmo and Stead, 2018); c: numerical modelling of the 
failure of a non-daylighting wedge due to intact rock brittle 
fracturing (modified from Havaej, 2015). 

Time-dependent processes 

Time-dependent processes have been found to be an important factor in the 

evolution and accumulation of damage at various rock slide sites. Slope creep entails a 

slow and prolonged deformation of the rock mass. Chigira and Kenzo (1994) described 

various cases in which time-dependent creep resulted in the slope failure. Varga (2006) 

provides an analysis of different types of creep deformation and their possible evolution 

with time, also stressing the importance of including time-dependent processes in 

numerical analyses. El Bedoui et al. (2009) described the damage features that can be 

observed at the La Clapiere landslide, a large, active DSGSD in Southern France. They 

characterized the width, orientation, and age of the trenches, providing a chronological 

reconstruction of the slide throughout its 10,000 years of activity. A numerical modelling 

approach was employed by Grøneng et al. (2010) to investigate the active Aknes 

rockslide, in Norway. They highlighted the impact of time-dependent rock mass decay 

over the short- and long-term displacements of the slide. The role of creep and time-

dependent deformations in deep-seated landslide were investigated by Chigira et al. 
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(2013), while Stead (2015) described similar effects in shale slopes. Pinyol et al. (2016) 

studied the processes for which slow, creeping slides evolve into catastrophic events. 

Oppikofer et al. (2017) described the progressive failure of the Vollan DSGSD in 

Norway. Riva et al. (2018) used a numerical modelling approach to analyse a DSGSD in 

the Italian Alps, observing that glacial retreat may initiate a creep deformation that can 

extend in time for over 10,000 years, causing a progressive accumulation of damage. 

An important consideration for the stability of high rock slopes is the effect of 

time-dependent mechanisms in the brittle propagation of fractures. The fatigue process 

of material under static loads has been initially investigated by Baker and Preston 

(1946), studying the behavior of glass plates under stress. Atkinson (1984) observed 

that crack propagation may occur for stress levels lower than the material strength, if the 

stress is maintained for extended periods of time. Kemeny (1991) investigated the sub-

critical crack growth in rock samples under compression, suggesting that the Charles 

power law (Charles, 1958) is adequate to describe the time-dependent failure process in 

geologic materials. Kemeny (2003) observed that the sub-critical crack growth 

mechanism may increase, with time, the probability of failure of a rock slope with a non-

fully persistent rupture surface. A UDEC approach was also developed to simulate the 

progressive cohesion degradation caused by the time-dependent propagation of a 

fracture (Kemeny, 2005). Sampaleanu et al. (2017) extended this approach to include a 

tensile strength degradation, applying the approach to the numerical modelling of a 

rockfall in an open pit mine. 

Thermal and thermo-mechanical effects 

Temperature variations may affect the behavior and stability rock slopes at 

various scales and depths below the surface (Hallet et al., 1991; Hales and Roering, 

2007). Matsuoka (2001) investigated the growth of joints in rock slopes as a result of 

freeze-thaw cycles. A correlation between frost weathering and rock cliff erosion and 

retrogression was proposed by Matsuoka (2008). Amitrano et al. (2012) investigated the 

process of frost-cracking in alpine environments and observed that acoustic emission is 

generated in the rock slope when temperature decreases below 0°C. They interpreted 

such behavior as the result of brittle cracking and joint dilation. 

Although researchers mainly focused on the thermal damage affecting rock 

slopes in shallow depths and in presence of ice growth (Matsuoka and Sakai, 1999; 
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Gunzburger et al., 2005; Mufundirwa et al., 2011), it has been shown that thermo-

mechanical cyclic damage (thermo-mechanical fatigue) may also affect dry rock slopes. 

Gischig et al. (2011) showed, by means of discontinuum numerical modelling, that 

thermo-mechanical-induced stresses, driven by surface temperature cycles, may 

promote the progressive failure of rock slopes, due to slip along pre-existing 

discontinuities. A thermo-mechanical forcing-induced displacement mechanism has 

been hypothesized for present-day instability at Randa (Gischig et al., 2011). Collins and 

Stock (2016) monitored a high rock slope in the Yosemite National Park, and observed 

that thermal cycles due to solar irradiance caused a vertical exfoliation joint to expand 10 

cm in 3.5 years. Martel (2017) suggested that it is unlikely for such a process to extend 

below a depth of 2 m from the surface, and that below this point in-situ stresses have a 

greater impact on the growth of exfoliation joints. 

2.1.4. Rock slope damage monitoring 

Monitoring slope damage features is critical to assess the evolution of rock slope 

instabilities. Borehole inclinometers are among the most used instruments for the 

characterization of sub-surface movement (Stark and Choi, 2008; Zaki et al., 2014). 

Single slope damage features, such as tension cracks, are routinely monitored by 

means of surface and in-hole extensometers and crack gauges (Walter et al., 2012; 

Salvini et al., 2015). More recently, fiber optic strain sensors have been successfully 

implemented in monitoring systems allowing sub-micrometer deformations to be 

registered (Moore et al., 2010). Total stations are largely employed to monitor sub-

millimeter displacement of reflective targets installed on the slope (Ganerød et al., 2008). 

GPS surveys are also widely used to investigate and monitor the displacement of 

monuments distributed throughout the slope (Calcaterra et al., 2012). Although these 

methods provide detailed and potentially high-frequency data, they can only describe the 

local, punctual behavior of unstable slopes, with a spatial resolution that depends on the 

density of the monitoring network. The areal monitoring of unstable slopes allows for this 

limitation to be surpassed. Laser scanning and digital photogrammetry techniques have 

been widely used for the characterization of slope deformation both from aerial and 

ground-based platforms (Preston, 2014; Lato et al., 2016a; Kromer et al., 2017). InSAR 

(Interferometric Synthetic Aperture Radar) is now routinely employed to monitor slope 

deformation with sub-millimetric accuracy (Böhme et al., 2016; Bozzano et al., 2016; 
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Sharma et al., 2016). Ground-based InSAR (GB-InSAR or TInSAR) and slope stability 

radar provide a high accuracy, high frequency analysis of slope deformation for limited 

areas (Agliardi et al., 2013b; Dick et al., 2015; Kieffer et al., 2016). Danielson (2019) 

illustrated how radar monitoring provides a means to characterize open pit slope 

damage. He used combined drilling specific energy data and slope displacement change 

detection data to show the influence of fault zones on slope damage. associated with 

open pit cutbacks. Using rheological curve fitting to slope radar data he showed how 

rheological parameters can change with the accumulation of slope damage over time. 

Monitoring the displacement rates of unstable slopes and the variation with time also 

provides a mean to potentially forecast major slope failures. In particular, the 

investigation of the inverse velocity provides useful insights on the potential time of 

failure of slopes characterized by ongoing deformation (Rose and Hungr, 2007; 

Mufundirwa et al., 2010; Dick et al., 2015). 

When the stability is governed by rock bridges and intact rock strength, 

monitoring the intact rock fracturing is important to investigate the accumulation of 

damage within rock slopes. The fracturing of intact material is associated with the 

release of elastic energy in form of acoustic emission (AE) and microseismic (MS) 

events (Cox and Meredith, 1993). The ability to identify the location of the AE/MS 

sources is critical in understanding where brittle damage accumulation is occurring 

(Faillettaz et al., 2016). Green et al. (2006) and Spillmann et al. (2007) investigated the 

present-day instability at the Randa rockslide site (Switzerland). They observed that the 

high fracturing of the unstable slope causes a significant decrease in seismic velocity, 

and that the frequency of micro-seismic events (and thus the damage accumulation rate) 

is higher in a volume of rock mass near the edge of the scarp. Xu et al. (2011) described 

the micro-seismic monitoring at the Jinping hydropower station (China), which agrees 

with the slow deformation occurring in the left bank slope of the hydropower project. 

Another major application of acoustic emission in practice is the evaluation and 

prediction of rockbursts in underground excavations (Wang, 2014; Feng et al., 2015; 

Xiao et al., 2016; Cao et al., 2017). Above ground application of AE/MS techniques are 

also employed in early-warning monitoring systems, which predominantly involve the 

installation of waveguides in boreholes (Byun et al., 2012; Dixon et al., 2012; Zaki et al., 

2014; Codeglia et al., 2017). 
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2.2. Remote sensing techniques for rock slope damage 
characterization 

The characterization of slope damage features may provide insights on the 

processes and mechanisms that control the stability, deformation, and failure of a slope. 

Thus, a comprehensive rock slope investigation should include not only a detailed 

characterization of the rock mass, but also the accurate observation and quantification of 

the slope damage. Several methods exist that can be employed to characterize the rock 

mass and slope damage, including field methods (Brideau et al., 2009; Kalenchuk et al., 

2013; Wolter et al., 2016) and remote sensing techniques (Sturzenegger and Stead, 

2009b; Donati et al., 2017; Westin, 2017; Francioni et al., 2018a). As this research will 

predominantly involve the mapping and characterization of slope damage using remote 

sensing techniques, a brief overview of the available methods is provided. An important 

advantage of remote sensing techniques over traditional field methods is the capability 

of collecting very large datasets in a short time, including parts of the slope that are 

inaccessible due to safety or logistical constraints (Francioni et al., 2018b). On the other 

hand, it must be emphasized that remote sensing techniques cannot be considered an 

alternative to traditional field techniques. In fact, important geomechanical data, 

including intact rock strength and discontinuity alteration, roughness, and infill, require a 

field-based approach for their characterization. 

2.2.1. Light Detection and Ranging 

Light Detection and Ranging, commonly referred to as LiDAR, is a remote 

sensing technique that allows for the collection of large three-dimensional datasets 

(Jaboyedoff et al., 2012, 2018; Abellán et al., 2014). The data collection is performed 

using a laser scanner, a survey instrument capable of collecting and automatically 

registering dense point clouds that can be used with minimal processing in basic 

applications (Shan and Toth, 2008). Laser scanners may be ground-based system (TLS, 

Terrestrial Laser Scanner), or mounted on an aerial platform, including Unmanned Aerial 

Vehicles (UAVs), airplanes, and helicopters (ALS, Airborne Laser Scanner) (Jaboyedoff 

et al., 2012). LiDAR techniques involve the emission of a laser pulse from a transmitter, 

and the analysis of the pulse reflected by the object and captured by a receiver mounted 

on the same instrument. 
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Commercial Time-of-Flight Laser Scanners have recently been implemented with 

full-waveform analysis capability, which allows the scanner to sample the reflected pulse 

at high frequency, and to decompose it into a series of echoes that are then located in 

the point cloud (Mallet and Bretar, 2009). Full-waveform LiDAR are predominantly 

employed in airborne topographical and forestry surveys, where the capability to capture 

high amounts of echoes is critical for the creation of “bare-earth” datasets (Reitberger et 

al., 2009; Zhao et al., 2013; Wang and Glennie, 2015). Bare earth LiDAR datasets are 

particularly suitable for large-scale structural analysis and landslide mapping, as they 

provide a topographic surface virtually free from vegetation and anthropic objects (Lato 

et al., 2016a; Ortuño et al., 2017; Westin, 2017). 

 

Fig. 2.11 Terrestrial and airborne laser scanners. a: Riegl VZ-4000; b: Optech 
ILRIS3D (Sturzenegger and Stead, 2009b); c: helicopter mounted 
Riegl VP-1 (retrieved from Riegl.com). 

Terrestrial LiDAR although extensively used for rock slope characterization and 

monitoring requires careful planning to avoid occlusions that may result in areas of no-

data (“holes” in the point cloud) (Sturzenegger and Stead, 2009b; Lato et al., 2010). 

Airborne LiDAR, in contrast, can prevent any occlusion, in view of the advantageous 

point of view, at the cost of a lower resolution (Shan and Toth, 2008). Beside slope 

characterization applications, LiDAR is increasingly employed for monitoring purposes. 

“Change-detection” analyses may be undertaken in order to recognize any variation 

between LiDAR datasets of the same area collected at different times. Both airborne 

(Lato et al., 2016a) or ground-based datasets (Benjamin et al., 2016; Kromer et al., 

2016; Williams et al., 2018) can be investigated. Additionally, block translation, rotation, 

and tilt may be inferred from the comparison between multiple ground-based LiDAR 

datasets, allowing the rotational component of single landslide blocks to be computed 

(Oppikofer et al., 2009; Lato et al., 2016a). Table 2-1 provides a list of selected 

publications describing the use of LiDAR in rock slope characterization and monitoring. 
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Table 2-1 Selected papers describing the application of LiDAR for slope 
characterization and monitoring. 

Platform Summary Reference 

Ground-based 
A calibration approach is proposed for the monitoring of 
small-scale rock fall using ground-based LiDAR. Kromer et al., 2015a 

Ground-based 
(boat) 

Assessment of the potential use of TLS from a floating 
platform for slope characterization and monitoring. Michoud et al., 2015 

Ground-based 
Remote sensing characterization of the rupture surface 
of the San Leo rock slide (Italy). Spreafico et al., 2015 

Ground-based 
Monitoring of an active rock slope along a railway track 
using change detection analysis. Rowe et al., 2016 

Ground-based 
Comparison between 2D and 3D change detection 
analysis using TLS data. Benjamin et al., 2016 

Ground-based 
Displacement monitoring of the rock slope at the 
Britannia Mine site (BC, Canada). 

Sampaleanu et al., 
2016 

Ground-based 
Automated, TLS approach for the high frequency 
monitoring of unstable rock slopes. Kromer et al., 2017 

Ground-based 

Characterization of failed rock bridges along rock fall 
rupture surface, using surface orientation and 
roughness. 

Sampaleanu et al., 
2017 

Ground-based 
Quasi-continuous monitoring of a sea cliff to investigate 
rock fall frequency and distribution. Williams et al., 2018 

Airborne, Ground-
based 

Monitoring of the Moosfluh rockslide in the Swiss Alps, 
using change detection technique. Kos et al., 2016 

Airborne, Ground-
based 

Geomorphic investigation of the Downie Slide (BC, 
Canada) with a remote sensing-GIS approach. Detailed 
discontinuity mapping performed with short-range, 
underground LiDAR survey. Westin, 2017 

Airborne, Ground-
based 

Pre- and post-failure characterization of three 
rockslides along the coast of Cornwall (UK). 

Francioni et al., 
2018b 

Airborne 
Monitoring and displacement characterization of the 
Ten Mile Slide (BC, Canada). Lato et al., 2016a 

Airborne 

Structural and geomorphic investigation of Burnaby 
Mountain (BC, Canada), using field and BE LiDAR 
mapping. 

Francioni et al., 
2018c 

Airborne 
Identification and mapping of sensitive clay landslide in 
an area of central British Columbia, Canada. 

Geertsema et al., 
2018 

 

2.2.2. Photogrammetric techniques 

Photogrammetric methods allow for the reconstruction of three-dimensional 

geometries using photographs obtained from different locations. They include Terrestrial 

Digital Photogrammetry (TDP) and Structure-from-Motion (SfM). 
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Terrestrial Digital Photogrammetry 

TDP is a remote sensing technique that allows three-dimensional models to be 

reconstructed using pairs of photographs (Birch, 2006; Sturzenegger, 2010). The 

photogrammetric software first identifies common points between the photographs 

(AdamTechnology, 2015). Their position in space is then reconstructed by taking 

advantage of the concept of “stereoscopic parallax”, which is the apparent displacement 

of an object in photographs taken from successive camera positions (Sturzenegger, 

2010). For the point to be correctly located in space, the distribution of deformations 

within the photographs must be known a priori. Therefore, the camera requires a careful 

calibration to be undertaken, and the results of such calibration (e.g., a “calibration file”) 

must be provided to the photogrammetric software before the 3D reconstruction can be 

started (AdamTechnology, 2015). Once the three-dimensional model has been built, the 

“exterior orientation” is performed. This process entails the roto-translation and scaling of 

the model into relative or real-world coordinates, using referenced control points 

(AdamTechnology, 2017). Careful survey planning is critical for a successful 

photogrammetric investigation. The number, position, and distance of the camera 

locations are all factors that strongly affect the accuracy of the three-dimensional model 

(Birch, 2006; Sturzenegger, 2010). Sturzenegger (2010) noted that accuracy improves if 

a 1/5 to 1/8 ratio between baseline (i.e., the distance between successive camera 

stations) and distance from the investigated slope is maintained. 

In general, TDP processing software, such as 3DM Analyst (AdamTechnology, 

2017) and Sirovision (Datamine, 2017) are commercialized as “mapping suites” where 

model construction and geomechanical mapping may be performed in the same 

software environment. 

Structure-from-Motion 

Structure-from-Motion (SfM) is a low-cost photogrammetric method for high 

resolution topographic reconstruction (Westoby et al., 2012). This technique allows a 3D 

scene to be reconstructed through the recognition and the subsequent matching of 

features identified in multiple images, captured from several different camera stations. 

Compared to TDP, SfM preferentially uses more than two images for the reconstruction 

of the models. In fact, the model accuracy increases with the number of camera stations 

and their relative vicinity (Westoby et al., 2012). Additionally, the camera calibration 
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parameters and the camera locations are automatically estimated through an iterative 

procedure (Snavely et al., 2008), making SfM a very flexible technique suited for UAV-

based surveys (Francioni et al., 2018b). 

Several software codes exist that perform SfM (e.g., Photoscan, Agisoft LLC, 

2018); Pix4Dmapper, Pix4D SA, 2017), which follow a similar workflow for the scene 

reconstruction: feature extraction, camera pose (i.e. position and orientation) estimation, 

sparse point cloud reconstruction, dense point cloud reconstruction (Westoby et al., 

2012). 

SfM software automatically recognize and map features (easily identifiable 

groups or pattern of pixels) within each photograph. The location and orientation of the 

camera stations is estimated using a bundle adjustment process, during which the 

features are matched between photographs using a nearest neighbour approach (Beis 

and Lowe, 1997). The common features, positioned in the three-dimensional space, are 

used as a “base” to build a dense point cloud. A dense point cloud is then assembled, 

using a Clustering View for Multi-view Stereo (CVMS) approach (Furukawa and Ponce, 

2007), which uses overlapping images to increase the density of the point cloud. 

Depending on the software, the dense point cloud can be registered in a real-world 

coordinate system, exported in various file formats, textured, and used to create the 

DEM/DTM. 

Table 2-2 provides a list of selected papers where TDP and SfM have been used 

for the investigation and monitoring of landslides and rock slopes. 
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Table 2-2 Selected papers describing various applications of TDP and SfM for 
slope stability analysis. 

Technique Platform Summary Reference 

Digital 
photogrammetry 

Terrestrial 
Characterization and discontinuity mapping of 
the rupture surface of the Vajont Slide (Italy). 

Wolter et al., 
2014 

Terrestrial 
Monitoring of pillar spalling in an underground 
mine using TDP. Preston, 2014 

Terrestrial 
Rock mass characterization for DFN modelling 
investigation. 

Bonilla-Sierra et 
al., 2015 

Terrestrial 
Rock mass characterization of a quarry wall in 
Cornwall (UK). 

Havaej et al., 
2016 

UAV 
Rock mass characterization of a rock buttress 
in a marble quarry in the Carrara district (Italy) 

Francioni et al., 
2015 

UAV 

Analysis of the potential for geomechanical 
mapping using UAV-based digital 
photogrammetry. 

Russel et al., 
2018 

Aerial 

Change detection analysis performed on the 
Mitchell Creek slide (BC, Canada), using TDP 
datasets. 

Clayton et al., 
2017 

Structure-from-
Motion 

Terrestrial 
Comparison between discontinuity mapping 
effectiveness in LiDAR and SfM. 

Riquelme et al., 
2017 

UAV 

Geomorphic analysis of a portion of coastal 
cliff near Krk (Croatia) for the identification of 
undercuts. 

Ružić et al., 
2014 

UAV 

Geomorphic and structural investigation of a 
rock slope in the Dry Gulch (BC, Canada) for 
hazard assessment. Lato et al., 2015 

UAV 

Development of an automated approach for 
the identification of landslide scarps from UAV-
SfM models. 

Al-Rawabdeh et 
al., 2016 

UAV 
Geomorphic investigation and landslide 
mapping along potential pipeline corridors. Lato et al., 2015 

UAV 
Characterization and monitoring of an active 
earthflow in Northern Austria. 

Lindner et al., 
2016 

UAV 
Geomorphic characterization of a slope failure 
in the Northwest Territories (Canada). 

Mitchell and 
Beddoe, 2016 

UAV 

Geomorphic reconstruction and volume 
estimation of the Vulcan Creek landslide dam 
(Yukon). 

Brideau et al., 
2016 

UAV/ 
Underground 

Rock mass characterization of the headscarp 
and underground drainage adits at the Downie 
Slide (BC, Canada). Westin, 2017 

Aerial 

Pre-failure geomorphic analysis of the Hope 
Slide (BC, Canada) using historical aerial 
photographs. 

Donati et al., 
2017 

Aerial 

Geomorphic analysis of the Mt. Meager rock 
avalanche source area prior to the 2010 
collapse. 

Roberti et al., 
2018 
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2.2.3. Infrared thermography 

Infrared Thermography (IRT) is a remote sensing technique that allows the 

surface temperature of an object to be characterized, and identification of thermal 

anomalies (Frodella et al., 2014). Every object with a temperature higher than 0 K emits 

infrared energy. Thermal cameras are capable of mapping the infrared emission of an 

object, and automatically converting it to an ij matrix that is populated with temperature 

values (Fig. 2.12). The matrix is then displayed as a two-dimensional raster image, 

where each pixel is color-coded based on the temperature (Clark et al., 2003). The 

radiation measured by the camera is influenced by various factors, including physical 

properties of the material and surface orientation. Atmospheric condition may also affect 

the intensity, direction and spectral distribution due to scattering processes (Spampinato 

et al., 2011). 

 

Fig. 2.12 Infrared thermography equipment and results. a: FLIR SC7000 
thermal camera; b: example of thermal dataset. Color intensity is 
proportional to the temperature. 

The main applications to date of infrared thermography in rock slope 

characterization involve the mapping of ground water seepage (Vivas, 2014), and the 

identification of open cracks (Baroň et al., 2014; Teza et al., 2015). Infrared surveys can 

also be extended in time, in order to investigate the thermal behavior of the rock mass 

behavior during the cooling cycle (e.g., from dusk to dawn; Teza et al., 2012). Table 2-3 

provides an up-to-date list of papers that describe application of IRT for rock slope 

investigation. 
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Table 2-3 Selected published works describing the use of IRT in rock slope 
analysis. 

Summary Reference 
Seepage analysis for a rock cliff through the comparison of thermal 
images captured during spring and fall seasons. Adorno et al., 2009 

Investigation of the damage zone evolution using numerical modelling 
and infrared thermography. Lei, 2011 

Development of an IRT approach for the identification of planes of 
weakness within the rock mass Teza et al., 2012 

Use of infrared thermography as a means for identifying and monitoring 
high rock fall hazard areas in underground environment. 

Prendes-Gero et al., 
2013 

Identification of open cracks in rock slopes using airborne and Ground-
based IRT. Baroň et al., 2014 

Characterization of ground water seepage in open pit mines. Vivas et al., 2015 

Characterization of rock fall susceptibility using an integrated LiDAR-
IRT approach. Gigli et al., 2014 

Rock slope stability investigation using multiple field, geophysical, and 
remote sensing techniques, including IRT. Mineo et al., 2015 

Integrated TLS-IRT analysis for the investigation of open cracks at the 
Passo della Morte rock slope (Italy). Teza et al., 2015 

Identification of potential relationships between rock mass quality and 
thermal behavior during the cooling cycle. 

Pappalardo et al., 
2016 

Application of TLS and IRT for characterizing the rock mass in 
underground excavation. Barla et al., 2016 

2.2.4. Hyperspectral imaging 

Hyperspectral imaging (HSI) is a remote sensing technique that can be employed 

to investigate variations in chemical and mineralogical composition of the investigated 

object (Clark et al., 1990). HSI involves the observation and quantification of the 

electromagnetic radiation for several (typically, several hundreds), discrete wavelengths. 

For each of the investigated wavelength, an ij matrix is created, which can also be 

displayed as a two-dimensional raster image. Together, the matrices create a 

“hyperspectral cube”, which is comprised by multiple, overlapping images and can be 

interrogated to investigate the electromagnetic emission of each pixel throughout the 

investigated spectrum. 
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Fig. 2.13 Conceptual sketch showing the structure of a hyperspectral cube 
(modified from Shaw and Burke, 2003). 

Electromagnetic emission in the short-wave infrared spectrum (SWIR, 1.1 – 3 

m) is diagnostic of the chemical and mineralogical composition of the imaged material 

(Hunt, 1980; Cloutis, 1996). SWIR sensors have been implemented on satellite 

platforms, allowing this technique to be widely employed in the field of mineral 

exploration (van der Meer et al., 2012). Hyperspectral imaging techniques have also 

been employed for short range, ground-based applications, highlighting the potential for 

the data collection of hyperspectral datasets to be used in mineralogical characterization 

(Kurz et al., 2013). Laboratory-scale hyperspectral cameras can also be used to 

systematically investigate the mineralogical composition of rock cores from drill holes 

(Taylor et al., 2015). Table 2-4 shows some relevant papers exploiting hyperspectral 

imaging for geological applications. 
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Table 2-4 Selected papers describing the use of HSI for geological 
applications 

Summary Reference 

Ground-based mineralogical investigation of an outcrop using 
hyperspectral imagery and TLS datasets.  Kurz et al., 2007 

Geomorphic characterization of the Cassas landslide (Northern 
Italy) using airborne multispectral imagery to classify the land cover. Borgogno Mondino et al., 2009 

Above-ground and underground small-scale characterization of 
quarry and mine walls using HSI and TLS. Kurz et al., 2012 

Workflow for the geological characterization of outcrops using 
ground-based hyperspectral imaging. Kurz et al., 2013 

Integration of TLS and HSI datasets for the analysis of outcrops at 
short range. Buckley et al., 2013 

Characterization of a road cut using ground-based hyperspectral 
imaging and laboratory-based spectroscopy. Okyay et al., 2016 

Rock mass characterization in open pit mine wall using a TLS/HSI 
integrated approach Park et al., 2016 

Investigation of a road cut in Texas for the mineralogical 
characterization of the Eagle Ford Group. Sun et al., 2018 

 

2.3. Numerical modelling approaches for rock slope 
analysis 

The use of numerical methods for the stability analysis of rock slopes has greatly 

increased in the past two decades (Stead and Coggan, 2012). Several approaches exist 

that can be employed to investigate increasingly complex slope failure processes. 

Simple kinematic analyses may be employed to undertake a preliminary characterization 

of the stability of rock slopes, based on the orientation of the slope and the recorded 

discontinuities. Limit equilibrium methods allow the slope stability to be evaluated as a 

ratio between driving and resisting forces within the system (Hoek et al., 1991). 

Continuum and Discontinuum numerical methods provide a means to account for the 

deformation and failure behavior of the material forming the slope, thus allowing more 

complex mechanisms (material degradation, step path failure, damage accumulation, 

etc.) to be investigated. Sophisticated, hybrid methods may be used to model the brittle 

behavior of the intact rock, simulating the propagation of fractures within intact material, 

and to investigate the role of rock bridges and intact rock strength on the stability of the 

slope (Klerck et al., 2004; Elmo and Stead, 2010; Mahabadi et al., 2012; Lisjak et al., 
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2014a). Recently, the use of lattice-spring scheme methods for modelling brittle fracture 

has become increasingly common, due to the development of modern, user-friendly 

numerical codes and the improved computational capabilities of modern workstations 

(Cundall, 2011). A summary of the most commonly employed techniques for slope 

stability analysis is provided, with particular regard to continuum, discontinuum, hybrid, 

and lattice-spring scheme methods. 

2.3.1. Continuum methods: FEM and FDM 

Continuum methods are among the most widely used for investigating the 

stability of soil and rock slopes (Stead and Coggan, 2012). They allow for complex rock 

mass characteristics and processes to be implemented, such as stiffness, anisotropy, 

water pore pressure, and material degradation (Stead et al., 2006). Continuum methods 

are commonly distinguished between Finite Element Methods (FEM) and Finite 

Difference Methods (FDM). Although the mathematical approach employed in solving 

the model is different, from a practical perspective they provide analogous results (Hoek 

et al., 1991; Itasca Consulting Group, 2018a). An in-depth discussion of the theory of the 

methods is outside the scope of this summary, and the reader is referred to Peiro and 

Sherwin (2005) for a detailed, technical description of each approach. 

Both FEM and FDM discretize the model domain (e.g., the slope) in a mesh of 

elements or zones, within which the stress and strain are computed. The model solution 

may be obtained either through an implicit or an explicit scheme. Codes that employ an 

implicit scheme solve the model through a series of subsequent iterations, and a solution 

is reached only if the model reaches an equilibrium state. Thus, implicit scheme codes 

are generally not suitable for the investigation of unstable slopes where large 

displacements are expected. However, this approach allows for large time-steps to be 

used, and the solution, if it exists, is reached with relatively short runtimes. Conversely, 

an explicit code employs a time-marching scheme that calculates stress, strain, 

displacement, and velocity at each node, at each cycle, using the full equation of motion 

from Newton’s second law (Itasca Consulting Group, 2018a). Hence, large failures and 

displacements may be modelled realistically. The mathematical stability of the model, 

however, is maintained if the time-steps are small, and thus longer model runtimes are 

to be expected. RS2 (Rocscience, 2017) and RS3 (Rocscience, 2018) are among the 

most widely used FEM geomechanical codes that employ an implicit solution scheme. 
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FLAC (Itasca Consulting Group, 2018a) and FLAC3D (Itasca Consulting Group, 2017a) 

employ an FDM to solve slope stability problems using an explicit time-marching 

scheme. 

Continuum methods are well suited for the investigation of rock slopes or 

underground excavations where the failure is governed by the strength of the rock mass, 

which is modelled as a “continuum equivalent” (Hoek and Guevara, 2009; Grøneng et 

al., 2010; Zhao et al., 2015). However, a limited number of discontinuities may be 

implemented in order to investigate the role of discrete fractures on the slope stability 

(Jing, 2003; Hammah et al., 2008; Spreafico et al., 2017) (Fig. 2.14a). 

The stability of rock slopes can be investigated using a Shear Strength Reduction 

(SSR) approach (Matsui and San, 1992; Diederichs et al., 2007), which entails a gradual 

reduction (or increase) of material (or discontinuities) strength parameters, until a 

condition of limit equilibrium is achieved. SSR analyses are now routinely undertaken in 

both two- (De Caro et al., 2016; Spreafico et al., 2017) and three-dimensional models 

(Shen and Karakus, 2014). 

Continuum methods to a more limited extent have also been developed for the 

investigation of brittle fracturing of rocks. The Fracture Analysis Code (FRANC) was one 

of the first codes to employ a FEM approach for the study of brittle fracturing of intact 

material (Wawrzynek and Ingraffea, 1987). The FEM code Rock Failure Process 

Analysis (RFPA) is employed to simulate the formation and propagation of cracks within 

an intact, continuous media (Tang, 1997; Tang and Tang, 2011) (Fig. 2.14b). The RFPA 

method has also been applied for the investigation of brittle damage accumulation and 

the associated acoustic emission within the right bank slope of the Jinping hydropower 

project (Xu et al., 2011) and the Dagangshan Hydropower Station (Xu et al., 2012). More 

recently, FEM Voronoi tessellation has been employed to simulate the brittle fracturing of 

rock bridges prior to the rock slope failure (Spreafico et al., 2017). 
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Fig. 2.14 Applications of the Finite Element Method to rock slope stability. a: 
numerical modelling of the 2014 San Leo rockslide (Italy) (modified 
from Spreafico et al., 2017); b: numerical modelling of a failure 
through intact material using RFPA (modified from Tang and Tang, 
2011) 

2.3.2. Discontinuum methods: DEM 

Discontinuum codes are mainly employed to model rock slopes where the 

stability is governed by discrete discontinuities. Cundall and Hart (1992) suggested that 

the use of a discontinuum approach is preferable when the size of the discontinuities is 

similar to the system being investigated. Discrete Element Methods include a set of 

discontinuous numerical approaches that have been applied for the investigation of rock 

slope stability for almost 40 years (Cundall, 1980). Discrete Element Methods consider 

the rock mass as an assembly of blocks that can slide, rotate, and detach from each 

other. Blocks may be modelled either as rigid or deformable bodies, via their 

discretization using a finite difference mesh. Each block is bounded by contacts that may 

act as discrete discontinuities, such as joints or faults (Cundall and Hart, 1992), or inter-

grain boundaries (Ghazvinian et al., 2014). The ability to recognize new contacts is a 

key-feature of discrete element codes. The contacts may be considered either “soft” or 

“hard” (or “rigid”). Soft contacts allow a certain amount of interpenetration between 

blocks, whereas hard contacts can be employed to prevent this (Cundall and Hart, 

1992). 

Depending on the assumptions made with regard to the physical behavior of 

blocks (rigid vs. deformable) and contacts (soft vs. hard), different classes of codes can 

be distinguished: Distinct Element, Modal Methods, Discontinuous Deformation Analysis, 

Momentum-Exchange Methods (Cundall and Hart, 1992). Of the discrete element 
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approaches, the distinct element method (DEM) is arguably the most widely employed, 

both in engineering practice and in the scientific literature, for investigating the behavior 

of blocky rock masses. Typical DEM codes include PFC and PFC3D (Itasca Consulting 

Group, 2018d), UDEC (Itasca Consulting Group, 2018b) and its three-dimensional 

counterpart 3DEC (Itasca Consulting Group, 2016a). 

PFC2D/3D is a numerical modelling code where the rock mass is simulated as 

an assembly of rigid circles (2D) or spheres (3D), where the mechanical properties of the 

material are defined through the micro-parameters assigned to the contacts between the 

circles/spheres (Potyondy and Cundall, 2004). PFC2D/3D has been routinely employed 

to investigate the fracturing of intact rock and the propagation of brittle cracks (Zhang 

and Stead, 2014; Liu and Cai, 2018). 

UDEC and 3DEC model the rock mass as an assembly of blocks that can be 

either rigid or deformable, while discontinuities are modelled as soft contacts A wide 

variety of block constitutive models is available in UDEC and 3DEC, ranging from elastic 

and Mohr-Coulomb elastic-plastic models to more complex models capable of simulating 

heterogeneous materials (e.g., ubiquitous joints), non-linear post peak (e.g., strain-

hardening/softening) and creep behavior. Discontinuities may be assigned a Mohr-

Coulomb elastic-plastic model (with or without a residual state), or a “continuously 

yielding” joint model, which simulates the progressive decrease in shear strength with 

increasing sliding (Itasca Consulting Group, 2018b). 

In contrast with PFC, UDEC and 3DEC are not capable of modelling directly the 

formation or propagation of fractures within the intact material. However, they allow for 

the subdivision of the blocks into polygons using a Voronoi (referred to as “bonded block 

model” in 3DEC, Itasca Consulting Group, 2016a) or Trigon tessellation approach (Gao, 

2013), making the codes suitable for simulating the brittle fracturing behavior of rock 

(Lisjak and Grasselli, 2014; Donati et al., 2018) (Fig. 2.15a). This approach has been 

successfully applied to a range of rock mechanics investigations (Yan, 2008; Alzo’Ubi, 

2009; Ghazvinian et al., 2014; Havaej et al., 2014a; Gao et al., 2016). Appropriate 

calibration of the Voronoi/Trigon contacts is required to obtain accurate results 

(Christianson et al., 2006; Gao, 2013). Mayer and Stead (2017) highlighted the mesh-

dependency that characterizes this approach, noting that adequately small polygons are 

required for the fracture to propagate in a realistic manner. Discrete fracture networks 
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may also be implemented in UDEC and 3DEC, potentially allowing the investigation of 

the role of rock bridge fracturing in rock slopes and underground excavations. Havaej et 

al. (2016) investigated the failure of a quarry wall using a DFN approach in 3DEC, 

highlighting the role of block shape and interlocking in the failure process (Fig. 2.15b). 

 

Fig. 2.15 Discontinuum methods in rock mechanics. a: simulation of a 
uniaxial compressive test using a UDEC-Voronoi approach (Gao et 
al., 2016); b: DFN-3DEC aimulation to investigate the stability of a 
quarry rock slope (Havaej et al., 2016). 

2.3.3. Hybrid methods: FDEM 

Hybrid codes take advantage of multiple numerical approaches, in order to 

overcome the limitation and exploit the advantages of each method. The Finite Element 

– Distinct Element Method (referred to as FEMDEM, or more commonly FDEM) allows 

the brittle fracturing of intact material to be modelled in a realistic manner. FDEM codes 

employ a finite element mesh to model the strength and deformation of the intact 

material, and a discrete element method to model pre-existing discontinuities and brittle 

cracks (Klerck et al., 2004; Lisjak et al., 2014b). Elfen (Rockfield Software Ltd., 2017) 

and Irazu (Geomechanica Inc., 2016) are the most commonly used hybrid commercial 

codes for the numerical modelling of brittle fracture in rock slopes, underground 

excavations, and oil/gas reservoirs. Both codes employ a FDEM approach to model 

brittle fracturing of intact material, but some key differences exist. 

Elfen can simulate the tensile fracturing of intact rock (mode I). The brittle 

fracturing of intact material is generally modelled using a Mohr plasticity and rotating 

crack model, whereas the propagation of existing discontinuities follows the rules of the 

Linear Elastic Fracture Mechanics (LEFM) (Klerck, 2000). To evaluate whether a 



40 

fracture may form or not a stress intensity approach is used. The stress intensity factor 

(KI) describes the gradient with which the stress increases close to the tip of a 

discontinuity (Elmo, 2006), and is used to compute the crack extension force, G. The 

fracture propagates if KI equals a critical value (KIC), causing G to equalize the fracture 

energy, Gs, which can be obtained from geotechnical laboratory tests (Barton, 1982; 

Wang et al., 2004) and must be provided as model input. The fracture may propagate 

either along the boundaries of the finite elements composing the mesh (inter-element 

fracturing) or through the elements (intra-element fracturing) (Klerck, 2000) (Fig. 2.16). 

In the latter case, a mesh topology update is required in order to redraw the geometry of 

the elements intersected by the fracture. Additionally, the mesh dependency must be 

adequately addressed. In order to prevent simulation of unrealistic behavior, a 

sufficiently small element size should be employed, especially if intra-element fracturing 

is not allowed (Elmo, 2006). 

 

Fig. 2.16 Modelling of brittle fracturing in Elfen. a: intact material. Red line 
show the new fracture trace; b: intra-element fracturing; c: inter-
element fracturing (modified from Klerck et al., 2004). 

Elfen has now been widely applied in the investigation of a variety of rock 

mechanics problems at various scales, also allowing the implementation of DFNs. 

Vyazmensky et al. (2007) simulated the upward, progressive intact rock fracturing 

occurring above a block cave mine. Elmo and Stead (2010) simulated the spalling of 

underground mine pillars, investigating the relation between different DFN orientations 

and the mode of failure. Hamdi et al. (2018) modelled the deformation and failure 

occurring in the hangingwall of a sub-level cave mine, comparing the results with the in-

situ GPS monitoring system dataset. 
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Irazu FDEM is a numerical modelling code that was derived from Y-Geo (Munjiza 

et al., 1995). Irazu is capable of modelling both tensile and shear fracturing (mode I and 

mode II, respectively). The model domain in Irazu is sub-divided into a triangular, finite 

element mesh. The boundaries of each element are constituted by quadrangular 

elements, referred to as “cohesive crack elements” (Munjiza et al., 1999). Together, the 

triangular and quadrangular elements form the intact material (Fig. 2.17a). The 

propagation of fractures exclusively involves the failure of the cohesive crack element 

(Fig. 2.17b). Thus, intra-element fracturing is not allowed, and no mesh topology update 

is required. Brittle fracturing in Irazu is accompanied by release of kinetic energy, in the 

form of a seismic signal, which allows for the acoustic emission to be modelled and 

monitored during the simulation (Lisjak et al., 2013). 

 

Fig. 2.17 Intact material fracturing in Irazu. a: conceptual sketch of the mesh 
in Irazu. Note the quadrangular crack elements along the edges of 
the triangular finite elements; b: crack propagation through the 
quadrangular cohesive crack elements. No fracturing occurs 
through the triangular finite elements (modified after Lisjak et al., 
2013, Labuz et al., 1985, and Hillerborg et al., 1976. By permission of 
Oxford University Press.). 

Irazu has been employed for the analysis of brittle material fracturing 

predominantly in an underground environment. Lisjak et al. (2015) modelled the 

formation of a damage zone around a circular mini-tunnel, and the effect on the brittle 

fractures of a packer applied around the excavation. Lisjak et al. (2017) investigated the 

fracture propagation associated with the injection of pressurized fluid at depth in an 

oil/gas reservoir. Vlachopoulos and Vazaios (2018) analysed the spalling damage 

developing at the edge of an underground circular excavation, comparing the results 

with a FE analysis. Ha and Grasselli (2018) describe the three-dimensional modelling of 

brittle fracturing occurring in uniaxial, triaxial, and Brazilian laboratory tests. They also 

describe the accumulation of brittle damage in the excavation damage zone (EDZ) 

surrounding a circular tunnel. 
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2.3.4. Lattice-spring scheme methods 

Lattice-spring scheme codes have been developed to investigate the formation 

and propagation of brittle fracturing in hard materials. Lattice scheme codes treat the 

intact material as an assembly of spring and particles (also referred to as “nodes” or 

“point masses”). Nodes-and-springs lattices have been employed since the 1990s for the 

investigation of brittle fracturing in intact material (Huang, 1992; Song and Kim, 1996; 

Bolander and Sukumar, 2005). Despite promising results, this approach was seldom 

applied in engineering practice, due to the computational limitations of older 

workstations. More recently, the development of commercial software has allowed lattice 

scheme methods to be applied to the stability analysis of rock slopes and underground 

excavations (Slope Model, Itasca Consulting Group, 2017b). Other applications of this 

method include the numerical modelling of blasting (BloUp, Itasca Consulting Group, 

2014) and hydraulic fracturing (X-Site, Itasca Consulting Group, 2018c). 

Slope Model represents an evolution of the distinct element method PFC (Itasca 

Consulting Group, 2018d), where the spheres and the contacts are substituted by point-

masses and springs, respectively (Damjanac et al., 2013). The springs are employed to 

model the mechanical and strength parameters of the material, whereas the nodes 

define the density of the intact material (Cundall, 2011). When the stress applied to a 

spring exceeds its strength, a micro-crack forms, which can propagate if the subsequent 

stress redistribution causes the failure of other springs. The code employs an explicit, 

time-marching solution. The propagation of brittle fractures has been validated against 

physical models (Damjanac et al., 2013), showing a good agreement and a realistic 

accumulation of brittle damage. Single fractures or DFNs can be imported in the model, 

allowing Synthetic Rock Masses to be investigated (Mas Ivars et al., 2011). 

Discontinuities are modelled using a flat- and smooth-joint approach, which allows them 

to behave as planar surfaces, regardless of the orientation of the springs on either side 

of the joint (Potyondy, 2012) (Fig. 2.18). The code employs a small-strain approach, and 

thus the coordinates of the point-masses are not updated as the simulation proceeds. 

Such an assumption has been deemed to be adequate for simulating the crack initiation 

and the failure of rock bridges (Itasca Consulting Group, 2010). However, this may limit 

the application for models where large displacement and secondary damage are 

expected (Donati et al., 2018). 
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Fig. 2.18 Conceptual sketch of a spring and nodes lattice. The red line 
represent a discontinuity modelled using a flat-joint 
approach.Tangential and normal displacements along a flat-joint are 
modelled disregarding the orientation of the springs (Cundall, 2011). 

Slope Model has been applied in the investigation of brittle fracturing from the 

scale of the rock core specimen to high rock slopes. Havaej et al. (2014b) described the 

accumulation of brittle damage at the transition zone of a bi-planar failure, investigating 

the distribution of micro-cracks using an “ellipse of damage” (Fig. 2.10). They also 

investigated the change in kinematic freedom of a rock slope as a consequence of brittle 

damage accumulation in a large scale, non-daylighting rock wedge. Havaej et al. (2015) 

investigated the potential role of brittle fracturing in the evolution of the 1963 Vajont 

slide. Vivas et al. (2015) investigated the failure of intact rock bridges in an open-pit mine 

slope, investigating the role of rock bridge extension and location and water table level 

on the slope stability. Bastola and Cai (2018) used Slope Model to simulate uniaxial and 

triaxial compressive tests on marble specimen and performed a parametric analysis to 

investigate the role of the flat joint parameters on the behavior of the specimen under 

compression. 

2.4. Concluding remarks 

The recent advances of numerical modelling methods and computer hardware 

have greatly improved our understanding of the potential mechanisms involved in a 

slope instability. However, it should be emphasized that the quality of the results 

provided by numerical analyses largely depend on the reliability and accuracy of the 

input data. Thus, great care should be always used in planning and undertaking the data 

collection, as well as in processing and objectively interpreting the collected datasets. 
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Chapter 3.  
 
Methods for characterizing rock slope damage using 
remote sensing techniques1 

Abstract 

The geomorphic evolution of high rock slopes is intrinsically associated with the 

formation of features, such as tension cracks and intact rock fracturing, referred to as 

slope damage. Characterizing slope damage features provides insight on the 

mechanisms and processes underlying the stability of the rock slopes. In this chapter, 

new approaches are presented for mapping and characterizing slope damage features 

at several sites in the Canadian provinces of Alberta and British Columbia. State-of-the-

art ground-based remote sensing techniques are employed, including airborne and 

terrestrial laser scanning, high-resolution photography, thermal and hyperspectral 

imagery. Preliminary three-dimensional discontinuity mapping is performed on the 

terrestrial laser scanner datasets, with a focus on controls on slope damage. High 

resolution photographs are used to identify and map slope damage features at various 

scales, and to quantify and spatially characterize failed rock bridges using a brittle 

damage intensity approach. Infrared and hyperspectral imagery are employed to 

investigate groundwater seepage and surface alteration, respectively. Two dimensional 

datasets are also draped on the terrestrial laser scanner topographic dataset, to 

investigate the percentage of failed rock bridges over the area of a rockfall scar, and to 

perform a visual comparison between surface roughness, brittle damage intensity, and 

surface radiance and reflectivity. The use of a multi-sensor approach allows for a 

comprehensive characterization of damage in rock slopes to be undertaken. Finally, 

potential methods for effectively processing the large datasets that modern remote 

sensing techniques provide are discussed. 

                                                
1 To be submitted, modified, as: 

Donati, D. and Stead, D. (2019). Potential applications of multi-sensor remote sensing in rock mass 
characterization. 
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3.1. Introduction 

The geomorphic evolution, deformation, and failure of rock slopes is associated 

with the formation of varied features that can be comprehensively referred to as “slope 

damage”. Slope damage features may be observed in the field at various scales, from 

the slope-scale (Fig. 3.1), to the multi-bench-scale, to the outcrop-scale (Fig. 3.2), to the 

micro-scale. At large scales, rock slope stability and the development of slope damage 

features is often controlled by first-order geological structures and lithological factors. 

Various authors have observed that the occurrence and location of deep-seated 

gravitational slope displacements (DSGSDs) is largely controlled by the orientation of 

faults and foliation/cleavage (Agliardi et al., 2012; Jaboyedoff et al., 2013). Slope-scale 

slope damage associated with DSGSDs include double-ridges, trenches, scarps and 

antiscarps. Topography also affects the deformation behavior of rock slopes, as it 

controls the stress distribution (Kinakin and Stead, 2005). The morphological evolution of 

valleys has a two-fold impact on the stability of rock slopes. First, it causes stress 

distribution to vary with time, potentially inducing stress accumulation at the toe of the 

slope and promoting slope instability (Leith, 2012). Secondly, it may enhance the 

kinematic freedom of parts of the slope, for instance through removal of key blocks 

(Donati et al., 2017) or glacial retreat (Clayton et al., 2017). 

The boundaries of slope-scale instabilities are often marked by linear slope 

damage features such as tension cracks and scarps. The crest of the Aknes Slide 

(Norway) is marked by an open crack over 30 m wide (Ganerød et al., 2008) (Fig. 3.1a). 

The headscarp of the Ten Mile Slide (British Columbia, Canada) is defined by a 

prominent cliff that outlines the most recent retrogression of the instability. It has been 

observed that release surfaces of major instabilities are often structurally controlled. The 

displacement of the 1963 Vajont Slide (Italy) caused the formation of 2.5 km long crack 

along the Col delle Erghene fault, at the rear boundary of the unstable mass (Semenza 

and Ghirotti, 2000; Wolter et al., 2013) (Fig. 3.1e). The southern scarp of the Downie 

Slide (British Columbia, Canada), is characterized by a step-path morphology, where 

segments are sub-parallel to the main discontinuity sets identified in the rock mass 

(Kalenchuk et al., 2013) (Fig. 3.1f). Slope damage may also develop within the rock slide 

mass due to the presence of a transition zone in a bi-planar slide (Kvapil and Clews, 

1979), or as a result of internal extensile strain (Stead et al., 2006).  
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Slope damage may form as a result of brittle fracturing of intact rock bridges, due 

to high shear stresses at depth within the slope, or tensile fracturing near the surface 

(Tuckey, 2012; Leith et al., 2014). The accumulation of brittle damage may provide 

kinematic freedom to blocks with non-daylighting sliding surface (Havaej et al., 2014), or 

bounded by non-fully persistent discontinuities (Elmo et al., 2018). At the bench- or 

outcrop-scale, instability and damage are largely controlled by discontinuities that bound 

and provide kinematic freedom to small-scale blocks. The progressive detachment of 

blocks may cause the formation of step-path morphologies (Fig. 3.2a), which may 

include a component of brittle rock bridge fracturing (Yan, 2008; Sturzenegger and 

Stead, 2009a). Block displacement causes the formation of dilational damage in the form 

of open discontinuities (Fig. 3.2b,e) or crack propagation (Fig. 3.2d). The orientation and 

close spacing of bedding surfaces may promote buckling (Fig. 3.2c).  

Stead and Eberhardt (2013) provide a broad discussion on the role of damage in 

the evolution of large rock slope failures, highlighting the effects of slope morphology, 

lithology, structures, and slope kinematics. They also introduce the distinction between 

“internal” and “external” damage. Internal damage features do not daylight on the slope 

surface and may be identified and characterized using borehole drilling and geophysical 

methods (Willenberg et al., 2008). Conversely, external damage features can be 

observed at the slope surface and may therefore be investigated using traditional field 

techniques and remote sensing techniques (Stead and Eberhardt, 2013; Clayton et al., 

2017; Westin, 2017).  

In the past few decades, technological advancements in the field of remote 

sensing techniques have allowed increasingly detailed and sophisticated datasets to be 

collected, potentially allowing a more comprehensive characterization of rock slope 

damage both in two and three dimensions. Laser scanning and digital photogrammetric 

techniques have been largely employed to reconstruct three-dimensional models of rock 

slopes (Jaboyedoff et al., 2012; Abellán et al., 2014), that can be used to perform rock 

mass characterization (Sturzenegger and Stead, 2009a, 2009 b; Wolter et al., 2016) and 

monitor slope deformation (Oppikofer et al., 2009; Williams et al., 2018). Infrared 

thermography (IRT) has been recently implemented in the characterization of rock 

slopes for the investigation of groundwater seepage and spring detection (Röper et al., 

2014; Vivas, 2014). To a lesser extent, IRT has been employed to identify damage (i.e., 

open cracks, Teza et al., 2012; Baroň et al., 2014), and characterize the thermal 
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behavior of fractured rock masses (Mineo et al., 2015; Pappalardo et al., 2016). Finally, 

the introduction of multi- and hyperspectral imaging methods allowed for the 

mineralogical content of the rock mass to be investigated with contactless procedures, 

both from aerial and ground-based platforms (van der Meer et al., 2012; Kurz et al., 

2013; Park et al., 2016). 

The application of multi-sensor remote sensing methods in the characterization 

of high rock slopes and damage mapping has been limited to date although promising 

results have been obtained by coupling LiDAR with infrared thermography (Teza et al., 

2015) or hyperspectral imagery (Kurz et al., 2012, Park et al., 2016). In this chapter, 

varied methods are employed to map, characterize, and where possible quantify 

damage at different rock slope in British Columbia and Alberta. The analysis will be 

conducted at varied scales, from the outcrop- to the slope-scale. To do so, I 

predominantly use remote sensing methods, taking advantage of a multi-sensor 

approach which allows each site to be investigated using multiple two- and three-

dimensional datasets. 

3.2. Remote sensing techniques for slope damage 
investigation 

The investigation of slope damage presents numerous challenges. Slope height, 

slope steepness, dense vegetation, and active instability may all prevent access to the 

site, making comprehensive mapping and characterization of the rock mass and slope 

damage not possible by means of traditional field techniques. The main advantage of 

remote sensing techniques over traditional field methods is the capability of providing 

reliable data for otherwise inaccessible or hazardous rock slopes. Thus, remote sensing 

techniques are being increasingly employed in the analysis of damage in both natural 

and engineered slopes. Techniques such as laser scanning and photogrammetric 

methods allow for the reconstruction of the three-dimensional geometry of the slope, 

which can be then used to identify and map structures and damage features at various 

scales (Abellán et al., 2006; Sturzenegger and Stead, 2009a; Sturzenegger et al., 2009). 

Advanced techniques, such as thermal and hyperspectral imaging, allow for the 

collection of sophisticated datasets, including hydrogeological and mineralogical 

information that cannot be obtained with traditional field methods (Kurz et al., 2012; 

Vivas, 2014). 
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Fig. 3.1 Slope-scale slope damage features. a: tension crack bounding the 
Aknes Slide (Norway) (courtesy of D. Stead); b: tension crack at the 
Mt. Mercer DSGSD (British Columbia, Canada) (courtesy of D. 
Stead); c: step-path morphology of the southern scarp at the Downie 
Slide (British Columbia, Canada) (courtesy of BCHydro); d: dilational 
damage behind the headscarp of the Frank Slide (Alberta, Canada) 
(courtesy of D. Stead); e: dilational damage in an unstable slope in 
Alaska; f: tension crack at the headscarp of the Vajont slide 
(Semenza, 1967). 
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Fig. 3.2 Outcrop-scale slope damage features. a: step-path morphologies at 
a road cut near Medicine Lake (Alberta, Canada); b: intact rock 
fracturing at a toppling-prone roadcut East of jasper (Alberta, 
Canada); c: buckling failure along the sliding surface of the Vajont 
Slide (Italy) (courtesy of D. Stead); d: dilational damage at an oucrop 
displaying block toppling failure (courtesy of M. Sturzenegger); e: 
dilational damage at the Othello Tunnels (British Columbia, Canada) 
(courtesy of D. Stead). 
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Remote sensing techniques have been divided into “active” and “passive” 

methods, the difference being the source of the radiation. Radiation in active methods is 

supplied by a man-made source, which generally involve the emission of a calibrated 

signal or pulse (e.g., a laser beam) from the survey device. The signal reflected by the 

object is then captured by a receiver, mounted on the same device. The characteristics 

of the reflected signal can provide information on the morphology and composition of the 

investigated object. In passive methods, the radiation is naturally emitted by the object 

(e.g., infrared emission), or reflected from natural sources, such as the sunlight (Hunt, 

1980). A brief overview of the remote sensing methods that can be used to characterize 

the rock mass and the rock slope damage follows. 

3.2.1. LiDAR 

LiDAR, is an active remote sensing technique that allows for the collection of 

large datasets of points in a defined three-dimensional coordinate system (Abellán et al., 

2014). LiDAR techniques involve the emission of a laser pulse from a transmitter, and 

the analysis of the pulse reflected by the object and captured by a receiver mounted on 

the same instrument. Laser scanning devices can be mounted on both ground-based 

(TLS, terrestrial laser scanners) and aerial platforms (ALS, aerial laser scanners), 

including UAVs. Airborne LiDAR datasets can be employed to produce Bare Earth 

datasets, in which the vegetation is virtually removed by means of computer algorithms, 

allowing the ground surface to be investigated in detail. One of the main advantages of 

LiDAR among other remote sensing methods is the ability to collect and automatically 

register dense point clouds that can be used with minimal processing in basic 

applications (Shan and Toth, 2008). However, careful consideration is required when 

planning a terrestrial laser scanning survey, in order to minimize occlusions that may 

result in areas of no-data in the point cloud (Sturzenegger and Stead, 2009a; 

Sturzenegger, 2010). 

For this research project, ground-based LiDAR datasets were collected using a 

Riegl VZ-4000 terrestrial laser scanner. The VZ-4000 is characterized by a maximum 

operating range of 4 km, and includes built-in GNSS receiver, compass, and IMU for the 

registration of the datasets, as well as a 5 MegaPixel digital camera for coloring the point 

cloud. Data pre-processing (point cloud conversion, coloring, and filtering) is performed 

in RiScan Pro 2.6 (Riegl LMS GmbH, 2018).  
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3.2.2. High-resolution imagery 

High-resolution photographic imagery is obtained using high end reflex digital 

cameras with 25-50 MegaPixel, and can be employed to analyze in detail the surface of 

the rock slope of interest. The main advantage of two-dimensional photographic high-

resolution imagery over three-dimensional LiDAR datasets is the detail with which object 

at long range can be visually analyzed. A preliminary assessment of surface alteration 

can be made based on changes in colour of the rock surface. The use of high-resolution 

imagery can be proven beneficial in distinguishing between surfaces that are structurally 

controlled and failed rock bridges. Additionally, high-resolution photographs may be 

processed using photogrammetric approaches (such as Terrestrial Digital 

Photogrammetry, TDP, and Structure-from-Motion, SfM) if multiple camera stations are 

used. Various authors have employed high-resolution imagery in the preliminarily 

assessment of the location and failure of rock bridges in the characterization blast 

damage (Lupogo, 2017), and in the investigation of rock slope failure at small- and large-

scales (Franci and Spreafico, 2016; de Vilder et al., 2017; Sampaleanu et al., 2017). 

In the course of this research, high resolution photographs were obtained using a 

Canon EOS 5Ds-R, 50 MegaPixel reflex camera, coupled with either a Canon f = 200 

mm prime lens or a Canon f=100-400 mm telephoto zoom lens. 

3.2.3. Infrared Thermography 

Infrared Thermography, or IRT, is a remote sensing technique that allows the 

surface temperature to be investigated (Frodella et al., 2014). An infrared camera is a 

device that is capable of capturing and quantify the rate of infrared emission of an object, 

which is a function of the temperature. Infrared cameras compute the temperature map 

of the investigated object in the form of an ij matrix, in which each cell is assigned a 

scalar value of temperature (Clark et al., 2003). Datasets are displayed in form of two-

dimensional images where the color intensity represents the temperature.  

For this research, a FLIR SC7750 thermal camera, equipped with 50 mm and 

100 mm focal length lenses, was employed to investigate the rock slope at various sites. 

The instrument operates in the spectral range 7.85 – 9.5 m and has an accuracy of the 
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measured temperature of +/- 2°C. Thermal imagery was processed using Research IR 

(FLIR Systems Inc., 2015). 

3.2.4. Hyperspectral and Multispectral Imaging 

Hyperspectral imaging (HSI) and multispectral imaging (MSI) are advanced, 

passive remote sensing techniques that involve the quantification of the electromagnetic 

energy that is reflected (or adsorbed) by an object. While Infrared Thermography 

quantifies the total amount of infrared emission, hyperspectral and multispectral imaging 

allow for the investigation of the intensity for multiple, specific wavelengths. The output 

of a hyperspectral survey comprises several, overlapping images, each of which 

displays the reflectivity of the investigated object for a specific wavelength, and is 

therefore referred to as “hyperspectral cube”. The difference between “hyperspectral” 

and “multispectral” imaging is related to the number of wavelengths that are sampled. 

Typically, hundreds of narrow wavelengths can be analyzed in hyperspectral imaging, 

while less than ten, wider wavelengths are analyzed for multispectral applications. 

Hyperspectral imaging requires the use of a hyperspectral scanner, which is capable of 

quantifying the reflectivity of the object for specific wavelengths. In the short-wave 

infrared spectrum (SWIR, 1.1 – 3 m), spectral signature is diagnostic of the 

mineralogical composition of the object (Clark et al., 1990). For this reason, 

hyperspectral techniques, especially using satellite-based platforms, have been 

commonly employed for large scale mineral exploration. Recently, hyperspectral imaging 

techniques have been employed for ground-based, short range applications, showing 

the potential for the data collection of high-detail hyperspectral datasets to be used in 

mineralogical characterization (Kurz et al., 2013). Laboratory-scale hyperspectral 

cameras can also be used to systematically investigate the mineralogical composition of 

rock cores from drill holes (Taylor et al., 2015). During this research, a Specim SWIR3 

Hyperspectral scanner was employed to collect long range, ground-based hyperspectral 

imagery. The objective of the data collection was to evaluate the potential uses of HSI 

for the investigation of slope damage, with particular regard to the investigation of rock 

alteration and weathering. The SWIR3 has a 384 pixels push-broom sensor, capable of 

collecting data in the short-wave infrared spectrum (1.0-2.4 m) with a spectral 

resolution of 12nm (288 bands). The scanner was equipped with a 56 mm focal length 

lens that provides a ground-pixel size of 4.3 cm from a distance of 100 m. 
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3.3. Characterization of slope damage using remote 
sensing techniques 

Several rock slopes and rock slide sites have been investigated including 

collection of structural, geomorphic, and hydrogeological data using multiple remote 

sensing techniques. The objective of this research was to demonstrate the mapping and 

characterization of rock slope damage, in order to investigate the factors that potentially 

control its development and spatial distribution. At each site, a preliminary rock mass 

characterization was performed, in order to highlight any correlation between geological 

structures and slope damage. Damage features have been mapped in high-resolution 

imagery and, where available, on TLS datasets. Thermal and hyperspectral imagery 

have been also analyzed. The map in Fig. 3.3 shows the location of the sites at which 

slope damage analysis was performed. 

 

Fig. 3.3 Geographical location of the selected study areas in Alberta and 
British Columbia (Canada). Red stars identify the visited sites (1: 
Whitemans Pond; 2: Weeping Wall; 3: Medicine Lake; 4: Yak Peak). 
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3.3.1. Whitemans Pond 

Whitemans Pond is a reservoir located in the Canadian Rockies, about 5 km 

west of Canmore (Alberta) along the Three Sisters Parkway. The reservoir has an area 

of about 1 square kilometre and is located between the southern spur of Mt. Rundle and 

the northern slope of the Ha Ling Peak. The slopes surrounding the reservoir comprise 

Devonian limestones and dolostones (Prior et al., 2013). Poorly vegetated scree slopes 

cover the base of the rock slopes, and are characterized by a slope angle of c. 40°. 

Remote sensing surveys were performed from the dam at the eastern end of the 

reservoir, at a distance of about 1,000 m from the investigated slope. Collected datasets 

include TLS point clouds and high-resolution photography (f=200 mm and f=400 mm 

focal length lenses). 

 

Fig. 3.4 The Whiteman Pond study area. a: 2018 Google Earth satellite image 
of the site, where the red dot shows the remote sensing survey 
location, and the red, dashed line outlines the area in which the 
slope damage was investigated; b: view of the investigated area 
from the TLS station. Photograph summer 2017. 

The terrestrial LiDAR dataset was used to collect joint orientation data, to 

compare the structural setting with the orientation of slope damage features. Three 

major discontinuity sets were observed: bedding planes and two joint sets, J1 and J2. 

Bedding planes dips towards the southeast, with an average orientation of 33°/241° 

(dip/dip direction). J1 and J2 are sub-perpendicular both to the bedding and to each 

other, and are characterized by an average orientation of 77°/124° and 65°/41°, 

respectively (Fig. 3.6). 
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Along the perimeter of the reservoir, the changes in slope dip direction cause 

varied potential failure mechanisms. A preliminary kinematic analysis was conducted, 

considering three different measured slope orientations. Along the western shore of the 

reservoir, sub-vertical rock slopes dip towards the east, facilitating the occurrence of 

wedge instability. Along the eastern shore, the slope dip direction ranges from northwest 

to southwest, causing the failure mechanism to change from a toppling failure to planar 

sliding (Fig. 3.5). It is stressed that although kinematic analyses are appropriate for 

preliminary slope stability assessment, complex failure mechanisms comprising bi-planar 

and step-path rupture surfaces (with or without brittle fracturing of intact material) cannot 

be comprehensively addressed. 

Along the northern slope of the Whitemans Pond, the orientation of the mapped 

discontinuity sets is favorable for the failure of rock wedges along the intersection J1-J2, 

while bedding planes may act as release surfaces at the top of the wedges (Fig. 3.7a). 

The progressive removal of blocks has led to the formation of step-path surfaces (Fig. 

3.7a). A preliminary kinematic limit equilibrium analysis was conducted in Swedge 

(Rocscience, 2016), which showed that the displacement may occur along line of 

intersection, which plunges 63° along a trend of 062°. In view of the steep angle of the 

line of intersection, the strength along the discontinuities forming the wedges must 

involve components of friction, roughness, and rock bridges. A distinct step-path 

geometry is observed within the rock knob at the southern end of the reservoir (Fig. 

3.7b). The stepped morphology is defined by the intersection of bedding planes (acting 

as basal surface) and the discontinuity set J1 (providing rear release) and J2 (acting as 

lateral release surface). Although the rear release surface is fully persistent, brittle 

fracturing of intact material occurred at some of the intersections between bedding 

planes and J1 discontinuities (Fig. 3.8). In fact, while a fully persistent rupture surface is 

essential for a potentially unstable block to fail, it is not always sufficient (such as in this 

case) to provide kinematic freedom to the block. Step-path morphologies formed by the 

intersection of bedding planes and exfoliation joints can also be observed within the 

slope (Fig. 3.7c). These steps are generally parallel to the slope surface, and the size of 

the features varies with the depth of the exfoliation joint beneath the slope surface, 

which may range from a few centimeters to tens of centimeters in the investigated area. 

Various types of step-path geometries have been investigated in detail by Yan 

(2008) and Sturzenegger and Stead (2009b). They suggested that these morphologies 
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may be conceptually classified based on their failure mode, which in turn depends on the 

orientation of the structures, spacing, and persistence. The step-path geometries 

observed at the Whitemans Pond site can be largely ascribed to “planar” (Fig. 3.7a) and 

“rockfall” (Fig. 3.7c) failure mode. A rockfall hazard at this site has been carried out and 

described in Macciotta et al. (2018). The classification of the step-path geometry showed 

in Fig. 3.7b is less obvious, as the rupture surface may be observed only as a trace, thus 

preventing the observation of the step-path geometry in three dimensions and a 

confident interpretation of the failure mode. 

Along the southern shore of the reservoir, the dip direction of the rock slope 

ranges between 290° and 340°, with a slope angle greater than 70°. No major variations 

were observed in the structural setting in the slopes on either side of the reservoir. 

Preliminary kinematic analysis showed a potential for flexural and direct toppling. In 

potentially unstable blocks, J2 discontinuities act as basal release surfaces, and J1 

discontinuities form the rear release surface. Bedding planes may provide lateral release 

surfaces for toppling blocks. As the slope dip direction exceeds N304° and approaches 

N340°, toppling failures gradually become oblique toppling in mode, and eventually 

cease to be kinematically feasible. At the southern end of the Whitemans Pond, the rock 

slope locally dips to the Southwest (N230°), and planar sliding may occur along bedding 

planes, with J1 discontinuities acting as lateral release surfaces. Dilational damage 

features, resulting from the opening of J1 discontinuities, were observed along the 

southern rock slope, particularly where the slope dip direction approaches N300°. Fig. 

3.9a shows an example of slope damage related to the presence of a toppling column. 

The rear release surface is along a 40 cm wide tension crack (as measured in the 

terrestrial LiDAR dataset) that extends for over 18 m, and is partially defined by a 

stepped surface resulting from intersections of J1 and bedding planes. Such a stepped 

rear release surface enhances the kinematic freedom of the column for oblique toppling 

failure. Above the column, open J1 discontinuities can be observed. The width of these 

cracks cannot be confidently measured from the LiDAR dataset, but does not exceed 15 

cm (about twice the point spacing in this part of the point cloud). The aperture of these 

joints is related to the progressive toppling of the column, which causes damage to 

propagate backwards into the rock slope (Fig. 3.9). Seasonal and daily freeze and thaw 

cycles may also induce dilation along discontinuities, potentially favoring the occurrence 

of slope failures. 
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Fig. 3.5 Overview of potential failure mechanisms along the perimeter of 
Whitemans Pond (2018 satellite photograph from Google Earth). The 
three discontinuity sets were defined based on the structural 
mapping performed on the displayed LiDAR point clouds. Along the 
western shore, the slope orientation favours the occurrence of 
wedge failures. On the eastern shore, the changes in slope 
orientation facilitates the occurrence of toppling failures (where the 
slope dips towards the North-west) and planar sliding failures 
(where the slope dips towards the South-west). BP stands for 
bedding plane. Black annotations refer to the pole of the 
discontinuity set while the red annotations refer to the mean great 
circle of the discontinuity set. 



58 

 

Fig. 3.6 Preliminary structural analysis of the rock slope North of the 
Whitemans Pond. a: photograph of the rock slope along the 
northwest side of the lake. b: main discontinuity traces observed in 
the photograph. Bedding planes (green traces), J1 (red traces), and 
J2 features (blue surfaces) are highlighted. In the inset, the 
stereonet summarizing the result of the preliminary structural 
analysis (BP: bedding planes). Photograph summer 2017. 
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Fig. 3.7 Step-path morphologies visible at the Whitemans Pond site. a: three-
dimensional step-path morphology, due to the gradual removal of 
wedges formed by the intersection of J1 and J2. A planar failure 
mode may be inferred (Yan, 2008; B: basal release surface, R: rear 
release surface) b: incipient failure of a block (highlighted in red) 
along a step-path surface defined by Bedding (green traces), J1 (red 
traces), J3 (dashed areas). Part of the surface is formed by a single 
structure and failed rock bridges (blue traces). A rock fall failure 
mode may be inferred (Yan, 2008); c: two-dimensional step-path 
morphologies, defined by bedding planes (green traces) and 
exfoliation joints (blue traces). Conceptual models of the origin of 
the features are also displayed. Photographs summer 2017. 
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Fig. 3.8 Detail of the brittle and dilational damage observed within the 
northern shore. a: overview of the investigated slope; b: structural 
interpretation. Note the brittle damage occurring at the intersection 
J1-bedding; c: close-up view of the dilational damage features. 
Photograph summer 2017. 
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Fig. 3.9 Rock slope south of the Whitemans Pond. a: high-resolution 
photograph of the cliff along the northwest side of the lake. Red 
traces highlight open joints. b: main discontinuity traces and 
surfaces observed in the photograph. Bedding planes (annotated BP 
and as green traces), J1 (blue surfaces), and J2 features (black 
surfaces) are highlighted. The toppling column at the base of the 
slope is highlighted in red. Note the step-path release surface, and 
the retrogression of the dilation damage in the slope above the 
toppling column. Photograph summer 2017. 
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3.3.2. Weeping Wall 

The Weeping Wall is a sub-vertical, 700 m high rock slope on the western side of 

Highway 93 (Icefield Parkway), Alberta, Canada (Fig. 3.10a). It owes its name to large 

seepage areas that can be observed along the slope. The Weeping Wall rock slope 

comprises limestones and shales of the Devonian Palliser formation (Prior et al., 2013). 

The remote sensing survey was performed from the dry stream bed at the base of the 

slope and included high-resolution photography and TLS. The survey distance ranges 

between 500 m (at the base of the slope) and 1,100 m (at the crest). The rock slope was 

preliminarily characterized, and discontinuity mapping performed using the TLS dataset. 

The rock mass is characterized by the presence high persistence, low angle bedding 

planes (28°/033°) and three high angle discontinuity sets: J1 (77°/105°), J2 (72°/163°) 

and J3 (74°/313°). An additional discontinuity set was also identified, sub-parallel to the 

slope (74°/239°) and interpreted as stress-relief (sheeting or exfoliation) joints. The 

exfoliation joints, together with the bedding, are one of the main factors governing 

rockfalls at the Weeping Wall, due to their sub-vertical orientation and the 80° slope 

angle (Fig. 3.10c). 

High slope angle, persistent bedding planes, and sub-vertical exfoliation joints 

facilitate the detachment of blocks from the rock slope. Dilation features, brittle failure of 

rock bridges, and rockfall scars are the predominant evidence of slope damage (Fig. 

3.11). Intra-bedding rupture surfaces can be frequently observed along the Weeping 

Wall rock slope. In these instances, the detachment of the unstable block occurs due to 

the failure of out-of-plane rock bridges between bedding planes, which may induce the 

formation of step-path geometries (Fig. 3.11a). Cooke and Underwood (2001) provided a 

comprehensive description of the fracture propagation across geological layers. They 

observed that sliding along bed contacts may also occur if the bounding bedding plane is 

a weak interface. In some cases, potentially unstable blocks were observed that appear 

to be completely separated from the slope (Fig. 3.11c). The stability of these blocks is 

likely controlled by intact rock bridges. Elmo et al. (2018) observed that the amount, 

location, and geometry of rock bridges can be investigated only after the failure, which 

makes the assessment of the stability of single blocks a challenging task. It is stressed 

that the percentage of rock bridges along a rupture surface may decrease with time. 

Time-dependent processes, such as subcritical crack growth, may cause brittle fractures 

to propagate at stresses lower than the material strength (Atkinson, 1984; Kemeny, 
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2003). Additionally, weathering and freeze-thaw cycles may also determine the 

expansion and propagation of existing fractures, if enough water is available (Matsuoka, 

2001). The identification and local monitoring of potentially unstable blocks may provide 

insight on the effects and evolution of the progressive failure of rock bridges. Potentially 

unstable blocks, such as shown in Fig. 3.11c, represent suitable locations to investigate 

and estimate the percentage of failed rock bridges along a rupture surface. 

Along one of the rockfall scars identified at the site, a three-dimensional 

investigation of the areal extension of rock bridges was performed by draping a high-

resolution photograph over the meshed LiDAR point cloud. Firstly, a preliminary analysis 

of fracture and damage intensity was performed, using a rectangular window that 

included the rockfall detachment area. Irregular, rough, and undulating surfaces were 

observed, that typically identify areas where brittle fracturing of rock bridges has 

occurred (Tuckey and Stead, 2016; Sampaleanu et al., 2017). Fracture intensity, also 

referred to as P21, is defined as the ratio between the total length of the fractures over 

the sampling area (Dershowitz et al., 2000). In this instance, P21 was computed within 

the window and found equal to 0.371 m-1 (Fig. 3.12). Using a procedure originally 

developed by Lichtenauer and Sirmacek (2015), a semi-automatic bundle adjustment 

between the three-dimensional LiDAR dataset and the high-resolution photograph was 

performed using MeshLab (Cignoni et al., 2008) (Fig. 3.13). A mesh was built on the 

point cloud, and the portions of mesh forming the identified failed rock bridges were 

extracted. The total area of the extracted surfaces was measured at 29.2 m2. The total 

area of the rock bridges was compared to the estimated surface of the rock fall scar (297 

m2), and the rock bridge percentage area computed. In this case, the rock bridge 

percentage was estimated as 9.8%. While, for the aim of this project, rock bridges were 

manually mapped, semi-automated approaches for the identification and mapping of 

rock bridges on rock fall scars may be employed (de Vilder et al., 2017; Sampaleanu et 

al., 2017), to investigate larger areas and possibly entire rock slopes. The described 

approach allows any two-dimensional dataset, including thermal and hyperspectral 

imagery, to be draped on a three-dimensional LiDAR dataset, to perform advanced 

investigation, such as discontinuity alteration and seepage analysis. 
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Fig. 3.10 Panoramic view of the Weeping Wall rock slope. a: 2004 satellite 
image from Google Earth of the investigated area. Red dot show the 
location of the remote sensing station; b: high resolution panorama 
of the rock slope; c: main discontinuity traces observed in the 
imagery. Bedding planes (green traces), J1 (blue traces), J2 
(magenta traces), J3 (blue traces), and exfoliation joints (black 
surfaces) are highlighted. In the inset, the equal angle stereonet 
shows the orientation of the mapped discontinuity sets and the area 
of the poles susceptible to planar sliding. EJ and BP identify the 
exfoliation joint set and the bedding planes, respectively. 
Photograph summer 2017. 
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Fig. 3.11 Damage features observed at the Weeping Wall site. a, b: Intra-bedding cracks separating potentially unstable blocks. c: incipient rock fall. The block is kept in place by rock bridges that are 
not visible from the surface. d,e: rock fall scars partially constituted by failed in-plane and out-of-plane rock bridges. f,e: open cracks surrounding potentially unstable blocks. Photograph 
summer 2017.
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Fig. 3.12 Small-scale rock mass and brittle damage mapping at the Weeping 
Wall rock slope. a: high resolution photograph of the rockfall scar 
(photograph summer 2017); b: traces of the mapped joints and failed 
rock bridges within the 2D window. The computed fracture intensity 
(P21) was found equal to 0.371 m-1. 
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Fig. 3.13 Conceptual workflow for draping two-dimensional datasets onto 
three-dimensional meshes. The distance of the feature from the 
survey station is 630 m, which provided a point spacing of 10 cm in 
the LiDAR point cloud and a ground pixel size of 1.3 cm in the high 
resolution photograph. Imagery summer 2017. 

3.3.3. Medicine Lake 

Medicine Lake is located approximately 20 km Southeast of Jasper (Alberta). It is 

the site of an ancient rockslide that detached from the southwestern side of the Colin 

Range Ridge and deposited at the northwestern tip of the lake. The rock mass forming 

the slide consists predominantly of limestones and dolostones of the Palliser Formation 

(Prior et al., 2013). The upper part of the ridge is constituted by the lower section of the 

Banff Formation (Cruden, 1976). Today, the rupture surface of the slide remains clear of 

vegetation and is characterized by bedding planes sub-parallel to the slope. The slide 

debris is located at the bottom of the slope, and its deposition has created a landform 

that has raised the valley floor by about 200 m. The current investigation focused on a 
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part of slope that was not directly involved in the major slide event, but displays damage 

features that are representative of active instability processes. 

An extensive remote sensing survey was conducted at the site, which included 

the collection of TLS datasets using the Riegl VZ-4000 laser scanner, high-resolution 

photography using the 50 MegaPixel Canon EOS 5Ds-R with f=200 mm focal lens, and 

Hyperspectral imagery using a Specim SWIR3 Hyperspectral camera. All the 

instruments were located within the northwestern shore of the Medicine Lake, at a 

distance of about 1,700 m from the rock slope. 

High-resolution photography provided the most detailed dataset, with a ground 

pixel size of 36 mm. The TLS point cloud is characterized by a point spacing of 15 cm, 

while the Hyperspectral imagery has a ground pixel size of c. 0.8 m. A preliminary 

structural investigation was conducted, that highlighted the presence of a prominent 

Southwest dipping bedding (53°/217°), and two discontinuity sets perpendicular to the 

bedding planes and orthogonal to each other: J1 (90°/126°), and J2 (46°/38°). A 

kinematic analysis was conducted and indicates the potential for planar sliding occurring 

along the bedding planes, with discontinuity sets J1 and J2 acting as lateral and rear 

release surfaces for tabular blocks, respectively. Stead and Eberhardt (2011) introduced 

a classification for the lateral release surfaces of potentially unstable volumes of rock 

mass. Depending on the relative orientation of the discontinuities, they distinguished 

between conventional (type I), convergent (type II), and divergent (type III) lateral 

release surfaces (Fig. 3.15). Whereas type I and II configure a kinematically free 

condition for the unstable block, type III release surfaces require the block to fracture, 

and damage to accumulate. At Medicine Lake, the orientation of the mapped 

discontinuity sets suggests that lateral release surfaces are of type I (conventional lateral 

release surfaces). This interpretation can be confirmed with a visual assessment of the 

slope, where numerous three-dimensional step-path geometries, formed by the mapped 

discontinuity sets, define lateral release surfaces (Fig. 3.15a). Potentially unstable blocks 

at the edge of existing step-path surfaces can also be identified, suggesting that 

morphology of the release surfaces may have been the result of a progressive 

retrogression of the lateral and rear surfaces (Fig. 3.15b,c). Predicting the occurrence of 

future instabilities remains a challenging task due to the unknown amount of rock 

bridges that characterize the rupture surface (Elmo et al., 2018). 
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Fig. 3.14 Overview of the study area. a: 2012 Google Earth satellite image. 
The yellow, dashed line outlines the deposit of the Medicine Lake 
slide. The solid line marks the inferred headscarp. The red dot 
identifies the location where the remote sensing survey was 
undertaken. The red square shows the area investigated in this 
study; b: view of the rock slope from the remote sensing survey 
location. Photograph summer 2017. 
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Failed rock bridges, defined by rough, irregular surfaces, can be frequently 

observed both along bedding plane surfaces, and at intersections between J1 and J2, 

connecting portions of step-path morphologies. A preliminary investigation of the failed 

rock bridge density at the Medicine Lake site was undertaken using a damage intensity 

approach. The concept of damage intensity, also referred to as D21, can be used to 

investigate the amount of brittle damage developed in a rock (Tuckey, 2012; Gao and 

Stead, 2014; Hamdi et al., 2014; Havaej et al., 2014). Damage intensity has been 

defined as the ratio between the total length of the brittle fracture traces as a ratio of the 

sampling area. To investigate D21 at the Medicine Lake site, brittle fracture features were 

identified and mapped in ArcGIS 10.5 (ESRI, 2017). A 5 m spaced square grid was then 

created, and within each cell the total length of the brittle damage features was 

computed. D21 was then obtained by dividing the computed length by the area of the cell. 

The preliminary damage intensity analysis confirmed the presence of relatively high D21 

values along bedding plane surfaces (Fig. 3.16b). At a different site, Sampaleanu et al. 

(2017) observed that failed rock bridges are associated with an increase in surface 

roughness. At the Medicine Lake site, brittle damage intensity was compared with the 

calculated point cloud roughness using CloudCompare, and a good agreement was 

observed (Fig. 3.16c). Hyperspectral imagery was also collected, and a preliminary 

analysis conducted. As the intensity of the radiation captured by the hyperspectral 

camera is averaged throughout the area covered by each single pixel, features smaller 

than three pixels in size cannot be distinguished in the dataset. In spite of the limited 

resolution (0.8 m pixel size), the dataset provided interesting insight on the relationship 

between surface roughness and radiance. Higher radiance values were observed for 

smooth surfaces. Conversely, rough surfaces characterized by high D21 values showed 

lower radiance values (Fig. 3.16d). This effect may be related to the shadow generated 

by the asperities on the surface, which in turn results in a decrease in the amount of light 

reflected towards the instrument. 
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Fig. 3.15 Step-path morphologies observed at the Medicine Lake site. a: 
overview of the investigated area; b: conceptual sketch 
summarizing the lateral release surface classification (SF: slope 
face, LR: lateral release, RR: rear release, modified from Stead and 
Eberhardt, 2013); c: Potentially unstable block bounded by 
discontinuities. Rock bridges along the basal rupture surface 
prevent its detachment; d: purple, dotted lines highlight step-path 
surfaces in different directions: parallel to the bedding planes 
(formed by the intersection of J1 and J2 discontinuities) and 
perpendicular to the bedding planes (formed by the intersection 
between bedding planes and J1 discontinuities). Photographs 
summer 2017.
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Fig. 3.16 Brittle damage investigation. a: high-resolution photograph used for failed rock bridge mapping; b:brittle 
damage (failed rock bridge) intensity distribution within the investigated window; c: three-dimensional LiDAR 
point cloud of the investigated area, colored by roughness; d: hyperspectral dataset draped on the three-
dimensional LiDAR model. Note the agreement between high D21 cells, high roughness, and low radiance 
values. Imagery summer 2017.
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3.3.4. Yak Peak 

Yak Peak is an 800 m high rock slope located about 30 km northeast of Hope 

(British Columbia), along the Coquihalla highway (BC-5). The bedrock in the investigated 

area comprises Eocene, granodioritic intrusive rocks of the Needle Peak Pluton 

(Cairnes, 1924; Berman and Armstrong, 1980; Ray, 1990). 

This site was selected as it provides an excellent opportunity to remotely image 

exfoliation structures and undertake brittle fractography and slope damage assessment. 

This site was also used to assess the potential of hyperspectral scanning for the 

characterization of rock mass surface alteration from long range. Collected remote 

sensing data include TLS, high resolution imagery, hyperspectral imagery and infrared 

thermography. All the sensors were located at the base of the slope, on the opposite 

side of the highway, at a distance ranging from 900 m (at the base of the slope) to 1,900 

m (at the crest) (Fig. 3.17a). 

The investigated slope dips towards the south (195°) at an angle varying from 

35° at the base of the slope to 55° in the upper part. The slope is intersected by several 

first-order structures that dip predominantly towards the northwest (Fig. 3.17a, b). The 

rock mass forming the slope is massive, and is likely characterized by high GSI values, 

in the range 80-90. GSI values appear to decrease near the north-west dipping, first 

order features, indicating the presence of 10 to 30 m wide damage zones surrounding 

the structures. 

Preliminary discontinuity mapping was undertaken using the TLS dataset, which 

showed that stability is largely governed by highly persistent exfoliation joints, oriented 

sub-parallel to the slope (36°/192°), along which tabular blocks slide. The morphology 

and the processes that cause the formation of exfoliation joints have been studied by 

various authors (Holzhausen, 1989; Bahat et al., 1999; Hencher et al., 2011; Leith, 2012; 

Ziegler et al., 2013; Leith et al., 2014), and it is well-known that these features typically 

form in massive granitic rocks and gneisses (Holzhausen, 1989). Two additional 

discontinuity sets were also observed, J1 (49°/298°), and J2 (42°/041°). These sets were 

found to provide lateral and release surfaces, respectively, for the sliding blocks. 
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Fig. 3.17 Overview of the Yak Peak area. a: 2014 Google Earth satellite image 
of the of the investigated slope. The dashed, yellow line outlines the 
investigated area and the red dot identifies the location of the 
sensors. The red, dashed lines identify first order structures; b: view 
of the slope from the remote sensing station. The boxes highlight 
the width of the damage zone surrounding the northwest dipping 
structures. The stereonet displays the results of the window 
discontinuity mapping. EJ identifies the exfoliation joint set. 
Photographs summer 2017. 

The analysis of the exposed rock surface allowed for remote sensing 

fractography and the identification of large-scale brittle features, such as plumes, arrest 

marks, and partial arches, that testify to the propagation of exfoliation joints. Similar 

features were also observed at the Stawamus Chief (Squamish, BC) and have been 

described in detail by Tuckey (2012). Plume striations are brittle fractographic features 

that form parallel to the direction of crack propagation (Bahat and Rabinovitch, 2000), 
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and can be observed at any scale, from the outcrop scale (Tuckey, 2012) to the slope 

scale (Holzhausen, 1989). At the Yak Peak site, plume-like features can be observed 

that extend for several meters (up to 30-40 m) (Fig. 3.18a). Additionally, a prominent 

partial arch may be observed in the central part of the slope, forming a 5 m step that 

extends for about 150 m. The terminations of the partial arch are gradational, although 

limited branching may be observed at the left end (Fig. 3.18b). 

The gradual detachment of blocks has left the rock slope with a marked stepped 

surface. Such a morphology characterizes the upper section of the slope, where the 

slope angle increases, favoring the occurrence of planar sliding failures. Several 

instances of planar instability may be observed along the slope (Fig. 3.19a, b, c). In 

numerous cases, the stability of single, tabular blocks appears to be governed by the 

presence of intact rock bridges (Fig. 3.19a, d). Different types of brittle fractures were 

observed in the high-resolution imagery, the majority of which are characterized by the 

typical irregular, curved surface (Fig. 3.19d), described in Tuckey (2012). In some cases, 

a stepped surface was observed for the failed rock bridges, which was not controlled by 

any obvious inherited fracture (e.g., joints) (Fig. 3.19e). Shang et al. (2017) investigated 

the failure of intact rock bridges using a “forensic excavation of rock masses” (FERM) 

technique, and reproduced a similar, stepped brittle fracture in a block artificially 

fractured using a chemical splitter. In a single case the presence of a series on en-

echelon fractures between inherited discontinuities was observed (Fig. 3.19f), which may 

facilitate the progressive fracturing within the intact material. 

Thermal and hyperspectral imagery was also collected at the site (Fig. 3.20). 

Infrared thermography was employed to identify areas of seepage along the slope. As 

the datasets were collected in August 2018 following a prolonged dry season, 

groundwater seepage was observed only in a limited area at the base of the slope, 

predominantly from exfoliation joints (a1 and b1 in Fig. 3.20). Hyperspectral imagery 

allowed areas of surface alteration to be highlighted. Changes in the degree of 

weathering were observed throughout the slope, which resemble areas of seepage and 

surficial water flow during prolonged rainfall (Fig. 3.20c). Specifically, the radiance of the 

slope appears to increase where surficial flow typically occurs, compared to areas that 

remain predominantly dry. It is currently unclear whether this is due to mineral alteration, 

and further field and/or laboratory analyses should be undertaken to verify and validate 

the long-range hyperspectral survey results. 
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Fig. 3.18 Evidence of brittle propagation of exfoliation joint. The slope 
panorama shows the location of the high resolution photographs. a, 
b: plume-like features. The white arrow indicates the direction of 
propagation of the brittle cracks; c: 160 m long partial arch. Right 
termination is gradual, while an incipient branching is observed at 
the left termination. Photographs summer 2017. 
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Fig. 3.19 Examples of structurally controlled instability and rock bridges at 
the Yak Peak site. a, b, c: failed and potentially unstable blocks. 
Note the rear and lateral release surfaces provided by J1 and J2, 
respectively, while exfoliation joints act as basal rupture surface; d: 
rock bridge controlling the stability of a tabular block; e,f: failed rock 
bridges characterized by a stepped morphology. The fracture is 
linked to a tectonic discontinuity through a curved crack; g,h: en-
enchelon fractures along an intact rock bridge. Photographs 
summer 2017. 
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Fig. 3.20 Long range, infrared investigation of the slope. a: RGB panorama; b: 
panoramic image of the thermal dataset, where darker areas identify 
areas with lower temperature (e.g., seepage, vegetation). The red 
square outlines the area where seepage was observed, and is 
magnified in a1 (in the RGB dataset) and b1 (in the thermal dataset). 
The yellow box outlines the area where hyperspectral imagery was 
collected. c: extract of the hyperspectral dataset. Brighter areas are 
characterized by higher radiance. Note the resemblance with 
potential seepage areas and surficial water flow in rainy periods. 
Active seepage is characterized by very low surface radiance. 
Imagery summer 2017. 
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3.4. Discussion and conclusions 

The evolution of rock slopes involves the formation of geomorphic features 

referred to as slope damage. The identification and mapping of slope damage features 

provides additional insights on the mechanisms that govern the stability of the slope, 

both at small and large scale. In this chapter, various methods are presented and 

employed to map and spatially characterize slope damage, at scales varying from 

centimetres to tens of meters. In particular, the use of multiple remote sensing 

techniques allows the geoscientist/engineer to collect two- and three-dimensional 

datasets that can be employed to: a) perform a preliminary characterization of the rock 

mass, b) characterize the type, amount, and distribution of damage features, and c) 

identify the main mechanisms and factors that control the geomorphic evolution of the 

slope. 

In this research, the mapping and interpretation of slope damage features has 

largely relied on TLS and high-resolution photography, due to high level of detail 

provided. In general, a point spacing of 10 to 15 cm was maintained for the TLS point 

clouds. Although even higher point density could be achieved, the laser beam 

divergence causes small features to become blurred at distance (Litchi and Jamtsho, 

2006). Thus, centimetre or sub-centimetre point spacing at long range does not 

effectively increase the detail of the dataset. At all the visited sites, TLS datasets were 

employed to perform preliminary discontinuity mapping, using a window mapping 

approach. The 50 MegaPixel Canon EOS 5Ds-R, coupled with an f=200 mm prime lens, 

provided a ground pixel size of 3.1 cm at a distance of 1,500 m. At all the visited sites, 

slope damage features were identified and mapped using high resolution photography. 

At the Whitemans Pond site, an emphasis was given to the analysis of step-path 

morphologies, which were investigated both in two and three dimensions. At the 

Weeping Wall site, failed rock bridges were investigated employing a three-dimensional 

approach, using a high-resolution photograph draped onto the mesh obtained from the 

TLS point cloud. Compared to TLS dataset, the high-resolution photography provided a 

much higher resolution, which allowed for the calculation of fracture intensity within a 

selected window, and the estimation of the surface of failed rock bridges over the area of 

a rock fall scar. A three-dimensional approach appears more suited, compared to two-

dimensional methods, for characterizing the percentage of rock bridges, as it allows for 
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the true, unbiased surface area of the rock bridge to be measured. At the Medicine Lake 

and Yak Peak sites, TLS and high-resolution photography focused on the investigation 

of the failure mechanisms of the tabular blocks forming the slopes, and the identification 

of potentially unstable blocks. The analysis of the Yak Peak datasets also allowed for a 

preliminary remote sensing fractographic analysis of the brittle features that form during 

the propagation of exfoliation joints at large scale. It was observed that exfoliation joints 

provide a basal release surface for planar sliding of tabular blocks. 

The interpretation of more sophisticated datasets, such as thermal and 

hyperspectral imagery, was limited by the low resolution of the sensors at long range. 

From a distance of 1,500 m, the FLIR SC7900 thermal camera allowed a ground pixel 

size of 22.5 cm to be obtained with an f=100 mm focal lens, and 45 cm with an f=50 mm 

focal lens. The ground pixel size provided by the Specim SWIR3 hyperspectral camera, 

equipped with an f=56 mm focal lens, is about 64 cm at 1,500 m. Nonetheless, the 

investigation conducted at the Yak Peak site indicated that surface alteration may be 

investigated even with low-resolution techniques. 

In this research, it is demonstrated that long range TLS and high-resolution 

photography are useful for mapping slope damage to a sub-meter scale. Infrared 

thermography was found to be capable of recognizing groundwater seepage also from a 

distance of over 1 km. Ground based hyperspectral scanning, although capable of 

collecting data from long range, is characterized by a low resolution, compared to other 

techniques, limiting application at very-long ranges. Future analyses should investigate 

damage features developing within slopes in varied lithologies and structural settings, in 

order to investigate how the factors controlling the slope damage vary with geological 

environment. Data collection at medium- and close-range should also be performed, in 

order to investigate how data quality changes with the distance and identify the optimal 

applications for each technique at varied ranges. An additional, long-term research 

objective is the creation of a “slope damage atlas” that describes and classifies the 

various slope damage features that may develop in varied lithological, structural, and 

geomorphic settings. 

It is emphasized that remote sensing techniques are not an alternative to 

traditional field techniques and procedures. Rather, they should be employed as a 

complementary analysis. Contactless techniques are not presently capable of collecting 
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important material properties, such as uniaxial compressive strength, and discontinuity 

parameters, such as infill strength. Some discontinuity properties exist, that may in some 

cases be obtained using remote sensing methods. For instance, roughness may be 

computed using high-resolution scanners (Onsel and Oztürk, 2016), or using a 

Structure-from-Motion approach. Hyperspectral scanning may be employed to study the 

composition of discontinuity infill and information on joint surface alteration. However, in 

order to achieve the required resolution, some remote sensing surveys are more suited 

to close range, thus reducing some of the traditional advantages of remote sensing 

approaches, in terms of extending the investigated area and maintaining safety of the 

operator. Table 3-1 summarizes the advantages and limitation, application, and 

resolution of the remote sensing technique employed for slope damage characterization 

at the visited sites. 

Table 3-1 Summary of the long-range remote sensing surveys performed at 
the visited sites. 

Remote sensing 
technique and 
equipment 

Application for rock slope damage analysis at 
the investigated sites 

Resolution and range of 
collected datasets 

Ground-based  
LiDAR 
 
Riegl VZ-4000 

 3D slope reconstruction 
 Discontinuity mapping and preliminary rock 

mass characterization 
 3D measurement of damage features (e.g., 

tension cracks) 
 Construction of 3D meshes for draping 2D 

datasets 
 Point spacing: 3-15 cm 
 Range: 900-2,000 m 

High resolution 
imagery 
 
Canon EOS-5Ds-R 
(50 MegaPixel) 

 Damage feature mapping from small- to large-
scale 

 Analysis of step-path morphologies 
 Identification of failed and intact rock bridges 

 Ground pixel size: 1-4 
cm 

 Range: 900-2,000 m 

Infrared 
thermography 
 
FLIR SC7750  Seepage identification 

 Ground pixel size: 20-40 
cm 

 Range: 900-1,500 m 

Hyperspectral 
imagery 
 
Specim SWIR3  Alteration and weathering mapping 

 Ground pixel size: 40-80 
cm 

 Range: 1,000 – 2,000 m 
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3.4.1. Potential application of machine learning techniques 

Draping two-dimensional datasets on the LiDAR dataset proved very useful to 

quantify the areal percentage of failed rock bridges, and to visually compare surface 

roughness with brittle damage intensity and surface radiance. The ability to overlay 

various two-dimensional datasets on a three-dimensional slope geometry greatly 

facilitates visual comparison. However, the amount and sophistication of data that can 

be accessed using modern remote sensing techniques makes their comprehensive and 

integrated analysis an extremely challenging and time-consuming task. 

The main objective (and challenge) of a multi-sensor approach consists in the 

effective, combination, and integrated interpretation of the large datasets as a whole, 

rather than separately. For instance, the investigation of fracture intensity and 

orientation, surface roughness, mineralogy, surface alteration, infilling, weathering, and 

seepage may allow patterns between two- and three-dimensional datasets to be 

identified, thus providing an alternative means to estimate rock mass quality and 

characteristics (e.g., GSI) and their variation throughout the slope (provided that detail of 

the datasets is adequate). In fact, such a combined investigation, if performed manually, 

is arguably impractical, being both time-consuming and non-cost-effective. In the era of 

the “Big data”, the development of an optimized (and possibly automated) set of 

procedures is crucial to allow such a comprehensive slope characterization. The 

application of machine learning (ML) concepts is instrumental for the interpretation of 

large datasets (Lary et al., 2016; Karpatne et al., 2018). Indeed, ML methods are 

increasingly being applied to geosciences problems. However, these analyses are 

generally limited to the investigation of large areas (several square kilometers) using 2D 

(e.g., hyperspectral and RGB satellite imagery, Wang et al., 2018; Ghorbanzadeh et al., 

2019) or 2.5D aerial datasets (e.g., airborne LiDAR, Barlow et al., 2006; Hölbling et al., 

2012). The application of ML to rock mass and damage characterization at the slope- 

and bench-scale may enhance our understanding of ongoing and potential instability. 
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Chapter 4.  
 
Spatio-temporal characterization of damage: Insights 
from the Ten Mile Slide, British Columbia, Canada2 

Abstract 

The deformation and failure of slopes is associated with the formation of geomorphic 

features reflecting “external slope damage”. Characterizing the spatial and temporal 

distribution of slope damage is beneficial to understanding the mechanisms and 

processes underlying slope instability. To date, characterization of slope damage has 

predominantly been performed using qualitative approaches. In this chapter, a new 

workflow for the quantitative, spatio-temporal characterization of the external slope 

damage is described and applied to the investigation of the Ten Mile Slide, an active 

landslide located in southern British Columbia. Since 2006, monitoring activity at the site 

has included periodic repeat airborne LiDAR surveys, which have allowed the creation of 

a high-detail, three-dimensional database showing the progressive deformation and 

retrogression of the slide. External slope damage features are manually mapped in the 

LiDAR datasets, and slope damage intensity is then computed and displayed on 

thematic maps. The proposed workflow introduces important new slope damage 

measures including External Discrete Slope Damage Feature maps (EDSDF), External 

Slope Damage Intensity Cell (ESDICe) maps, External Slope Damage Intensity Contour 

(ESDICo) maps and slope Damage intensity spatio-temporal plots. 

The new spatio-temporal damage measures are used to create damage index tables 

and track changes in slope damage intensity with time at any point within the slide area. 

The proposed spatio-temporal analysis clearly shows that the distribution of external 

slope damage features is not homogeneous across the slide area. In particular, the 

spatio-temporal damage methodology outlines higher accumulation slope damage rates 

along the eastern boundary of the slide area, due to the presence of a stream incision 

that provides kinematic freedom and allows the lateral deformation of the slide and the 

                                                
2 To be submitted as: 

Donati, D., Stead, D., and Lato, M. (2019). Spatio-temporal characterization of damage: Insights 
from the Ten Mile Slide, British Columbia, Canada. 
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formation of tensile cracking. The approach proposed in this thesis allows 

comprehensive, quantitative, and repeatable damage analysis to be undertaken, 

providing a robust method for characterizing the geomorphic evolution of slopes from a 

damage perspective. This research methodology provides engineers and geoscientists 

with a valuable tool for planning subsequent slope investigation and optimizing new or 

existing monitoring and early-warning systems. 

4.1. Introduction 

The stability of rock slopes is controlled by many factors. Tectonic structures, 

such as faults, folds, and joints, may act as rear and lateral release surfaces, and 

provide kinematic freedom for the detachment of rock slides (Badger, 2002; Brideau and 

Stead, 2011; Stead and Wolter, 2015). Structural features, such as foliation, cleavage, 

and bedding planes, may provide slope failures with a basal rupture surface, due to their 

typically high persistence (Kalenchuk et al., 2009; Wolter et al., 2014). Endogenous and 

exogenous factors, such as earthquakes (Gischig et al., 2015; Wolter et al., 2015a), 

heavy rainfall events (Azzoni et al., 1992) and cyclic fluctuation in ground water table 

(Preisig et al., 2016), progressively weaken the slope, inducing deformations and driving 

progressive slope failure (Eberhardt et al., 2001). 

The gradual deformation of a slope results in the accumulation of slope damage 

(Stead and Eberhardt, 2013). Several authors have analyzed slope damage features 

that developed at various landslides, to identify the factors, processes, and mechanisms 

governing the evolution of a slope. Chigira (1992) described the ductile and brittle 

deformation occurring in rock slopes affected by “mass rock creep” (MRC), highlighting 

the role of lithological characteristic of the rock mass, such as bedding orientation, and 

the slope morphology. Agliardi et al. (2001) analyzed the geomorphic features that are 

commonly associated to the development of deep-seated gravitational slope 

deformations (DSGSDs) in alpine environments, which include double-ridges, scarps, 

counterscarps, and grabens. Fell et al. (2007) reviewed several rapid rockslides, briefly 

summarizing slope damage features associated with various types of movement. A 

similar analysis is described in Glastonbury and Fell (2008), with a focus on slow-moving 

landslides. Jaboyedoff et al. (2013) provided an interesting review of the structures and 

features that develop during the gravitational deformation of slopes with different 

structural, geomorphic, and lithological characteristics, also addressing the importance 
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of inherited structures and past deformation events. Agliardi et al. (2013b) investigated 

the rock mass damage and structures that developed within an unstable quarry wall as a 

result of ongoing slope deformation. Stead and Eberhardt (2013) described the effect of 

several factors on slope damage, including structures, lithology, slope kinematics, and 

time-dependent mechanisms. Havaej et al. (2014) employed a numerical modelling 

approach to conceptually investigate the importance of brittle damage in the failure of bi-

planar slides. Havaej et al. (2015) used a similar approach to show the possible role of 

brittle damage in the failure of the 1963 Vajont slide.  

Various methods may be employed to map slope damage in the field. In the past, 

traditional field work, site reconnaissance, and photogrammetric analyses have been 

largely relied on for the investigation of rock slope instabilities and damage features 

(Mathews and McTaggart, 1969; Piteau et al., 1978; Hendron and Patton, 1985; von 

Sacken, 1991). More recently, technological advances in remote sensing techniques 

have greatly enhanced the ability to comprehensively characterize rock slopes (Donati et 

al., 2017). Work by Wolter et al. (2015b) and Francioni et al. (2018c) are useful 

examples of the benefits that remote sensing techniques (and in particular ALS 

datasets) may provide in the investigation of rock slopes and slope damage analysis, 

compared to an exclusively field-based approach alone. Baroň et al. (2014) employed 

infrared thermography to identify open cracks within snow-covered slopes. Sampaleanu 

et al. (2017) investigated the brittle fractures within rock fall scars using terrestrial laser 

scanning datasets. Al-Rawabdeh et al. (2016) developed a semi-automated approach 

for the identification of landslide scarps within the slope using a UAV-Structure-from-

Motion approach. 

Investigating how the spatial distribution of damage in a landslide changes with 

time is fundamental to understanding the evolution of a slope instability and the factors 

controlling stability. Due to the lack of good quality historical datasets, such an analysis 

is rarely undertaken, and usually is limited to a qualitative approach. Clayton et al. 

(2017) analyzed the progressive accumulation of damage at the Mitchell Creek slide, in 

northern British Columbia. They characterized the geomorphic evolution of the slope 

photogrammetrically using four sets of aerial photographs, ranging in date between 1956 

and 2010. They observed that instability at the site initiated after 1956 and was related to 

the retreat of the glacier located within the valley below. Scarps, counterscarps, and 

tension cracks were identified as the main evidence of ongoing deformation and were 
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mapped in the available datasets (Fig. 4.1a-c). Using the various temporal datasets, the 

retrogressive behavior of the slide was revealed by an increase in the intensity and 

maximum elevation at which the lineaments were observed. Using a digital 

photogrammetric approach, they also reconstructed the three-dimensional model of the 

slope at different times. A change detection analysis showed evidence of bulging and 

uplift in the lower slope, whereas the central and upper slope were characterized by 

subsidence (Fig. 4.1d, e). A two- and three-dimensional geomorphic analysis allowed for 

the identification of a complex style of slope deformation, where the lower slope is 

deforming by a toppling mechanism, while in the upper slope planar sliding is ongoing 

(Fig. 4.1f). Further work at the Mitchell Creek slide by Hosseini et al. (2018) using 

satellite InSAR has shown the progressive ongoing development of this landslide with 

glacier retreat. 

 

Fig. 4.1 Geomorphic evolution of the Mitchell Creek slide, BC. a, b, c: 
damage mapping on orthophotographs 1956, 1992, 2012, 
respectively; d, e: elevation change observed between 1992 and 
2012 and interprtetation of the failure mechanisms at the site; f: 
conceptual model describing the failure mechanisms affecting the 
various parts of the unstable slope. Modified from Clayton et al. 
(2017). 

Roberti et al. (2018) qualitatively investigated the geomorphic evolution of the 

volcanic slopes of Mount Meager before the eventual 2010 failure. They reconstructed 

the three-dimensional geometry of the slope by processing historical aerial imagery 

(captured between 1948 and 2006) using a Structure-from-Motion approach. 
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Orthorectified photographs were obtained from the three-dimensional models, and the 

gradual accumulation of slope damage features tracked through time. They similarly 

observed that glacier retreat resulted in the formation of counterscarps and tension 

cracks in the slope, up until the 2010 catastrophic failure. 

 

Fig. 4.2 Summary of the geomorphic damage features that developed at 
Mount Meager from 1948 to 2006, prior to the 2010 failure. Mapping 
was performed on orthorectified photographs reconstructed from 
historical imagery (Roberti et al., 2018). 

The use of high resolution and high frequency TLS monitoring has also been 

successfully applied for the investigation of unstable rock slopes. Kromer et al. (2015b) 

investigated the evolution of an unstable slope along the White Canyon in the Fraser 

River Valley, in southern British Columbia. The rock slope represents a hazard for the 

railway track located at the valley bottom, due to the frequent occurrence of rockfalls. A 

TLS monitoring program was undertaken, which allowed for the analysis of the slope 

behavior prior to and after the failure of a 2,300 m3 rockslide in 2013 (Fig. 4.3a). They 

observed a progressive increase in rock fall volume and frequency in the months before 

the failure and concluded that the investigation of precursory events is a key step in the 

hazard analysis in transportation corridors. Williams et al. (2018) employed a near-

continuous monitoring approach to spatially and temporally quantify the rock fall 
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detaching from a sea cliff in Whitby (UK), and developed an optimized workflow for the 

analysis of high-frequency and high-resolution datasets (Fig. 4.3b). 

 

Fig. 4.3 TLS monitoring of rock slopes. a: analysis of the White Canyon 
along the Fraser River Valley (modified from Kromer et al., 2015b). 
Photographs show the slope prior to and after the 2013 collapse. 
The plots describe the progressive detachment of rock falls before 
the 2,300 m3 rock slide; b: near-continuous monitoring at a sea cliff 
near Whitby (UK; from Williams et al., 2018). The bottom image 
shows the progressive detachment of rockfalls observed from the 
permanent TLS station. 
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The present study aims to quantitatively characterize the accumulation of rock 

slope damage at the Ten Mile Slide, an unstable slope located in southern British 

Columbia (Canada). The objective is to identify the potential factors controlling the 

spatial variation of slope damage intensity and accumulation rates. Slope monitoring 

activity at the Ten Mile Slide has included the collection of extensive high-resolution ALS 

datasets collected periodically between 2006 and 2017. A GIS approach is developed 

that allows the mapping and characterization of discrete damage features, and the 

creation of damage intensity maps describing the spatial distribution of slope damage. 

Finally, the processed damage maps are used to investigate the evolution with time of 

the slope. 

4.2. Suggested slope damage descriptors 

The characterization of slope damage requires a reliable set of descriptors that 

allow damage features to be classified based on their location, spatial distribution, and 

origin. Stead and Eberhardt (2013) suggested that slope damage could be considered 

as “internal” and “external”, depending on whether or not the features are visible at the 

slope surface. Typically, external slope damage features can be investigated using 

remote sensing techniques and traditional field mapping. Conversely, the 

characterization of internal damage requires the use of sub-surface datasets that can 

only be obtained from borehole drilling or geophysical methods. Slope damage may also 

be described and classified based on the areal/subsurface distribution of damage as 

“focused” or “distributed”. Finally, slope damage may be distinguished between “tensile” 

and “shear”, depending on the mechanism of failure. Table 4-1 summarizes the 

proposed descriptors, also providing examples of damage features frequently observed 

in rock slopes. 

4.3. The Ten Mile Slide 

The Ten Mile Slide is located in southern British Columbia (Canada), 

approximately 8 km north-east of the town of Lillooet (Fig. 4.4). The slide affects the left 

bank of the Fraser River valley and formed within the boundaries of a post-glacial 

landslide known as the Tunnel earthflow (Bovis, 1985). Since its reactivation in 1984 

(Hensold et al., 2017), the slide evolution has been causing the displacement and 
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deformation of two major infrastructures that cross the slide area, Highway 99 and the 

Canadian National railway (CN) track (Fig. 4.6a). 

Table 4-1 Classification of rock slope damage based on spatial distribution 
and nature 

 Class Description Examples 

Location 
(from Stead and 
Eberhardt, 2013) 

External 

Includes damage features that can 
be visually inspected at the slope 
surface. Can be investigated using 
remote sensing techniques and 
field mapping. 

Tension cracks, 
counterscarps, double 
ridges, bulging/uplift. 

Internal 

Includes damage features that are 
not visible at the surface, as well 
as features that propagate at depth 
within the slope from the surface. 

Shearing at the transition 
zone between 
active/passive blocks, rock 
mass degradation due to 
seismic activity, shear / 
dilation in bulging slope. 

Distribution 
(analysis at the scale 
of the slope) 

Focused 

Includes features localized in a 
limited portion of the slope, 
generated as a result of internal 
slope deformation, or identifying 
the boundary of an unstable 
area/plane. 

First-order faults, tension 
cracks, shearing at the 
transition zone between 
active/passive blocks, 
shearing and dilation within 
bulging slopes, blast 
damage zone 
(anthropogenic). 

Distributed 

Includes the presence of features, 
spread throughout a large part of 
the slope, formed as a result of 
large slope deformation, 
displacement, and strain. 

Tension cracks, faults and 
folds distributed throughout 
the slope (generated 
during slope 
displacement). 

Mode 

Tensile 

Includes damage features formed 
when the rock mass fails in 
tension. May include intact rock 
bridge failure, rock mass dilation, 
and normal faulting. 

Grabens, double ridges, 
tension cracks, exfoliation 
joint propagation, brittle 
fracture of rock bridges. 

Shear 

Damage features formed when the 
rock mass fails in shear. It may 
include comminution, shearing of 
asperities along discontinuities at 
various scales, and intact rock 
fracturing at depth. 

Counterscarps, slumps, 
sliding along rupture 
surfaces, shearing of 
asperities, failure of rock 
bridges at the transition 
zone in a bi-planar failure. 
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Fig. 4.4 Geographic overview of the investigated area. a: 2005 satellite image 
of the Fraser River Valley North of Lillooet. The red star indicates the 
location of the Ten Mile Slide, located on the left bank of the Fraser 
River; b: oblique view of the 2017 TLS dataset of the Ten Mile Slide. 
The dotted, red line outlines the unstable slope area. 
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The bedrock in the area of interest (i.e., the Ten Mile Slide area) comprises 

volcanic materials, including Eocene and Cretaceous lava flows (basalt to rhyolite, and 

andesite to dacite, respectively), and sedimentary successions of the Jackass Mountain 

group (sandstone, conglomerate, and shale), Bovis (1985). Tectonic structures crossing 

the investigated area are predominantly oriented in a north-south direction, and form part 

of the Fraser River Fault System, which extends for 80 km to the south, towards the area 

of Hope. Along this fault system, right-lateral translation occurred up to 30 million years 

before present (Monger and McMillan, 1984). 

The major geomorphic element within the area of interest is the Fraser River, 

which flows from east to west at the base of the slope, at an elevation of 225 m above 

sea level (m a.s.l.). The slope extends to a maximum elevation of about 1,010 m a.s.l., 

whereas the vertical extent of the slide is limited to between elevations 250 m a.s.l. and 

400 m a.s.l. The slope in the area of interest dips towards the northwest with an average 

slope angle of 24°, which increases to 42° in the lower part, below the highway. The 

slide is bounded, on the eastern side, by a gully that is particularly prominent in the 

upper slope. 

The landslide extends for 250 m in the north-south direction (i.e., downslope), 

and 190 m in the east-west direction (i.e., across slope), covering an area of about 4.1 x 

104 m2. Over 30 boreholes have been drilled within the slide area, and the thickness of 

the landslide found to vary between 10 to 30 m (Hensold et al., 2017) (Fig. 4.5a,b). The 

slide volume was estimated at between 0.75 and 1 million m3 (Macciotta et al., 2016; 

Carlà et al., 2017), which are mainly made of landslide material (including medium to 

high plasticity clay, with layers of sands and gravel), overlying colluvium and glacial 

deposits. Based on the borehole data, it has been suggested that the slide is currently 

moving along a continuous rupture surface sub-parallel to the slope (Carlà et al., 2017; 

Hensold et al., 2017). The slide initiated in the lower slope, 40 to 80 m below the 

highway track, and has gradually retrogressed at an increasing rate until it reached its 

current extension (Hensold et al., 2017). 

From the borehole data, the depth of the sliding surface was estimated and a 

three-dimensional sliding surface reconstructed. Based on the reconstructed surface, a 

planar sliding mechanism was inferred (Fig. 4.5c). A simplified geological section was 

created through the slide body to perform limit equilibrium analyses (Fig. 4.5d). The 
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results indicated that a Factor of Safety of 1 exists along the sliding surface if a friction 

angle of 21° is considered (Hensold et al., 2017). The retrogressive behavior of the slide 

was preliminarily investigated using a conceptual cellular automata model which 

highlighted the potential role of stress redistribution following the formation of slope 

damage within the topography (Mitchell et al., 2018). 

Slope monitoring and stabilization measures 

Slope displacement has been monitored for over thirty years. Historical 

displacement rates of 5-8 mm/day have been observed along the highway track 

(Hensold et al., 2017). The initial remedial measures were predominantly directed to 

realigning the highway to counter the gradual downslope displacement. In 2007, slope 

deformation was observed at the railway track, which had been largely unaffected by the 

slide until then. This development triggered the installation of a retaining wall below the 

railway (Hensold et al., 2017) (Fig. 4.6a,b). In 2011, a trench drain was also built to 

divert surface water away from the slide area. Additionally, a row of shear key panels 

was installed along the roadway. After an initial decrease, displacement rates increased 

back to pre-remediation values in 2013 (Hensold et al., 2017). 

Between 2014 and 2015, increasing displacement rates were observed along the 

CN track (6 mm/day) and the highway (10 mm/day) (Hensold et al., 2017). In an attempt 

to slow down the slide, 253 micro-piles and grouted strand anchors were installed, in the 

summer 2016, between the highway and the railway, and within the existing retaining 

wall (Carlà et al., 2017; Hensold et al., 2017). Displacement rates increased at the end 

of September 2016, when peak rates of 25 mm/hr were observed, triggering the closure 

of the highway for eight days due to safety concerns (Hensold et al., 2017). In response 

to this acceleration, a row of 30 anchors was installed, in the winter of 2017, throughout 

the full width of the slide area at an elevation of 330 m (Carlà et al., 2017; Hensold et al., 

2017) (Fig. 4.6c). Hensold et al. (2017) noted that, after the installation of remedial works 

undertaken between 2016 and 2017, displacement rates decreased above the highway 

and have almost stopped above the CN track. Nonetheless, the lower slope at the toe of 

the slide is stated to remain “quite active” (Hensold et al., 2017). 
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Fig. 4.5 Geological overview of the Ten Mile Slide. a: Lithologic map of the 
slide area, showing the location of the boreholes, the displacement 
azimuth, and the stages of the slide retrogression; b: section 
through the slide area. Borehole logs are plotted. Labels show name 
and elevation of the borehole. Red arrows show the location of the 
sliding surface (modified from Lato et al., 2016); c: three-
dimensional model of the sliding surface reconstructed from 
borehole data; d: preliminary limit equilibrium analysisis which 
shows a Factor of Safety of 1 for the slide. Figures modified from 
Hensold et al. (2017). 
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Fig. 4.6 Overview of the unstable slope. a: Panoramic view of the Ten Mile 
Slide from the opposite slope. The red, dashed line represents the 
boundaries of the slide area. The dotted line shows the assumed 
basal sliding surface trace. b: photograph of the retaining wall built 
below the railway track; c: one of the anchors installed between the 
highway and the railway. Photographs fall 2017. 

On site monitoring systems include borehole inclinometers, survey targets, 

geometry measurements along the railway track (Macciotta et al., 2017, Hensold et al., 

2017) and, more recently, a GPS system (Carlà et al., 2017). Vibrating wire piezometers, 

installed in the boreholes, do not show evidence of excessive pore pressure, and it was 

therefore suggested that the displacement was mainly driven by anthropogenic activity 

and the creeping behavior of the slide material (Carlà et al., 2017). Displacements along 

the anchored retaining wall are currently being monitored using total station surveys 
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(Carlà et al., 2017). Monitoring also involves the use of ALS surveys that have been 

performed periodically since 2006. This monitoring activity has allowed for the collection 

of a large dataset that describes in detail the gradual deformation of the Ten Mile Slide. 

From the investigation of the ALS datasets, it was possible to perform change detection 

analyses, which show, between 2006 and 2016, negative changes (i.e., a decrease in 

ground elevation) in the upper part of the slope and positive changes (i.e., an increase in 

ground elevation) in the lower slope (above and below 330 m a.s.l., respectively, Lato et 

al. 2016). Additionally, the ALS investigation allowed the subdivision of the slide into 19 

blocks that were used to perform a roto-translational analysis (Lato et al., 2016), to 

characterize the displacement rate and direction of each block. 

4.4. Research methodology 

The spatio-temporal investigation of slope damage at the Ten Mile Slide involved 

the analysis, mapping, and comparison of the various ALS datasets made available by 

the Ministry of Transportation and Infrastructure of British Columbia. Aspect, slope, and 

hillshade maps were created for each dataset, using the respective tools in ArcGIS 10.5 

(ESRI, 2017). Discrete slope damage features were then mapped as polylines. A slope 

damage intensity approach was used to assess its distribution throughout the slide area. 

The concept of slope damage intensity (also referred to as SD21) is derived from the 

fracture intensity (P21), a parameter used in rock engineering practice for the 

construction of Discrete Fracture Networks (Dershowitz et al., 2000). SD21 is defined as 

the total length of slope damage traces per unit area and is measured in m-1. 

Slope damage analysis at the Ten Mile Slide was performed by dividing the slide 

area into equidimensional cells, in which a value of SD21 was computed using the 

cumulative length of the damage features mapped within each cell. The coordinates of 

the central point of the cell were then exported, together with the relative SD21 value into 

Surfer 14 (Golden Software, 2016), where the SD21 values were interpolated using a 

Kriging method, to create a spatial damage intensity, SD21 map. SD21 maps were built for 

each ALS temporal dataset, in order to assess the evolution in slope damage distribution 

(Fig. 4.7). The spatial distribution of the slope damage can be visualized using various 

developed map types: External Discrete Slope Damage Features maps (EDSDF), 

External Damage Intensity Cell maps (ESDICe), and External Damage Intensity Contour 

maps (ESDICo). 
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Fig. 4.7.  Workflow used for the spatio-temporal slope damage analysis at the 
Ten Mile Slide. Red blocks show the processes that have been 
undertaken; black blocks display the map products obtained. 

External Discrete Slope Damage Features (EDSDF) maps 

An EDSDF map (or SDF, for simplicity) displays all the identified slope damage features, 

allowing the user to investigate geometrical parameters such as damage feature 

persistence and orientation. A drawback of such a visualization method is the difficulty in 

quantitative comparison of datasets collected at different times. 

External Slope Damage Intensity Cell (ESDICe) maps 

An ESDICe map is a color-coded representation of each SD21 cell, which can represent 

either the absolute or normalized slope damage intensity value. This type of visualization 

method allows for the quantitative comparison of multiple temporal datasets (potentially 

allowing for further individual cell calculations to be performed). However, the results are 

strongly dependent on the selected cell size. Small cells will cause the damage intensity 

to sharply increase or decrease, depending on whether a feature intersects a cell or not. 

Very small cells would cause the ESDICe map to be similar to an EDSDF map. Large 
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cells, on the other hand, will cause a loss of detail, as the damage feature length is 

distributed over wide areas that potentially include relatively undamaged parts of the 

slope. The ideal selected cell size is site-dependent and should provide the best detail 

using the largest cell surface area. 

External Slope Damage Intensity Contour (ESDICo) maps 

ESDICo maps are created by interpolating points at the centre of the cells within which 

SD21 values are computed. However, while in the case of ESDICe maps the cells cannot 

overlap, due to the color-coded nature of the representation, cells used to create 

ESDICo maps should overlap in order to increase the number of points available for the 

interpolation, providing higher detail and smoother transitions between cells throughout 

the investigated area. While ESDICo maps combine both detail and ease of comparison, 

they inherit the cell size dependency typical of the ESDICe maps as they employ the 

same approach to compute the value of SD21. 

Damage intensity time plots 

An approach for investigating temporal evolution of SD21 at specified locations 

was developed. The SD21 values of each cell and for each ALS dataset are imported into 

an indexed table, which can be interrogated using a python script. As the SD21 value for 

each cell is estimated at different times, its value can be plotted to graphically visualize 

the variation of damage intensity with time. 

4.5. Spatio-temporal analysis of slope damage at the Ten 
Mile Slide 

The ongoing deformation at the Ten Mile Slide causes the formation and 

evolution of external slope damage features. Between 2006 and January 2017, eighteen 

ALS datasets were collected of the unstable slope, which are generally characterized by 

a sub-metre point spacing. All the datasets were rasterized using CloudCompare 2.9 

(CloudCompare, 2017), and Digital Elevation Models were obtained. Using ArcGIS 10.5, 

aspect, slope, and hillshade maps were created for each dataset (Fig. 4.8). These maps 

highlight damage features within the datasets, allowing easily identification of cracks, 

topographic steps, and counterscarps. 
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Fig. 4.8 Plan and oblique views of the maps produced for the identification 
of external slope damage features (2017 LiDAR dataset). From top to 
bottom, hillshade map, aspect map, and slope map. The dotted lines 
outline the slide boundaries. 
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In ArcGIS 10.5, damage features (lineaments) were traced as polylines, and 

based on each ALS an External Discrete Slope Damage Feature map (EDSDF) 

obtained (Fig. 4.9). In general, the minimum crack length that could be mapped was 0.75 

m (three times the average resolution of the investigated ALS datasets). Crack width 

was not addressed in this analysis. 

From the analysis of the EDSDF maps it was observed that, since 2006, tensile 

cracking has predominantly occurred within the eastern portion of the upper slope. In 

this area, the slope was re-graded in both fall 2010 and summer 2016. Tensile crack 

accumulation can also be observed in the western part of the domain, in the area 

immediately above the highway. Between 2006 and 2014, the extension occurring in this 

area was responsible for a displacement of the highway in excess of 18 m downslope 

(Fig. 4.10). In 2015, the retrogression of the slope failure caused the formation of a 

prominent tension crack above the railway track. Since then, minor displacements have 

also involved the railway embankment. The lower slope displays prominent tensile 

features in the northern area, close to the boundary of the slide. Elsewhere, damage 

features can be mostly ascribed to topographic steps and counterscarps. 

The slide area may be subdivided into two slope damage domains, which are 

roughly separated by the variation in slope gradient observed along the highway (Fig. 

4.11). The upper domain is predominantly characterized by discrete damage features, 

such as tension cracks, which form, extend, and coalesce. In the lower domain, slope 

damage appears to be distributed, and predominantly comprises counterscarps and 

topographic steps. The damage mapped in the latter TLS dataset was ground-truthed 

and verified in the course of a site visit in Fall 2017, during which the damage features in 

the upper domain were found to be predominantly extensile in nature (Fig. 4.12). The 

distributed nature of the slope damage in the lower domain was also confirmed, although 

discrete tensile cracks were also recognized throughout the domain area (Fig. 4.13). 

These observations suggest that a more complex slope failure mechanism affects the 

development of damage within the lower domain, where discrete, tensile cracks form 

within a material that is also strongly fragmented and sheared. While the discrete cracks 

are likely due to the recent slope deformation, it is unclear whether the distributed slope 

damage formed during the present deformation stage or was inherited from deformation 

during the older Tunnel earthflow. 
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Fig. 4.9 External Discrete Slope Damage Features (EDSDF) map of the Ten 
Mile Slide site for the 2006, June 2010, November 2015, and January 
2017 ALS datasets. Note the increase in cracking throughout the 
slope, and the formation of the crack above the railway track 
(indicated as CN in the maps) in 2015. 
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Fig. 4.10 Displacement of the BC99 alignment between 2006 (in red) and 2017 
(in black). Background is the hillshade map of the 2017 ALS dataset. 

Two profiles were traced through the slide area in order to identify the external 

slope damage and compare it with the slope deformation observed in section for each 

dataset. Fig. 4.14 shows the location of the investigated profiles. Profile 1 is oriented in a 

north-south direction, roughly parallel with the dip direction of the slope. Profile 2 crosses 

the slide area in a southwest-northeast direction, in order to preliminarily investigate the 

role of the gully along the eastern boundary of the slide area on the instability. Fig. 4.15 

shows the profiles obtained from four selected ALS datasets: 2006, June 2010, 

November 2015, and January 2017. 

 



 

103 

 

Fig. 4.11 November 2015 ALS dataset of the Ten Mile Slide site. The dashed 
red line outlines the inferred slide area. The dashed black line 
divides the lower and upper damage domains, and highlights the 
bend in the highway formed as a result of the slide displacement. 
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Fig. 4.12 Damage features observed in the upper damage domain. a: the 
tension crack (dotted red line) forming the headscarp of the Ten Mile 
Slide. b: crack network in the regraded portion of the slope. The 
average aperture of the cracks is around 10 cm. Photographs fall 
2017. 
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Fig. 4.13 Discrete damage features observed in the lower damage domain. a, 
b: tension crack in proximity of the western boundary of the slide. c: 
scarp at the eastern boundary of the slide area. Photographs fall 
2017. 

It was observed that the progressive accumulation of external slope damage 

causes the surface roughness to increase, due to the formation of cracks, cliffs, and 

scarps. This is particularly evident in the profiles from the June 2010 ALS, where cracks 

can be observed in both profiles. In profile 1 a prominent downslope displacement (4 to 

5 m) can be observed below the CN track (June 2010, profile 1 in Fig. 4.15). Along the 

highway cut, the downslope displacement is less obvious, and the slope deformation 

appears to be governed by a sub-horizontal component. Above the highway cut, surface 

cracking can be observed that extends to a depth of 3 m. Profile 2 shows high 

roughness throughout the slide area, and particularly along the eastern boundary of the 

slide. Here, the slope surface appears to have moved eastward within the gully for 3 to 5 

m, suggesting that a lateral deformation occurred, governed by this geomorphic feature. 

In the 2015 and 2017 ALS datasets, profile 1 show the effects of the slide retrogression 

that occurred with the formation of a prominent tension crack (profile 1 of 2015 and 2017 

dataset in Fig. 4.15). From the analysis of profile 2, a limited lateral deformation can be 

observed, which appears to be related to the gradual accumulation of loose material 

inside the gully. It is not clear whether this accumulation is due to an actual lateral 

expansion or resulted from the slope regrading work performed in 2011 and 2016. In 
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general, vertical deformation appears to be dominant in the upper part of the slope, 

whereas in the lower slope a sub-horizontal component of the displacement 

characterizes the slope deformation. This deformation mechanism appears to agree with 

the presence of a low angle sliding surface, as reconstructed from the borehole data 

(Hensold et al., 2017). The different style of deformation in the upper and lower slope 

may be partially controlled by the morphology of the sliding surface, suggesting that the 

external slope damage distribution and the extension and characteristics of the slope 

damage domains may be affected by the rupture surface geometry. 

 

Fig. 4.14 Location of the investigated profiles. Note the location of the gully, 
which is intersected by the profile 2.
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Fig. 4.15 Analysis of the profiles traced in the 2006 and June 2010 ALS datasets. The 2006 slope surface is shown for reference in the profiles as a dashed, grey line. Note the predominant vertical 
deformation in the upper slope, near the CN track, and the low-angle deformation in the lower part of the slope. Red arrows indicate the deformation direction; dashed, red lines show the 
inferred location of sliding surfaces within the slide. CN: Canadian National railway track; BC99: highway; FR: Fraser River. 
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Fig. 4.16 Analysis of the profiles traced in the November 2015 and January 2017 ALS datasets. The 2006 slope surface is shown for reference in the profiles as a dashed, grey line. Note the predominant 
vertical deformation in the upper slope, near the CN track, and the low-angle deformation in the lower part of the slope. Red arrows indicate the deformation direction; dashed, red lines show 
the inferred location of sliding surfaces within the slide. CN: Canadian National railway track; BC99: highway; FR: Fraser River. 



 

109 

The retrogressive nature of landslides in soil slopes has been investigated by 

several authors. In particular, Locat et al. (2011) investigated from a geotechnical 

perspective the behavior of landslides in clay-rich material, where the gradual stress 

concentration and its backward propagation causes the progressive retrogression of the 

landslide (Fig. 4.17a). Martin and Stacey (2013) investigated the progressive failure 

resulting from the stress release in open pit mining in weak rocks, describing the 

variation in stress and strain occurring within the excavated slope. A similar process may 

characterize retrogressive landslides in soils (Fig. 4.17b). Poschmann et al. (1983) 

describe the retrogression mechanism that affects rotational slides, observing that the 

progressive retrogression can result in a “terraced” morphology, with counterscarps in 

the upper slope and remoulded material in the lower slope. It is interesting to note that 

the retrogression of the slide through successive rotational events may result in the 

formation of a planar sliding surface, potentially similar to that of the Ten Mile Slide (Fig. 

4.17c). 

 

Fig. 4.17 Retrogression of a landslide in clayey material. a: shear stress 
distribution in a slope with incipient failure (Locat et al., 2011); b: 
changes in stress distribution during the progressive failure of a 
retrogressing landslide in sensitive clay (redrawn and modified from 
Martin and Stacey, 2013 and Burland et al., 1977); c: conceptual 
representation of a retrogressive landslide, with the formation of a 
planar sliding surface (modified after Poschmann et al., 1983). 
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4.5.1. Persistence and orientation of slope damage features 

The persistence of the external slope damage features was investigated by 

computing the length of all the features in each EDSDF map. The analysis was 

conducted by considering the upper and lower slope damage domains separately to 

identify potential differences in accumulation rate between the lower and upper parts of 

the unstable slope. Fig. 4.18 summarizes the cumulative length of the external slope 

damage features mapped in each EDSDF map and the variation compared to the 

previous dataset. The month that the 2006 and 2009 ALS datasets were collected is not 

known. In the following analyses it is assumed the flights were performed in June. It was 

observed that the cumulative external slope damage length has increased continuously 

in the lower damage domain since 2006, when the first airborne ALS dataset was 

collected, except for a reduction observed in 2015 due to slope regrading works 

performed in the area surrounding the highway. On average, the rate in increase of the 

cumulative external slope damage length over the 2006 to 2017 period is approximately 

39 m/month. In the upper damage domain, the cumulative external slope damage length 

shows a similar increase (34 m/month). These computations do not take into 

consideration the datasets that show negative changes in cumulative slope damage 

length, in order to exclude the effects of remediation. However, it was observed that 

slope regrading works were generally followed by a spike in the damage accumulation 

rate, due to the opening of new fractures within a smooth, but still unstable, slope 

surface. A representative example may be observed in Fig. 4.19, which shows the 

evolution of the eastern part of the upper damage domain from September 2010, to 

February 2011, to May 2011. The first dataset shows the slope damage before the start 

of the remediation works. The following datasets highlight the accumulation of external 

slope damage following the slope regrading works. In order to investigate the factors that 

control the development of external slope damage, future work should include a 

comparison of the cumulative slope damage length with rainfall, ground water levels, 

surface and sub-surface displacement monitoring data, seismic activity, and 

temperature. 
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Fig. 4.18 Temporal evolution of the comulative external slope damage length. 
The table shows the lengths computed for each dataset in the lower 
and upper damage domains, as well as the increase rate with 
respect to the previous ALS dataset. The same data is graphically 
represented in the bottom chart, to visually appreciate the variation 
in external slope damage throughout the upper and lower domains. 



 

112 

Using the EDSDF maps it is possible to extract information on the persistence 

and orientation of discrete cracks. In general, it was observed that the feature 

persistence distribution follows a log-normal law, and features with persistence lower 

than 10 m are the most frequently mapped. Fig. 4.20 displays the slope damage 

persistence frequency distribution for selected ALS datasets with the lower and upper 

slope damage domains highlighted. The strike of each crack was also preliminarily 

estimated, by measuring the bearing of the segment connecting the start and end point 

of each feature. This approach was deemed adequate for this analysis in view of the 

relatively linear shape of the mapped slope damage features. For each ALS dataset, two 

rosette diagrams were created, showing the orientation of the features mapped in the 

lower and upper damage domains (Fig. 4.20). In general, some differences were 

observed. In the lower damage domain, two main feature trends can be recognized. The 

first is sub-parallel to the slope and is roughly oriented in an east-west direction; the 

second is characterized by a northwest-southeast orientation. Within the upper damage 

domain, the slope parallel, east-west trend is overprinted by a major northeast-

southwest slope damage trend, which is largely due to the tensile cracking observed in 

the eastern part of the domain. The progressive accumulation of damage throughout the 

slope, however, causes these trends to become less well defined (Fig. 4.20). 
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Fig. 4.19 External slope damage accumulation after the slope regrading 
works. a: Hillshade overview map. The red square outlines the area 
magnified in b, c, d; b: External slope damage features mapped in 
the September 2010 ALS map, collected prior to the slope regrading; 
c,d: formation and propagation of tensile cracks in the months after 
the slope regrading. 
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Fig. 4.20 Length and orientation of the external slope damage features 
mapped at the Ten Mile Slide site. The histograms show the 
mapping frequency based on the length of the features. The rosette 
plots shows the orientation of the mapped features Inner circles are 
every 5 features (1 feature in 2006 rosette plots, for clarity). In all the 
plots, blue and red bars relate to the lower and upper damage 
domain, respectively. 
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4.5.2. Slope damage intensity 

To obtain indications of the spatial distribution of the slope damage, a damage 

intensity approach was employed. ESDICe maps were created by dividing the entire 

slide area into equidimensional cells. The mapped cracks were trimmed within the cell 

boundaries, and the total length of the cracks was computed for each cell. The SD21 

value was obtained by dividing the total crack length by the area of the cell. Various cell 

side sizes were tested, including 10 m, 25 m, and 40 m. A 25 m cell size was found to 

provide the best compromise between map detail and areal representation (i.e., single 

damage features do not generate “peaks” in the SD21 maps). A 10 m cell size would 

display a strong correlation between single cracks and peaks in SD21 values, therefore 

lacking the ability to adequately describe the areal damage distribution. Conversely, the 

use of a 40 m cell size resulted in a loss of detail, by smoothing the spatial variability of 

SD21 over a too large area. A normalized SD21 value was also calculated, in order to 

allow a comparison of different SD21 maps in the subsequent stages of the analysis. 

Finally, each cell was colored based on the SD21 values (Fig. 4.24). To provide the 

reader with a “reference frame” for the interpretation of the SD21 values, Fig. 4.22 shows 

the values calculated for 12 cells in the November 2015 ALS dataset. 

 

Fig. 4.21 Examples of Surface Slope Damage Intensity Cells (SSDICe) maps. 
a: using a cell size of 10 m. Note the high detail, with peak intensity 
values corresponding to discrete cracks, and zero intensity at short 
distances from the cracks. b: using a cell size of 40 m. Note the 
lower absolute value of damage intensity SD21, and the smoothing of 
the peaks of damage intensity. 
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Fig. 4.22 Example of the SD21 values calculated for 12 cells (25 x 25 m) within 
the November 2015 ALS. 

For the construction of ESDICo maps, overlapping cells were added to the initial 

cell assembly, thus increasing the point density by four times (Fig. 4.23). Then, the XY 

location of the central point of each cell was exported, and assigned scalar values 

corresponding to SD21 (Fig. 4.25) and normalized SD21 (Fig. 4.26). Finally, the datasets 

were interpolated in Surfer 14 (Golden Software, 2016), using a Kriging approach. 

 

Fig. 4.23 Conceptual description of the densification procedure undertaken to 
increase the detail in the ESDICo maps. Each point and cell in the 
initial assembly was replicated, and located at an offset with respect 
to the original position. The dense assembly was then used to 
analyse the slope damage intensity at higher detail. 
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Fig. 4.24 Normalized External Slope Damage Intensity Cell (ESDICe) map of 
the Ten Mile Slide site for the 2006, June 2010, November 2015, and 
January 2017 ALS datasets. Note the accumulation of damage in the 
upper domain (outlined by the dashed yellow line), and in the lower 
slope damage domain (outlined by the red dashed line). Between 
2015 and 2017, the upper slope was reprofiled, which resulted in a 
apparent decrease in damage intensity. Cell size: 25 m. 
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Fig. 4.25 External Slope Damage Intensity Contour (ESDICo) maps of the Ten 
Mile Slide site for the 2006, June 2010, November 2015, and January 
2017 ALS datasets. Note the accumulation of damage in the upper 
domain (outlined by the dashed yellow line), and in the lower slope 
damage domain (red dashed line), resulting in the formation of 
peaks in the slope damage intensity contours. Contour increments 
every 0.05 m-1. 
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Fig. 4.26 Normalized ESDICo maps of the Ten Mile Slide site for the 2006, 
June 2010, November 2015, and January 2017 ALS datasets. Note 
the accumulation of damage in the upper domain (outlined by the 
dashed yellow line), and in the lower slope damage domain (red 
dashed line). The normalized values highlight the apparent decrease 
in damage that occurred between 2015 and early 2017, due to 
remedial work on the upper slope. Contours every 0.1 of normalized 
SD21 increment. 
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Temporal evolution of slope damage intensity 

The temporal evolution of the external slope damage was investigated using a 

damage intensity approach. A table was created, by indexing the central point of each 

cell, together with the relative SD21 values obtained from the analysis of the EDSDF 

maps. A Python script was written to interrogate the table, and to plot the changes in 

SD21 computed at any of the 1,833 cells created for each ALS dataset. Selected SD21 

temporal plots are presented to highlight the areas where external slope damage 

accumulation has occurred within the two slope damage domains. 

  

Fig. 4.27 Location of points included in the indexed table for the temporal 
investigation of SD21. Point IDs increase towards the north and the 
east. 
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Upper domain 

SD21 has been investigated at three locations within the upper domain; Point 

1150, along the eastern boundary of the slide area, Point 912, in the central portion of 

the domain, and Point 1091, above the railway track (Fig. 4.28). The slope damage vs. 

time plots are showed in Fig. 4.30, and are briefly discussed. 

 

Fig. 4.28 January 2017 ALS dataset of the upper damage domain at the Ten 
Mile Slide. Green points show the locations at which spatio-temporal 
damage was investigated. 

The highest values of slope damage intensity in the upper domain are observed 

along the eastern boundary, in the area around Point 1150. Slope cracking in this area 

has continuously increased, since the beginning of the ALS monitoring, with the highest 

rates of damage occurring between 2006 and 2010 (from 0.04 to 0.29 m-1, I in plot in Fig. 

4.30). On two occasions, in 2011 and 2016, the slope was re-graded, and the cracks 

covered (R in plot in Fig. 4.30). As a result, the external slope damage intensity 
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apparently decreased. The maximum slope damage intensity was observed in 2016 

(0.36 m-1, IV in plot in Fig. 4.30). At Point 912, in the central portion of the upper domain, 

the observed increase in slope damage intensity is more gradual. Between 2006 and 

2017, SD21 increased from 0.01 to 0.21 m-1, including an apparent reduction (0.19 to 

0.17 m-1, R in plot at Fig. 4.30) in 2016, due to minor slope regrading. Point 1091, 

located above the railway track, did not display any obvious evidence of damage until 

2015, when the retrogression of the slide resulted in the formation of a prominent tension 

crack (see plot in Fig. 4.30). 

Lower domain 

Slope damage intensity in the lower domain was investigated at four locations, 

identified as Points 588, 732, 874, and 1017 (Fig. 4.29). The locations were chosen to 

consider the lateral extension of the slide domain, from west to east. The slope damage 

time plots are presented in Fig. 4.31, and briefly discussed. 

A visual analysis of slope and hillshade GIS maps show that the slope surface in 

the lower domain appears to be rougher in comparison to the upper domain. Therefore, 

it is suggested that the slope damage may be more distributed in nature, as opposed to 

the upper domain where damage is predominantly focused. However, several prominent 

discrete damage features (e.g., counterscarps, scarps, tension cracks) could be traced 

on the ALS datasets. Presently, slope damage intensity plots cannot investigate the 

intensity of distributed damage, and they are therefore limited to the description of the 

variation in discrete damage feature intensity. 

Higher values of SD21 were observed in the eastern portion of the lower domain. 

Slope damage intensity at Point 588 is characterized by a gradual increase from 0.06 to 

0.13 m-1 between 2006 and January 2017, with a peak of 0.15 m-1 in March 2016 (IV in 

plot in Fig. 4.31). The apparent decrease that followed is due to the displacement of the 

slide, which caused some of the damage features to exit the cell used to compute the 

damage intensity value (R in Fig. 4.31). Increase in slope damage at Point 732 shows a 

stepped pattern, due to the sudden appearance of discrete damage features that were 

not observed in earlier datasets (I-IV in Fig. 4.31). Increase of SD21 becomes more 

uniform after June 2014, up to a peak of 0.12 m-1 in January 2017. A peak value for SD21 

in the lower damage domain was observed at Point 874 (SD21 = 0.83 m-1, II in Fig. 4.31) 

in the March 2016 ALS dataset. A correlation between high slope damage intensity at 
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point 874 and point 1150, located upslope in the upper domain, was observed. 

Subsurface data could be used to identify potential structures or features that may be 

responsible for the damage accumulation along the eastern boundary of the slide area. 

Slope damage intensity at Point 1017 is characterized by lower values compared to 

Point 874. A gradual increase in SD21 was observed between 2006 and October 2011 (I-

II in plot in Fig. 4.31), at an average rate of 0.02 m-1/year. Between 2012 and 2017, SD21 

increased by 0.04 m-1, up to a maximum absolute value of 0.17 m-1 (III in plot in Fig. 

4.31). Then, a decrease was observed in 2016, as mapped features exited the cell (R in 

plot in Fig. 4.31). 

 

Fig. 4.29 March 2016 ALS dataset of the lower damage domain at the Ten Mile 
Slide. Green points show the locations at which spatio-temporal 
damage was investigated. 
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Fig. 4.30 Slope damage temporal plots for points 912, 1091, and 1150 in the upper domain. Black curves describe the true SD21. Red lines describe the variation in normalized SD21. Mapped ALS datasets 
are showed on the x-axis. Stages of damage accumulation are identified using roman numbers. R indicates a regression in slope damage due to regrading of ground surface. See text for 
description. 
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Fig. 4.31 Slope damage temporal plots for points 588, 732, 874, and 1017 in the lower domain. Black curves describe the true SD21. Red lines describe the variation of normalized SD21. Mapped ALS 
datasets are showed on the x-axis. Stages of damage accumulation are identified using roman numbers. R indicates a regression in slope damage due to regrading of ground surface. See text 
for description. 
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4.5.3. Discussion 

From analysis of the ESDICe and ESDICo maps produced it is observed that the 

external slope damage intensity increased between 2006 and 2017. Various regrading 

works have been undertaken at the site, particularly in 2010 and 2016. Such operations 

were predominantly conducted in the upper slope damage domain, between the highway 

and railway tracks. Figures Fig. 4.21 to Fig. 4.26 show, between November 2015 and 

January 2017, a decrease in slope damage intensity (from 0.35 to 0.2 m-1) in the eastern 

part of the upper domain, which occurs due to remediation works covering the existing 

tension cracks. Conversely, the lower slope displays a continuous increase in slope 

damage intensity, induced by progressive displacement of the slide. 

The Ten Mile Slide appears to be a planar, translational landslide. From a 

kinematic perspective, minimal internal deformation is required for the displacement to 

occur. This suggests that the progressive increase in external slope damage is strictly 

related to the differential displacement rates throughout the slide, and the slide 

retrogression that causes parts of the slopes to gradually become unstable. Lato et al. 

(2016) highlighted that the slide is divided into blocks that appears to move 

independently, possibly implying a composite failure mechanism, where steep, circular 

rupture surfaces connect to a basal sliding surface (Fig. 4.32). 

 

Fig. 4.32 Conceptual model of the evolution of the Ten Mile Slide. Stages I-IV 
show the progressive retrogression of the slide. 
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Slope damage intensity does not increase uniformly throughout the entire slide 

area. In fact, SD21 values are consistently higher along the eastern boundary of the slide. 

The presence of a gully that defines the eastern boundary of the slide area may have an 

important effect on the slope damage distribution. Such stream incision may enhance 

kinematic freedom by decreasing the lateral confinement of the slide body in the upper 

slope (Brideau and Stead, 2011). Lato et al. (2016) observed that a component of the 

displacement direction of one of the blocks that they recognized, located in the eastern 

portion of the upper slope, is directed towards the gully (Fig. 4.33). This observation is 

also confirmed by the preliminary analysis of topographic profiles traced across the 

slope, which shows deformation along the side of the gully, due to the movement of the 

slide body. These observations emphasize the role of the gully on the spatial distribution 

of damage and the kinematic condition of the slide. The orientation of slope damage 

features also varies in the upper and lower domains, and the major trends observed in 

the rosette plots produced appear to be correlated with the boundaries of the blocks 

described by Lato et al. (2016), particularly in the upper damage domain (Fig. 4.33). 

The external slope damage time plots also indicate that the increase in damage 

intensity is particularly marked along the eastern boundary of the slide area, next to the 

gully that bounds the upper domain. The temporal damage plot for Point 1150 (Fig. 4.30) 

shows a rate of slope damage increase not found elsewhere within the slide area, 

despite the remedial works undertaken in 2010 and 2016. Although it appears that the 

gully strongly affects the accumulation of slope damage, other factors may play a role in 

the geomorphic evolution of the slope. For instance, an increase in complexity of the 

sliding surface morphology may affect the amount internal and external damage required 

to achieve full kinematic freedom (Stead and Eberhardt, 2013). Also, the presence of 

inherited structures within the slope (such as shear zones formed in post-glacial times 

during the activity of the Tunnel earthflow) may have resulted in localized decrease in 

the material strength properties and an enhanced intensity of tensile fracturing. 
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Fig. 4.33 Correlation between slide blocks and slope damage orientation in 
November 2015 ALS dataset. a: blocks and displacement direction 
recognized by Lato et al. (2016). Each block (green polygons) 
display the relative displacement direction, obtained from roto-
translation matrices. The block highlighted in red is moving towards 
the gully (blue line), suggesting that a lack of lateral confinement 
may cause the slope damage to increase more than in the rest of the 
slide area. I, II, and III outline the block boundary trend Modified from 
Lato et al. (2016); b: Rosette plots showing the orientation of slope 
damage features. Block boundary trends have been overlayed. Note 
the agreement with the slope damage orientation in the upper 
domain. 
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4.6. Conclusions 

Slope damage mapping undertaken on the ALS datasets available for the Ten 

Mile Slide site has allowed spatio-temporal characterization of the damage intensity and 

thereby slope damage evolution. Surface Slope Damage features, Surface Slope 

Damage Intensity Cells, and Surface Slope Damage Intensity Contours maps have been 

created. These proposed slope damage mapping methods provide further insights on 

the spatial distribution of slope damage within the area of interest. Based on mapping 

performed on ALS datasets obtained at different times, it has been possible to 

investigate the temporal evolution of slope damage within the slope. The proposed 

approach could also be applied for the analysis of aerial or satellite imagery. 

The investigation of the spatio-temporal distribution and evolution of slope 

damage may provide improved understanding with regard to the mechanisms underlying 

the instability, as well as the geometry of the slide volume involved in the failure (e.g., 

depth and orientation of the sliding surface). Characterizing the type and distribution of 

slope damage features (counterscarps, cracks, cliffs) within an unstable slope can be 

helpful in recognizing the composite failure mechanism, because different slope 

kinematics and failure mechanisms causes the slope damage to vary spatially. 

In the interpretation of the proposed damage analysis, some limitations should be 

recognized. The slope damage distribution in space and time is derived from visual 

mapping performed by the user. Consequently, the results are affected by the 

experience of the mapper and include a certain degree of subjectivity. The 

implementation of automated techniques, including machine-learning methods may 

enhance the reliability and repeatability of the analysis. Similarly, the resolution of the 

original dataset strongly influences the size of the damage features that can be mapped. 

High resolution datasets lead to higher values of damage intensity (SD21), in comparison 

with lower resolution datasets, due to the greater number of features that can be 

mapped. Consistency in LiDAR dataset resolution is a key factor and should be 

maintained as constant as possible throughout the mapping process to avoid variation 

and damage bias. The SD21 sampling area (i.e., the cell size) affects the quality of the 

damage distribution. The use of an excessively small cell size results in peaks of 

damage intensity corresponding to discrete damage features, whereas excessively large 

cells cause a loss of detail in damage intensity distribution. Finally, it was observed that 
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the use of a fixed grid is not appropriate for a rapidly displacing slide volume (and the 

damage features therein), as a fictitious decrease in damage intensity on temporal plots 

may be recorded, as evidenced in Fig. 4.31. It is suggested that the proposed fixed-grid 

approach is more suited for the investigation of slow movements, and the investigation 

of the progressive slope damage accumulation prior to the slope failure. The 

implementation of a “moving” grid, which would be able to follow the displacement of the 

slide, could improve the ability to characterize temporal damage evolution within faster 

moving landslides. 

Identifying areas where external slope damage accumulates may help engineers 

plan subsequent, more costly investigations (e.g., borehole drilling) as well as the 

optimization of new or existent monitoring and early-warning systems. Furthermore, the 

proposed approach allows for a comparison between slope damage-time plots and other 

monitoring datasets. Depending on the spatial and temporal resolution of the available 

datasets, correlation between slope damage and slope displacement, rainfall, 

temperature, glacial retreat, seismic activity, etc. may be identified, enhancing our 

understanding of the mechanisms underlying the ongoing slope instability phenomena. 
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Chapter 5.  
 
Investigating the relationship between structural 
geology, rock mass damage, and rock slope stability: 
new insights from the Hope Slide3 

Abstract 

The stability of high, natural and engineered rock slopes is governed by several 

factors, including lithology, geological structures, hydrogeological conditions, and 

landform evolution. When certain conditions are met, rock slopes may become unstable, 

inducing progressive deformation and failure. In this study, an integrated remote 

sensing-numerical modelling approach is used to investigate the deformation 

mechanisms leading to the 1965 Hope Slide, and the effect of slope kinematics on the 

evolution of rock slope damage. Using historical aerial photographs, a pre-failure digital 

terrain model of the slope was constructed. This model the allowed large-scale structural 

investigations, including kinematic and block-theory analyses, and pre-failure 

geomorphic mapping to be performed. New evidence is provided that one or more 

prehistoric failures have caused the removal of a key-block, and the initiation of long-

term slope deformation and cumulative slope damage which ultimately resulted in the 

catastrophic 1965 event. Extensive remote sensing surveys were also undertaken using 

state-of-the-art techniques, including digital photogrammetry, structure-from-motion, 

terrestrial laser scanner, and infrared thermography. Comprehensive characterization of 

the rock slope using both engineering geological mapping and remote sensing has 

allowed the first three-dimensional, distinct element numerical model of the Hope Slide 

to be conducted. The results of the numerical simulations involving gradual degradation 

of the rupture surface indicate that 1965 slope failure may represent the outcome of a 

long-term, progressive failure mechanism that initiated after the prehistoric landslide. 

This combined field mapping-remote sensing- numerical modelling study clearly 

highlights the role of large- and small-scale geological structures on the geomorphic 

                                                
3 To be submitted, modified, as: 

Donati, D., Stead, D., Brideau, M.A., and Ghirotti, M. (2019). Investigating the relationship between 
structural geology, rock mass damage, and rock slope stability: new insights from the Hope Slide. 
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evolution of the slope, along with the associated failure mechanisms and internal 

dilational damage. 

5.1. Introduction 

Investigating the stability of high rock slopes is becoming increasingly important, 

as higher and steeper slopes are being excavated to accommodate exponential 

population growth and increased demand for resources (Petley, 2010). A careful 

geological investigation of the slope is therefore critical to identify the mechanisms that 

may cause the occurrence of major landslide events. 

Brideau (2010) and Brideau and Stead (2012) conceptually investigated the 

importance of kinematic confinement and structural settings over the deformation and 

displacement of large rockslides, highlighting the key role of orientation, persistence, and 

spacing of geologic structures, in addition to topographic features. The location and 

orientation of geological features can potentially control the behavior and stability of rock 

slopes. The condition for which discrete blocks may be removable from the slope is 

generally referred to as “kinematic freedom”. The vast majority of large landslide events 

were at least partially controlled by geological structures, such as faults, folds, and rock 

mass jointing, providing basal, rear, or lateral release to a volume of rock mass (Stead 

and Wolter, 2015). In 1903, a major rock avalanche detached from the western slope of 

the Turtle Mountain, killing about 70 people in the town of Frank (Alberta, Canada). The 

rear and basal release surfaces of this 30 million m3 rockslide were provided by the 

hinge and the western limb of a North-South trending anticline, respectively (Cruden and 

Krahn, 1973; Humair et al., 2013). The activity of a coal mine at the base of the slope 

has been suggested as a conditioning or triggering factor (Benko and Stead, 1998). The 

1963 Vajont rockslide (Italy) slid along a chair-shaped rupture surface of tectonic origin, 

while two faults acted as eastern lateral and rear release surfaces (Massironi et al., 

2013). The damage associated with a syncline crossing the slide area was also 

important in the evolution of the Vajont rockslide, dividing the slide body into two blocks 

and allowing the failure to evolve with limited internal damage (Wolter et al., 2014; 

Havaej et al., 2015). Geological and anthropogenic factors, including the presence of a 

pre-historical rockslide, clay layers along the rupture surface, and the impoundment of 

an artificial reservoir, were also critical in the evolution of the Vajont rockslide (Semenza 

and Ghirotti, 2000). The Palliser rockslide, located in the Kananaskis Country (Alberta, 
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Canada) is a 90 million m3, pre-historical rockslide. The basal and lateral release 

surfaces are characterized by step-path morphologies, formed by the intersection 

between sub-vertical joint sets and bedding planes dipping out of the slope 

(Sturzenegger and Stead, 2012).  

While highly persistent geological structures and step-path geometries formed by 

intersection of discontinuities are essential in providing kinematic freedom to large rock 

slope failures, the accumulation of damage with time is also critical in the evolution of 

slope stability (Stead and Eberhardt, 2013). The action of endogenous and exogenous 

factors, such as earthquakes (Gischig et al., 2015; Wolter et al., 2015), heavy rainfall 

events (Azzoni et al., 1992) and cyclic fluctuation in ground water table (Preisig et al., 

2016), cause the formation of internal and external damage features that progressively 

weaken the rock slope (Stead and Eberhardt, 2013). Brittle fracturing of intact rock 

bridges may reduce kinematic constraints, causing failures to occur in otherwise stable 

rock slopes. Havaej et al. (2014b) demonstrated that non-daylighting wedges in open-pit 

rock slopes may fail through brittle fracturing of intact material. The importance of toe-

breakout through the gradual accumulation of slope damage has also been highlighted 

for footwall failures (Havaej et al., 2014a) and large rockslides in natural slopes (Sharma 

et al., 2016). The gradual decrease in factor of safety due to the accumulation of 

damage is referred to as “progressive failure” (Eberhardt et al., 2001). 

Due to the complex interaction of the described factors, the identification of the 

mechanisms and processes underlying the slope instability often requires a 

comprehensive analysis. The introduction and improvement of remote sensing 

techniques enhanced the amount and quality of geological data that can be collected in 

the field. Structural and geomorphic data at various scales may be extracted from point 

clouds obtained from LiDAR or photogrammetric techniques (Birch, 2006; Sturzenegger 

et al., 2009; Westoby et al., 2012; Abellán et al., 2014; Havaej et al., 2016). Small scale 

damage features may be mapped using high-resolution photography (Donati et al., 

2018). Water seepage in rock slope may be investigated using Infrared thermography 

(Vivas, 2014). Numerical modelling is also instrumental in characterizing in detail the 

processes driving the deformation and failure of rock slopes. Kinematic analyses and 

limit equilibrium methods may be used in preliminarily investigation of the failure 

mechanisms and the factor of safety of a slope (Hungr and Amann, 2011; Lu et al., 

2016). Continuum methods, such as Finite Element and Finite Difference methods, 
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model the material forming the slope as a continuous medium, and are best suited to 

investigate problems where rock mass mechanical properties control the slope failure 

(Grøneng et al., 2010; Bouissou et al., 2012; Jian et al., 2014). Discontinuum methods, 

such as the Distinct Element and other Discrete Element methods, consider the material 

as an assembly of blocks that can rotate, slide, and detach from each other, and have 

been largely employed for the analysis of slopes where the stability is governed by 

structures and block interactions (Brideau and Stead, 2011; Havaej et al., 2016). Hybrid 

FEMDEM methods (Munjiza et al., 1995; Klerck, 2000) and lattice scheme methods 

(Song and Kim, 1996; Cundall, 2011) have been introduced to investigate the role of the 

brittle fracturing of rock on the stability of a slope. Increasingly sophisticated numerical 

modelling methods allow more complex failure mechanisms to be modelled. In turn, their 

use will require input data more sophisticated and challenging to collect (Stead and 

Coggan, 2012). 

In this chapter, an integrated remote sensing-numerical modelling approach was 

used for the investigation of a major rock slope failure, the 1965 Hope Slide, in British 

Columbia, Canada. First, several remote sensing techniques and approaches were 

employed to investigate the structural, geomorphic, and hydrogeological setting of the 

slope. A re-interpretation of the slope failure is also provided, that highlights the role of a 

large, pre-historic event that occurred at the same site on the long-term progressive 

accumulation of slope damage. Finally, a three-dimensional, distinct element numerical 

analysis is performed to investigate the role of the structures and progressive cohesion 

degradation on the long-term stability and deformation of the rock slope. 

5.2. The 1965 Hope Slide 

The Hope Slide is one of the largest historical rock avalanches in Canada. The 

slope failure occurred, in two stages, early in the morning on January 9th, 1965, between 

4:00 am and 7:15 am (von Sacken, 1991). It involved a volume of about 47 million m3 of 

rock that detached from the south-western side of Johnson ridge, 15 km east of the 

municipality of Hope, British Columbia (Mathews and McTaggart, 1969). The slide debris 

completely filled the Outram Lake at the base of the slope, climbed up the opposite side 

of the Niculum Valley, and travelled down valley for about 2 km. The rock slope failure 

intersected and buried the Hope-Princeton Highway, raising the valley floor up to 60 m 

above its original elevation, and killing four people (Anderson, 1965). Two low intensity 
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earthquakes (M=3.2 and M=3.1) were registered at the Penticton seismic station (120 

km east of the Hope Slide) at the same time as the failures and were initially proposed 

as the trigger mechanism for the failure (Mathews and McTaggart, 1969). The 

hypothesis was first challenged by Wetmiller and Evans (1989), who observed that 

larger earthquakes registered in the area failed to trigger major slope failures. A seismic 

trigger was shown to be incorrect by Weichert et al. (1994), who compared the seismic 

signature of the 1990 Brenda Mine collapse with that of the Hope Slide, observing 

similarities in terms of signal characteristics. They concluded that the two earthquakes 

were the result, rather than the cause, of the slope collapse. The 1965 event affected a 

slope that had been the site of a pre-historical failure (Cairnes, 1924; Mathews and 

McTaggart, 1969), the size of which was comparable to the 1965 slide (Mathews and 

McTaggart, 1969). Evans and Couture (2002) excavated trenches to investigate the 

stratigraphy of the material above the 1965 headscarp and concluded that the event was 

not an episodic failure, but rather the catastrophic outcome of a progressive, long-term 

deformation of the slope. 

5.2.1. Geological and structural overview 

The Hope Slide is located within the Northern Cascades Mountain Range, in 

southern British Columbia (Canada). The slide affected the southern slope of the 

Johnson Ridge between the ground elevation of 870 m and 1,800 m a.s.l. The slide area 

is presently bounded on the northern and north-western sides by sub-vertical cliffs, up to 

150 m high, which define the lateral scarp and upper headscarp, respectively (Fig. 5.1). 

The rupture surface dips in a westward direction at an angle of 30°. The basal sliding 

surface is largely covered by debris, except for a steeper, 200 m by 150 m area in the 

central part of the slope, where the bedrock daylights. 

The slope is formed by Paleozoic greenstone of the Hozameen Group, a weakly 

metamorphosed volcanic rock that owes its name to its dark, greenish coloration. The 

rock is massive in nature, and the volcanic texture and structure have been obliterated 

by metamorphic recrystallization (McTaggart and Thompson, 1967). Locally, the 

greenstone is intruded by sills and dikes of felsite, an aphanitic, volcanic rock that occurs 

as pinkish and buff colour varieties at the investigated site. Buff felsite is organized in 

sills dipping out of the slope. Two such sills clearly stand out within the daylighting 

portion of the rupture surface (Fig. 5.2). Felsite-greenstone lithological contacts are 
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locally filled with a clay-rich gouge, and it has therefore been suggested that these 

contacts may have reduced the stability of the slope (von Sacken, 1991). However, 

Brideau et al. (2005) observed that most of the felsite contacts appear to be sharp and 

devoid of gouge with clay-rich infill instead localized in contacts within or close to 

tectonic structures (faults and shear zones). 

 

Fig. 5.1 Overview of the Hope Slide. a: 2018 satellite image (Planet Team, 
2018) of the affected area. The red dotted line shows the lateral and 
upper headscarps. The red, dashed lines show the NNE-SSW 
striking, structurally-controlled gullies, on both sides of the Johnson 
Ridge (white, dashed line). In the inset, the red star identifies the 
location of the slide site in British Columbia (Canada); b: 
photograph of the Hope Slide from the view point at the base of the 
slope. Photograph summer 2015. 
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The slide area is crossed by several NNW-SSE striking faults that form gullies 

and crevasses on both sides of the Johnson Ridge. Von Sacken (1991) suggested that 

the structures controlled the behavior of the slide, and that one of the faults divided the 

volumes that failed in the two stages of the 1965 event. Brideau et al. (2005) further 

investigated the structurally controlled nature of the slope failure, suggesting that 

tectonic shear zones may have acted as lateral release surfaces along the northern and 

southern boundaries of the slide. They also observed changes in orientation of the basal 

rupture surface, which were associated with a regional scale synform. 

 

Fig. 5.2 Lithological composition of the Hope Slide. a: oblique view of the 
Hope Slide; b: intersection between a white felsite sill and a buff 
felsite dike observed in the headscarp; c: daylighting area of the 
basal rupture surface. Note the felsite sills intruding the greenstone. 
Photographs fall 2011. 

5.2.2. Previous work 

The research in this thesis builds upon geological investigations conducted by 

several authors, in particular Brideau et al. (2005) and Donati et al. (2013). Brideau et al. 

(2005) investigated and mapped the structural damage at the site, emphasizing the 

structurally controlled nature of the failure. Donati et al. (2013) performed detailed 
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discontinuity mapping and rock mass characterization using a Terrestrial Digital 

Photogrammetry approach. Table 5-1 summarizes the most important site investigations 

conducted at the Hope Slide since 1965. 

Table 5-1 Summary of previous site investigation conducted at the Hope Slide. 

Reference Summary of the analysis 
Methodology 
employed 

Matthews and 
McTaggart (1969) 

Preliminary investigation of the 1965 failure. 
Failure mechanism hypothesized. Geomorphic 
analysis of the area after the slope collapse. 
Volume estimation from pre- and post-failure 
topographic maps. 

Traditional field 
techniques 

Von Sacken (1991) 

Detailed geological and geotechnical investigation 
of the rock mass. Discontinuity mapping 
performed in accessible areas along the sliding 
surface and in the area outside of the slide limit. 
Subdivision of the slide area into two structural 
domains. Geotechnical laboratory tests performed 
on fault gauge and intact rock specimens. 2D limit 
equilibrium analysis. 

Traditional field 
techniques 
Laboratory tests 
LEM analysis 

Brideau et al. (2005) 

Detailed structural damage investigation. 
Discontinuity mapping performed at several 
locations within the slide area. Rock mass 
damage quantified using a GSI (geological 
strength index) approach. 

Traditional field 
techniques 
GIS analysis 

Donati et al. (2013) 

Detailed rock mass characterization performed 
using remote sensing techniques. Discontinuity 
mapping of inaccessible areas of the headscarp. 
Subdivision of the slide area into five structural 
domains, according to changes in discontinuity set 
orientation. 

Terrestrial Digital 
Photogrammetry 

5.3. Research methodology 

The investigation was undertaken at progressively larger scales, in order to 

characterize the slope in an increasingly higher level of detail. The workflow proposed in 

Donati et al. (2017) was followed for the data collection and processing, and is 

summarized in Fig. 5.3. 

The collection and processing of existing data provides insight on the 

mechanisms underlying the evolution of an unstable slope. Vertical and oblique 

photographs (e.g., aerial and oblique imagery), and three-dimensional datasets (e.g., 
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airborne and ground-based LiDAR) can be compared with historic photographs to 

identify morphological changes that occurred within the slope (e.g., Li et al., 2016; Rowe 

et al., 2016; Williams et al., 2018). Where available, monitoring datasets can be used to 

constrain or validate numerical modelling results (Woo et al., 2013; Hamdi et al., 2018). 

In this study, historical air photographs were processed using Structure-from-Motion 

(Westoby et al., 2012), to allow the construction of pre-failure three-dimensional models. 

Geotechnical laboratory testing results and field work data from previous investigations 

were also employed to derive input data for numerical models. 

 

Fig. 5.3 Workflow of the investigation conducted at the Hope Slide. The 
slope characterization has been performed progressively increasing 
the level of detail. 

A large-scale structural geology investigation is important in highlighting the 

structurally controlled nature of a slope instability. In this study, discontinuities were 

mapped using a site-specific hierarchical order, from large scale structures, referred to 

as “first order”, to progressively lower order features. We considered here “first-order” 

features as those that are necessary for the slope failure to occur. A kinematic, key-
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block analysis (Goodman and Shi, 1985) may also be employed to identify potential key 

blocks within the slide, bounded by first-order structures, the detachment of which may 

cause the failure to propagate and involve previously stable blocks. A spatial 

characterization of damage may also provide additional insight on the mechanisms 

underlying the instability (Donati et al., 2018). Where historical datasets are available, a 

temporal landslide investigation may be conducted (Clayton et al., 2017; Roberti et al., 

2018). 

A detailed rock mass characterization should be performed using both remote 

sensing and traditional field methods. The use of remote sensing techniques allows for 

large amounts of high-resolution data to be collected from a distance. Traditional field 

work procedures however are important to obtain intact rock strength data (e.g., uniaxial 

compressive strength), and small-scale surface discontinuity data (e.g., roughness, 

infilling, alteration). When the rock slope investigation is to include a numerical modelling 

analysis, the slope characterization should consider the characteristics of the slope 

instability and the failure mechanism (Donati et al., 2017). In this study, the structural 

and geomorphic analyses undertaken highlight the structural controls on the 1965 

failure, emphasizing the need for a three-dimensional distinct element method approach 

to realistically model the event. A distinct element method code models the rock mass as 

an assembly of discrete blocks that can slide, rotate, and detach from each other, 

making it highly suited to the analysis of structurally controlled slope failures. 

5.3.1. Summary of remote sensing techniques employed 

The structural and geomorphic investigation of the 1965 Hope Slide was 

conducted using primarily terrestrial LiDAR, photogrammetric techniques and infrared 

thermography. 

Ground-based Light Detection and Ranging (LiDAR), also referred to as 

terrestrial laser scanning (TLS), involves the emission of a calibrated laser pulse, and 

the collection and processing of the signal reflected by the investigated object. For each 

reflected signal, a point is located in the three-dimensional space. The position is based 

on the direction and time-of-flight of the pulse. In the course of this research, a Riegl VZ-

4000, full-wave form terrestrial laser scanner, characterized by a maximum operating 

range of 4,000 m, was employed to collect a high-resolution point cloud of the slide area 
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(Fig. 5.4a). The raw dataset was first preprocessed in RiSCAN Pro 2.6 (Riegl LMS 

GmbH, 2018). The software CloudCompare (CloudCompare 2.9, 2017) was then used 

to build a Digital Elevation Model using the point cloud. 

Photogrammetric techniques, such as Terrestrial Digital Photogrammetry (TDP) 

and Structure-from-Motion (SfM), can be used to reconstruct the three-dimensional 

geometry of an object, using photographs taken from multiple camera stations. 

Photogrammetric software automatically identifies common pixels (in TDP) or groups of 

pixels (referred to as “features” in SfM) between photographs. While in TDP the object 

geometry is reconstructed using pairs of images, in SfM all the photographs are 

analyzed together, and the common features are identified and traced through the entire 

photograph database. The position of each point or feature in the three-dimensional 

space is then reconstructed using a bundle adjustment approach. The result is a point 

cloud that can be registered into a real or local coordinate system. In this project, a high-

resolution photograph database was obtained using a Canon EOS 5D Mark II, 21 Mega 

Pixel digital single-lens reflex (DSLR) camera with an f=400 mm telephoto lens, and a 

DJI Phantom 3 Pro Quadcopter, equipped with a 12 Mega Pixel digital camera (Fig. 

5.4b,c). The programs used for TDP and SfM reconstruction were 3DM Analyst mapping 

suite (AdamTechnology, 2017) and Photoscan (Agisoft LLC, 2018), respectively. 

Infrared Thermography (IRT) is a passive technique that involves the analysis of 

the infrared radiation emitted by the object of interest. The infrared radiation is a function 

of the temperature of the object, and can be measured using a thermal camera, which 

automatically converts the IR radiation into a temperature value. In this study, a FLIR 

SC7750 was employed, which operates in the spectral range 7.85 – 9.5 m and has an 

accuracy of the measured temperature of +/- 2°C (Fig. 5.4d). Thermal imagery was 

processed using Research IR (FLIR Systems Inc., 2015) for the investigation of 

groundwater seepage. 

5.4. Historical imagery analysis and processing 

Analysis of historical air photograph imagery allowed for the characterization of 

the pre-failure slope morphology, and investigation of the role of geological structures on 

the long- and short-term evolution of the slope and rock mass damage. A set of historical 

aerial photographs, taken in 1961 (prior to the failure) was obtained from the Province of 
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British Columbia database (roll BC4014, frames 21-25), and used to perform a structural 

and geomorphic analysis of the investigated area. 

 

Fig. 5.4 Remote sensing equipment employed for the Hope Slide 
investigation; a: Riegl VZ-4000 terrestrial laser scanner; b: Canon 
EOS 5D Mark II with f = 400 mm focal length lens, mounted on a 
panorama frame; c: DJI Phantom 3 Pro Quadcopter; d: FLIR SC7750 
thermal camera with f = 100 mm focal lens. 

5.4.1. Pre-failure slope reconstruction 

The pre-failure digital terrain model (DTM) was reconstructed using a SfM 

approach. Easily identifiable natural points outside of the area affected by the slide were 

selected in the pre-failure imagery, and their location obtained from Google Earth. A 

point cloud was then generated, and the selected natural points used to approximately 

register the point cloud in real world, UTM coordinates. 

The pre-failure topographic surface was employed to characterize structural and 

geomorphic features within the area of interest, and to investigate the relationship 

between geological structures and slope stability. The long-term evolution of the slope 

was also addressed, considering the prehistorical event that affected the slope 

(Mathews and McTaggart, 1969). The pre-failure slope investigation was performed in 

ArcGIS 10.5 (ESRI, 2017). Hillshade, aspect, and slope maps of the pre-failure DTM 

were created. A hillshade map reproduces the solar irradiation on the DTM surface: the 

intensity value of each pixel depends on the slope orientation with respect to a user-
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specified light source. In an aspect map the color of each pixel is assigned based on the 

dip direction of the slope, highlighting counterscarps and areas with a variation in slope 

orientation. Slope maps highlight changes in slope angle (e.g., cliffs) (Fig. 5.5). The 

maps were analysed and compared with the orthorectified aerial photograph obtained 

from the SfM software. 

 

Fig. 5.5 Conceptual workflow for the reconstruction and analysis of the pre-
failure slope topography. The 1961 historical aerial imagery was 
processed using a Structure-from-Motion approach to obtain the 
pre-1965 slope geometry. 

5.4.2. Structural and kinematic analysis of the Hope Slide 

Using the aspect, slope, and hillshade maps, a lineament analysis was 

conducted on the pre-failure digital terrain model. Such an analysis has proved effective 

in characterizing slopes at several rockslide sites, including the Vajont slide, in northern 

Italy (Wolter, 2014), the Downie slide, in British Columbia (Westin, 2017), and Mt. 

Burnaby landslide, in British Columbia, Canada (Francioni et al., 2018c). Six large scale, 

first-order structural features were identified and mapped, and denoted as L1 to L6. The 

first-order structures subdivide the slide volume into five slide blocks, progressively 

numbered from the bottom of the slope to the crest (B1 to B5). Table 5-2 summarizes 
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the orientation of each structure obtained by interpolating a plane through each 

lineament trace in CloudCompare. 

 

Fig. 5.6 Summary of the lineament analysis conducted on the pre-failure 
DTM of the Hope Slide. a: hillshade map; b: aspect map; c: slope 
map; d: RGB imagery draped onto pre-failure 3D model. In each 
map, dashed lines represent the mapped first-order lineaments, and 
the dotted line outlines the area involved in the 1965 event. 
Lineaments are labelled from L1 to L6, blocks from B1 to B5. 

Table 5-2 First order structural features identified in the pre-failure topography 

First order 
structures 

Orientation 
(Dip °/dip dir. °) Type of release surface 

L1 80/304 Rear release for slide blocks B2, B5 

L2 25/307 Basal release for slide block B5 

L3 71/291 Rear release for slide blocks B2, B4 

L4 79/283 Rear release for slide block B1 

L5 69/243 Rear release for slide block B2 

L6 64/185 Lateral release for slide blocks B1, B3, B4 
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A large-scale block theory investigation was then performed using the identified first-

order structures. The objective was to identify “key” blocks, the removal of which may 

have caused the remaining blocks to fail in a progressive manner. Block theory, as 

described by Goodman and Shi (1985), is a kinematic analysis that identifies all the 

blocks that may potentially form within a simplified slope, and classifies them into 

“stable”, “unstable”, “infinite”, and “key” blocks. Non-removable (e.g., tapered) blocks 

cannot be observed, and the relative position of each block within the slope cannot be 

directly obtained. To overcome this limitation, a simplified three-dimensional model of 

the slope was built in 3DEC (Itasca Consulting Group, 2016a) by importing the first-order 

features identified in the structural analysis, and considering the location observed in the 

pre-failure DTM. Finally, all the resulting blocks were progressively delineated by hiding 

the semi-volumes (e.g., the portion of model above or below a discontinuity) that are not 

part of the investigated block. To incorporate a basal release surface, in addition to the 

structures L1-L6, a rupture surface was also included in the 3DEC slope model. 

According to von Sacken (1991) and Brideau et al. (2005), the basal release surface of 

the Hope Slide was recognized as a discontinuity set sub-parallel to the slope. The block 

theory analysis shows that Block 1 represents a key block for the slope, and its removal 

would allow the subsequent failure of blocks 2 to 5. Fig. 5.7 shows the kinematic 

condition of each block identified in the Hope Slide slope model. 

5.4.3. Analysis of the slope damage before the 1965 failure 

The 1961 imagery shows abundant evidence of slope activity prior to the 1965 

Hope Slide. At the base of the slope, a large, vegetated debris fan can be observed, that 

exceeds the elevation of the surrounding valley floor by over 50 m (Profile 1 in Fig. 5.8). 

It is currently unclear whether its formation was caused by a single, relatively large 

event, or rather a prolonged accumulation of material caused by debris flows and 

rockfalls under varying climatic conditions. The former Outram Lake, which was 

subsequently completely filled by the 1965 rock avalanche, is located in front of the fan, 

and lies on the deposit of a prehistoric landslide (Cairnes, 1924; Mathews and 

McTaggart, 1969). The elevation of the lake at the time the aerial photograph was taken 

was about 710 m above sea level (a.s.l.), and at its downstream side the valley floor 

suddenly rises to a ground elevation of 750 m a.s.l. In this elevated area, a hummocky 

morphology can be observed in the orthophoto, and boulders appear to be scattered 
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throughout the area. About 550 m northwest from the lake, the valley floor elevation 

drops to about 680 m a.s.l., possibly outlining the edge of the ancient landslide deposit 

(Profile 2 in Fig. 5.8). Radiocarbon analyses on organic material collected below the 

deposit yielded an age of 9,680 years, which marks a minimum age for the event 

(Mathews and McTaggart, 1978). 

 

Fig. 5.7 Simplified block model of the Hope Slide constructed in 3DEC. 
Blocks are colored based on the different kinematic conditions: key-
block (red), stable (green), and tapered (blue). Note that a key-block 
is present in the lower slope (slide block B1), that prevents the 
displacement of blocks B2-B5. 

Several rockfall source areas can be identified between elevation 1,133 m a.s.l. 

(near the northern boundary of the 1965 slide area) and 1,741 m a.s.l. (below the upper 
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1965 headscarp). Mathews and McTaggart (1969) suggested that the cliffs bounding the 

pre-1965 active slide area also outline the headscarp of the prehistoric landslide event. 

From the source areas, active debris channels follow the steepest path toward two main 

deposition areas. The first deposition area is located above the debris fan at the base of 

the slope and accommodates rockfall material from the northeastern sector of the active 

area. The second deposition area is located on a structural ledge in the central part of 

the slope. This accumulation area is clearly visible in the pre-1965 slope map, in the 

form of a flat surface 300 m wide and up to 150 m long. Cliffs, debris channels and 

accumulation areas are largely free of vegetation, in view of their active state as 

captured in the 1961 photographs, whereas a dense canopy existed elsewhere within 

the slope (Fig. 5.9a). 

The analysis of the pre-1965 aspect map shows a series of counterscarps in the 

upper portion of the slope, partially or completely free of vegetation (Fig. 5.9b). Such 

damage features have been associated with the evolution of deep-seated gravitational 

slope displacements (Eisbacher and Clague, 1984; Agliardi et al., 2012), referred to as 

sackungen. The uppermost counterscarp was only partially involved in the 1965 event, 

and presently shows evidence of slope movements (von Sacken, 1991). Additionally, 

geomorphological field analyses showed evidence of a long-term deformation that was 

ongoing prior to the 1965 slope failure, suggesting that the 1965 event represents the 

catastrophic outcome of a sagging rock slope (Evans and Couture, 2002). 

5.5. Detailed remote sensing data collection and 
processing 

The collection of remote sensing data in this study was performed using various 

techniques, including Terrestrial Laser Scanning, Terrestrial Digital Photogrammetry, 

Infrared Thermography, and Structure-from-Motion. The objective was a detailed slope 

characterization, including first-order structures (e.g., faults, shear zones), second-order 

structural features (e.g., discontinuity sets) and groundwater seepage. A block size 

analysis of the debris field was also undertaken. Table 5-3 summarizes the resolution, 

coverage, and intended use of each of the collected datasets. Fig. 5.10 displays the 

stations used for the collection of remote sensing data.
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Fig. 5.8 Prehistoric deposits observed in the pre-failure topography at the Hope Slide. a: 1961 aerial photograph. The 
red, dotted line bounds the debris fan at the base of the slope. The blue, dotted line marks the inferred limit of 
the prehistoric landslide deposit. The white dotted line outlines the portion of slope affected by the 1965 
event. The yellow box identify the area displayed in b; b: detail of the aerial photograph. The hummocky 
morphology north of the Outram Lake and the boulders scattered throughout the deposit are labelled; c: 
profiles he profiles traced in the aerial photographs highlight the morphology of the debris fan at the base of 
the slope, and the inferred northern edge of the prehistoric landslide deposit.
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Fig. 5.9 Pre-failure slope damage of the Hope Slide slope (photograph 1961). 
a: geomorphic interpretation; b: rockfall deposition areas above the 
debris fan in the lower slope, and on a structural ledge located mid-
slope; c: plan view of the crest of the slope. The presence and 
location of counterscarps is highlighted in the aspect map. 
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Table 5-3 Summary of coverage, detail, and use of the collected datasets 

Technique Coverage 
Resolution of 
the dataset Purpose of the analysis 

Ground-based LiDAR 

Lateral and upper 
headscarps, entire sliding 
surface 

Point spacing: 
20-40 cm 

Reconstruction of present-day 
slope morphology for volume 
estimation 

Terrestrial Digital 
Photogrammetry 

Lateral and upper 
headscarps, daylighting 
part of the sliding surface 

Ground pixel 
size: 3 cm 
Point spacing: 
10-20 cm 

Discontinuity mapping and 
detailed rock mass 
characterization 

Structure-from-Motion 
(historic air 
photograph imagery) 

Entire slide area and 
surroundings 

Point spacing: 
5-10 m 

Reconstruction of pre-failure 
slope surface for large scale 
structural and geomorphic 
analysis and volume estimation  

UAV Structure-from-
Motion Landslide deposit 

Point spacing: 
10 cm Block size analysis 

Infrared 
thermography 

Lateral and upper 
headscarps, entire sliding 
surface 

Ground pixel 
size: 20 to 30 
cm Seepage investigation 

 

Fig. 5.10 Location of the remote sensing stations during the data collection. 
Red dots identify the camera stations used for the photogrammetric 
survey of the headscarp (TDP); red polygons show the area covered 
by the TDP survey; yellow square marks the location of the laser 
scanner (TLS) and thermal camera (IRT); yellow polygon outline the 
coverage of TLS and IRT surveys; the green polygon shows the area 
of the slide deposit investigated with the UAV survey. 
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5.5.1. Rock mass characterization 

The objective of the detailed remote sensing investigation was to collect rock 

mass discontinuity data, including orientation, persistence, and spacing. Based on the 

terminology used by Donati et al. (2017), small scale discontinuities, such as joints and 

small faults, are referred to as second order structural features. 

Detailed discontinuity mapping was performed in the summer 2011 (Donati, 

2012; Donati et al., 2013). The characterization was undertaken using Terrestrial Digital 

Photogrammetry, performed on the lateral scarp and upper headscarp, and the 

daylighting portion of sliding surface at mid-slope. The camera stations were located 

within the debris field at the base of the slope, and the photographs were captured using 

a fan approach (Birch, 2006) from a maximum distance of 2,200 m. The locations of the 

stations were chosen based on the recommendations of Sturzenegger (2010). In 

particular, an average baseline:distance ratio close to 8:1 was maintained in order to 

improve the accuracy of the survey. 

Over 1,600 discontinuities were mapped in TDP software, and their orientation 

plotted in stereonets using DIPS (Rocscience, 2016). Three main discontinuity sets were 

identified, namely J1, J2, and J3. J1 is sub-parallel to the slope surface (30°/245° 

Dip/Dip Direction on average) and may have provided a basal rupture surface for the 

1965 event and possibly also for the prehistoric failure. Discontinuity sets J2 and J3 

(76°/297° and 84°/350°, on average respectively) are both sub-perpendicular to J1 (Fig. 

5.11). Virtual scanlines were also traced on photogrammetric models at various locations 

along the headscarp, to characterize the discontinuity persistence and spacing. The 

average persistence of the identified discontinuity sets is 16 m, 10 m, and 11 m, for J1, 

J2, and J3, respectively. Both discontinuity sets J1 and J2 are closely spaced within the 

slide area, whereas spacing for the set J3 is uncertain due to limited discontinuity 

visibility and unfavorable orientation for estimation. A preliminary structural analysis 

suggested five structural domains are present within the slide area, which are 

approximately delineated by the first-order structures identified in the large-scale 

geomorphic analysis (Fig. 5.11). Throughout the domains, a progressive counter 

clockwise rotation of the main discontinuity sets can be recognized between the 

headscarp and the base of the slope (Donati, 2012; Donati et al., 2013). This research 

appears to corroborate the conclusions and observations from previous works. Von 
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Sacken (1991) also observed a change in the orientation of the discontinuities between 

the upper and lower slope. However, due to the inaccessibility of the cliffs, the locations 

available for the geomechanical mapping within the slide area were not uniformly 

distributed, thus making the identification of patterns of variation difficult. Brideau et al. 

(2005) suggested that a large-scale fold may exist, that affects the structural setting of 

the slide area. Table 5-4 summarizes the discontinuity sets orientations observed in the 

different structural domains and includes a comparison against previous work. 

 

Fig. 5.11 Comparison of the results from remote sensing geomechanical 
mapping described in Donati et al. (2013) (stereonets outlined in red) 
with results from previous works by von Sacken (1991) (stereonets 
outlined in black) and Brideau et al. (2005) (stereonets outlined in 
blue). All the stereonets are equal angle, lower hemisphere 
projections. On the aerial photograph, the dashed lines outline the 
boundaries of the structural domains derived from the joint 
mapping. Photograph 1996, courtesy of Province of British 
Columbia, roll BCC96082, frame 19). 
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Table 5-4 Discontinuity set orientations mapped at the Hope Slide. All 
orientations are in dip/dip direction format. 

 Discontinuity sets 
Domain # J1 J2 J3 

1 25°/307° 78°/311° * 
2 40°/237° 74°/297° 85°/338° 
3 42°/229° 77°/298° 84°/338° 
4 40°/268° 76°/300° 87°/356° 
5 34°/245° 81/309 * 

* Not recognized within the domain. 

A preliminary comparison between the orientation of the first order structures and 

that of the mapped 2nd order discontinuity sets was attempted. Similarity between the 

orientation of J2 and the first order structures L1, L3, and L4 can be observed. No 

obvious similarity was noted between the orientation of discontinuity set J3 and any of 

the first-order structures. However, the orientation of the upper headscarp is similar to 

that of J3, suggesting at least a partial structural control exists on its orientation and 

location. 

5.5.2. Seepage investigation 

A seepage investigation was performed using Infrared Thermography. A FLIR 

SC7760 thermal camera was employed to capture infrared imagery of the rupture 

surface from the view point at the edge of the debris field. Several seepage areas were 

identified and mapped, mostly located within the daylighting portion of rupture surface in 

the central part of the slope. Most of the seepage was found to occur along 

discontinuities in set J1 and at lithological contacts between greenstone and felsite. The 

presence of excessive pore water pressure along discontinuities sub-parallel to the slope 

orientation may have decreased the effective stresses along the rupture surface, thus 

acting as a predisposing factor for the failure. However, the role of groundwater in 1965 

is still unclear. Mathews and McTaggart (1969) argued that pore water pressure did not 

have a primary role in the slope failure, due to the low, below-freezing temperature 

observed in the area in the weeks prior to the event. In fact, they suggested that freezing 

temperatures prevented snowmelt, while a continued seepage, due to the geothermal 

gradient, led to the gradual depletion of hydrostatic pressure in the rock fractures. 

Conversely, Brideau et al. (2005) suggested that cold temperature could have caused 
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the groundwater to freeze at the surface, preventing seepage and thus the dissipation of 

the hydrostatic pressure. Additionally, an increase in minimum temperature from -12°C 

to 0°C was registered at the “Hope A” weather station (located at the Hope Aerodrome) 

in the two days prior to the failure. This increase in temperature, together with the 

typically high rainfall in December and January (around 250-280 mm monthly 

precipitation) may have induced snowmelt and thus a sudden increase in hydrostatic 

pressure along the rupture surface, triggering the failure in the lower part of the slope. 

 

Fig. 5.12 Example of the thermal imagery collected at the Hope Slide. Darker 
colours indicate lower temperatures, whereas brighter colours 
indicate higher temperatures. Low temperatures (10° to 12°) identify 
groundwater seepage from J1 discontinuities and the 
greenstone/felsite sill contacts. Imagery summer 2016. 

5.5.3. Debris field analysis 

The slide deposit was characterized using a Structure-from-Motion approach. A 

DJI Phantom 3 Pro Quadcopter was employed to collect imagery of the debris field for 

the construction of an orthorectified image. Photographs were collected by flying the 

UAV along a pre-determined grid, which was designed to provide an 80% overlap 

between consecutive images. During the entire mission, a 30 m UAV altitude above the 

ground level was maintained, allowing for a constant ground pixel size of 4 cm 

throughout the entire image dataset. A total of 680 photographs were collected, covering 

an area of 2 km2 of debris deposit at the base of the slope. The photographs were 

processed using Photoscan (Agisoft LLC, 2018), and an orthorectified image obtained 

from the reconstructed three-dimensional model (Fig. 5.13). 
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Fig. 5.13 Debris characterization at the Hope Slide site. a: 2016 Google Earth 
satellite photograph of the investigated area of the deposit; b: the 
DJI Phantom 3 during the survey (photograph summer 2016); c: the 
orthorectified image of the area. 

A block size analysis distribution was performed on the orthophoto using ArcGIS 

10.5 (ESRI, 2017). A modified version of the workflow described in Shugar and Clague 

(2011) was employed. The outline of over 2,000 blocks larger than 16 m2 was manually 

digitized, and their area computed. The smallest enclosing rectangle was then obtained 

for each of the digitized polygons. The block volume was then estimated as the product 

of the area of the block in the orthophoto and the average side length of the enclosing 

quadrangle. The maximum estimated block volume within the slide debris is about 4,000 

m3, while the average volume is 78 m3. For each block, a two-dimensional block aspect 

ratio was also calculated, defined as the ratio between the length of the major and minor 

sides of the enclosing rectangle. The aspect ratio distribution has a log-normal 

distribution when all the blocks are considered. Conversely, when blocks larger than 500 

m3 only are considered, an average aspect ratio of 1.5 is obtained. This evidence 

suggests that while the shape of large blocks may reflect the joint spacing within the 

intact rock mass, brittle fracturing processes and comminution due to impacts with 

smaller blocks (<500 m3) and the ground during the failure cause the original, structurally 

controlled block shape to be lost. 
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Fig. 5.14 Summary of the analysis of the Hope Slide deposit. a: block size 
distribution analysis in the Hope Slide deposit. The maximum block 
volume computed was 3,860 m3; b: aspect ratio distribution for all 
the digitized blocks; c: aspect ratio distribution for blocks larger 
than 500 m3. 

5.5.4. Volume estimation 

The volume and the thickness of the material involved in the 1965 Hope Slide 

event was estimated by subtracting the pre-failure DEM from the post-failure DEM 

(constructed using the TLS point cloud) within the area of the slide blocks B1-B5 (Fig. 

5.15). The volume was calculated using a cut-fill analysis in ArcGIS 10.5. A total volume 

loss of 48.4 x 106 m3 was computed, distributed between block B1 (5.8 x 106 m3), block 

B2 (4.1 x 106 m3), block B3 (650 m3), block B4 (7.5 x 106 m3), and block B5 (31.0 x 106 

m3). The volume loss computed in this research agrees well with previous estimations, 

which range between 47.3 x 106 m3 (Mathews and McTaggart, 1969) and 48.3 x 106 m3 

(von Sacken, 1991). Previous calculations were based on the same isopach map 

described in Mathews and McTaggart (1969), created by computing the difference 

between topographic maps prior to and after the 1965 event. 

The maximum thickness of the slide was observed in the upper portion of the 

slope, within block B5 (143 m) and block B4 (140 m). Within blocks B1, B2, and B3 the 

maximum elevation difference ranges between 24 m and 63 m. 
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Fig. 5.15 Comparison between pre-1965 and present-day 3D models. The pre-
failure DEM was built from historic air photographs using SfM. The 
present day model was built by overlying the TLS point cloud onto 
the pre-failure geometry. The elevation change is represented in the 
pre-1965 DEM. In the present-day models the arrow indicates the 
displacement direction. The present day (2016) RGB image was 
obtained from Google Earth. 

Table 5-5 Comparison between the volume estimations performed by various 
authors in published works. The method used for each calculation is 
indicated. 

Volume 
estimation Method Reference 

47.3 x 106 m3 
Comparison pre- and post-event 
topographic maps. 

Thompson and 
McTaggart, 1969 

47.7 x 106 m3 
Comparison pre- and post-event 
topographic maps. 

Bruce and Cruden, 
1977 

48.3 x 106 m3 
Digitization of lost volume isopach (from 
Thompson and McTaggart, 1969). 

Von Sacken, 1991 

48.4 x 106 m3 
Cut-fill analysis using pre- and post-failure 
DEMs. 

This study 
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5.6. Reinterpretation of the Hope Slide 

Characterization of the Hope Slide conducted using new data and methods in 

this research has provided useful insight into the evolution of the slope before and after 

the 1965 failure. 

It has been suggested previously that the prehistoric slope failure caused the 

removal in the lower part of the slope of a volume of rock similar to the 1965 slide 

(Mathews and McTaggart, 1969). In contrast, the material removed during the 1965 

event originated predominantly from the upper slope. Additionally, visual analysis of the 

aerial photographs shows the presence of a prominent cliff, located at the boundary 

between slide blocks B2 and B5, which is recognizable in the slope both in the pre- and 

post-failure imagery (Fig. 5.16). This evidence confirms that only a minor volume of 

material originated form the section of the slope below this cliff feature. We suggest that 

the prehistoric slope failure involved the detachment of slide blocks B1 and B2, with only 

limited contribution of material from the upper blocks. Conversely, the 1965 event 

predominantly involved the failure of blocks B4 and B5. Together, these blocks 

constitute 80% of the volume lost during the failure. The contribution to the estimated 

volume loss from the lower slope in the 1965 event (the 20% of the total volume) may 

have included debris deposited before 1965, and subsequently mobilized and 

incorporated within the 1965 slope failure. The prehistoric event is suggested to have 

had an important role in the 1965 rock slide. Block theory analysis indicates that the 

prehistoric event caused removal of a key block, and propagation of the instability due to 

reduced kinematic restraint on the upper blocks. 

From a kinematic perspective, the two main that blocks failed during the 1965 

event were characterized by a substantially different behavior. The slide block B4, 

bounded by the first order structures L3 and L6, probably slid along a basal surface 

parallel to the slope and discontinuity set J1. This setting indicates a planar sliding 

mechanism, with displacement occurring in a 248°N direction (Fig. 5.17a). Slide block 

B5 may have been initially buttressed by slide block B4. The failure of slide block B4, 

then, caused the instability to propagate towards slide block B5. This block, however, 

does not appear to have failed through a planar sliding mechanism; the presence along 

the lower boundary of the first order structure L2 may have led instead to a translational 

wedge failure, with displacement in a 291°N direction (along the intersection with the 
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basal surface) (Fig. 5.17b). Brideau et al. (2005) observed that most of the failure 

material accumulated in the northwestern part of the deposit, and that the slide material 

largely travelled in a westerly direction. This observation appears to agree well with a 

sliding direction partially controlled by L2, and a wedge failure mechanism for the largest 

slide block involved in the 1965 event. 

 

Fig. 5.16 Comparison between pre- and post-failure aerial photographs (a). 
Highlighted geomorphic feature, located at the boundary between 
blocks 2 and 5, can be recognized in both images. The inferred 
origin of this feature is conceptually explained in panel b. See text 
for discussion. 

 

Fig. 5.17 Slide block kinematics in the 1965 Hope Slide. a: planar sliding 
block B4; b: wedge sliding of block B5. 
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The prehistoric landslide is suggested to have played a critical role in the long-

term evolution of the slope. The event occurred roughly 9,700 years b.p., shortly after 

the disappearance of the Pleistocene Cordilleran Ice Sheet, about 10,000 years b.p. 

(Clague et al., 1983), and was probably facilitated by the high pore water pressure and 

fluvial erosion at the base of the slope following glacial retreat. The relation between the 

retreat of Holocene glaciers and slope stability has been described for both recent and 

historic events (Geertsema et al., 2006; Clayton et al., 2017; Roberti et al., 2018). In fact, 

it is interesting to note that the long-term glacial history also affects present-day slope 

stability. Cruden and Hu (1993) suggest that an “exhaustion” process may condition rock 

slopes for failures even thousands of years after glacial retreat or rapid fluvial incision. 

Riva et al. (2018) modelled the long-term deformation of a rock slope previously 

buttressed by a glacier and observed that the accumulation of internal damage can 

progress for long periods of time (> 15,000 years) in sagging rock slopes. Eberhardt et 

al. (2004) and Leith (2012) similarly show, using numerical models, that the removal of 

glacier resulted in damage at the toe of the 1991 Randa rockslide. It is suggested that a 

large slope failure may result in progressive internal damage, and that the 1965 Hope 

Slide may represent the final stage of an extremely slow slope degradation and 

weakening process that started with the prehistoric failure. After such a slope toe failure, 

a long-term deformation initiated in the upper slope, inducing the formation and 

accumulation of damage both within the slide volume, in the form of tension cracks, 

counterscarps, and rock mass dilation, and more importantly along the rupture surface, 

through gradual failure of rock bridges and sub-critical crack propagation, until failure 

occurred. This hypothesis agrees with the findings of Evans and Couture (2002). Table 

5-6 summarizes conceptually the proposed mechanism, focusing on the slope damage 

that may have characterized the slope throughout the different stages of its geomorphic 

evolution. 

Presently, the activity of the slope is predominantly characterized by small 

rockfalls occurring at the intersection of fault-damage zones and the headscarps. 

Several events were observed, while the photogrammetric surveys were being 

undertaken, particularly along the lateral scarp. InSAR investigations also shown that 

marked displacement is occurring at the upper headscarp, although within very localized 

areas (Hosseini et al., 2018). Such a deformation was also recognized by von Sacken 

(1991), who observed the opening of a tension crack behind the headscarp. Slow 
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deformation was also observed within the debris field and has been interpreted possibly 

as a result of the consolidation of sediments at depth due to surcharge by the 1965 

deposit, or a slow-moving creep that developed within the Hope Slide debris (Hosseini et 

al., 2018). 

 

Fig. 5.18 Dust cloud (red arrow) generated by a rockfall that occurred at the 
headscarp of the Hope Slide during a photogrammetry survey. In the 
inset, the red dot identifies the location of the rockfall event. 
Photograph summer 2011. 



 

162 

Table 5-6 Conceptual evolution of the slope damage at the Hope Slide. Sketches 1-5 describe conceptually the evolution of the Hope Slide since initiation of the instability after glaciation. Green lines 
identify first-order structures and the red shapes represent damage features. The blue, dashed line represents the section trace. 

 Stage 1: glaciated valley Stage 2: glacial retreat Stage 3: prehistoric failure Stage 4: progressive deformation Stage 5: 1965 failure 
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advance 

 Glacial retreat 
 Slope deformation initiates; the 

boundaries of the deforming slope are 
structurally controlled 

 Prehistoric failure. Key-block (formed by 
slide blocks B1 and B2) removal from the 
slope 

 The valley floor is filled with debris and 
raised by tens of meters 

 Stress redistribution in the upper slope 
causes the initiation of slow deformation 

 Prehistoric headscarp progressively 
“smoothed” and eroded 

 Eroded material forms a debris fan at the 
base of the slope 

 Blocks from rockfall source areas deposit 
in the accumulation surfaces along the 
slope 

 Upper slope collapses in two stages (slide 
blocks B4 and B5) 

 Slide material obliterates the debris fan and 
the Outram Lake at the base of the slope 
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 Tension cracks, counterscarps 
formed during previous stages of 
glacial retreat 

 
Internal damage 
 Fractures possibly propagated in 

sub-critical conditions during 
previous stages of glacial retreat 
and advance 

External damage 
 Tension cracks, counterscarps, and 

scarps extend to the boundary of the 
unstable area, enhancing ground water 
recharge in the slope and at the toe 

 Slope deformation and bulging causes 
dilation damage at the toe 

 Freeze-thaw cycles causes opening and 
propagation of cracks 

Internal damage 
 Brittle fracturing of rock bridges between 

non-fully continuous discontinuities 
initiates the formation of a continuous 
rupture surface 

 Bulging, stress concentration, and 
excessive pore water pressure causes 
rock mass damage accumulation at the 
toe 

External damage 
 A steep, sharp headscarp forms as a 

result of the failure 
 Syn-failure cracks due to stress relaxation 

form behind the headscarp 
 
Internal damage 
 Stress relaxation causes propagation of 

fractures in the volume not involved in the 
failure 

External damage 
 Counterscarps form in the upper part of 

the unstable area, due to slow, 
progressive slope creep 

 Freeze-thaw cycles cause opening and 
propagation of cracks 

 
Internal damage 
 Brittle fracturing of rock bridges between 

non-persistent discontinuities leads to the 
formation of a continuous rupture surface 
in the upper slope 

 Increasing weathering and alteration at the 
base of the debuttressed blocks enhance 
cliff erosion and the rock mass damage 

External damage 
 Localized instability at the edges of the slide 

area 
 Opening of a tension crack behind the 

headscarp 
 Freeze-thaw cycles cause opening and 

propagation of cracks 
 
Internal damage 
 Localized accumulation of rock mass 

damage within areas undergoing 
deformation along the headscarp 
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5.7. Numerical modelling of the Hope Slide 

The data obtained from analysis of historical imagery and remote sensing 

surveys were used as input in the numerical modelling of the 1965 Hope Slide. In view of 

the strong structural control and complex kinematics, the use of a three-dimensional 

approach is instrumental in simulating realistically the deformation and failure of the 

Hope Slide. The main objectives of the simulations are to a) analyze the evolution of 

slope damage before and during the failure, b) investigate the role of the block size on 

the intensity and distribution of damage, and c) investigate the kinematic behavior of the 

Hope Slide prior and during failure. In the following section the numerical models and the 

results are described in detail. The parameters employed for the numerical model are 

reported, and the assumptions made highlighted and discussed. 

5.7.1. Description of the numerical model 

The preliminary three-dimensional simulation of the 1965 Hope Slide was 

performed using a rigid blocks approach in 3DEC (Itasca Consulting Group, 2016a). This 

assumption allowed to focus on the kinematic behavior of the slide, rather than on the 

role of the internal failure and deformation of each single block. Additionally, the use of 

rigid blocks provided relatively low runtimes (20 hours, approximately) potentially 

allowing further parametric analyses to be conducted in future studies. This procedure is 

similar to that adopted by Brideau and Stead (2010) in the analysis of toppling failure. 

A simplified, pre-failure topography was constructed, which included the volume 

that is assumed to have failed during the prehistoric event. The first order geological 

structures mapped in the pre-failure geometry were used to subdivide the slope model 

into the five blocks, B1-B5. The first-order geologic structures are fully-persistent in the 

3DEC model and represented as cohesionless discontinuities. Additionally, a basal 

rupture surface was created, parallel to the discontinuity set J1. Brideau et al. (2005) 

suggested that the slide may have moved along a stepped sliding surface, however, in 

this preliminary numerical analysis this failure surface morphology has not been 

implemented, and a planar basal sliding surface was assumed. The rupture surface in 

the model intersects the daylighting portion of sliding surface visible in the central part of 

the slide area. 
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The second-order features (e.g., discontinuity sets) were implemented in the 

model by considering both the results of the rock mass characterization and the debris 

block size analysis. The average orientation of the discontinuity sets was obtained from 

detailed photogrammetric survey of the headscarps. The spacing of each discontinuity 

set was based on the aspect ratio of the largest blocks digitized in the orthorectified 

photograph of the debris. The ratio between the spacing of each discontinuity set was 

maintained equal to the 2D aspect ratio of the largest blocks mapped in the orthophoto. 

In other words, as J3 and J2 have the wider and the closest discontinuity spacing, 

respectively (as determined from the virtual scanline mapping), a ratio of 1.5, equal to 

the average aspect ratio for larger blocks, was maintained in the numerical model 

between the spacing of J3 and J2. Similarly, a ratio of 1.25 was maintained between the 

spacing of J3 and J1. These simulations were conducted, using a constant discontinuity 

set spacing ratio, while varying the block volume. This approach allowed the potential, 

initial block size that may have characterized the slide mass at the onset of failure, and 

prior to any comminution, to be considered. It should be noted that considering spacing 

values obtained directly from the virtual scanline mapping ignores the presence of rock 

bridges along discontinuity planes, causing the block size to be severely under-

estimated, and the slide volume to consist of blocks much smaller than those visible in 

the deposit. A similar approach was employed in Spreafico et al. (2016a). A block size of 

80,000 m3 (20 times the maximum block size observed in the debris) was used for model 

1, 40,000 m3 for model 2 (10 times the maximum block size), and 20,000 m3 for model 3 

(5 times the maximum block size). Material density and discontinuity strength 

parameters were assigned following geotechnical laboratory test results and estimates 

described in von Sacken (1991) and Brideau et al. (2005) (Table 5-7). A water table was 

not implemented in these preliminary simulations and the slope was assumed to be dry. 

The sides and base of the 3D model were fixed, and deformation prevented. 

The failure of the Hope Slide was simulated in four modelling stages (Table 5-8). 

The model was initially run with high strength discontinuity parameters, in order to allow 

the stress to be correctly applied to the joints, preventing the global failure of the slope, 

and avoiding shock loading of the model. Block B1 and Block B2 were then deleted from 

the model, simulating the occurrence of the prehistoric rock slide and the resulting 

debuttressing effect in the upper slope. After equilibrium was achieved in the 3DEC 

model, discontinuities were assigned the parameters obtained from laboratory tests (or 
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assumed if no data was available). Finally, the cohesion of the rupture surface was 

gradually reduced in 0.02 MPa increments at each simulation stage, until the failure of 

slide blocks B4 and B5 was simulated. 

The internal slope damage forming and accumulating within the model was 

investigated by mapping and quantifying the amount of dilation at each contact. The total 

aperture value was plotted as a global joint dilation vs. time step graph, in order to 

identify any relation between changes in the rates of accumulation of dilational damage, 

and the geomorphic evolution and damage distribution within the simulated slope. 

Table 5-7 Summary of the properties used for the numerical simulation of the 
1965 Hope Slide. Residual values are shown in parentheses. 

Rock mass    

 Material 1   
Density 2850 Kg/m3   
Constitutive model Rigid blocks   

    

Discontinuities    

 Rupture surface J1, J2, J3 First-order structures 
Friction angle (°) 28 (20) 28 (20) 24 (18) 
Cohesion (MPa) 1.5 (0) * 2.5 (0) 0 
Tensile strength (MPa) 0 0.2 (0) 0 
Normal/Shear stiffness (GPa/m) 10 / 1 10 / 1 10 / 1 

* Peak cohesion value was progressively decreased until 3DEC slope failure was simulated. 

Table 5-8 Summary of the stages used in model simulations. 

Stage # Characteristics of the model run Considerations 

1 Model run with high discontinuity properties. 
High discontinuity strength prevents failure. 
Stresses are computed. 

2 Slide blocks B1 and B2 removed. 
The occurrence of the prehistorical slide is 
simulated. 

3 Model run with high discontinuity properties 
High discontinuity strength prevents failure. 
Stresses along joints are redistributed. 

4 
Model run with assumed discontinuity 
properties. 

Model is prepared for initiation of discontinuity 
strength decrease. 

5 Gradual decrease of rupture surface cohesion. Failure of slide blocks B4 and B5 is simulated. 
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5.7.2. Results and discussion 

Preliminary three-dimensional numerical modelling of the Hope Slide simulated 

slope failure in two stages as observed in practice. The numerical results show that the 

block size affects the stability of the slope. When larger block sizes are considered (10 

and 20 times the largest block observed in the debris), a two-stage failure is simulated 

(Fig. 5.19, Fig. 5.20), in which the failure of the slide block B4 occurs for higher cohesion 

values, compared to the slide block B5. In model 2, the displacement rate immediately 

after the detachment of slide block B4 (400,000 numerical time steps) is relatively low, 

possibly due to the interlocking of individual joint bounded blocks. As the individual 

blocks become kinematically free, the displacement rate increases. The joint bounded 

block comprising the history point of slide block B4 acquired full kinematic freedom after 

900,000 numerical time steps, as indicated by the steepening of the displacement vs. 

time step curve (Fig. 5.20). The curve flattens again when the joint bounded block 

reaches the deposit (Fig. 5.19, Fig. 5.20). No obvious block interlocking has been 

observed during the failure of slide block B5. When a smaller block size is used (5 times 

the largest block), the failure occurs in a single stage, and the displacement rates within 

the slide blocks B4 and B5 increase sharply (Fig. 5.21). Table 5-9 summarizes the 

cohesion magnitudes at which the failure of slide blocks B4 and B5 was simulated. 

Table 5-9 Rupture surface cohesion value at failure in 3DEC models. 

 Assumed 
block size (m3) 

Slide block B4 rupture surface 
cohesion at failure (MPa) 

Slide block B5 rupture surface 
cohesion at failure (MPa) 

Model 1 80,000 0.98 0.92 
Model 2 40,000 1.12 1.02 

Model 3 20,000 1.10 1.10 

 

In the 3DEC model simulation, the occurrence of a two-stage failure varies due to 

the different kinematic conditions between slide blocks B4 and B5. It was observed that 

the failure of slide block 4 occurs as a result of a purely planar sliding along the rupture 

surface (i.e. discontinuity set J1). The sliding direction is 32°/248°, and the lateral 

release surfaces are provided by the first order structures L6 and L3. This kinematic 

setting is also reproduced in the models at small scale, where sliding of individual joint 

bounded blocks occurs along discontinuity set J1, with J2 and J3 acting as lateral 

release surfaces. As a result, at both large- and small-scales the shear strength is only 
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mobilized along the J1 planes. At small scales, the tensile strength is implicitly provided 

by intact rock bridges (lower in magnitude, compared to the shear strength) and is 

mobilized along J2 and J3. In contrast, failure of slide block B5 kinematically resembles 

a wedge failure. The intersection between the basal surface and structure L2 causes 

sliding along a plunge/trend of 24°/291°. At a small scale, the individual joint bonded 

blocks slide along J1 and J3, causing the mobilization of the shear strength on both joint 

sets. The trend and plunge of the line of intersection, i.e., the sliding direction, is 

31°/263°. Discontinuity set J2 within slide Block B5 acts as a rear release surface, and 

the tensile strength is therefore mobilized along this discontinuity set only. 

 

Fig. 5.19 Simulated total displacement history of the Hope Slide in 3DEC 
Model 1 (Block size 20x largest block in landslide deposit). Plots 1-6 
show block displacements for increasing numerical time steps 
(cycles). Failure of slide block B4 (red curve) was simulated with a 
cohesion of 0.98 MPa at the rupture surface (plots 2-4). Slide block 
B5 (blue curve) failed at a cohesion magnitude of 0.92 MPa (plots 5-
6). 
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Fig. 5.20 Simulated total displacement history of the Hope Slide in 3DEC 
Model 2 (Block size 10x largest block in landslide deposit). Plots 1-6 
show block displacements for increasing numerical time steps 
(cycles). Failure of slide block B4 (red curve) was simulated with a 
cohesion of 1.12 MPa at the rupture surface (plots 2-4). Slide block 
B5 (blue curve) failed with a cohesion of 1.02 MPa (plots 5-6). 
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Fig. 5.21 Simulated total displacement history of the Hope Slide in 3DEC 
Model 3 (Block size 5x largest block in landslide deposit). Plots 1-6 
show block displacements for increasing numerical time steps 
(cycles). The failure of both slide block 4 (red curve) and slide block 
5 (blue curve) was simulated with a cohesion of 1.10 MPa (plots 4-6). 

The numerical model results suggest that the slide Block B4 acted as key-block 

in the 1965 Hope Slide failure, its removal providing kinematic freedom for slide block B5 

to displace. According to this interpretation, the first-order structure L2 plays a critical 

role. The slope below this structure was not involved in the 1965 Hope Slide failure, and 

may have acted as a buttress, resulting in the development of the wedge failure 

mechanism (Fig. 5.22). 

Hope Slide damage analysis 

The 3DEC rigid block models did not indicate the formation of distinct damage 

features prior to the simulated failure. In view of the rigid block model approach 

employed, no yield occurs within the individual blocks, and the simulated slope failure is 

only controlled by block interaction, block sliding, and opening of discontinuities. The 
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modelled slope failure occurred suddenly in all the investigated models, with negligible 

deformation simulated prior to the slope collapse. Thus, external slope damage features 

identified in the GIS analysis could not be realistically compared with the numerical 

models. Slow slope deformation preceding the slope failure may potentially be simulated 

by assigning lower stiffness values to discontinuities in the model, and thus allowing 

larger deformations to occur prior to the failure. However, the estimation of stiffness 

values is challenging, as the rupture surface is largely covered in debris. Therefore, a 

parametric analysis should be conducted to identify normal and shear stiffness values 

that allow pre-failure deformation to occur, while agreeing with observed slope behavior 

at failure. Other factors that may be affect the results are groundwater and time-

dependent degradation of discontinuity strength. 

 

Fig. 5.22 Kinematics of the Hope Slide blocks at large and small scale. At 
large scale, the slide Block B4 acts as key block for the failure of the 
slide Block B5. The red arrows indicate the displacement direction. 
Slide Block B4 is then kinematically free to slide along the basal 
rupture surface. Slide Block B5 slides along the basal rupture 
surface and L2 kinematically constrains the block along the lower 
side. At small scales, the stability of the individual joint bounded 
blocks forming slide Block B4 is governed by the shear strength 
(black traces) along J1 and the tensile strength (red traces) along J2 
and J3. In slide Block B5, only J2 fails in tension, while shear 
strength controls sliding along J1 and J3. White arrows indicate the 
sliding direction of the individual joint bounded blocks. 

The tensile damage (i.e., joint dilation) was investigated throughout the numerical 

simulations: the normal displacement along each contact was stored and plotted against 
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numerical time. The analysis of tensile damage accumulation allowed the dilation along 

discontinuity sets J2 and J3 to be distinguished. Normal displacement along the 

discontinuity set J1 was not recorded during the simulation, as shear displacement 

predominantly occurs along this set. For all simulated 3DEC models, it was observed 

that higher simulated tensile damage developed along discontinuity set J2. In general, 

during the failure of both slide Blocks B4 and B5, the cumulative tensile damage along 

J3 is constantly one order of magnitude lower than J2. This behavior may be due to the 

kinematic condition of the individual joint bounded blocks forming the slide mass. During 

the failure of the slide Block B4, planar sliding occurs along J1, and the displacement 

direction is therefore in the dip direction of the sliding surface (238°). In general, the 

maximum normal displacement is expected for discontinuities that strikes 

perpendicularly to the sliding direction (i.e., rear release surfaces), whereas the 

minimum value is expected for discontinuities striking parallel to the sliding direction (i.e., 

lateral release surfaces). In the simulated 3DEC models, discontinuity set J3 strikes sub-

parallel to the basal surface dip direction (260°). In contrast, J2 strikes at a higher angle 

to the basal surface (207°). As a result, larger normal displacements, and thus higher 

cumulative tensile damage (dilation), is simulated along discontinuity set J2 during the 

failure of the slide Block B4. 

During the second stage of the Hope Slide failure, this differential dilation 

damage accumulation is exacerbated by the change in sliding direction, due to the 

wedge failure mechanism resulting in individual joint bounded blocks within slide block 

B5 sliding along the line of intersection between J1 and J3. The progressive 

displacement of the individual joint bounded blocks causes a sharp increase in the 

cumulative tensile damage (dilation) simulated along discontinuity set J2. No significant 

tensile damage might be expected to occur along J3 at the initiation of the failure of slide 

Block B5. Some normal displacement is however simulated, which may be related to 

post-failure block interactions. Currently, the approach used does not distinguish 

between the damage occurring within slide Blocks 4 and 5 or in the slide deposit. Future 

analyses should be modified to provide insight with regard to the spatial distribution of 

the open discontinuities. Fig. 5.23 shows the cumulative dilational damage simulated in 

Model 1 and Model 3. Results from Model 2 are essentially identical to Model 1 and are 

therefore not shown. 
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Fig. 5.23 Cumulative dilational damage simulated during the Hope Slide. a: 
results from Model 1. Dilation along J2 and J3 are described by the 
red and blue curves, respectively. Note the increase in tensile 
damage for both curves at the time of failure of slide blocks 4 and 5, 
and the overall higher magnitude of dilation along J2, compared to 
J3; b, c: detail of the numerical models highlighting the joint dilation 
at the initiation of the failure of slide blocks 4 and 5, respectively. 
Note the aperture along set J3, which is always lower than J2. 
During the failure of slide block 5, dilation along J3 is negligible; d: 
discontinuity set dilation in Model 3. Note that that the tensile 
damage increases at the same time of failure as slide blocks 4 and 
5; e: numerical model at the failure. Dilation distribution along J2 
and J3 is the same as Model 1, with higher aperture along J2 across 
the entire slide volume. 
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Although the 3DEC model simulations suggest a two-stage slope failure is at 

least partially due to the kinematic conditions, the factors that caused the progressive 

decrease in strength and the sudden failure of the slope remain unclear. A sub-critical 

crack growth process (Atkinson, 1984) may have over the long term resulted in a 

progressive accumulation of brittle damage along the rupture surface, failure of rock 

bridges, and gradual formation of a fully continuous sliding surface. Potential trigger 

mechanisms for the 1965 Hope Slide failure are also presently unknown. 

5.8. Conclusions and future work 

The Hope Slide is one of the largest historical rock avalanches in Canada 

occurring as two events in the early morning of January 9th, 1965. The slope had been 

affected by prehistoric slope failure, which left a clearly visible scar in the topography 

and a 60 m-thick deposit at the bottom of the valley. 

Using a Structure-from-Motion approach, aerial historical imagery allowed for the 

reconstruction of the pre-failure slope topography, which then allowed large-scale 

structural and geomorphic analyses in GIS environment to be undertaken. Six first-order 

structural features dividing the slope into five slide blocks were identified and mapped. 

The important role of tectonic structures on the behavior and evolution of the 1965 Hope 

Slide was highlighted. The tectonic structures that controlled the 1965 slide also 

appeared to control the location of the prehistoric event. Although the occurrence of the 

prehistoric event has been recognized by several authors prior to the 1965 failure, its 

effects on the remaining slope have not been addressed in detail. It is suggested in this 

research that the prehistoric failure caused the removal of a key-block from the lower 

slope, thus initiating a long-term slope deformation that eventually led to the 1965 Hope 

Slide. The kinematic slope evolution and failure mechanism of the Hope Slide was 

investigated for the first time using 3DEC modelling. Two blocks failed during the event; 

slide Block B4 failed as a planar sliding mechanism, whereas slide Block B5 displayed a 

wedge failure mechanism. Pre-failure SfM and TLS DEMs were also compared to 

provide an estimation of the volume involved in the failure. The failed volume of 48.4 

million m3 is in agreement with previous estimation, performed using pre- and post-

failure topographic maps. 
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A detailed rock mass characterization was performed using terrestrial digital 

photogrammetry and infrared thermography, allowing large amounts of second-order 

discontinuity data (e.g., rock mass jointing) from the sub-vertical headscarps and 

sidescarps to be collected and investigated. The orientation of the discontinuity sets 

gradually change from the bottom to the top of the slope, possibly due to a large-scale 

fold that crosses the slide area. A debris block size analysis was conducted, using a 

UAV-SfM approach, and it was observed that a two-dimensional aspect ratio of 1.5 

exists for the larger blocks in the deposit. 

The results obtained from the remote sensing surveys were used to derive input 

data for numerical modelling. This research presents the first 3D modelling of the Hope 

Slide. It is important to note that, in view of the complex kinematics of the Hope Slide, 

previous 2D approaches have failed to simulate realistically the varied failure 

mechanisms observed within slide Blocks B4 and B5. Numerical analyses were 

conducted in 3D distinct element code to investigate the effects of first-order and 

second-order structures on the accumulation and spatial distribution of internal dilational 

slope damage before and during the slide. A parametric analysis on the block size was 

also conducted. A progressive decrease of cohesion along the rupture surface was used 

to simulate the progressive weakening of the slope, until the failure was simulated. The 

3D numerical modelling approach used allowed the observed two-stage failure to be 

reproduced for the first time. The syn-failure simulated cumulative tensile damage is 

shown to be closely related to the orientation of the discontinuity set, with the selected 

block size also having an important influence on the slope behavior. In particular, a two-

stage failure is simulated using a larger block size, whereas use of a small block size 

results in a single stage event slope failure. The preliminary numerical analysis 

described in the present study emphasizes the kinematic controls and assumes a dry 

slope. Future work could include the influence of water pressure and strain-softening to 

investigate pre-failure deformation and damage; such an analysis however would be 

challenging due to lack of data and would have to be parametric in approach. 

Analysis of the 1965 Hope Slide has highlighted that to reconstruct the evolution 

of the stability and geomorphic evolution of a rock slope, a comprehensive slope 

characterization is required. The objective of the slope investigation should be to 

characterize large-scale, first-order structures that govern the global behavior of the 

slope, and the lower order features (e.g., joints, block size) that are critical in defining the 
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slope kinematics and the mechanical strength of the rock mass. This research highlights 

that the stability of rock slopes is strictly correlated not only to slope kinematics, but also 

to its evolution with time. Glacial retreat, oversteepening, and removal of key blocks 

induce stress concentration within the slope and may initiate a progressive failure 

process. Gradual weakening of the slope is accompanied with the formation of internal 

and external rock slope damage features, which may enhance kinematic freedom within 

the slope, potentially leading to major rockslides. It is therefore suggested that a slope 

damage investigation is a critical step for a comprehensive rock slope characterization, 

and that the potential effects on the kinematic freedom should also be addressed to 

realistically assess the long-term stability of rock slopes. 
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Chapter 6.  
 
Characterization of slope damage at the Downie 
Slide (Canada) using a remote sensing-numerical 
modelling approach4 

Abstract 

The stability of rock slopes is a function of lithological, structural, and geomorphic 

factors. Endogenic and exogenic processes, such as earthquakes, rainfall, and glacial 

retreat, may cause the progressive weakening of the slope, inducing a decrease in 

stability and initiation of landslides. The evolution and displacement of large landslides is 

often associated with the formation and accumulation of slope damage. Thus, the 

investigation of slope damage features may provide insight on the deformation behavior 

of large landslides. An integrated remote sensing-numerical modelling approach was 

used to characterize the slope damage at the Downie Slide, a massive, slow moving 

landslide in British Columbia, Canada. An airborne LiDAR dataset was processed using 

GIS (slope/aspect thematic maps) and used to characterize and map external damage 

features, and to sub-divide the slide into slope damage domains based on the type, 

orientation, and distribution of geomorphic features. The shape of two failure surfaces 

was then reconstructed by interpolating borehole inclinometer monitoring data and 

processing the 3D surfaces using a similar GIS methodology. A strong correlation 

between external slope damage features and changes in the lower sliding surface 

orientation was observed for the first time. The presence of a biplanar failure surface 

geometry and previously unrecognized structurally controlled damage zones were 

indicated. State-of-the-art terrestrial and underground adit remote sensing 

(LiDAR/Photogrammetry) was used in the characterisation of the Downie Slide geometry 

and rock mass providing additional constraints for numerical modelling. Three-

dimensional distinct element numerical modelling assuming a strain-softening 

constitutive model was undertaken to analyze the Downie Slide under both dry and wet 

                                                
4 To be submitted, modified, as: 

Donati, D., Westin, A., Stead, D., Stewart, T., and Marsh, J. (2019). Characterization of slope 
damage at the Downie Slide (Canada) using a remote sensing-numerical modelling approach. 
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conditions. It was clearly demonstrated that the orientation and distribution of slope 

damage and displacements observed in both the surface airborne LiDAR and GPS and 

the subsurface borehole inclinometer data can be well reproduced in the 3D numerical 

models. This suggest that the principal factor controlling the spatial distribution of slope 

damage at the Downie Slide is the morphology of the lower shear zone. This chapter 

demonstrates that an analysis of slope damage is very important for understanding the 

mechanisms underlying the behavior of large landslides and should be a fundamental 

step in any comprehensive slope characterization. 

6.1. Introduction 

Large, complex landslides pose a major hazard to infrastructure and residential 

areas, particularly in mountainous regions (Petley, 2012). Steep slopes are progressively 

being built upon to accommodate exponential population growth. Increased demand for 

resources and energy is also fulfilled through the excavation of deeper open pit mines 

and the impoundment of large artificial reservoirs, increasing the potential consequences 

of major rock slope failures. 

The factors conditioning and the mechanisms governing the behavior of large 

unstable slopes have been extensively investigated by many authors. The presence and 

orientation of structures, such as faults and folds, may control the location of slope 

instability and the potential failure mechanism (e.g., Stead and Wolter, 2015). Rock 

mass quality and discontinuity network characteristics may also affect the failure 

mechanism of rock slopes. At a small scale, slopes formed by a high-quality rock mass 

with a limited number of widely-spaced discontinuity sets may develop local, structurally 

controlled instabilities. At large scales, slopes formed by intensely fractured rock masses 

may develop circular, soil-like global failures (Wyllie, 2017). Bedding and foliation often 

act as basal release surfaces for rock slope failures, due to their typically high 

persistence (Stead and Wolter, 2015). The structural and lithological features that 

characterize the rock mass forming the slope constitute the “inherited damage” (or 

tectonic damage). 

The action of exogenous and endogenous factors may induce a progressive 

weakening of the mechanical properties of the rock mass, decreasing the global stability 

and pre-conditioning the slope for potential failure. This long-term slope degradation 
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process is referred to as “progressive failure” (Eberhardt et al., 2001). The deterioration 

of the slope stability is associated with deformations which cause the formation of 

internal and surface features often referred to as “slope damage” (Stead and Eberhardt, 

2013). The characterization of slope damage may therefore provide insights on the 

mechanisms underlying rock slope instabilities. This chapter investigates the factors that 

affected the spatial distribution and orientation of slope damage at the Downie Slide, 

Canada, using both remote sensing and numerical modelling techniques. 

6.2. Damage in rock slopes 

Many environmental processes and inherited, structural and lithological factors 

have been noted to control the formation and evolution of rock slope damage. 

Earthquakes may induce the initiation and propagation of cracks within the slope 

(Massey et al., 2014; Wolter et al., 2015). Progressive rock mass dilation and seismic 

fatigue exacerbate the seismic amplification of the slope, increasing the risk of a 

catastrophic failure due to successive events (Gischig et al., 2016). Hydromechanical 

fatigue due to seasonal fluctuation of the ground water table is capable of causing slow 

displacements in large landslides (Preisig et al., 2016). Rapid increases in pore water 

pressure may also act as a trigger for catastrophic failures of rock slopes (Azzoni et al., 

1992; Chigira, 2009). Long-term valley exhumation, through erosion or deglaciation, 

induces the formation and growth of exfoliation joints (Leith, 2012; Ziegler et al., 2014), 

that can facilitate the detachment of rock avalanches in alpine environments (Evans and 

Clague, 1999). Glacial retreat may also provide kinematic freedom for the activation of 

deep-seated rock slope deformations (Kos et al., 2016; Clayton et al., 2017; Pánek et 

al., 2018), that may evolve in catastrophic failures (Roberti et al., 2018). Counterscarps, 

double ridges, and grabens are external slope damage features typically associated with 

the evolution of deep-seated gravitational slope deformations (DSGDS) in alpine 

environments (Agliardi et al., 2001; Kinakin and Stead, 2005; Agliardi et al., 2013a). 

Where the basal rupture surface does not daylight, bulging and heave may occur at the 

base of the slope (Chigira, 1992; Agliardi et al., 2001) which can induce the initiation of 

rock slides (Agliardi et al., 2001, 2018). During the deformation of rock slopes, tension 

cracks may form and propagate at the rear boundary of unstable areas, providing 

kinematic freedom and indicating the potential for major slope failures (Semenza and 

Ghirotti, 2000; Roberti et al., 2018). Tension cracks may also form in the aftermath of 
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large failures, due to stress relaxation (Humair et al., 2013), and locally within slowly 

moving landslides (Kalenchuk et al., 2013b; Massey et al., 2013). Kink bands and rock 

mass comminution have also been observed as a result of slope deformation (Goodman 

and Kieffer, 2000; Lo and Feng, 2014), inducing localized decreases in GSI (Agliardi et 

al., 2013b). Brittle fracturing of intact rock may form uninterrupted planar or stepped 

rupture surfaces that provide kinematic freedom for unstable blocks to move (Tuckey 

and Stead, 2016; Elmo et al., 2018). When time-dependent slope deformation (i.e., 

creep) occurs, cracks may propagate in sub-critical conditions, considerably decreasing 

the stress and velocity at which damage accumulates (Atkinson, 1984; Kemeny, 2003). 

Human activity may also promote slope deformation. The impoundment of reservoirs 

may change the hydrogeological settings and induce slope failures (Semenza and 

Ghirotti, 2000; Zangerl et al., 2010). Mining and excavation may cause stress 

redistribution in the surrounding slopes (Kalkani and Piteau, 1976; Benko and Stead, 

1998). Lithological and structural features may act as kinematic constraints, inducing the 

formation of slope damage during the failure (Stead and Eberhardt, 2013; Stead and 

Wolter, 2015). Sliding along complex (non-planar and non-circular) surfaces requires 

internal slope damage to form at the transition zone for the failure to progress (Stead et 

al., 2006; Chigira, 1992). When toppling develops in rock slopes, intra-column failures 

may occur at the hinge zone, causing the formation of a discrete rupture surface (total 

failure plane) (Adhikary et al., 1997; Alzo’ubi et al., 2007). Sliding along rough rupture 

surfaces induces dilation (Oh et al., 2017) or shearing of asperities (Tatone and 

Grasselli, 2015), causing a decrease in the friction angle and thus a reduction in the 

slope stability. 

6.2.1. The characterization of slope damage 

The stability of a rock slope is a function of a wide range of factors including 

kinematics, slope geometry, geological structures, lithology, groundwater, and slope 

damage (Stead and Eberhardt, 2013). Thus, the comprehensive characterization of 

these factors is critical for the identification of the mechanisms controlling slope 

instability. However, due to the variety and amount of information required, the data 

collection can be a challenging task. In the past few decades, the development and 

technological advances in remote sensing techniques has enhanced the ability of 

engineers and geoscientists to collect large amounts of data, even from inaccessible 
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areas. Laser scanning and photogrammetric techniques, such as digital photogrammetry 

and Structure-from-Motion, can be employed to obtain three-dimensional models that 

can be used to collect discontinuity and damage data at various scales (Sturzenegger et 

al., 2009; Westoby et al., 2012). Airborne LiDAR datasets can also be utilized to identify 

and map lineaments and structures, and to produce high-detail geomorphic maps of the 

investigated area (Jaboyedoff et al., 2012; Wolter et al., 2016; Westin, 2017). Infrared 

thermography may be employed to investigate the seepage along rock slopes (Vivas, 

2014), and identify open cracks within a slope (Baroň et al., 2014; Teza et al., 2015). 

The variation in rock mass properties and damage at depth can be investigated using 

borehole core logging, or geophysical techniques (Willenberg et al., 2008; Chigira et al., 

2013; Masetti et al., 2013). 

The spatial distribution of slope damage should be addressed to investigate the 

governing factors. Stead and Eberhardt (2013) proposed a distinction between “external” 

and “internal” slope damage, depending on the location where the features can be 

observed. Slope damage may also be distinguished between “focused” and “distributed”, 

to describe the relative distribution of slope damage features. Finally, the nature of the 

slope damage may be analysed, subdividing the damage features into “tensile” and 

“shear”. Table 1 summarizes these slope damage concepts, providing a brief description 

and examples. 

This chapter applies concepts and techniques previously summarized to 

comprehensively characterize the slope damage at the Downie Slide, one of the largest, 

active landslides worldwide. Using an integrated remote sensing-numerical modelling 

approach, it investigates the factors and processes that affected the evolution and 

spatial distribution of slope damage. First, it takes advantage of a large and 

comprehensive dataset that includes geomorphic, geomechanical, sub-surface, and 

monitoring data, to highlight the role of the inherited structures on the long-term 

evolution of the slope. Then, it performs advanced, three-dimensional numerical 

modelling to reproduce the deformation and damage distribution that can be observed in 

the slope. Finally, based on the combined results of slope characterization and 

numerical analysis a reinterpretation of the Downie Slide is provided. 

An accurate investigation of the slope damage is critical to identify and 

understand the mechanisms underlying the behavior of major landslides and should be 
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considered an essential step in comprehensive rock slope characterization and stability 

analysis. 

Table 6-1 Classification of rock slope damage based on spatial distribution 
and mode of failure 

 Classes Description Examples 

Location 
(from Stead and 
Eberhardt, 2013) 

External 

Includes damage features that can be 
visually inspected at the slope 
surface. Can be investigated using 
remote sensing techniques and field 
mapping. 

Tension cracks, 
counterscarps, double 
ridges, bulging/uplift. 

Internal 

Includes damage features that are not 
visible at the surface, as well as 
features that propagate at depth 
within the slope from the surface. 

Shearing at the transition 
zone between 
active/passive blocks, rock 
mass degradation due to 
seismic activity, shear / 
dilation in bulging slope. 

Distribution 
(analysis at the 
scale of the slope) 

Focused 

Includes features localized in a limited 
portion of the slope, generated as a 
result of internal slope deformation, or 
identifying the boundary of an 
unstable area/plane. 

First-order faults, tension 
cracks, shearing at the 
transition zone between 
active/passive blocks, 
shearing and dilation within 
bulging slopes, blast 
damage zone 
(anthropogenic). 

Distributed 

Includes the presence of features, 
spread throughout a large part of the 
slope, formed as a result of large 
slope deformation, displacement, and 
strain. 

Tension cracks, faults and 
folds distributed throughout 
the slope (generated 
during slope 
displacement). 

Mode 

Tensile 

Includes damage features formed 
when the rock mass fails in tension. 
May include intact rock bridge failure, 
rock mass dilation, and normal 
faulting. 

Grabens, double ridges, 
tension cracks, exfoliation 
joint propagation, brittle 
fracture of rock bridges. 

Shear 

Damage features formed when the 
rock mass fails in shear. It may 
include comminution, shearing of 
asperities along discontinuities at 
various scales, and intact rock 
fracturing at depth. 

Counterscarps, slumps, 
sliding along rupture 
surfaces, shearing of 
asperities, failure of rock 
bridges at the transition 
zone in a bi-planar failure. 

 



 

182 

6.3. The characterization of the Downie Slide, BC 

The Downie Slide, one of the largest active landslides worldwide, is located in 

south eastern British Columbia (Canada), 70 km north of the Revelstoke hydroelectric 

dam, which impounds the Columbia River. The investigation of the slide is of paramount 

importance because a catastrophic slope failure would impact infrastructures and 

villages located downstream along the Columbia River Valley, as well as the electrical 

supply of a portion of the western coast of the North America (Westin, 2017). 

6.3.1. Description of the Downie Slide 

The Downie Slide is a massive, active, composite, extremely slow-moving rock 

slide (Kalenchuk et al., 2009b). The slide has a surface area of 9 km2, with a length of 

2.4 km in the north-south direction and 3.2 km in the east-west direction, and occurs 

along the eastern slope of the Pettipiece ridge (Fig. 6.1). The maximum estimated slide 

thickness is 250 m, with an estimated volume of 1.4 billion m3 (Moore, 1989). The 

unstable slope extends between ground surface elevations of 500 m and 1520 m a.s.l., 

and slopes towards the east with an average slope angle of 18° that increases to over 

40° at the toe (Piteau et al., 1978). Two shear zones were identified in the area, sub-

parallel to the slope: the lower shear zone (LSZ) and the upper shear zone (USZ), 

located at a maximum depth of 250 m and 120 m, respectively. The toe of the slide is 

presently submerged by the reservoir impounded by the Revelstoke dam. The slide area 

is bounded, along the western and southern sides, by sub-vertical cliffs up to 125 m 

high. No prominent cliff can be observed along the northern boundary of the slide area. 

Based on radio-chronological analyses, the time of slide activation has been estimated 

between 10,000 years and 7,960 years before present (Piteau et al., 1978; Stantec Inc., 

2009). Since the initiation of the instability, the slide has moved up to 300 m downslope 

toward the Columbia River (Moore, 1989). 

Present-day displacement rates, monitored using borehole inclinometers and 

survey monuments, are not homogeneously distributed throughout the slide area. 

Borehole inclinometer surveys show that displacement rates at depth are greater along 

the LSZ, ranging between 0.15 and 3.2 mm/year, whereas rates between 0.2 and 1.7 

mm/year were recorded along the USZ. Higher displacement rates, up to 16 mm/year, 

have been observed close to the toe area, but are limited to a shallow surficial layer of 
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colluvial material (BC Hydro, 2010). Furthermore, in some parts of the slide area 

displacement rates are below the detection limit, and did not show appreciable 

movements since the start of the monitoring. Surface displacements are monitored 

through yearly GPS monument surveys. Displacement rates between 1 and 58 mm/year 

have been observed with an increase in the toe area, where a peak of 174 mm/year has 

been registered in the northern part (BC Hydro, 2010). 

 

Fig. 6.1 Geographical overview of the Downie Slide area. Inset and red star 
show the location of the slide in south-western Canada. In the 2003 
satellite image from Gogle Earth, the dashed line marks the 
boundaries of the Downie Slide. Note the Revelstoke reservoir that 
floods the toe of the slide (satellite image from Google maps). 

Geological, structural, and hydrogeological setting 

The Downie Slide comprises schists, gneisses, quartzites, and marbles of the 

Monashee Complex, a succession of moderate to high-grade metamorphic rocks, 

Proterozoic to lower Paleozoic in age, locally intruded by granitic plutons (Read and 

Brown, 1981). The Monashee Complex is part of the Shuswap terrane and was 

overthrusted, in the middle to late Jurassic, by the Selkirk Allochthon along a 

detachment fault known as the “Monashee Decollement”. The Selkirk Allochthon is 

composed of a succession of low- to high-grade metamorphic rocks younger than the 

underlying terrane. Lithospheric uplift and arching favored the successive erosion of the 

area during the Paleogene, and the exhumation of the Monashee Complex, which 
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represents a structural window bounded by the Selkirk Allochthon to the east, and the 

Shuswap Metamorphic complex to the north (Read and Brown, 1981). Along the eastern 

boundary of the Monashee Complex, the Columbia River valley follows the trace of the 

Monashee Decollement, which in this segment assumes the name of the Columbia River 

Fault. Due to the Paleogenic uplift, the Columbia River Fault dips towards the east at an 

angle between 20° and 30°, and forms a cataclastic damage zone with a thickness of 1 

km (Brown and Psutka, 1980) (Fig. 6.2). A detailed structural analysis evidenced that 

three subsequent deformation phases affected the Downie Slide area and resulted in the 

formation of numerous folds with north-south striking axes. The axis of one of the major 

monoclinal folds formed in the last deformation phase forms the upper part of the 

present-day headscarp (Brown and Psutka, 1980). 

The slope is characterized by an irregular topographic surface, with varying 

geomorphic characteristics exhibited throughout the slide area. In the upper slope the 

surface is hummocky, and the rock mass appears to be disturbed and fragmented. The 

central portion of the slope is characterized by a homogeneous, relatively smooth 

surface with no obvious damage features. The lower slope is characterized by extensive 

cracking and deformation. Large fractures are evident in the southern and northern 

sectors, whereas slope damage in the central sector appears to be more distributed, 

with prominent water erosion features (Fig. 6.3a). Ephemeral ponds can be observed in 

the lower and central portions of the slope. At the lake level, the slide causes the width 

of the reservoir to decrease from 380-430 m (outside of the slide area) to 220-280 m 

(inside the slide area). Minimum reservoir width occurs where two prominent knobs, 

referred to as North Knob and South Knob, bulge within the lake in proximity of the 

northern and southern boundary of the slide, respectively (Fig. 6.3a). Prior to the 

impoundment of the Revelstoke reservoir, the Columbia River formed a series of rapids 

along the intersection with the slide area (Piteau et al., 1978). In one of the boreholes 

drilled at the base of the slope, a buried fluvial channel was found below the slide 

deposit (Piteau et al., 1978). These features suggest that the displacement of the 

Downie Slide gradually pushed the Columbia River toward the east (Piteau et al., 1978). 

The southern and western headscarps appear structurally controlled, as observed by 

Kalenchuk et al. (2009b). The cliffs are formed by a series of linear features that connect 

into a large-scale step-path geometry that provided kinematic freedom to the slide (Fig. 

6.3a). 
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Fig. 6.2 Regional geology map and section of the study area. a: geographic 
overview (basemaps from USGS and NRCAN). The location of the 
Revelstoke Dam the Downie Slide is showed; b: geological map of 
the region (modified from Brown and Read, 1983). Red star indicates 
the location of the Downie Slide. Colours indicate the various 
geological formations: the Monashee Complex (in green), the 
granitic intrusions (in blue), and the Selkirk allochton (in yellow). 
Red, dotted line shows the trace of the Columbia River Fault. Red, 
solid line shows the section trace represented in c; c: geological 
section through the study area and the Downie Slide. Note the 
interpreted overthrust of the Selkirk Allochton along the Monashee 
Decollment, and the inferred thickness of the Columbia River Fault 
zone (modified from Read and Brown, 1981). 

Several slope domain subdivisions for the Downie Slide have been proposed, 

based on geomorphic, structural, and displacement evidence. The earliest domain 

subdivision was proposed by Piteau et al. (1978). They recognized the presence of five 
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subdomains, with the central portion of the lower slope identified as the most active 

area. More recently, Stantec (2009) proposed a subdivision of the slide area into 8 

domains. Kalenchuk et al. (2013) proposed the subdivision of the slide area into 13 

morphological zones based on field data and LiDAR analysis. Westin (2017) employed a 

mixed structural-geomorphic approach within a GIS environment to identify 12 domains. 

The differences between the proposed slope domains predominantly relate to the 

domains forming the lower slope, whereas similar domain subdivisions have been 

proposed by the various authors for the upper slope. It has been proposed that the 

present-day extension of the Downie Slide has resulted from the retrogression of the 

headscarp toward the west and the north. The retrogression of the headscarp in a 

westward direction may have resulted in the gradual accumulation of the hummocky 

deposit forming the upper slope. The retrogression toward the north resulted in the 

mobilization of a portion of slope referred to as the “lobe” (Kalenchuk et al., 2013b) (Fig. 

6.3b). 

A complex hydrogeological setting exists, characterized by multiple, independent 

aquifers, located at different depths below the Downie Slide. Piezometric data are 

collected to investigate the water pressure acting at various depths, including that of LSZ 

and USZ. Based on the historical dataset obtained from over 100 piezometers, the slide 

area has been subdivided into three hydrogeological domains: the lower region, where 

the highest borehole density exists, the central region, and the upper region (Fig. 6.4). In 

the lower region, a downward gradient throughout the slide body exists. The central 

region shows high hydraulic heads, and artesian conditions that are seasonally observed 

in the lower aquifers. The upper region is characterized by low piezometric heads above 

the LSZ. Below the rupture surface, artesian conditions are also seasonally observed 

(BC Hydro, 2010). The variations in the hydrogeological setting throughout the slope is 

arguably affected by the presence of the anthropogenic drainage system, which has 

caused a decrease in the groundwater table, within the lower hydrogeological domain, of 

up to 150 m compared to pre-drainage conditions (BC Hydro, 2010). Conversely, the 

anthropogenic drainage system does not significantly affect the groundwater regime in 

the central and upper hydrogeological domains, probably due to the distance and the 

compartmentalized nature of the aquifers within the slide body. 
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Fig. 6.3 Geomorphic overview of the Downie Slide area. a: 2009 hillshade 
map of the Downie Slide (courtesy of BCHydro). The white, dashed 
line indicates the slide limits. The red, dashed line bounds the most 
active area of the slide. Note the changes in slope surface between 
the hummocky morphology (upper slope), the undamaged central 
slope, and the cracking at the North and South knobs. The 
bottleneck occurring at the reservoir level is highlighted by the 
width values inside and outside the slide area. Along the slide 
boundary, dotted lines highlight linear structures that intersect 
forming a step-path geometry; b: Slope domain subdivision 
proposed by Westin (2017). 
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Fig. 6.4 Inferred boundaries of the hydrological domains at the Downie Slide. 
Blue dots show the locations of the piezometers. Note the higher 
density in the lower domain, compared to the upper domain (2009 
LiDAR, courtesy of BCHydro). 

History of the Downie Slide investigations 

The Downie Slide was first discovered in 1956, during site investigations for the 

identifications of potential dam sites along the Columbia River (Piteau et al., 1978). A 

preliminary geological study of the slide area was undertaken in 1965, with the purpose 

of identifying the slide geometry, activity, and failure mechanisms (Piteau et al., 1978). 

Explorative boreholes were drilled, and a geophysical seismic investigation performed to 

identify the depth of the rupture surface. A surface monitoring system, consisting of 

targets and GPS survey monuments (from 1975), was installed for the analysis of 

surface deformation (BC Hydro, 2010). Photogrammetric surveys and traditional field 

work were also conducted (Piteau et al., 1978). Between 1973 and 1975, a 266 m long 

horizontal exploratory adit was excavated within the slide mass in a northeast direction 

(BC Hydro, 2010). Preliminary stability analyses indicated a condition of marginal 

equilibrium for the slope. The construction of the dam was therefore tied to the 
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construction of a drainage system, and the installation of a monitoring system to 

evaluate its efficiency over time (BC Hydro, 1987). In 1977, the existing exploratory adit 

(hereafter referred to as Adit 1) was extended, and a new adit (Adit 2) excavated close 

to the northern boundary of the slide area. By 1982, over 2,400 m of adits and 13,600 m 

of drainholes were drilled, and several piezometers and inclinometers installed at the site 

(Imrie et al., 1992). By the end of the construction, the piezometric head had dropped by 

up to 152 m, providing an increase in factor of safety compared to pre-reservoir 

conditions (BC Hydro, 2010). 

The reservoir filling started in the fall 1983 and was concluded in the summer 

1984. Intense monitoring activity continued using borehole inclinometers, survey 

monuments, extensometers, and piezometers. Since its installation, the efficiency of the 

drainage system has gradually decreased (Imrie et al., 1992), causing a slow increase in 

piezometric head (BC Hydro, 2009). Between 2006 and 2008 over 4,000 m of additional 

drillholes were drilled within the Adit 1 to restore the drainage efficiency (BC Hydro, 

2010). 

Previous numerical analyses 

Numerical investigations of the Downie Slide have been conducted using various 

techniques and approaches. BC Hydro performed re-assessments of the slide stability in 

1994 (BC Hydro, 1995) and 2010 (BC Hydro, 2010), using 2D limit equilibrium methods. 

In both cases, the stability improvement due to the drainage system resulted in a 

calculated 10% increase in Factor of Safety with respect to the pre-reservoir conditions. 

Kjelland (2004) investigated the initiation of the failure using the finite difference 

software FLAC (Itasca Consulting Group, 2000). He modelled the gradual retreat of the 

glacier from the Columbia River Valley, and the consequent slope failure at the Downie 

Slide due to the lack of confinement. He observed a good agreement between the 

numerical results and the displacement distribution at depth in the slope using a strain-

softening, ubiquitous joint constitutive model. Coupled mechanical-groundwater 

analyses were also conducted to investigate the effect of pore pressure and drainage 

over the displacement rates. The installation of the drainage system was simulated by 

decreasing the pore water pressure at the base of the slope. The numerical results 

showed a reduction in the displacement rates, up to a complete cessation of the slide 

displacement. The gradual decrease of the drainage system effectiveness was also 
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simulated, which caused a temporary increase in displacement rates. The potential 

effect of a drainage system installed within the upper slope was investigated, indicating a 

further increase in the stability of the slope. 

Kalenchuk et al. (2012) employed the three-dimensional distinct element 

software 3DEC (Itasca Consulting Group, 2016a) to investigate the effect of the shear 

zone thickness over the displacement rates, comparing the displacement distribution of 

the numerical results with the slope monitoring data. The shear zone was modelled as a 

joint with variable stiffness values throughout the slide area. High shear zone thickness 

was associated with lower shear and normal stiffness values. A good agreement was 

observed between simulated and measured displacement rates, and the importance of 

secondary shear zones within the slide area highlighted. Subsequently, the influence of 

changes in the water table level (e.g., rapid reservoir drawdown, loss in drainage 

capacity) on the deformation rates of the Downie Slide was preliminarily investigated 

(Kalenchuk et al., 2013a). 

6.3.2. Structural and geomechanical characterization of the Downie 
Slide site 

Structural and geomechanical data for the Downie Slide were obtained from 

multiple sources. A large database of piezometric, geological, and monitoring data was 

made available by BC Hydro, which includes borehole, piezometer, inclinometer, and 

survey monument logs, geotechnical laboratory test results, maps, construction, 

monitoring, and stability analysis reports. Geotechnical data were also obtained from 

published works (Kjelland, 2004; Kalenchuk et al., 2012). Westin (2017) describes the 

results of a geomorphic analysis performed on the 2009 airborne LiDAR dataset (Fig. 

6.5). This analysis included GIS lineament mapping on hillshade, slope, and aspect 

maps, and the estimation of lineament density (L20) and intensity (L21). The geomorphic 

domain subdivision was partially based on the results from the lineament analysis and 

was compared with surface characteristics such as slope roughness, curvature, and 

aspect (Westin, 2017). 
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Fig. 6.5 Summary of the lineament analysis presented in Westin (2017). Note 
the variability in lineament orientation throughout the slide area, and 
the largely undamaged area in the central slope (modified after 
Westin, 2017). 

As part of this research, a preliminary rock mass characterization was also 

performed within Adit 1, using underground close-range Structure-from-Motion and 

LiDAR. Three main discontinuity sets, J1 (23°/059° on average), J2 (79°/245° on 

average), and J3 (74°/169° on average), were identified, with J1 parallel to the foliation 

and the average slope surface orientation (Fig. 6.6). Several layers of thinly foliated 

schists were observed in the adit during the geomechanical survey, sub-parallel to J1 

(Westin, 2017) (Fig. 6.6b). The shear zones probably developed along similar layers (BC 

Hydro, 2010), as they are characterized by lower rock mass quality and strength 

compared to the surrounding material. Westin (2017) performed the structural 

characterization at four windows along the upper headscarp, using a UAV-Structure-

from-Motion approach (Fig. 6.6c). Some agreement exists between the discontinuity sets 

mapped in the adits and along the headscarp, and particularly sets 1 and 2. The 

discrepancies between the structural mapping results may be related to the different 

detail of the models (higher in the underground adit models), and the structural 

complexity of the rock mass in the area. 
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Fig. 6.6 Overview of the structural mapping conducted at the Downie Slide. a: Location of the detailed underground joint mapping. Points 1, 2, and 3 identify the sites where short-range, 
underground photogrammetry was performed. Points A, B, C, and D identify the windows where UAV-SfM mapping was performed along the headscarp; b: detail of the rock mass at site 
2. Note the closely-spaced foliation dipping downslope, potentially providing weak surfaces along which the slide may have initiated; c: Orthorectified image of the sector of headscarp 
investigated. Red boxes outline the windows where atructural mapping was performed. Stereonets 1-3 and A-D show the results of the underground and headscarp mapping, 
respectively. Headscarp photographs and data are from Westin (2017). 
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6.3.3. Slope damage analysis at the Downie Slide site 

Based on the trend and spatial distribution of the external slope damage 

features, four slope damage domains were identified within the slide area: Upper 

Distributed Slope Damage Domain, Southern Slope Damage Domain, Northern Slope 

Damage Domain and Central Undamaged Domain. 

Upper Distributed Slope Damage Domain 

The upper portion of the slope is characterized by a hummocky morphology that resulted 

from the retrogression of the headscarp and the accumulation of blocks at its base 

(Kalenchuk et al., 2013b; Westin, 2017). Large blocks of highly damaged rock mass are 

recognizable, that are locally separated by tension cracks and crevasses (Fig. 6.7). 

However, the irregular morphology of the domain suggests that a strong component of 

distributed damage and rock mass degradation exists. 

 

Fig. 6.7 2009 LiDAR view and 2015 aerial photograph of the Upper 
Distributed Slope Damage Domain (courtesy of BCHydro). The 
dashed black line identifies the boundary of the slide area. The 
yellow line shows the inferred boundaries of the damage domain. 
The dashed red lines on the LiDAR highlight prominent damage 
features. Note the hummocky morphology and the discrete, tensile 
damage features scattered throughout the domain. 
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Southern Slope Damage Domain 

The southern portion of the Downie Slide is termed the southern slope damage domain, 

and includes the area referred to as “South knob”. The western boundary is defined by a 

geomorphic step that separates this domain from the central undamaged domain. 

Discrete damage features are predominantly extensional in nature, and preferentially 

oriented in an east-west direction. Tensile, external damage features appear to be 

formed by the intersection of discontinuity sets J2 and J3, creating step-path geometries. 

The area closer to the reservoir also displays counterscarps with a north-south to 

northeast-southwest orientation that were probably caused by slumping of the slope 

near the toe of the slide (Fig. 6.8). 

Northern slope damage domain 

The northern part of the lower slope is referred to as the Northern Slope Damage 

Domain, and includes the area called “North Knob”. A geomorphic step, which roughly 

crosses the domain in an East-West direction, divides the domain in two sectors. The 

northern part is characterized by linear, discrete damage features that follow a north-

south trend and can exceed 5 m in width. Northeast-southwest linear damage features 

can also be observed in the northern portion of the domain. Conversely, the southern 

part of this domain, which also identifies the most active area within the slide, is 

characterized by a rough surface where no prominent, obvious discrete damage features 

can be observed. This may suggest the presence of a more intensely fractured, low 

quality rock mass (Fig. 6.9).  

Central Undamaged Domain 

The central portion of the Downie Slide is referred to as central undamaged domain and 

comprises by an area without any prominent slope damage feature. The slope is 

characterized by a relatively gentle slope and homogeneous morphology that is only 

interrupted by small erosional features (shallow creeks and gullies). The domain is 

bounded to the West by the hummocks of the upper distributed damage domain, and to 

the East by a geomorphic step that marks the limit of the northern slope damage 

domain. A gradual increase of surface roughness can be observed towards the northern 

part of the domain, possibly indicating an increase of damage (Fig. 6.10). 
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Fig. 6.8 2009 LiDAR view and 2015 aerial photograph of the Southern Slope 
Damage Domain. The dashed black line identifies the boundary of 
the slide area. The yellow line shows the inferred boundaries of the 
damage domain. The dashed red lines highlight prominent slope 
damage features. Note the east-west trending tensile features, and 
the north-south striking counterscarps. The inset shows the step-
path geometry, formed by intersection of discontinuity sets J2 and 
J3, that form the tension cracks. 
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Fig. 6.9 2009 LiDAR view (a) and 2015 aerial photograph (b) of the Northern 
Slope Damage Domain. The dashed black line identify the boundary 
of the slide area. The yellow line shows the assumed boundaries of 
the damage domain. The dashed red lines highlight damage 
features. Note the tensile features striking northeast-southwest, and 
the damage features striking north-south. The red dot indicates the 
location where the photograph below was taken (summer 2015). The 
photograph (c) shows one of the NE-SW trending tensile damage 
features that characterize the domain. The green, dashed line marks 
the geomorphic step dividing the northern part (with prominent 
external damage features) from the southern part (where no 
obvious, discrete damage features can be observed). 
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Fig. 6.10 2009 LiDAR view and 2015 aerial photograph of the Central 
Undamaged Domain. The yellow line shows the assumed 
boundaries of the damage domain. Note the lack of any obvious 
external damage features, and the increase of surface roughness in 
the northern part of the domain. 

Sub-surface data analysis and shear zone reconstruction 

Between 1975 and 2010, over 50 boreholes have been drilled and subsequently 

instrumented at the Downie Slide. The density of boreholes is higher in the lower slope 

and decreases towards the central and upper slope. Borehole logs were made available 

for this study by BC Hydro, together with borehole inclinometer and piezometer 

monitoring data. Previous investigations indicated the presence of two shear zones (BC 

Hydro, 1983). 

The lower and upper shear zones are formed by a succession of thinly foliated, 

sheared materials with a maximum thickness of 62 m and 21 m, respectively (Fig. 6.11). 

Borehole inclinometer plots, however, indicate that the displacements are occurring 

along thin layers not thicker than one meter. 
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Fig. 6.11 Photographs of the rock core from the borehole S23A, between the 
depths of 107 and 145 m. The red arrows indicate the upper and 
lower limit of the lower shear zone, observed within the interval 125 
– 141 m. 

The three-dimensional geometry of the shear zones was reconstructed and 

reinterpreted by interpolating their location identified in each inclinometer using the 

software Surfer 14 (Golden Software, 2016). For boreholes without inclinometers the 

central point of the shear zone was initially used. The Kriging method, which proved to 

be effective for the analysis of sub-surface data at the Downie Slide (Kalenchuk et al., 

2009a), was employed for the shear surface interpolation. Due to the non-homogeneous 

distribution and density of instrumented boreholes, the shear surface reconstruction 

quality is arguably higher in the lower slope, with uncertainty increasing in the upper 

slope and toward the boundaries of the slide area. To better constrain the shear surface 

reconstruction near the boundaries, it was decided to consider assumed points located 

at depth below the base of the southern and western slide scarps. This approach was 

employed to simulate the continuation in depth of the structures defining the sub-vertical 

slopes bounding the slide. Sections traced in WSW-ENE direction (Fig. 6.12) show a 

decrease in dip angle of the shear zones in the lower part of the slope, especially in the 

northern area. The reconstructed surfaces will be hereafter referred to as LSZ and USZ. 



 

199 

 

Fig. 6.12 Sections traced along and across the slope at the Downie Slide. 
Lower and upper shear zones are displayed, in the sections, as red 
black and red dashed lines, respectively. Note in profiles 1 and 2 the 
bi-planar character of the lower shear zone. In profiles 2 and 3, note 
the complex morphology of the shear zones in the southern portion 
of the slope, and their depth below the bounding scarp slope. 

The reconstructed LSZ and USZ were imported in ArcGIS 10.5 (ESRI, 2017). A 

cut-and-fill analysis was performed, using the LSZ and the ground surface as input data. 

The present-day volume of the Downie Slide was estimated at 1.00 x 109 m3, which is 

roughly 30% lower compared to previous estimations (Piteau et al., 1978). Such a 
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difference in estimated volume is largely due to the lower thickness that characterizes 

the slide body in the upper slope, with respect to previous reconstructions. 

Aspect and slope maps of the reconstructed shear zones were created. The LSZ 

shows changes in orientation in different parts of the slide and is in close agreement with 

the displacement direction recorded in the inclinometer logs (Fig. 6.13a). In particular: a) 

the northern portion of the shear zone dips towards South-East, b) the western portion of 

the sliding surface dips towards east, parallel to the ground surface, c) the southern 

portion dips towards north-east, and d) along the southern headscarp, the shear zone 

dips towards east, tilting in a south-eastern direction below the elevation of 700 m. The 

LSZ displays a bi-planar surface, in which the lower elevation portion is characterized by 

a lower dip angle (less than 15°) compared to the central and upper portions (20° to 25°) 

(Fig. 6.13b). Conversely, the USZ appears to have a uniform dip toward the east, with 

limited areas dipping toward the north-east and south-east in the lower slope, and a 

relatively constant dip angle (15° to 20°) throughout the entire slide area. 

The causes of the changes in dip angle and dip direction of the shear zones are 

not known. In consideration of the complex tectonic history of the area, it is likely that the 

shear zone morphology may have been controlled by medium- and large-scale folds, 

developed during the three deformation phases described by Brown and Psutka (1980). 

Further investigation should be undertaken to investigate the potential correlation 

between shear zone geometry and regional structural setting and evolution. 
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Fig. 6.13 Topography of the lower shear zone. a: aspect map showing the dip 
direction of the LSZ. White arrows are plotted for clarity, and show 
the dip direction of the LSZ. Note the agreement with the borehole 
inclinometer displacement direction (black arrows); b: slope map 
showing the change in gradient of the shear zone throughout the 
slide area. Note the decrease in steepness of the LSZ towards the 
base of the slope. 
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Preliminary slope damage interpretation 

The analysis and interpretation of the external and internal slope damage at the 

Downie Slide has been performed by comparing the geomorphic features observed in 

the maps derived from LiDAR data, the morphology of the shear zones, and the 

regional, structural setting that characterises the study area. 

The GIS analyses performed highlight that the LSZ has a complex morphology. 

The slope map (shear zone dip) showed that the lower shear zone is characterized by 

bi-planar morphology, due to the variation in dip angle between the upper slope (high 

angle) and the lower slope (lower angle). This shear surface geometry implies an active-

passive block mechanism for the slide, and thus rock mass damage accumulation could 

be expected to occur in the transition zone between the active and passive slide blocks 

(Kvapil and Clews, 1979), also referred to as Prandtl prism (Mencl, 1966). Damage 

within the transition zone develops as secondary shearing and crushing of the rock 

mass, resulting in heaving and expansion (Kvapil and Clews, 1979). Effects on jointed 

rock masses include dilation and sliding along pre-existing discontinuities, failure of 

intact rock bridges and development of step-path geometries. Slope damage within the 

Prandtl prism is a kinematic requirement for the slide movements to initiate (Kvapil and 

Clews, 1979). Thus, internal, distributed slope damage within the transition zone at the 

Downie Slide may have formed in the initial stages of slope deformation. Additionally, 

the quality of the rock mass forming the lower slope may be affected by the proximity to 

the Columbia River Fault damage zone, which extends up to the toe of the Downie Slide 

(Brown and Psutka, 1980). The thickness of the lower shear zone increases up to 60 m 

in the lower part of the slope (Fig. 6.14a), as evidenced by the intense rock mass 

comminution, shearing, and mineral alteration observed in the cores (Fig. 6.14b). I 

suggest that such thickening may have resulted from a combination of factors, which 

may have included a) the accumulation of internal slope damage within the transition 

zone; b) the activity, in the past, of one or multiple other sliding surfaces; c) the large 

displacement along a potentially undulating surface, which may have caused shearing of 

large-scale asperities (Stead and Eberhardt, 2013) that resulted in the progressive 

accumulation of internal damage along the LSZ. Further analyses, including conceptual 

numerical modelling, may be undertaken to verify the influence of these factors on the 

damage accumulation at the depth of the LSZ. 
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Fig. 6.14 Internal, shear zone slope damage within the Downie Slide. a: LSZ 
thickness map. Note the thickening of the shear zone within the 
lower slope; b: photographs of the core from borehole S23A, located 
in the central part of the slide. Note the difference between the 
“undamaged” rock mass (obtained below the rupture surface) and 
the damaged, sheared, and altered rock mass forming the LSZ. 

The analysis of the LiDAR-derived aspect map of the lower shear zone shows 

that the dip direction of the sliding surface varies throughout the slide area. To the north, 

the shear zone dips towards East, while to the south it dips towards north-east. The 

portion of shear zone underlying the North Knob dips towards south-east. The 

intersection between the east- and north-east dipping planes can be roughly traced as a 
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zone through the slide area, and strikes in an 80°E direction. This intersection zone 

crosses the headscarp at the intersection of the western and northern cliffs, within a 

notch formed by the secondary failure and retrogression of the slide. The intersection 

zone is also aligned with an East-West trending valley (referred to as Fissure Creek), 

perpendicular to the Columbia River Valley, which deviates to the north forming the 

Pettipiece Ridge west of the Downie Slide area (Fig. 6.15). These observations suggest 

that a structural zone (possibly, a regional fault) exists that extends several kilometers 

west of the slide area, bounded by a high rock mass damage zone, that potentially 

controls the geometry of the rupture surface and the secondary retrogression of the 

headscarp of the Downie Slide (Fig. 6.15). On the opposite side of the Columbia River 

valley, a series of gullies exist, that may also indicate an area of increased rock mass 

damage. It is unclear, however, whether the structure also extends east of the Columbia 

River Fault (and thus, the age of the Fissure Creek structure, with respect to the 

Columbia River Fault), or whether the location of the gullies is controlled by other 

geologic factors. 

 

Fig. 6.15 Satellite imagery of the Downie Slide and surrounding areas. Note 
the alignment between Fissure Creek behind the Downie slide 
headscarp, the intersection of east and northeast dipping planes 
forming the LSZ, and the series of gullies on the opposite side of the 
Columbia River valley (imagery from Planet Team, 2018). 
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The rock mass damage zone associated with the structure crossing the slide 

area and the potential Prandtl prism transition zone appear to intersect each other in the 

lower, central portion of the slope, below which the most active area of the slide is 

located (Fig. 6.16). It is suggested that a concentration of rock mass and slope damage 

is responsible for the decrease in rock mass quality and the higher erosion and 

displacement rates observed in this portion of the Downie Slide. 

 

Fig. 6.16 Conceptual internal slope damage distribution at the Downie Slide 
site. The purple area identifies the area of potential damage 
concentration at the intersection between the inferred Prandtl prism 
transition zone and the structural damage zone crossing the slide 
area in E-W direction. The Columbia River Valley damage zone is 
also represented (yellow, dashed lines). Note the agreement 
between the damage zone overlap area and the active slope 
displacement area within the lower slope. 

The southern portion of the slide, where the dip direction of LSZ varies between 

north-east and south-east, correlates with the Southern Slope Damage Domain. Here, 

tensile slope damage is predominantly oriented in an East-West direction, except for 

some north-south striking counterscarps at the base of the slope. East-west tensile 

damage appears to be related to a prominent undulation that can be observed in the 
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LSZ, which causes the displacement direction at depth to vary between the northern and 

the southern parts of the domain, as evidenced by the borehole inclinometer logs (Fig. 

6.17). Westin (2017) observed that high rock mass damage exists at depth within the 

southern damage domain area, which required the installation of a shotcrete liner along 

the southern branch of the Adit 1 (Fig. 6.17). The location within the drainage adit where 

cracking of the shotcrete has been reported (BC Hydro, 2009) appears to extend beyond 

the areas where external tensile damage can be observed, suggesting that internal 

damage and deformation may have occurred at depth without any obvious surficial 

evidence (which may have been obliterated by the overburden cover). Internal tensile 

slope damage likely occurred in form of normal faulting, resulting in the formation of 

East-West trending cracks and a graben that can be observed in the upper part of the 

damage domain (profile 1 in Fig. 6.17). The location of the north-south trending 

counterscarps at the base of the slope is consistent with the low dip angle portion of the 

lower shear zone, and may represent evidence of the internal damage and deformation 

that occurred in the Prandtl transition zone (profile 2 in Fig. 6.17). 

Within the Northern Slope Damage Domain, the dip direction of the LSZ varies 

between east and south-east, and north-south external damage features are overlaid by 

northeast-southwest trending features (Fig. 6.18). Such a damage network may have 

resulted from a complex deformation process, due to: a) the eastward displacement of 

the slide in the central portion, which may have caused the formation of north-south 

trending damage features within the Prandtl prism, and b) the change in displacement 

direction of the slide body above the South-west dipping portion of LSZ. 

Downslope from the transition zone, the slope shows an increase in topographic 

elevation, which is also accompanied with extensive East-West cracking and dilational 

damage (profile 1 in Fig. 6.18). Such surficial external slope damage may have resulted 

from the uplift that has been observed at the transition zone in large landslides (Kvapil 

and Clews, 1979). The change from focused, external slope damage to the north, and 

the low quality rock mass toward the Southern part of the damage domain may be 

related to the presence of the structural damage zone that crosses the slide area in an 

East-West direction, intersecting the most active part of the slide (profile 2 in Fig. 6.18). 

Intense rock mass fracturing, deformation, and alteration may prevent the formation of 

prominent, discrete damage features, promoting instead the development of rock slumps 

and erosional features. 
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Fig. 6.17 Slope damage interpretation within the Southern Slope Damage 
Domain. In the aspect map, blue arrows shows the dip direction of 
the LSZ. Black arrows represent the displacement direction of the 
inclinometer along the lower shear zone. The trace of Adit 1 has 
been plotted, where the red portions highlight sections where 
cracking in the shotcrete was observed. Two conceptual sections 
have been traced through the domain. See text for discussion. 



 

208 

 

Fig. 6.18 Slope damage interpretation within the Northern Slope Damage 
Domain. In the aspect map, blue arrows shows the dip direction of 
the LSZ. Black arrows represent the displacement direction of the 
inclinometer along the shear zone. The yellow, dashed line shows 
the inferred boundary between the area where discrete damage 
fratures can be observed (to the north) and lower quality rock mass 
(to the south). The red, dashed line shows the structural damage 
zone that bounds the domain on the southern side. Two conceptual 
sections have been traced through the domain. See text for 
discussion. 
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The upper portion of the slide, which constitutes the Upper Distributed Slope 

Damage Domain, is formed by large blocks, sub-divided by deep crevices, that gradually 

developed with retrogression of the western cliff and the extension of the slide area 

(Kalenchuk et al., 2013b; Westin, 2017). The retrogressive behavior appears to be 

controlled by the structural damage zone that crosses the slide area. A prominent notch 

is visible where the structure intersects the headscarp (Fig. 6.19). The entire upper slope 

is characterized by a wedge shape that appears to be controlled by structures and rock 

mass jointing (Westin, 2017). It is likely that instability in the upper slope occurred as a 

structurally controlled secondary failure, initiated later in time compared to the lower 

slope. The progressive accumulation of blocks and the slow downslope displacement 

resulted in development of a hummocky morphology throughout Upper Distributed Slope 

Damage Domain. This hummocky morphology also obscured any evidence of external 

or internal damage feature that may be associated with the structural damage zone. 

Logs from borehole inclinometers located along the eastern boundary of the domain 

show that sliding occurs along both the lower and the upper shear zone. However, no 

boreholes exist within the Upper Distributed Slope Damage Domain and the depth of 

sliding surface is unknown. Thus, the shear zone reconstruction is poorly constrained in 

the upper slope. Two sections through the upper domain (Fig. 6.19). Section 1, in 

particular, highlights a decrease in the slide thickness in the upper part of the slope, 

which appears to agree with the results from geophysical seismic investigations 

described in Piteau et al. (1978). Section 2 highlights the undulating surface of the 

hummocks. It is likely that each hummock represents the deposit of a major 

retrogressive event, and that most events occurred during the period of maximum 

activity of the slide. 
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Fig. 6.19 Slope damage interpretation of the Upper Distributed Slope Damage 
Domain. In the aspect map, blue arrows shows the dip direction of 
the LSZ. Black arrows represent the displacement direction of the 
inclinometer along the shear zone. The red, dashed lines bound the 
structural damage zone that crosses the slide area. Dotted lines 
highlight linear structures that form the headscarp (analogous 
colors indicate a similar orientation). Two conceptual sections have 
been traced through the hummocky domain. See text for discussion. 



 

211 

The central portion of the slide (central undamaged domain) overlies a planar 

uniform portion of shear zone, characterized by a constant orientation. This results in a 

relatively smooth surficial morphology, with no significant external damage features (Fig. 

6.20). The structural damage zone crosses the northern part of the undamaged domain, 

without prominent external evidence of damage, except for a gradual increase in surface 

roughness toward the northern part of the domain. This may indicate the presence of a 

higher rock mass damage, compared to the rest of the domain, although no sub-surface 

data is available to confirm such hypothesis. The western boundary of the central 

undamaged domain may represent the original upper limit of the slide, which then 

retrogressed with the gradual accumulation of blocks and the formation of the upper 

distributed damage domain. 

From a comparison between the observed slope damage features, the aspect 

map of the LSZ, and the direction of displacement, it is observed that the style (tensile 

vs. shear), orientation, and distribution of external and internal slope damage features 

may be related to: a) displacement along a sliding surface with complex morphology and 

changes in orientation, and b) the rock mass damage associated with a structure 

crossing the slide area in an east-west direction. According to the borehole inclinometer 

records, most of the displacement occurs along the lower shear zone. It is suggested 

that the lower shear zone has a greater influence on the formation and evolution of slope 

damage, compared to the upper shear zone. Numerical modelling is conducted to test 

this hypothesis and will be described in detail. 
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Fig. 6.20 Slope damage interpretation within the Central Undamaged Domain. 
In the aspect map, blue arrows shows the dip direction of the LSZ. 
Black arrows represent the displacement direction of the 
inclinometer along the shear zone. The red, dashed lines bound the 
structural damage zone that crosses the slide area. Note the 
absence of obvious external slope damage features. Two conceptual 
sections have been traced through the domain. See text for 
discussion. 
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The evolution of slope damage with time and slope deformation can be 

discussed conceptually. A slope failure may be subdivided into three time-dependent 

stages: regressive, progressive, and post-failure (Stead and Eberhardt, 2013). The 

accumulation of slope damage initiates at the onset of failure and increases 

exponentially during the progressive stage until the failure occurs. The rate of 

displacement and slope damage accumulation then decreases, and a post-failure 

condition is reached (Fig. 6.21). 

At the Downie Slide, displacement rates up to 3.2 mm/year and 1.6 mm/year are 

occurring along the lower and upper shear zones, respectively. Prior to the installation of 

the drainage system, however, displacement rates up to 10 mm/year had been observed 

along the lower shear zone (BC Hydro, 2010). These rates of displacement are clearly 

not sufficient to account for the estimated 300 m of total displacement, even when 

considering the upper age limit suggested for the Downie Slide (10,000 years). It must 

be concluded that the displacement rates in the past have been greater than the pre-

drainage values. The current work suggests that: a) the Downie Slide is currently in a 

post-failure stage, and that the formation and development of slope damage 

predominantly occurred during the progressive stage, at the end of which the maximum 

displacement rates were achieved, and b) the onset of failure probably occurred during 

or shortly after the glacial retreat, due to fluvial erosion, lack of confinement, and high 

pore water pressure (as suggested by Kjelland, 2004). However, it has been observed 

that the slide never blocked the Columbia River valley (Stantec Inc., 2009). It must be 

concluded that even the peak displacement rates may not have been high enough to 

cause the Downie Slide to evolve into a rapid, large displacement. The retrogression of 

the slide probably initiated and progressed during the stage of maximum displacement 

rates, and it was likely driven by the progressive sliding of material away from the base 

of the headscarp. Thus, in view of the slow displacement rates that characterize the 

post-failure stage, present-day instability along the western cliff are likely to be limited to 

small, structurally controlled failures. Table 6-2 conceptually describes the geomorphic 

evolution of the Downie Slide, with a focus on the internal and external slope damage, 

based on the proposed interpretation. 
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Fig. 6.21 Conceptual time-dependent deformation at the Downie Slide. Note 
the sharp increase in deformation rates and slope damage during 
the progressive stage, until the failure occurs. Rock mass creep 
characterizes the present-day, post-failure state of the Downie Slide. 
Points 1-4 identify the slope conditions examined in Table 5-6 
(modified from Stead and Eberhardt, 2013). 
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Table 6-2 Conceptual evolution of the slope damage at the Downie Slide. Refer to the text and Fig. 6.21 for the discussion. Sketches 1-4 conceptually describe the evolution of the slope 
morphology and damage accumulation. Red, dashed lines mark the section traces. SA: Skagit allocthon; CRFX: Columbia River Fault zone; MC: Monashee Complex ; SDZ: structural 
damage zone 

 1 – Stable slope 2 – Regressive state 3 – Progressive state (failure) 4 – Post failure state 
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 Ice-covered valley 
 Buttressed slope 

 Glacial retreat 
 Slope toe over-steepened by glacier and discharge 
 Slope deformation initiates, favored by high residual 

pore water pressure and kinematic release 

 Valley is ice-free 
 Displacement rates are at their maximum 
 Columbia River is deviated, old channels buried 
 Slide expands upslope and laterally 
 Hummocks form with the gradual headscarp 

retrogression 

 Displacement rates drop 
 Surface movements peak at the slope toe 
 Slow displacements along shear zones, with maximum in 

“active area” 
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External damage 
 Insignificant? 

 
Internal damage 
 Insignificant? 

External damage 
 Tension cracks at the boundary of the unstable area 
 Bulging at the toe causes cracking and rock mass 

dilation 
 
Internal damage 
 Incipient shear zone(s) form at the base of the slide 
 Focused damage accumulates in the Prandtl prism 

transition zone between passive and active blocks 

External damage 
 Slide body divides into blocks that deform and slide 

independently 
 Formation of tension cracks precedes the 

retrogression of the headscarp. 
 Instability propagates to the “lobe” 
 Surface cracking and dilation occur in northern and 

southern domains 
 
Internal damage 
 Shear zone(s) thicken due to large displacement 
 Rock mass dilation and shearing occurs in bulging toe 

and transition zone 

External damage 
 Slumping at the slide toe 
 Slow deformation induces extension of existing cracks 

 
Internal damage 
 Slow rock mass deformation (creep) throughout slide 

volume and along shear zones 
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6.4. Numerical modelling 

Three-dimensional numerical modelling was performed to investigate the factors 

that control the evolution of slope damage at the Downie Slide. In particular, the 

influence of shear zone morphology, domain subdivision, and ground water conditions 

on the development of internal and external slope damage was investigated. The spatial 

distribution, orientation, and type of external slope damage observed in the LiDAR were 

compared with the results from the numerical analysis. It was noted that using a distinct 

element method, coupled with a strain-softening constitutive model, slope damage 

features can be reproduced in a three-dimensional numerical model, providing an 

additional tool for constraining numerical analysis. 

6.4.1. Construction of the three-dimensional model of the Downie 
Slide 

The deformation and slope damage developed at the Downie Slide appears to 

have been controlled by geological structures and shear zone morphology. Since the 

slide volume can be divided into discrete domains, a three-dimensional distinct element 

method approach was used for the numerical analysis, and the code 3DEC 5.2 (Itasca 

Consulting Group, 2016a) was employed. In the distinct element method, the rock mass 

is modelled as an assembly of discrete blocks that may slide, rotate, and completely 

detach from each other. In this numerical simulation, each block represents one of the 

structural domains identified in Westin (2017). 

The numerical analysis was undertaken considering the present-day slope 

morphology as the initial model condition. The model geometry was created in 

Rhinoceros 5 (Robert McNeel & Associates, 2015) using the airborne LiDAR dataset. To 

avoid boundary effects in proximity of the slide area, the model area was extended, 

using a NASA SRTM dataset (NASA-NGA, 2014). The final model geometry covers a 

surface area of 5.3 km by 5.3 km. The LSZ and USZ, bounded by vertical lateral 

surfaces, were implemented in the 3DEC model. Finally, using Griddle (Itasca 

Consulting Group, 2016b) a tetrahedral volumetric mesh was exported in a format 

readable in 3DEC. 
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The Downie Slide area was sub-divided into eight deformable blocks, based on 

Westin (2017) (Fig. 6.23), divided by vertical boundaries. The sub-division of the slide 

body in various blocks is needed to provide kinematic freedom to the different parts of 

the slide. However, it is currently unclear whether the block boundaries are structural in 

origin or formed as a result of the slope deformation, or possibly a combination of both. 

A strain-softening constitutive criterion was assumed for the slide material, in order to 

simulate the decrease in rock mass properties caused by the accumulation of slope 

damage. Observed in-place stable areas within the large-scale model (i.e., outside of the 

slide area) were assumed to be elastic. Rock mass properties were obtained from 

Kjelland (2004) and Kalenchuk et al. (2012), and were derived from numerous 

investigations and material testing programs by BC Hydro. In this preliminary 

investigation, residual strength properties for the strain-softening model are assigned 

after a plastic strain of 2%. This value is within the range used in previous numerical 

analyses (0.2% to 6%) to simulate rock mass strength softening (Hajiabdolmajid and 

Kaiser, 2002; Badr et al., 2003; Andrieux et al., 2004; Zipf, 2007). 

 

Fig. 6.22 Conceptual description of the strain-softening behavior in 3DEC. 
Elastic deformation occurs occurs for stresses lower than peak 
values. When peak strength is exceeded, cohesion and friction 
progressively decrease with the strain, until the residual values are 
achieved (modified from Itasca Consulting Group, 2016a). 

Rock mass dilation has also been considered in the numerical model. It is known 

that the dilation angle decreases with the progressive deformation of the rock mass, and 

becomes null when the maximum volumetric strain is achieved. However, the definition 

of an appropriate value for a rock mass to use in numerical models remains a 

challenging task. Based on empirical considerations, Hoek and Brown (1997) suggest 
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that a preliminary value of /4,  /8, and 0 may be used for good, average, and very poor 

quality rock masses, respectively. A more robust approach to evaluate rock mass 

dilation has been proposed by Alejano and Alonso (2005) that requires knowledge of the 

compressive strength, friction angle, and confinement conditions of the rock mass. In 

view of the large deformation that occurred at the Downie Slide, limited rock mass 

dilation may be expected, and a 2° dilation angle was assumed as a preliminary 

estimate for the rock mass. The effects of a variation in strain-softening and dilation 

parameters on the development of slope damage in the model will be investigated in 

future analyses. Parameters assigned to the USZ were obtained by upscaling the LSZ 

strength parameters, in order to reproduce the lower displacement rates observed in the 

field slope monitoring data. Additionally, the LSZ beneath the blocks forming the upper 

portion of the Downie Slide was assigned higher strength properties due to the 

secondary nature of the failure mechanism. Table 6-3 and Table 6-4 summarize the 

mechanical parameters assigned to the deformable blocks and the discontinuities within 

the model, respectively. 

In this preliminary numerical modelling, it was decided, as assumed in Kalenchuk 

et al. (2012), not to explicitly include the joint sets within the block domains. This 

modelling approach provides several advantages, including: a) slope damage may form 

as a result of rock mass yielding (conversely, the implementation of joint sets would 

force slope damage to develop exclusively through dilation of fully-persistent joints, 

preventing yielding of intact material); b) a significant decrease in the model runtime is 

achieved (as low as 10 days), potentially allowing limited parametric analysis to be 

conducted; c) allowing comparison of the numerical modelling results with previous 

three-dimensional analyses. 
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Fig. 6.23 Slope domains implemented in the three-dimensional 3DEC model 
of the Downie Slide. UH: Upper Hummocks; Ta: Talus; MP: Mid 
Plain; MH: Mid Hummocks; SK: South Knob; CL: Channelized 
Lower; UNK: Upper North Knob; LNK: Lower North Knob. Domain 
subdivision is based on Westin (2017) (cfr. Fig. 6.3b). The slide 
volume above and below the USZ is colored in blue and red, 
respectively. Note that only the LSZ is implemented in blocks Upper 
Hummocks and Talus, as they are considered as secondary failures 
in this model. 
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Table 6-3 Summary of the deformable block properties used for the numerical 
investigation of the Downie Slide. Residual values are in brackets. 

Property Slide rock mass Slope rock mass 
Constitutive model Strain-softening* Elastic 
Dry density (kg/m3) 2,700 2,700 
Saturated density (kg/m3) 2,730 2,730 
Bulk modulus (GPa) 1.8 1.8 
Shear modulus (GPa) 0.9 0.9 
Friction angle (°) 34 (30) - 
Cohesion (MPa) 2 (0.2) - 
Tensile strength (MPa) 0.4 (0.04) - 
Dilation (°) 2 - 

*: Residual properties for strain-softening blocks are assigned after a strain of 0.02. 

Table 6-4 Summary of the shear surface and slide boundary properties used 
for the numerical investigation of the Downie Slide. Residual values 
are in brackets. 

Property LSZ USZ 
LSZ - Secondary 
failure 

Lateral and 
block 
boundaries 

Constitutive model Mohr-Coulomb Mohr-Coulomb Mohr-Coulomb Mohr-Coulomb 
Friction angle (°) 15 (12) 18 (15) 20 (18) 20 (18) 
Cohesion (kPa) 100 (0) 200 (0) 200 (0) 0 
Tensile strength (kPa) 20 (0) 40 (0) 40 (0) 0 
Normal stiffness 
(MPa/m) 50 500 1,000 1,000 
Shear stiffness (MPa/m) 25 250 100 100 

 

Three models were run, using different water table assumptions. Firstly, the 

model was run simulating a dry slope (Model 1). Then, two different models were run to 

investigate the effect of the piezometric head acting along the LSZ (Model 2a), and the 

USZ (Model 2b). Two water tables were reconstructed. For the Model 2a, the hydraulic 

heads observed in the piezometers positioned at the depth of the LSZ were interpolated 

using a Kriging method. For the model 2b, the piezometers positioned at the depth of the 

USZ were used, instead (Fig. 6.24). In order to separately investigate the effect of the 

pore pressures along USZ and LSZ, plastic displacements were allowed to occur only 

along the shear zone for which the water table is implemented. In other words, in model 

2a the USZ was assigned elastic properties, and sliding was only allowed along the LSZ. 

Conversely, in model 2b only sliding along the USZ were permitted, and the LSZ was 

assigned elastic properties. 
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Fig. 6.24 Water tables reconstructed using hydraulic heads observed along 
the LSZ (implemented in model 2a) and along the USZ (implemented 
in model 2b). Blue dots indicate the location of the piezometers 
considered for the water table interpolation. 

6.4.2. Description of the results 

Throughout the numerical analysis, displacement data were recorded at virtual 

inclinometers implemented within the model. The location of the virtual borehole 

inclinometers coincided with installed borehole inclinometers at the Downie Slide. The 
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virtual borehole inclinometers sampled displacement at every meter depth. In all 

simulations, a multi-stage model was investigated, which included the following steps: 

1. Geometry construction, domain subdivision, block zoning, and history point 
setup; 

2. In wet models, implementation of water table, and initiation of pore pressure; 

3. Elastic properties assigned to blocks and shear zones – the model is run to 
equilibrium; 

4. Strain-softening constitutive criterion assigned to the rock mass blocks – the 
model is run to equilibrium; 

5. High material properties assigned to the shear zones – the model is run to 
equilibrium; 

6. Assumed material properties assigned to the shear zones – model is run for 
100,000 numerical time steps (200,000 for Model 2b), and the slope failure is 
achieved. 

Numerical models were run on a high-end workstation, with 6th generation Intel i7 

CPU, 128 GB RAM, and two nVidia Geforce GTX 1080 graphic cards, and required, on 

average, twelve days to complete 100,000 numerical time steps. Results have been 

analyzed in 3DEC using displacement magnitude, failure state, and volumetric strain 

plots. Volumetric strain (V/V0) was employed to highlight areas of extension and 

compression, which were associated with compressive and/or tensile damage 

accumulation. Monitoring data obtained from the virtual borehole inclinometers were 

exported and processed to derive cumulative displacement plots and displacement 

azimuths to allow comparison with observed slope monitoring data. 

Model 1 – Dry slope 

After 100,000 numerical time steps (cycles), maximum simulated displacement 

values of 7.5 m were observed in the northern section of the toe, with a gradual 

reduction in simulated displacement towards the western and southern scarps (Fig. 

6.25a). The upper portion of the Downie Slide shows the lowest simulated displacement, 

probably due to the low angle of the LSZ near the western cliff. The displacement 

direction is relatively homogeneous throughout the entire slide area, with an azimuth of 

70°N that changes in the southern portion of the slide to 90°N to 100°N. The direction of 

movement is controlled, in the numerical model, by the southern boundary of the slide 
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area, which appears to kinematically constrain the movement of the central and upper 

slope blocks. 

The analysis of the block plasticity failure state provided information on the failure 

mechanism of the single blocks forming the slide. Failed blocks are distributed between 

the lower and upper slope, whereas the mid slope remained largely intact, except along 

the southern boundary (Fig. 6.25b). Tensile failure is predominant, and shear failure is 

concentrated to limited areas within the south knob and the upper hummocks blocks. 

Blocks that failed in tension appear to follow a linear volumetric strain distribution: north-

south trending clusters of failed blocks can be observed in the north knob blocks. Tensile 

failure is also prominent in the south knob, where blocks failed in tension form clusters 

that strikes in an East-West direction. The slope is here traversed, in a north-south 

direction, by an area of predominantly shear failure. 

The volumetric strain plot shows positive strain (i.e., dilation) in the upper portion 

of the slope (upper hummocks block), as well as within the northern and southern slide 

blocks (south knob, upper and lower north knob blocks) (Fig. 6.25c). Groups of zones 

with relatively high volumetric strain (v > 2.5e-3) are organized in linear features, which 

extend in a north-south direction in the northern portion of the slide. More limited, 

southwest-northeast features are simulated along the northern boundary of the slide 

area. Along the southern boundary of the slide, East-West extensional features 

developed during the simulation. A complex network of extensional features also 

developed at the toe of the slide, in the northern part of the southern damage domain. 

Here, north-south features overprint East-West striking features. North-south striking 

dilation features also developed within the upper damage domain. Negative volumetric 

strain (e.g., compression) was locally observed in the central part of the northern 

damage domain, and at the toe of the south knob block. Positive volumetric strain was 

found to propagate at depth, indicating that both external and internal damage exist in 

the areas where dilation was observed (Fig. 6.25d-f). Negative volumetric strain (e.g., 

compression) was observed along the LSZ, where the gradient of the shear zone 

decreases, and may be associated with the development of a Prandtl prism within the 

transition zone (Fig. 6.25d). The lineaments modelled in the analysis were preliminarily 

mapped and plotted on rosette diagrams, which show that a preferential NNW-SSE 

lineament orientation exist throughout the slide blocks, while intense NE-SW features 

were modelled in the South Knob and North Knob slide blocks (Fig. 6.25g). 
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Fig. 6.25 Results of the numerical analysis of Model 1 (dry slope) at 100,000 
numerical time steps. a: total displacement plot. Arrows indicate the 
modelled displacement azimuth; b: block failure state plot; c: 
volumetric strain plot. Red and blue indicate increase and decrease 
in volume, respectively (extension and compression); d,e: sections 
E-W through Downie Slide showing the simulated volumetric strain; 
f: section N-S through Downie Slide showing the simulated 
volumetric strain; f: Rosette diagrams showing the preferential 
slope damage feature orientation within the slide blocks. See text for 
discussion. 
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Model 2a – Water table above the LSZ 

Model 2a simulates the slide displacement along the LSZ, and includes the pore 

pressures acting along the lower sliding surface. A saturated unit weight of 2,730 kg/m3 

was assigned to the material below the water table. An additional load was also applied 

to the slope below 573 m, to account for presence of the reservoir. Throughout the 

model 2a simulation, an elastic behavior was assigned to the USZ in order to prevent 

sliding. 

The simulation required 12 days, and was terminated after 100,000 numerical 

time steps (cycles), when a maximum displacement of around 12 m was observed. The 

greatest displacement magnitude was observed in the northern part of the lower slope. 

Simulated displacements decrease towards the western and southern scarps (Fig. 

6.26a). Sliding predominantly occurs in a northeast direction (azimuth 70° N), whereas 

toward the southern boundary displacements follow an eastward trend (90-95° N). 

The plasticity zone failure state plot indicates that tensile failure occurred 

throughout the lower slope, whereas shear failure is limited to the south knob and the 

upper and lower north knob blocks. Mixed tension and shear failure affected the upper 

portion of the slope (Fig. 6.26b). In the central portion of the slope blocks remained were 

subjected to low volumetric strain and showed limited failure throughout the numerical 

analysis. 

The volumetric strain plot of Model 2a shows strong similarities with Model 1. 

North-south and northeast-southwest trending extensional features developed in the 

northern portion of the slope (Fig. 6.26c-d). A complex network of damage features was 

simulated at the base of the South knob (Fig. 6.26e). Positive volumetric strain is 

distributed throughout the upper slope, where no clear damage accumulation pattern 

can be observed. In the southern portion, East-West features were simulated, which 

propagated at depth reaching the LSZ (Fig. 6.26f). 

The lineaments modelled in the analysis were preliminarily mapped and plotted 

on rosette diagrams. Modelled lineaments predominantly strike in a NNW-SSE direction. 

Slope damage features striking in a NW-SE were also modelled within the south and 

north knob slide blocks (Fig. 6.26g) 



 

226 

 

Fig. 6.26 Results of the numerical analysis of Model 2a (water table above the 
LSZ) at 100,000 numerical time steps. Note the similarity with Model 
1. a: total displacement plot. Arrows indicate the modelled 
displacement azimuth; b: block failure state plot; c: volumetric 
strain plot. Red and blue indicate increase and decrease in volume, 
respectively (extension and compression); d,e: sections E-W 
through Downie Slide showing the simulated volumetric strain; f: 
section N-S through Downie Slide showing the simulated volumetric 
strain; g: Rosette diagrams showing the preferential slope damage 
feature orientation within the slide blocks. See text for discussion. 
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Model 2b – Water table above the USZ 

Model 2b analyses the effects of the displacement along the USZ, considering 

the pore pressure that exists above the upper sliding surface. A saturated unit weight of 

2,731 kg/m3 was assigned to the material below the water table. The water mass forming 

the reservoir was also accounted for by applying an additional load below 573 m a.s.l. 

A maximum displacement of about 1 m was obtained after 200,000 numerical 

time steps (cycles). The largest displacements occurred in the southern portion of the 

slide, between the channelized lower and the south knob blocks (Fig. 6.27a). 

Displacement magnitude decreased towards the North and West. The predominant 

displacement azimuth is about 75° N, except for the southern portion of the south knob 

block where the direction of movement suddenly approaches 100°N, causing a single, 

linear, extensional feature to form parallel to the Southern scarp (Fig. 6.27c). Small 

areas with positive volumetric strain are sparsely distributed along the toe of the slide, 

with no significant deformation simulated elsewhere in the slide area. 

The block failure state plot shows limited tensile failure in the lower slope, mostly 

concentrated in the southern and central portions of the slide (Fig. 6.27b). Shear failure 

can be observed in the upper slope, particularly along the western headscarp. 

The low level of slope damage is also highlighted by the slope damage rosette 

plots, which show that damage features, striking in an E-W direction, were only modelled 

in the south knob slide block (Fig. 6.27g). 
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Fig. 6.27 Results of the numerical analysis of Model 2b (water table above the 
USZ) at 200,000 numerical time steps. a: total displacement plot. 
Arrows indicate the modelled displacement azimuth; b: block failure 
state plot; c: volumetric strain plot. Red and blue indicate increase 
and decrease in volume, respectively (extension and compression); 
d,e: sections E-W through Downie Slide showing the simulated 
volumetric strain; f: section N-S through Downie Slide showing the 
simulated volumetric strain; g: Rosette diagrams showing the 
preferential slope damage feature orientation within the slide blocks. 
See text for discussion. 
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6.4.3. Comparison and discussion 

Numerical modelling of the Downie Slide assuming a plastic, strain-softening 

constitutive model has allowed slope damage to be progressively simulated throughout 

the analysis. A preliminary validation of the numerical results has been undertaken by 

visually comparing the volumetric strain and failure state plots with the damage domains 

identified in the LiDAR hillshade map (Fig. 6.30, Fig. 6.28, and Fig. 6.29). The 3DEC 

damage modelling results compare well with the observed external slope damage in the 

LiDAR dataset. The virtual inclinometer plots were also compared with real monitoring 

datasets (Fig. 6.31). 

A good agreement was observed between the LiDAR maps and the results of 

model 1 and model 2a. The north-south and northeast-southwest extensional features 

observed in the volumetric strain plot are similar to the external slope damage features 

mapped in the LiDAR along the Northern damage domain (Fig. 6.28). Compared to the 

observed slope damage, simulated damage within the slope appears to be more curved 

and less linear. The inclusion of rock mass jointing would provide additional constraint 

over the orientation of the extensional features but would require an impractical increase 

in computational requirements. Conversely, the use of a ubiquitous joint strain-softening 

model may improve the deformation behavior of the slide blocks with a negligible 

increase in model runtime. In the southern part of the slide area, East-West trending 

extensional features simulated in the models are consistent with the slope damage 

orientation observed in the Southern damage domain on the LiDAR map (Fig. 6.29). The 

accumulation of shear damage along the southern boundary, as observed in the failure 

state plots, appears to agree with the presence of the counterscarps recognized in the 

LiDAR dataset. The central part of the lower slope, the most active area of the Downie 

Slide, shows a slight compression (i.e., negative volumetric strain values) in model 1 and 

model 2a. This result is expected, as the area is located at the intersection between the 

southeast- and northeast-dipping portions of the lower shear zone. All the model 

simulations indicate that the central part of the Downie Slide remained substantially 

undamaged and undeformed throughout the simulation, in good agreement with the 

external slope damage observed in the LiDAR analysis (Fig. 6.25b, Fig. 6.26b, and Fig. 

6.27b). This lack of slope damage is likely due to the uniform dip of the LSZ, which 

allows the unstable mass to slide without significant internal deformation. Tensile and 

shear damage is simulated in the upper slope in model 1 and model 2a, which appears 
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to agree well with the damage and hummocky surface observed both in the LiDAR and 

in the field (Fig. 6.30). 

Results of Model 2b indicated the simulation of East-West extensional features at 

the base of the south knob block (Fig. 6.29). Although these features cannot be readily 

compared with any lineament visible in the LiDAR, its orientation and location are 

consistent with a North-South extension that is apparent throughout the southern portion 

of the slide in models 1 and 2a. 

Model 1 (which includes both LSZ and USZ) and model 2a (LSZ only) were 

capable of reproducing the spatial distribution of slope damage observed in the LiDAR, 

as well as the mode of failure of the material (e.g., shear vs. tensile). Conversely, model 

2b (which included the USZ only) does not reproduce the damage features recognized in 

the LiDAR. Numerical modelling appears to indicate that the lower shear zone played a 

critical role in formation of the damage that is observed in the field. The role of the upper 

shear zone appears more limited, however further analyses should be undertaken to 

investigate in detail its effects on the evolution of surficial or localized external slope 

deformations. 

A preliminary comparison of the virtual borehole inclinometer records with the 

slope monitoring data was also undertaken. Deformation occurring along the lower shear 

zone in the East and North directions were plotted to investigate the direction of 

displacements. The resulting virtual displacement vectors were then compared with the 

directions of displacement calculated for the real inclinometers. The virtual inclinometer 

results for both model 1 and model 2a are characterized by a more a uniform azimuth 

distribution compared to the real monitoring data, with the largest differences observed 

in inclinometers at the base and in the northern part of the slope (Fig. 6.31a). No 

appreciable difference was observed between displacement direction in model 1 and 

model 2a. Factors that may affect these simulations include the quality of the field 

monitoring data and the material properties assigned to the blocks in the model. Data 

quality may be limited for the older borehole inclinometers, installed in the 1980s, which 

are mainly located in the lower slope. Experience gained through the analysis of similar 

instruments at other sites suggests that uncertainties in the displacement direction may 

be in the order of ±20°, due to outdated installation techniques and potential 

deformations of the casing. The material properties assigned to the blocks within the 
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3DEC model may also affect the direction of movement. Preliminary modelling has been 

conducted using a single set of mechanical rock mass properties, ignoring the type and 

amount of damage already present within the various blocks. Correcting the mechanical 

parameters to include the slope damage mapped in the LiDAR may affect the ongoing 

deformation behavior of the blocks, allowing for displacement azimuths to be obtained 

with increased confidence. It should also be stressed that the variations in the shear 

surface dip and dip direction are dependent upon the distribution of the borehole and 

their spacing; it is to be expected that localized errors in the interpolation of the shear 

surface topography will be present that would influence any comparison between 

simulated and observed displacement. Notwithstanding such uncertainties, the 

comparison between simulated and observed borehole inclinometers shows remarkable 

agreement given the preliminary nature of the 3DEC modelling and necessary data 

assumption. 



 

232 

 

Fig. 6.28 Northern damage domain: damage comparison between the 
volumetric strain and zone failure state 3DEC plots at 100,000 
numerical time steps (200,000 for Model 2b) and the LiDAR hillshade 
map. Focused, tensile damage developed in models 1 and 2a. North-
South oriented features in the volumetric strain plot correlate 
closely with cracks and deformations observed in the LiDAR. Failure 
state plots show predominantly tensile damage throughout the 
domain. Model 2b shows limited deformation and failed zones. 
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Fig. 6.29 Southern damage domain: damage comparison between the 
volumetric strain and zone failure state 3DEC plots at 100,000 
numerical time steps (200,000 for Model 2b) and the LiDAR hillshade 
map. Focused, tensile damage developed in models 1 and 2a. East-
West oriented features, resulting from a North-South extensional 
behavior of the slope, agree with cracking mapped in the LiDAR. 
Failure state plots show predominantly tensile damage throughout 
the domain, with shear failure in proximity of the base of the slope. 
The location of zones failed in shear is similar to the counterscarp 
recognized in the LiDAR. Model 2b shows the simulation of a 
dominantly East-West trending feature that results from North-South 
extension. 
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Fig. 6.30 Upper damage domain: damage comparison between the volumetric 
strain and zone failure state 3DEC plots at 100,000 numerical time 
steps (200,000 for Model 2b) and the LiDAR hillshade map. 
Distributed slope damage in the form of volumetric strain and failed 
zones can be observed in models 1 and 2a. Model 2b showed only 
limited deformation and failure. 
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Fig. 6.31 Comparison of displacement direction of real and virtual borehole 
inclinometers along the LSZ at 100,000 numerical time steps. a: 
location of the investigated boreholes. Black and red arrows show 
the displacement azimuth of real and virtual inclinometer, 
respectively. The table shows the azimuth values computed from the 
recorded and simulated inclinometer plots. As no significant 
differences were observed between displacement direction in model 
1 and model 2a, the virtual displacement azimuth are representative 
of both models; b: example of real and virtual borehole inclinometer 
logs (S51 inclinometer monitoring log, provided by BCHydro, is 
presented). The red bar in the virtual inclinometer log represent the 
depth investigated by the real instrument. 
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The volumetric strain plot for model 1 was qualitatively compared with the 

lineament intensity analysis presented in Westin (2017). In that work, each of the twelve 

domains was assigned a L21 value, computed as the total length of the lineaments 

mapped in the domain divided by the domain area, thus providing a preliminary 

quantification of the external slope damage. In particular, high lineament intensities were 

observed within the south knob area, in the north knob area, and in the upper slope. 

High lineament intensity was also observed in the northern part of the central slope. A 

good agreement exists between the lineament intensity map and the volumetric strain 

plot, as positive strain increments were simulated in the upper part of the slope, as well 

as in the northern and southern domains, with minor differences within the central 

portion of the northern slope, which remained mostly undamaged in the numerical 

models. It is likely that the processes that caused the development of the hummocks in 

this area could not be reproduced in the numerical models, due to inaccuracies in the 

shear zone reconstruction in proximity of the slide boundary, variations in rock mass 

strength, local structural geological control and consequently failure mechanism. 

 

Fig. 6.32 Comparison between the lineament intensity map (a, modified from 
Westin, 2017), and the 3DEC volumetric strain plot from model 1 (b). 
In the lineament intensity map, the numbers show the lineament 
intensity (x 10-4) for each domain. In the volumetric strain plot, L and 
H qualitatively indicate low and high relative external slope damage, 
respectively. 
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6.5. Conclusions and future work 

Lithology, geological structures, and the geomorphic evolution of the valleys are 

all important factors that influence the nature, distribution, and orientation of the slope 

damage developed during the Downie Slide. The investigation of slope damage from 

LiDAR, boreholes, and remote sensing can provide important insights on the spatial 

deformation behavior of the slope. 

In this study, the Downie Slide was investigated using an integrated remote 

sensing-numerical modelling approach. Airborne LiDAR maps were used to investigate 

the external slope damage and to define damage domains characterized by similar slope 

behavior and deformation features. It highlighted the role of geological structures on the 

location, extension, and retrogressive behavior of the Downie Slide. Using borehole core 

logs and inclinometer data, the geometry of the lower and upper shear zones was 

reconstructed using a Kriging approach, and then analyzed in a GIS environment. This 

work observed that the shear zones are characterized by a bi-planar morphology and 

suggest that a Prandtl prism transition zone may have formed within the slide body 

during the initial stages of the failure. The analysis allowed a large-scale East-West 

trending structure to be identified for the first time. This structure appears to intersect the 

slide area, and suggests it controls the morphology of the lower shear zone, the 

retrogression of the slide, and the orientation of the Fissure Creek West of the slide 

area. The distribution and orientation of slope damage were found to be closely 

correlated with changes in orientation of the lower shear zone. A strong correlation was 

also found between displacement directions in the borehole inclinometers and 

orientation of the lower shear zone. The Downie Slide is currently in a post-failure 

condition, and the slope damage features observed in the LiDAR maps are suggested to 

have formed predominantly within the progressive and active stages of the failure, when 

displacement rates were higher than today. 

Three-dimensional numerical modelling was performed using 3DEC and 

assuming strain-softening constitutive model for the material forming the slide. The slope 

was sub-divided into blocks, based on the slope domains defined in Westin (2017). 

Numerical analyses were performed considering both dry and wet conditions. Water 

table surfaces for the upper and lower shear zones were reconstructed using hydraulic 

head data from the piezometers. Virtual inclinometers were incorporated within the 
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models, to compare the simulated displacement data with the real inclinometer 

monitoring records. Numerical modelling results showed that the complex geometry of 

the lower shear zone has a strong control on style and spatial distribution of external 

slope damage at the Downie Slide. Conversely, the geometry of the upper shear zone 

appears to have limited influence on the evolution of slope damage. Additional 

investigations should focus on the role of the USZ on the evolution of local, smaller scale 

instabilities. Future analyses should also explore the effects of the pre-existing slope 

damage on the displacements within the slide. Specifically, initial material properties for 

each block should be down-scaled proportionally to the amount of damage observed in 

the LiDAR. 

Numerical modelling results indicate that the principal effect of pore water 

pressure along the shear zones is on the magnitude of the simulated displacement. 

However, a simplified approach was used in this preliminary study, which involved the 

analysis of the water pressure acting on the lower and upper shear zones in two distinct 

models. In order to include both shear zones in a single model, the variations in pore 

pressure within the slope should be known a priori, due to the complexity of the 

hydrogeological system at the site. Therefore, a detailed three-dimensional 

hydrogeological model would be required to assess the pore pressure distribution 

throughout the slope before incorporation into three-dimensional geomechanical models. 

This approach would allow a more comprehensive validation of critical pressures levels, 

and the assessment of their variations. Additionally, the effects of slope damage 

formation and accumulation on the permeability of the rock mass should be addressed. 

An increased porosity may facilitate the migration and redistribution of pore water 

pressure within the slope, with potential repercussions on the displacement rates of the 

slide. 

This chapter highlights that the comprehensive characterization of a rock slope is 

instrumental for understanding the mechanisms underlying the evolution and 

deformation behavior of large landslides. The investigation of the type, orientation, and 

spatial distribution of slope damage should be considered a critical aspect in the 

characterization of major landslides. 
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Chapter 7.  
 
A preliminary investigation on the role of brittle 
fracture in the kinematics of the 2014 San Leo 
landslide5. 

Abstract 

The stability of high rock slopes of good rock mass quality in hard rock is largely 

controlled by the location and orientation of geological features, such as faults, folds, 

joints, and bedding planes. The geometrical relationship between these features may 

favor the occurrence of structurally controlled instabilities, through the displacement and 

removal of kinematically free volumes of rock mass. Under certain conditions, slope 

kinematics may vary with time. Brittle propagation of fractures and failure of rock bridges 

may allow development of fully persistent release surfaces, with resulting displacement 

of previously stable blocks. In this chapter, the progressive accumulation of brittle 

damage that occurred prior to and during the 2014 San Leo landslide (northern Italy), 

which involved the detachment of 300,000 m3 of rock from a rocky plateau, is 

investigated using a Synthetic Rock Mass (SRM) approach. A Discrete Fracture Network 

(DFN) is built using remotely sensed discontinuity data and implemented into the model 

geometry. Mapping of brittle fractures, rock bridge failures and major structures is 

undertaken using terrestrial LiDAR, photogrammetry and high-resolution photography. 

Numerical analyses are conducted to investigate the role of intact rock fracturing on the 

evolution of kinematic freedom using the two-dimensional FDEM code Elfen, and the 

three-dimensional lattice-spring scheme code Slope Model. Numerical analyses show 

that the gradual erosion of clay-rich material below the base of the plateau drives the 

brittle propagation of fractures within the rock mass, until a fully persistent, sub-vertical 

rupture surface form, causing the detachment and toppling of sub-vertical, fault-bounded 

rock columns. The three-dimensional brittle fracture numerical models reveal a 

progressive, westward propagation of the instability throughout the simulation, caused 

                                                
5 To be submitted to “Geosciences” as: 

Donati, D., Stead, D., Elmo, D., and Borgatti, L. (2019). A preliminary investigation on the role of 
brittle fracture in the kinematics of the 2014 San Leo landslide. 
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by stress redistribution within the slope and increased kinematic freedom. This study 

clearly highlights the potential role of intact rock fracturing on the slope kinematics, and 

the interaction between intact rock strength, structural geology, and slope morphology. 

Finally, the advantages of using a three-dimensional approach for investigating the 

failure of rock slopes with brittle fracture modelling are discussed. 

7.1. Introduction 

The stability of rock slopes of good rock mass quality in hard rock is largely 

controlled by the location and orientation of geological features such as faults, shear 

zones, bedding, foliation, and discontinuities. (Agliardi et al., 2001; Badger, 2002; Stead 

and Wolter, 2015). The intersection of these features may allow the removability and the 

failure of rock mass blocks at various scales. The condition that characterizes removable 

blocks is generally referred to as “kinematic freedom”. Many major rockslides have been 

controlled by the orientation of geological features at various scales. The failure of the 

1965 Hope Slide (British Columbia, Canada) involved the intersection of first-order fault 

zones, shear zones, and discontinuity sets dipping out of the slope (Brideau et al., 

2005). The 1903 Frank Slide (Alberta, Canada) displaced along the limb of the Turtle 

Mountain fold, with fold-related discontinuities providing rear and lateral release to the 

unstable slope (Pedrazzini et al., 2011). 

Brideau (2010) observed that geomorphic features, such as gullies and crevices, 

may also reduce lateral constraint in potentially unstable slopes, thus enhancing their 

kinematic freedom. The Aknes rockslide (Norway) is a slow-moving landslide bounded 

along one side by a deep crevice that provides lateral release (Ganerød et al., 2008). 

The 1999 Randa rockslides (Switzerland) detached from a sub-vertical rock slope at the 

confluence of two valleys of glacial origin, which provided lateral kinematic freedom on 

both sides of the unstable slope (Sartori et al., 2003; Brideau, 2010). 

Under certain conditions, the kinematics of a rock slope may evolve over time 

due to brittle damage accumulation and fracture propagation. The geomorphic evolution 

of valley sides may enhance the brittle propagation of fractures due to stress 

concentration (Leith et al., 2010; Leith, 2012). Time-dependent mechanisms, such as 

sub-critical fracture propagation, may cause the formation of fully persistent rupture 

surfaces that provide kinematic release to blocks that were previously non-removable 
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(Kemeny, 2003). The accumulation of brittle damage is a critical component in the 

development of footwall failures (Havaej et al., 2014a) and large-scale, bi-planar and 

compound rockslides, due to the formation of a highly damaged transition zone at the 

interface between active and passive blocks (Kvapil and Clews, 1979; Havaej et al., 

2015). Additionally, intact rock fracturing may cause the failure of non-daylighting rock 

wedges, due to the formation of a basal rupture surface caused by failure of rock bridges 

and coalescence of brittle cracks (Havaej et al., 2014b). 

The strength and size of intact rock bridges between discontinuities have a great 

impact on the stability of rock slopes. Kemeny (2005) observed that the strength of intact 

rock is orders of magnitude higher than discontinuities. Therefore, a small amount (1 - 

10%) of rock bridges favorably distributed within a rock slope strongly increases the 

stability of the slope (Martin, 1978; Tuckey and Stead, 2016). Despite the major 

significance of intact rock bridges in controlling the behavior of rock masses, their 

characterization remains an extremely challenging task (Tuckey and Stead, 2016). As 

noted by Elmo et al. (2018) and Shang et al. (2017), a deterministic quantification of the 

rock bridges existing along a rupture surface may be undertaken only after the failure 

occurs. Discrete Fracture Networks (DFNs) are consequently being increasingly 

employed in rock engineering to investigate the distribution and dimensions of rock 

bridges using a stochastic approach (Dershowitz et al., 2017; Alghalandis and Elmo, 

2018). 

In this chapter the effects of intact rock fracturing on the evolution of the 

kinematic freedom of rock slopes are investigated using the 2014 San Leo landslide 

(northern Italy) as a case study. This failure occurred as a toppling instability that caused 

the detachment of a 100 m high slab from the San Leo plateau, due to the erosion of the 

underlying clay shales and progressive, brittle propagation of fractures to form the 

eventual rupture surface. The San Leo 2014 failure is modelled using a DFN approach, 

and the simulations conducted using both the two-dimensional Finite-Discrete Element 

code Elfen and the three-dimensional lattice-spring code Slope Model (Itasca Consulting 

Group, 2017b). Rock mass characterization data, including discontinuity orientation, 

spacing, and intact rock properties, were obtained from Spreafico (2015). Field-based 

and remote sensing rock mass characterization are described in Spreafico (2015), 

Spreafico et al. (2015a), and Spreafico et al. (2017). 
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7.1.1. Numerical modelling of brittle fracture 

The stability analysis of rock slopes with non-persistent rupture surfaces is a 

challenging task. Initial investigations were performed by assigning a cohesion value to 

fully-persistent, equivalent sliding surfaces, in order to implicitly simulate the presence of 

rock bridges (Terzaghi, 1962; Jennings, 1970). A more sophisticated approach was 

proposed by Einstein et al. (1983), which allowed for rock slope failures along step-path 

rupture surfaces to be preliminarily investigated. Recently, the development of advanced 

numerical modelling methods has allowed for the investigation of rock slopes with the 

explicit implementation of rock bridges between discontinuities. A brief overview of 

continuum, discontinuum, hybrid, and lattice-spring methods that can be used to 

simulate such intact rock fracturing follows. 

Continuum methods, such as the Finite Element Method (FEM), treat the rock 

mass as a continuous medium and require the discretization of the model domain (i.e., 

the slope) using a finite-element mesh (Hoek et al., 1991). These methods are largely 

employed to identify areas of stress concentration and material strain and failure (Stead 

and Coggan, 2012). However, continuum methods such as Rock Failure Process 

Analysis code (RFPA, Tang and Tang, 2011; Xu et al., 2014) have been successfully 

applied to explicitly modelling brittle fracturing in intact materials. RS2 (Rocscience, 

2017) may allow the simulation of intact rock fracturing by implementing a Voronoi 

tessellation in a finite element mesh (Spreafico et al., 2017). 

Discontinuum methods, such as the Distinct Element Method (DEM), model the 

rock mass as an assembly of discrete blocks bounded by contacts. Contact-bounded 

blocks represent the intact material (e.g., intact rock or rock mass), whereas contacts 

simulate the behavior of discontinuities or grain boundaries (Ghazvinian et al., 2014; 

Donati et al., 2018). Although the fracturing of the intact material cannot be directly 

simulated, a Voronoi or Trigon tessellation may be implemented to allow intact blocks to 

break along the boundaries of the Voronoi/Trigon polygons (Gao and Stead, 2014; 

Mayer and Stead, 2017). Typical DEM codes include PFC (Itasca Consulting Group, 

2018d), UDEC (Itasca Consulting Group, 2018b), and 3DEC (Itasca Consulting Group, 

2016a). 
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Hybrid methods employ a combined continuum-discontinuum numerical 

approach to overcome the limitations and exploit the advantages of each method. The 

Finite-Element Discrete-Element Method (also referred to as FDEM or FEMDEM), is 

among the most effective hybrid methods for the numerical modelling of brittle material 

(Stead and Coggan, 2012). The FDEM method models the intact material using a finite-

element mesh, while a discrete element approach is employed to model fractures and 

discontinuities (Munjiza et al., 1995; Klerck, 2000). This method is capable of modelling 

both the formation and the propagation of brittle fractures, allowing discrete contacts to 

form within a continuous material. Elfen (Rockfield Software Ltd., 2017) and Irazu 

(Geomechanica Inc., 2017) are FDEM commercial codes that have been employed for 

investigating the brittle fracture of rock in underground excavations (Elmo and Stead, 

2010; Lisjak et al., 2014) and high rock slopes (Elmo et al., 2013). 

Lattice-spring scheme techniques were among the first approaches employed to 

explicitly simulate intact rock fracturing (Huang, 1992; Song and Kim, 1996) by modelling 

the intact material as an assembly of springs and particles (also referred to as “nodes” or 

“point masses”). Springs are used to model the mechanical and strength parameters of 

the material, whereas nodes define the density of the intact material (Cundall, 2011). 

When the stress applied to a spring reaches its strength, a microcrack forms, which can 

then propagate if the subsequent stress redistribution causes the failure of other springs. 

The application of this approach, although effective in simulating the brittle propagation 

of cracks in intact rock, has been limited due to the absence of commercially available 

software. Recently, the introduction of Slope Model (Itasca Consulting Group, 2017b) 

allowed the lattice spring technique to be applied in the investigation of rock slope 

stability. 

For a comprehensive description of the various methods that can be employed to 

investigate brittle fracturing in rock, including examples and typical applications, the 

reader is referred to Lisjak and Grasselli (2014) and Donati et al. (2018). 

7.2. The 2014 San Leo landslide 

The San Leo plateau is ca. 120 m thick shallowly dipping rock slab, comprising 

sandstone and limestone overlying a soft, marine clay deposit that extends throughout 

the Val Marecchia region, Northern Italy (Fig. 7.1a). On the afternoon of February 27th, 
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2014, a 300,000 m3 landslide detached from the north-eastern flank of the plateau, 

toppling and fragmenting at the base of the slope. The failure caused the detachment of 

a 200 m wide wall of rock mass and resulted in a retrogression of about 30 m of the 

edge of the plateau (Fig. 7.1b). The rock slide transitioned into a rock and debris 

avalanche that crossed the Campone gully at the base of the slope and climbed the 

opposite valley side by about 30 m. The undrained load induced by the failed rock mass 

onto the clay also caused the activation of an earthflow that started to move with a 

velocity of 30 cm /day (Borgatti et al., 2015). The slope failure generated seismicity that 

was felt by the local population and recorded by the Mount Carpegna seismic station, 

managed by INGV (National Institute for Geophysics and Volcanology) (Borgatti et al., 

2015). Based on eye-witness reports and seismographic data, the event was estimated 

to have occurred over a time frame of 150 seconds. The seismograph log, in particular, 

shows two marked peaks in ground acceleration, suggesting that the failure may have 

occurred in two stages: the first involving the detachment of the slab, and the second 

coinciding with the toppling and the following impact of the debris onto the valley bottom 

(Borgatti et al., 2015). 

After the failure, a persistent, iron-oxidized discontinuity surface (referred to as 

SL3.1) was visible in the upper part of the rupture surface (Fig. 7.1c). This discontinuity 

is believed to have played an important role in the detachment of the rock slide 

(Spreafico et al., 2017). Investigations conducted after the failure highlighted numerous 

open fractures with aperture width up to 25 cm located in the area behind the headscarp. 

A monitoring system was therefore installed to observe the evolution of the slope, 

including ground-based InSAR, and surface and in-hole extensometers. 

The triggering factors of the San Leo landslide remain unclear. However, an 

exceptional snowfall event (over 2 m) occurred in 2012 and the subsequent snowmelt 

may have enhanced opening of fractures, promoting the rock slope failure (Borgatti et 

al., 2015). Important preparatory factors also include a) the structural setting and the 

discontinuity network of the rock mass forming the plateau, b) the progressive 

undermining of the rock slab, due to remoulding and erosion of the soft material 

underlying the sedimentary plateau (Spreafico et al., 2017). 
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7.2.1. Geological overview of the area 

San Leo is an historic town located in northern Italy, about 70 km east of 

Florence. It is located in the Marecchia River Valley, which defines the boundary 

between the northern and central sectors of the Apennines. In this section, a brief 

overview of the lithological, geomorphic, geomechanical, and hydrogeological settings is 

presented. 

 

Fig. 7.1 Geographic overview of the investigated slope. a: location of the 
San Leo plateau in northern Italy; b: 2011 aerial photograph of the 
rock slab (courtesy of Emilia Romagna Region). The red polygon 
highlights the area involved in the 2014 event; c: oblique view of the 
rock slope after the failure. Note the iron-oxidized discontinuity 
SL3.1 (Photograph summer 2015). 
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Lithological and structural setting 

The geological stratigraphy in the area is characterized by weak lithologies, such 

as the clay shale formation of the Argille Varicolori (literally, “multi-coloured clays”), 

underlying the fractured rock mass of the San Marino and Monte Fumaiolo formations 

(Caturani et al., 1991). The Argille Varicolori formation is constituted by multi-coloured, 

marine shaly clays, ranging in colour from green, to red, to dark grey. Discontinuous 

siltstone and sandstone layers, organized in turbiditic sequences, are intercalated within 

the clay deposit. The formation was subjected to tectonic deformation during the 

formation of the Apennines Mountains (Bettelli et al., 2002). The Argille Varicolori 

formation is overlain by the San Marino formation, consisting of a succession of grey 

limestones and white calcarenites rich in bioclastic fragments. The bedding is 

predominantly lenticular, locally characterized by megaripple and storm structures, 

reflecting shallower depositional environment compared to the underlying clays. The San 

Marino formation forms the base of many of the plateaus observed throughout the 

Marecchia River valley, along the northern slope of the Apennines Mountains 

(Cornamusini et al., 2009). The San Marino formation underlies and is in gradational 

contact with the Monte Fumaiolo formation, comprising yellow, cross-stratified 

sandstones representing a shallow depth continental shelf depositional environment 

(Roveri et al., 1998; Cornamusini et al., 2009). 

Geomorphic setting 

From a geomorphic perspective, rock plateaus overlying soft clay shale 

formations are not uncommon along the northern Apennines foothills. In addition to the 

San Leo plateau, other examples include the San Marino, Monte Fumaiolo, Sasso 

Simone and Simoncello plateaus. These massive, steep, and elevated features lie 

above the gently sloping clayey deposits. The edges of the plateaus are often affected 

by structurally-controlled instability phenomena that cause their gradual erosion 

(Casagli, 1994). It has been suggested that the long-term geomorphic evolution of the 

plateaus is predominantly driven by lateral spreading phenomena, induced by the 

deformation and failure of the underlying clay-rich materials (Casagli, 1994; Pasuto and 

Soldati, 2013; Borgatti et al., 2015). 

The San Leo rock slab is characterized by a roughly quadrangular base and 

extends over a surface area of 600 m by 500 m. A maximum thickness of 120 m is 
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observed along the eastern edge. The plateau is characterized by a relatively irregular 

surface that dips in a north-westerly direction. The 2014 failure occurred along the north-

eastern corner of the plateau. Many other failures occurred along the edges of the 

plateau, including a large landslide that detached in 2006 from the northern side 

(Benedetti et al., 2009). Additionally, the gentle slopes formed by the Argille Varicolori 

formation are affected by slow-moving slope deformation phenomena, such as earth 

slides, earth flows, and soil creep. 

Rock slope and clay shale characterization 

The rock slope involved in the 2014 failure extends vertically for about 110 m, 

and has been characterized using both traditional field techniques and remote sensing 

methods (Spreafico et al., 2015a). Geological investigations conducted prior to the 

failure evidenced the presence of caves at the base of the plateau, at the geological 

contact between the San Marino limestone and the Argille Varicolori clay shales (Fig. 

7.2a,b). Spreafico et al. (2015b) investigated the groundwater regime within the San Leo 

plateau. They observed that numerous perennial and ephemeral springs at the base of 

the rock slab may have induced undermining of the plateau, due to erosion of the 

underlying, softer clay shale. In turn, the lack of support promoted the opening of 

fractures in the rock mass, further enhancing the water infiltration and erosion. At the site 

of the 2014 slope failure, such undermining was suggested to extend for approximately 

20 m beneath the rock slab. Additionally, a 6 m-thick softened layer at the surface of the 

clay deposit was observed (Spreafico et al., 2017), which may have also promoted the 

development of the slope failure. 

From a structural perspective, the San Leo Plateau is crossed by several high-

persistence sub-vertical faults. Five such faults are visible along the rupture surface (Fig. 

7.3), which could also be observed in the pre-failure slope (Fig. 7.2a). A large-scale 

kinematic analysis was performed using the orientation data of the first-order geological 

structures observed within the slope. It was noted that wedges form due to the 

intersections between fault F1 and faults F2, F3, F4, and F5 (Fig. 7.2c). However, the 

only discrete block that can be observed within the pre-failure slope is formed by the 

geological structures F1 and F2 and is hereafter referred to as Wedge F1-F2. The F1-F2 

intersection plunges at an angle lower than the slope, but does not daylight as the 

wedge is located at the toe of the sub-vertical slope. 
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Fig. 7.2 The landslide site before the 2014 event. a: overview of the 110 m 
high slope. Red, dashed lines highlight the faults that cross the San 
Leo plateau. Note the wedge formed by the intersection of first-order 
geological structures F1 and F2. The white, dashed line indicates the 
unconformable contact between the Argille Varicolori clay shales 
and the limestone that constitute the San Marino formation. Black, 
dotted line outlines the volume failed in 2014; b: detail of the 
undermining at the base of the plateau, due to remoulding and 
erosion of clay shale; c: kinematic wedge failure analysis. The large, 
red cross highlights the intersection forming Wedge F1-F2 
(photographs about 2012, courtesy of C. Guerra). 
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Fig. 7.3 Structural overview of the slope after the 2014 event. a: 
orthorectified image (photograph summer 2016); b: structural 
interpretation of the rock slope. Red, dashed lines identify first-order 
faults; hatched area identifies the sub-vertical, oxidized surface of 
discontinuity SL3.1; LN1, LN3, and LN4 denote discontinuity sets 
mapped at the site. 
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Traditional field investigations (i.e., scanlines) performed at the slope face 

allowed for the collection of joint condition, joint roughness coefficient (JRC), aperture, 

infilling, and joint compressive strength (JCS) data (Spreafico et al., 2015a). Three main 

discontinuity sets were identified, with only minor variations across the investigated sub-

vertical cliffs. Additionally, several sub-vertical discontinuities were identified. Terrestrial 

laser scanning and close-range photogrammetry were also performed at the site in order 

to undertake discontinuity mapping (Spreafico et al., 2015a). Remote sensing 

techniques allowed seven discontinuity sets to be identified, including the bedding 

planes that were not observed using field-based scanlines, due to orientation bias. Table 

7-1 summarizes the discontinuity sets identified using traditional and remote sensing 

techniques. 

Table 7-1 Summary of the discontinuity mapping performed using field-based 
scanlines and remote sensing techniques (terrestrial laser scanning, 
TLS, and close range photogrammetry, CRP). From Spreafico et al. 
(2015a). 

Scanline      

Discontinuity set 
Orientation 

(dip°/dip dir.°) 
Mean 
JRC 

Mean JCS 
(MPa) 

Mean aperture 
(mm) 

Mean 
spacing (m) 

GN2 65/272 9 40.3 1.7 0.5 
GN3 75/025 9 38.3 0 1.9 
GN4 67/067 10 39.7 0.6 0.6 
GNV 90/270 7 26.3 0.6 1.25 

      
TLS   CRP  

Discontinuity set 
Orientation 

(dip°/dip dir.°)  Discontinuity set 
Orientation 

(dip°/dip dir.°) 
LN1 62/240  PN1 67/227 
LN2 72/293  PN2 73/295 
LN3 83/010  PN3 87/011 
LN4 63/042  PN4 59/038 
LN5 64/095  PN5 65/104 
LN6 - bedding 11/144  PN6 - bedding 26/149 
LN7 79/160  PN7 83/165 

 

A kinematic investigation was performed by Spreafico (2015) including the 

discontinuity sets obtained from the TLS point cloud mapping. It was noted that failure of 

joint-bounded blocks may potentially be related to planar sliding, wedge sliding, and 

toppling. Fig. 7.4 summarizes the results obtained from the kinematic analysis of the 



 

251 

slope involved in the 2014 event. Spreafico et al. (2016b) investigated the role of block 

shape on the kinematics and displacement of single blocks, using a deterministic and a 

stochastic approach. In particular, a block analysis of the debris was conducted, and the 

results were used to calibrate a DFN that realistically replicated the shape and size of 

the blocks forming the rock slope. 

 

Fig. 7.4 Summary of the potential kinematic failure mechanisms for joint-
bounded blocks observed at the site of the 2014 San Leo landslide, 
considering a sub-vertical slope (85°) and average discontinuity set 
orientation. Data from Spreafico et al. (2015a). 

Preliminary slope damage analysis 

In the summer of 2016, a field- and remote sensing-based slope damage 

analysis was conducted at the site. The area behind the 2014 headscarp was 

investigated, and the orientation and width of open fractures was recorded. Digital 

photogrammetric and terrestrial laser scanner surveys of the rock slopes were 

undertaken, in order to characterize fracture intensity and brittle slope damage features 

along the rupture surface. 

Within the area behind the 2014 headscarp, several high persistence (> 10 m), 

sub-vertical, open discontinuities can be observed (Fig. 7.5a), that are presently being 

monitored using extensometers. The width of the open discontinuities varies throughout 

the investigated area, from 2 cm to 25 cm. Cracks wider than 15 cm were found to be 

filled with soil. Conversely, tighter fractures appear to be characterized by clean surfaces 
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(Fig. 7.5b). The orientation of the observed cracks was measured and plotted in a 

rosette diagram (inset in Fig. 7.5a). Two main trends were observed, striking 160°N and 

130°N respectively, roughly parallel with the first-order features observed along the 

rupture surface. East-west striking cracks were also observed, sub-parallel to the 

oxidized discontinuity SL3.1 visible along the headscarp (fracture K3.2 in Fig. 7.5b). In 

some instances, the presence of open fractures is indicated by groups of aligned trees, 

sub-parallel to the main observed crack orientation trends (Fig. 7.6). 

 

Fig. 7.5 Fractures observed behind the San Leo landslide headscarp. a: plan 
view of the area behind the headscarp (2018 imagery from Google 
Earth). The red, dashed line outlines the 2014 rupture surface. White 
lines show the location of fractures. Red dot marks the location of 
the photograph in b; b: detail of two intersecting fractures. Fracture 
K3.2 is parallel to the discontinuity SL3.1 observed in the headscarp. 
In the background, one of the extensometers monitoring fracture 
opening can be observed. Photograph Summer 2016. 
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Fig. 7.6 A: aligned trees, parallel to first-order discontinuities, observed in 
the area behind the headscarp (photograph summer 2016); b: 
location of the described area in 2018 satellite imagery from Google 
Earth. 

The occurrence of the 2014 event may have affected the width of both soil-filled 

and open cracks, due to stress release following the removal of kinematic constraint. 

However, the progressive opening of soil-filled and vegetated cracks is probably driven 

by the long-term lateral spreading mechanism that affects the plateau. 

Remote sensing surveys conducted included terrestrial laser scanning (TLS) 

from two locations and structure-from-motion (SfM) (Fig. 7.7a). One of the TLS stations 

and two SfM camera stations were located at a distance of 300 m from the slope, on the 

opposite side of the Campone gully (Fig. 7.7b). The second TLS station was located 

within the Campone gully at a distance of 650 m from the slope and was located to 

provide a full coverage of the rupture surface, avoiding any occlusion due to the irregular 

slope morphology (Fig. 7.7c). The TLS point cloud was characterized by a point spacing 

of 3 cm, and was used to register the SfM three-dimensional model into a real world, 

UTM coordinate system. The SfM survey allowed then for the creation of a high-

resolution orthorectified image, which was used as a base for fracture intensity 

investigations and slope damage analyses. 
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The fracture intensity (often referred to as P21; Dershowitz et al., 2000) is defined 

as the total fracture length over the investigated area, and is measured in m-1. For the 

analysis of the rupture surface of the San Leo landslide, the traces of the fractures 

visible on the orthorectified photograph were mapped in ArcGIS (ESRI, 2017) (Fig. 

7.8a). The investigated area was then subdivided into quadrangular cells (10 m side), 

and the total fracture length in each cell was measured. P21 values for each cell were 

then computed by dividing the total fracture length by the cell area. The central point of 

each cell was then exported, together with the P21 value of the cell, and imported into 

Surfer (Golden Software, 2016), allowing a fracture intensity map to be interpolated (Fig. 

7.8b). 

 

Fig. 7.7 Overview of the remote sensing used for the summer 2016 
campaign. a: 2018 Google Earth satellite image showing the remote 
sensing stations. Red stars identify the TLS stations. Yellow 
diamond mark SfM camera locations; b: view from location SfM1; c: 
view from location TLS2. 
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A possible correlation between the distribution of fracture intensity and the 

location of first-order structures was noted. In particular, relatively high P21 values were 

observed near the intersection between F1 and F2, near F4, and within the footwall of 

F5. The iron-oxidized discontinuity SL3.1 appears to be characterized by low P21 values, 

due to the low number of discrete fractures mapped on its surface. However, the strong 

surface alteration may have reduced the visibility of the fractures, thus decreasing the 

value of the computed fracture intensity. 

The analysis of the orthorectified image allowed brittle slope damage features to 

be identified along the rupture surface. One of the most evident examples of slope 

damage is represented by the brittle tension cracks visible in the eastern part of the 

headscarp. Brittle fracturing occurred due to tensile stress concentration at the tip of 

tectonic discontinuities, and has resulted in the formation of irregular, curved fractures 

that terminate in intact rock (Fig. 7.9b). This process was likely driven by slope 

displacement normal to the discontinuity orientation (72°/070°), probably in an easterly 

direction. On the eastern side of the San Leo plateau, the deposit of an older landslide 

can be observed. This slope failure may have caused the brittle propagation of the 

described cracks (Fig. 7.9c). The visual investigation of the rupture surface also allows 

for the identification of several out-of-plane failed rock bridges, which locally contribute to 

the formation of multi-modal step-path geometries (Fig. 7.9d-g). 

Rock mass dilation features can also be observed throughout the rupture 

surface. In general, these features are represented by open discontinuities that do not 

show obvious sign of brittle fracturing. Rock mass dilation features appears to be 

concentrated in the western part of the rupture surface (Fig. 7.9h), where the orientation 

changes from an east-west to a nearly north-south direction. The formation of these 

damage features may be related to the removal of lateral constraint, which causes the 

opening of discontinuities parallel to the slope orientation. 
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Fig. 7.8 Fracture intensity analysis of the San Leo landslide rupture surface. 
a: traces of the fractures mapped along the rupture surface; b: 
fracture intensity distribution computed using 10 m-side 
quandrangular cells. Note that higher fracture intensity values can 
be observed in proximity of first-order structures. 
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Fig. 7.9 Slope damage features observed along the rupture surface of the 
2014 San Leo landslide. a: overview of the rock slope; b: tension 
crack at the eastern edge of the headscarp; c: 2018 Google Earth 
satellite image of the old landslide deposit along the eastern side of 
the plateau. This failure may have induced the propagation of the 
cracks shown in b; d,e,f,g: examples of failed rock bridges and step-
path morphologies observed along the rupture surface; h: rock 
mass dilation observed at the western side of the rupture surface, 
where the slope orientation changes from an east-west to a north-
south direction. All photographs summer 2016, except c. 

Laboratory tests were conducted to characterize both the intact rock and the 

clayey materials (Spreafico, 2015). Uniaxial compression and indirect tension, Brazilian, 

tests were performed on specimens obtained from borehole cores drilled on the plateau. 
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The unconfined compressive strength was found to vary between 74.6 MPa and 93.0 

MPa. Tensile strength was found to range between 3.3 MPa and 4.9 MPa. Clay samples 

were subjected to several laboratory procedures, in order to investigate the shear 

strength, compression and swelling indices, consistency indices, and in-situ suction. For 

a detailed description of analysis and results the reader is referred to Spreafico (2015). 

Hydrogeological setting 

The hydrogeological setting of the San Leo plateau has been recently 

investigated (Spreafico et al., 2015b) and it was observed that the rock mass forming the 

plateau is characterized by a high secondary permeability causing the rock slab to act as 

a small-scale aquifer, fed by rainfall infiltration through open discontinuities. The 

presence of water in the rock mass discontinuities may promote instability along the 

vertical cliffs of the plateau (Spreafico et al., 2015c). Conversely, the underlying clays 

are characterized by extremely low primary and secondary permeability. The 

permeability contrast between limestone and the clay induces the formation of perennial 

and ephemeral springs at the base of the plateau (Ribacchi and Tommasi, 1988; 

Spreafico et al., 2015b). The underground water flow was suggested to be responsible 

for the progressive erosion and remoulding of the clays, which has resulted in the 

undermining of the plateau (Borgatti et al., 2015; Spreafico et al., 2015b, 2015c). 

7.2.2. Previous numerical modelling analyses 

Since the occurrence of the 2014 slope failure, various numerical analyses have 

been conducted, and are described in detail in Spreafico et al. (2016a) and Spreafico et 

al. (2017). These include two-dimensional FEM and three-dimensional DEM analyses. 

FEM analysis 

Numerical modelling of the 2014 rock slide was conducted using the finite 

element code Phase2 (Rocscience, 2014) to investigate the potential role of a) softening 

of a clay horizon at the contact with the plateau, and b) the undermining of the rock slab 

(Spreafico et al., 2017). In both cases, the rock slab was modelled as a continuous body, 

and only the trace of the discontinuity SL3.1 was included. 

The progressive softening of the clay was investigated by gradually decreasing 

the strength of a layer at the top of the Argille Varicolori formation. The rock slope failure 
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was simulated after an 80-85% degradation (depending on the extent of the softened 

layer below the slab), and was caused by the backward propagation of the discontinuity 

SL3.1 (Spreafico et al., 2017). The implementation of a water table within the rock slab 

and pore pressure within the SL3.1 fracture further decreased the stability of the slope. 

The landslide was also modelled using a pseudo-discontinuum FEM approach, 

with the implementation of a simple discontinuity network and a Voronoi tessellation to 

simulate the intact, continuous material forming the rock slab. Varied degrees of joint 

persistence were simulated, by considering the 25%, 50%, and 75% of the total length of 

a fully persistent discontinuity trace. The failure was simulated through staged 

undermining of the plateau. It was observed that using a 50% discontinuity persistence 

the results were comparable with the continuous model and in agreement with the 

observed post-failure topography. Conversely, considering a 25% or 75% discontinuity 

persistence did not produce realistic rupture surfaces (Spreafico et al., 2017). 

 

Fig. 7.10 Finite element modelling of the 2014 San Leo landslide in Phase2. a: 
continuum analysis. Note the propagation of the fracture SL3.1 with 
clay softening; b: Phase2 Voronoi analysis with simple discontinuity 
network. Note the agreement of the rupture surface morphology with 
the continuum models (modified after Spreafico et al., 2017). 
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DEM analysis 

A three-dimensional distinct element investigation was conducted (Spreafico et 

al., 2016a) using the code 3DEC (Itasca Consulting Group, 2016a). The model geometry 

and the discontinuity network were derived from field and remote sensing surveys of the 

rock face. The numerical analysis aimed to investigate the effects of a) decrease in the 

strength properties of the discontinuities (without any excavation), and b) the 

undermining of the rock slab (without any decrease in joint properties). The numerical 

modelling results showed that the simulated undermining of the rock slab was essential 

for the failure to occur. Conversely, the discontinuity degradation alone was not sufficient 

to promote the failure, and displacement was limited to a small number of blocks at the 

surface of the modelled slope (Spreafico et al., 2016a). 

 

Fig. 7.11 Distinct element modelling of the 2014 San Leo landslide performed 
in 3DEC. White, dotted curves outline the area involved in the 
failure, as indicated from point cloud analysis. a: total displacement 
plot of 3DEC model with simulated progressive decrease of joint 
properties; b : total displacement plot of the 3DEC model with 
simulated undermining of the plateau. Note the higher total 
displacement values simulated in the latter numerical analysis 
(modified after Spreafico et al., 2016a). 
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7.3. Brittle fracture modelling of the San Leo landslide 

Field and remote sensing investigations, as well as previous FEM and DEM 

analyses indicate that two factors had a major impact on the failure process, the joint 

persistence (and thus the size of rock bridges) and the gradual undermining of the edge 

of the plateau. Franci and Spreafico (2016) developed a semi-automated procedure for 

mapping intact rock fractures in high-resolution photographs. They conducted a 

preliminary analysis of the post-failure slope, suggesting that as much as the 45% of the 

rupture surface was constituted by rock bridges. This estimation is significantly higher 

than values previously published in literature (see Martin, 1978 and Tuckey and Stead, 

2016), and highlights the key role that intact material fracturing played in the San Leo 

failure. 

This study focuses on the investigation of the brittle rock fracturing prior to and 

during the 2014 event, and its effects on the kinematic freedom of the rock slope. The 

research takes advantage of two different numerical modelling approaches. First, a two-

dimensional hybrid, FDEM analysis is conducted using the Elfen code (Rockfield 

Software Ltd., 2017). Then, a three-dimensional investigation is performed using the 

lattice-spring code Slope Model (Itasca Consulting Group, 2017b). In both instances, a 

Synthetic Rock Mass approach (SRM, Mas Ivars et al., 2011), a numerical modelling 

approach that simulates the brittle fracturing behavior of fractured rock masses, is 

employed. An SRM approach entails the implementation of Discrete Fracture Networks 

(DFNs) within a matrix where fracturing of intact material is allowed. The SRM technique 

was originally implemented into Discrete Element models (e.g., PFC, Itasca Consulting 

Group, 2018d), but the application to FDEM and lattice-spring models has proved very 

effective in simulating the mechanical behavior of rock masses at various scales 

(Vyazmensky et al., 2007; Elmo and Stead, 2010; Lorig et al., 2010; Hamdi et al., 2018). 

7.3.1. Model geometry and DFN construction 

The main objective of the numerical modelling of the 2014 San Leo landslide 

presented in this thesis is to investigate how the kinematic freedom of the slope changed 

with the progressive accumulation of brittle damage (i.e., intact rock fracturing). The 

analysis is performed assuming the pre-failure model geometry previously investigated 

in Spreafico et al. (2016a) and obtained from laser scanning surveys conducted between 
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2008 and 2013. Additionally, the plateau rock slab was considered to consist of a single 

material. This initial assumption was deemed acceptable in view of the gradational 

nature of the lithological contact between the San Marino and Monte Fumaiolo 

formations, as well as their similar geomechanical characteristics. This simplified 

approach also facilitates the comparison with previous numerical analyses, in which the 

lithological boundary was not explicitly considered. 

The first-order geological structures mapped along the rock face were 

implemented in the model and sub-divide the slope into six discrete, fault-bounded 

blocks. Each block was assigned a name, based on the shape and the bounding faults. 

From east to west, they are: Side Block, Wedge F1-F2, Slab F2-F3, Slab F3-F4, and 

Slab F4-F5 (Fig. 7.12). It is noted that the Side Block was only marginally involved in the 

2014 event. 

 

Fig. 7.12 Three-dimensional view of the investigated slope and the discrete 
blocks formed by the first-order geological structures. The rear 
surface of each slab in this preliminary analysis is obtained by 
extending the discontinuity SL3.1. 
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The discontinuity sets mapped on the TLS point clouds were sub-divided into 

three main groups (Spreafico, 2015), as summarized in Table 7-2. A discrete fracture 

network was then built using FracMan 7.6 (Golder Associates, 2018). Panton et al. 

(2015) and Donati et al. (2018) suggested that single discontinuities that play an 

important role in the slope failure should be explicitly incorporated within the DFN. In this 

case, the discontinuity SL3.1 was critical in defining the shape and location of the 

rupture surface (Borgatti et al., 2015; Spreafico et al., 2017), and was therefore explicitly 

included in the DFN. The numerical investigation in Elfen and Slope Model is conducted 

by progressively undermining the plateau, thus simulating the gradual erosion of the 

Argille Varicolori formation. 

Table 7-2 Discontinuity sets included in the investigated DFN 

Set Dip (°) Dip direction (°) Fisher K 
k1 79 239 18.5 
k3 84 23 49.5 
k4 59 43 23.7 

7.3.2. 2D analysis using ELFEN 

The two-dimensional model geometry for the analysis using Elfen was obtained 

by extracting a section traced across the three-dimensional model geometry and the 

DFN, perpendicular to the discontinuity SL3.1 (Fig. 7.13). It is noted that a limitation of 

using a two-dimensional approach is that the discontinuity traces in the section are 

characterized by an apparent orientation. The selected slope section is similar to that 

investigated in previous two-dimensional FEM analyses of San Leo (Spreafico et al., 

2017). In order to simulate the changes in the stress distribution that occurred within the 

slope in the long-term, the progressive retrogression of the cliff was also simulated, by 

including a series of three excavations parallel to the rock slope. Using this approach, 

the erosion of the plateau due to progressive lateral spreading and retrogressive rock 

slope failure is conceptually represented. The undercutting of the rock slab due to 

remoulding and erosion of the Argille Varicolori formation is also simulated in three 

stages (Fig. 7.14a). 
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Fig. 7.13 Overview of the two-dimensional model geometry. a: location of the 
investigated section in the 3D model of the San Leo plateau; b: 
approximate location of the section in the pre-failure slope. 
Photograph about 2012. 

It is expected that the geological structures in the model play a key role in 

defining the stability of the slope. Table 7-3 shows that the faults intersecting the 

investigated section, namely F2 and F3, form a small angle with the slope section 

direction, suggesting that these features may in fact act as lateral release surfaces. 

Therefore, it was decided to run two different models, Model 1 and Model 2. Geological 

structures F2 and F3 were excluded from Model 1 (considering F2 and F3 as lateral 

release surfaces for the investigated slope section) and implemented in Model 2 

(considering F2 and F3 as potential rear release surfaces). The trace of discontinuity 

SL3.1 was implemented in both models (Fig. 7.14b). The two-dimensional geometry was 

meshed using an element size of 1 m in the part of the plateau where failure occurred 

(Fig. 7.14c). Mesh element size progressively increased towards the edges of the model 

(up to 10 m element size), in order to optimize the considerable computational effort. 

The numerical modelling was performed using a dedicated high-performance 

workstation (3.4 GHz i7 Intel CPU, 24 GB RAM memory). The average model runtime 
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required to model the failure up to the complete detachment of the unstable slab from 

the plateau was approximately 200 hours (8 days). 

 

Fig. 7.14 Two-dimensional geometry investigated in Elfen. a: overview of the 
modelled excavation and undermining of the plateau. Numbers in 
the circles show the progressive excavation and undermining 
stages; b: detail of the DFN and first-order geological structures; c: 
meshed model. Note that F2 and F3 are omitted from Model 1 and 
included in Model 2. 

Table 7-3 Angle between first-order geological structures and the investigated 
slope section. The trend of the investigated section is 23°N. 

Geological 
structure Dip/Dip dir. (°) 

Angle with investigated 
slope section (°) 

F1 74/285 82 
F2 89/047 24 
F3 74/235 32 
F4 69/265 62 
F5 73/251 48 

SL3.1 82/023 90 
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The intact rock forming the plateau was assigned a Mohr-Coulomb constitutive 

criterion, with a Rankine rotating crack criterion to model failure in tension of the intact 

rock. Elastic and plastic, Mohr-Coulomb shear strength parameters were initially 

assumed from literature data (de Vallejo and Ferrer, 2011), and subsequently adjusted 

to match the uniaxial compressive strength obtained from geotechnical laboratory tests 

(Spreafico, 2015). The tensile strength value (i.e., tensile cut-off value) was obtained 

from Brazilian tests described in Spreafico (2015). The lower section of the model is 

formed by the Argille Varicolori formation. Elastic properties of the clay shales were 

obtained from published literature data (Ribacchi and Tommasi, 1988; Casagli, 1994; 

Spreafico et al., 2017). The principal objective of the FDEM analysis is the investigation 

of the brittle fracturing occurring in the limestone. Therefore, failure of the clay in the 

FDEM model is not considered and an elastic constitutive model is assigned. Table 7-4 

and Table 7-5 summarize the mechanical properties assigned to intact material and 

discontinuities, respectively, in the numerical model. 

Table 7-4 Intact material properties assumed for the FDEM numerical 
modelling of the 2014 San Leo landslide in Elfen. 

 San Marino limestone Argille Varicolori clay shale 

Constitutive model 
Mohr-Coulomb with Rankine 

rotating crack Elastic 
Density (kg/m3) 2620 2100 
Elastic modulus (GPa) 17 5 
Shear modulus (GPa) 6.8 1.9 
Poisson's ratio 0.25 0.3 
Cohesion (MPa) 18 - 
Friction angle (°) 39 - 
Tensile strength (MPa) 4.9 - 
Fracture energy (J/m2) 100 - 

 

Table 7-5 Discontinuity parameters assumed for FDEM numerical modelling of 
the 2014 San Leo landslide in Elfen. 

 First-order structures 
Joints and new 

fractures 
Normal penalty (GPa/m) 0.1 10 
Tangential penalty (GPa/m) 0.01 1 
Friction angle (°) 20 30 
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Model 1 

In this model, first-order geological structures F2 and F3 are not considered and 

the only geological structure deterministically included in the model is the discontinuity 

SL3.1. The model geometry assumed is based on previous two-dimensional numerical 

analysis by Spreafico et al. (2017). 

Results of the numerical analysis show that no brittle damage is simulated in the 

slope during the slope excavation stages used to replicate the progressive, lateral 

erosion of the plateau. The simulation of the first undermining stage induces elastic 

deformations within the plateau, without the formation of brittle damage. Millimetre-scale 

total deformation occurs, due to limited opening of the discontinuity SL3.1, and the rock 

slope remains stable (Fig. 7.15a). 

The second simulated undermining stage induces limited propagation of new 

brittle fractures in the lower part of the plateau. Further opening of discontinuity SL3.1 is 

simulated. However, slope displacements remain limited, and the stability of the slope is 

maintained throughout the second stage (Fig. 7.15b). 

The simulation of the third undermining stage induces failure of the slope, with 

the development of a fully-persistent rupture surface causing the progressive 

detachment of a slender, overhanging slab. The continuous rupture surface occurs as a 

combination of a) the downward propagation of SL3.1, and b) the upward, brittle 

propagation of fractures at the base of the plateau (Fig. 7.15c,d). Vertical and horizontal 

displacements progressively increase up to a maximum of 1.5 m. 

Brittle propagation of fractures in the lower part of the unstable slab causes the 

separation and detachment of this section of the slope, which displaces vertically in a 

free fall motion. With continued simulation, a transverse fracture forms, which divides the 

slab into two blocks (hereafter referred to as “upper” and “lower”) that appear to fail 

through a toppling mechanism. The simulated fragmentation of the column is a result of 

tensile stress concentration due to varying kinematic constraints throughout the slab. 

The lower block is characterized by a higher kinematic freedom, as the gradual 

undermining of the plateau removes any basal support. However, the irregular 

morphology of the simulated rear rupture surface causes the upper part of the unstable 

column to interlock, reducing its kinematic freedom (Fig. 7.16a). As a result, tensile 
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stresses increase in the displacing column, causing fracturing when the tensile strength 

of the intact material is exceeded (Fig. 7.16b). Tensile stresses dissipate after the 

formation of the transverse fracture. Additionally, as a result of the interlocking, the hinge 

of the upper toppling block appears to be located approximately 30 m above that of the 

lower block (Fig. 7.16c-f). 

The simulation ended after 50 s (modelling time), after an 8-days actual runtime, 

as the impact of the lower part of the block on the underneath clay shale caused the 

stable time step to decrease and the model to run considerably slower. 

 

Fig. 7.15 Overview of the San Leo landslide Model 1. a: first undermining 
stage. No brittle damage forms; b: second undermining stage. Minor 
brittle fracturing is simulated at the base of the undermined slab; c: 
third undermining stage. Note the brittle propagation of SL3.1 and 
fractures at the base of the plateau; d: model after 28 s showing the 
formation of a continuous rupture surface (dotted, red line in the 
inset box). 
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Fig. 7.16 Brittle fracturing modelled in the unstable slab. a,b: total 
displacement and direct stress plot at calculation time of 28.6 s. The 
undermining and partial failure of the slab provide an increased 
kinematic freedom in the lower part of the slope. Interlocking causes 
tensile stress concentration; c,d: tensile stress exceeds tensile 
strength of the material and brittle fracturing occurs, dissipating and 
redistributing tensile stress; e,f: further fracture propagation causes 
the lower and upper blocks to begin toppling separately. 
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The numerical analysis shows that the fragmentation of the undermined slab 

causes the formation of blocks bounded by a combination of pre-existing and brittle 

fractures, with surface areas ranging in size from c. 400 to c. 2000 m2. Modelled blocks 

appear larger in size than those observed in the debris, as they were subjected to a 

lower degree of comminution during the FDEM simulation. The morphology of the 

simulated rupture surface agrees with the observed post-failure slope, which is 

characterized by a slight overhang. It should be noted that the simulated detachment 

surface is strictly dependent on the DFN used, and the deterministic location of the 

individual discontinuities is critical in forming a realistic simulated post-failure 

morphology. Behind the discontinuity SL3.1, low or negligible displacements are 

simulated. These results indicate that the opening of fractures that can be presently 

observed in the area behind the headscarp may be due to long-term, rather than syn-

failure, deformation of the plateau. However, the geometry and location of fractures in 

the DFN may have an effect on the results. 

Model 2 

In this model, the first-order geological structures F2 and F3 are included and are 

assumed fully persistent and cohesionless. During the progressive slope excavation 

stages, no brittle damage accumulation was observed within the plateau rock slab. 

Brittle propagation of fractures initiates associated with the simulated 

undermining of the plateau. Wing cracks form at the tip of the discontinuity SL3.1, which 

further propagate when the second undermining stage is simulated. The progressive 

removal of the clay-shale material below the edge of the plateau provides kinematic 

freedom for Wedge F1-F2. The block detaches and displaces vertically with a free fall 

motion and comes to rest at the base of the excavation, leaning against the rock slope. 

During the free-fall of Wedge F1-F2, brittle propagation of fractures is simulated within 

the plateau, indicating the incipient formation of a rupture surface located about 20 m 

behind the location of the observed headscarp. 

The simulated third stage of undermining results in further brittle propagation of 

fractures, and formation of a fully-persistent, sub-vertical rupture surface. Instability 

involves a toppling mechanism, centered at the edge of the undermining. After 150 s 

(modelling time) the total displacement of the toppling slope is approximately 50 cm, and 

the simulation is terminated. 
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Fig. 7.17 Overview of the San Leo landslide Model 2. a: first undermining 
stage. No brittle damage is simulated; b: second undermining stage. 
Wedge F1-F2 is kinematically free, and displaces vertically. Fracture 
propagation occurs in the rock mass behind SL3.1; c: third 
undermining stage. Fracture propagation causes the formation of a 
continuous rupture surface. Brittle fracture propagation occurs in 
the undermined area; d: total displacement magnitude plot after 150 
s (modelling time). Note that the toppling instability in model 2 
involves a volume higher than that observed in situ. 

7.3.3. 3D analysis using the lattice-spring code, Slope Model 

Numerical analysis using Slope Model involved incorporation of a DFN into the 

three-dimensional San Leo slope geometry. The minimum feature size that can be 

modelled in Slope Model depends on the resolution of the lattice-spring. Itasca 

Consulting Group (2010) suggest that features and volumes larger than five times the 
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model resolution (i.e., the node spacing) can be adequately modelled. The numerical 

model was run on a high-performance workstation (2.9 GHz Intel i9 CPU, NVidia 2080Ti 

GPU, 128 GB RAM memory). In order to limit the runtime to approximately 72 hours, the 

lattice-spring resolution was set to 2 m. Thus, fractures with diameter lower than 10 m 

were removed from the DFN, and equivalent rock mass material properties were 

selected to implicitly consider the presence of small discontinuities, as suggested by 

Elmo et al. (2012). In addition to the DFN and the SL3.1 discontinuity, the fully-persistent 

faults mapped in the investigated area were also included in the model geometry and 

assumed cohesionless. Table 7-6 and Table 7-7 summarize the assumed material and 

discontinuity parameters respectively for the numerical analysis. The primary objective of 

the analysis in Slope Model was the investigation of the brittle fracturing occurring in the 

limestone, as a result of undermining. Therefore, in this preliminary investigation 

sufficiently high material properties have been assigned to the lower part of the model, in 

order to prevent the occurrence of unrealistic brittle fracturing due to the load of the 

rocky plateau. 

Table 7-6 Intact material properties assumed for the numerical modelling of 
the San Leo landslide in Slope Model. 

Property San Leo Limestone 
Basal material and blocks 

removed during undermining 
Density (kg/m3) 2620 2100 
UCS (MPa) 75 50 
Tensile strength (MPa) 1.4 3* 
Friction angle (°) 39 28 
Young's modulus (GPa) 17 5 
Poisson's ratio 0.25 0.3 

*: high tensile stress assigned to prevent failure in the lower part of the model 

Table 7-7 Discontinuity properties assumed for numerical modelling of the 
San Leo landslide in Slope Model 

Property SL3.1 DFN and faults 
Friction angle (°) 30 30 
Cohesion (kPa) 0 0 
Normal stiffness (GPa/m) 1 10 
Shear stiffness (GPa/m) 0.1 1 
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The numerical analysis conducted in Slope Model consists of four stages: one to 

apply stresses and achieve the equilibrium, and three to model the progressive 

undermining of the plateau and simulate the failure. The three-dimensional extent of the 

excavation is the same as used in previous three-dimensional DEM analyses described 

in Spreafico et al. (2016a). 

The first simulated undermining stage of the San Leo plateau showed a gradual 

accumulation of microcracks, predominantly concentrated at the base of the plateau. 

The microcrack counter (i.e., number of failed springs) showed an increase, before 

stabilizing at 1,630 cracks after 10 seconds of modelling time (box 1 in Fig. 7.18). No 

major block displacement was simulated during the first undermining stage. 

With the second undermining stage the eastern part of the slope became 

unstable. Toppling of Wedge F1-F2 is simulated, and a limited number of microcracks 

form within the unstable volume (Fig. 7.19a,b). The microcrack counter increased to 

9,900 after 20 seconds of modelling time (box 2 in Fig. 7.18). Due to the small strain 

approach used by Slope Model, the removal of the failed block is not explicitly modelled 

and displacement of single nodes is displayed instead using vectors and colour-coded 

nodes (Fig. 7.19c). A visual analysis of the total displacement plot suggests that the 

toppling direction is approximately normal to the slope (about 0°N). Negligible 

displacements occur throughout the rest of the slope. 

When the third excavation stage is modelled, the global failure of the slope is 

simulated (boxes 3-5 in Fig. 7.18). The instability initiates in the eastern part of the slope, 

and then gradually propagates westwards. It occurs as a series of toppling failures of 

rock mass slabs separated by first-order faults. The failure initiates within Slab F2-F3 

(Fig. 7.20a). The undermining causes the slab to break in two separate blocks, 

approximately equal in volume (about 40,000 m3). Toppling of the lower block occurs in 

a direction normal to the slope orientation (approximately 0°N). Conversely, toppling of 

the upper block occurs with a lower displacement rate, in a direction normal to the 

discontinuity SL3.1 (20 to 25°N), and is probably driven by the brittle propagation of the 

same fracture. The brittle propagation of fractures along the developing rupture surface, 

together with the displacement of Slab F2-F3, provides kinematic freedom to the Slab 

F3-F4 (Fig. 7.19b). The slab appears to topple as a single, intact block, in a direction 
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between 5°N and 15°N, except for the base of the slab, which detaches and moves 

vertically in free fall. 

 

Fig. 7.18 Summary of the numerical modelling results of the 2014 San Leo 
landslide obtained using Slope Model. The graph of total microcrack 
number vs. numerical time shows the progressive increase in 
cracking (spring failure) within the model. U1, U2, and U3 identify the 
three simulated undermining stages. 1-5 identify the model states 
represented in boxes 1-5. Note that during undermining stage U2, 
the failure of wedge F1-F2 coincides with a low increase in 
microcrack count, whereas brittle damage accumulates with the 
progressive toppling of rock slabs. 

Throughout the analysis, the discontinuity SL3.1 was simulated to act as a rear 

release surface for the landslide in the eastern part of the slope. Towards the west, the 

rear boundary of the slide was simulated to form due to brittle propagation low-order 

discontinuities forming the DFN. As a result, the morphology of the simulated rear 

release surface in the western part of the slope is more irregular compared to the 
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eastern part, where the discontinuity SL3.1 outlines a linear rupture surface (see plan 

view in Fig. 7.19a,b). The simulated rupture surface agrees closely with the observed 

morphology of the headscarp, suggesting that the numerical model realistically simulates 

the landslide behavior (Fig. 7.19c). 

 

Fig. 7.19 Slope model numerical analysis of the 2014 San Leo landslide after 
20 s (numerical time). a: overview of the brittle damage accumulated 
within the slope. Red dots identify broken springs in the lattice; b: 
microcracks formed in the toppling wedge F1-F2; c: detail of the 
total displacement contour plot in the wedge F1-F2 area. 

During the numerical modelling, Slab F4-F5 appears to be only partially involved 

in the slope failure (Fig. 7.20b). Here, displacement occurs in a direction varying 

between 350°N and 020°N. Such a variation suggests that progressive failure of rock 

bridges causes the formation of separate blocks that move independently. 
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Fig. 7.20 Overview of the slope model numerical analysis of the 2014 San Leo 
landslide after 30 s and 40 s (numerical time). a: oblique view 
(above) and plan view (below) of the total displacement contour plot 
after 30 s (modelling time); b: oblique view (above) and plan view 
(below) of the total displacement contour plot after 40 s (modelling 
time). Red arrows show the displacement of the fault-bounded slabs. 
White, dashed lines outline the first-order faults F1-F5. Note the 
westward propagation of the instability and the discontinuity SL3.1 
marking the rear boundary of the landslide in the eastern part of the 
simulated slope; c: 2017 satellite image from Google Earth, showing 
the morphology of the headscarp (red, solid line). Note the irregular, 
curved outline in the western part, and the linear morphology in the 
eastern part. 
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Numerical modelling of the 2014 San Leo landslide has shown the importance of 

varying kinematic conditions within the slope. The progressive undermining of the 

plateau appears to induce a series of toppling failures that also involve intact rock 

fracturing. In the investigated model, the Wedge F1-F2 represents the only potentially 

removable block, as it is bounded by fully persistent geological features (i.e., faults and 

lithologic contact). As the line of intersection between the faults F1-F2 does not daylight, 

undermining causes the failure to occur through a toppling mechanism during the 

second excavation stage, while the remaining part of the slope failed during the third 

undermining stage. The failure of the remaining part of the rock slope appears to involve 

an oblique toppling mechanism. 

The analysis of the simulated microcracks and their distribution within the slope 

throughout the numerical simulation allows the formation of a fully continuous rupture 

surface to be visualised. Fig. 7.21 show the progressive accumulation of microcracks 

(i.e., failed springs in the model lattice) in oblique view and along two sections through 

the numerical model. In the eastern part of the simulated slope, the rupture surface 

forms due to the downward propagation of the geological structure SL3.1, beginning at 

20 s (modelling time), after the implementation of the second undermining stage (Fig. 

7.21b), and ends with activation of the third undermining stage, after 30 s (Fig. 7.21c). 

Conversely, in the western part of the slope, the formation of a fully-persistent rupture 

surface is simulated after 40 s (Fig. 7.21d). The model results suggest that the westward 

propagation of the slope instability is driven by accumulation of brittle damage and rock 

bridge failure, which progressively provides increased kinematic freedom to the fault-

bounded slabs.  

The accumulation of brittle damage is not limited to the failed volume of rock 

mass, but is also simulated within the rock volume behind the rupture surface, 

particularly in the western part (Fig. 7.21b-f). It can be hypothesized that failures 

occurring at the edge of the plateau may decrease the rock mass quality of the 

remaining slope, thus promoting further eventual retrogression of the rock slope 

instability. 

The three-dimensional numerical modelling results were compared to the 

observed areal extension of slope involved in the 2014 landslide, and a good agreement 

was found (Fig. 7.22). 
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Fig. 7.21 Simulated accumulation of brittle damage during the numerical modelling of the 2014 San Leo landslide. Red, dashed lines in the oblique views outline the first-order faults (F1-F5). White, 
dashed lines show the location of sections 1 and 2. The microcracks are color-coded based on the time of formation. In the sections, black, dotted lines outline the developing rupture surface. 
Note that after 30 s (box c), the rear rupture surface is fully continuous in the eastern part of the slope. In the western slope, a fully continuous rupture surface forms after 40 s (box d). Note the 
accumulation of brittle damage behind the rupture surface, particularly in the western part (section 2). 
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Fig. 7.22 Comparison between the observed extension of the 2014 San Leo 
landslide event and numerical modelling results. a: three-
dimensional point cloud of the slope in 2012; b: total displacement 
plot from Slope Model after a numerical time of 60 s. In both figures 
the black, dashed line shows the observed extent of the failed slope. 
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7.4. Discussion 

The analysis of the 2014 San Leo landslide provides insights in the role of brittle 

fracturing of intact rock on the kinematics of rock slopes. It is clear that a kinematic 

analysis conducted considering the first-order geological structures observed in the pre- 

and post-failure slope surface does not, on its own, show potential for structurally-

controlled failures. However, if the rupture surface of the 2014 landslide is included, 

oblique toppling is then kinematically feasible, due to the intersections with faults F2 to 

F5 (Fig. 7.23). The numerical modelling results in this research appears to confirm this 

observation. 

 

Fig. 7.23 Kinematic analysis for toppling at San Leo using first-order 
geological structures and the rear release surface formed during the 
slope failure. a: flexural toppling envelope. F2-F5 may potentially act 
as lateral release surfaces; b: direct toppling envelope. Intersections 
plotting in the yellow area are susceptible to oblique toppling. 

In two-dimensional slope models, the displacement direction is assumed to be 

parallel to the investigated section. Similarly, the strike of structures is assumed to be 

normal to the slope section. In general, these assumptions are an overestimation of the 

kinematic freedom compared to the real slope, as any lateral constraint or confinement 

in the out-of-plane direction is disregarded. Therefore, the two-dimensional numerical 

modelling conducted using Elfen required a careful consideration of the geological 

structures F2 and F3, which intersect the investigated section at a low angle (20° to 30°). 
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In the analysis of Model 1 it was noted that the exclusion of these geological 

structures, thus implicitly considering them as lateral release surfaces, allowed the 

observed post-failure slope surface to be reproduced in the model. Conversely, the 

explicit implementation of these features in Model 2 did not allow the observed post-

event morphology to be reproduced, and a rupture surface developed approximately 20 

m behind the observed location. 

The numerical modelling in Elfen supported that the 2014 slope failure was 

predominantly governed by the progressive softening and erosion of the clay shale, 

which in turn induced brittle fracturing due to stress concentrations along the developing 

rupture surface. 

Three-dimensional numerical modelling performed using Slope Model simulated 

a staged slope failure. The numerical results show that undermining of the plateau 

played a key role in the failure, causing a) the removal of Wedge F1-F2, thus limiting 

kinematic constraint for the failure of other blocks, and b) the tensile stress concentration 

along the developing rupture surface, which favored the brittle propagation of fractures 

and the formation of a continuous rear release surface. The simulated failure began with 

the removal of Wedge F1-F2, and followed propagation of the instability to the west 

involving progressive toppling of fault-bounded slabs. The removal of Wedge F1-F2, 

although not instrumental in causing the failure of the rest of the slope may have 

contributed by creating free space. The consequent increase in kinematic freedom 

allows Slab F2-F3 to fail as a single block through an oblique toppling mechanism. The 

gradual accumulation of brittle damage was critical in driving the westward propagation 

of the failure, by both inducing the lateral extension of the rupture surface and providing 

kinematic freedom to the fault-bounded slabs F3-F4 and F4-F5. 

The detachment of Wedge F1-F2 was simulated during the second undermining 

stage, whereas the global slope failure was simulated during the third undermining 

stage. The Slope Model results suggest that undermining at San Leo may have been 

characterized by a more complex morphology, compared to that assumed in the 

numerical analysis. For instance, considering a higher extent of the erosion beneath the 

toppling slabs east of F2 may allow the slope failure to be simulated within the same 

modelling stage. However, reconstructing the true three-dimensional morphology of the 

undermining is not possible due to limited exposure, accessibility, and safety. In future 
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analyses, numerical modelling could be undertaken using different assumed 

undermining rates and considering spatial variation in undermining, in order to observe 

the effects on the stability of the simulated slope. 

In addition to an evaluation of the varying kinematic conditions within the rock 

slope, this research has allowed for an improved understanding of the role of kinematics 

and intact rock fracture/damage factors in the development of the 2014 San Leo 

landslide. The factors controlling instability and their potential influence on the San Leo 

slope are summarised in Table 7-8. 

Table 7-8 Summary of the potential factors controlling the stability of the 
slope at San Leo. 

Geological factors Description Effects on the slope stability 

Lithology 
A hard rock plateau overlies 
softer, clayey material. 

Geological setting promotes the development of 
lateral spreading; 
Instabilities are localised along the edges of the 
plateau. 

Geological 
structures 

Joints and faults subdivide 
the plateau into discrete 
blocks. 

Discontinuities enhance kinematic freedom and 
promote structurally-controlled failure of 
discontinuity-bounded blocks; 
Open fractures promote rainfall infiltration within 
the rocky plateau. 

Groundwater* 

An aquifer exists within the 
plateau, fed by rainfall 
infiltrating through open 
discontinuities; 
Perennial and ephemeral 
springs form at the base of 
the plateau. 

Groundwater flow at the interface between 
plateau rock mass and clay substratum induces 
softening in the clay, and erosion at the edge of 
the plateau. 
Water pressure in discontinuities promotes 
instability, due to reduction of effective stresses. 

Clay shale softening 
and erosion** 

Seepage and water flow 
cause the progressive 
undermining of the plateau, 
due to remoulding and 
erosion of the clay shale. 

Undermining caused stress to concentrate at the 
tip of tectonic discontinuities, potentially 
promoting long term sub-critical crack growth; 
Progressive rock mass dilation enhances rainfall 
infiltration rate, further increasing the clay shale 
erosion rate. 

Intact rock 
fracture/slope 
damage 

Intact rock bridges enhance 
rock slope stability. Fracture 
propagation damage 
weakens the slope and may 
cause episodic failures. 

Brittle fracture propagation occurs, driven by 
undermining of the plateau and tensile stress 
concentration along the incipient rupture 
surface; 
Fracture coalescence caused the formation of a 
fully-persistent rupture surface and provided full 
kinematic freedom to the unstable slabs. 
Dilation of pre-existing discontinuities. 

*: Spreafico et al. (2015b,c); **: Spreafico et al. (2017) 
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7.5. Conclusions and future work 

Kinematics represents one of the most important factors controlling the stability 

of rock slopes. In common practice, the kinematic feasibility of structurally controlled 

instability mechanisms is preliminarily studied using kinematic and block theory 

analyses. These methods investigate whether intersecting geological features and 

structures, at various scales, may form blocks that are removable through planar sliding, 

wedge sliding, and toppling. The morphology of the slope (i.e., orientation and gradient) 

also affects the feasibility of these failure mechanisms, for example by allowing or 

preventing daylighting of basal sliding surfaces. The condition at which a block become 

removable from the rock slope is referred to as “kinematic freedom”. The presence of 

rock bridges along and between geological structures may reduce the kinematic freedom 

of the blocks forming a rock slope. 

It has been suggested that kinematic conditions of a slope may vary with time, 

due to changes in slope morphology (for instance, as a result of glacial retreat), or to 

stress concentration inducing fracturing of intact rock (e.g., failure of non-daylighting 

wedges, Havaej et al., 2014). Brittle fracturing represents one of the most important, yet 

comparatively unstudied phenomena occurring in rock slopes. The progressive 

development of brittle damage may lead to the failure of rock slopes that may have been 

quasi-stable for many thousands of years. Therefore, understanding how brittle fractures 

form and accumulate within a rock mass is of considerable importance for the purpose of 

the risk assessment and slope failure evolution. 

In this chapter, the varying kinematic conditions of the 2014 San Leo landslide 

were investigated using a numerical modelling approach. The landslide was induced by 

the progressive erosion of clay shales underneath the edge of the San Leo rocky 

plateau. From a kinematic perspective, this process was critical in removing basal 

constraint at the base of a 110 m high rock slab. The clay erosion alone was likely 

insufficient to cause the failure of the rock slope, as a fully-persistent rear release 

surface was not available to provide kinematic freedom. However, this erosion induced 

increasing stress concentrations at the tips of tectonic discontinuities, which in turn 

caused the progressive propagation and coalescence of fractures, and eventually the 

formation of a fully-persistent rupture surface. 
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Numerical modelling was conducted using a Synthetic Rock Mass approach in a 

two-dimensional code (Elfen, Rockfield, 2015) and a three-dimensional code (Slope 

Model, Itasca Consulting Group, 2017b), both capable of simulating brittle fracturing of 

intact rock. 

The two-dimensional FDEM analysis was able to reproduce the rear rupture 

surface observed in situ, through the simulated propagation and coalescence of 

fractures. However, first-order geological structures intersecting the investigated section 

at a low angle (F2 and F3) were simplified, and implicitly considered as lateral release 

surfaces. Conversely, when explicitly incorporated in the model these structures 

produced results in conflict with the observed failure. The numerical modelling performed 

in Slope Model allowed for the three-dimensional deformation behavior of the slope to be 

investigated. The undermining of the plateau caused the simulated failure of Wedge F1-

F2 through a toppling mechanism. Progressive intact rock fracturing along the incipient 

rupture surface resulted in a westward propagation of the instability, involving the 

toppling of slabs bounded by first-order geological structures. 

Both two- and three-dimensional numerical modelling highlighted that 

discontinuity SL3.1 was critical in replicating the location and morphology of the rear 

rupture surface. Additionally, the implementation of first-order geological structures in 

Slope Model allowed the model to successfully reproduce the observed lateral extension 

of the failure event. It is therefore strongly recommended that any geological structure 

considered to be potentially relevant to the stability of a slope stability should be 

deterministically included within an FDEM-DFN synthetic rock mass, as suggested in 

Donati et al. (2018). 

Several important advantages of using a three-dimensional approach as 

opposed to a two-dimensional method were noted when modelling the 2014 San Leo 

landslide. It is evident that two-dimensional numerical modelling approaches cannot 

realistically simulate any slope displacement that occurs in the out-of-plane direction. 

Consequently, the location and trend of the investigated slope section must be chosen 

carefully in order to prevent bias in the results, due to the angle between the section and 

the observed displacement direction. Additionally, model structures may be 

characterized by an apparent orientation, depending on the difference in orientation with 

the investigated section, which may affect the quality of the results. Thus, the 
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applicability of two-dimensional numerical modelling methods may be limited to slopes 

with simple morphology, structural setting, and failure mechanism. Conversely, three-

dimensional numerical modelling techniques allow complex rock slope deformation 

mechanisms to be simulated, with displacement directions that may vary both spatially 

and temporally, throughout the numerical analysis. 

With respect to previous work, the analyses described in this chapter, by 

incorporating intact rock fracturing mechanisms, allow a more realistic behavior of the 

rock slope to be simulated. Additionally, insight on the role of brittle fracturing on the 

kinematics and progressive nature of the San Leo slope failure was provided. Table 7-9 

summarizes the advantages and limitations of methods that have been employed to date 

in the investigation of the 2014 San Leo landslide. 

The three-dimensional code Slope Model is characterized by a small-strain 

approach, as the coordinates of the nodes forming the model are not updated 

throughout the simulation. In future analyses, a three-dimensional FDEM code (e.g., 

Irazu3D) may be employed to investigate the post-failure behavior of blocks detaching 

from the slope. 

Additionally, in the course of this research it was observed that the spatial 

variation and the rate of the undermining may have played an important role in the timing 

and development of the slope failure. Future analyses should focus on the simulation of 

varied clay shale softening and erosion patterns, in order to identify undermining 

geometries that provide the most realistic results. 

This research has highlighted the potential role of intact rock fracturing on the 

evolution of kinematic freedom of rock slopes. It is stressed that geomorphic processes 

such as stream erosion, slope steepening, and undermining, are critical in defining the 

long-term stability of a rock slope, not only because they may remove constraint at the 

base of the slope, but also because they can cause the accumulation of brittle damage, 

and control its spatial distribution within the slope. The progressive accumulation of 

brittle damage may provide kinematic freedom to previously stable rock slopes, which 

may not show obvious signs of deformation until failure occurs. Thus, it is suggested that 

any rock slope stability analysis should not be limited to the investigation of the present-

day conditions of rock mass and rock slope. On the contrary, it should extend to the 
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analysis of the factors and processes that may cause, with time, variations in the 

kinematic conditions of the slope, potentially inducing the occurrence of major rock slope 

failures (Griffiths et al., 2012). 

Table 7-9 Summary of the numerical modelling techniques employed to 
investigate the 2014 San Leo landslide. 

Numerical 
modelling 

method Advantages Limitations Reference 

2D FEM 
Simple and rapid analysis; 
Observed rupture surface reproduced; 

Discontinuities not implemented 
(except for SL3.1); 
Does not realistically model 
large deformations; 

Spreafico 
et al. 
(2017) 

2D FEM 
with 
Voronoi 
tessellation 

Simplified discontinuity network 
included; 
Fracture propagation preliminarily 
investigated; 

Longer runtime; 
Cannot realistically model large 
deformations; 
Voronoi tessellation requires 
calibration to simulate observed 
behavior of intact rock; 

Spreafico 
et al. 
(2017) 

3D DEM 

Discontinuity sets included; 
3D analysis allows for realistic behavior 
of discontinuity-bounded blocks; 
Lateral extension of the landslide 
adequately reproduced; 

Long runtimes mean that intact 
rock fracturing cannot currently 
be addressed for large/complex 
rock slopes; 
Time-dependent processes not 
addressed; 

Spreafico 
et al. 
(2016b) 

2D FDEM 

Discontinuity network included using 
DFN; 
Intact rock fracturing/damage modelled 
during the analysis; 
Observed rupture surface reproduced; 

Long runtimes; 
Assumption of sophisticated 
input data required (e.g., 
fracture energy); 
Realistic failure of fault-bounded 
block difficult to achieve in 2D; 

This study 

3D lattice-
spring 

Realistic discontinuity network included 
using DFN; 
Intact rock fracturing/damage modelled 
during the analysis; 
3D analysis allows for realistic behavior 
of discontinuity-bounded blocks; 
Lateral extension of the landslide 
adequately reproduced; 

Small-strain approach does not 
allow advanced post-failure 
analysis; 
Small strain approach makes 
processing of results more 
challenging; 
Model resolution limited by long 
runtime and large file size; 

This study 
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Chapter 8.  
 
Conclusions 

This research has investigated important factors controlling the formation, 

accumulation, and evolution of slope damage in rock slopes using an integrated remote 

sensing-numerical modelling approach. Mapping of slope damage in the field was 

predominantly conducted using a range of remote sensing techniques, including 

terrestrial laser scanning, digital photogrammetry, high-resolution photography, thermal 

imagery, and hyperspectral scanning. Numerical modelling was undertaken using 

advanced, numerical modelling methods, including two-dimensional hybrid finite-

discrete, FDEM, three-dimensional distinct element and three-dimensional lattice-spring 

methods. 

8.1. Summary of the research conducted 

8.1.1. Characterizing slope damage with remote sensing techniques 

Following an introductory chapter outlining the objectives of the thesis and a 

literature review in chapter 2, chapter 3 described the first comprehensive, multi-sensor, 

remote sensing approach for the characterization of slope damage in rock slopes. Two- 

and three-dimensional sophisticated datasets were collected, processed, compared, and 

interpreted. It was noted that three-dimensional datasets are extremely important to 

investigate geometric characteristics of damage features (for example, the width of 

tension cracks). However, the resolution at long-range may cause the loss of small, yet 

important, details. Draping two-dimensional datasets (such as high-resolution 

photographs) on the three-dimensional point clouds proved highly beneficial in mapping 

smaller slope damage features compared to the use of three-dimensional scanning 

methods alone. The integrated use of high-resolution photographs and TLS datasets 

allowed for the estimation of brittle damage intensity from a distance of about 1 km at the 

Weeping Wall rock slope, AB. At the Medicine Lake site, AB, a hyperspectral dataset 

obtained from a distance of over 1 km was draped onto the TLS point cloud, and a 

preliminary comparison between surface roughness and irradiance was successfully 

undertaken. Hyperspectral images were also used to highlight surface alteration at the 
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Yak Peak site, BC, also from a distance of over 1 km. In addition, long range LiDAR 

combined with high resolution photography and hyperspectral imaging at Yak Peak 

clearly demonstrated the use of multi-sensing imaging in remote sensing fractography 

on high rock slope faces. It is suggested, based on the results of this research, that long 

range remote sensing techniques characterized although of low resolution can still used 

effectively to obtain important information on rock slope, provided that the limitations 

(e.g., in hyperspectral imagery, the spectral response of a pixel is averaged throughout 

the covered area) are taken into consideration during the data processing and 

interpretation. Close range multi-sensor imaging combined with high-resolution 

photography was undertaken at Whiteman Ponds, AB, and clearly indicates significant 

potential for characterising intact rock fracture/damage, rock bridges and step-path 

geometries. Table 8-1 summarizes the advantages, limitations, and potential 

applications of each technique for the investigation of rock slopes at various scales. 

The characterization and spatial mapping of slope damage was found to provide 

useful information with regard to the active processes within a slope. However, the ability 

to investigate how slope damage and its spatial distribution changes with time was found 

to provide important insight with regard to the factors controlling the deformation of a 

slope. In Chapter 4 a new, multi-temporal ALS approach has been developed to explore 

the spatio-temporal distribution of slope damage in landslides. The approach was 

successfully applied for the first time to investigate the spatial and temporal distribution 

of external slope damage features at the Ten Mile Slide (BC). Innovative techniques 

were introduced to characterise the spatial distribution of slope damage including 

External Discrete Slope Damage Feature maps (EDSDF), External Slope Damage 

Intensity Cell maps (ESDICe), and External Slope Damage Intensity Contour maps 

(ESDICo). The spatial variation with time of slope damage intensity was investigated 

using a Python script capable of interrogating indexed tables obtained from the slope 

damage intensity maps. 
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Table 8-1 Summary of the advantages, limitations, and potential application of various remote sensing techniques for rock slope and damage investigations.  

Remote sensing 
techniques Advantages Limitations Potential applications for rock slope damage analysis 

ALS 

 May provide bare earth (BE) datasets 
 Prevents occlusions in dataset 
 Allows advanced GIS analyses to be undertaken 
 May be implemented on UAV platforms 
 Slope deformation (e.g., bulging) can be identified by 

tracing profiles through dataset 

 Expensive hardware 
 Expensive data collection and processing 
 Steep slopes are challenging to investigate 
 Snow coverage causes holes in dataset 
 Generally, relatively lower resolution compared to terrestrial datasets 

 3D slope reconstruction 
 Advanced GIS analyses may be undertaken using slope, hillshade, aspect maps 
 Structural and slope damage feature mapping at large scale may be performed 

with BE datasets (e.g., lineament and crack analysis) 
 Spatial and temporal variations in slope damage distribution can be investigated 
 Change detection analysis (with multiple datasets) 

TLS 

 High survey repeatability 
 High resolution / point density 
 Hand-held devices available for very short-range surveys 

(e.g., tunnels) 
 Vegetation can be partially removed from the dataset 
 May collect data in hazy/foggy conditions 
 3D mesh can be obtained for draping 2D datasets 

 Expensive hardware 
 Orientation bias and occlusions may affect the dataset 
 At long range, asperities may appear smooth due to laser beam divergence 
 Water and highly reflective features on the surface may produce areas with 

no data 
 Proprietary software required to visualize and convert dataset 

 3D slope reconstruction 
 3D measurement of slope damage features 
 Seepage can be mapped in the dataset 

Long range 
 Large-scale structural mapping 
 High frequency rock slope and rockfall monitoring 
 Change detection analyses (with multiple datasets) 

Short range 
 Small scale structural mapping (low-order discontinuities) 
 Surface roughness analyses may be undertaken (e.g., brittle damage analysis) 

TDP and SfM 

 Relatively inexpensive hardware 
 Inexpensive software available for SfM 
 Easy set-up and data collection 
 High resolution textures may be created 
 Aerial and historical imagery can be utilized 
 SfM ideal for UAV surveys 
 3D mesh can be obtained for draping 2D datasets 

 Multiple survey stations required 
 Orientation bias may affect the surface reconstruction 
 TDP surveys require careful planning  
 Vegetation cannot be effectively removed from 3D dataset 
 Relatively low flexibility for TDP surveys (e.g., camera station location) 
 Camera calibration required for TDP surveys 
 Lighting and visibility conditions may affect or prevent the 3D reconstruction 
 Expensive, very high-resolution camera (~50 MP) needed to map small 

scale features at long range 
 Survey time for UAV-SfM limited by battery capacity 

 3D slope reconstruction 
 3D measurement of slope damage features 

Long range 
 Large-scale structural mapping 
 Slope scale change detection analyses (with multiple datasets) 
 Orthorectified photographs may be used to characterize fracture intensity 

distribution 
Short range 

 Small scale structural mapping (low-order discontinuities) 
 Surface roughness analysis possible 

High resolution 
imagery 
(> 25-50 
MegaPixel) 

 High resolution dataset 
 Pixel-based automated mapping may be undertaken 

 Relatively expensive hardware (depends on camera model) 
 2D dataset only 
 Suited to small-scale high-resolution 3D models 
 Non-orthorectified imagery may be deformed (depending on focal length) 

 Damage characterization from small- to large-scale 
 Identification of failed and intact rock bridges 
 May help distinguishing between brittle fractures and tectonic discontinuities 
 Draping imagery onto 3D dataset enhances overall resolution 

Infrared 
thermography 

 May be draped onto 3D datasets 
 Thermal cameras may be implemented in UAV systems 

and hand-held devices 
 Open-source software may be used to process imagery 

 Low resolution at long range 
 2D dataset only 
 Long-range cameras are expensive 
 Proprietary software generally required to visualize and convert dataset 

 Seepage characterization 
 Identification of cracks in rock slopes 
 Thermal response of rock masses may be characterized (with multiple datasets) 

Hyperspectral 
imagery 

 May be draped onto 3D datasets 
 Allows features not visible at the naked eye to be 

investigated (e.g., alteration) 
 Datasets can be visualized and processed with proprietary 

or open-source software 

 Expensive hardware 
 Data quality depends on lighting conditions 
 Low resolution at long range 
 2D dataset only 
 Requires calibrated targets for image correction 
 Complex, time-consuming data processing 

 Lithological mapping may be performed 
 Potentially allows moisture content in sediments and vegetation to be investigated 
 Visibility of seepage and vegetation is enhanced 
 Alteration and weathering can be analysed to characterize rockfall scars 
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8.1.2. Numerical modelling and slope damage analysis 

The comprehensive characterization of a rock slope is instrumental in obtaining 

input data to be used in numerical modelling analyses. In this research, the sites 

selected for numerical analyses have been chosen based on the lithological, structural, 

and geomorphic setting, in order to investigate how slope damage evolves and affects 

the stability in varied conditions. The slope stability at the sites modelled in this research, 

i.e., the Hope Slide, the Downie Slide, and the San Leo landslide, has been (or is) 

controlled by different combinations of geological factors. 

The investigation conducted at the Hope Slide, described in Chapter 5, showed 

that kinematics strongly influenced the long-term evolution of the rock slope. For the first 

time, historical, pre-failure air photograph imagery of the Hope Slide was processed 

using a Structure-from-Motion approach. A pre-failure three-dimensional model was 

created, and used to investigate the pre-failure slope topography. A structural and 

geomorphic analysis was conducted and showed that the prehistoric failure that 

occurred at the site caused the removal of a key block from the lower part of the slope. 

The 1965 failure represents the outcome of an extremely slow slope degradation 

process that initiated after the prehistoric event. It was noted that both the 1965 event 

and the prehistoric slide were strongly structurally-controlled. Numerical modelling of the 

1965 Hope Slide was conducted for the first time using a three-dimensional, distinct 

element approach. The analysis aimed a) to simulate the progressive accumulation of 

damage along the rupture surface, and b) to investigate the role of large- and small-

scale structures on the simulated dilation damage within the slope. 

The Downie Slide is largely controlled by lithological and hydrogeological factors. 

Slope displacement occurs along two distinct shear zones that developed along the 

foliation in schistose rocks. The analysis conducted, described in Chapter 6, investigated 

the distribution and evolution of external and internal slope damage. External slope 

damage was characterized using the ALS dataset provided by BCHydro and allowed for 

the identification of various slope damage domains, based on the orientation, origin, and 

distribution of observed slope damage features. Internal slope damage was addressed 

using borehole data and underground, close range remote sensing surveys. In 

particular, using borehole data the morphology of the shear zones was reconstructed by 

interpolating the depth at which the shear zones were observed in the cores. An 
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innovative approach was used to analyze the morphology of the reconstructed shear 

surfaces using ArcGIS. GIS analysis of the shear surface morphology indicated that a 

previously unrecognised potential major structure/damage zone transects the Hope 

Slide and may have important implications for improved understanding pf both the initial 

failure mechanism and secondary post failure deformation. A good agreement was 

observed between external slope damage mapped on the ALS dataset and variations in 

the morphology of the lower shear zone within GIS slope and aspect maps. 

Underground remote sensing in the drainage adits and UAV remote sensing of the 

landslide headscarp were undertaken complementing the ALS interpretation providing 

additional understanding of the Downie slide. Three-dimensional numerical modelling 

was then conducted using a strain-softening constitutive criterion for the blocks forming 

the Downie Slide. This numerical analysis method was chosen to allow the orientation of 

the damage features observed in the ALS dataset to be realistically reproduced. The 

innovative approach proposed has allowed the close correlation between external slope 

damage distribution (observed on ALS) and shear zone morphology to be successfully 

confirmed. The results of the remote sensing and numerical studies research provide 

important additional data which can be used in the location of additional slope borehole 

investigations and instrumentation network upgrades. 

Chapter 7 describes the field, remote sensing, and numerical modelling analyses 

used to investigate the 2014 San Leo landslide. The analysis of high-resolution imagery 

collected along the rupture surface allowed several brittle damage features to be 

identified, including tension cracks and brittle fracture surfaces. The remote sensing 

analysis evidenced that the slope failure was strongly controlled by brittle fracture 

propagation that occurred along the incipient rupture surface, driven by the progressive 

undermining of the plateau. The research presents an innovative combined damage 

modelling approach using two-dimensional FDEM and three-dimensional lattice-spring 

numerical modelling applied to the San Leo slope (using Elfen and Slope Model SRM 

models respectively). Numerical analyses were constrained against previous 2D-FEM 

and 3D-DEM numerical modelling and post-failure remote sensing data. It was observed 

that brittle fracturing may cause important variations in the kinematic conditions of rock 

slopes and may provide kinematic freedom if it allows a potential rupture surface to 

become fully-persistent. 
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8.1.3. Discussion 

The research in this thesis has confirmed that the occurrence of slope instability 

is strongly controlled by a) the kinematic conditions of the slope, as also observed by 

Brideau (2010), and b) the quality and strength of the rock mass (and intact rock). The 

role and importance of these factors largely depends on the scale of the slope instability, 

and thus on the magnitude and distribution of stress within the slope. Table 8-2 

qualitatively describes how a varied stress magnitude (as a function of the slope scale) 

and rock mass quality can affect slope kinematics and slope stability. A discussion is 

then provided on the role of stress, intact rock fracture/damage, and rock mass strength 

and the importance of slopes scale based on the sites visited during this research. 

Stability and damage at the outcrop/bench scale 

At the road outcrop/bench scale (<20 meters scale), the stability of the slope is 

largely controlled by intersecting geological structures that may cause the detachment of 

discontinuity-bounded blocks. Typically, displacement of blocks involves simple 

kinematic failure mechanisms, such as planar, wedge, and toppling. Stresses in low 

slopes is expected to be limited in magnitude and depending on rock density and slope 

angle. Thus, the presence of rock bridges within the rock mass may provide stability to 

the slope. However, in low-quality/weathered rock masses the occurrence of intact rock 

fracture should not be excluded. Brittle fracturing may result from the combination of a) 

localized tensile stress concentrations, and b) low intact rock tensile strength. Localized 

stress concentration may develop due to unfavourable orientation of discontinuities or 

intersections. Additionally, exogenous surface processes, such as weathering, freeze-

thaw and thermal cycles may promote the occurrence of slope damage due to a) 

alteration and weakening of the intact material, and b) cyclic opening of discontinuities 

and subsequent stress concentration at the fracture tip. Fig. 8.1a,b shows structurally 

controlled, small scale slope failures observed along roadcuts near Jasper (Alberta). Fig. 

8.1c shows a small-scale flexural toppling failure associated with brittle fracturing at the 

hinge, hence under low-stress conditions. In this case the intact rock fracturing affected 

very thin blocks divided by sub-vertical, very closely spaced discontinuities. Fig. 8.1d 

shows a rock outcrop, within the Civita di Bagnoregio plateau (central Italy), where a 

sub-vertical, brittle fracture developed within intact, weak rock. 
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Table 8-2 Qualitative analysis of the role of slope kinematics and rock mass strength on slope stability, as a function of 
stress magnitude and rock mass quality. Where appropriate, representative sites are indicated in itailcs. 
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Fig. 8.1 Outcrop scale slope damage. a: outcrop scale wedge failure 
observed at a roadcut west of Jasper, AB (photograph summer 
2016); b: roadcut prone to outcrop scale planar sliding along the 
Maligne Lake Road, east of Jasper (Alberta), translational failure 
with potential blast damage influence (photograph 2006 courtesy of 
D. Stead); c,d: flexural toppling involving brittle fracturing along the 
hinge (photograph 2005 courtesy of D. Stead); e,f: brittle fracture in 
weak intact material under low stress conditions (photograph 
summer 2016). 
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Stability and damage at the multi-bench scale 

At the multi-bench, or low height slope, scale (c. 20 – 100 m), stability is 

controlled by both geological structures, which may intersect forming step-path surfaces, 

and intact rock fracturing due to tensile stress concentration. Factors controlling the 

formation of slope damage include slope morphology (e.g., orientation and angle), 

structural setting (discontinuity orientation, persistence, and spacing), and intact rock 

strength. Stress values are higher at the multi-bench scale, compared to the road 

outcrop/bench scale, due to the increased slope height and the larger volume of blocks 

potentially involved in the failure. Therefore, in medium- to high-quality rock masses 

brittle fracture propagation may occur as a result of stress concentrations at the tip of 

tectonic discontinuities along incipient rupture surfaces. The failure of the 2014 San Leo 

landslide resulted from a progressive fracture propagation process (see Chapter 7) (Fig. 

8.2). Conversely, very low-quality rock masses are characterized by comparatively low 

shear strength, and may be susceptible to failure through soil-like, roto-translational 

displacements (Brideau et al., 2009). Fig. 8.3a shows a toppling slab observed along the 

southern slope of the Whitemans Pond, 5 km west of Canmore (Alberta). Lateral 

kinematic release is provided by a step-path surface. Fig. 8.3b shows the step-path 

surface observed in the northern slope of the Whitemans Pond. Here, stress 

concentration occurs within the intact rock steps, due to the load of the potentially 

unstable block, suggesting that its stability is at least partially controlled by the strength 

of the intact material. Fig. 8.3c shows brittle fracturing occurring within a potentially 

unstable rock slab along the Icefield Parkway (Alberta). Brittle fracturing affects in 

particular the lower part of the slab, and is associated with rock mass dilation features 

(e.g., opening of sub-vertical tectonic discontinuities). 

 

Fig. 8.2 Brittle slope damage (i.e., failed rock bridges) at the San Leo 
landslide. 
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Fig. 8.3 Slope scale instabilities and associated slope damage features. a: 
toppling slab at the Whitemans Pond site. Note the structurally 
controlled lateral release surface; b: potentially unstable block at the 
Whitemans Pond. Basal release surface is provided by a step-path 
surface with brittle fracturing of intact rock; c: potentially unstable 
rock slab where brittle fracturing and rock mass dilation can be 
observed. 
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Stability and damage at the mountain slope/overall pit slope scale 

At the high slope or mountain-slope scale (hundreds of meters), high stress 

concentrations exist along active or incipient rupture surfaces. The stability of the slope 

may be governed by first-order geological structures (such as large-scale faults and 

folds) that may provide kinematic freedom, as well as the low-order features that may 

intersect to form a continuous release surface. Tensile stresses due to the volume of the 

unstable slope may cause intact rock fracturing to occur if a release surface is not fully 

persistent. In high-quality rock masses, shear and tensile stress concentration along an 

incipient rupture surface may be sufficient to cause brittle propagation of fractures in 

sub-critical or critical conditions. Localized areas comprising low-quality rock mass was 

found to locally enhance the kinematic freedom of rock slopes, promoting instability at 

large scale (see also Brideau, 2010; Pedrazzini et al., 2011). In this research project, it 

was observed that the progressive failure of the Hope Slide (British Columbia, Canada) 

may have been driven by sub-critical crack growth along the rupture surface (see 

Chapter 5). Heterogenous, stratified rock masses or characterized by pervasive foliation, 

may increase the kinematic freedom of rock slopes and promote the slope failure, if the 

orientation of the heterogeneity is unfavourable. Several major slope instabilities involve 

planar sliding along foliation planes, including the Downie Slide (British Columbia, 

Canada, Fig. 8.4a,b) and the Aknes Slide (Norway, Fig. 8.4c,d). High slopes comprised 

of a low- or very low-quality, homogeneous weak rock mass may display a style of 

deformation similar to soil slopes, with progressive formation and widening of cracks 

outlining the unstable part of the slope, which may fail through a roto-translational 

mechanism, as in the case of the Ten Mile Slide (Fig. 8.5). 

Mountain slope scale slope instability, such as DSGSDs, often initiate due to a 

distinct change in morphology that increases the kinematic freedom, for instance glacial 

retreat, river incision or a slope failure. Bench and slope scale instabilities have also 

been observed to be preceded by rockfalls and small-scale structurally controlled 

failures, across and at the boundaries of the potentially unstable area (Kromer et al., 

2015b; Williams et al., 2018). These events highlight a progressive accumulation of 

slope damage and may increase the kinematic freedom of the unstable slope, due to 

removal of potential key blocks and decrease in lateral constraint. Failure appears in 

such cases to reflect the existence of a “damage skin” where structures combined with 



 

299 

varied geomorphic processes may control the gradual slope retrogression through 

rockfall mechanisms. 

 

Fig. 8.4 Examples of mountain slope scale instabilities and associated slope 
damage fractures. a: the Downie Slide from the other side of the 
Columbia River valley. Note the extension of the headscarp. The red 
square marks the location where photographs b and c were taken; 
b,c: dilational slope damage features (tension cracks) formed by the 
montain slope-scale instability; d: oblique view of the Aknes Slide 
(Norway); e: View of the tension crack outlining the headscarp. 
Photographs in d and e courtesy of D. Stead. 
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Fig. 8.5 Soil-like instability and slope damage features at the Ten Mile Slide 
a: oblique view of the slide area; b: tension crack at the headscarp. 

It has been suggested that brittle slope damage may occur throughout a wide 

range of rock mass quality values, depending on the fracture connectivity within the rock 

mass and along a rupture surface. Cai et al., (2004) suggested that intact rock fracturing 

may occur for rock masses characterized by GSI values higher than 65. The rock mass 

quality at each of the investigated sites in this thesis may be plotted on a GSI chart, to 

investigate any correlation between the processes controlling the instability and the 

overall rock mass quality. 

The San Leo plateau is characterized by a relatively high rock mass quality, and 

plots within the area of the GSI chart where brittle fracturing is expected (GSI 65-70, Fig. 

8.6). At the Hope Slide slope, high GSI values (65-75) may be observed along the 

daylighting rupture surface. This observation agrees with the hypothesized long-term, 

time-dependent, sub-critical crack growth mechanism leading to the formation of a 

continuous basal rupture surface (Fig. 8.6). Brideau et al. (2005) observed that GSI 

values are generally lower across the slide area (varying between 40-50 and 50-60), 

with minimum values in proximity of first-order geological structures (0-10 to 20-30). 

The assessment of rock mass quality at the Downie Slide uses the GSI chart 

proposed by Marinos and Hoek (2001), due to the heterogeneity that characterizes the 

rock mass. The analysis of borehole and inclinometer data shows that displacements 

are occurring within highly damaged shear zones, where the estimated GSI (5-10) is 

lower than that observed within the drainage adits (25-35), which represents the 

background rock mass quality. It is suggested that such a decrease in rock mass quality 

within the shear zones resulted from the extremely slow, long-term displacement of the 
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slide within a strongly foliated material, and thus represents an example of focused, 

internal, shear slope damage feature. Similar decreases in GSI associated with slope 

deformation have also been investigated by Agliardi et al. (2013b). The slope 

displacement at Downie also caused the formation of external, dilation damage features, 

which may decrease the mechanical properties of the rock mass at large scale. 

However, quantifying the change in rock mass quality and strength due to accumulation 

of slope damage remains a challenging task, and further research is needed. 

 

Fig. 8.6 GSI chart (Cai et al., 2004) showing the rock mass quality of the 
investigated sites. SL: San Leo; HS-RS: Hope Slide – GSI observed 
at the daylighting rupture surface; HS2: Hope Slide, away from 
geological structures (Brideau, 2006); HS3: Hope Slide, near 
geological structured (Brideau, 2006). Note that SL and HS-RS fall 
within the area of the chart where brittle damage is expected. Also 
shown in red are the range of shear stress values observed along 
the rupture surface in the numerical models. 
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Fig. 8.7 GSI chart (Marinos and Hoek, 2001) showing the estimated rock 
mass quality at the Downie Slide. DS: DS1: background rock mass 
quality, as observed in the drainage adits; DS2: rock mass quality 
within the shear zones, estimated from core photographs. Stress 
value in red represent the shear stress observed along the lower 
shear zone in the numerical models. The red arrow shows the 
progressive increase in damage due to slow, long-term slide 
displacement along the shear zone. 

This research has provided an improved understanding of the geological factors 

that affect the formation and accumulation of rock slope damage, through the application 

of an integrated remote sensing-numerical modelling approach. It was noted that, within 

a rock slope, various processes contribute to the formation and accumulation of varied 

slope damage features. However, the relative importance of these factors and features 

on the overall behavior of the unstable slope may vary. It is suggested that the 

geological processes that have a major effect on the stability of a slope can be referred 

to as “critical geological slope processes”. 

It is suggested that for the Hope Slide, a critical geological slope process is 

represented by the prehistoric failure, as it initiated the long-term weakening process 

that led to the 1965 slope failure. The structural setting (i.e., location of first-order 

geological structures and discontinuity set orientation) contributed in providing kinematic 

freedom, and thus acted as preparatory factor for the 1965 failure. 
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At the Downie Slide, the glacial retreat and the river incision induced stress 

concentration and high residual pore pressure that played a key role in the activation of 

the slope deformation, and they represent critical geological slope processes. 

Preparatory factors include tectonics, lithology, and geological structures (i.e., 

discontinuity sets), which provided kinematic freedom, and promoted the occurrence of 

differential slope displacement rates. In turn, the spatial variation in displacement rate 

and orientation throughout the slide area caused the formation of external slope damage 

features. 

A critical geological slope process at the San Leo landslide site was represented 

by the progressive softening and erosion of the clay shale at the interface with the rocky 

plateau. The concentration of stresses caused the brittle propagation and coalescence 

of fractures and provided kinematic freedom to the overhanging slab. The open 

discontinuity network within the plateau promoted the infiltration of rainfall within the rock 

mass and, in turn, the softening of the clays (Spreafico et al., 2017). It can be therefore 

identified as a preparatory factor. 

Table 8-3 summarizes the slope damage features observed at each of the 

investigated slopes and the factors that contributed to their evolution. Additionally, it 

highlights the critical geological slope processes that affect or affected slope deformation 

and failure. 

The remote sensing and numerical modelling investigations conducted at each 

site allowed to identify potential connections between lithological, geomorphic, structural, 

and hydrogeological factors on slope stability, slope displacement, and slope damage. 

The outcome of this research is summarized in a preliminary, qualitative slope damage 

interaction matrix, presented in Table 8-4. An interaction matrix is a schematic tool that 

is capable of describing the behavior of complex systems, in which project-specific 

leading elements (forming the diagonal of the matrix) interact with each other following a 

“cause-process-effect” scheme (Hudson, 1992). In the proposed slope damage 

interaction matrix, the leading elements are geological factors that were noted to play a 

major role in the formation and evolution of slope damage features at the case studies 

presented in this thesis. The processes and features resulting from each interaction, with 

a focus on the slope damage mechanisms, are described in the out-of-diagonal cells. 
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Table 8-3 Summary of the slope damage features observed at the investigated sites, and the geological slope processes responsible for their formation and evolution. 

Site 
Geological processes 

and factors Effect on rock slope Slope damage mechanism Slope damage features References 

Hope Slide (BC) 

Glacial retreat 
Promoted prehistoric failure 
Enhanced kinematic freedom 

Induced high residual pore pressure 
Tension cracks? 
Brittle fracturing along rupture surface? 
Slope heave at the toe? 

This study; 
Brideau et al. (2008); 
Von Sacken (1991); 
Mathews and McTaggart (1969, 
1978). 

Prehistoric failure* 
Provided kinematic freedom 
Initiated long-term slope deformation 
Induced the 1965 failure 

Debuttressing and stress redistribution 
Brittle fracturing and sub-critical crack growth along 
rupture surface 
Counterscarps at the crest 

Rock mass weathering 
and alteration Rockfall 

Minor surface instabilities 
Decrease of discontinuity strength parameters 
Decrease in rock mass quality 

Rock mass dilation 
Brittle propagation of fractures 

Freeze-thaw cycles 

Downie Slide (BC) 

Glacial retreat* 
Enhanced kinematic freedom 
Promoted slope deformation 

Induced high residual pore pressure 

Formation of upper and lower shear zones 

This study; 
Kalenchuk et al. (2009); 
BCHydro (2010); 
Kjelland (2004); 
Piteau et al. (1978). 

River incision* 
Steepening of the slope 
Enhanced kinematic freedom 
Promoted slope deformation 

Stress concentration at the toe 

Lithology and structural 
setting 

Foliation provided basal release surface 
Complex morphology of rupture surface 
Low rock mass quality within fault damage zone 

Complex stress distribution within the slide 
Promoted differential slope deformation 
Increased internal slope damage along shear zones, 
causing thickening of shear zones 

Differential slope 
deformation 

Separation of the slide into blocks 
Kinematic freedom provided to upper slope 

Various strain rate distribution within the slide 

Shear, dilation, and cracking in transition zone 
Shearing along shear zones 
Tension cracks in the lower slope 
Activation of secondary failure in upper slope 

Complex ground water 
regime 

Complex distribution of pore pressure throughout slide 
body 

Decreased shear strength along discontinuities and 
rupture surface (particularly in lower slope) 

Promoted differential displacement and cracking. 

Reservoir infilling 
Disturbance in ground water regime (balanced by 
drainage system) 

- - 

San Leo (Italy) 

Lithology and structural 
setting 

Promoted softening and erosion of the clay shale 
Decreased the quality of the rock mass forming the 
plateau 
Promoted rainfall infiltration in the plateau 
Subdivided the plateau in slender slabs 

Progressive lateral spreading and erosion of the plateau 
Previous rock slope failures 
Faults caused westward propagation of the instability 

Small scale structurally controlled instability (e.g., 
rockfall) 

This study; 
Spreafico et al. (2016a); 
Spreafico et al. (2017); 
Borgatti et al. (2015). 

Groundwater regime Promoted occurrence of springs at the base of plateau 
Seepage 
Decrease of effective stresses along discontinuities 

Clay softening and erosion 
Decrease discontinuity strength 

Clay softening and 
erosion* 

Causes undermining of the rocky plateau Stress concentration at the tip of discontinuities Brittle propagation of fractures 

Promote lateral spreading Plastic strain and deformation in clay 
Long-term rock mass dilation 
Progressive opening of sub-vertical fractures 
Discontinuity surface alteration 

*: inferred critical geological process 
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Table 8-4 Preliminary slope damage interaction matrix. 
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8.2. Research contributions 

The main contributions of this research include: 

• Defines the concept of “slope damage” as the geological and geomorphic 
features that develop within a slope as a result of its deformation. Introduces 
new and modified descriptors to classify slope damage features based on a) 
the spatial distribution within the slope (focused vs. distributed, internal vs. 
external) and b) the type of failure (shear vs. tensile). Highlights the 
importance of characterizing slope damage features to investigate the stability 
and deformation style of unstable slopes; 

• Highlights the role of lithological, geomorphic, structural, and hydrogeological 
settings on the formation and evolution of slope damage in rock and soil 
slopes; 

• Proposes new methods for mapping slope damage features using remote 
sensing techniques, including laser scanning, digital photogrammetry, high-
resolution photography, infrared thermography, and hyperspectral imaging. 
Investigates the advantages and limitations of each remote sensing technique 
in the characterization of slope damage at long range. Introduces methods for 
the mapping and characterization of slope damage in rock slopes. Proposes 
new techniques for characterizing brittle damage intensity combining 2D and 
3D datasets. Advances the concepts and application of slope damage 
domains. Illustrates potential applications of an integrated, multi-sensor 
remote sensing approach; illustrates the use of remote sensing fractography 

• Develops and applies new methods for characterizing the spatial and temporal 
distribution of slope damage. Innovative thematic maps are proposed to 
illustrate the spatial distribution of slope damage intensity SD21 in soil and rock 
slopes, such as External Discrete Slope Damage Feature maps (EDSDF), 
External Slope damage Intensity Cell maps (ESDICe), and External Slope 
damage Intensity Contour maps (ESDICo); 

• Highlights the importance of 3D numerical modelling of rock slopes, in order to 
realistically simulate the observed kinematic conditions and the formation and 
development of slope damage within the slope model; 

• Investigates the long-term slope damage accumulation on the failure of the 
1965 Hope Slide, highlighting the role of kinematics and geomorphic evolution 
of the slope on the failure. Uses a 3D DEM approach to simulate for the first 
time the progressive failure and kinematics of the Hope Slide, and to 
characterize the accumulation of simulated slope dilation damage; 

• Provides an in-depth analysis of the slope damage observed at the Downie 
Slide. Using geostatistical – GIS approaches highlights the close correlation 
between the observed orientation and distribution of slope damage at surface 
and the 3D morphology of the lower shear zone, reconstructed using borehole 



 

307 

data; shows the potential existence of a previously unidentified structure and 
damage zone on the Downie slide. 

• Presents a new strain-softening 3D DEM numerical modelling analysis of the 
Downie Slide to successfully simulate the formation and evolution of slope 
damage features constrained against ALS surface damage characteristics. 
The numerical model includes a virtual monitoring system (inclinometers), and 
was constrained against the deformations observed in-situ, using borehole 
inclinometers and ground survey; 

• Presents data from damage mapping conducted at the San Leo landslide 
Demonstrates an innovative combined brittle fracture modelling approach 
using both 3D lattice-spring and 2D FDEM to simulate the development and 
accumulation of brittle damage prior and during the failure of the 2014 San 
Leo landslide, providing new insight on the varying kinematics condition of the 
slope prior to and during the event; 

• Summarizes the damage research conducted by considering the relationships 
between slope scale and rock mass quality and then presents an innovative 
qualitative slope damage interaction matrix, describing the effects of various 
geological factors on the slope deformation and slope damage accumulation. 

8.3. Recommendations for future work 

The characterization of slope damage using remote sensing and numerical 

modelling techniques was found to provide important insights on the processes 

governing the deformation and progressive failure of rock slopes. In the course of this 

study, several important potential research topics have emerged that may benefit from 

further investigations. These include: 

• The coupled investigation of the spatial and temporal characterization of rock 
slope damage with slope monitoring, including borehole techniques (e.g., 
inclinometers, piezometers), change detection, and acoustic 
emission/microseismicity, in order to improve our understanding of the 
processes that affect the formation and development of slope damage at 
specific sites; 

• The application of a multi-sensor, remote sensing approach to characterize 
the GSI and its spatial distribution throughout the slope, at varied ranges and 
scales. In particular, the potential application of hyperspectral imaging to the 
analysis of discontinuity infilling, surface alteration, and weathering may prove 
useful in investigating rock mass joint conditions for effectively estimating GSI; 

• The development and application of machine learning (ML) approaches for the 
semi-automated slope damage mapping and characterization across large, 
multi-sensor remote sensing datasets; 
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• The further development of a “slope damage GSI chart”, which may improve 
our ability in estimating equivalent rock mass geomechanical properties to be 
used as input for numerical modelling investigations. 

The numerical modelling analyses described in this research improved our 

understanding of the factors controlling the failure of three rock slopes. Selected 

modification and upgrades may be applied to the numerical models to obtain further 

insight on the governing factors. 

In the numerical model of the Hope Slide:  

• A parametric analysis on the normal and shear stiffness of the rupture surface 
may be undertaken, in order to observe the effects on the displacement 
magnitude throughout the analysis, and potentially reproduce the slope 
damage features observed in the pre-failure slope topography; 

• A cohesion degradation approach (Kemeny, 2005) may be implemented to 
simulate the time-dependent propagation of cracks along the developing 
rupture surface, and thus modelling the progressive accumulation of focused, 
internal slope damage; 

• The effects of below-freezing temperature on the groundwater pressure may 
be investigated, in order to identify the impact on the effective stresses along 
the rupture surface at the time of failure. 

In the numerical model of the Downie Slide: 

• The implementation of a more sophisticated groundwater 3D model may 
provide an improved insight on the interaction between ground water pressure 
distribution and slope deformation; 

• The use of varied rock mass properties, based on the observed rock slope 
damage in each slide block, may further enhance our ability to reproduce the 
observed spatial distribution of displacement rates and displacement 
orientations; 

• A parametric analysis of the strain-softening parameters may provide further 
insights on the effects of slope damage accumulation on the post-peak 
behavior of the rock mass. 

In the numerical model of the San Leo landslide: 

• The numerical investigation using a large strain, 3D FDEM code (e.g., 
Irazu3D) may provide a more realistic simulation of the failure, allowing for the 
post-failure behavior of detached block to be simulated, and a “total slope 
analysis” (Stead and Coggan, 2006) to be undertaken. 
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8.4. Final remarks on damage in rock slopes 

This thesis has clearly demonstrated the importance of considering damage in 

slope stability investigations. State-of-the-art remote sensing systems combined with 

machine-learning approaches offer considerable potential for improved characterization 

of surface slope damage features. Additional research on characterizing internal slope 

damage is essential using borehole and geophysical techniques. Such a combination of 

external and internal slope damage characterization would provide a greatly improved 

and required basis for undertaking future two- and three-dimensional brittle fracture-

kinematic numerical models. This research is intended to provide a foundation based on 

field, remote sensing, and numerical modelling of case studies to encourage future 

research on spatio-temporal rock slope damage characterization. 
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Appendix A.   
 
Final remarks on the Downie Slide modelling 

The slope damage mapping and numerical modelling at the Downie Slide was 

undertaken in order to highlight the areas, within the slide, where the collection of 

additional data may allow a better constraint on the geological model of the slide and, in 

turn, on the numerical model. It was observed that the distribution of slope damage at 

surface and the displacement azimuth are strictly correlated with the morphology of the 

lower shear zone. The reconstructed 3D shear zone is well constrained in the lower part 

of the slope, where a high borehole density exists. Conversely, in the central part of the 

slope the borehole density is lower, and no borehole is located within the upper slope, 

referred to as Upper Hummock Domain (Westin, 2017). Additionally, a low constraint 

exists on the morphology of the reconstructed shear zone along the southern scarp of 

the Downie Slide. In order to improve the confidence of the reconstructed surface, 

additional investigations in these areas are suggested. The numerical model of the 

Downie Slide described in this research should be progressively implemented with newly 

collected data, in order to “keep it up-to-date” and to progressively improve the quality of 

the input data, and thus the reliability of the numerical simulations. 
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Appendix B.   
 
Underground field procedures at the Downie Slide 

The construction of three-dimensional models using close-range photogrammetry 

in the drainage adit is challenging, due to the limited space, lighting conditions, and the 

absence of GPS signal for registration of the camera stations. 

To allow for a relative model registration to be conducted, the relative position of 

the camera stations was planned in advance. This objective was achieved through the 

construction of a temporary grid structure that indicated the locations of the camera 

stations (fig. A1a). Using such structure, successive camera stations could be offset of a 

known value both in the X and Y directions, in order to limit the degrees of freedom of 

the model. Note that using “in line” camera stations would not allow the TDP/SfM 

software to “fix” the model in the correct orientation. By knowing the orientation of the 

structure, the relative location of the camera stations can be computed. 

Note the area covered by the photographs should be within the depth of field, in 

order to avoid blurriness. At very short range, for small tunnels, consider keeping the 

camera at the center of the tunnel section, in order to ensure that the top and the bottom 

of the tunnel walls are about at the same distance, and within the depth of field (fig. 

A1b). 

Figure A2 shows a photograph of the survey station in drainage adit 1 at the 

Downie Slide. In this instance, the lighting system consisted of one high-intensity LED 

lamp (part of AdamTechnology lighting system) on the ground, and two 160 LED lamps 

on tripod (35 CAD each on Amazon.ca). 
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Figure B1: Underground survey planning used in the drainage adit 1 at Downie 
Slide. a: plan view of the planned relative location of the camera 
stations; b: section view showing the ideal location of the camera in 
a narrow tunnel. 

 

Figure B2: Typical camera station set-up used to perform close range 
photogrammetry in the drainage adit 1 at the Downie Slide. Note the 
presence of three light source to ensure uniform lighting conditions, 
and the grid used to mark the location of the camera stations. 
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The following workflow can be followed: 

• Set up the lighting system; 

• Lie the grid on the ground, parallel to the tunnel face; 

• Using a compass, measure the azimuth of the center line of the grid; 

• Place tripod and camera on the first camera location; 

• Measure the height from the centre of the lens to the ground; 

• Take the photographs, and take notes of the first and last saved picture ID in 
the camera. Redundancy is beneficial: capture vertical strip of pictures 
maintaining a high overlap (80%); 

• Move the tripod and the camera to the successive camera location. A zig-zag 
pattern needs to be followed to offset the survey stations; 

• It is not necessary to move the lighting system at each station. This should be 
done as soon as shadows start to become visible in the photographs; 

• Back at the office, compute the location of the camera stations using a CAD 
software. Draft a horizontal grid, similar to that used in the field. Then, rotate 
it according to the measured azimuth, and note the new X and Y locations of 
the stations used. Z coordinate will be the height of the lens measured during 
the survey; 

• Create a .csv file with the X, Y, and Z coordinate of each station, to be used as 
control point file. Refer to the photogrammetric software manual for 
instructions on how to assign a known location to the photographs. 
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Appendix C.   
 
A workflow for processing hyperspectral data in 
ENVI 5.5 

The following workflow describes a basic procedure for processing hyperspectral 

data in ENVI. It is designed for dataset obtained with push-broom sensors (such as the 

Specim SWIR3), and ENVI version 5.5. 

• Open the hyperspectral image in ENVI; 

• If necessary, trim using the command “RESIZE DATA”. Select the original 
image, and choose the spatial and spectral range that will be kept. 
Alternatively, a ROI (“Region Of Interest”) can be created and used to define 
the window that will be trimmed; 

• Filter the data using the command “THOR SPECTRAL SMOOTHING”: 

o Set the filter width to 3 

o Set the order of derivative to 2 

• De-stripe the image: 

o Select the command “THOR DE-STRIPING” 

o Select the input, trimmed image 

• Filter the noise using a Minimum Noise Fraction approach: 

o Use the command “FORWARD MNF ESTIMATE NOISE 
STATISTICS” 

o Select the image to filter 

o Set the filename for the noise statistics (e.g., Noisestat.sta) 

o Set the filename for the MNF statistics (e.g., Eigenstat.sta) 

o Set the filename for the output image (e.g., Eigen.img) 

o Look at the resulting distribution curve. High Eigenvalues indicate 
bands with high data/noise values. Take note of the value for which 
Eigenvalue > 3; 

o Optional: export the curve as a spectral library file (e.g., Eigen.sli). 
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o Use the command “INVERSE MNF ROTATION” 

o Select as input file the image Eigen.img; 

o Select as spectral subset, the number of bands with Eigenvalue > 2 
(as noted from before); 

o On the following window, select the MNF statistics (e.g., 
Eigenstat.sta); 

o Choose output filename (e.g., InverseMNF.img); 

• Perform Empirical Line correction (requires calibrated target in the imagery, 
and laboratory spectral calibration data): 

o Create ROIs for the white and black targets in the imagery 

o Create new ROI (ROI tool) 

o Quadrangular polygon, select the area, right click > accept rectangle 

o Extract spectral data of both targets in the image: 

o Right click on ROI name > statistics 

o Export > spectral library > WhiteTarget.sli 

o Repeat for black target (BlackTarget.sli) 

o Use the command “EMPIRICAL LINE CORRECTION”: 

o Select the image to correct (e.g., InverseMNF.img) 

o In field spectra, import the spectral library file obtained from the 
calibration file (Import spectra > Import >[spectral library file] 

o Open the imported spectral library, and select the maximum curve; 

o In data spectra, import the spectral library file obtained from the target 
ROI in the imagery (Import spectra > Import > WhiteTarget.sli; 

o Open the imported spectral library, and select the mean curve; 

o Select the imported libraries in field and data spectra, and click “Enter 
pair”; 

o Repeat the procedure for the black target (use lowest curve from the 
calibration spectral library file), then press “OK”; 

o Select a filename for the output image (e.g., ELcorrected.img) 
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o Check the output calibration curves: white target curve should be 
always close to value 1, black target should be close to 0; 

o Export the calibration results as a spectral library (e.g., 
ELcalibration.sli); 

o Export the calibration file (e.g., ELcalibration.cff) 

o Check that the results are correct. Spectral profile of the pixels of the 
white and black targets should be close to 1 and 0, respectively. If not, 
repeat step 6, making sure the pairing is correct. 

• Perform Empirical Line correction for the MNF image (e.g., Eigen.img) to 
perform end-member recognition using methods such as Pixel Purity Index 
(PPI). 

 

Note that the noise removal (MNF transformation) would be ideally undertaken 

on the corrected, calibrated image. However, using the datasets collected in the field 

during this research, MNF would not complete after the EL correction. The causes for 

such behavior are presently unclear, and will be investigated in future analyses. For 

more information on the processing of hyperspectral data, the reader is also referred to 

Kurz et al. (2013). 

 


