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Abstract 

High, near-vertical rock faces were investigated to determine the role of intact rock 

fracturing in rockfall initiation. Terrestrial LiDAR and photogrammetry were used to 

characterize historical and recent rockfall failure surfaces at two sites – one natural cliff 

face, and one engineered mine wall. Intact rock fracturing associated with each rockfall 

was estimated by comparing failure surface geometry to mapped discontinuity orientation 

and persistence; and by the application of two point cloud roughness analysis techniques. 

Estimates of intact rock bridge proportion provided the constraints for input parameters of 

slope-scale distinct element models. These models used a time-dependent strength 

degradation code, applied to a Voronoi network, to reproduce observed failure 

mechanisms. These analyses also provided the basis for proposed LiDAR monitoring at 

each site, and a system for classifying and prioritizing areas of high rockfall initiation 

hazard. Results of this research allow for better understanding of the interaction between 

intact rock bridges and discontinuities in high vertical slopes. 

Keywords:  Rockfall; rock mechanics; remote sensing; LiDAR; rock slope modelling; 
intact rock fracturing 
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 Introduction 

1.1. Motivation 

It has long been recognized that the stability of a rock mass is not only dependent 

on the size and orientation of its discontinuities, but also on the intact rock bridges in 

between the discontinuities (Figure 1-1). The probability that a rock mass will fail mainly 

depends on the proportion of rock bridges in the failure surface (Elmo et al., 2011; 

Frayssines & Hantz, 2006; Tuckey & Stead, 2016). The mechanisms of intact rock 

fracturing and their applications to hazard evaluation have been studied extensively. 

Research on this subject covers a range of settings, including laboratory testing, large 

open-pit and natural slopes, and high in-situ stress underground excavations. However, 

the role of intact rock fracture in small-scale slope failures such as rockfalls has been less 

widely studied. 

There are two main motivations for studying the role of intact rock fracturing in 

rockfall. First, rockfall involving intact rock fracture is typically hard to predict. In a blocky 

rock mass with strong intact rock, even a small proportion of rock bridge in a potential 

failure surface could maintain stability for a considerable period of time, from decades to 

centuries. Precursory displacement is typically very low magnitude and often occurs over 

a period of days or even hours. Second, discrete rockfalls in a strong blocky rock mass 

often leave a well-defined failure surface, which can be forensically analyzed to help 

understand the failure mechanisms leading to the rockfall, and also potentially distinguish 

between pre-existing discontinuities, and recently fractured rock bridges. 

In this thesis, two case studies are presented where rockfall is initiated by the 

fracturing of intact rock on high, near-vertical rock slopes. High-resolution remote sensing 

methods are used to provide a more complete understanding of the pre-failure conditions 

leading to rockfall. This forensic evaluation can then be used in better predicting and 
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managing rockfall hazards at these sites; the findings of this research can be used to 

develop recommendations for considering intact rock fracture in future rockfall hazard 

evaluations.  

 

Figure 1-1: Rock bridge between two discontinuities in a blocky outcrop on 
Decker Mountain, BC. Skier for scale. (E. Moase photograph, with 
permission) 

1.2. Objectives 

This thesis focusses on slopes prone to rockfall where intact rock fracturing is 

required for rockfall initiation. The principal research objectives are: 

1. Evaluate methods for determining the contribution of intact rock fracturing to 
rockfall, both qualitatively and quantitatively, by characterizing rockfall failure 
surfaces using remote sensing. 

2. Propose monitoring techniques suitable for periodic change detection and 
investigation of these types of failures. 

3. Investigate the applicability of finite element and discrete element numerical 
modelling for simulating brittle fracture-induced rockfall. 
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4. Use research results from characterization, monitoring and modelling to define 
potential rockfall hazards and create recommendations for managing rockfall 
hazard in near-vertical natural and engineered slopes.  

1.3. Thesis Layout 

The thesis is presented in seven chapters, including this introduction. 

 Chapter 2 provides a summary of the relevant literature on rock mass 
characterization, rockfall, and numerical modelling. 

 Chapter 3 describes the remote sensing techniques used in this research 
and introduces the two field sites. 

 Chapter 4 presents an analysis of the north wall of Stawamus Chief, BC. 
Remote sensing is used to evaluate rockfall hazard based on selected 
criteria, which are then used to prioritize areas on the north wall for slope 
displacement monitoring and potential rockfall mitigation. 

 Chapter 5 presents the results of the field study at Diavik Diamond Mine. It 
adopts a focussed approach to the characterization of failure surfaces of 
individual rockfalls observed over a period of several months, to better 
understand the relative contribution of rock bridge fracturing to individual 
rockfalls. 

 Chapter 6 presents preliminary research on conceptual finite element and 
discrete element models of failure modes observed at Stawamus Chief, 
and a slope-scale discrete element model of the contact wall at Diavik 
Diamond Mine. 

 Chapter 7 provides a synthesis of research from both field investigations 
and numerical modelling, and presents conclusions and recommendations 
for future work.  
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 Literature Review 

2.1. Characterizing Brittle Rock Slopes 

The stability of a rock slope and its potential for failure is dependent on the 

characteristics of the rock mass in which it is found. In engineering, the term rock mass 

refers to an in-situ volume comprising unbroken, intact rock, and the fractures, faults and 

discontinuities that dissect it. The behaviour of a rock slope is controlled by the strength 

of the intact rock and discontinuities, and the interaction between the two components. 

Rock slope failure is therefore influenced by a combination of intact rock strength and the 

presence and characteristics of discontinuities. Rock slopes such as those investigated in 

this research are defined by having very strong intact rock, with very low deformability. 

Failure is generally controlled by discontinuities, but the proportion of intact rock bridges 

in a potential failure surface is a significant factor of slope stability (Diederichs, 2003; Elmo 

et al., 2011; Frayssines & Hantz, 2006; Kim et al., 2007; Moffitt et al., 2007). 

Methods for classifying a rock mass are generally based on empirical relations that 

incorporate intact rock and discontinuity properties. Examples of these systems are the 

Geological Strength Index (GSI) (Hoek et al., 1992, 2002), Rock Mass Rating (RMR) 

(Bieniawski, 1978), and the Tunnelling Quality (Q) Index (Barton, 2002; Barton et al., 1974; 

Norwegian Geotechnical Institute, 2015). Empirical relations exist to derive rock mass 

strength parameters from each of these ratings systems, with GSI likely being the most 

widely used for this purpose. However, these classification systems assume 

homogeneous and isotropic behaviour; and should not be applied in cases of intact rock 

or sparsely jointed rock mass, where failure is controlled by one or two individual 

discontinuities (Hoek et al., 2013). 

Discontinuity characteristics which influence rock mass strength can be  

considered under the following categories: orientation, size and shape, spacing, aperture, 

fluid conductivity, surface geometry, strength and stiffness (Priest, 2004). Methods for 

discontinuity characterization in a rock slope include both direct field mapping of the 

exposed rock slope and mapping of digital models produced by remote sensing. In both 

cases, discontinuity properties are measured from the trace of the intersection of the 
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discontinuity on the rock face, or from the exposed surface of a discontinuity. Borehole 

methods, including oriented core logging and borehole televiewer surveys, also allow for 

characterizing discontinuities.  

In order to obtain an accurate representation of rock mass discontinuities, a 

rigorous statistical approach must be adopted in the measurement of discontinuity 

parameters and subsequent data processing. Scanline and window mapping are the two 

most commonly used methods (Figure 2-1, Rohrbaugh et al., 2002, Figure 2-2, 

Sturzenegger & Stead, 2009a), and techniques for both are outlined in ISRM (1978) and 

Priest (1993). More recent work has suggested modified mapping methods to improve the 

statistical accuracy of discontinuity density and intensity estimates, including circular 

windows (Mauldon et al., 2001; Rohrbaugh et al., 2002) and corrections for orientation 

bias in rectangular windows (Wu et al., 2011). Areal mapping is increasingly common with 

the ability to remotely sense entire rock faces and automatically characterize 

discontinuities. Advantages and bias associated with each mapping technique are 

described below. Specific considerations for mapping of remote sensing data have been 

described in Sturzenegger et al. (2011) and Sturzenegger & Stead (2009a, 2009b). 

  

Figure 2-1: Discontinuities sampled using a) areal sampling, b) scanline 
sampling and c) circular window sampling. Adapted from 
Rohrbaugh et al. (2002). 

©AAPG, 2002. Reprinted by permission of the AAPG, whose permission is required for further 
use. 
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Figure 2-2: a) A processed LIDAR point cloud with a sampling window and b) 
circles manually fitted to recognizable discontinuities. 
(Sturzenegger & Stead, 2009a) 

2.1.1. Discontinuity Orientation 

The orientation of a discontinuity is represented by the dip angle from horizontal 

and the dip direction. Orientation measurements form the basis of simple kinematic 

assessment. The orientation and distribution of discontinuities with respect to the slope 

geometry will determine the kinematic freedom of a block bounded by the discontinuities, 

and its potential to cause a rigid block failure. Discontinuity orientation is often described 

by the mean orientation of a set, with a certain amount of scatter surrounding the mean 

orientation. The degree of scatter is described by a probability density function known as 

the Fisher distribution, which is defined by a constant, the Fisher K (Fisher, 1953; Kemeny 

& Post, 2003; Priest, 1993). 

Orientation, by definition, assumes a smooth, planar discontinuity. Roughness, 

undulation and curvature of a discontinuity can affect measurement accuracy (Kemeny & 

Post, 2003; Sturzenegger & Stead, 2009a). Outcrop mapping involves several compass 

measurements on the same discontinuity which can be averaged. Measurements made 

on remotely sensed surfaces can be made by fitting a plane to a large number of points 

on the discontinuity surface, and are arguably more accurate.  
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Orientation bias occurs when scanlines or windows are sub-parallel to 

discontinuities (Terzaghi, 1965). An additional orientation bias is introduced in remotely 

sensed data, when discontinuities are sub-parallel to the line of sight of the instrument and 

are occluded, as in Figure 2-3 (Lato et al., 2009; Sturzenegger & Stead, 2009a). Ideally, 

multiple scanlines or windows should be mapped on different aspects of the rock slope, 

and multiple scan locations should be selected to limit orientation biases. A trigonometric 

correction (Terzaghi, 1965) can be applied to further overcome orientation bias, although 

its use is not recommended when the discontinuity set is near parallel to the sampling 

domain.  

 

Figure 2-3: Faces parallel to remote sensing line of sight are prone to occlusion 
and orientation bias. After Sturzenegger & Stead, (2009a) 

2.1.2. Discontinuity Persistence 

Persistence is a description of discontinuity size, and is perhaps one of the more 

difficult parameters to measure and quantify accurately (Sturzenegger & Stead, 2009a). 

In theory, persistence can be described as the diameter of an idealized ellipsoidal 

discontinuity (Jennings, 1970). In practice, persistence is measured as the length of the 

trace which intersects a scanline or mapping window (Zhang & Einstein, 1998). The true 

shape and size of a discontinuity is not known, as it requires an observation of the interior 

of the rock mass (Dershowitz & Einstein, 1988).  
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Because persistence can only be measured at the exposure of a rock slope, 

several forms of bias are introduced. Short traces may be excluded from mapping, 

resulting in truncation (Priest, 1993). Often this is intentional, as mapping of short traces 

is labour intensive and may not provide a meaningful interpretation of rock mass 

properties. Shorter discontinuities are also less likely to intersect a scanline (Zhang & 

Einstein, 2000).  

Censoring occurs when the length of a discontinuity extends beyond the sampling 

region, underestimating the persistence (Priest, 1993). This can result either from the trace 

extending beyond the bounds of a mapping window, or from the ends of a trace being 

obscured or covered by overburden, vegetation, or having been eroded. The f-bias, 

suggested by Priest (2004), recognizes that traces on a rock face are chords produced by 

random sections across a circular discontinuity and therefore are likely not representative 

of the true diameter of the discontinuity. Examples of these sources of bias are shown in 

Figure 2-4 (Tuckey, 2012). 

 

Figure 2-4:  Illustration of sources of bias. After Tuckey (2012)  
 A: discontinuities sub-parallel to exposure orientation are not sampled.  
 B: Traces extending beyond visible exposure are censored.  
 C: Short traces are less likely to intersect scanlines, resulting in length bias. Scanlines 

are oriented orthogonal to major discontinuity sets. 

A scale bias unique to remote sensing occurs when the size of a discontinuity is 

smaller than the resolution of the system (Sturzenegger & Stead, 2009b). Large 

discontinuities that appear to be extremely persistent (for example, greater than 40 m) 
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may comprise stepped discontinuities with fractured intact rock between non-persistent 

discontinuity sets (Figure 2-5). These forms of bias typically occur in long range surveys, 

where higher resolution is not possible due to lack of accessibility.  

 

Figure 2-5: Scale bias that could occur from remote sensing. Several short, 
steeply dipping interconnected discontinuities (black) were mapped 
as a single extremely persistent discontinuity (white) (Sturzenegger 
and Stead 2009b, licensed under CC BY 3.0) 

2.1.3. Discontinuity Spacing 

Discontinuity spacing is a measure of fracture frequency, either of a specific 

discontinuity set or as a general measurement along a scanline. Spacing of a specific 

discontinuity set is measured along the normal of the discontinuity plane. Priest, (1993) 

notes that the discontinuity spacing on an outcrop is an apparent spacing, and differs from 

the true spacing depending on the orientation of the exposed rock face. The linear 

frequency of a discontinuity set (λ) can be derived from the observed frequency (λs) by the 

equation 

 λ = λ cos δ (2-1) 
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where δ is the angle between the scanline and the normal to the set (Priest, 1993). 

Scanline measurements of discontinuity frequency are also subject to random variation 

based on the location of the line. 

Spacing is often referred to in engineering literature and used in numerical models 

with simple geometries, and is a useful measure in blocky rock masses with regular joint 

sets or bedding planes. However, spacing is an isolated parameter that does not 

necessarily describe discontinuity abundance (Dershowitz & Einstein, 1988), and is limited 

in use when described rock masses without fully continuous joints.  

2.1.4. Discontinuity Aperture, Roughness, Infill and Weathering 

Aperture, roughness, infill and weathering are discontinuity conditions that directly 

affect the shear strength of a discontinuity. These parameters are incorporated individually 

in both the RMR and Q systems, and under a ‘surface quality’ parameter in GSI.  

Aperture refers to the open width of a discontinuity and relates directly to the fluid 

conductivity of a discontinuity. In a rock mass where fluid flow is discontinuity controlled, 

this is one of the controlling factors in the permeability of the rock mass. 

Roughness describes the deviation from planar of a discontinuity surface, referring 

to millimetre- to centimetre-scale irregularities on the surface, known as asperities (Figure 

2-6). Roughness is often described by the Joint Roughness Coefficient (JRC, Barton & 

Choubey, 1977), or by the Joint Roughness number (Jr) in the Q system (Barton, 2013; 

Barton et al., 1974). An extensive number of empirical relations have been proposed to 

estimate joint roughness and associated shear strength from manual or remotely sensed 

measurements, a detailed list of which can be found in Li & Zhang (2015). These 

techniques can be a simple measure of the distance of a point from a best-fit plane 

(Sturzenegger & Stead, 2009a), or more complex directional analyses of surfaces (Tatone 

& Grasselli, 2009). Roughness measurements are scale dependent, and in the case of 

remote sensing, also resolution dependent.  
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Figure 2-6: Roughness can be defined as deviation from the average plane of a 
surface (Sturzenegger & Stead, 2009a) 

Infill and weathering are secondary characteristics of a discontinuity, and can 

increase or decrease the shear strength of a discontinuity relative to its fresh surface. Infill 

with fault gouge or clay will reduce cohesion and frictional strength, whereas hydrothermal 

precipitation of minerals such as quartz may act to heal the discontinuity and increase 

cohesion. A discontinuity can be locally weathered, leaving residual rock bridges, 

significantly reducing tensile strength, or healed through secondary cementation, 

increasing tensile strength to near that of the parent rock (Shang et al., 2016). 

Alteration is described by the Ja coefficient in the Q Index (Barton et al., 1974; 

Norwegian Geotechnical Institute, 2015), and the quotient Jr/Ja can be used as an  

approximation of the tangent of the joint friction angle. These secondary characteristics 

are difficult to observe in remotely sensed data. Hyperspectral imaging may have the 

potential to identify clays and alteration minerals present in joints (Kurz et al., 2008), 

although accurate evaluation of infill shear strength requires direct observation and 

testing. 

2.1.5. Discontinuity Mean Trace Length 

Determining the mean trace length of discontinuities within a rock mass is 

important in building stochastic discontinuity models of a rock mass such as Discrete 

Fracture Networks (DFNs). Window sampling methods will invariably introduce censoring, 

truncation and size bias, which must be corrected when estimating mean discontinuity 

trace length on an infinite surface (Zhang & Einstein, 1998). Using a circular window to 

remove directional bias, the mean trace length μ can be estimated by the relation: 
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𝜇 =

𝜋(𝑁 + 𝑁 − 𝑁 )

2(𝑁 − 𝑁 + 𝑁 )
𝑐 (2-2) 

where c is the radius of the sampling window, N is the total number of traces intersecting 

the sampling window, and N0 and N2 are, respectively, the number of traces with both 

ends censored and both ends sampled within the circular window (Figure 2-7). It should 

be noted that cases where either N0 or N2 are equal to N result in an infinite or zero mean 

trace length, respectively, and indicate an inadequate window choice. 

 

Figure 2-7: A circular sampling window showing multiple traces with both ends 
contained, one end contained, or both ends censored. After Zhang 
and Einstein, (1998) 

It has been suggested that rectangular window mapping methods produce more 

accurate mean trace length estimates (Wu et al., 2011). The directional bias introduced 

by a rectangular window can be corrected and mean trace length can be derived using: 

 
𝜇 =

𝑤ℎ(1 + 𝑅 − 𝑅 )

(1 − 𝑅 + 𝑅 )(𝑤𝐵 + ℎ𝐴)
 (2-3) 
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where w and h are the width and height of the rectangle, R0 and R2 are respectively, 

fractions of discontinuities with both ends censored and both ends contained within the 

window, and A and B are directional correction factors based on the orientation of the 

exposed rock face and probability distribution functions of discontinuity orientations. 

2.1.6. Termination Type 

Joint termination type is used to evaluate relative hierarchies of discontinuities in 

a rock mass (Priest, 1993). Younger, less persistent discontinuities are likely to terminate 

in a ‘T’ against older more persistent discontinuities. Examples of these include bedding-

perpendicular tensile fractures in sedimentary rock, or step-path fractures in sheet jointing. 

Discontinuities may terminate in intact rock, either with or without curvature, or with 

bifurcation at the end (Dershowitz & Einstein, 1988). Curvature at the termination can be 

indicative of rock damage, such as from blasting, whereas terminations in intact rock with 

no curvature likely indicate a relatively undisturbed rock mass. 

2.1.7. Discontinuity Density and Intensity 

Discontinuity density and intensity are used as statistical representations of 

discontinuity “abundance” within a rock mass (Dershowitz et al., 1998). These values can 

be defined in the dimension of the sampling domain, such as a scanline or window, or in 

terms of length or area of the discontinuity (Sturzenegger et al., 2011). Fracture density 

and intensity are used in DFNs to determine maximum block sizes, and are defined in the 

DFN code FracMan (Dershowitz et al., 1998; Golder Associates, 2009). Discontinuity 

density is defined as the number of trace counts per unit length of a scanline (P10), number 

of traces per unit area of a window (P20), or number of fractures per unit volume of rock 

mass, (P30). Discontinuity intensity can be linear, areal, or volumetric, and defined as the 

number of trace counts per unit length of a scanline (P10), the length of discontinuity traces 

per unit area of a window (P21), or area of fractures per unit volume of rock mass (P32). 

Volumetric intensity cannot be directly measured, although it can be inferred using linear 

correlations with linear (P10) or areal (P21) intensities (Dershowitz & Herda, 1992). 
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Techniques for estimating discontinuity intensity from remote sensing data and 

deriving DFN and block sizes and shape are described in Sturzenegger et al., (2011) and 

further implemented in Sturzenegger et al., (2015). It is noted by these authors that 

medium- and long-range remote sensing is not yet reliable for estimation of discontinuity 

intensity due to scale effects at these distances.  

2.2. Characterization of Rockfall Detachment Zones 

Rockfall is defined as “Detachment, fall, rolling, and bouncing of rock fragments” 

(Cruden & Varnes, 1996; Hungr et al., 2014). Rockfalls are characterized by rock 

fragments moving independently as rigid bodies, with little dynamic interaction between 

them. This is in contrast to a rock avalanche, wherein fragments move in a flow-like 

manner as a semi-cohesive mass. Rockfalls are generally of a limited volume; no 

maximum volume definition has been widely accepted, although most examples are 

typically under 10,000 m3. The mechanism of fragment detachment is often a rigid slide 

such as wedge or planar failures, or block toppling. 

Rockfall fragment size, shape and failure mechanism are controlled by structural 

conditions, such as discontinuities, with respect to the slope orientation, as well as rock 

mass properties (Vandewater et al., 2005). Using mapped structural data, along with rock 

mass strength properties, a kinematic analysis can indicate the potential of a rock slope 

for toppling, wedge sliding failure, or planar sliding failure (Lato et al., 2012). Ravelling is 

an additional failure mechanism, and typically occurs in weak or irregularly jointed rock 

masses. The potential for kinematic failure or ravelling in the presence of a trigger can be 

used to qualitatively or quantitatively determine the susceptibility of a rock face to rockfall 

(Crosta & Agliardi, 2003; Frattini et al., 2008).  

Trigger mechanisms and conditions have been extensively studied, and are often 

categorized as phenomena and conditions that promote rockfall and those that cause the 

actual detachment (Dorren, 2003). In practice, this distinction is difficult, since rockfall 

initiation is often the result of a combination of environmental and geological factors. 

Rockfalls can often be correlated temporally with environmental events such as heavy 

rainfall, rapid snowmelt or freeze-thaw cycles, which can cause sudden changes in the 
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stress state of discontinuities leading to failure (Stock et al., 2012). The effects of diurnal 

heating and cooling has also been identified as a trigger, as the cyclic expansion and 

contraction of blocks leads to propagation of fractures (Collins & Stock, 2016). Root 

penetration and wedging of joints is a similar but more gradual cause, and is believed to 

be one of the conditions leading to the April 19, 2015 Stawamus Chief rockfall (Golder 

Associates, 2015b). Stress relief due to excavation is a contributing factor in engineered 

slope rockfalls, particularly in open pit mines where significant overburden is removed 

(Zavodni, 2000).  

A significant number of rockfalls, however, cannot be correlated to such conditions. 

For example, thirty-three percent of recorded rockfalls in Yosemite do not have a 

recognized trigger (Stock et al., 2012). This indicates the possibility of subtle changes 

occurring along discontinuities, such as sub-critical crack growth (Bahat et al., 1999). This 

occurs slowly over time until a critical stress is reached, which triggers rapid failure. Rosser 

et al., (2007) also suggest that, while environmental conditions can be linked to patterns 

of rockfall, there is poor correlation to individual events. 

2.2.1. Rockfall Hazard Ratings Systems 

A series of systems have been used to systematically classify rockfall hazard along 

road cuts and other rock slopes, most of which are based on the Oregon Rockfall Hazard 

Rating System (RHRS) (Ferrari et al., 2016; Pierson, 1992). These systems rate rockfall 

hazard by assigning a score based on several categories. The original RHRS included 

categories on slope dimensions, joint orientation and friction, potential block volume, 

climatic factors, and rockfall history. Distinctions are made between slopes dominated by 

discontinuity controlled rockfall and those dominated by erosion controlled rockfall. Some 

variations of the RHRS, such as one recently developed for the Colorado Department of 

Transportation, include a much more detailed rock mass and discontinuity characterization 

(Table 2-1, Santi et al., 2009). 



16 

Table 2-1: Detailed rating categories and scores of the Colorado Rockfall 
Hazard Rating System (Santi et al. 2009) 

Category Rating criteria and scores 

3 points 9 points 27 points 81 points 

1) Slope

Slope height (m) 7.5-15 15-23 23-30 >30

Rockfall frequency > 2 years 1-2 years Yearly, seasonal Year-round 

Average slope angle score 0-2 2-4 4-8 >8

Launching features None (smooth 
slope) 

Minor (<0.6 
surface variation) 

Many (0.6-0.8 
surface variation) 

Major (>0.8 
surface variation) 

Ditch catchment (%) Class 1 (95-100) Class 2 (65-94) Class 3 (30-64) Class 4 (<30) 

2) Climate

Precipitation (mm/yr) <250 250-500 500-900 >900

Annual freeze-thaw cycles 1-5 6-10 11-15 >16

Seepage/water Dry Damp/wet Dripping Running water 

Slope aspect N E, W, NE, NW SE, SW S 

3) Geology
b) Crystalline rocks

Rock character Homogenous/ 
massive 

Small faults/strong 
veins 

Schist shear zone 
<15 cm 

Weak pegmantite/ 
micas/ shear 
zones >15 cm 

Degree of overhang (m) <0.3 0.3-0.6 0.6-1.2 >1.2

Weathering grade Fresh Surface staining Slightly altered Core stones 

c) Discontinuities

Block size (m) 0.3 0.3-0.6 0.6-1.5 >1.5

Number of sets 1 1 plus random 2 >2

Persistence (m) and 
orientation 

<3 and dips into 
slope 

>3 and dips into
slope

<3 and daylights 
out of slope 

>3 and daylights
out of slope

Aperture (mm) Closed 0.1-1 1-5 >5

Weathering conditions Fresh Surface staining Granular infilling Clay infilling 

Friction Rough Undulating Planar Slickenside 
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2.3. Prediction of Rock Slope Failure 

All natural and engineered slopes deform in response to a change in the local 

stress field, such as from excavation (Zavodni, 2000), or deglaciation (Ballantyne et al., 

2014; Evans & Clague, 1994; Hencher et al., 2011). A regressive deformation stage 

occurs which is characterized by an initial response followed by strain hardening, where 

displacement slows or stops. Progressive deformation is defined as an accelerating 

deformation until the slope eventually fails. The acceleration of displacement during this 

phase can depend greatly on the rock mass quality. The transition between regressive 

and progressive deformation is known as the onset of acceleration (Figure 2-8, Dick et al., 

2015). This is followed by the trend update point, which marks a change in the accelerating 

deformation trend or a considerable decrease in noise in the acceleration trend, and finally 

the slope failure. 

 

Figure 2-8: Theoretical cumulative deformation, deformation rate, and inverse 
velocity versus time plots illustrating onset of failure, trend update 
point and slope failure (Dick et al., 2015) 

Several methods exist for predicting the time of failure based on surface 

deformation measurements, such as the inverse-velocity method (Fukuzono, 1985). This 

method estimates time of failure by extrapolation of the inverse velocity trend to zero (in 
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other words, infinite velocity). In brittle rock slopes, where deformation occurs in step-like, 

near-instantaneous displacements, these methods are generally not used to accurately 

predict time of failure (Dick et al., 2015; Rose & Hungr, 2007), although some research 

suggests even small displacements in brittle rock could be used to predict failure (Harries 

et al., 2009).  

Correlations between the areal extent of surface deformation and subsequent 

rockfall is possible due to the high coverage extent and point density of LIDAR. Areas of 

surface deformation in rock slopes have been correlated to eventual failures in many case 

studies (Abellán et al., 2009, 2010; Kromer et al., 2015b). for example, identified 

precursory progressive displacement of up to 0.06 m preceding rockfalls of up to 87 m3. 

All failures were attributed to kinematic instabilities. In Kromer et al. (2015b), the areal 

extents of two small rockfalls (210 m3 and 220 m3) were identified from surface 

deformation measurements, and the volume of a third larger rockfall (4200 m3) was 

estimated within 15 % of the failure volume (Figure 2-9). Kinematic analysis of the 

discontinuities controlling the deformation was used to identify controlling structures and 

thereby predict rockfall volume. In both cases the authors concede that detecting 

precursory displacement is contingent on the time interval between successive terrestrial 

LiDAR surveys being short enough to temporally define the progressive failure stage. 

 

Figure 2-9: Precursory displacement prior to rockfall measured by terrestrial 
LiDAR. (Kromer et al., 2017b) 

Small rockfall events and an accumulation of slope damage can act as precursory 

indicators to large failure events (Kromer et al., 2016; Rosser et al., 2007). The frequency 

and magnitude of precursory activity can be linked to the magnitude and geometry of the 

final failure, with periods of precursory activity increasing prior to increasing magnitude 
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failures (Figure 2-10). Frequent or continuous temporal monitoring with high density 

methods such as terrestrial LiDAR allow for a more detailed inventory of precursory 

rockfall behaviour (Kromer et al., 2017b; Lato et al., 2012).  

 

Figure 2-10: Cumulative standardised monthly rockfall prior to final large scale 
failure. Most high magnitude rockfalls had increasing precursory 
activity (Rosser et al., 2007) 

2.3.1. Slope Monitoring Using Terrestrial LiDAR 

The use of terrestrial LiDAR in monitoring rock slopes has developed rapidly over 

the last decade. The two common objectives of monitoring are the detection and 

quantification of rockfalls (Abellán et al., 2010; Lim et al., 2005; Rosser et al., 2005; Tonini 

& Abellán, 2014) and the measurement of displacements, including those as precursors 

to rockfall (Abellán et al., 2009; Kromer et al., 2015b, 2017a; Oppikofer et al., 2009; 

Schürch et al., 2011; Teza et al., 2007). Both objectives are reliant on the comparison of 

successive 3D point clouds and the analysis of the differences between them.  

Methods for comparing successive 3D point clouds have evolved in accuracy and 

complexity over time. Early work involved the gridding of 3D point clouds to digital 

elevation models (Jaboyedoff et al., 2009; Lim et al., 2005). This method, however, limits 

the measurement of displacement or changes to a single dimension (Abellán et al., 2014). 

Direct measurements between points in two point clouds, or between a mesh and a point 
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cloud will propagate range and resolution uncertainties. Several methods have been 

developed to overcome this challenge and improve accuracy, such as the use of nearest 

neighbour averaging algorithms (Abellán et al., 2014) and more complex determinations 

of normal vectors using multi-scale model comparisons (Kromer et al., 2015b; Lague et 

al., 2013).  

2.4. Numerical Modelling of Brittle Rock Failure 

Numerical modelling is widely used in rock slope engineering. Continuum methods 

such as the finite element and finite difference methods, and discrete element methods 

are the most commonly used to model rock slope stability. While these methods can be 

used to simulate brittle rock failure, more advanced methods, such as hybrid finite-discrete 

element codes, spherical particle discrete element codes, and synthetic rock mass (SRM) 

approaches have been increasingly adopted for brittle failure (Lisjak & Grasselli, 2014; 

Stead et al., 2006; Stead & Coggan, 2012). While computational requirements and long 

runtimes limit model complexity, arguably more important limitations are the judgement 

and experience of the user and the reliability and certainty of input parameters. Numerical 

modelling results are only useful if they are used in the context of the geological setting 

and observations of the actual rock slope conditions. 

2.4.1. Continuum methods 

Continuum methods use a discrete mesh of connected elements over the model 

domain. Continuum methods can be either implicit-solution Finite Element Method (FEM) 

or explicit-solution Finite Difference Method (FDM). These methods originally treated the 

rock mass as continuous and homogenous, and were used in soft rock and soil slope 

analyses. However, continuum methods are increasingly being used to model 

discontinuous rock masses (Stead & Coggan, 2012). The FEM code RS2 (RocScience, 

2017, formerly known as Phase2) has been used to simulate fracturing in intact rock 

bridges by applying an elasto-plastic Mohr-Coulomb constitutive model, and analyzing 

stress concentrations present within intact rock bridges (Figure 2-11, Sturzenegger & 

Stead, 2012), while anisotropic constitutive criteria have allowed for the modelling of slope 
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failures in anisotropic rock masses. More recently, Voronoi networks have been used in 

FEM models to simulate intact rock fracture in slope failures (Spreafico et al., 2017). 

  

Figure 2-11:  Finite element model showing deviatoric stresses and yielded 
elements in four intact rock bridges along a failure surface. 
(Sturzenegger & Stead, 2012) 

2.4.2. Discontinuum methods 

Discontinuum methods, such as the Discrete Element Method (DEM), treat a rock 

mass as an assembly of discrete blocks separated by discontinuities. These methods 

allow for block deformation as well as independent movement of blocks relative to each 

other, and are well suited for discontinuity controlled failures (Stead & Coggan, 2012). 

Deformation of blocks is modelled using a finite-difference mesh, and displacement on 

discontinuities is simulated by applying a joint constitutive criterion. In using these codes, 

such as UDEC (Universal Discrete Element Code, Itasca, 2017b), the user must consider 

both intact rock and discontinuity controlled displacements and strength parameters.  

UDEC cannot explicitly simulate the failure of intact rock bridges and creation of 

new fractures. However, a Voronoi tessellation function within UDEC can be used to 
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create a network of random polygons to simulate potential brittle failure. The joint strength 

parameters of the Voronoi contacts are set such that they simulate intact rock strength. 

This method has been shown to reproduce brittle fracturing in laboratory scale samples 

(Christianson et al., 2006) and in slopes (Figure 2-12, Alzo’ubi et al., 2010). A modified 

triangular mesh, referred to as ‘Trigon’ has similarly been shown to accurately represent 

laboratory and field level brittle failure (Gao & Stead, 2014; Vivas Becerra, 2014). 

Simulating joints as intact rock presents certain scaling and mesh uncertainties, and 

micromechanical properties of the joints must be carefully calibrated to the material 

properties of the intact rock (Kazerani & Zhao, 2010; Mayer & Stead, 2017).  

 

Figure 2-12: Simulated intact rock failure forming a basal rupture surface in a 
toppling slope, using Voronoi tessellation in UDEC (Alzo’ubi et al., 
2010) 

An alternative method of simulating brittle failure in UDEC uses a fracture 

mechanics approach to simulate the effect of rock bridges in the plane of a discontinuity 

(Kemeny, 2005). Brittle failure is simulated by gradually decreasing the shear strength 

properties of contacts based on the stress state at each contact at each time step. This 
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method is less computationally intensive than the Voronoi method, but requires accurate 

estimates of fracture mechanics properties and can only simulate fracturing coplanar to 

existing discontinuities. 

2.4.3. Hybrid FEM-DEM and Lattice-Spring Models 

Hybrid FEM-DEM codes such as ELFEN (Rockfield Software, 2016) and IRAZU 

(Mahabadi et al., 2012, Geomechanica, 2015) combine finite-element analysis of a 

continuum model with discrete-element analysis of joint interaction and block dynamics 

(Elmo & Stead, 2010). These codes allow for the splitting of continua into discrete blocks, 

thereby simulating fracture propagation. In the solution process, stresses at each element 

are evaluated with respect to user defined failure criteria based on the fracture energy of 

the rock. If the stresses on the element are sufficient to propagate fractures in the 

continuum, a new contact is created, resulting in the formation of new discrete elements. 

ELFEN has been used extensively in simulating fractures in open pit mine slopes. 

Applications of its use include analyzing the effects of intact rock bridge strength in the 

A154 pit at Diavik (Elmo et al., 2009, 2011), the effects of pit slope subsidence due to 

block caving (Vyazmensky et al., 2010), and in back analyses of large scale rock slope 

failure (Havaej, 2015). Three-dimensional FEM-DEM models have been carried out in 

IRAZU (Lisjak et al., 2014; Mahabadi et al., 2014), and greater computing power has 

allowed for more complex, 3D pit-scale models of intact rock fracturing. 

The lattice-spring model is used in the Slope Model (Itasca, 2017a) code, and uses 

a synthetic rock mass (SRM); a bonded-particle assembly representing brittle rock 

containing multiple joints (Pierce et al., 2007). The SRM in Slope Model is a lattice created 

by a random assembly of nodes connected by non-linear springs (Cundall, 2011). This 

lattice allows for the modelling of brittle fracture by considering both the shearing or tension 

along discontinuities and the fracture of intact rock bridges. This method has been used 

to simulate deep-seated bi-planar failure where a higher degree of internal damage is 

required (Figure 2-13), and damage in non-daylighting wedges (Havaej et al., 2013, 2014; 

Tuckey, 2012). 
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Figure 2-13: In-plane and out-of-plane rock bridge failure simulated in Slope 
Model (Havaej & Stead, 2016) 

 

In-plane 
rock bridges 

Out-of-plane 
rock bridges 

Rock bridge 
failure 
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 Research Methods and Field Sites 

3.1. Remote Sensing Techniques Used 

3.1.1. Terrestrial LiDAR 

Terrestrial LiDAR has emerged as a highly effective tool in characterization and 

monitoring of rock slopes (Abellán et al., 2014; Jaboyedoff et al., 2010; Lato et al., 2012; 

Sturzenegger & Stead, 2009a). Terrestrial LiDAR instruments are used to create a high-

density point cloud in a three-dimensional co-ordinate system, which can then be 

analyzed, filtered, and meshed into three-dimensional surfaces to provide detailed models 

of the target slope (Abellán et al., 2014). Subsequently acquired models of the same slope 

can be aligned, and measured differences between them can be interpreted as 

deformation, loss of material (i.e. rockfall) or accumulation (Abellán et al., 2009; Kromer 

et al., 2015b, 2017a; Oppikofer et al., 2009; Sampaleanu et al., 2016).  

Principle of Operation 

Time-of-flight LiDAR instruments operate on the principle of accurately measuring the time 

between transmission of a very short pulse of laser radiation and detection of the reflected 

signal (Petrie & Toth, 2009). These instruments consist of a transmitter and receiver pair, 

which emits a single pulse of laser that is reflected off a surface and returns to the 

instrument (Jaboyedoff et al., 2009, Figure 3-1). The time between the emission and return 

of the pulse is measured precisely, and the range can then be derived using: 

 
𝑅 =

𝑐𝑡

2
 (3-1) 

where R is the range to the reflector surface, c is the speed of light in air and t is the 

measured time interval. 

In addition to the transmitter and receiver pair, LIDAR instruments comprise a 

scanning device, consisting of a system of rotating mirrors and motors to direct the pulse, 
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and an encoder which measures vertical and horizontal tilt and azimuth of the emitted 

laser pulse (Abellán et al., 2014). More recent systems record the full structure of the 

reflected waveform for post-processing, providing additional measures of target surface 

characteristics (Williams & Afana, 2013). Most modern terrestrial LiDAR instruments also 

contain GPS receivers and digital cameras, or allow external attachment of such 

peripherals, to more easily georeference the acquired point cloud, and allow for visual 

inspection of surface attributes.  

 

Figure 3-1: a) Simplified terrestrial LiDAR acquisition setup (Jaboyedoff et al., 
2009) b) Field setup of a Riegl VZ-4000 scanner located  at 900 m 
from the target slope (photograph by author, 2015) 

Processing of terrestrial LiDAR data 

Raw LiDAR data is recorded as a series of points, each with a polar coordinate 

referenced to the scanner’s position, and generally a reflectance or signal amplitude value. 

The polar coordinates are converted to Cartesian coordinates, arbitrarily oriented to the 

scanner’s position. Point cloud processing steps will depend greatly on the final application 

of the data, but in this research, the following steps were applied in all cases.  

1. Georeferencing of the point cloud to a known coordinate system. This is done 
either using reflectors or landmarks with known coordinates in the point cloud, 
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internal GPS position of the scan, or by aligning to another point cloud that has 
already been georeferenced. 

2. Removal of noise or erroneous points, either manually or using automated 
filters. 

3. Removal of vegetation and other unwanted objects from the point cloud, either 
manually or using automated filters. 

Many software applications exist for processing point clouds – in this thesis, 

RiScan Pro (Riegl, 2017) and CloudCompare (2016) were predominantly used. 

Processing point clouds for slope displacement monitoring requires 

georeferencing of the point cloud to a much higher degree of precision. Once a scan has 

been georeferenced and cleaned of erroneous points and vegetation, it must be fine-

aligned to a reference point cloud using an iterative closest point (ICP) algorithm (Besl & 

McKay, 1992). The two point clouds are compared and any areas where differences are 

detected between the two are removed from the data point cloud. The alignment and 

comparison process is then repeated until no further differences are detected.  

Several techniques exist for comparing two point clouds to detect changes 

between them; the two used in this thesis are known as Multiscale Model to Model Cloud 

Comparison (M3C2, Lague et al., 2013) and an algorithm referred to as Space-Time 

(Kromer et al., 2015a). Both these techniques determine the orthogonal distance between 

the average position of points within a certain radius. The Space-Time algorithm 

additionally requires that multiple scans of the target area are acquired during any survey, 

in order to remove any systematic error in the distance measurements.  

Automated Mapping of Remote Sensing Data 

The digitization of geological outcrops and excavations allows for many analysis 

tasks to be automated. Plane, edge and shape detection algorithms have existed for 

several years, and geological structure detection techniques have been developed from 

these (Dewez et al., 2016; Garcia-Sellés et al., 2011; Gigli & Casagli, 2011; Lato & Vöge, 

2012; Split Engineering, 2016; Vöge et al., 2013). These techniques have the potential to 

significantly reduce the labour required to characterize structure orientation, density and 

intensity compared to manual mapping of digital outcrop data.  
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However, because of the inherent structural complexity of rock slopes, many of 

these techniques require user input of parameters that are based on judgement, such as 

the expected RMS or degree of fit in each detected plane, a minimum surface area for a 

detected structure, or a maximum angular deviation between adjacent planes (Figure 3-2). 

The recent development of many automated mapping algorithms means there is as yet 

not a commonly accepted standard of practice. More complex situations such as 

undulating or stepped discontinuities, traces of slope-perpendicular structures, or blast 

damage are challenging for many automated mapping techniques to evaluate correctly.  

 

Figure 3-2: a) Raw point cloud to which the Facets algorithm (Dewez et al., 2016) 
has been applied, using two different sets of parameters. The results 
of each analysis are shown in b) and c) 

Note: The analysis for which results are shown in b) found many small area distinct planes, 
while the one shown in c) found fewer, much larger area planes. 



  

29 

One challenge, for example, is that automated techniques will bias in favor of 

slope-parallel discontinuities, because they are more likely to have a greater exposed 

planar surface area and therefore are more easily detected and recognized as a structure. 

This is in contrast to conventional scanline or window mapping techniques, which bias 

against slope-parallel discontinuities that may not intersect the slope with the same 

frequency as slope-perpendicular discontinuities. The Terzaghi weighting (Terzaghi, 

1965) was developed to correct for orientation bias in scanline or window mapping which 

may not intersect the slope with the same frequency as slope-perpendicular 

discontinuities. An additional bias correction has been developed for line-of-sight bias 

associated with remote sensing (Lato et al., 2010), but not for bias associated with 

automated mapping. 

3.1.2. Photogrammetry 

Photogrammetry is a remote sensing technique that uses high resolution digital 

photographs to generate a three-dimensional digital terrain model (DTM) of a target slope 

or surface. Photogrammetric processing techniques calculate the coordinates of pixels in 

3D space based on the apparent displacement of an object with respect to successive 

camera positions (Sturzenegger, 2010). Several considerations must be made with regard 

to the camera settings, lens, lighting conditions, and survey setup. More complex projects 

requiring greater DTM accuracy will tend to be more sensitive to these considerations. A 

full description of these considerations is found in Sturzenegger (2010) and Preston 

(2014).  

Two main photogrammetric techniques currently exist. Conventional stereopair 

photogrammetry creates a DTM from as few as two photographs of the target from two 

different positions. The accuracy of the DTM is dependent on the survey geometry and 

camera lens parameters (Adam Technology, 2010). This technique is ideal in situations 

where access may be limited around the base of a slope. The second technique, known 

as Structures from Motion (SfM), uses a large number of photographs taken from many 

different positions to produce a DTM (Westoby et al., 2012). This technique is generally 

simpler to process and is particularly effective when multiple vantage points of a slope are 

accessible, or when drone or helicopter photography is possible (e.g. Gauthier et al., 2015; 
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Hutchinson et al., 2015). In this thesis, only conventional image-fan stereopair 

photogrammetry is used. 

 Image-fan stereopair photogrammetry uses two (or more) camera stations, where 

a panoramic image fan is captured at each station (Figure 3-3). Camera station positions 

were selected based on accessibility and desired DTM accuracy. Object distance, base 

distance (i.e. the distance between the camera stations), lens focal length, camera sensor 

resolution, and lens aperture will affect the final DTM. Final DTM point density and 

accuracy were estimated by inputting the aforementioned parameters into a spreadsheet 

provided by AdamTech (2016). 

 

Figure 3-3: Example of image fan stereopair photogrammetry (after AdamTech, 
2010). 

The photographs used in this study were taken using digital single lens reflex 

(DSLR) cameras – either a Canon EOS 5DS, or a Canon EOS 5D Mark II. These cameras 

feature 50 MP and 12 MP full frame sensors, respectively. Both fixed focal length (prime) 

and zoom lenses were used. Prime lenses generally provide a more accurate DTM as 

they have no moving parts and can provide a more reliable calibration. A zoom lens was 

used for focal lengths where a prime lens was not available. Although zoom lenses 

generally produce less reliable calibrations, the accuracy of the resultant DTMs was within 

the acceptable range for this study. Settings and focal lengths used for each survey are 

described in the relevant sections. 

First model Second model
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The camera was mounted in either a Gigapan robotic panoramic head, or 

AdamTech manually operated panoramic head. A panoramic head allows for the camera’s 

position to be adjusted along its axes, such that the camera’s centre of rotation is 

coincident with the lens’ point of convergence. This allows multiple images to be stitched 

together creating a panoramic image, without any alignment errors. The point of 

convergence for each lens was found through a series of calibration experiments. Image 

fans were collected with approximately 35 % overlap between adjacent images. This can 

be set automatically using the robotic panoramic head, but must be estimated if using a 

manual head. 

Processing and interpretation of photogrammetry data was done using 3DM 

CalibCam and 3DM Analyst (Adam Technology, 2016). Processing of photographs 

involves finding relative points between image pairs, carrying out a “bundle adjustment” to 

find the 3D position of these points, merging the images fans into a single image, and 

creating a DTM from the merged images. Once created, geological structure traces are 

mapped directly on the DTM. The orientation and size of these structures is exported for 

analysis. 

3.2.  Field Sites 

3.2.1. Stawamus Chief 

Stawamus Chief, more often referred to simply as ‘The Chief’, is a granitic monolith 

formed in the early Cretaceous (Monger & McNicoll, 1993), located near Squamish, BC 

(Figure 3-4). The Chief is believed to be an exposed protuberance of the 120 km-long 

Howe Sound Batholith, intruding the surrounding Early Cretaceous Gambier Group 

volcanic rocks of the southern Coast Plutonic Complex. 
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Figure 3-4: Location of Stawamus Chief near Squamish, British Columbia, 
Canada.  

Map data: Google. Image: DigitalGlobe, Province of British Columbia 

Rock mass quality of the Chief is excellent, comprising mostly massive granite and 

fresh to slightly weathered discontinuity surfaces (Tuckey, 2012). Discontinuities are 

predominantly surface parallel sheeting joints, possibly associated with glacial unloading, 

a majority of which have greater than 20 m persistence. Orthogonal fractures form lateral 

release surfaces for exfoliation slab failures, which range in thickness from 10 cm to 5 m.  

Sheeting joints such as those observed at the Chief produce are generally thought 

to develop as tensile fractures, parallel to the maximum compressive stress, which is 

gravitational (Bahat et al., 1999; Hencher et al., 2011). Sheeting joints in granite 

associated with glacial unloading have been widely observed in many parts of the world, 

and are often a source of frequent rockfalls and landslides due to their high persistence. 

Sheeting joints increase in spacing with depth. This implies that block size will increase 

as outer slabs fail, but also that the slope will become more stable as slabs become thick 

enough to support their own load.  
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Figure 3-5: The formation of sheeting joints in steep slopes with respect to 
gravitational stress (Hencher et al., 2011) 

A critical height for slope-scale stability of vertical cliffs, and development of cliff 

height extensional joints has been proposed by Barton & Shen (2017). The critical height, 

𝐻  above which cliff-scale failures will begin to develop can be defined as 

 
𝐻 =

𝜎

γν
 (3-2) 

where 𝜎  is the tensile strength of the intact rock, 𝛾 is the density of the intact rock, and 𝜈 

is the Poisson’s ratio. For strong rock such as the granite of which the Chief is comprised, 

this critical height is well over 1000 m, much higher than the 600 m maximum height of 

the Chief. This suggests additional loading from glaciers was required to create the high-

persistence extensional joints, and may help explain why large, cliff-scale failures have 

not occurred in the recorded history of the Chief, and why failures are more likely be 

localized and structurally controlled. 

Very few records of historical rockfalls exist for the Chief, which prevents the 

production of a reliable magnitude-cumulative frequency (MCF) curve for the Chief itself. 

Anecdotal estimates suggest that the Chief experiences a large rockfall of greater than 

2000 m3 approximately once every 20 years (H. Bartle, personal communication. March 

30, 2016). Observed rockfalls on the nearby Sea to Sky Highway are initiated along highly 

persistent, steeply dipping stress relief joints (Blais-Stevens & Hungr, 2008), similar to the 
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Chief. MCF curves for the stretch of highway nearest the Chief suggest an annual 

cumulative frequency of 0.249 for 1000 m3 rockfalls (approximately once every 4 years), 

while the magnitude of a rockfall with a cumulative frequency of 1 is approximately 40 m3 

(Hungr et al., 1999). 

The Chief is situated in a temperate coastal climate, with relatively mild 

temperatures in both winter and summer, and heavy rain in the winter. The mean daily 

minimum temperature in Squamish in January is 0°C (Environment Canada, 2017a), 

although this would be lower at the higher elevations on the Chief, leading to the potential 

for freeze-thaw cycles. Precipitation is highest between October and January, with a 

maximum mean of 391 mm in November.  

An area on the north wall of the Chief experienced a rock fall event on 19 April, 

2015 (Figure 3-6). This area has been referred to as both Zodiac Wall and Angel’s Crest, 

but for simplicity in this thesis will be referred to as the North Wall. The rockfall was initiated 

close to the top of the 300 m high cliff, and was estimated to have a volume of 2000 m3 to 

3000 m3. The trigger for the event was believed to be root pressure behind a block causing 

a progressive topple, which in turn crushed the outer edge of the underlying block, causing 

failure (Golder Associates, 2015b).  
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Figure 3-6:  Before (a) and after (b) pictures of North Wall rockfall, with the 
detached blocks outlined in red. (Golder Associates, 2015b, J. 
Hegan, photographs).  

Several blocks remain in the area of the rockfall, some of which were impacted by 

the original rockfall, and may have been damaged (Golder Associates, 2015b). Some of 

these blocks appear relatively stable, and rest on sub-horizontal ledges, although others, 

such as “Block D” (Figure 3-7) have been identified as potentially unstable. 
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Figure 3-7: a) Rockfall source area and block known as "Block D" which was 
impacted. b) Close up of Block D. c) Close up of the top of Block D, 
showing possible impact damage (Golder Associates, 2015b) 

3.2.2. Diavik Diamond Mine 

Diavik Diamond Mine is located in the Northwest Territory, Canada, approximately 

300 km northeast of the city of Yellowknife (Figure 3-8). Four diamond-bearing kimberlite 

pipes are found on the property, namely A154S, A154N, A418 and A21. Open pit mining 

began on A154S and A418 in 2003 and 2008, respectively, followed by underground 

mining of A154N in 2010. Surface operations in the A154 and A418 pits ended in 2012, 

transitioning to underground mining. A cutaway drawing of the surface and underground 

operations in A418 and A154 is shown in Figure 3-9. Construction of the A21 pit is 

underway as of 2017. All three pits are surrounded by waterproof dykes, separating them 

from Lac de Gras. 
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Figure 3-8: Location of Diavik Diamond Mine, and the A154 and A418 pits.  
Map data: Google, 2016. Image: DigitalGlobe (acquired 2014) 

 

Figure 3-9: Cutaway of current and planned Diavik operations. The A418 and 
A154S pipes are mined by both open pit and sub-level retreat (SLR) 
methods, while A154N is being mined entirely underground (Golder 
Associates, 2016). 

Diavik is located in the Slave Province of the Precambrian Canadian Shield. The 

host rock comprises mostly Archean metasediments that have been extensively intruded 

by granite and granodiorite. The granitic rocks have been intruded by pegmatite and 

diabase dykes (Roscoe & Postle, 2005). The four kimberlite pipes are dated to 

approximately 55 Ma. 
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The host rock of the kimberlite pipes at Diavik comprises relatively good quality 

granite, with average intact unconfined compressive strength (UCS) greater than 100 MPa 

(Moffitt et al., 2007). The Diavik property is cross cut by two major fault systems and three 

dyke swarms, in addition to several local scale discontinuities with persistence greater 

than 25 m (Golder Associates, 2006, 2009c). The major fault systems and dyke swarms 

have dip angles of greater than 70°. The two faults, known as Dewey’s Fault and Lyndon’s 

Fault, both strike approximately Northeast-Southwest. The three dyke swarms, known as 

Malley’s, Lac de Gras, and Mackenzie, trend NE-SW, NNE-SSW and NNW-SSE, 

respectively (Stubley, 1998), and daylight within either the A154 or A418 pits. Rock mass 

and discontinuity properties used in recent pit-scale numerical models are presented in 

Table 3-1 below. 

Table 3-1: Rock mass and discontinuity properties used in numerical slope 
stability models (Golder Associates, 2016) 

Material Density 
(kg/m3) 

Erm (GPa) νrm Friction angle 
(°) 

Cohesion 
(kPa) 

Tensile 
strength (kPa) 

Granite 2650 15 0.21 67 1550 375 

Kimberlite 2650 2 0.25 31 110 10 

Faults/joints    42 25 0 

Diabase dykes    43 150 0 

 Seepage into the pits has been observed from the diabase dyke contacts as well 

as from smaller scale sub-horizontal jointing, supporting previous suggestions that 

groundwater flow is structure controlled (Chorley et al., 2009; Roscoe & Postle, 2005). 

Hydrogeological testing suggests a heterogeneous fractured rock mass, with pore water 

pressures strongly controlled by the proximity to Lac de Gras. Besides the effects of 

increased pore water pressures, groundwater seepage at the surface of the pit wall and 

contact walls is subject to freeze-thaw cycles, particularly in the spring. Because of this, 

increased rates of rockfall are observed yearly in the spring and summer months.  

Pit Geology and Geotechnical Structures 

A154 Pit 

No clear structural or geological domains exist in the A154 pit, although it is 

subdivided into quadrants for design and stability assessment purposes (Golder 
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Associates, 2009c; Moffitt et al., 2007). The geology of the pit is predominantly granite, 

with some sub-horizontal rafts of meta-sediment. Three dominant joint sets have been 

identified in the A154 pit; a sub-vertical set trending NE-SW, associated with Dewey’s 

Fault, a steeply dipping NW-SE trending joint set, as well as several sub-horizontal 

undulating fractures. (Figure 3-10, Figure 3-11a) The sub-horizontal set contains some 

high-persistence joints that tend to undulate and connect the meta-sediments. The 

orientation of these features is generally favorable for the stability of the pit itself, besides 

ravelling associated with weaker fault rock. 

 

Figure 3-10: Structures mapped on the A154 SE pit walls, 2003-2007 (Golder 
Associates, 2009a) 

A418 Pit 

The lithology of the A418 area is predominantly granitic and pegmatite rock, with 

metasedimentary lenses throughout (Golder Associates, 2006). Metasedimentary lenses 

increase in density closer to the kimberlite pipe. Rock quality ranges from good to very 

good, based on the RMR76 rock quality classification system. An average RMR76 rating of 
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67 was found for the metasediment, and an average RMR76 rating of 78 was found for the 

granite and pegmatite. The A418 pit has been divided into three geological domains – 

Domain 1, in the Northeast contains less than 10 % metasediments, Domain 2 in the 

Southeast and Northwest contains 10 – 50 % metasediments, and Domain 3 in the 

Southwest contains less than 10 % metasediments (Golder Associates, 2006).  

The A418 pit comprises several geotechnical design domains, delineated by the 

major structures within the pit. Major discontinuities present in the A418 pit include 

Lyndon’s Fault, MacKenzie 1, 2 and 3 diabase dykes, and the Lac de Gras diabase dyke 

(Figure 3-11b). Diabase rock quality is generally poorer than the surrounding rock, tending 

to be more fractured and blocky, with ravelling of material being observed. The dykes have 

been associated with instabilities and rockfalls.  

 

Figure 3-11: a) Northeast wall of the A154 pit, and crest of northeast contact wall. 
Steeply dipping discontinuities are traced in red b) A418 pit looking 
south on the Mackenzie 2 (South) Dyke, traced in red (Golder 
Associates, 2015, with permission) 

Note: Bench heights are 30 m for scale.  
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Mining Method and Implication for Rockfall 

The method of mining currently used for the A154 South and A418 pipes is open 

sub-level retreat (SLR). This method involves mining an ore body below an open pit 

without the use of a crown pillar. An open air void is left at the bottom of the pit, continually 

deepening as mining progresses downwards. SLR was chosen due to the relatively small 

footprint of the ore and strong host rock which maintains stability (Diavik Diamond Mines, 

2015; Golder Associates, 2007).  

The conditions at Diavik allow for open SLR mining without compromising overall 

pit stability. However, detachment of host rock material into the open glory hole has been 

identified as a hazard associated with this method (Golder Associates, 2007). The 

exposed contact walls intersect the steeply dipping discontinuities, producing 

kinematically unfavorable conditions. Rockfall from the contact wall results in dilution of 

the drawn ore, and could affect the stability of the lowest benches of the pit. Deformation 

monitoring of the contact wall with existing methods is also a challenge, as mining 

descends below the line of sight of stationary radar and robotic total stations. 

Rockfall had recently been observed on several areas of the contact walls, in 

particular the southeast wall of the A154 contact wall (Figure 3-12). This area was chosen 

as the focus of the Diavik component of this thesis because of the previous rockfall and 

the potential for further rockfall occurring during the study period. A series of steeply 

dipping joints have been mapped in the underground access adits that are unfavorably 

oriented relative to the SLR contact wall. As mining has progressed downwards and these 

discontinuities have daylighted, a large tension crack has been observed on the lowest 

bench, trending parallel to the jointing (Figure 3-13a), and rockfalls have been observed 

failing on the steeply dipping joints (Figure 3-13b). 
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Figure 3-12: Plan view of the A154 pit, with the SE SLR contact wall circled in red 
Note: Map data ©Golder Associates, 2015, with permission  

Deformation and Geotechnical Event Monitoring at Diavik 

Diavik Mine has installed an extensive network of deformation monitoring 

instruments in both the A154 and A418 pits, both at the surface and underground. This 

instrumentation is intended to provide warning in advance of a ‘geotechnical event’, which 

is any potentially hazardous fall or slide of material from the pit walls or contact walls. The 

monitoring instrumentation consists of extensometers, crackmeters, piezometers, time-

domain reflectometers (TDR), robotic total stations (Figure 3-14), and radar.  
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Figure 3-13: a) A tension crack observed on the lowest bench, stained orange, at 
the crest of the SE SLR contact wall (Golder Associates, 2013)  
b) Exposed rockfall failure surface at the crest of the A154 contact 
wall (photograph by the author, 2015).  

Note: For scale, bench height is 30 m. 

 

Figure 3-14: Robotic total station housed in a permanent shelter for observed 
prism displacements (Golder Associates, 2015, with permission) 

Note: For scale, bench height is 30 m 
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Critical deformation monitoring of the SLR contact walls is provided by three radar 

units in each of the pits. Of these, three are GroundProbe Slope Stability Radar (SSR) 

systems (GroundProbe, 2017) while the remaining three are IDS IBIS Interferometric 

Synthetic Aperture Radar (InSAR) systems (IDS, 2017). Alerts are triggered when a critical 

deformation threshold is reached over a specified number of contiguous pixels. These 

alerts, along with related monitoring data, are used in the mine’s trigger action response 

plan (TARP) to determine the appropriate action. 

Because of the brittle nature of the rock, the time between the onset of acceleration 

and time of failure is relatively short, ranging between a few hours to several days. The 

short time span means that time of failure analyses such as the inverse velocity method 

are impractical and typically not used. 
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 Rockfall Hazard Assessment on 
Stawamus Chief 

4.1. Introduction 

Stawamus Chief is a prominent landmark, towering 700 m above Howe Sound and 

Squamish, BC. It is within a provincial park and a popular recreational destination; a typical 

summer day could see over a thousand hikers on the trails to any one of the three 

summits. The long clean cracks have also made the Chief a prominent rock climbing 

destination. Numerous routes exist on every face of the Chief, many of them highly 

regarded within the rock climbing community. The type of rock climbing and recreational 

opportunities draw many comparisons to Yosemite, although at a smaller scale. 

Despite the prominence and popularity of the Chief, very little is known about 

potential rockfall hazards both in terms of spatial susceptibility or temporal probability. A 

major rockfall on April 19, 2015 released up to 3000 m3 of rock on an area where several 

climbing parties had been present only a few hours earlier. A similar magnitude event was 

observed in 1999. Air photographs have shown large disturbances in the talus cone below 

the cliff several times since the 1940s (H. Bartle, personal communication. March 30, 

2016). Monitoring has been suggested, but the relatively low frequency of events and high 

quality of the rock mass has made selection of specific monitoring targets challenging. 

This chapter presents an analysis of the mechanisms and causes of rockfall 

initiation on the Chief, specifically on the North Wall, which was affected by the April 19, 

2015 rockfall (Figure 4-1). In this chapter, I investigate two geomechanical contributors to 

rockfall initiation; high-persistence planar discontinuities, associated with emplacement 

and uplift of the pluton as well as unloading from deglaciation, and intact rock bridge 

fracturing, either kinematically-induced or triggered by environmental forces such as 

freeze-thaw and vegetation.  

Based on an analysis of the contributing factors to rockfall initiation, I present a 

hazard rating system to identify areas where rockfall initiation is more likely, and use the 

derived ratings to produce a rockfall hazard map of the North Wall. This identifies higher 
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priority areas that should be emphasised in planning mitigation or remediation activities, 

such as scaling, and provides the basis for a proposed terrestrial LiDAR based monitoring 

program of the North Wall. This system is based on existing Rockfall Hazard Rating 

Systems (RHRSs), although with a different scope and scale. Existing RHRSs are 

intended to be applied to linear infrastructure such as roads over a large area, and identify 

areas along the road at highest risk of rockfall. The proposed rating system takes many of 

the same criteria, but applies it at the slope scale to grid cells on the slope. It is intended 

to be applied to any area of the Chief, but may also be applicable to other rock slopes with 

similar rockfall hazard criteria. 

 

Figure 4-1: Stawamus Chief, as seen from Hospital Hill. The North Wall is 
outlined in red. (Photograph by the author, 2017) 

4.2. Field Methodology 

4.2.1. Terrestrial Photogrammetry 

Terrestrial photogrammetry was carried out to produce a three-dimensional model 

of the Chief’s North Wall with high-resolution photographic overlay. The surveys were 

carried out using the image fan technique. Two separate surveys were used to allow for 

occlusion caused by the presence of sharp rock corners present on the Chief. The position 
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of the camera stations is shown in Figure 4-2. A high resolution 50MP Canon 5DS camera 

mounted in a Gigapan Epic robotic panorama frame was used to collect the image fans 

(Figure 4-3). Georeferencing of the photogrammetry models was done by defining natural 

control points from previously georeferenced terrestrial LiDAR models obtained using a 

Reigl VZ 4000 scanner. Table 4-1 summarizes the parameters for each survey.  

 

Figure 4-2: Location of photogrammetry stations and LiDAR scan positions.  
Map data: Google, 2017 
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Table 4-1:  Photogrammetry survey parameters for Stawamus Chief 

 Survey 1 Survey 2 

Camera Canon 5DS – 50 MP, full frame 

Focal length 200 mm 400 mm 200 mm 

Aperture f /8 f /8 

Approximate distance to top of slope 750 m 900 m 

Base distance 120 m 225 m 

Ground coverage of each image 135 x 90 m 67.5 x 45 m 162 x 108 m 

Ground pixel size  16 mm 8 mm 19 mm 

Image accuracy (pixels) 0.18 NA 0.27 

Final DTM point density (mm per point)* 340 NA 320 

*DTM point density refers to slope scale model. Slope scale model density is lower than maximum 
achievable density as photograph resolution was reduced for computational efficiency. No slope scale 
models were created with the 400 mm focal length photographs. 

The 200 mm focal length images were used to produce the full slope models. The 

f = 400 mm focal length images were used to produce local models of potentially unstable 

areas for detailed window mapping, and for tracing intact rock fractures in 2D. The f = 400 

mm focal length images were impractical for producing full slope models, due to the large 

number of photographs required and so were only acquired during Survey 1. 
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Figure 4-3:  Canon 5DS 50MP camera mounted on Gigapan robotic panoramic 
head with f = 400 mm lens. (Photograph by the author, 2016) 

4.2.2. Terrestrial LiDAR 

LiDAR Surveys 

Terrestrial LiDAR surveys were carried out to complement the terrestrial 

photogrammetry and create high resolution point cloud models of the North Wall. Because 

of the irregular angular surface of the slope, LiDAR scans were acquired from two different 

positions to compensate for occlusion. The location of these positions is shown in Figure 
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4-2. Surveys were carried out using a long range Riegl VZ-4000 full waveform scanner 

(Figure 4-4). Survey parameters are summarized in Table 4-2.  

Table 4-2:  Summary of LiDAR survey parameters 

 Position 1 Position 2 

Position  
(NAD83 – UTM Zone 10)  

Easting (m) 489733 490276 

Northing (m) 5504572 5504995 

Elevation (m) 27 6 

Approximate distance to top of slope (m) 900 1100 

Angular resolution 0.002° 0.002° 

Mean point spacing (mm) 35 43 

LiDAR Point Cloud Processing 

Scans were initially georeferenced using the scanner’s internal GPS unit. Because 

of the relatively low accuracy of the internal GPS, the point clouds acquired from each 

position were poorly aligned with each other. Precise registering was done by fixing the 

position and orientation of the scan from Position 1 and using the Multi-Station Adjustment 

tool in RiScan Pro (Riegl, 2016) to align the second scan to the first.  

Raw point clouds were processed to remove spurious points and vegetation. The 

study area was clipped to remove surrounding forested slopes. An automated terrain filter 

in RiScan Pro was used to remove some of the vegetation on the slope. However, because 

of the sharp corners and edges on the slope, the filter was unable to remove all vegetation 

without also removing important data. Because of this, much of the vegetation was 

removed manually from the point cloud. 
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Figure 4-4:  VZ 4000 scanner setup at Position 2 in the town of Squamish; 
distance to slope is approximately 1100 m. (Photograph by the 
author, 2016) 

4.3. Results and Interpretation 

4.3.1. Discontinuity Mapping 

Discontinuity orientation, persistence and spacing are all important in assessing rockfall 

hazard, and in understanding the mechanism of rockfall initiation. Discontinuity mapping 

was carried out on photogrammetric models of the North Wall in 3DM Analyst (AdamTech, 

2016). The photogrammetric models were used for geotechnical mapping rather than the 

LiDAR models because of the ability to resolve small linear cracks and other features in 

the high resolution photographic overlay which could not be easily resolved in the LiDAR 

point cloud. Position, orientation and trace length data were exported to identify joint sets 
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and determine their contribution to the overall rockfall hazard. Mapping was carried out at 

two scales using both low- and high-resolution photomodels. 

Slope Scale Mapping 

Using a model of the entire slope, discontinuities greater than 3 m in length were 

mapped across the entire slope (Figure 4-5), and categorized according to visible 

persistence using the ISRM guidelines for discontinuity mapping (ISRM, 1978). An 

additional persistence class was added for discontinuities with greater than 40 m 

persistence, as suggested by Sturzenegger and Stead (2009b). The visible persistence is 

taken to be the diameter of a circle fit along the trace length of the discontinuity. A total of 

273 discontinuities were identified across the entire slope, all of which are classified as 

joints. Results from the discontinuity mapping are plotted on a stereonet in Figure 4-6. 

Based on the stereographic analysis, five major joint sets were identified. Two 

distinct sets, referred to as J1 and J2, are near vertical, sub-parallel to the slope 

orientation. While these two sets appear very close in orientation, J2 appears to be a 

different joint set. Intersections between J1 and J2 joints are observed, forming high-angle 

(140°-160°) corners, or, in some cases, very low-angle (20°-40°) corners. In addition, J2 

joints tend to have a lower persistence, with a median persistence of 11.4 m, compared 

to J1, which has a median persistence of 13.7 m. A third joint set, J3, is also near-vertical, 

but oriented at approximately 70° from the mean slope orientation. A sub-horizontal joint 

set, J4, was also identified. These joint sets are summarized in Table 4-3. Figure 4-7 

shows the distribution of the joints by set and persistence. 

The joint sets can be broadly grouped by their potential as kinematic release 

surfaces. Joint sets J1 and J2 are approximately parallel to the slope surface and form 

potential rear release surfaces. Joint set J3, which is approximately orthogonal to the rear 

release surfaces, forms a potential lateral release surface. The sub-horizontal set J4, 

along with other shallow-dipping joints, form potential upper release or separation surfaces 

or sub-horizontal ledges on which potentially loose blocks can rest. The significance of 

joint persistence and orientation to rockfall potential is discussed further in Section 4.3.3. 
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Figure 4-5: Overview of mapped discontinuities on the Chief North Wall 
photogrammetric model 
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Figure 4-6: Stereonet showing all discontinuities mapped on the f = 200 mm 
focal length photogrammetric model of the North Wall.  
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Table 4-3:  Number of mapped joints in each set and distribution by persistence 

Joint Set Mean 
Dip (°) 

Mean Dip 
Direction (°) 

2σ Variability 
cone (°) 

Number 
of joints 

Distribution by persistence 

3-10 m 10-20 m 20-40 m >40 m 

J1 85 299 15 114 31 53 28 2 

J2 87 321 15 51 16 26 9 0 

J3 80 43 15 10 0 3 5 2 

J4 5 146 28 33 4 9 7 13 

Other NA 65 24 31 7 4 

 

 

Figure 4-7: Distribution of discontinuity persistence by joint set  

Discontinuity Window Mapping 

The scale of mapping has an effect on the results obtained, as certain types of 

measurement bias are scale-dependent, particularly those associated with discontinuity 

persistence, truncation length and, in digital models, model resolution (Priest, 1993; 

Sturzenegger & Stead, 2009b). For the slope-scale discontinuity mapping, digital 

photographs taken at a focal length of f = 200 mm were resized to a lower resolution, to 

allow the entire slope to be projected as a single model. Because of this, discontinuities 

under 3 m are truncated, and many are not resolved in the lower resolution model. A full 

slope model using full resolution photographs taken at a focal length of f = 400 mm would 
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be much more detailed, but impractical in terms of model size and processing time 

required. Because of this, selected windows were mapped on DTMs created using the 

higher resolution f = 400 mm focal length photographs. 

Three windows were mapped on the North Wall of the Chief and were chosen 

specifically to include areas that appeared blocky, with low persistence discontinuities that 

would be truncated in the f = 200 mm slope-scale mapping. The dimensions and 

orientations of the f = 400 mm windows are summarized in Table 4-4. Window 1 is located 

at the top of the slope around the area where the April 19, 2015 rockfall initiated. Window 

2 is located in the central part of the slope. Window 3 is located at the lower left corner of 

the slope. The location of the three windows are overlain on the slope in Figure 4-8. 

Window 1 includes an area of the slope which is heavily vegetated with trees which 

required removal from the photomodel. Because the purpose of the window mapping is to 

identify low-persistence discontinuities and potential failure mechanisms in a rockfall 

prone area, this was deemed acceptable. However, any statistical discontinuity analysis, 

such as determining discontinuity density and intensity, would require a correction for the 

removed model area. Window 3 also had two small areas of vegetation that were excluded 

from the model.  

Table 4-4: Summary of high resolution, f = 400 mm mapping windows 

Window 
number 

Height (m) Width (m) Slope Dip (°) Slope Dip 
Direction (°) 

Number of 
Joints 

1 51.8 55.4 90 332 135 

2 60.4 51.1 75 340 131 

3 69.0 41.7 84 318 106 
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Figure 4-8: Location of the three high resolution, f = 400 mm, mapping windows 
on the North Wall 

The point spacing of the resultant f = 400 mm DTMs was approximately 0.10 m, 

compared to approximately 0.32 m point spacing in the full slope DTMs created using a 

f = 200 mm lens. The higher resolution photomodels allow for smaller features to be 

resolved and mapped. No minimum cut-off length was applied, so all discontinuities to 

which a plane could be reliably fitted were mapped. In some cases, a discontinuity was 

projected as a straight line on the photographic overlay, but did not have sufficient relief 

in the DTM to reliably fit a plane to it, and therefore could not be mapped. The windows 

and mapped discontinuities are shown in Figure 4-9.  
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The mapped discontinuities are plotted on stereonets in Figure 4-10. A total of 372 

discontinuities were mapped; 135 in Window 1, 131 in Window 2 and 106 in Window 3, all 

of which are classified as joints (Table 4.4). As expected, lower persistence discontinuities 

were mapped in all three windows than were mapped on the slope-scale model. The 

distribution of joint persistence (diameters) is shown in Figure 4-11 for each window, and 

by joint set in Figure 4-12. The minimum mapped joint persistence across all windows was 

0.42 m, with a median persistence of 3.6 m, 5.2 m, and 4.6 m for Windows 1, 2 and 3 

respectively. This is in contrast to the slope-scale mapping for which a median joint 

persistence of 13.8 m was obtained. 

The stereonets were analyzed to identify joint sets, and the joint sets were 

classified according to those identified in the slope-scale mapping. In addition to the four 

joint sets identified in the slope-scale mapping, an additional joint set, J5, was identified in 

Windows 2 and 3. The identified joint sets are summarized in Table 4-5. The joint set 

orientations are within the 2σ variability cone of their corresponding slope-scale joint set. 

The surface of the slope within each window is highly variable, with many faces 

oriented at acute angles to the mean slope orientation, including overhanging faces. This 

variability reduces the bias that might be expected if the rock face within the window was 

near-planar. The average window orientations shown previously in Figure 4-10 are hence 

not necessarily a true reflection of the actual orientation of the exposed rock faces within 

each window, and therefore application of a Terzaghi correction based on the average 

window orientation is not appropriate. 
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Figure 4-9: Close up of a) Window 1, b) Window 2, and c) Window 3, with mapped discontinuities 
shown as fitted circles colour coded by joint set. Black areas indicate segments 
removed due to vegetation 
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Figure 4-10 (continued on next page)  
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Figure 4-10: Stereonets showing the orientations of discontinuities mapped and 
defined joint sets in a) Window 1, b) Window 2 (previous page) and 
c) Window 3 
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Figure 4-11: Distribution of discontinuity persistence within the selected 
f = 400 mm windows 

 

Figure 4-12: Distribution of discontinuity persistence by joint set within the 
selected f = 400 mm windows 
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Table 4-5: Summary of joint sets from window mapping 

Window Set 
Number 
of poles 

Mean 
Dip (°) 

Mean Dip 
Direction (°) 

2σ 
Variability 
cone (°) 

Angle to 
slope-scale 
set (°)1 

1 

J1 29 89 122 15 7 

J2 28 90 330 15 9 

J4 32 13 125 26 7 

2 

J1 43 86 296 22 3 

J2 7 84 324 19 4 

J3 25 77 036 21 8 

J5 11 84 004 15 - 

3 
J1 49 77 297 14 8 

J5 11 80 020 20 - 

1: refers to angle between mean set orientation within the window and mean orientation 
of same set mapped at the slope-scale 

4.3.2. 2D Photographic Damage Mapping 

Rockfalls on the Chief appear to occur along high persistence discontinuities. 

However, the prevalence of near vertical daylighting discontinuities suggests that many 

blocks are held in place by rock bridges and that intact rock fracturing is required to trigger 

rockfalls. Intact rock fracture traces and high-persistence planar joint traces were mapped 

on photographs in order to evaluate the extent of brittle damage associated with rockfall 

scars on the Chief, and also to investigate the relationship between high-persistence 

planar joints and rock bridge fracturing.  

Because the photographs were taken at an oblique angle to the wall, the scale of 

the photographs varied slightly along the vertical axis; parallel vertical lines on the slope 

would appear to converge towards the top of the photograph, making the scale at the top 

of the photograph smaller than at the bottom of the photograph. An orthographic correction 

was applied to the photographs, such that they appeared to have been taken with the 

camera sensor parallel to the wall. The photogrammetric models were used to determine 

the correct scale and 3DM CalibCam (AdamTech 2016) was used to apply the 

orthographic correction.  
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Five rectangular windows were traced on the orthographically corrected 

photographs for the purpose of mapping damage traces. The dimensions of the windows 

ranged from 27 m to 42 m horizontally, and 19 m to 34 m vertically. Total surface area of 

the windows ranged from 625 m2 to 1322 m2. The windows were selected to fit an 

approximately planar area of the wall and to capture at least 150 traces.  

Trace mapping procedures suggested by Monte (2004) were used with 

modifications to account for damage mapping. Traces were classified as either brittle 

damage or planar joint. Planar joints are defined as planar or sub-planar structures 

associated with glacial unloading or local geology, typically belonging to a defined joint 

set, while brittle damage is defined as any irregular feature associated with intact rock 

fracturing between these pre-existing joints, including stress-induced cracking or step path 

surfaces attributed to fracture coalescence; these may be either kinematically induced or 

due to environmental triggers such as vegetation or freeze-thaw effects (Figure 4-13). 

Digital trace mapping was done manually using a modified version of a MATLAB 

script developed and coded by Crompton (2017). Traces were manually drawn within a 

defined window in the image. The analysis performed on the mapped windows in MATLAB 

determines the number of traces within the window, total trace length in the window, 

average trace length, number and density of trace intersections, number of traces 

intersecting the window edge, and areal density and intensity (P20 and P21) of the damage 

traces. 

While discontinuity trace mapping is an established practice with common 

standards, damage mapping is much more subjective. Every attempt was made to 

maintain consistency in defining damage traces between windows. However, because the 

sources of damage can vary widely, criteria for damage mapping can vary between sites 

and rock types. 
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Figure 4-13: 2D photographic window used for mapping damage. Red arrows 
show examples of step surfaces associated with fracture 
coalescence. Inset shows location of window on the upper face. 

The intensity of intact rock fracturing in a given window was estimated from the 

intersection trace density and the brittle damage intensity, and compared to the joint 

intensity. These parameters had been previously defined and used in work by Tuckey 

(2012). These values are defined as: 

• Intersection trace density I20 = 
   

  
 

• Brittle damage intensity D21 = 
    

  
 

• Joint intensity P21 = 
     

  
 

Because rockfall and slope failure is dependent on the interaction between joints 

and secondary intact rock fracturing, intersections between all traces, regardless of 

classification, are considered in the intersection trace density. Intersection density 

provides an indication of trace connectivity within the mapped window. A summary of 2D 

photographic window mapping statistics is found in Table 4-6. Figure 4-14 is an example 

of a photographic window that encompasses the April, 2015 rockfall scar. All mapped 

photographic windows are found in Appendix A. 
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Table 4-6: 2D Photographic window trace mapping statistics 

A correlation between planar joint intensity and intersection density is observed, 

with trace intersection density increasing as joint intensity increases (Figure 4-15). This 

increase may be explained by the fact that rock fracturing is more likely to occur at joint 

tips, where stresses are concentrated (Diederichs, 2003), and along joint traces, where 

the rock mass is less constrained/confined and more exposed to triggering forces such as 

freeze-thaw and vegetation roots.  

Correlating intact rock fracturing to rockfall frequency and magnitude is 

challenging. Damaged rock and a more broken and blocky rock mass is more susceptible 

to rockfall. However, the overall rock mass quality on the Chief is relatively high, and 

rockfall is controlled by continuous planar or sub-planar structures as well as intact rock 

fracture. Therefore, associating areas of higher damage intensity to rockfall on the Chief 

is only appropriate if the structural controls for rockfall are also present. 

Window 
Window x 
length (m) 

Window y 
length (m) 

Total 
area (m2) 

Number of 
damage 
traces 

Brittle 
damage 

intensity (m-1) 
D21 

Number of 
joint traces 

Joint 
intensity (m-1) 

P21 

Intersection 
density (m-2) 

I20 

1 34 22 756 165 0.51 17 0.18 0.09 

2 32 32 1026 259 0.6 10 0.13 0.12 

3 43 31 1323 292 0.53 10 0.11 0.11 

4 32 19 626 172 0.61 12 0.27 0.14 

5 27 35 939 179 0.57 3 0.07 0.08 
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Figure 4-14: Example of 2D damage trace window, showing the April, 2015 
rockfall scar. 
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Figure 4-15: Areal joint intensity versus trace intersection density. 

4.3.3. Historical Rockfall Analysis 

Thirty rockfall scars were identified on the North wall of the Chief based on visual 

indicators and geometric considerations. Characteristics that were used in identification of 

scars included: 

 a fresh, less weathered surface than the surrounding rock,

 being bound by two or more joint surfaces, or

 having a rough, irregular surface characteristic of fractured intact rock
(Figure 4-16).

A probable failure mechanism and geometric configuration was suggested for each 

scar, based on the orientation and characteristics of the rock surface making up the scar 

and on the surrounding rock mass structures and morphology. The methodology for 

rockfall scar characterization is modified after similar work by Frayssines & Hantz (2006). 

The entire catalog of identified rockfalls scars and reconstructed blocks is presented in 

Appendix B.  
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Figure 4-16: Upper area of North Wall with identified rockfall scars outlined in 
blue. 

Failure Mechanisms 

Rockfall failure mechanisms are assigned in accordance to the landslide 

classifications proposed by Cruden and Varnes (1996) and Hungr et al. (2014). The failure 

mechanism of each rockfall refers to the first significant movement in a rockfall event, 

which is interpreted based on the geometry of the scar. The mechanisms most relevant to 

rockfall on the Chief are slide, topple, or irregular collapse. Slides are further subdivided 

into planar, wedge, stepped, or compound slides. Planar, wedge and stepped slides occur 

as purely translational mechanisms along one or more joints, while compound slides are 

formed by a steep rear plane and a shallower basal plane, and require internal deformation 

or dilation of the failed rock mass, through intact rock fracturing and shearing. 

In some cases, the actual failure mechanism is ambiguous. Therefore, each scar 

is classified by its geometric configuration, as well as probable mechanism. The geometric 
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configuration allows for more reliable identification of potential rockfalls (Frayssines & 

Hantz, 2006). The following block geometric configurations are proposed to classify 

observed rockfall scars. 

A. The failed block is derived from an exfoliation slab, and is controlled
by a single steeply dipping or overhanging sheeting joint; failure
occurs in tension horizontally across the top of the block. The blocks
are unsupported and form roofs. These are not, strictly speaking,
planar slides, as there is little or no normal force on the failure plane,
and there may be negligible translational movement along this plane.
Rockfall is initiated by tensile failure horizontally across the slab. Pre-
failure resistance may be entirely due to intact rock bridges across the
slab at the top of the block although some rock bridging may be
present in the back plane. This failure may have occurred
progressively over time and involve multiple episodes.

B. The failed block is defined by a steep rear plane and a shallower
basal plane or fracture surface. This geometric configuration could
lead to either toppling or a compound slide, and in some cases, the
actual mechanism is unknown. The rear plane could fail either through
translational shearing or through tensile opening, while the bottom
surface could either be a pre-existing joint or ledge, or could form
through intact rock fracturing.

C. The failed block is a wedge defined by and sliding along two or more
non-parallel joints. Pre-failure strength is present as intact rock
bridges along one or more of the discontinuities, or through frictional
resistance along the joints.

D. The failed block can be defined geometrically as a wedge, but failure
occurs through tensile intact rock bridge fracturing progressing
horizontally across the top of the block. Intact rock fracturing may also
occur along the sliding surfaces.

E. The failed block is defined by multiple step surfaces or an irregular
intact rock fracture surface. Block failure may have involved multiple
episodes.

Conceptual diagrams of each of the proposed five geometric block failure 

configurations are presented in Figure 4-17, while examples of the scar surfaces and 

reconstructed blocks are shown in Figure 4-18. The occurrence of each joint set in 

historical rockfall surfaces is listed in Table 4-7. The kinematic stability of the identified 

rockfalls is discussed in Appendix C. 
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Figure 4-17: Proposed block failure geometry configurations. 
Note: Configurations A, B and E are shown in profile and C and D in perspective views, facing 

the wall. Geometric configuration B may involve two possible failure mechanisms, block 
topple or compound slide. Surfaces along which intact rock fracturing would be required 
to initiate slope failure are denoted by dotted red lines. 
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Figure 4-18: (continued on next page) 
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Figure 4-18: Examples of rockfall scar geometric configurations. 
Notes: A: Progressive slab failure with tensile roof fracture  

B: Topple or compound slide geometry  
C: Wedge with no tensile fracturing  
D: Wedge with tensile roof fracture  
E: Irregular or stepped tensile failure.  
Rockfall numbers representing each of these examples are 2, 17, 15, 5, and 7 
respectively, (Table 4-8) 
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Table 4-7: Number of occurrences of each joint set in historical rockfall 
surfaces 

Joint Set Number of occurrences 

J1 15 

J2 13 

J3 3 

J4 0 

J5 3 

Other 5 

Failure Volume Distribution 

The volume of failed rock mass represented by each scar was calculated by 

reconstructing the pre-failure geometry of the slope. For configurations A and B, a best fit 

plane was taken of the main failure plane, and translated outwards along its normal to 

match the mean step-width of the failed slab. For configurations C and D, a plane was 

created across the maximum extent of the failed joints. Blocks with configuration E were 

reconstructed by creating a plane parallel to the dominant step orientation and coplanar 

to the surrounding slope surface. The volume between the plane and the scar surface was 

calculated by taking a Poisson surface reconstruction of the scar surface and plane, 

creating a closed surface (Kazhdan & Hoppe, 2013). Two of the identified scar surfaces 

could not be reconstructed into pre-failure blocks as the slope geometry did not indicate 

the pre-failure extent of the block.  

The failed block volume estimates range from 7 m3 to 12000 m3, with a mean 

volume of 1200 m3 and a median of 266 m3. Some of these volumes may be  an 

overestimate or upper bound, as many of the scars could represent multiple failure 

episodes. For reference, the April, 2015 rockfall consisted of three failed blocks, with 

estimated volumes of 200 m3, 1100 m3, and 1900 m3 – two of these blocks are greater 

than the median value, suggesting this rockfall was indeed a low-frequency event. The 

volume distribution of the reconstructed failed blocks is shown in Figure 4-19. A power-

law relation can be fit to the volume distribution, although the small number of events with 

magnitudes greater than 1000 m3 suggests this may not be applicable to higher volumes. 
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Table 4-8 summarizes all rockfall scars, showing the reconstructed volume, 

dominant failure mechanism, geometric configuration, the controlling joint set, lateral 

limits, the presence of a tensile rear or top/roof opening, evidence of intact rock fracturing, 

and block shape. The controlling joint set is defined as the set to which the controlling 

failure surface belongs to, within the 2σ variability cone. If the controlling surface is not 

within the 2σ variability cone of any joint set, no joint set is given. The nature of the left 

and right lateral limits indicates the presence of a side release plane or shearing through 

intact rock. In cases of a wedge failure, the joint sets of both failure surfaces are provided, 

and no right or left lateral limits are stated. 

  

Figure 4-19: Volume distribution of reconstructed failed blocks, with best fit 
power law 

The proportion of each type of geometric configuration is shown in Figure 4-20. 

Over half of the rockfall scars appear to suggest a component of horizontal tensile rock 

bridge failure, as indicated by configuration A – sheeting joint with tensile top release 

surface – or configuration D – wedge with tensile top release surface. Along with 

configuration E, which is bounded by irregular fracture surfaces, over three quarters of the 

identified rockfall scars, or 78%, were observed to require the propagation of intact rock 

fractures to initiate. The remaining two configurations, B and C, do not necessarily 
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preclude the possibility of intact rock fracturing, and several intact rock fracture indicators 

are observed on these scars. 

Figure 4-20: Proportion of observed rockfall block geometry configurations, 
n = 30. 

The failure mechanisms inferred from the identified rockfall scars agree with the 

overall suggested progression of sheeting joint failures on the Chief since deglaciation. 

Any blocks that were defined by large scale continuous joints would have been more 

kinematically unstable and failed long ago, and their scar surfaces would have been 

weathered over time to the same condition as the surrounding rock. Evidence for the 

morphology of surface of the Chief immediately following deglaciation exists – Figure 4-21 

shows a well-defined wedge, bounded by two continuous planar surfaces, measuring 

around 120 m high with an estimated volume of 12000 m3. 

Confirming the failure mechanisms of the reconstructed blocks requires an 

estimate of the pre-failure strength of the surfaces which bound the blocks. A simple 

wedge analysis was attempted, however, the complexity of the pre-failure surface and the 

prevalence of tensile intact rock failure surfaces results in an oversimplification of the block 

shapes and failure mechanisms for most of the observed failed blocks. It was thus decided 
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to use numerical modelling to analyze the effect of intact rock bridge content. Results from 

this analysis are presented in Chapter 6.  

Figure 4-21: Outline of well-defined historic wedge, with an estimated volume of 
12000 m3. 

Failure Block Shape Analysis 

A useful tool for identifying potentially unstable blocks is to determine the block 

shape of previously failed blocks. A block shape characterization system was proposed 
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by Kalenchuk et al. (2006), which assigns blocks a range of shapes between Elongated, 

Cubic, and Platy, based on two geometric factors α and β. The factor α refers to the 

flatness of an object, and is proportional to the ratio of a block’s surface area to its volume, 

normalized to a value of 1 for a cube. The parameter β is a measure of the angles between 

all vertex-to-vertex angles, including edges, face diagonals and internal diagonals. Long, 

narrow blocks with small vertex-to-vertex angles approach a maximum β value of 10, while 

a perfect cube has a β value of 0.82.  

The distribution of the reconstructed failure block shapes is shown in the ternary 

diagram in Figure 4-22. Of the 28 total reconstructed blocks, 17 (61%) can be described 

as Elongated (E), indicative of the high persistence sheeting joints and relatively shallow 

slab thickness. A further 9 blocks (32%) can be described as either Cubic-Elongated (CE) 

or Platy-Cubic (PC), and only two as Cubic (C). The shape of each block is included in 

Table 4-8. The lack of any blocks classified as Platy (P) is surprising considering the nature 

of sheeting joints. This may suggest that, while much of the jointing is associated with 

exfoliation, there are enough joints that intersect these sheeting joints that act as lateral 

release joints and limit the width of the blocks. The origin of these joints may be tectonic 

and not necessarily related to deglaciation. 

There does not appear to be a correlation between failure block volumes and block 

shape. The points in Figure 4-22 are divided by volume quartiles (d0-d25, d25-d50, etc.). 

Blocks from each quartile are distributed roughly proportionally across the block shape 

spectrum suggesting that the same joint sets are present at a range of scales, producing 

rockfalls of varying size. 
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Figure 4-22: Failure block shape analysis of reconstructed blocks, by block 
volume quartile 

Note: Ternary plot adapted from Kalenchuk et al. (2006).
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Table 4-8:  Summary of reconstructed rockfall scars 

Rockfall 
number 

Reconstructed 
Volume (m3) 

Dominant failure 
mechanism 

Geometric 
configuration 

Controlling Surface Lateral Limits 
Tensile 
opening 

Evidence of intact rock 
fracturing 

Block 
Shape Dip/Dip 

Direction (°) Set No. Left Right 

1 2699 Tensile slab failure A 86/124 J1 Free Shear Y Stepped fractures, arrest 
marks 

E 

2 2634 Tensile slab failure A 87/120 J1 Free Shear Y Stepped fractures, arrest 
marks 

E 

3 12005 Tensile slab failure and
stepped A/E 83/314 J2 Shear Shear Y Stepped fractures, arrest 

marks PC 

4 7 Planar A 89/322 J2 Free Free Y irregular broken rock E 

5 239 Wedge D 86/135, 76/039 J2, J3 Free Shear Y 
stepped fractures, broken 
rock E 

6 NA 
Topple or tensile slab 
failure A 86/127 J1 Free Free Y 

stepped fracture, arrest 
marks, broken rock 

7 3197 Irregular, stepped E 89/300 J1 Free Shear Y all of the above E 

8 791 Wedge D 89/306, 86/043 J1, J3 Y broken rock on tensile failure E 

9 534 Tensile slab failure A 82/121 J1 Free Shear Y 
stepped joints, irregular 
surface PC 

10 90 Wedge D 84/289, 87/349 J1, J3 Y irregular surface E 

11 78 Compound B 86/315 J2 Shear Shear Y irregular, stepped surfaces C 

12 1083 Topple B 85/323 J2 Free Shear Y irregular surface CE 

13 158 Topple or compound B 88/133 J2 Shear Shear Y 
stepped fractures, irregular 
side PC 

14 1898 Topple or compound B 84/324 J2 Shear Shear Y stepped, irregular surface PC 

15 198 Wedge C 89/115, 86/315 J1, J2 N steps E 

16 520 Tensile slab failure A 81/122 J1 Free free Y 
arrest marks, irregular 
surface E 

17 637 Topple or compound B 89/159 J5 Free Free N stepped fractures CE 
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Rockfall 
number 

Reconstructed 
Volume (m3) 

Dominant failure 
mechanism 

Geometric 
configuration 

Controlling Surface Lateral Limits 
Tensile 
opening 

Evidence of intact rock 
fracturing 

Block 
Shape Dip/Dip 

Direction (°) Set No. Left Right 

18 NA Topple B 81/152 J5 Free Free N 
arrest marks, stepped 
fractures 

19 29 Wedge D 86/335, 82/072 J2, NA Y 
arrest marks, irregular 
surface E 

20 59 Tensile slab failure A 87/187 J5 shear Free Y irregular surface E 

21 195 Wedge D 86/317, 80/262 J2, NA Y irregular surface E 

22 205 Wedge D 85/332, 89/279 J2, J1 Y 
arrest marks, irregular 
surface E 

23 3534 Wedge D 82/296, 80/262 J1, NA Y 
Stepped fractures, arrest 
marks E 

24 58 Wedge D 84/342, 82/303 J2, J1 Y irregular broken rock CE 

25 118 Irregular E 88/142 J2 Free Shear Y stepped fracture, irregular 
surface 

E 

26 1738 Irregular, stepped
multiple events 

E 86/302 J1 Free Shear Y step surfaces, irregular 
surface 

E 

27 455 Irregular, multiple events E 87/302 J1 Free Shear Y step surfaces, irregular 
surface E 

28 293 Planar A 67/297 NA Free Shear Y step surfaces, irregular 
surface CE 

29 212 Irregular, multiple events E 76/298 J1 Free Shear Y irregular surface C 

30 8 Planar A 62/354 NA Shear Free Y irregular surface CE 
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4.3.4. In-Situ Block Volume 

A visual assessment of discontinuity intersections was undertaken as part of 

mapping at the slope-scale to identify potentially unstable in-situ blocks. Blocks were 

identified either as being bound by two or three apparently continuous intersecting joints, 

or by having the potential to be fully formed through the propagation of joints. Blocks were 

only selected if an obvious failure mechanism existed – in other words, blocks that 

appeared kinematically stable were not considered.  

The stability of these blocks is only assessed based on characteristics observed 

from the remote sensing data. The goal of this analysis is to identify potentially hazardous 

blocks and areas on the face, and provide a methodology that could be applied at other 

sites. High hazard areas would be prioritized for further inspection, and possible 

remediation work. Because of the April 19, 2015 rockfall, close inspection and scaling has 

already been undertaken in the area of rockfall initiation. Some blocks which have been 

identified here as being potentially unstable were interpreted to be stable, or having a 

return period of greater than 50 years, upon closer inspection. Those blocks are included 

here as a way to validate the hazard evaluation system, and establish whether these areas 

would have been prioritized using this system.  

A close-up of the North Wall with some of the identified potentially unstable blocks 

outlined is shown in Figure 4-23. Block volumes were calculated by estimating the real 

extents of the potential bounding surfaces, and each block was assigned to one of the five 

failure configurations defined in Section 4.3.3. A total of 24 potentially unstable blocks 

were identified based on the orientation of intersecting joints. The occurrence of joint sets 

controlling the potentially unstable blocks is shown in Table 4-9. Joint sets J1 and J2 are 

the most dominant joint sets defining these blocks, together comprising two thirds of the 

potential failure surface joints.  

The estimated failure volumes, possible failure mechanisms, geometric 

configurations and block shapes are listed in Table 4-10. The volume distribution of the 

identified blocks is shown in Figure 4-24. The majority of the identified blocks are under 

50 m3 in volume. The median block volume is 45.5 m3, and the mean is 307 m3. Only three 
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blocks were identified with a volume greater than 1000 m3, including the largest with a 

volume of 3220 m3. Of the 24 identified potentially unstable blocks, 13 are of failure block 

configuration A – a potential tensile slab failure. The proportion of in-situ potential block 

failure configurations is shown in Figure 4-25. 

Figure 4-23: Close up of upper North Wall with selected potentially unstable 
blocks outlined. 

Table 4-9: Number of occurrences of each joint set defining potentially 
unstable blocks 

Joint Set Number of occurrences 

J1 11 

J2 9 

J3 1 

J4 0 

J5 3 

Other 6 
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Table 4-10: Summary of identified potentially unstable in-situ blocks 

Block 
number 

Estimated 
volume 
(m3) 

Likely failure mechanism 
Geometric 
configuration 

Block 
Shape 

Controlling Joints 

Dip/Dip 
Direction (°) Set No. 

1 1350 
Tensile failure in back release surface or 
toppling failure due to root wedging 

B PC 89/143 J2 

2 90 Wedge failure C E 
75/347, 
77/210 

NA, NA 

3 44 
Wedge failure with tensile horizontal 
release 

D E 
88/357, 
76/294 

J5, J1 

4 997 Wedge failure C E 
81/299, 
87/073 

J1, NA 

5 124 Tensile failure in back release surface A C 87/323 J2 

6 48 
Wedge failure with tensile horizontal 
release 

D E 
78/036, 
76/300 

J3, J1 

7 12 Sliding failure along basal surface B CE 72/004 J5 

8 215 
Possible compound failure, horizontal or 
vertical tensile failure 

E E 87/285 J1 

9 15 Horizontal tensile failure A E 74/169 NA 

10 41 Horizontal tensile failure A E 83/340 J2 

11 73 Horizontal tensile failure A E 79/003 J5 

12 284 Horizontal tensile failure A E 88/128 J1 

13 47 Horizontal tensile failure A E 87/336 J2 

14 10 Wedge failure or slab failure D E 
87/137, 
89/191 

J2, NA 

15 35 Horizontal tensile failure A E 85/128 J1 

16 329 
Possible compound failure, failure through 
horizontal or vertical tensile failure 

E CE 80/154 J2 

17 10 Horizontal tensile failure A C 82/329 J2 

18 22 Horizontal tensile failure A CE 88/131 J2 

19 32 Horizontal tensile failure A E 85/296 J1 

20 35 Horizontal tensile failure A E 88/115 J1 

21 299 Tensile failure in back release surface A E 83/304 J1 

22 38 Sub-horizontal tensile failure A C 78/300 J1 

23 3 Toppling B CE 85/131 J2 

24 3220 Wedge failure C E 
88/309, 
66/328 

J1, NA 
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Figure 4-24: Volume distribution of potentially unstable in-situ blocks 

Figure 4-25: Proportion of in-situ block failure configurations 

The volume of each individual block is not necessarily indicative of the maximum 

magnitude of a rockfall involving that block. Key block effects are not considered in this 

analysis, whereby the loss of one block would remove buttressing or support of other 

blocks, which may not have been identified. The effects of a failed block impacting another 
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block on the way down are also not considered. Both these effects would increase the 

total volume of the event. 

The volumes estimated for in-situ blocks are significantly lower than those 

estimated for historical rockfalls. The cumulative frequencies for both in-situ blocks and 

historical rockfalls are shown in Figure 4-26. Approximately 70 % of identified in-situ 

blocks are under 100 m3, and 90 % are under 1000 m3. In comparison, only 25 % of 

historical rockfall scars are estimated to be under 100 m3, and 74 % under 1000 m3. This 

observation could suggest that damage is not accumulating as rapidly as is it did 

historically, as stress rebound from deglaciation slows and the climate becomes more 

temperate. Sudden unloading from deglaciation may have caused more rapid crack 

propagation leading to larger rockfalls, which has since slowed as internal stresses have 

moved toward equilibrium. It could also suggest that many of the identified historical 

rockfalls occurred in multiple episodes consisting of smaller individual blocks. This would 

be supported by key block theory and the idea that large-scale failures are preceded by 

smaller precursory rockfalls.  

Figure 4-26: Cumulative distribution of in-situ blocks and historic rockfalls 

A block shape analysis was done on the identified potentially unstable in-situ 

blocks using the same technique as in the rockfall scar block shape analysis. The results 

are presented in Figure 4-27, and show a similar distribution to that found in the rockfall 
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scar block shape analysis. The majority of potentially unstable blocks (67%) are described 

as Elongated, with a lower number of blocks in the Cubic-Elongated (17%) and Cubic 

(13%) shapes. There does not appear to be a correlation between block volume and 

shape, as each volume quartile appears to have a similar block shape distribution. 

 

Figure 4-27: Block shape distribution of in-situ potentially unstable blocks 
Note: Ternary plot adapted from Kalenchuk et al. (2006) 

The block shapes identified in both the historical rockfall analysis and in-situ block 

analysis confirm the relative importance of the various joint sets and of intact rock fracture 

contribution to rockfalls. The majority of blocks are elongated, bounded by high 

persistence rear and lateral surfaces, most belonging to joint sets J1 and J2. In some 

cases, a sub-horizontal joint set J4 defines the top of the block. In cases where no 

horizontal joint is present, the entire load of the block is concentrated across the width of 

the block, which is relatively small in area compared to the overall volume of the block. 

The intact rock tensile strength is high and can support a relatively large load in tension, 

but any area where the intact rock is weakened by damage from natural processes and 

the development of incipient joints would cause a further increase in stress concentration, 
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and lead to cross fractures across the width of the block (Hencher et al., 2011; Shang et 

al., 2016). 

4.3.5. Seepage 

The presence of water on a slope is a key factor in slope stability and is included 

as a criterion in rockfall hazard rating systems (RHRSs). The effect of water is considered 

either by climatic conditions in the area of the slope, in other words, the amount of rainfall 

a slope receives (Budetta, 2004; Pierson, 1992), by visual observations of water on the 

slope (Maerz et al., 2005; Vandewater et al., 2005; Woodard, 2004), or by considering 

both (Santi et al., 2009). Considering the presence of water on the slope is more useful 

when the rating is applied over a small geographical area, and accounts for the local 

structural geological effects on groundwater flow and seepage. Because this hazard 

evaluation is intended to specifically be applied to a local area, only the presence of water 

on the slope is being considered as a hazard criterion. 

Using seepage on a slope to evaluate the effect of groundwater on slope stability 

has some limitations. The amount of seepage may be dependent on recent rainfall and 

observations made at different times may not necessarily be comparable. Rainfall that 

covers the slope with water may obscure continuously seeping joints, while extended 

periods with no rainfall would allow seeping joints to dry completely.  

Two remote sensing methods were used to detect seepage; terrestrial LiDAR and 

infrared thermography. Visual observations from high resolution photographs were used 

as a constraint. The presence of water on the rock surface affects the signal recorded by 

each method. The seepage observations as part of this research were made two days 

after a period of light rainfall, to allow rain on the slope surface to evaporate. Weather 

during these days was mostly cloudy, so solar radiation on the slope would have been 

minimal, and day time high temperatures were around 12°C. 

Wet surfaces have been shown to reflect LiDAR signals poorly, thereby decreasing 

the amplitude of the returned signal (Lichti & Harvey, 2002). This effect can be a limitation, 

and can significantly reduce the maximum range of a LiDAR signal, leaving data gaps. 

However it has also been used to identify areas where seepage is occurring on a rock 
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slope (Abellán et al., 2011; Gigli et al., 2014; Kromer et al., 2015c; Sturzenegger & Stead, 

2009a), including two previous case studies on the Chief (Tuckey, 2012; Vivas Becerra, 

2014). In some cases, where the reflectivity between the wet and dry rock is sufficiently 

contrasted, seepage area can be determined quantitatively relatively simply. However, 

this is difficult to apply if other factors reducing signal amplitude are present, such as 

vegetation or dark rock. 

Infrared imaging devices detect the infrared radiation emitted, transmitted and 

reflected by any surface, and convert that into an equivalent temperature. Infrared 

thermography has been used to detect seepage and moisture in several cases, including 

one previous study on the Chief (Vivas Becerra, 2014). Because water has a higher heat 

capacity and lower emissivity than rock, a wet surface will emit less radiation and appear 

colder than the surrounding rock. Other factors can also reduce the temperature signature 

of a surface, such as aspect, exposure, and elevation, which may obscure the signature 

of seepage. 

The same LiDAR data collected for geotechnical structure characterization were 

also used for the seepage study (see Section 4.2.2 for details). Figure 4-28 shows the 

LiDAR point cloud of the upper section of the North Wall shaded by reflectivity. Because 

of the high reflectivity of the granite on the Chief, the contrast between wet and dry 

surfaces is very sharp. Streaks of water are clearly visible seeping from sub-horizontal 

joint set J4, particularly from the horizontal ledges at the top where there is significant tree 

growth. Seepage is also observed coming from near vertical joints underneath the arch at 

the right side of the image. The left side of the image appears to be predominantly dry. 

However, it is not known if this is because the connectivity between joints is lower, or 

because this area of the wall is more exposed to drying effects of the wind and sun. 

Significant streaks of water are also observed close to the bottom of the wall, discharging 

from one of the slope-scale sub-horizontal joints belonging to set J4 (Figure 4-29). From 

a rockfall perspective, this area is considerably less blocky than the upper wall, and 

showed less evidence of historical rockfall or potentially unstable in-situ blocks. 

Because of the sharp contrast in reflectivity between areas of seepage and 

surrounding dry rock, the surficial extents of the seepage can be determined quantitatively. 
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A threshold reflectivity value can be estimated, and points below that threshold can be 

isolated to estimate the surface area of rock covered by water. While this technique does 

not estimate the rate at which water is flowing out of the crack, it can provide a reasonable 

analogue, as structures with higher groundwater flow would be expected to show much 

larger seepage streaks. Points reflecting off vegetation and secondary reflection points 

could also have reflectivity values below the threshold, and would need to be excluded 

from seepage estimates. This technique was used as a first approximation of the 

contribution of seepage to the proposed overall hazard rating. 

Figure 4-28 LiDAR point cloud of the upper North Wall with points shaded by 
reflectivity. Dark areas indicate low reflectivity. Areas of seepage are 
highlighted by red arrows. 



  

91 

 

Figure 4-29: Large streak of water seeping from a sub-horizontal ledge formed by 
joint set J4, close to the bottom of the slope. 

Infrared images were collected from the same location as the LiDAR. A FLIR 

SC7650 infrared camera was used with a 100 mm lens. The same seepage patterns as 

observed in the LiDAR are also visible in the infrared imagery (Figure 4-30). The contrast 

between wet rock surfaces and surrounding dry rock are less distinct, as broader 

variations in temperature exist across the slope as a whole. Temperatures are lower 

towards the right of the slope, where the face is shaded by the North Gully of the Chief, 

and also within rock dihedrals and on other sheltered aspects. The raw infrared images 

are also limited by the inability to project thermal properties in 3D, although images could 

be draped over photogrammetric or LiDAR DTMs. All infrared images are provided in 

Appendix D. 



92 

Figure 4-30: Infrared thermal camera images of two selected areas on the upper 
North Wall of the Chief. Seepage streaks are denoted by white 
arrows. 
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The seepage observations presented here provide a snapshot of the conditions at 

a particular time. Although the timing of the observations was chosen to best observe 

typical seepage conditions, actual seepage conditions are likely very dependent on rainfall 

and temperature. A more rigorous approach would be to observe the changes in seepage 

for several days after rainfall, however this was not possible as intermittent rain continued 

for several days after these observations, obscuring seepage on the rock. For the 

purposes of evaluating groundwater flow contribution to rockfall, these observations 

provide a useful indicator of joints and joint sets where flow is more likely to affect stability. 

4.4. Characterization of Rockfall Hazard Criteria and 
Creation of a Rockfall Hazard Map for the North Wall of 
the Chief 

4.4.1. Criteria Rating Methodology 

The primary objective of evaluating rockfall hazard indicators is to identify areas 

on the Chief most prone to rockfall initiation, and to prioritize areas for more detailed 

hazard assessment, monitoring, and mitigation or remediation. This is analogous to the 

methods used in RHRSs, although the scope and scale of this hazard evaluation is quite 

different from that of a RHRS. While a RHRS is intended to identify rockfall hazard directly 

affecting a roadway, this system is intended to identify areas on a cliff face where rockfall 

initiation is more likely. A quantifiable rating is presented, based on five hazard categories: 

structure persistence and orientation; evidence of historical rockfall; in-situ block size; 

presence of vegetation; and the effects of seepage. 

A 50 m x 50 m grid was overlaid onto the photogrammetry and LiDAR models of 

the North Wall of the Chief, and each cell was rated for each hazard category on a scale 

of 1-4. The weighting for each category is based approximately on the distribution of 

values observed on the north wall, such as historical rockfall volume or joint persistence, 

for each category. The criteria for each rating are summarized in Table 4-11. The overall 

hazard rating for each cell is based on the mean of the hazard ratings for each category. 
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Table 4-11: Criteria for relative hazard ratings of each rockfall hazard category 

Category 
Relative Hazard Rating 

1 2 3 4 

Joint persistence (m) 0-10 10-20 20-40 >40

Unfavorable joint sets 0 1 2 3 

Historical rockfall 
volume (m3) 

None 0-200 200-800 >800

Potentially unstable block 
volume (m3) None 0-100 100-200 >200

Seepage (%) 0 0-20 20-60 60-100

Potential for root wedging No - Yes - 

Joint Persistence and Orientation 

The relative contribution of existing structures to the rockfall hazard rating of each 

cell is dependent on the persistence of individual joints and on the presence of identified 

joint sets. The persistence rating was assigned based on highest apparent persistence 

joint or portion of a joint entirely within the cell. For example, if a 60 m joint extended 12 m 

into a particular cell, and that was the longest joint or portion of a joint within that cell, the 

cell would be assigned a score of 2 for joint persistence. Persistence was judged based 

on the trace length of joints as measured in the photogrammetric DTM. 

The unfavourable joint set category is rated based on the presence of joint sets 

identified as contributing to rockfalls. These are broadly defined from the discontinuity 

mapping in Section 4.3.1 as rear release planes, comprising joint sets J1 and J2, lateral 

release planes, comprising joint sets J3 and J5, and sub-horizontal ledges, basal surfaces, 

or upper release surfaces comprising joint set J4. Each cell was assigned a score based 

on the number of different potential release surfaces present in that cell.  

Other discontinuity properties that would contribute to rockfall include aperture, 

roughness and infilling. These were not considered in the criteria because of the resolution 

of the remote sensing data. Measurements of joint aperture on the millimeter to centimeter 

scale would require a much finer DTM resolution, as would a roughness value for second-
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order asperities. However, because of the high angle of most joints, roughness is not a 

significant control on stability. The dip angle of all sub-vertical joint sets (J1, J2, J3 and 

J5) is much greater than the friction angle of the joints, even assuming a high friction angle. 

Infill is not easily detectable using LiDAR or photogrammetry, but discontinuities are 

generally clean or slightly weathered, with no infill observed in field reconnaissance. 

However, some larger aperture joints are likely to be infilled by soil and organic material. 

Future hyperspectral imaging could allow the identification of infill if present.  

Historical Rockfall 

Prior occurrence of rockfall is generally considered to be an indicator of 

unfavourably oriented joints or poorer rock mass quality, and is therefore used as a hazard 

category in all variations of RHRS (Ferrari et al., 2016). Using the volume distribution of 

reconstructed rockfalls (Section 4.3.3), a hazard rating was assigned based on the total 

failed volume within that cell. Reconstructed rockfall volumes that crossed cell boundaries 

contributed the respective proportion of the total volume found within each cell, to that cell. 

In-situ block size 

An analysis of each cell was done to determine whether two or three joints intersect 

to form a potentially unstable block in any of the five geometric configurations identified in 

Section 4.3.3. Consideration was made for the possibility of joints propagating and 

fracturing of intact rock, therefore not all blocks are fully defined by joints. The relative 

hazard rating is determined by the estimated volume of all in-situ blocks within each cell, 

as determined in Section 4.3.4. 

Contribution of Vegetation to Rockfall 

The temperate coastal climate in which the Chief is situated allows for relatively 

rapid growth of dense vegetation, which has the potential to accelerate crack growth and 

block displacement, through root wedging. Root wedging is the process whereby trees 

and other vegetation extend their roots into existing cracks, and impose stresses on the 

walls of the crack, causing them to open (Stock et al., 2013). Root wedging has been 

observed in similar environments and is recognized as a cause of rockfall in areas such 

as the Yosemite National Park. Root wedging is believed to be one of the triggers of the 
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April 15, 2015 rockfall (Golder Associates, 2015b), and therefore should be considered in 

this rockfall hazard evaluation. 

Areas with the potential for root wedging were identified. These areas 

characterized by ledges with thick vegetation growing on them, and a blocky rock mass 

into which roots could propagate. A relative hazard rating for root wedging was assigned 

based simply on whether tree growth that could potentially lead to root wedging was 

observed within each cell. A cell is rated 1 if vegetation is not present, and 3 if vegetation 

is present. 

Seepage 

Seepage was observed from several of the joints around the top of the cliff and 

from some horizontal ledges on the lower area of the cliff. While the remote sensing 

models cannot estimate the rate of water flow from these cracks as described in certain 

RHRSs (i.e. dripping, flowing, gushing, etc.), an estimate of seepage extent can be used 

(New York State DOT, 2007; Vandewater et al., 2005; Woodard, 2004). In this case, the 

rating for seepage is assigned based on the percentage of the total surface area of each 

cell where the LiDAR survey has detected water.  

4.4.2. Rockfall Initiation Zone Priority Map 

Each grid cell was rated on the previously defined hazard rating criteria. The 

overall hazard rating for each grid cell was defined as the mean of the hazard ratings for 

each criterion. The lowest possible hazard rating is 1, while the highest is 4. These rating 

values prioritize areas on the Chief where rockfall is most likely to initiate. The colour-

coded initiation zone priority map provides an easily interpretable visualization of the 

hazard ratings (Figure 4-31). 

The overall hazard ratings range from 1 to 3.6. The mean rating for all cells is 2.3. 

The cells with the highest likelihood of initiation are found at the top of the wall, where 

substantial evidence of previous rockfall exists, and high persistence sub-horizontal joints 

create potentially unstable blocks. This is the same area where the April, 2015 rockfall 

initiated from. Rockfall initiation likelihood generally decreases towards the bottom of the 
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slope, where the rock is more massive and clean. The area at the lower left of the slope 

consists of a more blocky and jointed rock mass and has a higher than average rating. 

While this map provides a clear visual overview of rockfall initiation likelihood, 

these ratings should not be used as a final hazard assessment. The grid lines and cell 

sizes are arbitrary. Conditions that are favorable to rockfall initiation may extend slightly 

into a cell with a relatively low hazard rating. Ideally, this visualization would serve as a 

starting point for more detailed analysis on rockfall probability and for any subsequent 

mitigation that would be deemed necessary. This visualization also provides a baseline 

for the preliminary baseline monitoring work carried out in the following section. 

Figure 4-31: North Wall of Stawamus Chief colour coded according to the relative 
likelihood of rockfall initiation in each grid cell. The lowest possible 
rating is 1, while the highest is 4. Unrated areas are grey. 

This map can be easily modified to adjust the criteria or hazard weightings. For 

example, RHRSs typically use an exponential hazard rating from 3 to 81, or a continuous 
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scale from 1 to 100 (Ferrari et al., 2016). Such a scale was not used in this case but may 

be required if the rating system were to be applied to other areas of the Chief or other 

similar slopes, so that hazard categories with a higher rating would be weighted more 

heavily and would therefore be more easily comparable between adjacent areas. Because 

the categories were weighted based on the distribution of each hazard only on the North 

Wall, it is likely that weightings would need to be adjusted if this system were to be applied 

to a different area on the Chief, or a different slope altogether. 

4.5. Proposed Investigative Monitoring and Preliminary 
Results 

4.5.1. Proposed Monitoring Technique 

The conditions observed on the Chief present unique challenges for monitoring. 

Rockfall on the Chief is rare, and failure occurs suddenly. Monitoring has not been 

previously carried out on the Chief, so there is little or no direct observation of the damage 

processes or rockfalls that may occur on the surface of the Chief.  

A practical approach to monitor the evolution of the slope would be to use LiDAR 

scans at regular intervals, and assess areas of potential instability based on changes 

detected between successive LiDAR scans. This type of monitoring quantifies the 

accumulation of damage, such as small rockfalls and fracture growth, which are predictors 

of larger events (Rosser et al., 2007). Such an approach has been implemented several 

times, (e.g. Abellán et al., 2011; Kromer et al., 2015c; Royán et al., 2014; Sampaleanu et 

al., 2016), including in monitoring the progression of sheeted rock slope failures at 

Yosemite (Stock et al., 2012), a structurally similar setting to the Chief, with a potential 

failure mechanism that has also been identified at the Chief. Most recently, baseline 

LiDAR monitoring has been implemented to quantitatively evaluate precursors of rockfall 

for risk management in railway corridors (Kromer et al., 2017b). 

For a periodic LiDAR monitoring program to be successful, the limit of change 

detection must be smaller than the magnitude of the change expected from damage 

accumulation. Recent developments have allowed for limits of detection at the sub-mm 
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scale (Kromer et al., 2015a) under ideal conditions. The actual limit of detection (LoD) 

achieved depends on several factors, particularly the distance from the scanner to the 

slope, specific acquisition parameters, and the quality of alignment. In general, achieving 

a lower limit of detection requires a highly rigorous approach and is more time intensive, 

both in the field data acquisition and in data processing. 

4.5.2. Monitoring Procedure 

Monitoring at the Chief presents two significant challenges. The first, as mentioned 

previously, is the scale at which changes are most likely to occur. Rockfalls creating 

differences between successive point clouds of several centimeters are easily detected, 

but changes associated with crack propagation and other small-scale damage 

accumulation are likely to be on the order of millimeters or less per year. Block 

displacement associated with root growth would be dependent on the density and size of 

the vegetation and could range from a few millimeters to centimeters per year. 

The second challenge is the scale of the slope as it relates to the monitoring 

configuration. The accuracy of LiDAR measurements is dependent both on angle of 

incidence and range to the slope. Ideally, a scanner position will be as close as possible 

to the slope while still maintaining a near-orthogonal angle of incidence. Furthermore, an 

unobstructed line of sight is necessary. In the case of the North Wall of the Chief, these 

requirements limit the possible scanner locations to a range of 1100 m from the top of the 

cliff. Previous work done to detect millimeter level changes has used ranges of tens of 

meters to 200 m. At greater ranges, where the accuracy of individual measurements is 

lower, the limit of detection would be expected to be proportionally higher, with all other 

variables being controlled. 

A seasonal scanning schedule was proposed, with preliminary baseline monitoring 

scans acquired twice a year, in the fall and in the spring. The first campaign was taken on 

October 12, 2016, and the second campaign was taken on May 8, 2017. This timeline is 

intended to take into account the increased precipitation and cold temperatures over the 

winter months that could affect stability through increased water flow and frost wedging, 

and identify any hazard areas that need to be mitigated prior to the busy summer 
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recreation season. It is worth noting that, while weather is a significant contributor to 

rockfall, many rockfalls occur during periods of fine weather, with no apparent immediate 

trigger (Stock et al., 2013). This includes the April, 2015 rockfall on the Chief, which 

occurred five days after the previous rainfall.  

Weather conditions for the monitoring period are shown in Figure 4-32. The 

weather was recorded at Squamish airport, which is at an elevation of 52 m. Temperatures 

on the Chief at higher elevations would likely be colder than those recorded. The average 

temperature for the day is shown in dark blue, while the light blue shows the daily 

temperature range. Daily precipitation is measured in mm. When snowfall occurred, 

precipitation was recorded in mm water equivalent; in other words, the amount of water 

that would accumulate if the snow melted. Temperatures experienced during this period 

were well below seasonal – the average low from December to February is around 0° C 

(Environment Canada, 2017a, 2017b) 

Figure 4-32: Daily average temperature, daily temperature range, and daily 
precipitation at Squamish airport between the first two scanning 
campaigns (Environment Canada, 2017b) 

A scanner position was chosen in the Valleycliffe neighbourhood of Squamish 

(Figure 4-33). This position is referred to as Position 2 in the original characterization 

LiDAR scan (Table 4-2), and is shown in a photograph in Figure 4-4. This position was 

chosen because it provided the closest unobstructed line of sight to the North Wall of the 
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Chief while maintaining a relatively orthogonal orientation to the North Wall, and minimized 

the number of occluded surfaces.  

Figure 4-33: Location of the LiDAR monitoring station on Guildford Drive in 
Valleycliffe, Squamish. 

Map data: Google, 2017 

Each monitoring campaign consisted of two phases – a single slope-scale scan, 

and multiple scans of a high-hazard area, as identified on the rockfall hazard map. All 

scans were acquired from the same position on the same day, with the focussed scans 

being acquired immediately following the slope-scale scan. The selected high-priority area 

is a roughly square area approximately 100 m across that had the highest rating on the 

rockfall hazard map (Figure 4-34). 
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Figure 4-34: Approximate outline of the high priority LiDAR monitoring area on 
the North Wall 

The slope-scale scan was acquired using a Riegl VZ-4000 scanner at an angular 

resolution of 0.005°, which is equivalent to a point spacing of approximately 10 cm at 

1100 m distance from the slope. Changes at this level would be detected using the M3C2 

algorithm (Lague et al., 2013). The scale of changes expected to be detectable using this 

technique is equivalent to small rockfalls less than 1 m3 in volume. The M3C2 technique 

is useful in complex terrain as it measures the change in three dimensions along the 

normal of the point cloud at each point. 

To achieve a lower limit of detection, the Space-Time algorithm (Kromer et al., 

2015a) was applied to the previously identified high-priority window on the Chief. This 

technique requires the acquisition of multiple calibration scans of the same area at a high 

resolution, to filter out systematic errors in the LiDAR scans. The standard error decreases 

as the number of time steps (i.e. calibration scans) is increased. A minimum of ten 

calibration scans is recommended to average the effects of a potentially noisy reference 

cloud. In this case, ten scans were acquired during the first monitoring campaign, and 

sixteen were acquired during the second. Calibration scans were acquired at an angular 
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resolution of 0.003°, which is equivalent to a point spacing of approximately 6 cm at 

1100 m distance from the slope. 

Each scanning campaign was done from the same position, with the scanner 

mounted on a portable survey tripod. Having the scanner mounted on a permanent survey 

pillar with a precisely known location would remove one potential source of error. In 

addition to a precisely surveyed scan location, survey control points in the scan would also 

help control for atmospheric effects and internal scanner error. 

4.5.3. Preliminary Monitoring Results 

The point clouds were cleaned using automated filters followed by a manual review 

to remove vegetation and noise not picked up by the automated filters. Alignment of the 

point clouds for both slope-scale and focussed window change detection was done using 

CloudCompare. Change detection for the slope-scale monitoring was done using the 

M3C2 algorithm in CloudCompare, while the focussed monitoring window point clouds 

were exported for analysis by the Space-Time algorithm. 

Slope-Scale Monitoring 

The initial slope scale alignment and analysis was done on the entire slope at once; 

this resulted in an apparent limit of detection of 72 mm, as defined by the 95 % confidence 

level of the residual distribution of change on a stable area. However, large areas of 

difference were observed on the lower-left and upper-right areas of the slope (Figure 

4-35). These differences are errors likely introduced by the alignment procedure and are 

most likely caused by lower point spacing on faces at low incident angles, and due to 

higher random error on these same faces (Kromer et al., 2015c). Similar errors are 

observed on faces in the centre of the slope but at low incident angles to the scanner, 

such as horizontal ledges and undercuts, and also on some areas where seepage is 

observed. This can also be explained by the reduction in accuracy induced by areas with 

low reflectance. Areas where large amounts of vegetation had to be removed from the 

point cloud were also prone to noise. Many of these points are second or third reflections, 

which have a much lower amplitude than first reflections, and therefore a lower accuracy. 
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Figure 4-35: Initial LiDAR change detection on the entire slope using M3C2 for 
Oct 12 2016 to May 8 2017. Areas of misalignment are observed in 
the lower left and upper right of the slope 

To provide a more accurate alignment, the slope was divided into three areas, and 

each of these areas was aligned and analyzed separately (Figure 4-36). Area 1 refers to 

the lower left area of the slope, Area 2 refers to the central area of the slope extending the 

entire height of the slope, and Area 3 refers to the far-right area of the slope. Each area 

was analyzed using M3C2. The limits of detection for these three areas, as defined by the 

95 % confidence level, were found to be 62 mm, 47 mm, and 63 mm.  

Dividing the slope into the three distinct areas removed the large artefacts found 

in the original alignment. However, smaller areas of change were detected, which are 

believed to be errors. The errors were verified by comparing photographs from both 

monitoring campaigns to determine if rockfall had occurred, and by evaluating the 

kinematic possibility of block displacement or crack propagation. Once verified, the 

detected differences could not be explained by rockfall or slope displacement, and are 

therefore considered artefacts. As with the original alignment, areas where change is 

detected correspond to areas with low incident angles, lower point spacing, seepage, and 

vegetation, which are associated with the greatest error.
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Figure 4-36: Difference between point clouds from two LiDAR monitoring campaigns, Oct 12 2016 to May 8 2017. The slope is 
divided into three distinct areas, Area 1, Area 2 and Area 3.
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Systematic errors associated with point cloud alignment are an inherent limitation 

of change detection between two point clouds. While this does not negate the usefulness 

of applying a technique such as M3C2, it does require verification of any detected 

changes. A real limit of detection for this analysis, in other words, the smallest value where 

no systematic errors appear, would be approximately 100 to 150 mm.  

Focussed Monitoring Window 

The analysis on the focussed monitoring window using the Space-Time algorithm 

achieved a limit of detection of 14.5 mm, based on the 95 % confidence level. The limit of 

detection is much lower than achieved using the M3C2 algorithm, because of the use of 

calibration point clouds to remove systematic error and averaging techniques to remove 

random noise.  

Differences between the scans from the two monitoring scans were detected 

beyond the limit of detection that would suggest movement (Figure 4-37). However, the 

detected differences do not appear to represent actual rock slope change. For example, 

patches of change are observed on intact planar surfaces that would require significant 

deformation of the surface. As with the M3C2 analysis, the surfaces on which these 

differences appear are oriented at low incident angles and have a lower point density than 

surrounding surfaces with no detected differences These areas are relatively small, 

suggesting small systematic errors in the alignment that were not fully removed by the 

Space-Time algorithm. The number of calibration point clouds may not have been 

sufficient to remove the systematic errors given the challenges associated with the angular 

surface consisting of faces oriented at low incident angles.  
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Figure 4-37: Differences between point clouds from the first two LiDAR 
monitoring campaigns in the focussed monitoring window as 
measured by the Space-Time algorithm 

Because none of detected changes appear to represent actual rock slope 

movements, it is assumed that no change has occurred during the brief 7-month 

monitoring period. To test the sensitivity of the orientation of individual faces to the 

accuracy of the alignment, the monitoring window was divided into groups based on the 

orientation of the point cloud normal relative to the line of sight of the scanner. Every point 

was grouped by angle in 15° intervals, where 0° represents a point whose normal is 

parallel to the line of sight, or a surface whose plane is orthogonal to the line of sight, and 

90° represents a normal that is orthogonal to the line of sight, or a surface that is parallel 

to the line of sight. The 95 % confidence interval, used to define the limit of detection, for 

each group of points is shown in Figure 4-38. 
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Figure 4-38: Variation in the LiDAR limit of detection shown in blue relative to the 
rock surface orientation. 

This analysis shows that while the 95% confidence limit of detection for the entire 

window may be 14.5 mm, surfaces whose normals are oriented more than 60° from the 

line of sight have a much higher standard deviation and therefore a much greater limit of 

detection. In this case, limits of detection of 19 mm and 22 mm were found for surface 

normal orientations of 60-75° and 75-90°, respectively. Increasing the limit of detection for 

the entire window to 22 mm removes most of the artefacts on poorly oriented faces, but 

also decreases the sensitivity of the technique to changes on ideally oriented faces.  

The preliminary work undertaken to date represents initial attempts on slope 

change detection in a challenging long-range survey of the Chief. Further work is required 

to improve the limit of detection and prevent artefacts in the alignment process. Likely the 

most easily implemented solution would be to acquire additional calibration scans. As 

each scan takes approximately 15 minutes to complete, each additional ten scans would 

add two and a half hours to the total campaign time. Increasing the angular resolution to 

the scanner’s limit of 0.003° would also improve the accuracy of the analysis, but would 

also increase acquisition and processing time.  

Change detection using UAV-based photogrammetry is another potential solution 

for monitoring (Danzi et al., 2013; Gauthier et al., 2015; Lato et al., 2015). This would allow 
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much closer access to the slope and acquisition of photographs at ideal angles to all 

surfaces of the slope. However, UAV-based photogrammetry has not yet shown the same 

level of precision achieved using terrestrial LiDAR at this site. In-situ real-time slope 

instrumentation of high hazard areas defined in this research could be considered to 

monitor displacements, tilt of slabs, and temperature changes. Instrumentation such as 

crackmeters, strain gauges, and  microseismic monitoring have been used at Yosemite 

(Collins & Stock, 2016; Zimmer et al., 2009) and could be used as a template for this work. 

Identification of distinct areas of potential instability could also be used to plan a prism 

monitoring program. Monitoring prisms installed on individual blocks would provide very 

precise displacement measurements of that block, although at only one point on the 

surface. These findings would also provide important constraints for future design of 

remote sensing campaigns of the Chief. 

4.6. Conclusion 

Despite the relative overall stability of rock mass on the Chief, rockfalls of varying 

volume do occur, and the risk to the public will increase as outdoor recreation around the 

Chief becomes increasingly popular. Characterizing the factors that lead to rockfall is the 

first step in understanding the potential magnitude and hazard. By quantitatively rating 

discontinuity persistence and orientation, historical rockfall, potentially unstable in-situ 

blocks, vegetation, and seepage, the relative likelihood of rockfall initiation across the 

slope can be estimated. While the hazard evaluation was only applied to one area of the 

Chief, the simple hazard rating system can be applied to the rest of the Chief, or any high 

blocky rock wall where infrequent, high-magnitude rockfall has been identified as a hazard. 

This system would have identified the failed block from the April 2015 event as higher 

likelihood for failure, although the occurrence of small precursory rockfalls or magnitude 

of pre-failure displacement is unknown. 

The workflow for evaluating hazard and establishing a monitoring program as 

outlined in this chapter is as follows: 

 Create a high resolution 3D model of the slope using LiDAR or photogrammetry

 Establish hazard criteria based on slope characteristics
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 Create a grid on the slope model and rate each grid cell on each of the hazard criteria, 

assigning each cell a final score 

 Identify high priority areas for monitoring 

 Identify an ideal location for a monitoring station, based on distance, orientation, and 

line of sight to slope. 

Prioritizing areas of higher likelihood rockfall initiation allows for a focussed 

monitoring approach. Monitoring scans would be undertaken as frequently as possible, at 

least twice a year in the spring and fall, and can be completed in a single day. Monitoring 

results can be used to plan remediation work, such as scaling, and for planning 

recreational trails and infrastructure. 

The hazard priority map and suggested monitoring program presented here are 

based solely on the likelihood of rockfall initiating from any particular spot on the Chief. 

However, any future monitoring or mitigation of the Chief would need to be designed 

based on risk. Areas of higher hiker and climber traffic would need to be considered, as 

well as infrastructure such as roads, trails, or parking areas. This would require additional 

trajectory and runout analysis. Risk based monitoring and mitigation design would 

prioritize areas based on the probability of impact to humans or infrastructure, and not just 

the probability of rockfall initiation. 
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 Rockfall on the SLR Contact Wall at 
Diavik Diamond Mine 

5.1. Introduction 

The exposed contact walls at Diavik are impressive in their scale, leaving a void 

over 100 m across at the bottom of each pit, with a vertical relief of over 150 m. 

Geotechnical hazards at Diavik, associated with both the contact walls and the pit walls, 

have been well characterized, and identified hazards are closely monitored, with detailed 

response plans in place for sudden displacements. One area that has been identified is 

the SE Sub Level Retreat (SLR) contact wall of the A154S kimberlite pipe, which features 

steeply dipping daylighting discontinuities and sheeting joints (Golder Associates, 2015a). 

As mining progresses downwards and a greater surface area of the contact wall is 

exposed, the potential size of rockfalls increases.  

In this chapter, I examine the mechanisms of rockfall from the A154 SE SLR 

contact wall, using high resolution LiDAR and photogrammetry. I first look at the relative 

contribution of both persistent planar joints and intact rock bridges to rockfall, through 

mapping of joints, kinematic analysis and damage mapping. An automated plane detection 

technique is applied to estimate the rock bridge content within observed rockfall scars. 

Two point cloud roughness techniques are also applied to quantify the roughness of a 

rockfall scar, identify fractured rock bridges, and potentially estimate the fractured rock 

bridge content within a scar. Finally, I discuss the potential applications of terrestrial LiDAR 

to monitoring of the SE SLR contact wall, and how monitoring may help in understanding 

progressive rock bridge fracturing prior to failure. 

5.2. Review of Existing Geotechnical Data 

Geotechnical structure characterization has been carried out on a regular basis 

since development of the Diavik mine began. Borehole televiewers have been used in 

geotechnical boreholes to provide structure orientation as well as aperture. Extensive 

mapping of the A154 pit walls was carried out as the pit was excavated, and underground 
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mapping is undertaken as mining progresses (Figure 5-1). No direct mapping of remotely 

sensed data of the contact wall had been done prior to this study. However, underground 

mapping in the access drifts to the drawdown points has identified structures controlling 

the stability of the contact wall.  

Surface mapping from the lower benches of the SE quadrant identified three main 

joint sets; two steeply dipping sets, with dip and dip directions of 81°/045° and 79°/344°, 

and a sub-horizontal set, oriented at 05°/273°, in addition to Diabase dykes which are 

oriented approximately 08°/117°. Underground mapping of the access drifts identified 

similar steeply dipping joint sets, Set 1, oriented at 81°/045°, and Set 2, oriented at 

79°/344°. Joints belonging to each set mapped on the 9100 underground level are shown 

in plan view in Figure 5-1, with similar mapping carried out on each level. Structures and 

joint sets mapped within 30 m of the contact wall are plotted on a stereonet in Figure 5-2. 

 

Figure 5-1: Underground plan of 9100 level, showing joints mapped within 30 m 
of the contact wall, along with major high-persistence structures 
(Golder Associates, 2013)  
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Figure 5-2: All structures mapped in the underground access drifts, at all levels 
within 30 m of the contact wall. Adapted from Golder Associates 
(2013) 

5.3. Remote Sensing Methodology at Diavik 

Remote sensing was carried out over a total period of 125 days, during two 

separate visits, and by a Diavik survey technician in between the two visits. The 

photogrammetry and LiDAR was carried out from stations located in the bottom of the pit, 

along the crest of the contact wall, to obtain high resolution imagery of the SE SLR contact 

wall (Figure 5-3: Digital terrain model of the A154 pit showing positions of the remote 

sensing stations in the bottom of the pit, at the crest of the contact wall.Figure 5-3). 

Additionally, LiDAR scans of the SLR contact wall were done by Diavik staff during this 
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period as required for input to the IBIS radar system, and these scans were also made 

available. 

 

Figure 5-3: Digital terrain model of the A154 pit showing positions of the remote 
sensing stations in the bottom of the pit, at the crest of the contact 
wall. 

Map data: ©Golder Associates, 2015, with permission  

5.3.1. Terrestrial Photogrammetry 

Terrestrial photogrammetry was used in the A154 pit to create a three-dimensional 

model of the SE SLR contact wall. The surveys were done using the image fan technique 

from stations located in the bottom of the pit (Figure 5-3), approximately 110 m from the 

SE contact wall. The first survey was done on July 7, 2016, using two stations. The second 

survey was done on October 29, 2016, using a third station to better capture newly 

exposed surfaces. The stations were located as close to the crest of the contact wall as 

possible, to obtain the maximum coverage of the wall. The locations of the stations were 

limited to specific areas along the crest that could be safely accessed and had a full view 

of the contact wall. 

A Gigapan Epic robotic panoramic mount was used to collect the image fans during 

the first survey (Figure 5-4), while a manual panoramic head was used during the second 
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survey. Georeferencing of the photogrammetric models was done using existing geodetic 

survey prisms installed on the contact wall and lowest benches as control points. Table 

5-1 summarizes the parameters for each survey.  

 

Figure 5-4: Canon 5DS camera mounted on Gigapan Epic robotic panoramic 
head. (Photograph by the author, 2016). 

Table 5-1: Parameters used in photogrammetry survey at Diavik 

 First Survey Second Survey 

Cameras Canon 5DS – 50 MP, full 
frame 

Canon 5D MkII – 21 MP, full 
frame 

Focal lengths 200 mm 100 mm 200 mm 

Aperture f /8 f /8 

Approximate distance to contact wall 110 m 110 m 

Base distance 45 m 45 m, 50 m 

Ground coverage of each image 19.8 x 13.2 m 39.6 x 26.4 m 19.8 x 13.2 m 

Ground pixel size 2 mm 7 mm 4 mm 

5.3.2. Terrestrial LiDAR 

Terrestrial LiDAR Acquisition 

LiDAR was used at Diavik for creating digital terrain models (DTMs) of the A154 

SE SLR contact wall, and for monitoring displacement on the wall. Scans for model 

construction and for monitoring were done separately.  
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Diavik uses terrestrial LiDAR to create three-dimensional models of the pits and 

contact walls, to estimate rockfall volume, and to provide a DTM input to their IDS IBIS 

radar monitoring system. Surveys are carried out using a Riegl VZ-1000 scanner placed 

as close to the crest of the contact wall as possible. The scanner is mounted in a tilt bracket 

and tilted to 30° below the horizontal relative to the target contact wall (Figure 5-5). Scans 

are generally acquired after each detected rockfall, or about every 2-3 months if no 

rockfalls are observed. Scan angular resolution is typically 0.030°, which results in a point 

spacing of 63 mm at a distance of 120 m. 

Figure 5-5: Riegl VZ-1000 scanner mounted in a tilt bracket for contact wall DTM 
creation. (Photograph by the author, 2016) 

Two high resolution scans of the freshly exposed rockfall scar on the SE SLR 

contact wall were also acquired during the second visit, on October 29, 2016, for surface 

roughness analysis. These scans were collected at an angular resolution of 0.006°, 

equivalent to a point spacing of approximately 11 mm at 120 m. 
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The scans were registered to the mine coordinate system using seven purpose 

installed cylindrical retroreflective targets installed in the A154 pit (Figure 5-6a). Target 

locations are surveyed using real-time kinematic (RTK) GPS approximately once per year. 

To obtain precise volume estimates, point clouds are further aligned using a least-squares 

iterative closest point method in RiScan Pro (Riegl, 2016), and the distance between 

successive scans measured. 

For the purpose of monitoring the contact wall, the scanner was placed on a 

permanent pillar (Figure 5-6b) to ensure consistent range and angle of incidence between 

surveys, and consistent point spacing between successive point clouds. The survey pillar 

was set back from the crest for safety reasons, which resulted in the lower areas of the 

contact wall being out of the line of sight of the scanner. However, the field of view from 

the survey pillar contained several potentially unstable blocks on the upper contact wall. 

The use of a survey pillar is recommended by SiteMonitor (3D Laser Mapping, 2016), 

however several authors have achieved increasing levels of deformation accuracy using 

tripod-mounted surveying (Abellán et al., 2009; Kromer et al., 2015a, 2015b) 

  

Figure 5-6: a) LIDAR control target in the A418 pit. Cylinder height and diameter 
are 20 cm. Cylinder surface is retroreflective. b) Riegl VZ-1000 
mounted on permanent survey pillar in the A154 pit. (Photographs 
by the author, 2016) 

The monitoring program was designed and data were acquired using SiteMonitor 

4D (3D Laser Mapping, 2016). A monitoring window was chosen on the contact wall, such 

that the exact same window could be scanned each time. The window was selected to 
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provide adequate coverage of potentially unstable blocks as well as a stable reference 

area. Its dimensions were approximately 50 m high by 100 m wide. Parameters of the 

monitoring scans are listed in Table 5-2. An outline of the monitoring area is shown in 

Figure 5-7.  

Figure 5-7: Outline of the monitoring window on the A154 SE SLR contact wall 
(Golder Associates, 2015, with permission) 

During each monitoring scan, a low-resolution overview point cloud of the entire 

pit was first acquired. The control targets were automatically detected and scanned at a 

very high resolution, which allowed the acquisition software to precisely determine the 

position and orientation of the scanner, and establish the location of the monitoring window 

relative to its position. Ten successive scans were acquired of the monitoring window at 

an angular resolution of 0.015°, which is equivalent to a point spacing of approximately 22 

mm.  

An initial reference scan was taken on July 2, 2016, referred to as Day 1 of the 

monitoring program (Figure 5-8). Seven subsequent monitoring scans were acquired after 

29, 39, 46, 54, 67, 89, and 102 days. The final scan was done on October 11, 2016. 
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Rockfalls were recorded in the monitoring area on days 17, 25, 29, 38, and 97 (Figure 

5-8). It should be noted that the frequency of rockfall observed over this period is not 

representative of historical rockfall frequency from the A154 SE SLR contact wall, or from 

any other area of either contact wall. Rather, this specific area of the A154 SLR contact 

wall was chosen because dilation of vertical cracks in this area had been observed in the 

months prior to the study, and were thought to be most likely to produce observable 

displacement and potential rockfall. 

Table 5-2: LiDAR monitoring scanning parameters 

 A154 pit 

Distance to contact wall (m) 105  

Monitoring window width (m) 100 

Monitoring window height (m) 50 

Angular resolution (°) 0.015 

Point spacing (mm) 22  

Approximate number of points 7180000 

LiDAR Processing 

LiDAR scans used for DTM creation and volume measurements are processed by 

Diavik. Processing includes the following steps: 

 Cleaning the point cloud to remove reflections from airborne particles, 
survey prisms, vegetation, mesh, and other mining infrastructure. This 
involves both manual removal of points and automated filters. 

 Aligining multiple point clouds using an iterative closest point algorithm. 

 Meshing of the point cloud to the resolution required by the IBS radar 
software (approximately 30 cm mesh element size). 

 Comparison to the preceding scan to detect rockfall and calculate 
volume.  

 Extracting detected rockfall surfaces to create block objects 

The point cloud is initially cleaned, aligned and meshed in RiScan Pro (Riegl, 

2016), with the final volume calculation using Vulcan (Maptek, 2016).  

LiDAR scans used for monitoring are similarly cleaned in RiScan Pro, and then 

exported as point clouds for subsequent steps. The first set of scans following a rockfall 

is used as a reference, and all subsequent point cloud sets are aligned to this reference 
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in Polyworks IMAlign (Innovmetric, 2016). Point clouds are exported in ASCII .xyz format 

for analysis with the Space-Time algorithm (Kromer et al., 2015a), which measures the 

distance between the reference set and subsequent set of point clouds. Refinement of the 

Space-Time results is done by removing the unstable area from the initial analysis, and 

realigning the pseudo-stable area to the reference cloud. Unstable areas are considered 

to be points found to be at a distance greater than 1.96 times the standard deviation of all 

distance values. This new alignment is applied to the unstable area and the process is 

repeated until no further unstable areas are detected. The Space-Time algorithm is 

described in greater detail in Section 5.4.6. 

5.4. Results and Interpretation 

5.4.1. Overview 

A series of DTMs were created from photogrammetry and LiDAR surveys acquired 

during the 125 day period of the study. Photogrammetry surveys were undertaken at the 

start and end of this period. LiDAR scans were acquired at regular intervals for monitoring 

purposes. Model scans were acquired following observed rockfalls.   

During this period, at least ten rockfalls occurred on the SE SLR contact wall, 

ranging in volume from 2.5 m3 to approximately 33,000 m3 (Figure 5-8). Some may have 

occurred as separate events that were not directly observed or detected individually. 

Model scans were acquired as soon as possible following each rockfall; in some cases, 

on the same day, although in other cases safety considerations did not allow for access 

to the bottom of the pit until several days after the rockfall. The extents of all rockfalls over 

the course of the study period are outlined on photogrammetric models in Figure 5-9, while 

individual rockfall blocks are highlighted on DTMs of the SE SLR contact wall in Figure 

5-10.

The volume and scar surface area of each individual rockfall was determined by 

comparing LiDAR scans acquired pre- and post- rockfall. The point clouds were meshed, 

and the distance between the two meshes computed. Any areas where the normal 

distance between the two was greater than 0.1 m was considered to have experienced 
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rockfall. These areas were isolated on both meshes, and used to determine the scar 

surface area, and rockfall volume. Table 5-3 lists a summary of rockfall volumes, scar 

surface areas, and dominant failure mechanisms.  

Table 5-3: Summary of rockfalls observed on SE SLR contact wall 

Rockfall 
number Volume (m3) 

Scar surface 
area (m2) Apparent dominant failure mechanism 

1 38000 8700 Multiple blocks – Topple, planar slide 

2 700 460 Topple 

3 100 100 Wedge 

4 74 100 Stepped path 

5 3700 1800 Wedge 

6 2.4 5.9 Wedge 

7 2.2 5.9 Raveling 

8 13000 4000 
Multiple blocks – tensile slab failure, topple, 
planar slide 

9 730 800 Planar slide 

10 26 60 Planar slide 
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Figure 5-8:  Timeline, in days, of all remote sensing surveys completed and rockfalls within the 125 day study period 
between July 1, 2016 and November 3, 2016.  
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Figure 5-9: Photogrammetric models of the A154 SE SLR contact wall. Model shown in a) and c) was taken on July 7, 2016, while the model in b) and d) was taken on October 29, 2016. a) and b) show the 
approximate extents of mass lost over the course of the study, outlined in red. c) and d) show the mapped joints as circles on each model.
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Figure 5-10 (continued on next page) 
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Figure 5-10: DTMs of SE SLR contact wall, highlighting failed blocks between each acquisition. Scans were acquired on a) July 12, 2016, 
showing rockfalls 1 and 2, b) July 27, showing rockfalls 3-7, c) September 28, showing rockfalls 8, 9 and 10, and d) October 8, 
the final surface
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5.4.2. Discontinuity Mapping 

Persistent planar discontinuities were mapped on both photogrammetric (two 

models) and on the LiDAR models (Figure 5-9). Structures identified in more than one 

DTM were only mapped once. If a rockfall changed the exposed trace length of a structure, 

the longer trace length was used. The identified joint sets are similar to those previously 

identified from bench face mapping, televiewers and underground mapping and are shown 

in Table 5-4. Figure 5-11 shows the orientations of all mapped discontinuities. 

The persistence of the discontinuities is expressed by the diameter of the circle 

fitted to each trace. The mapped discontinuities had diameters ranging in length from 

0.7 m to 32.6 m, with a median of 2.9 m. The distribution of discontinuity persistence by 

joint set is shown in Figure 5-12. Joint set J1 has a median persistence of 3.3 m, while set 

J2 has a median persistence of 2.5 m. A high proportion of the mapped discontinuities, 

43 %, do not appear to belong to either joint set. These discontinuities have a median 

persistence of 3.2 m, suggesting that many of these apparently randomly oriented joints 

are at least as persistent if not more persistent than joints belonging to the two major sets. 

To identify any minor sets that may be suppressed by the high density of the major sets, 

the major joint sets were removed and the remaining structures replotted.  

At least seven clusters of discontinuities were identified in addition to the two major 

joint sets. These are summarized in Table 5-5, in order from highest to lowest sample size, 

and plotted in Figure 5-13. All but one of these clusters are found along the periphery of 

the stereonet, with dips of greater than 65°. No discontinuity with a diameter greater than 

10 m is found in the minor joint sets. Two of these clusters have a median persistence of 

over 4 m, including Jm7, which has the greatest median persistence at 5.0 m and dips at 

68°, a lower dip than most other clusters. A further 29 discontinuities, or 7 % of the total, 

are not associated with any of the minor joint clusters. 
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Table 5-4: Summary of major joint set orientation data identified in 
photogrammetry survey 

Set Mean Dip (°) Mean Dip 
Direction (°) 

Sample Size, 
n 

Fisher K 2σ Variability 
cone (°) 

Median 
persistence (m) 

J1 78 338 162 82 16 3.3 

J2 81 35 59 117 13 2.5 

Figure 5-11: Stereonet showing discontinuities mapped from all photogrammetry 
and LiDAR DTMs with major joint set planes plotted, and joints 
belonging to each set outlined. 
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Figure 5-12: Distribution of discontinuity persistence by joint set 

Table 5-5: Summary of minor joint clusters 

Set Mean Dip (°) Mean Dip 
Direction (°) 

Sample Size, 
n 

Fisher K 2σ Variability 
cone 

Median 
Persistence (m) 

Jm1 84 316 52 58 19 4.3 

Jm2 87 355 27 129 13 1.9 

Jm3 88 12 16 83 16 2.8 

Jm4 62 354 18 73 17 2.9 

Jm5 86 284 9 82 16 2.4 

Jm6 79 54 11 60 18 3.0 

Jm7 68 217 8 97 14 5.0 
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Figure 5-13: Stereonet showing poles of discontinuities not belonging to either of 
the two major joint sets. Mean poles of the nine minor joint sets are 
shown. Planes are not shown for clarity. 

Kinematic Analysis 

Mapped discontinuities were plotted on a stereonet and analyzed for kinematic 

stability in both planar and wedge sliding modes (Figure 5-14). A slope dip and dip 

direction of 80°/319° was assumed for both analyses, as well as a 30° friction angle. 

Because of the steepness of most of the mapped joints, the analyses are not particularly 

sensitive to friction angle. However, many of the joints are oriented near parallel to the 

slope, and would daylight if the slope became steeper through rockfall or undercutting. 

For the planar analysis, lateral limits of 25° were applied. 
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The planar sliding analysis found a significant number of poles belonging to joint 

set J1 within the failure envelope, which is defined as the area within the failure envelope 

and outside the friction cone. A total of 103 of 389 joints, or 26 % were found within the 

failure envelope, 81 belonging to joint set J1. Many poles are found immediately outside 

the failure envelope, suggesting potential sensitivity to input parameters. In particular, 

steepening the slope to 90° increased the percentage of poles within the failure envelope 

to 46 %. 

The wedge analysis used the set orientations of major and minor sets rather than 

individual joints to find critical intersections. Of the 36 possible intersections, 13 were 

found within the wedge failure envelope, including the intersection between the major joint 

sets J1 and J2. As with the planar sliding analysis, these results are sensitive to slope dip. 

A slope dip of 90° brings a total of 26 joint set intersections into the failure envelope. 

These results are supported by field observations, where rockfalls are failing on 

steeply dipping joints, with side release joint surfaces also observed. However, evidence 

of rock bridge fracturing outside of the plane of discontinuities is also observed. Blocks 

which appear to be kinematically unstable remain in place for months or years after the 

joints are daylighted, and irregular fracture traces are observed on the failure surfaces. 
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Figure 5-14: a) Planar sliding analysis of mapped discontinuities. b) Wedge sliding 
analysis of major and minor joint set intersections.
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5.4.3. 2D Photographic Damage Trace Mapping 

Two-dimensional digital trace maps of existing discontinuities and brittle fracture 

features were produced from photographs taken for photogrammetry. Brittle fracture 

damage was mapped on photographs taken during both field visits, covering areas that 

had been freshly exposed by rockfall in the intervening period, as well as areas that had 

not experienced rockfall, to evaluate whether brittle fracturing had occurred along with 

rockfall in adjacent areas.  

The same procedures were used to map damage traces and planar discontinuities 

as for the Chief in Section 0. In contrast to the Chief, many of the rockfalls at Diavik 

initiated as planar failures, exposing planar discontinuity surfaces which are sub-parallel 

to the orientation of the slope and the plane of the photographic windows. To account for 

these exposed discontinuities, in addition to joint traces and brittle damage features, the 

boundaries of exposed discontinuity surfaces were outlined, calculating an areal intensity 

of exposed discontinuities, where 

𝑒𝑥𝑝𝑜𝑠𝑒𝑑 𝑑𝑖𝑠𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑖𝑡𝑦 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 =  
Σ 𝑑𝑖𝑠𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑖𝑡𝑦 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

𝑡𝑜𝑡𝑎𝑙 𝑤𝑖𝑛𝑑𝑜𝑤 𝑎𝑟𝑒𝑎
 

Two-dimensional windows were mapped in photographs taken for 

photogrammetry. Images were perspective corrected using 3D point data calculated for 

photogrammetry. Five windows were mapped from photographs taken on July 7, 2016 

(Survey 1), using the extents of individual photographs as the window boundaries. The 

areal extents of each photograph provided an appropriate mapping area of approximately 

20 m horizontally by 13 m vertically. The same windows were projected onto photographs 

taken on October 29, 2016 (Survey 2) to provide a direct comparison to the windows 

mapped from Survey 1. Two additional windows were mapped from photographs taken 

for Survey 2 to obtain a larger sample and determine the relation between rock bridge 

fracturing and exposed discontinuity surfaces following the episodes of observed rockfall. 

Examples of pre- and post-rockfall damage trace mapping are shown in Figure 5-15 and 

Figure 5-16, respectively. All mapped photographic windows are found in Appendix A. 
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Figure 5-15:  Examples of 2D Photographic window pre-rockfall damage trace 
mapping. 
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Figure 5-16:  Examples of 2D Photographic window post-rockfall damage trace 
mapping. 

Note: Window A) shows greater brittle damage and non-coplanar rock bridge fracturing, while 
Window B) shows a greater exposed discontinuity surface area. 



 

135 

Damage Trace Intensity 

Table 5-6 and Table 5-7 summarize the statistics for each damage trace mapping 

window from Survey 1 and Survey 2, respectively.  

Table 5-6: Statistics for 2D photographic damage trace mapping from Survey 1 
photographs, taken July 7, 2016 

Note: *Total area value does not include area of access adit openings on the surface of the contact wall, 
and therefore may be less than the product of x and y lengths. 

Table 5-7: Statistics for 2D photographic damage trace mapping from Survey 2 
photographs, taken October 29, 2016 

Note: *Total area value does not include area of open access adits on the surface of the contact wall, 
and therefore may be less than the product of x and y lengths. 

A total of 1495 damage traces were mapped in the windows taken from Survey 1, 

with an average of 299 traces per window. The damage trace intersection density ranges 

from 0.29 to 0.64 intersections per m2, with an average of 0.46. In the windows taken from 

the Survey 2, a total of 1613 damage traces were mapped, with an average of 230 traces 

Window 
Window 
x length 

(m) 

Window 
y length 

(m) 

Total 
area 
(m2)* 

No. of 
damage 
traces 

Damage trace 
intensity (m-1) 

No. of 
joint 

traces 

Joint 
intensity 

(m-1) 

Intersection 
density (m-2) 

Exposed 
joint 

surface (%) 

1 18.7 12.6 235 260 0.51 0 0.00 0.34 21 

2 21.2 14.3 295 352 0.60 2 0.08 0.46 25 

3 19.7 13.3 262 302 0.53 12 0.22 0.56 26 

4 19.8 13.2 249 375 0.61 0 0.00 0.64 11 

5 19.2 13.3 255 206 0.57 2 0.09 0.29 3 

Window 
Window 
x length 

(m) 

Window 
y length 

(m) 

Total 
area 
(m2)* 

No. of 
damage 
traces 

Damage trace 
intensity (m-1) 

No. of 
joint 

traces 

Joint 
intensity 

(m-1) 

Intersection 
density (m-2) 

Exposed 
joint 

surface (%) 

1 20.1 14.6 293 213 0.93 0 0.00 0.15 66 

2 22.3 14.7 320 258 1.00 0 0.00 0.27 60 

3 21.8 15.4 334 244 0.99 13 0.26 0.37 22 

4 19.8 14.8 281 230 0.97 0 0.00 0.47 18 

5 22.2 15.7 348 211 0.80 17 0.23 0.43 9 

6 20.8 14.0 280 204 0.87 3 0.11 0.39 40 

7 23.0 15.5 334 253 0.80 4 0.06 0.19 54 
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per window, and a damage trace intersection density ranging from 0.15 to 0.47 

intersections per m2, with an average of 0.33. A similar trend is seen in damage trace 

intensity, with average values of 1.20 m-1 for Survey 1 windows, dropping to 0.91 m-1 for 

Survey 2 windows. Exposed discontinuity surface area increased between surveys, with 

an average proportion of 17 % and 38 % for Survey 1 and Survey 2 windows, respectively. 

The damage traces that are mapped in the Survey 2 windows are, on average, longer, 

with an average trace length of 1.23 m, compared to 1.11 m for Survey 1 windows. 

The results of the 2D photographic damage trace mapping imply a transition in the 

character and behaviour of the rock mass as rockfalls occur and damage progresses. 

Smaller rockfalls closer to the contact wall are controlled by shallow localized damage, 

such as from blasting. The original contact wall surface, in particular, is highly affected by 

blasting. As high persistence joints are daylighted, the rock bridges connecting these 

joints begin to fracture, and larger blocks become kinematically unstable, and are able to 

fail along the steeply dipping discontinuities. This can be seen in Figure 5-17 which 

compares the damage trace intersection density, a proxy for the intensity of brittle 

damage, to the exposed discontinuity surface proportion, which implies a structurally 

controlled failure. 

 

Figure 5-17: Scatter plot of trace intersection density and exposed discontinuity 
proportion with respect to window area for Surveys 1 and 2 
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The results from the first survey windows do not seem to indicate any relation 

between intersection density and exposed discontinuity surface. This could be explained 

by a varied distribution of damage at this stage, including blast damage, stress release 

fractures, kimberlite emplacement damage, as well as structurally controlled rockfalls. 

The rock surface within the windows varies between original contact wall, scar surfaces 

of smaller, ravelling type failures, as well as surfaces of structurally controlled failures.   

The relation between intersection density and exposed discontinuity surface 

appears more linear in Survey 2 windows. As brittle damage intensity within a window 

increases, less exposed discontinuity surface area is found in that window. This suggests 

a trend towards more structurally controlled rockfalls where intact rock fracturing is 

observed as the breaking of rock bridges between highly persistent discontinuities, and 

less ravelling or stress release type fracturing. This could suggest that most progressive 

damage occurs outside of the plane of the discontinuities, that most of the brittle damage 

indicators on the discontinuity surfaces have been sheared away during the rockfall, or 

that a combination of these processes is involved. This could also explain why we 

generally see a lower brittle damage intensity on the post-rockfall windows.  

Damage Trace Orientation 

The orientation distribution of damage traces was analyzed by taking a set of 

evenly spaced scanlines, rotating them around the window at increments of 5°, and 

measuring the frequency at which they intersect damage traces. The spacing between 

the scanlines was 0.5 m. 

Values for damage trace frequency with respect to scanline angle are plotted in 

Figure 5-18 for Survey 1 and Figure 5-19 for Survey 2. In addition to damage trace 

frequency for each individual window, the average frequency for each scanline angle is 

plotted. High frequency values indicate scanlines are intersecting multiple damage traces 

at an oblique angle while low values indicate that scanlines are oriented parallel to 

damage traces, and not intersecting them. An equal distribution of damage trace 

orientations would appear as a straight line across all scanline angles. Two evenly 

spaced, orthogonal trace sets would have two local maximum and minimums. The 
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maximum frequencies would be on scanlines orientated 45° to the trace sets, while the 

minimum would be at scanline orientations parallel to each trace set. 

 

 

Figure 5-18: Scanline damage trace intersection frequency for Survey 1. Plot a) shows the 
mean frequency across all windows in the survey. 
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Figure 5-19: Scanline damage trace intersection frequency for Survey 2. Plot a) shows the mean frequency across all 

windows in the survey.
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Variation in the distribution of intersection frequency by scanline angle is observed 

between individual windows. However, clear local minimums appear in the average 

frequency plots at 0° from vertical and 90° from vertical, in both surveys. This suggests a 

trend in damage traces to be oriented either near horizontal or near vertical. These 

orientations are consistent with expected fracture growth in a recently unloaded sub-

vertical slope. Fractures grow vertically through a beam buckling type mechanism (Bahat 

et al., 2005), and horizontal step-paths are formed as the fractures coalesce and failures 

occur. The presence of pre-existing steeply dipping joints provides a preferential failure 

path, with cracks propagating from the tips of the joints and coalescing, creating the large 

scale failure surfaces observed.  

5.4.4. Fractured Rock Bridge Analysis 

Two challenges are introduced when relating failure mechanism to the orientation 

of mapped planar discontinuities through kinematic analysis, and predicting failure 

volumes using mapped discontinuities. First, exposed rockfall scars appear to contain a 

large proportion of failed rock bridges, especially on the lateral release surfaces (Figure 

5-20). These may have fractured progressively over time through relaxation and freeze-

thaw effects, or suddenly when the rockfall initiated. Second, almost half of the mapped 

discontinuities are not found in either of the two major joint sets, and many are apparently 

randomly oriented. The first step in understanding how these two observations can be 

applied to the evaluation of rockfall susceptibility is to forensically determine the relative 

contributions of intact rock fracturing and persistent planar structures to rockfall events.  

In this section, an automated plane detection technique is used to complement 

manual mapping of remotely sensed data and previously available underground mapping 

data. The plane detection was applied to the isolated LiDAR point cloud of each individual 

rockfall scar, which divides the point cloud into a series of discrete planes. Mapped joint 

orientations and persistence are used to validate automatically mapped data. By 

comparing to mapped joint orientation and persistence, each automatically detected plane 

is classified as either a persistent planar joint surface, or a fracture rock bridge. All 

rockfalls scars used in this analysis are presented in Appendix E. 
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Figure 5-20: Close up photograph of failure surface corner between rear release 
and lateral release surfaces.  

Note: The rear release surface mostly consists of exposed planar joint surfaces, while the 
lateral release surface is irregular, suggesting a mix of rock bridge fracturing and joint 
surfaces. 

A CloudCompare plugin called Facets (Dewez et al., 2016) was used to detect 

planar structures on each isolated rockfall scar. This plugin discretizes a point cloud with 

distinct structures into individual planes (Figure 5-21). Facets returns a shape file of the 

detected planes, as well the dip, dip direction and surface area of each plane. This plugin 

is not able to distinguish between natural structures and brittle damage or excavation 

surfaces. 

High persistence discontinuities that are perpendicular to the contact wall are 

under-represented in the automatically detected dataset, because of their relatively low 

surficial exposure – a form of orientation bias (see Section 3.1.1 – Automated Mapping of 

Remote Sensing Data). To compensate for this bias, the automatically detected facets 

were compared to structures that were mapped manually from LiDAR and 

photogrammetry models, and a correction factor was calculated and applied to the 

automatically detected facet surface area. The methodology for finding the correction 

factor is summarized in Figure 5-22. 
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Figure 5-21: Point cloud of a rockfall scar surface (left) and the same surface 
with detected facets applied (right). Facets are coloured by 
orientation. 

The Facets plugin was applied to each of the ten isolated rockfall scar point clouds, 

producing a set of planes with dip, dip direction, and surface area. Each facet and mapped 

discontinuity was binned according to its dip and dip direction. A range of bin sizes was 

used to capture the potential variability in the orientation of joints belonging to any given 

set. The bin sizes used were 10°, 15°, 18°, and 22.5°, which results in 360, 144, 100 and 

64 bins, respectively. 
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Figure 5-22: Flowchart summarizing the process for finding the rock bridge 
proportion of failure scar surface area
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A correction was applied to the surface area of each facet based on the following 

methodology. For each individual rockfall scar, we take the sum of the areas of all detected 

facets to be A. The sum of the areas of all detected facets within a particular bin n is 

referred to as 𝑎 . The proportion of the total surface area in that bin 𝑝 (𝑛) is therefore 

 𝑝 (𝑛) =
𝑎

𝐴
 (5-1) 

The apparent surface area of a discontinuity mapped manually on the remote 

sensing models is assumed to be the area of a circle fitted to the trace of the discontinuity. 

These surface areas were also summed for each bin. As with the automatically detected 

facets, the percentage of the total surface area mapped in each bin was calculated, where 

𝐷 is the sum of the surface areas of all mapped discontinuities, 𝑑  is the sum of the surface 

areas of all discontinuities in a particular bin n, and 𝑝 (𝑛) is the proportion of the total 

surface area within each bin, such that  

 
𝑝 (𝑛) =

𝑑

𝐷
 (5-2) 

The binned surface area proportions of the automatically detected facets were 

compared to those of the mapped discontinuities. A new dataset was created wherein 

each bin was assigned the lower of the two proportion values. This reduces the influence 

of automatically detected facets which do not correspond to a planar discontinuity. The 

new correction factor, 𝑝 (𝑛) can be expressed as 

 
𝑝 (𝑛) =

𝑝 (𝑛) , 𝑝 ≤ 𝑝
𝑝 (𝑛) , 𝑝 > 𝑝

 (5-3) 

The effect of the correction factor can be shown on a bivariate histogram, with dip 

and dip direction on each of the two axes, and the colour intensity of each of the bins 

representing the proportion within that bin. Figure 5-23 shows a graphical comparison 

between 𝑝 (𝑛), 𝑝 (𝑛), and 𝑝 (𝑛) for the largest rockfall scar, Rockfall 1, at a 18° bin size, 

or 100 bins in total.  
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Figure 5-23: Heat maps showing the proportion of total surface area in 18° bins. 
Notes: a) Proportion of total surface area of automatically detected facets in each bin pa(n).  

b) Proportion of total surface area of manually mapped structures in each bin ps(n).
c) Proportion of total surface area in each bin that corresponds to planar discontinuities
pa’(n).

For each bin, the total facet area 𝐴 was multiplied by the bin’s new correction factor 

𝑝 (𝑛). This value, 𝑎′ , is the surface area of automatically detected facets within that bin 

corresponding to planar discontinuities. The total surface area for a particular rockfall scar 

that can be attributed to planar discontinuities, 𝐴′, can then be estimated by 
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 𝐴 = 𝑎′  (5-4) 

The total contribution of existing real planar discontinuities 𝑃  and fractured rock 

bridges 𝑄  to each individual rockfall, are determined by 

 
𝑃 =  

𝐴′

𝐴
 (5-5) 

 
𝑄 = 1 −

𝐴′

𝐴
 

(5-6) 

Figure 5-24 shows the relation between the rockfall volume and estimated 

proportion of fractured rock bridges on the failure surface, while Figure 5-25 shows the 

relation between rockfall failure scar surface area and estimated proportion of fractured 

rock bridges on the scar surface. The relation is shown for all bin sizes. A power law 

relation can be applied to the data, with the closest fit being found in the 18° bin size set, 

in both figures, with an R2 value of 0.82 and 0.84, respectively.  
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Figure 5-24:  Relation between rockfall volume and non-coplanar rock bridges on 
the surface of the scar, for different assumed orientation bin sizes 

 

Figure 5-25:  Relation between rockfall scar surface area and non-coplanar rock 
bridges on the surface of the scar, based on different assumed 
orientation bin sizes 
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The smallest rockfalls show a much greater percentage of failed rock bridges, with 

a 70-90 % contribution from rock bridge fracturing for rockfalls of less than 10 m3. For 

rockfalls of volume greater than 1000 m3, the contribution from failed rock bridges 

decreases to around 35-50 %, depending on the bin size used. A larger bin size will tend 

to show lower rock bridge proportions, as a wider range of automatically detected facets 

will be associated with real persistent planar discontinuities.  

These results indicate that as the rockfall magnitude increases, failure is more 

likely to be controlled by continuous joints or secondary shear cracks. The results also 

confirm the relatively small percentage of intact rock bridges required to maintain stability 

in very large blocks. Smaller rockfalls (< 100 m3) with shallow failure surfaces are more 

likely to be the effect of localized areas of increased damage due to blasting, 

environmental factors such as freeze-thaw cycles or kimberlite emplacement, that are not 

representative of the rock mass structure as a whole. 

Figure 5-26 shows an example of the interpreted rock bridges and planar 

discontinuities on the largest of the ten analyzed rockfall scars, with a total surface area 

of 8700 m2. Using an 18° bin size, a failed rock bridge proportion of 34 % was estimated, 

equivalent to 2958 m2. The rear-release surface appears mostly red, indicating that it is 

dominated by persistent planar joints, while the lateral-release surface indicates primarily 

fractured rock bridges, with some distinct exceptions.  
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Figure 5-26: Point cloud of exposed rockfall Scar 1, the largest observed rockfall. 
Note: Red surfaces indicate likely persistent planar joints, while white surfaces indicate likely 

fractured rock bridges connecting the structures. 
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5.4.5. Failure Scar Surface Roughness Analysis 

Secondary fractures which propagate from joint tips have been identified as having 

a rough surface with many small kink steps (Bobet & Einstein, 1998; Wong & Einstein, 

2009). Laboratory testing has shown that fracture coalescence between two pre-existing 

coplanar joints at a high angle to the primary principal stress involves the propagation and 

coalescence of multiple cracks, both shear and tensile (Figure 5-27). These cracks create 

an irregular, uneven surface between the two pre-existing planar joints. These 

observations have received limited attention at the macro scale, but it is possible that such 

fracture coalescence mechanisms are scalable. 

 

Figure 5-27: Conceptual schematic of coalescence behaviour of coplanar flaws 
in marble, in uniaxial compression, at 75° to σ1, with varying rock 
bridge lengths. Adapted from Wong and Einstein (2008) 

Observations on the macro scale of damaged or disturbed rock includes deviations 

from planar surfaces, such as curved or bifurcated fracture ends, and kink steps and arrest 

marks associated with fracture coalescence (Bahat et al., 2005; Dershowitz & Einstein, 

1988). Macro-scale asperities associated with brittle fracturing in the plane of a 

discontinuity can be detected in LiDAR point clouds, and their deviation from the plane of 

the discontinuity could provide a quantitative estimate of coplanar rock bridge fracturing. 
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Figure 5-28 shows one such example, with two distinct areas of stepped rock morphology 

in an otherwise planar discontinuity surface. 

Several techniques exist for quantifying roughness from remote sensing data, 

many of which are summarized in Li & Zhang (2015); and Tatone & Grasselli (2013). To 

date, these techniques have not been used in estimating brittle damage on the surface of 

a discontinuity or coplanar fracture coalescence. 

Figure 5-28:  Example of a planar discontinuity surface with apparent fractured in-
plane rock bridges, circled.  

Note: Profiles through stepped surfaces shown in Figure 5-35 

Because this is a relatively untested application of roughness measurement, two 

techniques have been applied in this research. The first is similar to the 3D equivalent of 

the linear profile method (ISRM, 1978; Sturzenegger & Stead, 2009a), where roughness 

at each point is measured as the distance to a best fit plane. However, instead of fitting a 
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plane to a pre-defined window, the plane is fit to all points within a specified radius of that 

point. This allows for a roughness measurement at all points on an exposed surface and 

is less sensitive to surficial heterogeneity. This value will be referred to as RPt. The second 

technique is a directional roughness technique which is applied to a selected window on 

a surface (Tatone & Grasselli, 2009). The roughness parameter 𝜃∗ /(𝐶 + 1) is found for 

the window in all directions, where 𝜃∗  is the maximum apparent asperity inclination in 

that direction, and C is an empirical fitting parameter. For simplicity, this value will be 

referred to as Rd. As with any roughness estimate technique, both techniques are 

susceptible to scale and sampling effects (Tatone & Grasselli, 2013).  

Point Surface Roughness, RPt  

Point surface roughness is a relatively simple measurement, and can easily be 

applied to any size surface, at any scale. Point surface roughness is a measure of the 

deviation of a specific point from the best-fit plane through all points within a certain radius 

of that point (Figure 5-29). The roughness value is analogous to the asperity amplitude 

value used in Joint Roughness Coefficient estimates, while the sampling radius is 

equivalent to the profile length or joint length (Barton, 1982; Barton & Choubey, 1977).  

 

Figure 5-29: Schematic showing the point surface roughness of the red point, at 
a specific sampling radius. 

This technique is particularly useful for identifying features that are smaller in either 

dimension than the sampling radius, such as linear step features, where the corner of the 

step will tend to be a consistent height above the best-fit plane of the surrounding points. 

This function can also be used to evaluate the relative roughness of an apparently planar 
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surface, by applying a mean or Gaussian filter on the absolute point surface roughness 

values within a specified radius or area. 

An example of a relatively planar discontinuity surface is used to demonstrate the 

potential of using point surface roughness to estimate the extent of coplanar rock bridge 

fracturing. The point surface roughness RPt of each point is measured using a range of 

sampling radii from 0.1 m to 0.5 m. Figure 5-30 and Figure 5-31 show the same surface 

sampled at 0.1, 0.15, 0.25 and 0.5 m, with points exceeding the 95th, 90th, and 85th 

percentile of RPt values highlighted in red. 

Evaluating surface roughness due to brittle fracturing requires a balance between 

incorporating features associated with recent rock bridge fracturing and excluding the 

inherent roughness or waviness of the discontinuity surface. Using a sampling interval of 

0.1 m, for example, incorporates a high proportion of the discontinuity surface not 

associated with fractured rock bridge. Conversely, using a sampling interval of 0.5 m will 

exclude fine linear features that would be associated with brittle fracture. On a qualitative 

level, the most effective values for meeting these criteria appear to be either a 0.15 m or 

0.25 m sampling radius, above the 95th percentile of RPt values.
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Figure 5-30: Distribution of points exceeding the specified RPt value thresholds, for 
sampling radii of 0.1 m and 0.15 m. 
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Figure 5-31: Distribution of points exceeding the specified RPt value thresholds, for 
sampling radii of 0.25 m and 0.5 m.
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RPt values are independently calculated for each point, so a point on a rough 

surface may have a low roughness value if it lies close to the best-fit plane, even if the 

surrounding points have high values. This reduces the apparent roughness of a surface 

and makes interpreting the results more difficult. Similarly, points may have high RPt values 

because of inherent uncertainty in the original measurement, masking an otherwise 

smooth surface. A spatial filter can be applied to the RPt values to remove lone points on 

discontinuity surfaces and isolate brittle fracture features, and better identify areas of 

surface roughness.  

Figure 5-32 shows the 0.1 m sampling radius with a 0.1 m mean filter applied, at 

95th, 90th, and 85th percentile thresholds. The mean filter is a simple sliding filter window 

that replaces each point with the mean value of all points within that radius. Filtering the 

RPt values removes some of the inherent noise and allows for a better visual identification 

of intact rock fracture related features. It also requires a lower roughness percentile 

threshold to capture all fracture related features. In the case of the 0.1 m sampling radius, 

a 95th percentile threshold leaves out many features, while an 85th percentile threshold 

appears to balance incorporating all features while excluding larger scale surface 

waviness.  

Roughness appears to be a potentially useful qualitative indicator for the 

identification of coplanar brittle fracture. The sampling radius will affect the prominence of 

a feature – smaller sampling radii highlight discrete linear damage traces such as kink 

steps and failure ridges, while a larger sampling radius will outline broader areas of 

roughness. In general, for sampling radii of less than 0.5 m, most brittle fracture indicators 

appear to be present in the highest 5-10 % of roughness values, and applying a mean 

filter reduces the influence of inherent surface roughness. While no direct correlations 

between roughness value and failed rock bridge content are made, this preliminary 

analysis suggests that intact rock as a proportion of the discontinuity surface was 5-10 % 

prior to failure. 
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Figure 5-32: Point surface roughness at a 0.1 m sampling radius, with a 0.1 m 
mean filter applied, showing points with RPt values above the a) 95th, 
b) 90th, and c) 85th percentile in red. 

Development of a quantitative relation between surface roughness values and 

intact rock bridge fracturing would be an invaluable tool for forensic analyses and in better 

understanding the role of rock bridges in slope stability. Such a technique would require 

significant controlled validation at the laboratory and field scale. Work such as Wong and 
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Einstein (2009) shows the propagation and coalescence of cracks through rock bridges in 

profile. In addition, significant work has been done on relating fracture surface morphology 

and topography to microscopic and macroscopic fracture processes (Bahat et al., 2005; 

Hull, 1999; Kerkhof, 1973). However, applications of fractography to rock bridge fracturing 

in slopes has not been explored in depth. The ability to automatically characterize and 

quantify fracture and failure surface topography could lead to a better understanding of 

fracture processes occurring before and during rockfall events. 

Directional Surface-Scale Roughness, Rd 

Brittle fracture indicators are not randomly oriented – the orientations of arrest 

marks, kink steps and en-echelon cracks are dependent on the nucleation point of the 

fracture and the mechanics by which the fractures coalesced (Bahat et al., 2005). Fracture 

morphology will vary depending on the orientation and spacing of pre-existing joints 

relative to the principal stresses (Wong & Einstein, 2009). Directional roughness and 

roughness anisotropy can therefore be useful in evaluating the failure mechanism of 

coplanar intact rock bridges. 

The same two discontinuity surfaces analyzed in the previous section were 

analyzed using the  𝜃∗ /(𝐶 + 1) or Rd technique. This technique, introduced by Tatone 

& Grasselli (2009), estimates roughness by the proportion of steeply dipping asperities on 

a surface. The analysis is applied on a triangular mesh model of the fracture surface. The 

apparent dip of each mesh element is evaluated along multiple analysis directions; in this 

case, in increments of 15°. This provides a roughness for the entire 3D surface, in every 

analysis direction. The roughness is calculated based on only the positive dip relative to 

the best-fit plane of the surface, therefore different roughness values could be given for 

opposing analysis directions (i.e. 180° apart), as shown in Figure 5-33. 

 

Figure 5-33: Example of directional roughness Rd. The example profile has a 
higher roughness value from right to left. 
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For each analysis direction, the number of elements exceeding a specified 

apparent dip threshold is plotted against the normalized surface area of those elements. 

The threshold increases at intervals of 5°, creating a power law relation between the 

normalized surface area, 𝐴 ∗, and the threshold steepness angle,.𝜃∗ The power law 

relation is given in the form  

𝐴 ∗ = 𝐴
𝜃∗ − 𝜃∗

𝜃∗
(5-6) 

where 𝐴  is the normalized surface area of elements at an apparent dip threshold of 0°, 

𝜃∗  is the maximum apparent dip angle of the surface in the chosen analysis direction, 

and C is a dimensionless fitting parameter. Because the analysis is directional, apparent 

dips can be negative, therefore 𝐴  will be different for opposing analysis directions. The 

roughness value for each analysis direction is given by  𝜃∗ /(𝐶 + 1). Figure 5-34 shows 

the power law relation for an example window in the 0° (up-dip) analysis direction, along 

with the best fit curve defining C..  

Figure 5-34: Normalized area 𝑨𝜽∗ as a function of incrementally increasing 
threshold values 𝜽∗, in the up-dip (0°) analysis direction. The best-fit 
curve is shown in red. 
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Two 10 m square windows were isolated from each discontinuity surface (Windows 

1 and 2), and each of these windows was further broken down into four 5 m square 

windows (Windows 1-1, 1-2, etc.). The windows and example profiles from the analyzed 

discontinuity surfaces are shown in Figure 5-35. Note that the given Rd values do not apply 

to the 2D profile specifically, but to the entire 3D surface within the window the profile is 

taken from. 

The maximum, minimum, and average Rd values are shown in Table 5-8, and 

Table 5-9 along with the roughness anisotropy, which is equal to the quotient between the 

maximum and minimum Rd values. The orientations of the analysis direction of the 

maximum and minimum roughness values are also listed, where 0° is the up-dip direction 

of the discontinuity surface and orientation values increase clockwise.  

Table 5-8: Directional roughness values from 10 m square windows 

Discontinuity Window Max 
Rd 

Orientation 
(°) 

Min 
Rd 

Orientation 
(°) 

Average 
Rd 

Anisotropy 
(Rdmax/Rdmin) 

1 
1 8.61 15 6.56 225 7.62 1.31 

2 9.48 30 7.39 240 8.00 1.28 

2 
1 10.72 270 8.55 180 9.49 1.25 

2 12.72 270 9.50 165 11.00 1.34 
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Figure 5-35: Sample profiles from Surfaces 1 and 2. Surface point clouds are shown on the left, divided into 10 m and 5 m 
windows. Red lines indicate example profiles. Rd values for that surface in each direction are specified. 
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Table 5-9: Directional roughness values from 5 m square windows 

Discontinuity Window Max 
Rd 

Orientation 
(°) 

Min 
Rd 

Orientation 
(°) 

Average 
Rd 

Anisotropy 
(Rdmax/Rdmin) 

1 

1-1 9.44 135 6.63 240 8.44 1.42 

1-2 9.58 330 6.17 165 7.92 1.55 

1-3 8.45 315 6.18 180 7.44 1.37 

1-4 7.81 45 5.55 240 6.51 1.41 

2-1 8.71 30 6.88 120 7.57 1.27 

2-2 9.49 30 6.52 225 7.73 1.46 

2-3 10.29 30 7.50 225 8.60 1.37 

2-4 9.11 30 7.51 300 7.95 1.21 

2 

1-1 9.98 270 7.37 135 8.65 1.35 

1-2 8.22 30 6.60 195 7.37 1.25 

1-3 7.28 30 5.96 240 6.82 1.22 

1-4 14.75 270 9.63 165 11.48 1.53 

2-1 7.73 30 6.54 180 7.01 1.18 

2-2 8.57 240 6.86 105 7.74 1.25 

2-3 23.14 255 11.67 0 15.39 1.98 

2-4 14.97 285 10.71 180 13.47 1.40 

As expected, roughness values are very scale dependent and affected by localized 

damage. More extreme values of roughness and anisotropy are seen in the smaller 5 m 

windows. Figure 5-36 and Figure 5-37 show the roughness values as a function of analysis 

direction for each window on a polar plot. 

Surface 1 appears to be fairly homogenous, particularly in Window 2, where 

increased roughness is seen in the 30° analysis direction in all four sub-windows. Surface 

2 is much more irregular. There are distinct areas of increased roughness along this 

discontinuity, which can be seen by the anomalously high roughness values and 

anisotropies in Windows 1-4, 2-2, and 2-3. These are caused by clearly defined steps in 

the surface of the discontinuities. The traces of the steps are oriented roughly vertically, 

with the step surface facing approximately 80° clockwise from the up-dip direction.  
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Figure 5-36: Directional roughness values of Surface 1, Windows 1 (left) and 2 
(right) as a function of analysis direction.  

 

Figure 5-37: Directional roughness values of Surface 2, Window 1 (left) and 2 
(right) as a function of analysis direction.  

Note: A circular trace would indicate fully isotropic roughness. Coloured traces represent each 
of the 5 m sub-windows, while the black trace refers to 10 m overview window. 
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5.4.6. LiDAR Monitoring of the SE SLR Contact Wall 

Pit slope and contact wall stability at Diavik is monitored by a wide array of 

instruments. Slope deformation is monitored by terrestrial interferometric synthetic 

aperture radar (InSAR), real aperture radar, prisms monitored by robotic total stations, 

and underground instrumentation such as extensometers, crack meters, and time-domain 

reflectometers. This network of instrumentation is part of a Trigger Action Response Plan 

(TARP), where any displacement over a certain threshold within a certain period of time 

will trigger a pre-determined response. Depending on the magnitude of the observed 

displacement, the response could range from implementing increased precautions while 

working in the pit to full evacuation of the pit and underground infrastructure. 

Although not currently part of the mine’s TARP, terrestrial LiDAR could provide 

some distinct advantages over existing monitoring techniques. The high resolution 

capable with LiDAR has been shown to provide reliable pre-failure volume estimates 

(Kromer et al., 2015b), and the spatial resolution of LiDAR is usually higher than radar. 

LiDAR provides a 3D point cloud with each scan, therefore displacement can be measured 

relative to any direction (Oppikofer et al., 2009), whereas radar displacement monitoring 

is usually limited to line of sight displacement. Recent processing techniques have 

reduced the displacement detection threshold of LiDAR to the mm-scale (Kromer et al., 

2015a; Lague et al., 2013), and continuous real-time monitoring using LiDAR has been 

shown to be comparable to radar in terms of detection threshold (Kromer et al., 2017a), 

while adding an increased spatial resolution over radar. 

Monitoring scans for this research were acquired at approximately two week 

intervals (Figure 5-8). This scanning interval, although not sufficient to be included in the 

mine TARP for detecting a critical deformation, was intended to provide further insight into 

deformation as it relates to progressive brittle fracturing in the rock slope, as well as to 

evaluate the method’s effectiveness compared to radar monitoring. For each monitoring 

interval, ten successive scans were acquired, which were required to calibrate for the 

systematic error in the individual scans. Monitoring scans were processed and aligned as 

described in Sections 3.1.1 and 5.3.2.  
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The orthogonal distance between scans was found using the Space-Time 

algorithm (Kromer et al., 2015a). This algorithm uses the added redundancy of multiple 

point clouds from each monitoring interval to remove systematic errors and reduce the 

minimum detectable displacement, or limit of detection. The limit of detection is defined as 

1.96-times the standard deviation, or 95 %, of the distance values found when comparing 

measurements over two separate intervals where no change has occurred.  

The first monitoring scan was acquired on July 2, 2016, but was not considered for 

analysis as rockfalls occurred before a subsequent scan could be acquired. The 

monitoring scans that used in this analysis were taken between August 9, 2016 and 

September 28, 2016, a period during which only a minor rockfall occurred. Five scans 

were taken during this 50 day period, on the first day, then 7, 15, 28, and 50 days later. 

The block which was the focus of the monitoring fell on October 7, 2016, 59 days after the 

first monitoring scan. All events are shown on the timeline in Figure 5-8. 

Figure 5-38 shows the progression of deformation over this period. The most 

notable deformation is the progressive growth of a tensile fracture causing the detachment 

of a large slab from the main contact wall. The slab measures approximately 40 m in the 

horizontal direction, 23 m in the vertical direction, and appears to extend anywhere from 

3 to 6 m into the contact wall. The apparent failure surface is sub-vertical, approximately 

aligned with joint set J1. However, the trace of opening crack is not planar, suggesting 

failure along multiple joints and potential coalescence of joints through intact rock.  

The deformation begins at the right-hand side of the monitoring area and 

progresses to the left over the monitoring period, with the right side of the block gradually 

pulling away, to a maximum of approximately 15 mm by the last monitoring scan. The 

results show the block pulling away from a tension crack that had previously been 

observed on the lowest bench, and the extent of this tension crack can be traced down 

the right-hand side of the block. 

The limit of detection during this monitoring period varied over time, ranging from 

2.4 mm during the first interval to 7.1 mm at the last interval. This discrepancy is related 

to the error in aligning the point clouds. Achieving a low limit of detection requires a large 

stable reference area to align each successive scan. As deformation increased, the stable 
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reference area within the monitoring window decreases, thereby increasing the error in 

the alignment. This effect also leads to artefacts in the displacement data, which are 

especially pronounced at the edges of the monitoring area where the alignment has the 

highest uncertainty.  

A much larger stable reference area would need to be included in the monitoring 

window, such as the bottom two benches of the pit. This would have the effect of 

maintaining a more constant limit of detection, making successive intervals more 

comparable. However, this would increase the time required for each monitoring scan by 

several hours. 

The observed displacement shows the main block pulling away from rock behind 

it, with displacement beginning on the right and moving to the left. This is consistent with 

a tension crack that had been observed at least three years prior, and an open crack 

observed on the right-hand side of the contact wall. The opening of the crack had been 

measured by prisms on either side of the crack (Golder Associates, 2015a). 

Displacements of up to 20 mm per year had been observed on these prisms, although this 

displacement had not been steady, but rather occurred in short increases, often 

associated with rockfalls or mining events. More recently, movement on the prisms had 

been relatively steady, with prism displacement only accelerating after a rockfall on July 

19, 2016.  

Displacement had been greater on the right-hand side of the block due to the loss 

of support from a rockfall two years prior. Rockfall 1, which occurred 21 days prior to the 

first scan of this monitoring period, removed confinement from the left-hand side of the 

monitoring area. This accelerated the fracturing of rock behind the block and the growth 

of the tension crack, which eventually led to the rockfall on October 7, 2016. Further 

implications of the monitoring results with respect to rock bridge fracturing are discussed 

in Section 5.5.
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Figure 5-38: Progression of deformation after 15, 28, and 47 days. Limit of 
Detection (LoD) is indicated on the colour bar. The 47 day scan 
shows much greater displacement but has a much higher limit of 
detection.
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Due to operational and logistical limitations, the monitoring was not carried out as 

rigorously as required to achieve maximum accuracy and limit of detection possible with 

the Space-Time algorithm. The ten calibration scans acquired during each monitoring 

survey is the minimum recommended by Kromer et al. (2015a), and a much larger stable 

reference area is required to better align sequential scans. These requirements would 

increase the time required to carry out each survey from approximately one hour to several 

hours. 

While periodic monitoring scans provide a useful means of characterizing 

deformation and failure mechanisms, and back-analyzing failures, they may not provide a 

timely and reliable warning for potential brittle rock slope failures. An ideal and more 

reliable scenario would use an automated, continuous monitoring technique, such those 

implemented by SiteMonitor (3D Laser Scanning, 2016) or in Kromer et al. (2017a). Both 

methods include automated near real-time processing and displacement alarms, and 

might provide the required level of early warning detection. The LiDAR scanner would be 

stationed in a permanent enclosed heated shelter, as currently used for robotic total 

stations (Figure 3-14), scanning behind a glass window to protect it from extreme freezing 

temperatures encountered at Diavik.  

Comparison to Radar Monitoring 

The A154 SE SLR contact wall is monitored continuously by Slope Stability Radar 

(SSR, GroundProbe, 2016). An alarm is triggered if a specified number of contiguous 

pixels exceeds a displacement threshold over a given time period. The SSR is also used 

for monitoring deformation over longer periods, and anticipating failures ahead of time.  

Figure 5-39 shows the cumulative line of sight displacement as measured by SSR 

over the 50 day period that LiDAR monitoring was also carried out. The blue box indicates 

the area over which displacement was averaged for Figure 5-40. As with the LiDAR 

monitoring results, displacement begins at the right hand side of the contact wall, and 

progresses to the left. Irregular spikes in the deformation may be indicative of sudden 

accelerations due to rock bridge fracturing, which is very likely occurring in the tensile 

fracture behind the unstable rock mass. A change in the displacement rate is observed 

between days 35 and 38, where the curve appears to accelerate and then return to its 
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original displacement rate a few days later. Figure 5-40 also indicates the dates when 

LiDAR scans were taken, to provide a comparison in the measured displacement of the 

two methods. 

 

Figure 5-39: Displacement on the SE SLR contact wall as measured by Slope 
Stability Radar, over the same 50-day period as LiDAR monitoring. 
Blue box indicates area used for average displacement 

The precise location of the opening tensile fracture is not readily apparent from the 

radar image. This is due to the pixel size, which is approximately 1.5 m, and due to the 2D 

projection of the displacement data in the line-of-sight direction. In this case, where the 

opening fracture is non-planar, and consists of a combination of existing joints and newly 

fractured rock bridges, it becomes difficult to delineate the trace of the opening fracture, 

and subsequently estimate potentially unstable rock volume.  

Figure 5-40 also shows the displacement in the averaged pixels following the final 

LiDAR scan, up until failure. The timing of the LiDAR monitoring unfortunately appears to 

be such that it missed the final acceleration of the block. The final inflection point indicating 

the onset of acceleration occurs around day 49. This period represents the greatest rate 

of rock bridge fracturing in the failure surface behind the unstable slab.  

 

20 mm 

- 20 mm 

50 m 
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Figure 5-40: Cumulative line of sight displacement from radar averaged over 
selected pixels in Figure 5-39 for the 50 day LiDAR monitoring 
period, in addition to the period immediately preceding rockfall. 

5.5. Discussion 

While large scale rockfalls from the SLR contact wall at Diavik are controlled in 

large part by the presence of persistent planar discontinuities, the fracturing of intact rock 

bridges appears to play an important role in initiating rockfall. Observations of intact rock 

fracture indicators provide insight into the contribution of intact rock bridge fracturing to 

rockfall, and a potential framework for quantifying intact rock bridge fracturing. Rock bridge 

fracturing occurs both in and out of the plane of existing planar structures. 

Intact rock fracture traces are preferentially oriented based on the stress-strain 

states at the time of fracturing. Two possible local stress-strain states could potentially 

lead to fracture-induced rockfall at Diavik; the first being changes in the regional in-situ 

stress prior to mining, the second being the changes in the stress field due to unloading 

from excavation. Sudden removal of the ore body leads to the loss of horizontal 

confinement, creating vertical tensile fracturing (Figure 5-41). As toe support is lost 
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through rockfall or daylighting of discontinuities, downward tensile strain is experienced 

due to unsupported slab-shaped blocks, creating horizontal fractures. In-situ stress tests 

suggest that the principal in-situ stress is oriented sub-parallel to the strike of the 

discontinuities (Mirarco, 2015). The trend/plunge of σ1 in the vicinity of the pits was found 

to be 219°/09°, although with a magnitude of just 1.04 σv, suggesting minimal additional 

contribution from the in-situ tectonic stress.  

 

Figure 5-41: Schematic illustration of tensile fracture growth between pre-
existing planar joints and the newly exposed contact wall, creating 
failure surfaces. 

Tracing of intact rock fractures on photographs provides detailed information on 

damage intensity, fracture trace lengths and orientations. However, the process is labour 

intensive and subjective. Intact rock fracture traces can also be detected in point surface 

roughness evaluations of point clouds. Applying a point surface roughness percentile 

threshold isolates intact rock fracture indicators and can provide an estimate of the extent 

of fracture coalescence in the plane of a discontinuity. While not done as part of this thesis, 
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an edge detection technique could be used to find linear damage traces and quantify 

damage intensity and orientation in the same way it was done using photographic trace 

mapping in Section 5.4.3.  

Determining the point surface roughness percentile threshold that includes all 

brittle damage traces is itself a subjective task, as is identifying fractured rock bridges. 

Because of this, a quantitative empirical relation between point surface roughness and 

rock bridge fracturing has not been attempted. A relevant comparison is the guideline 

value of 10 % rock bridge content that has been used in the past to scale discontinuity 

strength parameters in limited equilibrium and numerical models (Golder Associates, 

2012). This value is very close to the 5-10 % of analyzed discontinuity surface area that 

corresponds to brittle damage indicators, although this relation may be coincidental and 

needs further detailed research and validation. 

A directional roughness analysis can provide valuable insight into the method of 

fracture propagation and coalescence, which can in turn provide evidence for the 

progression of stress-strain states within the rock mass. The stepped geometry of the 

fracture surface is similar to complex coalescence patterns observed in laboratory testing 

of marble samples by Wong & Einstein (2009). In these tests, multiple cracks formed and 

coalesced when the joint angle was oriented at 15° from the uniaxial stress direction, with 

a combination of shear and tensile cracks. The orientation of the steps suggests a possible 

horizontal principal stress, in the plane of the discontinuity. This would agree with regional 

in-situ stress measurements (Mirarco, 2015), which found the major regional principal 

stress trending sub-parallel to the strike of the joint set. However, the local major principal 

stress post-mining is more likely to be vertical, caused by destressing and reduced 

confinement.  

Aside from characterizing fractured rock bridges in a failure surface, point cloud 

roughness analyses could potentially be used in joint shear strength calculations. Several 

empirical relations exist for estimating JRC from calculated roughness parameters, 

including one to estimate JRC from a 2D version of 𝑅  (Y. Li & Zhang, 2015; Tatone & 

Grasselli, 2010). However, the effects of point spacing in the point cloud must be 

considered; Tatone and Grasselli (2010) collected profiles in a laboratory with a maximum 
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point spacing of 1.0 mm, significantly lower than the 11 mm that were achieved at the 

range used in the field. Considering that the JRC type profiles are 10 cm in length, a much 

finer point density is required to estimate JRC from field data.  

Measuring a fracture surface at a 1.0 mm resolution is often not practical in the 

field, but lower resolution could potentially be used to obtain estimates of JRC. Barton 

(1982) provides estimates of JRC based on the amplitude of asperities over a range of 

profile lengths. The asperity amplitude is analogous to the 𝑅  value, while the profile 

length can be taken to be the joint persistence, or the sampling radius. This would allow 

quantification of roughness and joint surface shape or undulation at multiple scales. There 

is the potential to empirically correlate these values to JRC or joint shear strength, but 

further validation is required. 

In Section 5.4.4, the orientations of automatically detected planes on rockfall scar 

surfaces were compared to those of manually mapped structures, in an attempt to quantify 

the out-of-plane rock bridge fracturing that contributes to each rockfall. Using this 

technique, automatically detected planar facets are assigned a proportion of fractured rock 

bridge, based on their orientation, which allows for a numerical estimate of the total 

proportion of fractured rock bridge on the rockfall failure surfaces. 

The results showed that larger volume rockfalls have a much smaller contribution 

from rock bridge fracturing than smaller rockfalls. This is intuitive when considering the 

failure mechanisms and absolute surface area of failed rock bridges. Smaller rockfalls 

occur as ravelling or spalling type failures, caused by propagation of intact rock fracturing 

due to relaxation, freeze-thaw, or blasting. Fracture coalescence in these rockfalls is often 

apparently randomly oriented, likely following localized areas of weakness. Larger 

rockfalls are controlled by highly persistent discontinuities with rock bridge fracturing 

connecting the discontinuities and creating the kinematic freedom for failure. 

The comparison between automatically detected planes and manually mapped 

structures seems to suggest an unusually high level of intact rock failure when compared 

to what has been previously suggested. The largest of the ten rockfalls scars was 

interpreted to have a 34 % rock bridge content. Previous limit equilibrium and continuum 

model studies for pit slope stability have suggested values of 10 % (Golder Associates, 
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2012). Hybrid FEM/DEM modelling of the A154 pit using a DFN input found the 

development of fully continuous pit-scale bi-planar failure surfaces at 3-5 % rock bridge 

content, and bench to multi-bench scale failure surfaces at 12-29 % rock bridge content 

(Elmo et al., 2011). However, recent work done on estimating rock bridge content in 

rockfall at other sites suggests similarly high rock bridge values, up to 57 % (de Vilder et 

al., 2017), as well as a wide range of estimated rock bridge percentages in rockfalls 

originating on the same slope. Furthermore, rotation has been shown to have a prominent 

influence on the stability of potential failure surfaces, with reduced factors of safety when 

compared to a sliding mechanism (Hungr & Amann, 2011). In these cases, tensile strength 

of the rock mass is the decisive factor in stability, and a higher rock bridge proportion 

would be required in the failure surface to maintain stability. 

It is important to consider the differences in failure mechanism, stress states, and 

the scale implications when comparing small scale rockfall to pit-scale or bench to multi-

bench scale failures. The rockfalls observed in this thesis are dominated by tensile failure, 

while larger scale slope failures generally experience a combination of both shear and 

tensile failure along the rupture surface. The stress state at the contact wall favours tensile 

failures, with a low σ3 oriented horizontally, while the stress state along a larger scale 

rupture surface is more likely to resemble the regional in-situ stress state, where σ3 is likely 

to be compressive. The higher confinement further away from the contact wall means a 

lower rock bridge content is required to maintain stability. Finally, a bi-linear pit slope 

failure, with a low-angle base release surface, will have additional frictional resistance to 

overcome within the existing joints or failed rock bridges, which adds to the strength 

provided by intact rock bridges. 

5.6. Conclusion 

The results of the study at Diavik highlight the complex interaction between 

regularly occurring persistent planar joints, associated with the regional structural geology, 

and localized brittle fracturing, whether induced pre-mining from kimberlite emplacement 

or surficial processes, or post-mining from blasting, stress relaxation, freeze-thaw, or 

rockfall. Mapping, both digitally on 3D remote sensing models and underground in adits, 

focusses on planar joints that control the kinematic stability of the rock mass. However, to 
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accurately predict and evaluate potential failures, a thorough understanding of rock bridge 

geometry and rock bridge failure potential is important. 

The observed crack growth and failure mechanism at Diavik is, in effect, a present 

day ongoing analogue for the fracture and failure patterns observed on the Chief. What is 

occurring on the Chief in time scales of decades and centuries is occurring at Diavik over 

months and years, due to the rapid unloading from mining. In Chapter 6, I will explore 

selected methods to simulate the propagation of brittle fracturing at both the Chief and 

Diavik.  
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 Numerical Modelling of Brittle Fracture 
Induced Rockfall 

6.1. Introduction 

Numerical modelling of rockfall initiation has been the subject of limited research 

compared to many other geotechnical and rock mechanics applications. The ability to 

simulate the stresses and displacements that a rockfall prone slope may undergo can add 

greatly to our understanding of the failure mechanics and allow for better management of 

the rockfall hazard. If rockfall initiation involves the fracturing of intact rock, additional 

uncertainties are introduced into the numerical model that are not encountered in simple 

discontinuity-controlled kinematic failure mechanisms.  

As previously outlined in Chapter 2, several numerical techniques have been 

developed for modelling the fracture of intact rock. In this section, analyses are carried out 

using the finite-element method (FEM) in RS2 (RocScience, 2016) and the discrete 

element method (DEM) in UDEC (Itasca, 2016). The Chief and Diavik are used as 

examples of the application of these two methods. 

The FEM is used to analyze the stress states of various rock slab configurations 

on the Chief, and the interactions between joints and rock bridges in these configurations. 

Slab thickness, joint persistence, and rock bridge length are varied to evaluate their 

influence on simulated rockfall failure mechanisms and potential rock bridge fracturing. 

Comparing the relative stability of modelled geometries to existing in-situ rock slab 

configurations allows for a better understanding of the stress states and level of damage 

required to initiate failure. Full FEM results are presented in Appendix F. 

A DEM analysis is applied at both sites, using a technique whereby joint strength 

parameters are decreased over time to simulate fracture propagation (Kemeny, 2005). 

The decrease in joint strength parameters is dependent on the normal and shear stresses 

on each joint, and as stress distributions change, the rate of fracture also changes. At the 

Chief, this technique is used to model the progression of rock bridge fracturing in individual 

blocks immediately prior to failure. At Diavik Diamond Mine, this method is used to 
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simulate the effect of mining on rock bridge fracturing in the entire A154 SE SLR contact 

wall. The code for all UDEC models is found in Appendix G. 

6.2. FEM Rock Bridge Stress Analysis at Stawamus Chief 

Intact rock fracture occurs when the stress concentration at a point exceeds the 

strength of the intact rock, either in shear or in tension. An FEM analysis allows the 

simulation of the stress distribution in an assumed intact rock, and to predict whether or 

not the rock will fail. Intact rock fracture can be implicitly simulated by assuming an elasto-

plastic Mohr constitutive criterion, and noting mesh elements that have yielded 

(Sturzenegger & Stead, 2009b). The objective of 2D FEM modelling of the Chief in this 

research was to constrain the interpreted failure mechanisms from the historical rockfall 

analysis, and evaluate the contribution of rock bridge fracture to rockfall.  

Modelling a relatively intact rock mass such as the Chief using a continuum method 

has some limitations. While the highly persistent fractures are generally widely spaced 

and create large in-situ blocks, lower persistence fractures and damage exist that reduce 

the strength below that of intact rock. Although failure is controlled by large scale 

discontinuities, fracturing will occur along preferential paths of weakness that are often 

difficult to simulate. Determination of rock mass strength using the Geological Strength 

Index (GSI) is not applicable in massive or sparsely jointed rock, as failure will be 

preferential along existing discontinuities and not isotropic, as is assumed by the GSI 

(Hoek et al., 2013). Because of the high uncertainty in defining strength parameters, the 

purpose of this modelling is limited to evaluating stress distributions and strain paths as 

they related to block formation and failure mechanisms, and not estimating specific rockfall 

magnitudes.  

The strength reduction factor (SRF) technique was used to evaluate potential 

failure mechanisms. Using this technique, the stress analysis is first computed using the 

defined strength parameters, and is then repeated for different values of the strength 

parameters until the analysis fails to converge. The highest factor by which strength is 

reduced while still allowing for model convergence is known as the critical SRF. The path 

of highest strain and concentration of yielded elements at the critical SRF can indicate a 
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potential failure path. The SRF is applied only to the rock bridges and slabs where failure 

is likely to occur, and the reduction in strength can be considered as being due to localized 

damage instead of overall rock mass strength reduction. 

6.2.1. FEM Model Setup 

Of the five failure geometries identified in Section 4.3.3, three can be represented 

using 2D plane strain simulation. Failure geometries A and B can be represented by single 

blocks defined by a single steeply dipping discontinuity, while geometry E could involve a 

number of steeply dipping discontinuities. To analyze the underlying stress states involved 

in these failures, 2D simulations were run for failure geometries A and B, with varying 

block dimensions and rock bridge content (Figure 6-1). A strength reduction factor was 

applied to evaluate potential failure paths through intact rock fracture as the shear and 

tensile strength were reduced. The SRF was only applied to a search area which 

encompassed the slab, joints, and rock bridges, in order constrain the failure to the outer 

slab and prevent larger scale failures or boundary effects.  

The dimensions of the modelling domain were 50 m in height and 20 m in width. 

The ground surface was set to 200 m above the modelling domain. This simulates a 

vertical load equivalent to the domain being located 200 m below the top of the slope crest. 

This value was chosen as it is the halfway point of the approximately 400 m high rock face 

on the North Wall of the Chief.  

Both model geometries assumed an overhanging slope, dipping at 85°. The 

overhanging geometry was chosen because approximately half of the failures and 

potentially unstable blocks identified in Sections 4.3.3 and 4.3.4 have overhanging rear-

release surfaces, and the overhanging geometry would likely produce more conservative 

results. Realistically, the sheeting joints would likely undulate slightly within a few degrees 

of vertical. Geometry A assumes an undercut slab, bounded by a steeply dipping back 

plane, failing in tension sub-horizontally across the slab (Figure 6-1a). Geometry B 

considers a block defined by a steeply dipping back plane but no undercutting of the slab 

(Figure 6-1b). The failure mechanism involves either toppling, or failure of the intact rock 

under the block, leading to a sliding or compound failure along the newly developed 
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fracture. In both cases, the potentially unstable block was bounded by a joint dipping at 

85° into the slope, with a specific rock bridge content along the length of the joint (Figure 

6-1).

Figure 6-1: a) Model geometry A15, with rock bridge location at 15 m, slab width 
of 2 m, and rock bridge content of 25 %. b) Model geometry B15, 
with rock bridge location at 20 m, slab width of 2 m, and rock bridge 
content of 25 % 

Twenty-six different configurations of each geometry were simulated, each with a 

different combination of rock bridge proportion, slab width, and initial rock bridge position. 

Geometry A model runs are named A01 to A26, and geometry B runs B01 to B26. The 

geometric parameters for each model run are listed in Table 6-1. The rock bridge content 

was incrementally increased, with assumed values at 10 %, 15 %, 25 %, and 40 %, while 

the slab width had values of 0.5 m, 1 m, 1.5 m and 2 m. The location of the first rock bridge 

(and hence, the length of the daylighting joint) was varied between 2.5 m, 5 m, 7.5 m, 

10 m, 15 m and, for geometry B, 20 m (Figure 6-2). The assumed non-daylighting joint 
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persistence was 15 m for geometry A and 20 m for geometry B. These values were based 

on the approximate mean vertical height of the observed failed block geometries. 

Table 6-1: Summary of 2D FEM model runs and geometry 

Model run 
Rock bridge 
location (m) 

Slab width 
(m) 

Rock bridge 
content (%) 

A01 

15 

0.5 

10 

A02 15 

A03 25 

A04 40 

A05 

1 

10 

A06 15 

A07 25 

A08 40 

A09 

1.5 

10 

A10 15 

A11 25 

A12 40 

A13 

2 

10 

A14 15 

A15 25 

A16 40 

A17 
2.5 

0.5 

15 

A18 1.5 

A19 
5 

0.5 

A20 1.5 

A21 
7.5 

0.5 

A22 1.5 

A23 
10 

0.5 

A24 1.5 

A25 
12.5 

0.5 

A26 1.5 

B01 

20 0.5 

10 

B02 15 

B03 25 

B04 40 
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Model run Rock bridge 
location (m) 

Slab width 
(m) 

Rock bridge 
content (%) 

B05 

1 

10 

B06 15 

B07 25 

B08 40 

B09 

1.5 

10 

B10 15 

B11 25 

B12 40 

B13 

2 

10 

B14 15 

B15 25 

B16 40 

B17 
2.5 

0.5 

15 

B18 1.5 

B19 
5 

0.5 

B20 1.5 

B21 
7.5 

0.5 

B22 1.5 

B23 
10 

0.5 

B24 1.5 

B25 
15 

0.5 

B26 1.5 

The first sixteen model configurations assumed a constant rock bridge location and 

varied the rock bridge proportion and slab width. The initial rock bridge location for these 

simulations was 15 m for geometry A and 20 m for geometry B. Ten additional 

configurations were simulated, keeping the rock bridge content constant at 15 %, while 

varying the slab width at 0.5 m and 1.5 m, and the initial rock bridge location at 2.5 m, 5 

m, 7.5 m, 10 m, and 12.5 m for geometry A, and 2.5 m, 5 m, 7.5 m, 10 m, and 15 m for 

geometry B (Figure 6-2). These distances are measured from the corner where the sub-

vertical joint daylights. The joint end conditions were set as closed where the joints 

terminated in the rock mass, and open where the joints terminated at the surface of the 

slope.  
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Model geometries with a rock bridge location at 0 m were tested, however, these 

models failed to converge due to high stress concentrations at the corner of the undercut 

slab. These models are not included. The lowest initial rock bridge position of 2.5 m was 

chosen as this was the approximate vertical extent of the smallest identified rockfall scar 

in Section 4.3.3.  

 

Figure 6-2: a) Model geometry A18, with initial rock bridge location at 2.5 m, and 
b) model geometry A26, with initial rock bridge location at 12.5 m. 
Slab width is 1.5 m and rock bridge content is 15 % for both models. 

A Mohr-Coulomb constitutive criterion was used to model stress within the blocks. 

The Mohr-Coulomb criterion was chosen so that the residual shear strength properties 

could be defined as having the shear strength parameters of a newly formed fracture, in 

effect simulating a yielded element as being fractured. The Mohr shear strength envelope 

was derived using the Hoek-Brown criterion, assuming a GSI of 80, an unconfined 

compressive strength of 160 MPa, and an intact rock Young’s Modulus of 50 GPa, as 

suggested by Tuckey (2012). Residual values were derived using the Hoek-Brown 

criterion, using the same intact rock parameters but assuming a GSI of 70 and a 

disturbance factor of 1.0. As previously mentioned, GSI has limited use in sparsely jointed 

rock masses, and so the values obtained are likely conservative. Material properties used 
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in the RS2 models are listed in Table 6-2, and discontinuity properties are listed in Table 

6-3. 

Table 6-2: Material properties used in Chief RS2 models 

Constitutive Criterion Mohr-Coulomb 

Unit Weight (MN/m3)1 0.027 

Poisson’s Ratio1 0.3 

Young’s Modulus (MPa)2 
Peak 30000 

Residual 15800 

Tensile Strength (MPa)2 
Peak 2.2 

Residual 0 

Friction Angle (°)2 
Peak 50 

Residual 35 

Cohesion (MPa)2 
Peak 20 

Residual 0.5 

Dilation Angle (°)3 31 
Notes: 
1: Derived from values used for granite at other sites (Golder Associates, 2012) 
2: Derived using RocData (Roscience, 2016), based on intact rock values suggested by Tuckey 

(2012), and residual values as described in text 
3: Estimated based on (Arzúa & Alejano, 2013) 

Table 6-3: Discontinuity properties used in RS2 models 

Tensile Strength (MPa) 0 

Cohesion (MPa) 0 

Friction Angle (°)1 35 

Normal Stiffness (MPa/m)2 200000 

Shear Stiffness (MPa/m)2 20000 
Notes: 
1: Value estimated based on Einstein & Dowding (1981) 
2: Value used for jointing in granite at other sites (Golder Associates, 2012) 

Mesh Dependency Test 

One configuration for each of the failure geometries was investigated for mesh 

dependency effects. Simulations were run with increasing mesh density until the critical 

SRF changed by 0.1 or less between iterations. The final mesh setup used a graded mesh 

with 6-noded triangles, with an initial discretization of 1200 nodes on the surface of the 
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slope. The mesh was further reduced in size within the strength reduction search area. 

The mean number of nodes for each model was approximately 27,500 for both 

geometries. Model configurations with an unexpected or anomalous result were run with 

increased mesh density, to ensure the result was not mesh dependent.  

6.2.2. Simulation Results 

Results are presented showing the distribution of tensile stress, shear strain and 

yielded elements with respect to assumed pre-existing joints and rock bridges. Potential 

failure mechanisms are interpreted based on concentrations of highest strain and yielded 

elements at the critical Shear Strength Reduction Factor, SRF. Examples of results for 

each model geometry are shown in this section, and the full results are presented in 

Appendix F. In the cases where the failure is interpreted to be dominated by tensile failure, 

tensile strain and minor principal stress are plotted. In cases where failure is expected to 

be in shear, shear strain and differential stress are plotted. 

Table 6-4 lists the failure mechanism observed for each model configuration. Three 

main failure mechanisms were identified, which are described in greater detail below, and 

shown in Figure 6-3 to Figure 6-6. They can be summarized as: 

• Horizontal slab failure (S): failure path is interpreted to be a horizontal cross
fracture, orthogonal to the joint, from the discontinuity tip to the surface of the
slope, with predominantly tensile yielding (Figure 6-3). Cross fractures are
common failure surfaces in slabs defined by sheeting joints (Hencher et al.,
2011)

• Vertical rock bridge failure (RB): Failure path is interpreted to be between two
sub-vertical joints, as the two joints coalesce. Yielding is predominantly tensile
(Figure 6-4Figure 6-6)

• Shear failure (Sh): Failure path is interpreted to be a shear failure propagating
at approximately 60° from the joint tip to the surface of the slope, with
predominantly shear yielding (Figure 6-5).

In some cases, the strain and yielded elements may suggest equal likelihood of 

two possible failure mechanisms; for example, a high strain concentration and yielding 

appears to propagate between two joints and also outwards across the slab. In this case, 

determining the actual failure mechanism using FEM may not be possible, and both are 

listed. Areas of high strain concentration and yielded elements are interpreted to be zones 
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of damage, where many cracks could potentially form at the microscopic level and 

coalesce into a single fracture. 

Table 6-4: Failure mechanism for each model configuration 

Rock Bridge 
Content (%) 

Geometry A Slab Width (m) Geometry B Slab Width (m) 

0.5 1 1.5 2 0.5 1 1.5 2 

40 S S S S Sh Sh Sh Sh 

25 S S S S/RB Sh Sh Sh/RB Sh/RB 

15 S S/RB S/RB S/RB Sh RB RB RB 

10 S S/RB S/RB RB Sh RB RB RB 

In almost all cases, geometry A led to failure extending horizontally from the joint 

tip to the face of the slab (S-type failures). The development of a damage zone indicating 

a tensile cross fracture is clearly observed for all assumed slab widths. Figure 6-3 shows 

plots of stress, strain and yielded elements for model run A07. In this example, the damage 

zone indicates that a tensile fracture is clearly extending outwards towards the face of the 

slope, with a concentration of tensile stress ahead of the already yielded elements. As 

strength is reduced, the yielded area propagates further towards the face. Only in 

simulations with the highest assumed slab width and 10 % or 15 % rock bridge content is 

the development of a fracture across the rock bridge observed (RB-type failure, Figure 

6-4). In this case, both the indicated wing damage zone and secondary coalescence 

damage zone propagate as the strength is reduced. 
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Figure 6-3: Close up of joint tip in model run A07, Point A, showing a) minor 
principal strain and b) minor principal stress 

Note:  Stress and strain values are given for the critical SRF of 1.2. Inset on bottom left shows 
zoomed in area. 
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Figure 6-4: Close up of rock bridge in model run A13. Minor principal strain and 
yielded elements show coalescence of joints through rock bridge 
fracture, and the development of a cross fracture through the slab 

Note:  Stress and strain values are given for the critical SRF of 0.5. Inset on bottom left shows 
zoomed in area. 

Failure in geometry B appears to be through the development of a shear surface 

propagating from the bottom tip of the joint, Point B (Sh-type failure, Figure 6-5). As the 

shear surface develops, the differential stress in the remaining non-yielded material 

increases. As the rock bridge percentage decreases, the shear stress concentration at the 

upper tip of the bottom joint, Point C, increases, and yielding is also observed at that point, 

suggesting potential coalescence of the two joints (RB-type failure, Figure 6-6). Figure 6-5 

shows the development of the shear fracture towards the face of the slope, as well as the 

upward propagation of the lower joint. As with geometry A, tensile stress concentrations 

leading to coalescence of the two joints only becomes high enough to cause yielding in 
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models with low rock bridge percentage – 10 %, and for some of the 15 % rock bridge 

models  

 

Figure 6-5: Close up of rock bridge in model run B12 showing a) maximum 
shear strain, and b) differential stress  

Note: Stress and strain values are given for the critical SRF of 2.1. Inset on bottom left shows 
zoomed in area. 
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Figure 6-6:  Close up of model run B15 showing a) minor principal strain, and b) 
minor principal stress 

Note: Stress and strain values are given for the critical SRF of 1.3. Inset at bottom shows 
zoomed in area. 

Staged Post-Failure Simulation 

A staged post-failure configuration for each of the two geometries was also 

modelled, to evaluate the stress state after a rockfall. The first stage of these models was 

run to a stable solution with no SRF applied. In the second stage, a block was removed to 

simulate the unloading effects of rockfall, and then the simulation was continued using the 

SRF technique. One sample from each of the two geometries was tested in a post-rockfall 

configuration, model runs A11 and B11. The limits of the removed block, in other words 
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the assumed failure surface, were based on the interpreted failure surfaces from the 

equivalent non-staged SRF models.  

An initial run with this configuration did not converge, likely due to very high stress 

at the corner of the failed slab. A small 0.25 m joint was added in line with the existing 

joint, at Points D and E (Figure 6-7). This is intended to simulate a rock bridge which 

fractured or damage zone due to the tensile stress associated with the first failure.  

The post-failure simulations suggest the continued propagation of the existing 

joints (Figure 6-7). High shear and tensile strain concentrations are observed at either end 

of the rock bridge despite the load removal from the rockfall.  
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Figure 6-7: Close up of failure surface in geometry A (left) and B (right), 
showing the continued propagation of joints post-rockfall 

Basal Joint Simulation 

A variation on model geometry B12 was also investigated, where a pre-existing 

basal joint was included, dipping at 5° out of the slope, orthogonal to the rear release 

plane. In this case, some of the strain due to the load of the overlying block is transferred 

to the basal joint, but a shear surface is observed to develop in the intact rock beneath the 

basal joint. Figure 6-8 shows the same slab width and rock bridge configuration as in 

Figure 6-5, but with the basal joint included. The critical SRF in this case is the same as 
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the case with no basal joint, and the maximum shear strain is comparable. The observed 

strain concentration suggests the lower ledge could crush, leading to toppling of the 

overlying block. This is the inferred failure mechanism of the 19 April, 2015 rockfall. The 

basal joint does not appear to accommodate any displacement, and there is no sudden 

contrast in either displacement, stress orientation, or stress magnitude across the basal 

joint. 

Figure 6-8: Close up of basal joint variation of model run B12 showing a) 
maximum shear strain and b) differential stress  

Note: Stress and strain values are given for the critical SRF of 2.1. Inset bottom left shows 
zoomed in area. 

6.2.3. FEM Simulation of the Chief: Summary and Conclusion 

The results of the 2D FEM simulations appear to indicate the importance of intact 

rock in rockfall initiation at the Chief. Using the SRF technique, potential failure paths are 
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observed through the sub-vertical in-plane rock bridges, as well as horizontally through 

the slabs.  

The 2D FEM simulations also suggest a sequence of vertical crack propagation 

and slab failure. Vertical loading increases tensile stress at the tips of existing joints, 

causing cracks to propagate vertically, represented by yield in the models. This continues 

until the load of the slab causes either a tensile failure horizontally across the slab, in the 

case of geometry A, or a shear failure in the case of geometry B. The strength reduction 

required to fail the slab occurs as the crack propagates, as the surrounding intact rock is 

damaged. While this process in practice is extremely slow, environmental factors such as 

ice, rain, and vegetation can increase the rate of damage and crack propagation.  

These results show the challenge in estimating an anticipated failure magnitude. 

Failure is dependent on two processes – the propagation of the vertical joint and the 

horizontal failure of the slab. Even with laboratory validation of the material properties, it 

would be difficult to understand the sequence of fracture propagation using FEM. A 

modelling technique that can explicitly model brittle fracture, such as 2D or 3D hybrid FEM-

DEM, would be more appropriate to estimate the failure magnitude. 

 A sequence of progressive cracking and subsequent slab failure has been 

observed and documented at Yosemite (Stock et al., 2012), where cracking was heard on 

the Rhombus Wall, as the slab separated from the main rock mass, and then failed 

suddenly in tension. Similar failures have not been directly observed at the Chief, but the 

visual evidence and numerical models suggest that these types of failures have occurred 

multiple times since deglaciation. These results also support the hypothesis that failure 

and erosion of sheeting joint slabs is a continuing process (Hencher et al., 2011). As slabs 

fail and undercut the slope, the unloading process redistributes tensile stress in the slope 

to allow the formation of new sheeting joints and cross fractures. 
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6.3. 2D Discrete Element Method Modelling of the Chief and 
Diavik SLR Contact Wall 

6.3.1. Background and Modelling Technique 

The largest rockfalls on the Chief and the SLR contact walls at Diavik are controlled 

by steeply dipping discontinuities, with failure occurring when rock bridges between these 

discontinuities are fractured. Intact rock bridge fracture also plays a role in the 

development of side release and horizontal fracture surfaces, which constrain the failed 

volume. This presents a complex failure mechanism for any numerical modelling, with 

many sources of uncertainty. A two-dimensional plane strain model provides an 

appropriate starting point for analysis given the orientation of the back-release surfaces 

relative to the slope surfaces.  

One source of uncertainty is the proportion and orientation of rock bridges along 

potential failure surfaces. At Diavik, the analyses in Sections 5.4.4 and 5.4.5 showed 

evidence of significant intact rock bridge fracturing associated with very large rockfalls, 

both out of plane and in plane. It is difficult, however, to estimate from direct observation 

of the rockfall scar how much intact rock failed during the rockfall itself, and how much 

intact rock fracturing preceded the rockfall, either induced by mining activities or existed 

even prior to mining.  

Building a realistic model, including assigning material properties to discontinuities 

and intact rock bridges in a numerical model presents a significant challenge. Recently, 

the synthetic rock mass approach has been developed to better simulate the behaviour of 

jointed rock mass and predict the scale effects of rock mass properties that cannot be 

determined empirically (Mas Ivars et al., 2011; Pierce et al., 2007). This technique 

incorporates a discrete fracture network (DFN) into a brittle fracture simulation code, such 

as a Voronoi mesh in DEM, hybrid FEM-DEM, or bonded-particle model (BPM). 

The synthetic rock mass approach has been used to scale laboratory observations 

to the engineering scale, such as for pit slopes (Mas Ivars et al., 2011; Vyazmensky et al., 

2010), underground pillars (Elmo & Stead, 2010; Zhang & Stead, 2014) and natural 

landslides (Scholtès & Donzé, 2012). However, the ability to accurately simulate rock 
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mass behaviour requires rigorous validation of the stochastic DFN (Elmo et al., 2011; 

Pierce et al., 2007) to accurately represent the real rock mass fracture network, and 

calibration of the intact rock mass properties (Kazerani & Zhao, 2010; Mayer & Stead, 

2017).  

Time-dependent degradation technique 

Applying a fracture mechanics technique to a DEM analysis can be beneficial to a 

preliminary understanding of rock slope behaviour. In the analysis, brittle fracture is only 

simulated along pre-existing joints. Joints are assigned an estimated rock bridge 

percentage, and fracture propagation is simulated by decreasing the cohesion along each 

joint as simulation progresses. This method is based on a fracture mechanics approach 

proposed by Kemeny (2005). The change in cohesion over time is a function of shear and 

normal stresses on the joint, and of the fracture toughness of the rock bridge. This 

technique has the advantage of explicitly modelling rock bridge percentage in discontinuity 

planes, but does not model intact rock fracturing outside of the plane of predefined 

discontinuities. 

Kemeny (2005) determined that joint cohesion, 𝐶 , due to rock bridges can be 

represented as: 

𝐶 =
𝐾 √𝜋𝑎

2𝑤
(6-1) 

where KIIC is the mode 2 fracture toughness, and a is half the length of a rock bridge 

between two discontinuities each with persistence (w – a) (Figure 6-9). As loads are 

applied and over time, sub-critical crack growth causes the rock bridge size to decrease, 

thereby lowering the cohesion. The change in rock bridge size over time is given as: 

𝜕𝑎

𝜕𝑡
= −𝐴

2𝑤(𝜏 − 𝜎 𝑡𝑎𝑛𝜙)

𝐾 𝜋𝑎(𝑡)
(6-2) 



 

196 

where  is the change in rock bridge width over a specified time step t, 𝜏 and 𝜎  are the 

shear and normal stresses, respectively, acting on the discontinuity, and A and n are 

material subcritical fracture constants. The change in rock bridge width is added to the 

rock bridge width at the beginning of the time step, and a new cohesion is calculated based 

on the new rock bridge width value. 

 

Figure 6-9: Example of rock bridge geometry simulated in the degradation 
technique. After Kemeny, 2005.  

Equation 6-1 can be adapted to determine tensile strength based on rock bridge 

length, by considering the mode 1 fracture toughness, KIC, instead of mode 2, and 

replacing the cohesion term with tensile strength 𝜎 , such that  

 
𝜎 =

𝐾 √𝜋𝑎

2𝑤
 (6-3) 

Rock bridge width will also affect the tensile strength of a joint. Although tensile 

strength is not directly calculated using the fracture mechanics approach in Eq. 6-2, 

Kemeny (2005) suggests that the change in tensile strength will be proportional to the 

change in cohesion. Therefore, once the cohesion of a joint at time 𝑡 has been determined, 

the tensile strength at that time is determined by multiplying the original tensile strength 

by the ratio of the new cohesion to the initial cohesion of that joint. 
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The time-dependent cohesion degradation is carried out in UDEC using a FISH 

function coded in collaboration with Donati et al. (2017). At each time step, the FISH 

function loops through all contacts, and for each one carries out the following steps: 

• Reads shear and normal forces, cohesion, friction angle, tensile strength, joint 
element length 

• Calculates shear and normal stresses 

• Calculates rock bridge width based on Eq. (6-1) 

• Calculates  based on Eq. (6-2) 

• Determines new rock bridge width and corresponding cohesion and tensile 
strength, and overwrites old cohesion and tensile strength values 

To provide an overview of the change in rock bridge width over time, the average 

cohesion and rock bridge width of all elements is recorded at the end of each time step, 

and is recorded as a history value. 

One consideration in simulating brittle fracture along discontinuities using this 

method is the displacement that is accommodated along the joints. Assuming there is an 

intact rock bridge present along the discontinuity, and assuming linear-elastic behaviour 

of the intact rock, the displacement along the joint would be limited by the elastic modulus 

of the intact rock. A maximum strain is defined such that if the strain on a joint exceeds it, 

the cohesion is reduced to an assumed residual value (in this case, zero). Using a simple 

linear-elastic relationship, the critical shear strain on a discontinuity can be defined as  

 𝜀 =
𝜎

𝐸
 (6-4) 

where 𝜎 is the unconfined compressive strength of the intact rock, and 𝐸 is the Young’s 

modulus of the intact rock. The value for 𝜀  can be used to assign a maximum 

displacement 𝑑 ,such that 
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 𝑑 = 𝜀 𝐿 (6-5) 

where 𝐿 is the length of the individual contact (in UDEC, a contact is a discrete segment 

of a joint). This condition is only applied to displacement that occurs while the strength 

degradation code is applied. 

An analogous approach can be used to determine the maximum tensile strain. 

Critical tensile strain, 𝜀 , that is the maximum tensile strain that can be accommodated 

before tensile failure, can be defined by 

 𝜀 =
𝜎

𝐸
(1 − 𝜈) (6-6) 

where 𝜎  is the tensile strength and 𝜈 is the Poisson’s ratio (D. Li et al., 2013). The tensile 

strain across a contact in UDEC can be considered analogous to the tensile strain within 

a Brazilian disc test, such that the length of the contact is equivalent to the diameter of the 

disc. Based on this assumption, the maximum normal displacement along that contact, 

𝑑 , can be defined as  

 𝑑 = 𝜀 𝐿  

As with the shear displacement condition, the maximum normal displacement only applies 

to displacement after the strength degradation code is applied. 

Time-dependent Voronoi degradation method 

The cohesion degradation model is effective at reproducing in-plane brittle 

fracturing. However, as previously discussed, brittle fracture is observed out of the plane 

of discontinuities, even when failure is controlled by high-persistence discontinuities. 

Voronoi polygon networks can be used to simulate irregular, complex failure paths through 

a rock mass, connecting high-persistence discontinuities. 
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The Voronoi network in the proposed methodology is assigned joint properties 

based on the same fracture mechanics approach as the continuous joints. In this case, an 

open Voronoi joint is considered to be a pre-existing fracture, or fractures caused by 

blasting. The initial Voronoi network consists of pre-existing fractures and intact rock 

bridges. The initial cohesion and tensile strength of the Voronoi joints are assigned based 

on an assumed rock bridge proportion, which then decreases as the pre-existing fractures 

propagate in response to stress. 

Unlike Voronoi networks used in SRM applications, this network is not intended to 

simulate discrete fracture paths, and therefore intact rock properties are not assigned, nor 

are scaling calibrations undertaken. Failure along the Voronoi joints is indicative of 

potential out of plane failure paths given randomly oriented fractures in the rock mass. 

6.3.2. Stawamus Chief Model Setup 

Two conceptual models based on the Chief failure configurations were carried out 

using the time-dependent strength degradation technique. The purpose of these was to 

determine the applicability of the technique at the scale of the observed failures. The same 

two configurations that were used in the 2D FEM models of the Chief in Section 6.2, 

referred to as geometries A and B, were used. For both model configurations, a slab width 

of 1 m was assumed. An in-situ stress was induced to simulate loading from the overlying 

rock mass. The in-situ stress assumed 50 m of overlying rock, was equal in magnitude in 

the vertical and horizontal directions, and was gradational in the vertical direction. This 

stress field assumes the main controls on failure are gravitational loading. 

Failure in these models was intended to occur along pre-defined continuous joints 

representing a certain rock bridge proportion. Unlike the FEM models, the sub-vertical rear 

release surface was modelled as a continuous joint, with the rock bridge content 

accounted for in the cohesion and tensile strength of the joint, based on Equations 6-1 

and 6-3. An equivalent rock bridge proportion in a continuous joint is intended to reduce 

some of the uncertainty associated with discrete rock bridge locations. The rear release, 

sub-vertical continuous joints was assigned an equivalent persistence of 15 m for 

Geometry A and a 20 m equivalent persistence for Geometry B, with an equivalent rock 
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bridge proportion of 25 %. An isotropic-elastic constitutive model was used instead of a 

Mohr-Coulomb model, such that failure was constrained along the equivalent rock bridge-

joint contacts and not through yielding elements within the blocks.  

The failure surfaces observed in the FEM models were dependent on the position 

of the discrete rock bridges. Because no discrete rock bridges are included in the UDEC 

model, multiple potential failure surfaces were included in the slab. A sub-horizontal joint 

set, dipping at 5° out of slope, with 2.5 m spacing was also included to provide horizontal 

release surfaces (Figure 6-10a). The 2.5 m spacing was selected based on the 

approximate vertical extent of the smallest identified rockfall scar in Section 4.3.3. This 

joint set can be considered analogous to cross fractures that form across slabs created 

by sheeting joints (Hencher et al., 2011). For Geometry B, a set dipping at 60° out of slope 

was also included to simulate the shear failure surfaces observed in the FEM models 

(Figure 6-10b). These were also spaced at 2.5 m. All sub-horizontal joints and shear 

failure joints were assigned a 50 % equivalent rock bridge content over a 0.5 m equivalent 

persistence.  

The intact rock properties used to calculate rock bridge strengths are listed in Table 

6-5. The equivalent joint strength properties used in the UDEC model are listed in Table 

6-6, while the block material properties are listed in Table 6-7. History points were placed 

along the edge of the slab to record x- and y-displacement.  
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Figure 6-10: Configurations of Geometry A and B UDEC models, featuring a 
single continuous sub-vertical joint with 25 % rock bridge, a sub-
horizontal joint set with 50 % rock bridge, and a 60° dipping joint set 
for Geometry B, also with 50 % rock bridge. 
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Table 6-5: Intact rock properties used for joint rock bridge strength 
calculations 

Property Value (Granite) 

Unconfined compressive strength (MPa)1 160 

Tensile strength (MPa)1 9.6 

Young’s modulus (MPa)1 50000 

Mode 1 fracture toughness KIC (MPa/m)2 1.54 

Mode 2 fracture toughness KIIC (MPa/m)2 3.17 

Subcritical parameter A (m/s)3 0.00001 

Subcritical parameter n3 25 
Notes: 
1: Values estimated from literature (Tuckey, 2012) 
2: Value derived empirically from assumed elastic parameters (Nejati & Moosavi, 2017; Z. Zhang, 

2002) 
3: Value assumed based on Kemeny (2005) 

Table 6-6: Discontinuity properties used in UDEC model 

Property Sub-vertical 
joints 

Horizontal joints 

Constitutive model Joint area contact – Coulomb slip 

Discontinuity friction angle (deg)1 35 35 

Initial discontinuity cohesion (MPa)2 0.31 1.98 

Initial discontinuity tensile strength (MPa)2 0.14 0.87 

Discontinuity normal stiffness (GPa/m)1 200 200 

Discontinuity shear stiffness (GPa/m)1 20 20 
Notes: 
1: Value used in RS2 models 
2: Value calculated using Equations 6-1 and 6-3 

Table 6-7: Material properties for rock mass blocks used in UDEC model 

Parameter Value – Granite 

Constitutive model Isotropic Elastic 

Mass density (kg/m3)1 2750 

Poisson’s ratio1 0.3 

Young’s modulus (MPa)2 30000 
Notes 
1: Value used in RS2 model 
2: Value derived empirically in RocData (RocScience, 2013) 
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6.3.3. DEM Simulation Results for the Chief 

Both models were cycled until failure occurred. The final failed states are shown in 

Figure 6-11. The failure mode of Geometry A involved tensile failure along the sub-vertical 

joint and along a sub-horizontal joint located at 12.5 m from the bottom of the slab. The 

final failure mode of Geometry B was through a shear failure in the slab along the lowest-

most inclined joint, although the slab had already displaced away from the slope in tension 

along the sub-vertical joint. 

Figure 6-11: Geometry A and B models with failed blocks shown in red 

In Geometry A, effectively zero vertical or horizontal displacement (<0.01 mm) was 

recorded at history point 1 between model equilibrium and failure. However, tracking the 

cohesion of the sub-vertical joint as the model cycles shows that rock bridge content on 

the joint was continuously decreasing (Figure 6-12). The average cohesion along the 
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entire length of the sub-vertical joint decreased by 8 kPa, to an equivalent rock bridge 

content of 23 %. Of the 332 discrete contacts along the continuous joints, only 23, or 7 %, 

experienced cohesion degradation prior to failure. Those contacts that did undergo 

cohesion degradation are found at 8.4 m to 13.0 m from the bottom of the joint, which is 

the area where the slab detached from the slope at failure. Figure 6-13 shows the cohesion 

of each discrete contact along the joint immediately prior to failure, from bottom to top. 

 

Figure 6-12: History plots from Geometry A showing average cohesion on the 
sub-vertical joints and displacement at history point 1 prior to failure 

Note: Y-displacement continues downwards and is not shown as failed block falls freely. 
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Figure 6-13: Cohesion of discrete contacts along the sub-vertical joint in 
Geometry A, immediately prior to failure (96 numerical seconds) 

The Geometry B model was cycled longer and significantly more displacement 

was observed prior to final failure. The slab was observed to displace away from the main 

body of the slope, along the entire length of the continuous sub-vertical joint. The strength 

of the sub-vertical joint was quickly reduced as the slab moved out of the slope, then 

stabilized until the point of failure (Figure 6-14). This could suggest the development of a 

continuous tensile crack. Horizontal displacement on the order of 0.1 m and vertical 

displacement of 0.01 m are observed at history point 1, as the slab flexes outwards. Final 

failure occurs at the bottom of the slab, along the lowest of the predefined shear joints.  

Other than this failure, however, very limited shear displacement and strength loss 

was observed on the predefined shear joints or horizontal joints. Immediately prior to 

failure, the maximum shear displacement along any of the contacts within the slab was 

0.08 mm, effectively zero, and normal or shear stress along the contacts within the slab 

was insufficient to cause any observable reduction in strength. Closure along these 

contacts (negative normal displacement) was limited to the three lowest sub-horizontal 

joints, and had a maximum magnitude of 0.06 mm. The relative lack of shear displacement 

and joint closure suggests that introducing these joints had a negligible effect on the 

internal deformation of the slab, and on the overall failure mechanism. 
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Figure 6-14: History plots from Geometry B showing average cohesion on the 
sub-vertical joint and displacement at history point 1 prior to failure 

6.3.4. Discussion of Chief DEM results 

Using continuous joints with increased strength parameters to simulate rock 

bridges can be a useful technique, but it has some distinct differences to the way stress 

is distributed when compared to a model with discrete joints and rock bridges. Using the 

cohesion degradation technique, or any equivalent rock bridge technique, stress 

concentrations are not induced at the locations of individual rock bridges, as they are in 

discrete rock bridge models resulting in an inherently different failure mechanism.  

In the Geometry A example, tensile stress is observed along an approximately 

7.5 m segment of the sub-vertical joint (Figure 6-15a), rather than concentrated at any 

single point. The tensile stress exceeds the tensile strength of the sub-vertical joint and 

causes a reduction in strength, simulating the tensile fracturing of rock bridges. The load 

of the slab is transferred from the sub-vertical joint to the sub-horizontal cross joint, leading 

to failure, again in tension. This behaviour is typical to that observed in slopes with 

sheeting joints (Hencher et al., 2011), and the size of the failure, with a vertical extent of 

12.5 m, is close to the average dimensions of observed failures on the Chief.  
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In Geometry B, the slab displaces away in tension in a flexural toppling type 

movement. This leads to a differential stress of up to 8 MPa at the bottom of the slab, 

while differential stress remains low, under 1 MPa, throughout the remainder of the slab 

(Figure 6-15b). Because there is no discrete rock bridge to prevent normal displacement 

along the sub-vertical joint, the entire slab is free to topple away from the main body of the 

slope. This suggests that a continuous joint strength degradation approach may not be 

appropriate for modelling this type of localized rockfall, as stress will be concentrated at 

the bottom of the slab, rather than at a discrete rock bridge, and the assumed joint 

persistence or equivalent rock bridge proportion will not affect the location of the failure. 

For this failure mechanism, a discrete rear release joint and inclusion of rock bridges would 

be a more realistic simulation approach to model the failure mechanisms and associated 

stress/displacement conditions.  

 

Figure 6-15: a) Minor principal stress in Geometry A and b) Differential stress in 
Geometry B, immediately prior to failure 
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6.4. Discrete Element Method stability model for Diavik 
Diamond Mine 

6.4.1. A154 SLR Contact Wall Model setup 

Modelling Domain 

The established modelling domain extends horizontally from the crest of the A154 

NW contact wall, across the kimberlite pipe, to the top of the SE pit wall (Figure 6-16). The 

model extends vertically from the crest of the pit at 9400 mRL (metres relative to Reduced 

Level, an arbitrary elevation datum) down to 8900 mRL, which is approximately 100 m 

below the final life of mine depth. The overall dimensions of the model are approximately 

500 m horizontally, and 500 m vertically. The kimberlite was removed in stages to simulate 

the response to mining, in lifts of 25 m. The excavation depth around the time the remote 

sensing data presented in Chapter 5 was collected and the rockfalls occurred was 

approximately 9050 mRL.  

A range of in-situ stress estimates for Diavik exist. Prior to 2015, an assumed in-

situ stress regime based on regional geological structures and the world stress map 

(Helmholtz Centre, 2009) had been used in all modelling (Golder Associates, 2016). In-

situ stress measurements were undertaken in 2015 (Mirarco, 2015), although the 

observed values varied across the site, due to geological and geometrical complexity. The 

measured values provided major and minor horizontal stress (σH and σh) as a function of 

vertical stress (σv) for use in numerical models. The in-situ stress regime models are 

summarized in Table 6-8. 
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Figure 6-16: Overview of the UDEC modelling domain. Inset shows cross section 
across pit used for modelling profile. 

Table 6-8: In-situ stress regimes (Golder Associates, 2016) 

In-situ stress 
Assumed regional model Measured stress model 

Magnitude Trend (°) Magnitude Trend (°) 

σv 𝜌𝑔ℎ NA 𝜌𝑔ℎ NA 

σH 2.0𝜎  090 1.08𝜎  040 

σh 1.4𝜎  000 0.46𝜎  130 

A sensitivity analysis for the different stress regimes during previous modelling 

showed limited sensitivity (Golder Associates, 2016). The greatest displacement was 

observed using the measured stress model, possibly due to the low confining stress. This 

measured stress model was therefore used in the UDEC models in this analysis. 
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Joint Geometry and Strength Properties 

Two different model geometries were used, v100 and v200 (Figure 6-17). Only one 

simulation was run using the v100 configuration, while four variations of model v200 were 

run, v201 through v204. The models are summarized in Table 6-9. 

The first model geometry, v100, consists of a steeply dipping continuous joint set, 

representative of the mapped joint set J1, at a 1.5 m spacing, and a horizontal joint set at 

a 5 m spacing (Figure 6-17a). The horizontal joint set is included to simulate the formation 

of tensile cross fractures orthogonal to J1, which are observed in the field. The spacing 

was chosen based on the average spacing of mapped joints and on previous work. 

Mapped joint set J2 is considered to be the side-release plane in this case. Jointing was 

constrained to the area below the lowest bench closest to the contact wall enclosed by a 

well-defined back release structure. A steeply dipping diabase dyke intersects the contact 

wall around 70 m below the lowest bench.  

The second model geometry, v200, (Figure 6-17b) consists of a steeply dipping 

continuous joint set, representative of the mapped set J1, at a 3 m spacing. This model 

also incorporates a Voronoi network to simulate potential complex, out-of-plane rock 

bridge failure paths. The J1 joint set has a wider spacing in this model due to high 

computational run times associated with the Voronoi network and necessary finer mesh 

size. The Voronoi mesh was placed in the outermost five slabs, to cover the greatest depth 

of rockfalls observed in practice, and was constructed with a maximum edge length of 

1.0 m. No horizontal joint set is included in this model. 
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Table 6-9: Summary of UDEC model configurations 

Model 
Geometry 

Description Model 
run 

Description 

v100  Continuous sub-vertical planar
joints, 1.5 m spacing

 Horizontal planar joint set, 5 m
spacing

 Cohesion degradation along
both joint sets

v101  Same initial joint properties for both 
joint sets 

v200  Continuous sub-vertical planar
joints, 3 m spacing

 Voronoi network in first ~10-
12 m of contact wall

v201  Same initial joint properties for all
Voronoi joints 

v202  Initial joint properties along Voronoi
joints dependent on dip 

v203 Same as v202, plus: 
 Additional excavation to 7025 mRL

v204 Same as v203, plus: 
 Artificially induced rockfall after final

excavation

Model run v101 considers a rock bridge length of 0.5 m in between joints whose 

centres are 10 m apart, with a persistence of 9.5 m, equivalent to a 5 % rock bridge 

content. This equates to a cohesion of 217 kPa, using equation 6-1, and an equivalent 

tensile strength of 87 kPa. Values for intact rock properties used to calculate rock bridge 

strength and discontinuity friction angle and stiffness were taken from laboratory testing 

or previously validated models (Table 6-10, Golder Associates, 2013). Fracture toughness 

parameters KIC and KIIC were calculated using measured elastic properties and empirical 

relations in Nejati & Moosavi (2017). Subcritical fracture parameters A and n were taken 

from Kemeny (2005). The joint parameters used in the UDEC models are listed in Table 

6-11, and the block material parameters in Table 6-12.
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Figure 6-17: a) Model v100 joint geometry, consisting of steeply dipping joints 
and a horizontal joint set. b) Model v200-series joint geometry with 
Voronoi network 
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Table 6-10: Intact rock properties used for equivalent rock bridge discontinuity 
strength calculations 

Property Value (Granite) 

Unconfined compressive strength (MPa)1 133 

Tensile strength (MPa)1 9.6 

Young’s modulus (MPa)1 56000 

Mode 1 fracture toughness KIC (MPa/m)2 1.6 

Mode 2 fracture toughness KIIC (MPa/m)2 3.5 

Subcritical parameter A (m/s)3 0.00001 

Subcritical parameter n3 25 
Notes: 
1: Value derived from laboratory testing (Golder Associates, 2013) 
2: Value derived empirically from measured elastic parameters (Nejati & Moosavi, 2017; Z. 

Zhang, 2002) 
3: Value assumed based on Kemeny (2005) 

Table 6-11: Discontinuity properties used in base UDEC model 

Property Continuous 
joints 

Diabase dyke Contact wall 

Constitutive model Joint area contact – Coulomb slip 

Discontinuity friction angle (deg)1 30 43 22 

Initial discontinuity cohesion (MPa) 0.222 0.151 0.051 

Initial discontinuity tensile strength (MPa) 0.092 01 01 

Discontinuity normal stiffness (GPa/m)1 200 200 100 

Discontinuity shear stiffness (GPa/m)1 20 20 10 
Notes: 
1: Value used in previous UDEC models (Golder Associates, 2013) 
2: Value calculated using Equations 6-1 and 6-3 
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Table 6-12: Material properties for rock mass blocks used in UDEC model 

Parameter Granite Kimberlite 

Constitutive model Isotropic Elastic 
Mohr-Coulomb 

Plasticity 

Mass density (kg/m3)1 2650 2500 

Poisson’s ratio2 0.3 0.31 

Young’s modulus (MPa)1 56000 2900 

Unconfined compressive 
strength (MPa)1 

NA 17 

Peak cohesion (MPa)3 NA 0.679 

Peak tensile strength (MPa)1 NA 0.069 

Friction angle (°)3 NA 44 
Notes 
1: Value derived from laboratory testing (Golder Associates, 2013) 
2: Value used and validated in previous models (Golder Associates, 2013) 
3: Value derived empirically in RocData (RocScience, 2013) 

The v200-series models consider the same rock bridge length for the J1 joint set, 

with the same joint parameters as in the v100 model. The joint properties of the Voronoi 

network are based on the assumption that a certain percentage of the Voronoi network 

consists of previously existing irregular fractures or previously existing planar joint, while 

the rest is intact, out-of-plane rock bridges. Model v201 assumes a single initial strength 

for all joints in the Voronoi network, while models v202 through v204 define the initial 

strength of the Voronoi network based on the orientation of the individual contacts. 

The strength parameters of the Voronoi joints in the v200-series models are 

calculated according to Equations 6-1 and 6-3, and listed in Table 6-13. The fracture and 

rock bridge length values used are based on average trace lengths mapped in the 2D 

photographic damage mapping in Section 5.4.3. The Voronoi joints in model v201 are 

based on an average approximate damage trace length of 1.5 m and a rock bridge length 

of 0.5 m. 

The strength parameters of the Voronoi joints in models v202 to v204 were scaled 

using correction factors found in the rock bridge analysis in Section 5.4.4. The strength of 

each contact was based on a 𝑤 value (distance between joint centres) of 2 m, and the 

rock bridge percentage was scaled to a value between 10 % and 30 %, depending on the 

dip angle of the Voronoi contact (Figure 6-18). Voronoi contacts were classified by dip in 
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30° increments, and each group was assigned a different strength, using an approach 

similar to Tuckey (2012). The variation in joint strength by orientation is based on the 

results presented in Section 5.4.4, which indicate that certain orientations of faces on a 

failure surface are more likely to be a fractured rock bridge than a planar discontinuity. 

Varying the strength of the Voronoi contacts by dip assumes that certain contacts are 

more likely to be open fractures as opposed to intact rock bridges. The assumed 

distribution of Voronoi contact strength by dip is presented in Table 6-13. As with model 

v201, this range of assumed rock bridge proportions is intended as a preliminary baseline 

model only.  

Table 6-13: Voronoi discontinuity properties in v200 series Models 

Property v201 
v202-v204 (range of contact dip angles) 

-90° to -60° -60° to -30° -30° to 30° 30° to 60° 60° to 90° 

Assumed Rock Bridge 
Proportion (%) 

25 15 20 30 20 10 

Cohesion (MPa) 1.09 0.84 0.97 1.19 0.97 0.69 

Tensile Strength (MPa) 0.44 0.34 0.39 0.48 0.39 0.28 

The average cohesion, tensile strength and rock bridge length of all joints was 

recorded throughout the simulation. The maximum allowable shear strain along the joints 

was 2x10-3, based on Equations 6-4 and 6-5. Therefore, the cohesion of any one contact 

was reduced to zero once its shear displacement grew beyond 0.2 % of its length. To 

ensure the model remained in equilibrium while cohesion changed with each time-step, 

the degradation function was stopped after each excavation and the model solved to 

equilibrium, before calling the degradation function to continue the simulation. In all 

models, history points measuring x- and y-displacement were placed on the surface of the 

contact wall and approximately 10 m into the contact wall, at 9140 mRL and 9100 mRL. 

This was intended to capture the behaviour of the slope at different stages of excavation 

and at different depths of the slope. 
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Figure 6-18: Voronoi contacts coloured by rock bridge content, along with 
continuous sub-vertical joints, diabase dyke and the contact wall 

6.4.2. A154 Contact Wall Model Results 

With the continuous joint geometry in model run v101, displacement in the model 

is controlled by the sub-vertical continuous joints and the diabase dyke (Figure 6-19). The 

overall failure mechanism observed can be described as an active-passive ploughing 

failure. The area above the diabase dyke, or the upper wedge, acts as the active zone of 

failure. The lower wedge, or the passive zone, is the area below the diabase dyke. 

Downward sliding along the continuous sub-vertical joints is the primary mode of failure 

observed in the upper wedge, with a smaller horizontal displacement component. The 

upper wedge ploughs into the lower wedge below the diabase dyke, causing it to displace 

horizontally into the open glory hole.  
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Figure 6-19: Model run v101 displacement magnitude vectors in a) the upper 
wedge and b) the lower wedge 

Deformation in the upper wedge is controlled by the J1 joint set. Each slab appears 

to deform as a unit, independent of the adjacent slabs. Displacement magnitude is 

greatest in the outermost slab, which comprises the exposed contact wall, and decreases 

inwards. The overall displacement magnitude, as well as the horizontal and vertical 

displacement components, do not appear to vary much within each slab, suggesting 

limited deformation within the individual blocks, or displacement along the horizontal joints. 

After 500 numerical seconds, the outer contact wall on the upper wedge has a maximum 

displacement of 0.47 m. The vertical component of the displacement is 0.44 m 

downwards, with the horizontal component at 0.14 m outwards (Figure 6-20).  

Deformation within the lower wedge is predominantly horizontal as the upper 

wedge pushes into it from above. The remaining kimberlite acts to buttress the toe of the 

slope, therefore the greatest displacement magnitude is at the top of the wedge, 
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suggesting a toppling failure potentially initiating where the diabase dyke intersects the 

contact wall. 

 

Figure 6-20: a) Horizontal component and b) vertical component of displacement 
in v101. The upper wedge is observed pushing the lower wedge 
outwards. 

Initial individual block-scale instabilities were observed in some of the overhanging 

blocks near the crest of the contact wall, where some of the J1 joints intersect the contact 

wall. These were deleted from the model as they failed.  
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Displacement observed on the history points stabilizes after the first two 

excavations to 9100 mRL. After the excavation to 9075 mRL, points 1 and 3, located on 

the surface of the contact wall, begin accelerating both horizontally and vertically, and 

after the 9050 mRL excavation, points 2 and 4, located 10 m into the contact wall, begin 

to accelerate. Eventually, all points reach a steady velocity (Figure 6-21). 

The average cohesion of the discontinuities decreases throughout the simulation 

(Figure 6-22). Greater rates of rock bridge fracture are seen immediately after excavation 

or removal of failed blocks, as normal stresses on the discontinuities are reduced. The 

rate of cohesion degradation appears to increase with each excavation. Cohesion loss 

slows at around 130 kPa, equivalent to around 2 % rock bridge content, but never 

stabilizes entirely. Small downward reductions are observed in the curve at irregular 

intervals. These may be associated with cohesion being suddenly reduced to zero in a 

contact once it exceeds its maximum displacement. 
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Figure 6-21:  a) Vertical displacement of history points on the contact wall. 
Displacement are down-negative. b) Horizontal displacement of 
history points on the contact wall. Negative displacement are 
outwards from the contact wall (model left) 
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Figure 6-22: Average cohesion of all joints in model run v101 

Similar slope behaviour was observed in model runs v201 and v202. The sub-

vertical joint set J1 controlled the most significant component of displacement, which was 

primarily in the vertical down direction. The upper wedge is observed displacing down into 

the lower wedge, with the diabase dyke acting as the slip surface between the two. The 

Voronoi network joints appear to accommodate some shear slip, but at a much lower 

magnitude than the J1 controlled displacement. Overall model displacement on the 

contact wall after 250 numerical seconds is 0.54 m and 0.66 m for runs v201 and v202, 

respectively. This is predominantly vertical downwards displacement along the J1 joints. 

The horizontal and vertical components of the displacement are plotted in Figure 6-23. 

The average cohesion of the contacts in the v200-series models decreases over 

time according to the rock bridge degradation model. As with model run v101, the average 

cohesion drops suddenly immediately after each lift, before reducing more gradually as 

the simulation progresses (Figure 6-24). The average cohesion does not stabilize, nor is 

the reduction rate steady. Several small reductions are observed as the cohesion of 

individual contacts drops to zero, and several inflection points are observed on the curve. 

This suggests a cyclical build-up and release of stress in the joints as cohesion decreases 

and accommodates further displacement. 
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Figure 6-23: a) Horizontal component and b) vertical component of displacement 
in model run v201. The upper wedge is observed pushing the lower 
wedge outwards. 
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Figure 6-24: Average cohesion of all joints in model run v202 (dip dependent 
initial joint strength) 

Tensile opening or dilation is observed in many of the vertical and sub-vertical 

oriented Voronoi joints, particularly within the lower wedge. This behaviour is expected, 

given the minor principal stress along the contact wall is tensile horizontal, in response to 

the vertical loading and mining induced relaxation. A tensile failure surface is observed to 

be opening near the top of the lower wedge, suggesting the potential onset of a toppling 

failure (Figure 6-25a). Additional failures at the scale of individual Voronoi blocks are also 

observed (Figure 6-25b). 
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Figure 6-25: Horizontal displacement contours of model run v202 showing: 
a) Opening tensile failure at the top of the lower wedge. b) Voronoi 
block failure at the surface of the contact wall. 

Model run v203 simulated the continuation of mining to 9025 mRL. As expected, 

the removal of additional kimberlite reduced confinement on the lower wedge allowing for 

increased displacement. This includes a toe breakout, which further induces instability in 

the upper areas of the slope (Figure 6-26a). Much greater vertical displacements, 

controlled by the J1 joints, are observed than in runs v201 and v202. In addition, the 

removal of kimberlite allows for greater horizontal movement as the upper wedge forces 

the lower wedge forward. This, in turn, allows for greater movement in the upper wedge. 

Horizontal displacement contours in the outer slab of the upper wedge indicate a slight 

outward bulging in the centre of the slope (Figure 6-26b), and tensile opening of some of 

the Voronoi joints. This indicates heaving and a potential failure due to internal fracturing 

of the outermost slab. 
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Figure 6-26: Horizontal displacement contours of model run v203 showing: a) toe 
breakout at the 2025 mRL excavation level. b) horizontal heaving 
and internal deformation in the outer slab on the upper contact wall. 

A rockfall was artificially induced in model run v204 by deleting an area of the slope 

that approximately corresponds to the first observed rockfall observed on the SE SLR 

contact wall (Figure 6-27). A profile from the LiDAR scan following the first major rockfall 

on the SE SLR contact wall was used to define the failure surface in the UDEC model. 

The mechanism of the induced rockfall is supported by the simulated deformation 

observed in the previous model runs. The downward displacing force of the upper wedge 

caused a toppling failure in the rock mass below, which removed support for part of the 

upper wedge, which failed predominantly on a sub-vertical joint. Intact rock in the failure 

plane allowed for an overhanging block to remain. 
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Figure 6-27: Model run v204 showing horizontal displacements a) prior to 
removal of rockfall area b) after removal of rockfall area but prior to 
any further model cycles 

The removal of this material induced further instability. Observed movements 

following the rockfall include a sudden acceleration of the outermost slab of the upper 

contact wall, increased outward displacement at the top of the lower wedge suggesting 

heaving of the outermost slab, and a toe breakout (Figure 6-28). 
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Figure 6-28: Model run v204, at 86.5 numerical seconds after observed rockfall 
area is removed, showing a) the full slope and b) breakout in the 
upper wedge and toppling in the lower wedge where the diabase 
dyke intersects the contact wall  

6.4.3. Discussion of Diavik model results 

The behavior of the simulation is similar to observed displacements of the actual 

contact wall, and consistent with observed tension cracks at the crest and in underground 

workings. Increased complexity in the model, by adding Voronoi joints and varying the 

joint strength depending on dip, led to deformation that could be indicative of failure 

mechanisms that have been observed in practice. The first large rockfall observed on the 

contact wall correlated well with areas where the maximum horizontal displacement was 

observed in the simulation. This strongly suggests that individual slabs, defined by the 

highly persistent J1 joint set, are prone to internal fracturing due to heaving, particularly 
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around the intersection with the diabase dyke. Simulated tensile fractures at the top of the 

lower wedge (Figure 6-25a) are at similar locations and orientations to the failure profile 

of the observed rockfall. 

The main limitation of the UDEC models in reproducing the observed failures is, 

primarily, that as a two-dimensional model, only the rear release surface is simulated, and 

no consideration is given to fractured rock bridges in the lateral release surface. This is 

particularly problematic since the greatest proportion of fractured rock bridges in the field 

was observed on the lateral release surface.  

Another limitation appears to be a failure to reproduce tensile fractures in the slabs 

on the upper part of the contact wall. The high vertical displacement magnitude of the 

outermost slab, particularly in model run v204, suggests loss of shear strength along the 

entire J1 joint, which does not allow for tensile fractures to form within the slab itself. Model 

run v203 is the closest to overcoming this issue (Figure 6-26b), simulating differential 

deformation and fracturing within the outermost slab. However, this initiated only after 

excavation below the level at which major rockfalls were observed in practice.  

Besides the relative joint strength, scaling and geometrical factors will also 

influence the behaviour of the model. The Voronoi element size was chosen as a 

compromise between model resolution and computational speed. However, at this 

resolution, interlocking effects may still be present. Interlocking tends to cause localized, 

mesh-dependent tensile failures while preventing shear failure (Kazerani & Zhao, 2010; 

Mayer & Stead, 2017). While the failure modes in the A154 SLR contact wall are 

predominantly tensile, the sensitivity to mesh size should be verified to ensure modelled 

tensile failures are realistic, and that potential shear failures are not ignored. Trigon mesh 

geometry would be unlikely to improve the model, as it predisposes models to shear failure 

mechanisms. The spacing of the J1 joint set also affected the model stability. Spacing was 

increased from 1.5 m to 3 m between the v100 and v200 series models, to allow for the 

Voronoi network. However, this also caused an increase in displacement in the individual 

slabs as a greater load was placed on each joint. 

It would be extremely difficult to predict discrete failure paths through intact rock, 

especially for smaller rockfalls, which are controlled by localized areas of higher damage 
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that are not representative of the surrounding rock mass. However, the distribution of 

cohesion loss and tensile opening in the Voronoi network are indicative of areas where 

damage is more likely to accumulate, leading to rockfalls. 
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 Conclusions and Future Work 

7.1. Conclusions 

7.1.1. Evaluation of the Contribution of Intact Rock Fracture on 
Rockfall 

This thesis presents the results of research at two slopes where rockfall occurs 

through the fracturing of intact rock bridges. Remote sensing was used to characterize the 

failure surfaces of historic and recent rockfalls, evaluate potential rockfall from in-situ 

blocks, and assess the contribution of extrinsic factors such as climate and vegetation to 

rock bridge fracturing and eventual rockfall. High resolution terrestrial LiDAR and 

photogrammetry models allowed for a high level of detail in both qualitative and 

quantitative characterization, which were then used in determining the failure mechanism 

and the relative contribution of intact rock fracture to rockfall. Understanding the 

occurrence of rock bridge fracturing in observed rockfalls is crucial for evaluating the 

potential for future rockfall and estimating the timing and magnitude of future events.  

Significant focus is given to the occurrence of historical and recent rockfalls in the 

context of the rock mass fabric and kinematics. At both Stawamus Chief and Diavik, 

discontinuities were mapped on the 3D models. The identified joint sets were categorized 

based on their potential as kinematic release surfaces; either as potential rear release, 

lateral release, or sub-horizontal upper/roof release surfaces. Comparing the kinematic 

stability of a slope based on mapped joint sets to the observed rockfall scar surfaces 

provides an indication of the influence of rock bridges in the scar surface. A block which 

is found to be kinematically unstable but remains in place for an extended period of time 

prior to failure suggests that rock bridges are an important component of slope evolution. 

These types of failures were observed at both sites. The intact rock bridge failures appear 

to be predominantly tensile in nature with blocks being defined by steeply dipping 

daylighting joints. Rock bridges maintain cohesion along the roof of the block, or along the 

rear-release plane. Additional failure mechanisms were observed or interpreted, such as 

sliding and toppling, many also indicating the influence of intact rock bridge failure. 
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This thesis demonstrated the potential to estimate the proportion of fractured rock 

bridges within a rockfall failure surface, and showed that the proportion is dependent on 

the volume, with larger failures having a lower rock bridge proportion. Photographic 

damage mapping in 2D was carried out at both sites, showing an inverse association 

between damage trace intensity and planar discontinuity intensity. At Stawamus Chief, the 

orientations of major planes on the rockfall scar surface models were compared to the 

mapped joint sets, and visual indicators, such as step-surfaces and angular, irregular 

failure surfaces were used to interpret whether any intact rock fracture had occurred on 

the surface. A more rigorous approach was used at Diavik, where automatically identified 

planes on the scar surface models were correlated to mapped joints. Based on the 

orientation of each automatically identified plane, a correction factor was applied to 

determine the likelihood that each plane belonged to an identified joint set, and thereby 

estimate the proportion of fractured rock bridge in the scar surface.  

Roughness analyses of scar surface remote sensing models was used to identify 

areas of rock bridge fracturing on a rockfall scar surface, and to interpret the direction and 

mode in which a rock bridge fractured. Two techniques are presented in this thesis. The 

first, referred to as the 𝑅  method, is a simple ratio between the amplitude of a point 

above a best fit plane and the diameter of the sphere encompassing all points to which 

the plane is fit. High values of 𝑅  were shown to correlate to fracture features on a joint 

surface, such as small-scale step-paths and cracks, and could be useful in damage 

mapping. The second measure of roughness, referred to as 𝑅 , is a directional 3D surface 

roughness method proposed by Tatone and Grasselli (2009). Directional roughness could 

be used as an indicator of the direction of fracture propagation, and therefore the local 

stress field during crack growth. Observed fracture features agree with measurements of 

the regional stress field at Diavik, however, future research comparing laboratory testing 

of fracture propagation and field observations is necessary.  

7.1.2. The Use of Terrestrial LiDAR in Monitoring Brittle Rock 
Slope Failure 

This thesis addressed some of the challenges inherent in monitoring near-vertical, 

blocky, brittle rock slopes. The two field sites differ in the level of deformation and rockfall 
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activity, and present unique challenges for monitoring. The Chief, having been deglaciated 

thousands of years ago, is relatively inactive. Unlike slopes with highly jointed or poor 

quality rock, change associated with increased damage accumulation and fracture growth 

over time is likely to be on the order of millimetres over several years or decades. The 

progressive acceleration phase leading to failure would likely last a few minutes or less. 

Considering these challenges, critical displacement rockfall monitoring is impractical. The 

SLR contact wall at Diavik, on the other hand, is actively responding to unloading of the 

ore body. Overall slope displacement on the order of millimetres-per-year is expected and 

observed by a wide array of monitoring instruments such as total stations and radar. Large 

rockfalls are often preceded by an accelerated displacement of the individual blocks, 

although the time between onset of acceleration and failure can vary between a few 

minutes to a few days, and small rockfalls often occur with no warning.  

Given the differences in observed deformation and failure between the two sites, 

two separate monitoring techniques are recommended. At the Chief, an annual or semi-

annual LiDAR scanning program is recommended, focussing on areas that have been 

identified as having the highest likelihood of failure. A rigorous, low limit of detection 

method should be used, such as the Space-Time code (Kromer, 2015), to measure 

millimeter level changes in individual blocks over long periods of time, and detect small 

failures that would otherwise go unnoticed. The preliminary results of the proposed 

monitoring program found a limit of detection of under 15 mm for most of the high priority 

monitoring window. A higher number of calibration and monitoring scans, along with a 

higher point density would likely improve the limit of detection. This type of monitoring 

would not be sufficient to precisely predict the time of failure, but would detect areas where 

damage is accumulating and allow for steps to be taken to reduce risk. Prisms installed 

on identified potentially unstable blocks could provide a back-up to LiDAR monitoring if 

displacements are below the limit of detection. The monitoring work on the Chief 

presented in this thesis is preliminary, and not intended to provide conclusive results on 

slope displacements. Instead, it is intended to provide a basis for the methodology and 

data analysis of future work. 

At Diavik, periodic LiDAR monitoring provides a high resolution model of unstable 

blocks as they displace, and can provide an estimate of unstable block volume prior to 



 

233 

failure, if displacement is occurring over multiple scanning intervals. However, this is not 

practical for critical deformation monitoring or time of failure prediction. A continuous 

LiDAR monitoring program would be more effective, providing detection limits comparable 

to current radar systems, along with a high resolution visualization of unstable blocks, 

allowing for more accurate rockfall volume predictions. This type of monitoring program 

would have a greater initial cost, requiring a dedicated heated shelter and communication 

infrastructure, but once implemented is entirely automated, similar to existing radar 

systems (3D Laser Mapping, 2016; Kromer et al., 2017a). Vector displacement analysis 

of the LiDAR monitoring would also allow for better interpretation of the impending failure 

mechanism. 

7.1.3. Modelling of Brittle Rockfall Initiation 

Both FEM and DEM models were used to simulate the stress and displacement of 

brittle rock slopes prior to failure. Conceptual failure geometries based on field 

observations at the Chief were used to create FEM and DEM models, which were then 

used to validate the interpreted failure mechanisms. FEM models used discrete rock 

bridges to evaluate stress concentrations within each rock bridge and across slabs, while 

DEM models used an equivalent rock bridge strength approach with a time-dependent 

degradation of properties to simulate rock bridge fracturing. At Diavik, the time degradation 

DEM technique was used to replicate observed rockfalls on the A154 SE SLR contact 

wall. 

Modelling discrete rock bridges using FEM is useful in determining stress 

concentrations leading to rockfall. Using the strength reduction factor (SRF) technique, 

maximum strain concentrations and yielded elements can be used to represent potential 

damage zones and developing fractures. However, FEM programs such as RS2 only 

accommodate small strain, and are therefore limited in simulating the kinematics involved 

in actual failures. Rockfall initiation with discrete rock bridges is better modelled using 

Voronoi or spherical particle DEM, hybrid FEM-DEM, or lattice-spring code approaches. 

Using an equivalent rock bridge with time-dependent strength degradation and 

Voronoi network in UDEC proved useful in simulating the geometry and failure 
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mechanisms along the rear-release plane on the Diavik contact wall. Specifically, the 

depth of failure and the development of steps between high-persistence planar joints 

observed in the model were similar to those observed in the field. Post-failure estimates 

of rock bridge content and failure surface characterization were used to constrain the 

model parameters. Damage trace length and orientation, failure scar surface geometry 

and size, estimates of fractured rock bridge proportion, and surface roughness thresholds 

from the preceding chapters were all used in assigning equivalent rock bridge strength 

properties of continuous joints and of potential failure surfaces.  

A Voronoi network was introduced in the Diavik model to allow for the complex 

failure surfaces observed in practice. The strength of the contacts in the Voronoi network 

was based on equivalent rock bridge content which varied based on the dip of the 

individual contact. Steeply dipping Voronoi contacts were more likely to represent existing 

joints and fractures, and were assigned a lower rock bridge content, and therefore lower 

strength properties. Shallow dipping Voronoi contacts were assigned higher strength 

properties to account for a higher proportion of intact rock bridge. This shows the potential 

of this technique to simulate complex failure surfaces and combined tensile-shear failures, 

and further work should focus on calibrating the orientation based strength of the Voronoi 

network to observed joint sets and fractured rock bridges. 

7.1.4. Evaluating and Managing Fracture-Induced Rockfall Hazard 

This thesis combines multiple techniques for characterizing, monitoring and 

modelling slopes where rockfall is initiated through fracturing of rock bridges, with the final 

goal of improving understanding of the rockfall hazard, so that appropriate strategies are 

implemented for managing the hazard. The techniques highlighted in this thesis follow 

decades of work in rockfall hazard management, where numerous factors influencing 

rockfall hazards are considered, including rock mass fabric and structure orientation, slope 

geometry, weathering and alteration of the rock, and climatic effects. The influence of rock 

bridges should be incorporated into existing criteria for rockfall hazard in cases where 

discrete blocks may not be fully formed by intersecting discontinuities, but rock bridge 

fracturing may form unstable blocks. 
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The two sites presented in this thesis, while similar in rock type, rock mass 

strength, and discontinuity persistence and orientation, have very different requirements 

for rockfall hazard management. The Stawamus Chief has been estimated by some 

practitioners to experience large rockfall at intervals of approximately 20 years. However, 

no active monitoring has ever been done on the Chief, and small rockfalls are likely to go 

unnoticed. There is significant evidence for rockfall at the base of the Chief, along with the 

interpreted rockfall scars outlined in this thesis. The areas at the base of the Chief are 

publicly accessible, frequented by climbers and hikers, and public roads pass within close 

proximity of the base of the Chief, which creates a risk associated with rockfalls. Prominent 

rockfall scars are visible on the surface of the Chief; the volumes of these are estimated 

based on reconstructed blocks on digital terrain models.  

A rockfall start zone priority map was created based on interpreted failure 

mechanisms and potential controls on rockfall on the Chief. This is intended to direct 

attention to specific areas on the Chief where monitoring and mitigation work, such as 

scaling or support, may be helpful. A periodic LiDAR monitoring program is suggested in 

this thesis, but other methods of monitoring may also be useful. While not discussed in 

this thesis, microseismic monitoring has been successful at detecting small rockfalls in 

Yosemite (Zimmer et al., 2009), and could be used at the Chief in the same way, and other 

instrumentation such as crack meters and prisms could be used.. 

Diavik is an active mine site, with rockfall occurring multiple times each year, and 

a slope that is actively deforming due to unloading from mining. Procedures for monitoring 

and mitigating geotechnical hazards at Diavik are well established, and the effects of 

rockfall from the contact walls have been considered in mine planning. However, 

uncertainty still exists in the magnitude and timing of the rockfall. This thesis presented 

methods of quantifying rock bridge content in rockfalls, and for incorporating these values 

in numerical models. Observed rockfalls provide the opportunity for forensic analysis, and 

findings can be used to validate previous rockfall volume estimates and improve existing 

DFN and geomechanical models. 
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7.1.5. Contributions of work 

The following contributions were made by the research presented in this thesis: 

1. Historical rockfall magnitude distribution of the North Wall of Stawamus
Chief, with a proposed methodology to determine rockfall magnitude
distribution on other walls of the Chief, or slopes with similar morphologies.

2. A rockfall initiation zone priority map for the North Wall of Stawamus Chief,
adapted from the RHRS, based on identified rockfall controls which allow
for the fracturing of intact rock bridges in rockfall initiation.

3. Proposed terrestrial LiDAR monitoring program for Stawamus Chief,
tailored to the challenges identified in predicting rockfall on the Chief.

4. A methodology to quantify fractured rock bridge content on a rockfall failure
scar, using discontinuity mapping and an automated plane detection
technique at Diavik Diamond Mine.

5. Potential applications of roughness measurements on terrestrial LiDAR
point clouds of rockfall scars and exposed joint surfaces to estimate
fractured rock bridge content

6. The merits of using FEM to evaluate failure mechanism and failed block
geometry using discrete rock bridges

7. A technique for modelling irregular rockfall failure surfaces in UDEC, using
a time-dependent strength degradation code and a Voronoi network. Joint
strength parameters were based on field observations of rock bridge
content and varied depending on the orientation of the joint.

8. Limitations of using an equivalent rock bridge and strength degradation
approach without using discrete rock bridges.

7.2. Recommendations for Future Work 

Use of Discrete Fracture Networks (DFNs) in rockfall volume estimates 

DFNs have been used to estimate rockfall hazard, by creating an accurate 

representation of the rock mass fabric and determining the volume distribution of 

potentially unstable blocks (Elmouttie & Poropat, 2012; Lambert et al., 2012). However, in 

many cases, potentially unstable blocks are only defined kinematically, being fully formed 

by intersecting joints and the slope surface, which excludes any blocks that may form 

through progressive or sudden rock bridge fracture. This leads to an underestimate of the 

maximum potentially unstable block size.  

The rock bridge estimation technique presented in this thesis could be combined 

with a DFN-based failure surface analysis. An automated algorithm for finding failure paths 
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through rock bridges in DFNs has recently been developed (Dershowitz et al., 2017), 

which can provide the percentage of rock bridges in the failure surface, as well as the 

estimated failure volume. Plotting the potential failure volume against the rock bridge 

proportion could provide a preliminary evaluation of the stability of that block.  

A DFN derived failure surface that incorporates rock bridges would be useful on 

its own to estimate potential failure magnitude. These estimates could also be used to 

prioritize areas for more advanced numerical modelling. Combined DFN-DEM techniques 

have been used to assess the stability of blocks controlled by rock bridges (Bonilla-Sierra 

et al., 2015). The same DFN used to estimate a potential failure surface can then be used 

as an input into a localized spherical particle model, lattice-spring model, or 3D FEM-DEM 

model to evaluate the stability of that failure surface. 

Use of monitoring techniques to measure rock bridge fracturing 

Significant advancements have been made in LiDAR monitoring techniques, and 

this thesis showed the potential for accurately defining an unstable block prior to failure 

using LiDAR monitoring scans, even at very limited intervals. Application of more rigorous 

continuous monitoring programs with sub-millimeter limits of detection would provide a 

detailed time-domain record of changes in the slope, along with a high-resolution spatial 

model of the slope (Kromer et al., 2017a). Sudden accelerations could be interpreted as 

instances of rock bridge fracturing and used to constrain any assumptions about the rock 

mass fabric, or validate existing DFNs.  

Microseismic and acoustic emissions monitoring was not considered in this thesis. 

However, there has been significant use of microseismic monitoring to observe slope 

deformation and forecast rockfalls (Arosio et al., 2009, 2013; Helmstetter & Garambois, 

2010; Walter et al., 2012). Microseismic monitoring has been used to provide validation 

for DFNs in hydraulic fracturing applications (Pettitt et al., 2012; Reyes‐Montes et al., 

2009), and such techniques could be applied to slope stability investigations. Combined 

monitoring with microseismic and LiDAR could spatially constrain rock bridge fracturing 

within a slope and provide continuous evaluation of the magnitude of potential instabilities. 
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Damage mapping using high-resolution DTMs  

Damage mapping was done in this thesis to provide estimates of the intensity of 

rock bridge fracturing on the surface of the slope. However, the mapping was done 

manually in two dimensions on photographs, making it a laborious and subjective process. 

Further potential exists for the use of high-resolution DTMs to discretely map surficial 

damage. A correlation between 𝑅  and surficial fracture indicators such as arrest marks 

and kink steps was implied in this thesis, but further work is necessary to establish a 

reliable link between the 𝑅  measurement and fractured rock bridges. Once this is 

established, automated processing techniques could be used to detect areas and features 

with increased topographic roughness and provide estimates of damage intensity. 

Roughness analysis was also used in this thesis to suggest a link between the 

orientation of fracture step surfaces and the stress condition at time of fracture. While this 

was not investigated further, it is a useful application of joint surface analysis. 

Fractographic markers on exfoliation joints in granite have been used to estimate the 

stress field during fracture formation, as well as the rate of fracture growth (Ziegler et al., 

2014). This type of surface analysis would be useful in determining whether a joint or 

fracture grew sub-critically, formed because of stress release brought on by unloading, or 

formed at the time of failure. 

Numerical modelling of rockfall initiation 

This thesis presented two techniques for modelling rock fall initiation caused by 

rock bridge fracturing. The results showed the potential of these techniques to simulate 

rockfalls observed in practice. However, the models used relatively simple geometries and 

joint networks. Both modelling techniques were also two-dimensional, while rockfall and 

rock bridge fracturing are inherently three-dimensional problems. In particular, the 

estimated fractured rock bridge proportions at Diavik differed between the rear-release 

and lateral release surfaces, which is not considered in a two-dimensional model. 

The time-dependent strength degradation technique presented in this thesis 

employs continuous joints with equivalent rock bridge strength parameters, and requires 

less computational power than discrete element modelling of non-persistent fractures. 
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Several assumptions were made about the joint persistence and rock bridge lengths, 

which were based on localized field observations, but applied broadly to the model. The 

validity of these assumptions has should be fully tested by evaluating the failure 

mechanism over a range of observed joint persistence and rock bridge lengths, along with 

varying the size of the Voronoi cells. Future models could also include discrete 

deterministic joints, and a combination of equivalent rock bridge joints and discrete 

deterministic joints should be evaluated.  

The full capability of time-dependent DEM methods was not explored in this thesis. 

This would require rigorous calibration of the time-dependent parameters 𝐴 and 𝑛, as well 

as determining an appropriate critical time step for each cycle. A balance is required to 

allow the model to respond to stress redistributions caused by rock bridge fracturing, while 

keeping run times to a reasonable length.  

Finally, while no SRM techniques were used in this thesis, there is great potential 

in using SRM for modelling small scale slope failures such as rockfall, or for evaluating 

the stability of blocks based on the presence of rock bridges. Bonilla-Sierra et al. (2015) 

use a combined DFN-DEM approach, using a spherical particle DEM code to model the 

rock bridge content in a potential progressive failure. The same technique could be used 

at either the Chief or Diavik to model progressive failures, and as another means of 

estimating intact rock bridge content in the failure surface. Work done on the large open 

pit scale using the lattice-spring method (Havaej et al., 2014; Havaej & Stead, 2016) or at 

the laboratory scale using 3D FEM-DEM (Hamdi et al., 2013, 2014) could be applied at 

the rockfall scale as well. 

Risk-based monitoring and mitigation for natural slopes 

This thesis focussed on evaluating rockfall hazard, but no consideration is given 

to risk-based prioritization of monitoring or mitigation. In practice, the potential magnitude 

and probability of rockfall initiation must be balanced with the potential impact to people 

or infrastructure. Risk evaluation of rockfall must include a quantification of the impact of 

rockfall, and the areas prioritized for monitoring or mitigation would likely differ from what 

is presented in this thesis. 
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Forensic investigations of rock-bridge fracturing in varied geological 
environments 

This thesis focussed on two field sites, with similar rock types, rock mass 

properties, and discontinuity characteristics. However, there are a wider array of settings 

where fracturing of intact rock is a requirement for rockfall. For example, this thesis did not 

consider slopes with bedding or foliation planes, highly persistent sub-horizontal joint sets, 

or the effect of secondary mineralization or alteration. 

Many of the characterization techniques presented in this thesis could easily be 

used in other geological settings to determine their applicability. For example, the 

relationship between rock bridge proportion and failure volume presented in this thesis is 

based on a relatively limited number of data points, and would likely not hold in rock 

masses with different strengths or discontinuity geometries. However, the rock bridge 

percentage analysis could be applied to observed failure surfaces, given an adequate 

structure mapping dataset, which could be then used to determine if such a relation exists 

in other settings. 

This thesis presented multiple investigation techniques using remote sensing data 

and their applicability to understanding rock bridge fracturing. Future research should 

validate these techniques on a wide range of case studies, with the aim of better evaluating 

rockfall hazard by improving estimates of temporal probability and potential rockfall 

magnitudes. 
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Appendix A  
 
Photographic Damage Mapping 

Description: 

The attached file includes all photographic damage mapping windows from the Chief and 
Diavik, with mapped damage traces, joint traces, and exposed discontinuity surfaces 
shown. A key plot of each site is included at the start of each section. 

Filenames: 

CSampaleanu_Appendix A – 2D damage mapping windows.pdf 
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Appendix B  
 
Chief Historical Rockfalls 

Description: 

The attached file includes images of the identified rockfall scars on the Chief as point 
clouds, along with images of the 3D reconstructed blocks used for historical rockfall 
volume estimates. 

Filenames: 

CSampaleanu_Appendix B – Chief rockfalls.pdf 
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Appendix C  
 
Kinematic Analyses of Historical Rockfalls on the Chief 

Description: 

The attached file shows two kinematic analyses of the identified historical rockfalls on the 
Chief, presented in section 4.3.3. 

Filenames: 

CSampaleanu_Appendix C – Kinematic Analyses.pdf 
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Appendix D  
 
Infrared Images 

Description: 

The attached zip file includes all the processed infrared thermography images taken of the 
north wall of the Chief. All images were acquired 17 May, 2017. 

Filenames: 

CSampaleanu_Appendix D – Infrared Images.zip 
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Appendix E  
 
Diavik Rockfall Scars 

Description: 

The attached file presents the three scans taken after observed rockfalls at Diavik. The 
ten rockfall scars used in the rock bridge percentage estimates are highlighted. 

Filenames: 

CSampaleanu_Appendix E – Diavik Rockfall Scars.pdf 

 



262 

Appendix F  

FEM Model Results 

Description: 

The accompanying image files present close up of the rock bridges in all FEM models of 
the Chief failure mechanisms. Each model is shown at the critical SRF. Only a close up of 
the rock bridge is shown, and not the entire modelling domain. For full model extents, refer 
to Section 6.2.1. Bottom and left axes show the distance in metres along the x and y axes, 
respectively, of the entire model. Colour contours are set for the maximum extents of each 
individual model. 

Filenames: 

CSampaleanu_Appendix F1 – Geometry A.zip 

CSampaleanu_Appendix F2 – Geometry B.zip 
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Appendix G 

UDEC Code 

Description: 

The accompanying PDF includes the UDEC code and FISH functions used to run the 
models presented in Chapter 6. 

Filename: 

CSampaleanu_Appendix G – UDEC code.pdf 




