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Abstract
Rockfall hazards along railway corridors in western Canada increase the risk of train derailment, which
could lead to loss of life, infrastructure, and environmental damage. In some cases, such rockfalls exhibit
pre-failure deformation prior to their detachment from the slope. The goal of this research is to gain an
improved understanding of such precursory behaviour, and how it may be affected by the orientation and
condition of discontinuity planes constraining rockfall source blocks. This thesis therefore focuses on the
nature of rockfall failure mechanisms, explored using remote terrestrial laser scanning (TLS) data.
TLS data was collected at regular 2-3 month intervals at three study sites along the ThompsonFraser valley in British Columbia, Canada – namely Goldpan, White Canyon, and Mile 109 – from May
2013 to October 2016. A total of 207 rockfalls were identified across all three sites. For each rockfall, the
orientation of joints was measured in the post-failure datasets and used to establish a likely failure
mechanism. Pre-failure deformation trends were assessed using a roto-translation approach, which
expresses the 3-dimensional transformation of a block from one TLS dataset to a successive dataset in
terms of translation and rotation components. Rockfalls were classified by their pattern of deformation as
well as failure mechanism and it was concluded that toppling blocks are most likely to exhibit detectable
translation and rotation deformation using this method.
The pre-failure deformation of blocks at the Goldpan site was also examined using a vector-based
method, which measures block movement in a direction normal to the slope. The classification of such
blocks by their failure mechanism revealed an apparent linear relationship between rockfall volume and
deformation magnitude and duration for toppling and wedge sliding failures, though additional rockfall
cases are required to confirm this.
The methods for analyzing pre-failure deformation applied in this research have limitations and
uncertainties, which are discussed. This work forms a basis for the analysis of precursory rockfall
behaviour, which may be used to assess the likelihood and mechanism of future rockfall events.
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Chapter 1: Introduction
1.1 Project Overview
Railway corridors in Canada pass through diverse terrain presenting a wide variety of natural hazards
including landslides, snow avalanches, floods, and seismicity, among others. Landslides, defined by
Cruden and Varnes (1996) as “the movement of a mass of rock, debris or earth down a slope,” encompass
many types of mass movement, including rockfall. Rockfall hazards are particularly common in rugged
mountainous terrain of western Canada where, in some locations, these geological hazards increase the
risk of train derailment. Trains traversing in British Columbia carry passengers and cargo to and from the
port of Vancouver multiple times per day and play an essential role in the Canadian economy. Landslides
impacting the tracks along these routes can be costly; where warning systems such as slide detector fences
have been installed, a breach in the fence wires triggers a speed limit reduction so that trains can stop
more readily should they encounter a blockage. Clearing debris that falls on the tracks incurs considerable
financial costs and exposes personnel and equipment to the landslide hazard while work is being
conducted. Railway stakeholders and researchers are therefore interested in managing the risks associated
with landslide hazards in British Columbia transport corridors as much as possible.
In 2003, the Railway Ground Hazards Research Program (RGHRP) was initiated as a joint
collaboration between railway companies, industry sponsors, the federal government, and academic
researchers at two Canadian Universities. The main goal of this Program is to develop scientific and
practical solutions to the challenges presented by ground hazards including rockfalls, soil landslides,
ground subsidence, erosion, and unfavourable snow and ice conditions (Transport Canada 2013). This
thesis aims to address some of the challenges associated specifically with rockfall hazards in British
Columbia, and constitutes a component of the collaborative RGHRP initiative being carried out at
Queen’s University.
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1.2 Project Goals and Objectives
The goal of the present study is to gain an improved understanding of structural constraints affecting the
expression and detection of pre-failure rockfall deformation using Terrestrial Laser Scanning (TLS) data.
Such insight will assist the railways in better managing the risks posed by these hazards. This goal is
broken into a number of project tasks:
•

Create a database of rockfalls that have occurred at three different outcrop sections along the
Thompson and Fraser River corridors from 2014 to 2016

•

Where detectable, measure the pre-failure deformation exhibited by each rockfall source block
using the roto-translation point cloud analysis method (Oppikofer et al. 2009)

•

Analyze the structural kinematics of each rockfall block

•

Characterize any relationships that exist between deformation and structure

•

Identify trends in structure and deformation patterns that may be used to better understand the
mechanism of rock block detachment and early warning potential
One of the main objectives of these project tasks is to determine whether all rockfalls classified as

a single failure mechanism show the same type of pre-failure deformation trends, and whether these
trends are distinct from those exhibited by other failure mechanisms.

1.3 Study Sites
This project focuses on the Ashcroft Subdivision rail corridor in southwestern British Columbia extending
from Kamloops to Boston Bar following the Thompson-Fraser valley. Currently, Canadian National
Railway (CN) and Canadian Pacific (CP) share two rail lines that pass through this region, with trains
from both operators travelling west on CN tracks and east on CP tracks (Figure 1-1)
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Figure 1-1 Map of southwestern British Columbia highlighting CN Rail and Canadian Pacific
routes along the Thompson-Fraser River valley; note the locations of Goldpan, White Canyon, and
Mile 109 study areas indicated by blue triangles (basemap from ESRI 2011)
There are many sections along this corridor in which railway tracks pass directly adjacent to steep
rocky slopes where the geometry of the rockmass is such that falling rock would be deposited on the
tracks. In some of these areas, tunnels have been constructed to allow the trains to pass through the
outcropping rock; in other areas, the trains are exposed to the hazards of falling rock and debris from
these slopes.
The three study sites included in this thesis are situated between mile markers 80 and 110 along
the Ashcroft Subdivision; from north to south, they are: Goldpan (Mile 80.2-90.7), White Canyon (Mile
93.1-94.6), and Mile 109 (Mile 109.4) (Figure 1-1).
The Goldpan site is a rock slope situated across from Goldpan Provincial Park. At this location,
CN tracks pass along the western side of the Thompson River and are partially protected from rockfall
3

hazards by tunnels, concrete rock sheds, and a slide detector fence positioned between the slope and the
tracks (Figure 1-2). Kromer et al. (2016) have previously discussed the occurrence of rockfall hazards at
this site.
Published information concerning the geology of these sites is limited. One study conducted by
Brown (1981) describes the geology at Goldpan as comprising of reddish-brown basaltic flows and acidic
volcaniclastic rocks of the Kingsvale-Spences Bridge Group.

Figure 1-2 Stitched image of the Goldpan site collected on February 15, 2016; scale varies due to
spherical projection; slide detector fence poles are spaced 5 m apart for reference
The White Canyon is situated at a large bend in the Thompson River, approximately 5 km
northeast of the confluence of this waterway and the Fraser River. Steep cliffs reach approximately 260 m
in vertical height and dip at an average angle of 40° on the northern side of the river, where CN tracks are
located. The Canyon spans just under 2 km in the east-west direction (Figure 1-3).
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Figure 1-3 Google Earth Image of White Canyon study area in British Columbia (Province of
British Columbia 2004)
Brown (1981) describes the geology of White Canyon as being dominated by high grade
metamorphic rocks belonging to the Jurassic age quartzofeldspathic Lytton Gneiss Formation intruded by
felsic and mafic igneous dykes. In the westernmost part of the Canyon, a sub-vertical contact separates
the Lytton Gneiss from an adjacent reddish unit known as the Mount Lytton Batholith. This batholith unit
has a primarily granodioritic composition. The weak and highly foliated rockmasses in White Canyon are
prone to frequent rockfalls (Gauthier et al. 2012; Kromer et al. 2015; van Veen et al. 2017). These slope
failures may deposit material directly on the tracks, leading to an increased risk of train derailment. Rock
debris and talus accumulate in channels throughout the slope and the sudden sliding of such debris
material also poses a threat to passing trains. Regular maintenance is required to remove debris from these
ditches to provide rock retention capacity. As depicted in Figure 1-4, rock sheds and slide detector fences
have been installed to lower the risk associated with these hazards.
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Figure 1-4 Stitched image of the eastern part of the White Canyon site collected on February 14,
2016; scale varies due to spherical projection; slide detector fence poles are spaced 5 m apart for
reference
The third site included in this study is Mile 109, which is situated on the eastern flank of the
Fraser River. Keegan et al. (2014) and Kromer et al. (2017) have previously reported on the occurrence of
rockfalls from this rock slope. At this site, trains pass along the tracks roughly 250 m below the TransCanada Highway, as illustrated in Figure 1-5. As at the other two sites, tunnels, rockfalls sheds, and slide
detector fence rockfall mitigation is in place at Mile 109. The placement of these structures is related to
the spatial distribution of historic rockfalls at this site, which is noted from the more fresh rock surfaces
visible above the rock shed in Figure 1-5.
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Figure 1-5 Stitched image of Mile 109 site collected April 3, 2015; scale varies due to spherical
projection; rock shed is 80 m long for reference
The rocks outcropping at Mile 109 belong to the Early Cretaceous Jackass Mountain Group of the
Methow Basin (MacLaurin et al. 2011) described as predominantly marine sedimentary rocks. A
thorough study of the rockmass exposed at Mile 109 was conducted by Keegan et al. (2014) following a
53,000 m3 rockfall that occurred on November 25, 2012. This investigation revealed that the stratigraphy
at Mile 109 consists of a lower argillite unit overlain by sandy siltstone, black shale, sandstone, and
finally a conglomerate unit.

1.4 Thesis Format and Outline
This thesis has been written following manuscript style formatting. Chapter 2 presents a literature review
explaining the current state of knowledge on subjects relevant to this research. Chapters 3 and 4 have each
been written as standalone papers for the purpose of submission to scientific journals. The reader should
therefore be advised that duplicate background material may appear in these chapters and in Chapter 2.
Chapter 5 comprises a discussion of the main results presented in Chapters 3 and 4 as well as the main
conclusions of this research and future recommended work in this area of study.
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Chapter 2: Literature Review
2.1 Rockfall
Rockfalls are a major hazard in the mountain ranges of western Canada, posing a risk to human
populations, infrastructure, and the natural environment. The nomenclature for this type of landslide is
derived by Cruden and Varnes (1996) and is combination of the terms “rock” describing the type of
material mobilized in the landslide event, and “fall” describing the type of movement exhibited. Higgins
et al. (2012a) characterize rockfall as the detachment of an intact unit of rock material followed by a rapid
downward movement driven by gravity. According to these authors, rockfall blocks can take on a range
of shapes and sizes, with no well-defined upper limit on a rock block’s maximum volume.
Rock blocks on a slope are typically constrained by discontinuities in the rock mass. These
discontinuities may take the form of joints, faults, bedding planes, or planes of foliation (Higgins et al.
2012a). Such planes create slip surfaces along which rock blocks may readily shear or detach from the
slope. Moreover, meteoric surface water from heavy rainfalls may propagate along critical joint planes,
increasing pore pressures along these discontinuities. In fact, a study of 153 landslides documented in
Yosemite Valley, California between 1857 and 2002 reported that 78 of these rockfalls (51%) were
triggered by rainfall (Guzzetti et al. 2003).
Freeze-thaw cycles have also been known to mechanically disturb unstable rock blocks through
the expansion and subsequent contraction of water trapped in rock mass discontinuities. During the winter
and early spring months, when the ambient temperature commonly fluctuates above and below 0°C, these
freeze-thaw cycles are believed to trigger a greater number of rockfalls than are observed during the
summer months (Macciotta et al. 2015). In the study conducted by Guzzetti et al. (2003), freeze-thaw
events were responsible for 12% of landslides in the Yosemite Valley between 1857 and 2002. Higher
percentages are expected in regions where the ambient temperature commonly fluctuates around 0°C.
Other noteworthy triggers for rockfalls include earthquakes, anthropogenic factors (e.g.
construction, excavation, blasting, etc.), impacts from other landslide events, and animal activity. All of
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these potential triggers are relevant for the White Canyon site, though their temporal distribution and
relative significance varies. The slopes at this location are also conditioned by a number of factors
including weak geologic materials, adversely oriented discontinuity planes, fluvial erosion of the toe of
the slope at river-level, and regional-scale uplift resulting from the tectonic setting of White Canyon
proximal to the subduction of the Juan de Fuca Plate under the North American Plate (Cruden et al.
1996).
Cruden et al. (2013) define a fall as the detachment of soil or rock from a steep slope. Small-scale
sliding or toppling movements often precede the detachment, though there is usually little shear
displacement involved. The material is then driven by gravity as it moves from its source zone to its final
resting position through the action of falling, bouncing, rolling, or a combination of these. The postdetachment movement of the rock block is typically described as very rapid (5 mm/s) to extremely rapid
(> 5 m/s).
Rock topples are characterized by a forward rotation of soil or rock material on an axis below the
centre of gravity of the displacing block. Depending on the geometry of the slope and the orientation of
discontinuity planes, toppling landslides may become rockfalls.

2.2 Pre-Failure Deformation
Deformation analyses may be used to study how a mass of earthen or rock material is behaving in its
natural environment over time. Such analyses are useful in providing information about a slope before it
fails.
In the paper "Mechanism of Landslides," Terzaghi (1950) discusses the mechanism of creep
deformation characterized by the continuous, low-velocity movement of a mass of soil or rock. Unlike
typical rotational landslide motion, creep may or may not be limited to an area delineated by a sharp
perimeter. In other words, there is often a gradational contact between stationary and moving material in a
land mass exhibiting creep behaviour. Creep occurs at applied stresses that exceed the fundamental
shearing resistance of the material but are less than the compressive strength of the material; loading the
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material beyond this level initiates landslide shearing. From these principles, relationships predicting the
time of failure of soil materials have been derived (Saito 1969; Voight 1989).
2.2.1 Deformation Measurement Techniques
Rockmass deformation studies are commonly performed in the field of mining to monitor deformations of
unstable open pit walls. Vaziri et al. (2010) describe four main categories of deformation monitoring
methods typically used in this setting: ground movement measurement techniques (e.g. crack gauges,
Global Positioning System tools, etc.), ground vibration measurement techniques (e.g. seismic motion
monitoring), groundwater measurement techniques (e.g. piezometers), and techniques that measure loads
applied to supports (e.g. strain gauges).
Ground movement measurement techniques can be applied either at surface or in the subsurface.
At the surface level, instruments may record measurements at discrete points (e.g. crackmeters,
extensometers, total stations, etc.) or over large coverage areas (LiDAR, radar, photogrammetry, video
recording, etc.). Some of these methods are described in more detail in the following sections.
2.2.1.1 Crack Meters
Crack meters are devices designed to measure the opening or closing of a discontinuity or crack. They
typically consist of a metal rod anchored to the rock on either side of the crack. As the rock deforms, the
rod extends or compresses by means of movement in an internal spring. The response of this spring is
monitored by potentiometric sensors or vibrating wire sensors, which can be connected to a data logger.
Different models of crack meters are designed to measure different widths between 0.001 m and 1.0 m
(Andrew et al. 2012).
2.2.1.2 Extensometers
Extensometers measure the opening or closing of a crack in one, two, or three dimensions and can
typically be classified as one of three types of instruments: simple displacement monitors (often
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colloquially termed poor-man extensometers), tape or wire extensometers, or borehole extensometers
(Andrew et al. 2012).
Poor-man extensometers typically consist of a pin driven into the rock face on either side of a
crack. The distance between these pins is manually measured at regular intervals at a frequency
determined by the estimated rate of deformation. Another approach involves installing a polyvinyl pipe
across an opening and marking the pipe at relevant locations over time. Although this method is not
precise, it may provide a preliminary basis for determining the rate or type of motion of an unstable area.
Tape or wire extensometers are often used to monitor displacements across an opening at ground
surface whose span is too large for a conventional crack meter. This type of extensometer involves a steel
tape anchored to the ground on one side of the crack and fixed to a dial and spring system on the other
side. As the crack opens, the tape moves through the device on a pulley, with tension maintained by a
counterweight. The device then records the motion either mechanically or electronically. This type of
extensometer has been used to monitor tension cracks developing around open pit mines for many years
(Andrew et al. 2012).
Borehole extensometers are used to monitor subsurface deformations. Rods are installed
downhole in a protective pipe and are attached to a reference head at surface. Anchors are installed at
relevant points along the rod; the distance between the reference head and each anchor is measured either
episodically using a micrometer or continuously using an electronic displacement sensor. Changes in this
distance measurement are indicative of movement underground.
2.2.1.3 Remote Sensing and Digital Techniques
In the last decade, methods utilizing Terrestrial Laser Scanning (TLS) data to monitor centimeter-level
displacements have been developed and are continually being improved. These methods are most
powerful when repeated laser scans of a deforming area are collected and compared over time. Software
programs such as PolyWorks (InnovMetrics Software 2015) are equipped with algorithms that can be
used to compare a reference point cloud dataset to a later dataset. Using these algorithms, the deviations
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of the later dataset from the reference dataset are computed either along normal vectors (Lague et al.
2013; Kromer et al. 2015a) or using a shortest-distance measurement approach. Noise in the point clouds
may be reduced using techniques such as the Nearest Neighbours averaging (NN-averaging) method
developed by Abellán et al. (2009), which determines the position of each point in space based on the
average position of a pre-defined number of points surrounding this central point. Another digital tool that
can be used to monitor pre-failure deformation of a slope face is the roto-translation algorithm which
utilizes the transformation matrix of a 3D point cloud to compare the position and orientation of a rock
block over time.
The transformation matrix of a TLS dataset describes the combination of translations and
rotations undergone by the point cloud in question as it is moved from its initial position to a final
position. Centimeter- or millimeter-scale deformations experienced by unstable rock blocks in the time
interval spanning from the date of the first dataset to the date of a later dataset can also be mapped using
matrices. These matrices can be used to estimate the precise movement of a specific rock block using
roto-translation methods first proposed by Monserrat et al. (2008) and later developed by Oppikofer et al.
(2009) and Kromer et al. (2017) for rockslide and rockfall applications, respectively. In this method, a
specific area of interest in the earliest dataset is selected and a mesh of this area is created. This mesh is
then aligned to each of the later datasets individually and the 4x4 transformation matrices chronicling
these alignments are exported.
In the case of transforming meshes, the mesh is treated as a single rigid body. The origin of the
new dataset’s coordinate system is then moved to the position of a later dataset’s coordinate system
through a combination of an initial rotation followed by a translation. Monserrat et al. (2008) express the
rotation component of the block’s motion in terms of degrees about each of the x-, y-, and z- axes,
whereas Oppikofer et al. (2009) have chosen to express the rotation component in terms of a toppling
angle, toppling azimuth, and tilt angle about the toppling axis (Figure 2-1).
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Figure 2-1 Schematic diagram illustrating the components of toppling, as defined by Oppikofer et
al. 2009
Based on the point cloud of the reference model and the transformation matrix of the later dataset,
the three-dimensional movement of the rigid body in the area of interest can be determined. With these
datasets as inputs, the translation length, plunge, trend, toppling angle, toppling azimuth, and tilt angle of
the centroid of the rigid body is computed.
Although the single point error of a TLS dataset may be upwards of a decimeter, the deformation
of a block using the roto-translation technique may be measured at the centimeter and even millimeterlevel because many points are used. This method does, however, require that individual scans be aligned
accurately to one another. An example of the application of this method to the Mile 109 site is outlined by
Kromer et al. (2017).
2.2.2 Deformation Analysis Case Studies
Principles of rock mass deformation have been applied to the monitoring of geohazards such as the 20
Mm3 Ruinon rock slide in the Italian Alps (Crosta and Agliardi 2003). In this case, extensometer
monitoring data revealed three distinct types of displacement: brittle, chaotic, and seasonal, where brittle
displacement followed a stick-slip response, chaotic displacement had little to no clear trend, and seasonal
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displacements were found to accelerate during the rainy season and decelerate in the drier months. The
authors concluded that seasonal deformations were representative of the overall rock mass behaviour and
were most useful in predicting failure.
More recently, remote TLS has been used to study deformation of rockfalls such as those
observed on the main scarp of the 1881 Puigcercós landslide in Catalonia, Spain (Abellán et al. 2010;
Royán et al. 2014).
Seasonal rock mass deformations have also been studied by Rouyet et al. (2016) using groundbased InSAR to gather information about an unstable slope in the Romsdalen Valley in western Norway.
Data collected between 2010 and 2012 revealed that the rock slope experienced annual deformations of 5
to 7 mm directed outwards from the slope between the months of May and August. From August to
October, the slope deformed again 6 to 10 mm towards the slope. The authors’ interpretation of these
observations is that residual ice and increased rainfall characteristic of the spring season increase pore
water pressures in the fractures of the slope, thus expanding the overall rock mass volume. When rainfall
has decreased and water evacuates the fractures, the response is an inwards-directed deformation. The
hydromechanical fatigue caused by this “rock slope breathing” is an important factor in deformation
analyses in this and similar environments.

2.3 Terrestrial Laser Scanning
Laser scanning, or LiDAR (Light Detection and Ranging), instruments are a type of 3D optical
measurement tool capable of scanning a surface in a given field of view and measuring the precise
distance, or range, to the surface (Vosselman et al. 2010). Laser ranging instruments emit laser pulses and
use one of two methods to determine the distance to a ground object: phase modulation or time-of-flight
(Petrie et al. 2008a). Laser scanners are considered active sensors in that they generate their own
radiation, rather than relying on solar or terrestrial radiation (NOAA 2015).
Laser scanning may be performed from the ground (terrestrial) or the air (airborne). Terrestrial
laser scanning (TLS) devices may be positioned at a fixed point on the ground or mounted on a moving
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vehicle. In the latter case, the scan vantage points are limited to those along passable roads. Airborne laser
scanning (ALS) devices are mounted on a platform such as a fixed-wing airplane or a helicopter (Olsen
2013). The type of platform chosen for a given monitoring program depends on the size of the area to be
monitored, the morphology of the slope, the desired data resolution, and the budget of the project. For
example, airborne LiDAR may be appropriate for shallow-sloping terrain extending over a large area.
Conversely, TLS would be more suitable for a sub-vertical slope face that would not be fully captured by
a scanning device mounted on a plane flying overhead.
For mobile terrestrial or airborne LiDAR surveys, the laser scanner is often coupled with a GNSS
(Global Navigation Satellite System) receiver and Inertial Measurement Unit (IMU). These additional
components provide absolute position measurements of the instrument itself and of each data point (Olsen
2013). The GNSS receiver measures time, position, and velocity, whereas the IMU provides a 3D
measurement of the attitude (roll, pitch, and heading or “yaw”) of the mobile LiDAR system (VectorNav
Technologies 2016). An Inertial Navigation System (INS) subsequently integrates IMU measurements to
produce a final positioning solution (VectorNav Technologies 2016).
Laser scanning is often the best option when high-precision data are required to monitor minute
slope deformations (Wieczorek et al. 2009). Laser scanning devices collect 3-dimensional (3D) point
cloud datasets across an entire deformation surface, whereas other methods may only gather information
at discrete points on a moving slope (Savvaidis 2003).
2.3.1 Time-of-Flight Scanners
In the time-of-flight (TOF) approach, the scanner measures the time elapsed between the initial
transmission of the laser pulse and the detection of its return signal. This time measurement is then used
to calculate the distance, or range, to the ground object in view using the relationship indicated in
Equation 2-1 (Petrie et al. 2008a):
𝑡

𝑑 =𝑣∙2
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(2-1)

where d is the calculated distance, v is the speed at which the electromagnetic radiation travels (a known
value), and t is the measured time interval. The measured time interval is reduced by half to account for
the fact that the signal must travel the distance from the scanner to the ground object twice as it first
reaches the surface and is subsequently reflected. TOF scanners may be used for measuring ranges up to
several hundreds of meters, although the rate and accuracy of the measurements is somewhat lower than
that of phase shift scanners, as discussed in the following section (Petrie et al. 2008b).
2.3.2 Phase-Shift Scanners
In the second phase-based approach, the laser scanner transmits a continuous beam of high-frequency
laser radiation having a sinusoidal pattern. The phase offset of the return signal compared with the
original transmitted signal is used to compute the range value. Since the frequency of the emitted signal is
quite high (its wavelength is approximately 1 μm), a second lower-frequency modulation signal is
superimposed on the transmitted signal to produce an intermediate frequency signal (Amann et al. 2001).
The phase difference of this intermediate signal can be measured more readily than the high frequency
signal and thus results in a more accurate range determination. Phase shift scanners operate at a high rate
and to a high degree of accuracy but are generally only suitable for measuring ranges on the order of tens
of meters (Petrie et al. 2008b).
2.3.3 Laser Scanning Applications in Rockfall Studies
In recent years, digital tools such as TLS have been used increasingly in the field of geology and
geological engineering (McCaffrey et al. 2005). For instance, laser scanning has been used for
sedimentary stratigraphic modelling (Bellian et al. 2005) and petroleum reserve estimation (Enge et al.
2007). Sagy et al. (2007) employed LiDAR techniques to study earthquake fault surfaces. More relevant
to the present study, LiDAR is a tool that can aid in the monitoring of landslides (Lim et al. 2005; Rosser
et al. 2005; Lato et al. 2009; Oppikofer et al. 2009) and other geological events and processes (Lim et al.
2005; Rosser et al. 2005).

18

In one study conducted by Matano et al. (2015), researchers designed a TLS operation to study
the geologic structure constraining landslides in a tuffaceous coastal cliff located approximately 10 km
west of Naples, Italy. At this site, the most common failure mechanisms were rockfall, rock topple, and
rock slides. This account was confirmed by an examination of the discontinuity sets exposed in the TLS
data and their orientation distributions.
TLS can be used to identify and analyze rockfalls that have occurred as well as unstable parts of a
rock slope that have not yet failed (Kromer et al. 2015b; Kromer et al. 2017). Such previous studies form
the basis for the present research. Kromer et al. showed how some rockfall source areas exhibit
measurable deformation prior to failure, including a 2600 m3 rockfall that occurred in the White Canyon,
British Columbia in June 2013. When the pre-failure point clouds were examined, deformation on the
order of 6 to 14 cm was observed. Moreover, in the 14-month period preceding failure, rockfalls ranging
in volume from 0.01 to 126 m3 occurred in the vicinity of the eventual 2600 m3 failure. A spatial analysis
of these early events reveals that these smaller rockfalls delineate the perimeter of the 2600 m3 failure.
Therefore, in addition to the gradual deformation of a rockfall source zone, minor rockfall events
concentrated in an unstable area may also signal an impending failure.
2.3.4 Laser Scanning Error and Uncertainty
The error and uncertainty of TLS data depends on a number of factors including the range over which the
survey is conducted, the equipment used, the ambient atmospheric and environmental conditions, and the
processing methods applied post-collection. Buckley et al. (2008) divide these elements into primary
errors, which affect the raw data, and secondary errors that are introduced in the processing stage.
The first primary error is derived from the instrument itself. Manufacturers of long-range
instruments typically report accuracies of approximately 1.5 cm at maximum ranges of 800 to 1000 m
(Jaboyedoff et al. 2012), though the true achievable accuracy is often less than this. Sources of error
include beam divergence, boresight errors, IMU attitude errors, lever-arm offset errors, and positioning
errors associated with GNSS readings (Glennie 2007). In practice, the true uncertainty of a laser system is
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usually greater than cited values due to unfavourable conditions including but not limited to: bright
ambient conditions, fog, temperatures outside of a scanner’s operating temperature range, or the presence
of water on a slope. The occurrence of the latter condition is particularly significant as it renders the slope
surface poorly reflecting. Survey design parameters such as range, incident angle, slope roughness and
reflectivity, and the user-defined point spacing also have an effect on data quality and accuracy (Delaloye
et al. 2015). This is partly due to beam divergence, which increases the footprint size of the laser as it
travels, and subsequently increases the error in the position of individual points.
The spatial resolution of a scanner is an important parameter that dictates the level of identifiable
detail in a point cloud (Lichti et al. 2006). The range component of a scanner’s spatial resolution refers to
the ability of the scanner to resolve objects along the same line of sight at different distances from the
scanner. Conversely, the angular resolution of an instrument is its ability to resolve objects along adjacent
lines of sight and is determined by the angle at which the beam strikes the objects as well as the point
spacing, also referred to as the sampling interval.
The resolution of terrestrial laser scanner systems is often assumed to be equal to the point
spacing, though this assumption is incorrect because it neglects the effect of the laser beamwidth. In the
case where the sampling interval is significantly greater than the beamwidth, this assumption may be
correct. If, however, the point spacing is smaller than the laser beamwidth, the influence of beamwidth
will be greater than in the former scenario (Lichti et al. 2006).
Secondary error is embedded in the methods used to manipulate the point cloud data. The
Iterative Closest Point (ICP) algorithm, used to align one point cloud to another, operates by minimizing
the difference between the two point clouds (Besl and McKay 1992). Where features of the point cloud
are more unique, a proper alignment can be more readily found than when the point clouds are smooth.
Experiments conducted by Shilpakar et al. (2016) tested the repeatability of two Riegl laser
scanners used to scan fault scarps in California: LMS-Z620 and LPM-800HA. The data acquired with
these TLS devices was compared to a reference model created using total station surveying methods and
20

Global Navigation Satellite System (GNSS) positioning. The 3D uncertainty estimate of the TLS data was
expressed as a single scalar magnitude of the level of uncertainty in each point’s position. The results of
this study demonstrated a TLS repeatability of approximately ± 3 cm with no visible relationship between
repeatability and range, which varied between 10 m and 525 m in this investigation. Although these
results are specific to the two instruments deployed in this study, the exercise of assessing the uncertainty
budget for a TLS instrument highlights common errors and uncertainties associated with these methods.
When using TLS point clouds to measure the orientation of joint planes and fracture surfaces, Kemeny et
al. (2006) affirm that the number of laser points striking a surface affects the accuracy of the resulting dip
and dip direction values. It was reported that when 91 laser points intersected a 1 m x 1 m plane, the dip
varied by approximately +/- 0.18° from the actual dip and the dip direction varied by approximately +/0.10° from its true value. Conversely, when only 11 laser points intersected the plane, the dip varied by
+/- 0.50° and the dip direction varied by +/- 0.35°. This study did not include atmospheric and
temperature-related errors or inaccuracies introduced through point cloud alignment. Other studies have
discussed similar distortions caused by unfavourable scan incidence angles (Fey and Wichmann 2016).

2.4 Failure Mechanism Analysis
The detachment of an unstable rock block from a slope occurs along discontinuity planes oriented in a
configuration that permits failure (Higgins et al. 2012a). Depending on the specific orientation of these
planes, the detachment process may be classified as one of three primary failure mechanisms: planar
sliding, wedge sliding, or toppling. These are each discussed in greater detail in the following sections.
2.4.1 Planar Slide Failure
Simple planar shear occurs when a rock block detaches from a slope and slides along a planar surface. As
stated in Coates et al. (1981), a planar slide geometry requires there to be a discontinuity plane that is
oriented within 20° of the strike of the slope (Hudson and Harrison 1997). The plane must have a dip
angle that is shallower than the dip of the slope but steeper than the friction angle of the rock. In order for
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planar failure to occur, the shear stress acting on the plane must be greater than the shear strength of the
material. A schematic diagram of a planar rock failure is presented in Figure 2-2a.

Figure 2-2 Schematic diagram of (a) planar sliding; (b) wedge sliding; (c) toppling
When represented on a stereonet, planar sliding failures occur when the pole to the discontinuity
plane is shallower than the slope and steeper than the friction angle. In the stereonet in Figure 2-3 failure
occurs when the normal vector poles to a discontinuity plane plot within the pink highlighted region.
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Figure 2-3 Stereonet projection in Dips showing a kinematic analysis of a set of planes on a slope.
Pole vectors falling within the pink highlighted region are at risk of planar sliding
2.4.2 Wedge Sliding Failure
Hoek and Bray (1974) define wedge geometry as a configuration where two discontinuity planes
intersect, and the line of intersection formed by these planes is shallower than the dip of the slope face. A
simplified wedge geometry is illustrated in Figure 2-2b for illustration.
A rock block will only fail by wedge failure if the plunge of the line of intersection is shallower
than the slope face and greater than the friction angle of the rock material. A stereonet representation of a
wedge failure is shown in Figure 2-4. In this diagram, the direction of sliding is interpreted as being equal
to the trend of the line of intersection formed by the two planes.
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Figure 2-4 Stereonet projection in Dips showing a kinematic analysis of a set of planes on a slope.
Plane intersections that lie within the pink highlighted region are at risk of wedge sliding. Plane
intersections that lie within the yellow highlighted region plunge shallower than the friction angle,
but sliding on a single plane is still possible. The red arrow indicates the likely direction of wedge
sliding in this hypothetical case
So far, it has been assumed that wedge failure always occurs along the line of intersection of two
planes. In reality, a wedge block formed by two intersecting planes will commonly slide along a single
plane rather than along the intersection line. In 1976, Hocking published a method that can be used to
distinguish between single and double plane sliding of rock wedges. This method involves plotting both
planes on a stereonet and comparing the dip direction of the discontinuity planes to determine the
direction in which the block is likely to move.
The two scenarios depicted in Figure 2-5 are from a paper written by Yoon et al. (2002) and
illustrate the distinction between single and double plane sliding of a wedge.
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Figure 2-5 Stereonet solution for a wedge sliding along two planes, J1 and J2; (a) single plane
sliding; (b) double plane sliding (Yoon et al. 2002)
As shown in Figure 2-5, single plane sliding will occur if the dip direction of one of the two
planes forming the wedge (J1 or J2) lies between the trend of the point of intersection of J1-J2 and the dip
direction of the slope face. Otherwise, the wedge will fail by double plane sliding.
2.4.3 Toppling Failure
Goodman and Bray (1976) define toppling as a mode of failure involving the overturning of columns of
rock that interact with each other. Toppling failure occurs in slopes with regularly spaced joints or
bedding planes striking roughly parallel to the slope face and dipping at a steep angle into the slope
(Wyllie et al. 1980). The mechanism by which toppling failure occurs relies on slab geometry rotating
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about a centre of gravity situated outside the base of the slab. When a long slab begins toppling, it exerts a
thrust on the slab immediately below it, which produces a moment on the lower block and enables it to
topple as well. (Wyllie et al. 1980). A schematic diagram depicting a toppling block detaching from a
slope is presented in Figure 2-2c.
In their paper, Goodman and Bray outline four principal types of toppling failure: block, flexural,
block-flexural, and secondary toppling. Block toppling involves columns of rock that are bounded at their
base by a shallow dipping plane. As higher columns overturn they transfer load to the toe columns, which
are thrust forward. The geometry of block toppling often manifests itself as a stairway formed by crossjoints. Due to the nature of their discontinuity planes, limestone, marlstone, and columnar-jointed
volcanics are most prone to block toppling (Goodman and Bray 1976).
Flexural toppling involves the bending of rock slabs or columns away from the slope face. In
doing this, these rock slabs transfer load to underlying slabs. Eventually, tensile (bending) stress in the
lowermost slab exceeds the tensile strength of the rock and failure occurs (Adhikary et al. 1997). This
type of toppling is most common in slates, phyllites, and schists (Goodman and Bray 1976).
A combination of block and flexural toppling is also possible, where both bending action and a
basal plane are present. This phenomenon is often observed in interbedded sandstone and shale,
interbedded chert and shale, and thinly-bedded limestone.
Secondary toppling occurs as a by-product of a preceding failure or movement. For example, a
rockslide or rotational slump failure may deposit material onto the crest of a sub-vertically jointed
rockmass, imposing a load on otherwise stable columns of rock. For further information about this type of
toppling mechanism, the reader is referred to Goodman and Bray (1976).
Wyllie (1980) presents the primary criterion for toppling failure, summarized in Equation 2-2,
where y is the height of a rock slab, Δx is the width of the rock slab, and α is the dip angle of the base of
the slab.
𝑦
Δ𝑥

> cot 𝛼
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(2-2)

The toppling mechanism is predominantly dependent on the dimensions of the block and the
orientation of discontinuity planes in the slope face. Figure 2-6 illustrates how neighbouring rock blocks
in a single slope may fail by different mechanisms.

Figure 2-6 Model for toppling failure (Wyllie 1980)
In Figure 2-6, blocks 6 and 7 do not satisfy the criterion outlined in Equation 2-3 as they form
slabs that are too short to topple. Slabs 3, 4, and 5 are tall enough to exert a thrust on the slabs below them
and are therefore subjected to toppling failure. Shear forces acting between blocks 3 and 4 and between
blocks 4 and 5 resist this motion, but are overcome by thrust forces from upper slabs. In the case of blocks
1 and 2, shear forces exceed the frictional strength of the material at the base of the slab, enabling these
blocks to fail by planar sliding. Wyllie (1980) also affirms that the failure mechanism of a rock block is
dependent not only on the orientation of discontinuity planes, but also on the size of the blocks and the
friction properties of the rockmass.
Hudson and Harrison (1997) further developed the concept of toppling failure and define two
main criteria for direct toppling: (1) two planes must intersect along a line that dips into the slope, and (2)
a set of basal planes must be present to create a discrete block capable of toppling. If the basal plane is
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steeper than the friction angle, then sliding may occur in association with toppling. The stereonet
representation of the condition for kinematic toppling failure is shown in Figure 2-7.

Figure 2-7 Stereonet projection in Dips showing a kinematic analysis of a set of planes on a slope.
Pole vectors falling within the pink highlighted region are at risk of direct toppling. Plane
intersections that lie within the yellow highlighted region are at risk of oblique toppling
In Figure 2-7, the critical failure zone for direct topples is defined by a region that is within +/20° of the slope face. Plane intersections that are within these lateral limits and have a dip angle between
90° (vertical intersection orientation) and [90° – Slope Angle] are at risk of direct toppling, as defined by
Hudson and Harrison (1997). In this example, a critical plane intersection lies within the critical failure
zone and the pole of the basal plane lies within the oblique toppling zone. Therefore, the block formed by
these discontinuities is at risk of toppling on this slope.

28

2.4.3.1 Overhang Failure
Paronuzzi and Serafini (2009) outline four major
types of overhanging failures and the typical
structural conditions for each (Figure 2-8). A
common characteristic of these sub-categories is
the eventual flexural failure that occurs when the
tensile stress acting on the overhanging slab
exceeds the tensile strength of the rockmass. In
this way, overhanging failures may be seen as a
sub-category of the toppling failure mode.
In this paper, the authors emphasize the
importance of rock bridges, which are defined as
the intact rock connections between a failing
slab and the stable rockmass to which it is
attached before failure occurs. The authors
conclude that such rock bridges are chiefly
responsible for maintaining a stable condition in
Figure 2-8 Summary of four main configurations

the rockmass. This stability deteriorates over

for overhanging failures (Paronuzzi et al. 2009);

time, however, due to rock fatigue caused by

(A) Joint dipping into the rock face; (B) horizontal
joint extending over an opening such as a blasted

external triggering factors such as seismicity or

mountain road cut; (C) inclined slab exposed

freeze-thaw events. Rock fatigue manifests itself

during tunnel excavation; (D) overhanging

through the initiation and propagation of joints

cantilever slab formed by sea erosion. The
or micro-fractures, which reduces the strength of

triangular diagrams indicate the typical stress
distribution acting on the overhanging slab, where
positive stress indicates tensile stress and negative
stress indicates compressive stress
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the rock bridges.

2.5 Methods for Rockmass Discontinuity Assessment
2.5.1 Orientation
A number of semi-automated joint set identification methods have been developed for structural geology
mapping including software in Cloud Compare (Dewez et al. 2016), the Discontinuity Set Extractor
(Riquelme et al. 2014), and manual joint set identification. These are discussed in greater detail below.
The CloudCompare plugin FACETS operates by dividing a point cloud into clusters of points.
These clusters are then regrouped based on a co-planarity test, which merges planes that are less than a
user-specified maximum distance apart and whose normal vector orientations are within a specified
maximum angle from neighbouring planes’ normal vectors. Families of planes lying within a set angle of
each other are coloured by their orientation to facilitate visualization, as shown in the sample dataset in
Figure 2-9.
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Figure 2-9 Result of CloudCompare FACETS plugin applied to a subset of TLS data in White
Canyon; (a) original TLS point cloud; (b) different facets are coloured according to their
orientation
The Discontinuity Set Extractor (DSE) algorithm developed by Riquelme et al. (2014) is another
semi-automatic method for identifying joint sets in a 3D rock mass point cloud. In this Matlab program,
the user specifies a knn value indicating the number of nearest neighbours to be used in the definition of
the normal vector for each point in the point cloud, a tolerance of point deviation from the planes being
created, a minimum angle of separation between all joint sets, and the maximum number of discontinuity
sets to be extracted. The program first establishes planes based on the knn value and executes a co31

planarity test using the tolerance value to verify whether the knn points surrounding each point do, in fact,
form a single plane. This is tested by completing a Principal Component Analysis (PCA), which identifies
the attitude of the three primary dimensions of each subset of the point cloud. If the deviation of the knn
points in the third dimension exceeds the tolerance, it is concluded that the points do not lie on a plane
and thus do not pass the coplanarity test. For planes passing the coplanarity test, the normal vector is then
computed. The DSE program then runs a Matlab kernel density estimation (KDE) function in order to
determine the relative densities of each plane orientation in the total set of planes that have been
identified. The total list of joint sets is then narrowed by applying the user-defined constraints of
minimum separation angle and maximum number of sets to arrive at the final discontinuity plane
orientations. The joint sets and their densities can then be plotted on a contoured stereonet, such as the
example shown in Figure 2-10.

Figure 2-10 Sample output of the DSE joint set tool; (a) original TLS point cloud; (b) contoured
stereonet showing the most prevalent joint sets identified in a subset of TLS data using the DSE
program
Both the CloudCompare FACETS software and the semi-automated DSE program may produce
inaccurate results for very complex structural rockmasses, such as those exposed at White Canyon.
An alternative approach that has been explored in the present study is to manually identify the
orientation of the main joint sets in a TLS dataset. This is accomplished by manually selecting points
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belonging to a single joint and using an automated script to create a plane of best fit through these points.
This method may be preferable for complex slopes as it relies more heavily on the engineering judgment
of the user and therefore may result in a more accurate representation of the rockmass profile.
2.5.2 Roughness
In addition to their orientation, the roughness of discontinuity planes is an important factor in determining
the failure susceptibility of potential rockfall blocks. Discontinuities may be qualitatively described in
terms of roughness using the methods proposed in the ISRM Standardized Laboratory and Field Tests
report published in 1978. According to these suggested methods, a planar feature on a natural slope may
be characterized by two components of roughness: waviness (larger-scale undulations) and unevenness
(small-scale asperities). Empirically, it is unevenness that predominantly affects the shear strength of a
plane.
Where safety protocols prevent the direct measurement of rockmass roughness profiles,
approximate roughness classes may be assigned from high-resolution photographs. The roughness
categories are based on the nine roughness class profiles outlined in the ISRM report (Figure 2-11).
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Figure 2-11 Rockmass discontinuity roughness profiles and naming convention proposed by ISRM
(1978); profile sketches have not been exaggerated vertically or horizontally and apply to true
profile lines ranging from 1 m to 10 m
These nine roughness profiles may be used to qualitatively estimate the relative shear strength of
discontinuity planes. For instance, the shear strength of discontinuities exhibiting each of these roughness
conditions may be compared as follows: I>II>III, IV>V>VI, and VII>VIII>IX; also, I>IV>VII,
II>V>VIII, III>IX, and VI>IX. Comparative relationships such as these cannot be established as easily
for other profile classes, such as for classes VII and III.
The ISRM stipulates that evidence of slickensides must be visible on the rock cut in order to
confidently distinguish between smooth and slickensided planes. Where direct outcrop analyses are not
possible, these types of roughness profiles (classes III, VI, and IX) may be omitted from the investigation.
Table 2-1 illustrates each of the remaining six roughness profiles using case examples taken from the
present study sites.
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Table 2-1 Chart depicting rockmasses representative of each of the six main roughness profile
classes applied to the present study sites (based on ISRM 1978 classification)

Stepped

Undulating

Planar

Class IV

Class VII

Goldpan, Section 2 [5 m span]

WCW, Section 1 [7 m span]

Class II

Class V

Class VIII

WCE, Section 5 [10 m span]

WCW, Section 1 [2 m span]

M109 [8 m span]

Rough

Class I
WCW, Section 2 [10 m span]

Smooth

One important limitation with using high-resolution photographs for estimating the roughness of
a discontinuity plane is that the identification of stepped joints may be influenced by the orientation of
sunlight and shadow coverage in the photographs.

2.6 Conclusions
A comprehensive review of the current state of knowledge in the subjects of rockfall, deformation, laser
scanning remote sensing, and structural failure mechanics has been carried out. The theory and
applications discussed in this literature review provide information relevant to the research presented in
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the following chapters. The reader is advised that, as is state of practice in manuscript-style theses, there
may be some repetition in the background material presented here and in Chapters 3 and 4.
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Chapter 3: An Analysis of Failure Mechanism Constraints on Pre-Failure
Rock Block Deformation using TLS and Roto-Translation Methods
Co-Authors: D. Jean Hutchinson, Ryan A. Kromer.

3.1 Introduction
Trains passing through mountainous railway corridors in western Canada regularly face the risk of
derailment due to the prevalence of landslide and rockfall hazards in this part of the country (Peckover
and Kerr 1977). Steep slopes and limited ditch capacity along rail lines make trains particularly
susceptible to rockfall impact or collision with fallen debris. Though mitigation efforts have been
implemented in some areas with the construction of rockfall sheds and slide detector fences, rockfall
hazards still threaten trains and railway personnel. In 2003, the Railway Ground Hazards Research
Program (RGHRP) was established with the aim of better understanding the natural phenomena most
severely impacting railway operations across Canada (Transport Canada 2013). The present study is part
of this initiative, which is jointly funded by the federal government and leaders in industry and academia.
One key challenge encountered in rockfall studies is the limited or at times prohibited access to
the unstable slope under review. In highly active areas, safety concerns preclude direct hazard assessment
at the slope face. To circumvent these obstacles and to reduce the need for track time, remote sensing
methods have increasingly been applied to rockfall studies in recent years (Lim et al. 2005; Rosser et al.
2005; Lato et al. 2009; Gauthier et al. 2012; Matano et al. 2015). In particular, laser scanning may be used
to create high resolution 3D models of natural slopes for further geotechnical and geomechanical analysis
(Lato et al. 2012). The point clouds generated through laser scanning can be manipulated and compared to
later point clouds of the same area. In this way, changes in the slope over time can be measured with
improved accuracy both spatially and temporally.
Other researchers have shown that rockfall source blocks may exhibit some degree of
deformation prior to detachment from the slope (Oppikofer et al. 2008; Abellán et al. 2009; Abellán et al.
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2010; Royán et al. 2014; Kromer et al. 2015; Kromer et al. 2017). In some cases, it has been demonstrated
that these small-scale deformations are analogous to creep behaviour (Crosta and Agliardi 2003).
Although the concept of creep was originally developed for soil landslides (Terzaghi 1950), there is
increasing evidence to support its application to rockfalls, which may express similar primary, secondary,
and tertiary stages of displacement and acceleration (Kromer et al. 2015; Royán et al. 2015).
Weather data correlations from western Canada highlight the importance of precipitation and
freeze-thaw cycles in triggering rockfalls (van Veen et al. 2017). Rock slope deformation studies using
InSAR at the Mannen/Børa site in western Norway have revealed that large unstable rock slopes respond
to seasonal changes in water infiltration and temperature (Rouyet et al. 2016). Specifically, the rock slope
examined in this investigation was found to deform outward from the slope in May and June when the
slope was saturated with residual winter ice and melt runoff. Slope deflation was then measured in the
later summer months after any remaining ice had fully melted and water evacuated the rockmass joints,
thus reducing pore water pressures.
Although the significance of rainfall and temperature as rockfall triggering factors is welldocumented (Guzzetti et al. 2003), the role of the condition and orientation of rockmass discontinuities on
pre-failure rockfall deformation is less certain. An improved understanding of structural constraints on
pre-failure deformations may allow for the establishment of rockfall warning thresholds, which could be
used by railway operators to better manage rockfall risk along critical transport passageways. The primary
goal of this research is therefore to better understand the failure mechanics that govern the pre-failure
deformation patterns of rockfall source blocks in different natural slopes in interior British Columbia. The
objective of this paper is to assess how the failure mechanism and volume of a rockfall as well as the
roughness of the plane on which it fails affects the pre-failure deformation behaviour that it exhibits. This
paper presents a summary of the results of this multi-year study.
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3.1.1 Study Site Description
Three sites along the Canadian National (CN) Railway Ashcroft Subdivision form the basis for this
research: Goldpan, White Canyon, and Mile 109. These sites are depicted in Figure 3-1.

Figure 3-1 Study sites; (a) Map indicating locations of study sites along the Thompson and Fraser
Rivers with Canadian National Rail (CN) and Canadian Pacific (CP) railway lines included for
reference; (b) image of a portion of the Goldpan site (rock shed is 60 m long for scale); (c) image of
a portion of the White Canyon site, between mile 94 and mile 94.6 (white rock shed is 23 m long for
scale); (d) image of the Mile 109 site (rock shed is 80 m long for scale)
The Goldpan site was observed from riverside vantage points at Goldpan Provincial Park
(50.358493°, -121.395028°). At this site, the rockmass is mostly massive and belongs to the Kingsvale –
Spences Bridge Group consisting of basaltic-andesitic flows and volcaniclastic sedimentary rocks (Brown
1981). Variable seepage throughout the rock face has weathered some surfaces, as seen in Figure 3-1b.
This site extends for approximately 800 m along the Thompson River and reaches an average height of 65
m.
The White Canyon is situated approximately 5 km northeast of the confluence of the Thompson
and Fraser Rivers. To observe the slope at the western part of this site, vantage points across the river on
the property of the Kumsheen Rafting Resort (50.261920°, -121.537339°). Observation of the eastern
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portion of the Canyon was completed from vantage points located within the Skihist Provincial Park
(50.261483°, -121.527318°). The geology at the White Canyon site is more complex, as shown in Figure
3-1c, which represents a relatively small section of the full length of the slopes. The westernmost unit is a
weak igneous intrusive granodiorite of the Mount Lytton Batholith Formation (Brown 1981). It has been
stained red from previous contact with an overlying conglomerate unit from which it has since been offset
by faulting. The greyish white unit making up the majority of the White Canyon is the Lytton Gneiss,
which is a quartzofeldspathic gneiss with amphibolite banding. Greyish red tonalite dykes and dark grey
diorite intrusions are ubiquitous throughout this unit. Differential weathering of weaker lithologic units
has led to a steep metastable rock slope configuration with widespread 3-dimensional spire features that is
prone to rockfalls. Moreover, the orientation of gneissosity with respect to the slopes in the White Canyon
is favourable for the failure of platy and tabular-shaped rock blocks. The White Canyon spans 2.4 km and
rises above the track surface between 140 m and 375 m vertically. The average dip angle of the slope face
is approximately 40-45°, however, making the total measured length of the rock surface from the tracks to
the highest part of the slope equal to 520 m.
The Mile 109 site was observed from across the river (50.078676°, -121.559359°). The slope at
Mile 109 is made up of a sedimentary stratigraphy of layered argillite, siltstone, shale, sandstone, and
conglomerate (Figure 3-1d). Joint sets and fractures are mostly orthogonal and tend to produce tabular
and blocky failures. A 53,000 m3 rockfall event occurred on this slope in November 2012 which
prompted the construction of the current 80 m rock shed structure to replace the 21 m long concrete shed
that collapsed during the event (Keegan et al. 2014). This site extends roughly 220 m vertically and 210 m
laterally.
Aside from lithologic and structural constraints, anthropogenic activity has further reduced the
stability of these rocky outcrops. Blasting and excavation at the base of the slopes for the construction of
the rail line has steepened the dip of the rock face in the lowest part of the slope immediately above the
tracks (Piteau 1977). Rockfalls are particularly common in this steepened section.
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3.2 Methods
3.2.1 Data Collection
Data were collected at each of the three study sites using a number of techniques. Terrestrial Laser
Scanning (TLS) data were collected using an Optech ILRIS 3D-ER scanner with a manufacturer-specified
accuracy of 7 mm at a range of 100 m (Teledyne Optech 2017). At each site, the scanning device was
levelled and positioned across the river from the slope for data collection. Repeat scanning positions were
identified using flagging tape, though benchmarks were not employed. The first point cloud datasets
included in this study for the Goldpan and White Canyon sites were collected on May 8, 2013 and May
11, 2013, respectively. Scanning at Mile 109 began on November 28, 2013. Regular scanning at all three
sites was conducted for the duration of the study period with an average time interval of 2 to 3 months
between scans. Point clouds were generated at a point spacing of 6-10 cm at distances of 170-230 m at the
Goldpan site, 400-600 m at the White Canyon site, and 450 m at the Mile 109 site. The last dataset
included in this study was collected in October 2016.
The survey design at Goldpan and White Canyon consists of several overlapping scans collected
from different vantage points so as to reduce the lateral incidence angle and minimize occlusions in the
resulting data. Scans were then registered in the processing stage using the IMAlign module of the
PolyWorks software (InnovMetric 2017). Due to difficult site access and the presence of vegetation
obstructing the view of the slope at Mile 109, only one scan from a single vantage point was used to
generate the datasets at this site. This problem could be rectified in the future with the use of aerial data
acquisition using UAV (Unmanned Aerial Vehicle) technology.
The survey design at White Canyon evolved throughout the course of the study period. Due to the
large scale and complex geometry of the Canyon, the topmost part of the slope is at a significantly greater
distance from the scanner than the slope at track-level. Therefore, scans at each vantage point were
eventually broken into three sub-scans arranged as vertical tiles, with each tile containing points at similar
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average spacing. The coverage area of each sub-scan was determined based on approximate range
estimates acquired prior to scanning the entire slope.
Gigapixel photographs of each site were also collected concurrently with the TLS scans using a
Nikon D800 DSLR camera with a 135 mm lens and a GigaPan EPIC Pro robotic system (GigaPan
Systems 2013). These images were later stitched together using GigaPan Stitch software to create a highresolution image of the slope to be used as a visual comparison to the TLS data.
3.2.2 Data Processing
Once acquired, the TLS point cloud of a given site was aligned to a reference scan using PolyWorks
versions 2015-2016. The alignment followed a two-part process. First, a coarse alignment was achieved
by manually selecting equivalent points in the reference scan and the new scan. Then, a more accurate
alignment was completed by applying an automated Iterative Closest Point (ICP) algorithm based on the
methods of Besl and McKay (1992). Areas of known change such as large rockfalls, debris in talus
channels, and vegetation were excluded from this ICP alignment calculation to improve the overall
accuracy.
Rockfalls were identified in the TLS data through change detection computations. Change
detection was executed using the IMInspect module of PolyWorks and was measured along shortest
distance vectors extending from the reference scan to the later scan. An example of a change map
generated from this process is presented in Figure 3-2 for reference.
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Figure 3-2 Change map highlighting change detected between October 23, 2015 and February 15,
2016 for a section of the eastern White Canyon, where areas of positive change (red to green) are
interpreted as zones of material accumulation and areas of negative change (green to purple) are
interpreted as zones of material loss; change scale is in units of meters
In the image in Figure 3-2, TLS data collected at the White Canyon site in October 2015 is
compared to a later dataset from February 2016. The railway tracks and three rock sheds are also visible
in the data. Positive change detected from the earlier dataset to the later dataset is interpreted as material
accumulation and is mostly observed in talus channels and debris deposits in the ditch adjacent to the
tracks. Negative change is interpreted as material loss and is observed in places on the slope where a
rockfall occurred, where talus material was displaced in debris channels, or where material was excavated
by maintenance crews from the ditches between the rail tracks and the slope surface.
It should be noted that most data processing and analysis was completed using the local
coordinate system as true UTM coordinates were not necessary for the execution of the research
objectives. Where global coordinates were required, the relative orientation of local north with respect to
true north was determined by coarsely aligning the TLS data to Airborne Laser Scanning (ALS) data
collected by CN rail in 2015 at a point spacing of 20 cm. The ALS datasets are georeferenced and were
therefore used to convert the coordinate frame of the TLS data.
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3.2.3 Data Analysis
The method used to compute the deformation of a rockfall source block prior to failure is a 3-dimensional
(3D) roto-translation algorithm. The methods used for this process were first proposed by Monserrat and
Crosetto (2008) and were later developed for rockslide applications by Oppikofer et al. (2009) and for
rockfall applications by Kromer et al. (2017). The algorithm created to track these pre-failure movements
is based on the concept of 3D roto-translation block tracking whereby the movement by an element is
resolved into six components: translation, plunge, trend, toppling azimuth, toppling angle, and tilt angle.
The first three components describe the magnitude and direction of the translation of the element while
the last three values describe the rotational motion.
This algorithm was applied to the TLS point clouds using a dataset from 2013 as the reference
scan. Once a rockfall was identified in the data (e.g. Figure 3-3a), the part of the reference TLS point
cloud corresponding to the rockfall source zone was highlighted and a mesh of this area was created in
PolyWorks using the IMInspect module. This mesh was then aligned to each subsequent point cloud
dataset in chronological order. For each of these alignments, the transformation matrix recording the
movement of the mesh from its reference position to the later position was exported from PolyWorks as
an ASCII file. All the transformation matrices saved for a particular rockfall analysis were then converted
to deformation vectors using the processes described by Oppikofer et al. (2009).
Once calculated, cumulative translation and toppling angle were plotted on a graph such as the
one shown in Figure 3-3e. Data are presented using a convention in which translation directed outward
from the slope was assigned as positive translation and any translation vectors oriented inwards towards
the slope were allotted a negative sign. To assign positive and negative values, the overall orientation of
the slope face at the location of the rockfall block was determined and compared to the trend of each
translation vector result. Of course, negative translation vectors are not physically meaningful in the
context of a rock block detaching from a slope and discrete spires capable of tilting away from the
scanner were not included in this study. Therefore, deformation consisting solely of negative translation
was interpreted as erroneous.
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Similarly, toppling angles with a corresponding azimuth angle directed outward from the slope
were allotted a positive sign and those with an azimuth directed inward from the slope were assigned a
negative value. In this case, both positive and negative toppling angles were considered to be physically
possible depending on the overall rock block failure geometry.

51

Figure 3-3 Rockfall at Goldpan site occurring between October 2015 and February 2016,
measuring 5.4 m3 in volume; (a) TLS change map delineating the zone of material loss detected
following the rockfall event; (b) Gigapan image of the post-failure surface used to ascertain the
rough undulating roughness profile of the failure plane; (c) front view of isolated block point cloud
corresponding to rockfall block delineated in change map in image (a); (d) oblique view of isolated
block point cloud showing the shape of the block as viewed from the side; (e) deformation plot
tracking cumulative translation and rotation (toppling angle) of block over time
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Error bars for each of these components of motion were generated by conducting an error test in
which the roto-translation method was applied to a part of the point cloud that was expected to remain
stationary throughout the monitoring period. Suitable options for this test included stable parts of the rock
slope and railway infrastructure such as rock sheds, concrete barriers, and small buildings. Any detected
translation or rotation of the stationary object was deemed to be solely the result of misalignment error
and therefore was used as a measure of the overall point cloud alignment error.
In the case of the deformation profile presented in Figure 3-3e, the translation uncertainty is
greater for data collected in 2013 than for data collected in 2014-2016, as exemplified by the larger error
bars in this part of the graph. This is a result of an evolving survey design over the course of the data
collection period. In 2014, the point density of the scans was increased to improve deformation detection;
therefore, the alignment error associated with point clouds collected prior to this time is generally greater
than that of point clouds collected at later dates.
The increase in cumulative translation over time shown in Figure 3-3e suggests that this block
displaced outwards from the slope over a period of approximately 2 years prior to failure. The
fluctuations in toppling angle above and below 0° suggests that the block may have experienced some
rotation in combination with this sliding movement as it detached from the slope.
The roto-translation results for each rockfall were summarized through the classification of each
rock block’s deformation as one of six possible outcomes: (1) increase in positive translation over time;
(2) increase in positive rotation over time; (3) increase in negative rotation over time; (4) increase in both
positive translation and positive rotation over time; (5) no detectable increase in translation or rotation
over the studied time period; (6) Indeterminate. The deformation of a block was deemed indeterminate if
the roto-translation analysis produced results that were not realistic. Examples of such results include the
occurrence of negative translation values or translation magnitudes that could not reasonably be expected
to occur on the slope. In these indeterminate cases, the roto-translation method was deemed unsuitable for
the analysis of the given rock block and the block was excluded from further analyses.
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The accuracy of vector deformations measured using the roto-translation method varies based on
a number of factors, including the size and shape of the rockfall source block. In low volume ranges, the
mesh of a rockfall source block may consist of too few points to permit an accurate mesh alignment. Point
density of the TLS data is therefore a significant contributor to the overall reliability of the rototranslation results. The point density of a TLS scan is defined by the experimenter in the survey design
and is a function of the distance of the scanner from the slope and the incurred incidence angles. Since the
point density at each of the three sites was different, it was necessary to establish minimum rockfall
volume thresholds for each site. The average range from the scanner to the slope at the Goldpan site is
between 170 m and 230 m and the point spacing of the acquired TLS data was 0.060 m. Therefore, based
on experience using this method, deformation in rockfalls as small as 0.1 m3 could reasonably be
expected to be detected. At Mile 109, the average distance to the slope was 450 m and the point spacing
was 0.070 m. Therefore, only rockfalls greater than 0.5 m3 were included in the study. Finally, the slope
distance at the White Canyon site ranged from 400 m to 600 m and the average point spacing was 0.100
m. Acquiring data from the uppermost part of the White Canyon slope involves scanning at a relatively
high range and unfavourable vertical incidence angles, which both contribute to increased misalignment
errors in the processing stage. Therefore, a minimum volume threshold of 1.0 m3 was established for this
site. The aim of defining these volume thresholds was to improve reliability of the final results.
For each rockfall, the post-failure TLS dataset was examined to study the failure and assess the
release planes that had constrained the fallen block. Once identified, the orientation of the relevant
discontinuity planes was measured using a Macro that computed the strike and dip of a plane drawn in 3D
space in the local coordinate frame. These planes were then plotted on a stereonet using Dips software
(Rocscience 2017). A kinematic analysis was completed to determine the most likely failure mechanism
for each block. The failure mechanisms considered for this analysis were sliding failure (Hoek and Bray
1974), wedge failure (Hoek and Bray 1974), and direct toppling failure (Goodman and Bray 1976). Each
rockfall was assigned one of these three possible failure modes.
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The roughness condition of the failure plane for each rockfall was also assessed using GigaPan
images of the post-failure slope (e.g. Figure 3-3b). Qualitative descriptions of these discontinuity planes
were assigned using the framework proposed by the International Society for Rock Mechanics (ISRM) in
1978. In this scheme, joints are classified by their macroscale waviness as either stepped, undulating, or
planar. Joints are then further classified based on their microscale unevenness and are described as either
rough, smooth, or slickensided. Due to the limited resolution of the TLS and GigaPan data caused by the
large distance between the survey locations and the rock slope, only approximate descriptions of the joints
could be reasonably attained. Moreover, the slickensided classification was not included in this study as
the distinction between planes that are smooth and those that are slickensided requires the direct
observation of slickensides on the outcrop, which was not possible in this investigation.
A flowchart illustrating the methodology outlined in Section 2 is presented in Figure 3-4.
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Figure 3-4 Flowchart illustrating data collection, processing, and analysis workflow executed in this
study
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3.3 Results
A total of 207 rockfalls were identified in the period between November 11, 2014 and October 18, 2016
across all three study sites. This included 81 rockfalls at Goldpan, 110 rockfalls at White Canyon, and 16
rockfalls at Mile 109. Date restrictions were imposed to ensure sufficient pre-failure datasets were
available from which deformation could be detected.
Across all three sites, indeterminate deformation was reported for 30% of the rockfall events,
signifying that the roto-translation algorithm was not a suitable method for measuring deformation in
these cases. The basis for this designation was the observation of an incorrect block mesh alignment, with
a calculated roto-translation deformation exceeding the deformation shown in the corresponding change
detection map. Of the remaining 70% of rockfall events, deformation was detected in 52% of rockfall
blocks at Goldpan, 39% of blocks at White Canyon, and 83% of blocks at Mile 109.
The distributions of planar sliding failures, wedge sliding failures, and toppling failures for
rockfalls at each site are illustrated in the pie charts shown in Figure 3-5. Rockfalls categorized by failure
mechanism were then further sub-divided based on the deformation trends exhibited by each. In order to
compare rockfalls at all three sites, normalized frequencies of the incidence of each of the six rototranslation outcomes were computed. Both absolute and normalized frequencies are plotted in Figure 3-5.
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Figure 3-5 Summary of rockfalls at Goldpan, White Canyon, and Mile 109 study sites classified by
failure mechanism (A); columns (B) and (C) illustrate the frequency of each of the six possible rototranslation deformation patterns in absolute and normalized terms, respectively
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There are several observations that can be made from the plots presented in Figure 3-5. First, it is
clear that cases of indeterminate rockfall deformation are more common in sliding failures than in wedge
or toppling failures. Similarly, there is a greater incidence of rockfalls not showing any pre-failure
deformation in sliding blocks as compared with wedge or toppling blocks. An examination of the
normalized frequency plots in column C of Figure 3-5 suggests that wedge failures may be more prone to
displaying pre-failure translation. A 95% z-test revealed that there are insufficient cases of wedge failures
to conclude this, however.
It was found that toppling failures expressed positive rotation (toppling motion), at times coupled
with translation deformation, more commonly and to a greater extent than sliding or wedge failures. The
significance of this latter remark was verified using a 95% confidence test. This observation was
anticipated and therefore validates the method as applied to these failures. There were no instances of
toppling blocks exhibiting negative rotation, which agrees with the kinematic principles governing this
failure mechanism. A negative rotation implies movement in which the top part of the block moves
inwards towards the slope and the bottom part of the block moves outwards away from the slope. Such
negative rotation deformation behaviour was, however, noted among planar sliding and wedge sliding
failures at all three sites; in some configurations, this type of movement may suggest a decomposition of
material at the back scarp of a deforming block.
A plot comparing the deformation patterns for various rockfall volume categories is presented in
Figure 3-6.
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Figure 3-6 Summary of rockfalls at Goldpan, White Canyon, and Mile 109 study sites classified by
volume (A); columns (B) and (C) illustrate the frequency of each of the six possible roto-translation
deformation patterns in absolute and normalized terms, respectively
From Figure 3-6, it is clear that indeterminate rockfall cases are more common in blocks with
smaller volumes generally less than 5 m3, though there are some exceptions to this statement. Other
deformation classes do not appear to be strongly dependent on rockfall volume.
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Rockfalls at White Canyon were further classified by lithology, as illustrated in Figure 3-7.

Figure 3-7 Comparison of the (a) absolute frequency, and (b) normalized frequency of each of the
six possible roto-translation deformation patterns, categorized by lithology at White Canyon
From Figure 3-7, it is clear that the majority of rockfall events identified at White Canyon have
occurred within the Lytton Gneiss unit; this result agrees with the relative proportions of each geologic
unit present on the slope. It can also be concluded that rockfalls occurring with no detectable translation
or rotation occur across all lithologic units.
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The relationship between lithology and failure mechanism is illustrated in Figure 3-8 below.

Figure 3-8 Comparison of rockfall events at White Canyon classified by lithology and failure
mechanism in (a) absolute frequency, and (b) normalized frequency
It may be noted from Figure 3-8 that toppling failures were only identified in the gneiss unit,
tonalite dykes, and diorite intrusions; nevertheless, some instances of rotational deformation were
detected in rockfalls belonging to the amphibolite unit. This discrepancy may highlight an important
detail about how rockfall blocks detach from the slope.
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To better understand the factors controlling each deformation behaviour type, an analysis of
specific rockfall failure mechanisms across all three sites was carried out. This process first involved a
study of rockfalls whose structural geometry characterized them as toppling failures. Across all sites,
some toppling rock blocks showed detectable deformation prior to failure while others did not. In both
cases, the plunge of the critical intersection of joints creating the toppling configuration as defined by
Hudson and Harrison (1997) was compiled for each site. These results are summarized in Table 3-1.
Table 3-1 Chart outlining the prevalence of toppling failures at each site as well as the critical
intersection plunge for blocks exhibiting deformation and those not exhibiting deformation

Site

% of all Rockfalls
Characterized as
Toppling Failures

Goldpan
White Canyon
Mile 109
Overall

14
11
13
12

Average critical intersection plunge angle of
toppling blocks (°)
Blocks That Exhibited
Blocks That Did Not
Rotation Deformation
Exhibit Deformation
60
25
64
43
47
N/A
60
40

The distribution of discontinuity roughness profiles for rockfalls at all three sites exhibiting
different pre-failure deformation behaviours was plotted as a function of the failure plane dip angle in
Figure 3-9.
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Figure 3-9 Chart illustrating the distribution of failure plane roughness profiles (based on 1978
ISRM method) for rockfalls exhibiting different deformation behaviour at each site
The roughness profiles compiled for rockfalls at the White Canyon site were further classified by
lithology. The results of this analysis are presented in Figure 3-10.
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Figure 3-10 Distribution of failure plane roughness profiles for rockfalls of different lithologies at
White Canyon
The compilation of roughness profiles for rockfalls at the Goldpan site shown in Figure 3-9
reveals a relationship between surface waviness and failure plane dip angle. Specifically, rockfalls
occurring on planar surfaces are shown to occur at shallower angles than those occurring on undulating
surfaces. Stepped surfaces tend to be steeper still than undulating surfaces. This trend agrees with the
relationship between surface roughness and shear strength described in the standardized rockmass
discontinuity descriptions proposed by the ISRM in 1978. Steeper dip angles are required to initiate
failure on stepped surfaces as there is a greater shear strength to overcome in these planes compared to
undulating or planar surfaces. The relationship between failure plane waviness and dip angle is less
apparent at the White Canyon, though the general absence of shallow planes on this slope may be
responsible for skewing the data.
Rockfalls failing without exhibiting any pre-failure deformation span across a wide range of
failure plane dip angles. Similarly, sliding deformation was detected in rockfalls failing on surfaces
ranging from 40° to approximately 85°, though instances of sliding deformation occurring on planar
discontinuity surfaces was limited. Rotational deformation was detected almost exclusively in cases with
lower-angle failure surfaces, though this may also be a reflection of the lithological properties of the
Batholith unit, in which these rotational cases were predominantly detected (Figure 3-10).
The comparison of roughness and lithology in Figure 3-10 indicates that the apparent friction
angle of the gneiss unit is likely in the range of 30-40°, which agrees with the literature values used in the
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kinematic analysis portion of this study. These results also suggest that the friction angle of the tonalite
dyke unit may be closer to 50°, though additional cases would have to be studied to confirm this.
In the case of Mile 109 rockfalls, insufficient data points were collected to allow for meaningful
conclusions to be drawn. Nevertheless, there does appear to be a clustering of rockfalls exhibiting sliding
deformation near the lower limit of failure plane dip angle, as was the case for Goldpan rockfalls.
Additional rockfall cases at this site would help to confirm this, however.

3.4 Discussion
Three continuous variables were examined in this study: rockfall volume, translation deformation
magnitude, and rotation deformation magnitude. In order to ascertain the degree of correlation between
these variables, a Principal Component Analysis (PCA) was executed on a dataset incorporating rockfalls
from all three study sites having a volume greater than 1 m3. This statistical test yielded a correlation
matrix showing very little correlation among these variables. When this exercise was repeated for
rockfalls categorized by failure mechanism, however, it was found that in the case of toppling failures,
50% of the variability in the data was explained by the first eigenvector, which corresponded to the sum
of translation and rotation, and the next 35% of variability corresponded almost entirely to volume. The
principal components extracted for planar slide and wedge failures did not show the same level of
variable correlation.
Based on the results comparing rockfall deformation behaviour and failure mechanism (Figure 35), deformation plots representative of each of the three main failure mechanisms have been developed in
this work and are illustrated in Figure 3-11 (a, c, and e). Each of these conceptual plots are compared to
true rockfall cases of each failure mechanism type in images b, d, and f. In the case of planar sliding
failures, 65% of all planar sliding rockfalls did not exhibit detectable levels of deformation, resulting in
the conceptual plot shown in Figure 3-11a. Nearly half (45%) of wedge failures did exhibit translation
deformation prior to failure, leading to the plot shown in Figure 3-11b. Finally, 65% of toppling failures
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exhibited rotation deformation, and 35% exhibited both rotation and translation, which is captured in
Figure 3-11c.

Figure 3-11 Comparison of conceptual (a, c, e) and actual (b, d, f) deformation plots for rockfalls
categorized as planar slide failures, wedge failures, and toppling failures based on the rototranslation deformation behaviours observed across all three study sites
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Across all three sites, only 20 of the 207 studied rockfalls showed signs of positive translation
deformation before detaching from the slope. Approximately half of these were classified as sliding
failures while the other half were classified as wedge failures. In contrast, 80 of the 207 blocks did not
show any pre-failure translation or rotation deformation. Royán et al. (2014) discussed three possible
explanations for this outcome, which also apply to the present research: (a) the magnitude of pre-failure
deformation was below the threshold of detection using these data and methods; (b) deformation
accelerations occurred in the interval between scans and were therefore not captured given the present
scanning frequency; (c) the rock block did not exhibit pre-failure deformation.
Further examination of the structural geometry of rockfalls at all three sites highlighted the
significance of overhanging joints in determining the likelihood of detecting pre-failure deformation. For
the purposes of this paper, an overhanging joint is defined as a plane situated at the upper limit of a
rockfall source block whose dip direction is typically oriented inwards towards the slope. This analysis
revealed that 60% of the rock blocks not showing any pre-failure deformation were constrained on the
slope by an overhanging joint. Conversely, of the blocks that did exhibit deformation prior to failure, only
25% were constrained by such an overhanging joint. A possible explanation for these results is that the
presence of intact segments of rock – referred to herein as rock bridges – along such overhanging joints
may in fact govern the eventual detachment of the block. The kinematics of an overhang geometry may
be more likely to promote the sudden release of a block from a slope, compared with a toppling or wedge
block, which have been shown to deform more gradually, and at levels detectable using these methods. If
the rock bridges along a sliding plane have already been broken but the block remains attached to the
slope along its uppermost contact plane, the balance of forces would be such that the gradual breaking of
these upper rock bridges would not permit the block to rotate or translate in a detectable manner.
The general profile of three possible overhanging rockfall configurations are presented in Figure
3-12. In all three cases, it is anticipated that the overhanging joint would provide some level of cohesion
through the presence of intact rock bridges along this plane. Where a sliding plane is also present, as in
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Figure 3-12b and c, the sliding plane may also provide cohesion. If, however, the sliding plane is dipping
in the direction of sliding as in Figure 3-12c, it may also provide frictional resistance to translation
motion.

Figure 3-12 Schematic representation of overhanging rockfall configurations and corresponding
normal-shear stress diagram; (a) toppling overhang case, where overhanging joint only provides
cohesion through rock bridges; (b) vertical sliding case where a vertical plane is present, but
affords little to no frictional resistance; (c) sliding case where a combination of cohesion and
frictional resistance must be overcome in the detachment process
In some overhanging cases, rockfall blocks may be classified as toppling failures, as in Figure 312a and b. Commonly, however, the geometry of discontinuity planes constraining the block does not
meet the requirements for direct toppling; rather, a planar slide failure is predicted whereby the block is
expected to slide along an underlying outward-dipping failure plane following detachment from the slope
(Figure 3-12c). If the breaking of rock bridges along the overhanging joint dominates the detachment
process, however, the block may be more likely to fail suddenly and without warning, as would be
expected for the case illustrated in Figure 3-12b. The absence of detectable pre-failure deformation may
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therefore be related to the presence of overhanging joints, though other variables that affect the condition
of joints such as water seepage and joint infilling need to be examined before this relationship can be
proven.

3.5 Conclusions
A database of 207 rockfalls occurring in the period between November 2014 and October 2016 at three
study sites along the Thompson and Fraser Rivers has been created. Within this database a summary of
each rockfall’s deformation history, computed using a roto-translation algorithm, has been recorded. The
roto-translation algorithm was successfully applied to 70% of rockfalls in this database. Among these
rockfalls, blocks classified as wedge failures were found to exhibit translation and negative rotation
deformation in roughly half of the cases. As hypothesized, positive rotations were detected in the majority
of the toppling failures, with a higher incidence reported in cases with steeper toppling configurations.
Planar sliding rock blocks were least likely to exhibit any measurable deformation prior to failure, with
the majority not showing any pre-failure deformation. Overall, 33% of rockfall events showed detectable
levels of deformation.
Finally, overhang configurations may be related to the incidence of rockfalls occurring without
showing any pre-failure deformation. There are, however, factors affecting rockfall deformation not
captured in the present study that would need to be taken into consideration before the presence of
overhanging joints can conclusively be related to the absence of pre-failure deformation. For instance, the
infiltration of water or the presence of mineral infilling in certain joints may affect the dominance of one
plane over another in the detachment phase of a rockfall. Moreover, the relative surface area along the
plane of contact between the rockfall block and the stable slope may also play a role in defining the
governing failure plane.
The structural constraints provided by joint sets on a rock slope have clear implications for the
occurrence of rockfalls and pre-failure deformation. Nevertheless, future work is required to improve
confidence in the apparent relationships identified in this research. An analysis of a greater number of
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rockfall cases for which pre-failure deformation is detectable would assist in confirming the role of joint
surface roughness and failure plane dip angle in the occurrence of deformation behaviour.
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Chapter 4: Rockfall Risk Management using a Pre-failure Deformation
Database
Co-Authors: Ryan A. Kromer, D. Jean Hutchinson, Matthew J. Lato, Antonio Abellán

4.1 Introduction
Rockfalls threaten communities and infrastructure in mountainous terrain and are particularly problematic
along western Canada’s transportation corridors. This is because Canadian railway lines were built
through steep river valleys and traverse many natural and cut slopes, where rockfalls are a common threat.
Rockfalls appear to be unpredictable events and the risk from these events is typically managed using
quantitative risk assessment and rating systems where rockfall frequency-magnitude relationships
obtained from historical rockfall databases are used to estimate the probability of failure within a
prescribed area (Hantz et al. 2003).
Terrestrial Laser Scanning (TLS) has become a useful tool for the assessment of rockfall hazard
both at larger scales (Oppikofer et al. 2009) and in the lower volume range of 1-1000 m3 (Rosser et al.
2005, Lim et al. 2006, Lato et al. 2009; Abellán et al. 2010; Santana et al. 2012; Guerin et al. 2014;
Sturzenegger et al. 2014; van Veen et al. 2017) and has the potential to be used for the prediction of
rockfall location (Abellán et al. 2010; Royán et al. 2013), potential volume and kinematics (Kromer et al.
2017) and possible timing of failure (Royán et al. 2015). Repeat TLS monitoring allows the identification
and analysis of the pre-failure behaviour of rockslopes such as pre-failure deformation (Abellán et al.
2009, 2010; Royán et al. 2013, 2015; Kromer et al. 2015b, 2017) and patterns of precursor rockfall
(Rosser et al. 2007; Royán et al. 2015; Kromer et al. 2015b; Kromer et al. 2017). Analysis tools taking
advantage of point redundancy and geometric features in three-dimensional (3-D) point clouds have
allowed the detection of mm to cm level surface changes (Abellán et al. 2009; Lague et al. 2013; Kromer
et al. 2015a) and have aided the identification of rockfall precursors.
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The pre-failure behaviour of rock slopes, which if detected permits failures to be forecast, is the
result of progressive damage accumulation, growth of fractures, breaking of rock bridges, sliding along
joint surfaces and for smaller magnitude rockfalls, typically behaves in an apparently brittle manner
(Ishikawa et al. 2004). This behaviour can be modelled using the three phases of material creep, i.e. (1)
transient creep; (2) steady state creep; and (3) tertiary creep (Varnes 1983). However, for natural rock
slopes, external factors such as seismicity, human activity, and climate can reduce stability over time
(condition) and eventually trigger rock slope failure (Guzzetti et al. 2003; Luckman 1976; Wieczorek
1996; Frayssines and Hantz 2006; Stock et al. 2012).
Additionally, rockfall source areas are constrained by rockmass discontinuities. The size and
relative stability of discrete blocks are governed by joint persistence, spacing, orientation, and shear
strength properties (Norrish and Wyllie 1996). The geometry of intersecting discontinuity planes
ultimately dictates the failure kinematics of the block, which may be characterized as either planar sliding
(Hoek and Bray 1981), wedge sliding (Hoek and Bray 1981), or toppling (Goodman and Bray 1976).
Rock slope failure forecasting has been attempted for large Mm3 rock slides and uses continuous
monitoring approaches that aim to identify the tertiary or accelerating phase of failure and use semiempirical creep models to estimate a likely failure time (Fukuzono 1985; Crosta and Agliardi 2003;
Royán et al. 2015). For small magnitude rockfalls, the tertiary acceleration phase can be very short due to
the rapid nature of the failure and the influence of external forces; thus, the tertiary accelerating phase
might be missed at longer data collection intervals, > 1 month for example, as discussed in Abellán et al.
(2010). Moreover, the entire pre-failure deformation history has rarely been detected for rock slope
failures of magnitude less than 10 m3.
This study comprises a larger set pre-failure rockfall behaviour than previous study cases
(Abellán et al. 2010; Royán et al. 2013, 2015; Kromer et al. 2015a, 2017), which enables the assessment
of pre-failure detection reliability and the assessment of temporal failure probability. This was done by
compiling a database of the pre-failure behaviour of rockfalls obtained from monthly to seasonal TLS
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monitoring at a study site along a rail corridor in Western Canada compiled over a period of 1252 days.
Rockfall entries were classified by volume and failure mechanism to better understand scale and
structural constraints governing deformation trends. The distribution of antecedent rockfall deformation
magnitude and duration was examined to provide a basis for the estimation of the temporal failure
probability of currently deforming rock blocks at this site. The aim of this research was to develop a
framework to better estimate the location, volume, failure mechanism and temporal failure probability of
potential rockfalls at slopes being monitored using TLS.

4.2 Study Area and Data Collection
The work presented in this paper is part of the Railway Ground Hazard Research Program (RGHRP), a
collaborative endeavor aiming to better understand and mitigate the natural hazards posing a risk to
railways in Canada, including Canadian National Railway (CN), Canadian Pacific (CP), the University of
Alberta, the Geological Survey of Canada and Transport Canada. High-resolution TLS data has been
collected at various sites along the Thompson and Fraser River corridors in British Columbia, Canada
since 2012. These sites are of interest to railway managers due to the hazards posed by rockfalls initiating
from steep rocky slopes reaching hundreds of meters above track level.
In this study, a detailed investigation of pre-failure deformation was conducted at a single study
site located along the Thompson River, directly across from Goldpan Provincial Park (Figure 4-1a). At
this site, herein referred to as the Goldpan study site, the Canadian National (CN) line crosses along the
toe of a rock slope that reaches 60 m above track level (Figure 4-1b). Several tunnels exist at this site,
some exposed areas of rock slope were treated with shotcrete and a slide detector fence is in place to warn
of track hazards due to rock and ice falls via track signals.
This study site is ideally suited for detailed study of the pre-failure behaviour of rock slopes using
TLS. The slope is active and there are ample vantage points for TLS acquisition located on the opposite
bank of the Thompson river, generally less than 100 m from the slope. This allows a survey design which
reduces occlusions, poor incident angles and provides plenty of spatial coverage. The proximity to the
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slope also reduces errors caused by atmospheric effects, by laser footprint size, and insures a strong signal
return. The data covers areas of the rock slope that do not overlie the railway line itself. The main reason
for this was to extend the analysis to more examples of pre-failure deformation within the rockmass,
which can be used for rockfall forecasting.
An Optech Ilris 3D terrestrial laser scanner was used for the duration of this study. Data was
collected from three vantage points on the opposing river bank providing the areas of coverage shown in
Figure 4-1a. Each of the sections is concave in shape and thus warranted a scanner placement centered
and opposing the slope at each Section. This setup reduced data occlusions and provided angles of
incidence closer to perpendicular, which increases measurement certainty.
Data was collected during campaigns conducted every 1-2 months during the spring, summer and
fall seasons (April - November). The winter months limited the possibility for data collection due to cold
conditions preventing use of the scanner, and snow coverage obscuring the slope. When the weather
conditions were favourable, additional scans were collected in February, as it was anticipated that the
freeze-thaw and snow melt conditions in the winter months may play a role in the triggering of rockfalls.
For each data collection campaign, occasional repeat scans were conducted at a weekly interval. A total of
31 complete scans of this slope were collected since 08 May 2013 as outlined in Figure 4-1c. Each of the
scans was collected with a mean point spacing of 0.06 m.
The rock slope consists of volcanic rocks of the Mesozoic Spences Bridge Group, which is part of
the intermontane belt (Schiarizza and Church 1996). The main rock types consist of andesitic flows and
breccias intercalated with volcanic sandstone, shale and conglomerate. We identified the main structural
features of the rock slope by manually identifying and measuring planes using TLS point clouds. Six
main sets were identified (Figure 4-1b) allowing potential kinematic release through planar sliding, wedge
sliding, and toppling mechanisms.
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Figure 4-1 a) Rock slope located in the Thompson River Valley, British Columbia, Canada. TLS
data was collected in three sections; b) Profile of slope at the midpoint of the study site and
structural geology measured from the TLS point cloud; c) Dates of data collection and days elapsed
since the reference scan on 08 May 2013

4.3 Methods
4.3.1 Point Cloud Processing
Point clouds were processed using three main steps: (1) removal of unwanted points, outliers, and
vegetation; (2) registration of the point clouds into a common local reference frame; and (3) calculation of
point cloud differences between the reference scan and each successive date. Step 1 involved manually
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identifying vegetation and outliers in the 3D scene and manually removing those points. Step 2 involved
an initial coarse registration by point picking followed by a second fine registration using the Iterative
Closest Point (ICP) algorithm (Besl and McKay 1992). The ICP algorithm was applied several times
while reducing the maximum specific distance between point clouds. Registration was performed for
point clouds consisting of similar areas of the slope, taken from different vantage points and for point
clouds collected from successive scan dates. All successive scans were registered to the reference point
cloud (08 May 2013). In the third step, differences from the reference point cloud and each successive
point cloud were calculated using the distance calculation and filtering algorithm discussed by Kromer et
al. (2015a).
The difference calculation portion of the algorithm uses the reference scan to compute vectors
along which differences are calculated. These vectors are based on the local surface normal, following
Lague et al. (2013). The distance from the reference scan to the successive ‘data’ scans are then
calculated from reference to data. The closest points in the data cloud within the mean point spacing
distance to the calculated vector are used to calculate the difference. These points are projected on the
vector and the difference between the reference point and mean of the projected points is calculated. This
is done for every point in the reference cloud and results in raw differences. The filtering algorithm
calculated difference values using a nearest neighbour median averaging approach after Abellán et al.
(2009). For each point in the reference scan, with an associated raw distance, the filtering portion of the
algorithm takes the median of the distances associated with the surrounding (N) neighbours, resulting in
filtered differences. For this study, a 2 m radius was used to calculate the normal direction for the
difference calculation and 50 nearest neighbours for the median averaging.
To estimate the point cloud difference measurement uncertainty, spatially variable confidence
levels were calculated according to the parametric method based on Gaussian statistics described by
Lague et al. (2013). A confidence level of 95% was used to define the Level of Detection at 95%
(LoD95%) for point cloud differences. To calculate the confidence level, two distributions for each point in
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the reference cloud were calculated: (1) the distribution of distances from the reference cloud to the data
cloud resulting from the (N) neighbouring points, and (2) the distribution of distances measured from the
data cloud to the reference cloud resulting from the N neighbouring points. An empirical registration error
term describing the misalignment error of the point clouds registered using the ICP algorithm was
estimated by comparing the mean differences at stable areas of the slope. A 6 mm registration error was
used within the LoD95% estimate. This resulted in a calculated level of detection being defined for each
point in the point cloud; a visual representation of the LoD95% distribution across the slope is shown in
Figure 4-2. The calculated LoD95% ranged from 8 mm for flat concrete surfaces, 9-13 mm for rock
outcrop and 13-18 mm for areas of low incident angle and talus or scree portions of the slope.

Figure 4-2 Spatially variable 95% confidence for change detection for Section 2 of the slope
4.3.2 Deformation Analysis
The approach of distance calculation and filtering was designed for deformation time series analysis.
Point cloud differences are all measured from the reference, therefore all the differences for each
successive scan date are stored in a database indexed to the reference point cloud, facilitating deformation
time series extraction. The entire time series for differences can thus be extracted by choosing any single
point on the reference cloud. Furthermore, point-specific LoD95% estimates were calculated for each
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successive data point cloud and indexed to the reference cloud. This allowed the extraction of pointspecific confidence levels for each point along a time series.
This point picking time series extraction method was used to analyze the deformation history both
of failed rockfalls and of areas showing deformation that have not yet failed. For each detected rockfall
greater than 0.1 m3 in volume, a time series of deformation was extracted. Two parameters were recorded:
(1) the maximum deformation attained prior to failure and (2) the duration of deformation for a point in
the middle of the deforming or failed area. The point cloud differences prior to the failure of the rock was
used to visually inspect the deforming area and select the point to be analyzed using the time series
method described above. The duration of deformation was estimated as the time between the first
observation of deformation exceeding the LoD95% level and the time of rock block failure. Only blocks
exhibiting deformation over a duration greater than the scanning interval were included in the database.
Moreover, due to the extended period between scans, the exact dates of deformation onset and of failure
cannot be known precisely. Therefore, the timing of the first observation of deformation was measured as
the midpoint between the date when the difference value first exceeded the LoD95% level and the date
immediately prior to this exceedance. Similarly, the date of the rock block failure event itself was
approximated as the midpoint between the post-failure dataset and the last dataset acquired prior to
failure.
The method used to extract the maximum deformation length and duration is illustrated in Figure
4-3. The volume of each rockfall event was measured in the IMInspect module of PolyWorks
(InnovMetric 2016) and represents the maximum volume for the given interval. The volume calculated
may be the result of superposition of multiple smaller events that occurred during the interval. To execute
this computation, the rockfall area was first manually delineated in the TLS data. The volume
encompassed within this area between the pre-failure slope surface and the post-failure surface was then
calculated along a direction normal to a plane specified by the user. Gaps in the point cloud data were
filled with a triangulated mesh.
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For areas of the slope that were identified to be deforming but had not yet failed at the time of the
analysis, a similar deformation analysis method procedure was implemented. First, a point of maximum
deformation of the deforming area was selected and the corresponding time series was plotted. ‘Current’
deformation was recorded from the midpoint between the date when the difference value first crossed the
LoD95% level and the date immediately prior to this exceedance. Current deformation was continually
recorded up to and including the last dataset collected. Potential failure volumes for the deforming areas
were estimated by measuring the surface dimensions of the deforming area and estimating the depth
based on the surface dimensions and prevailing structural features. The expected uncertainty of these
estimations are in the 10-50% range according to results obtained by Kromer et al. (2017) using the same
procedure.

Figure 4-3 Left: Example of area of slope with identified deformation (red) at a specific point
(#2411224) chosen for time series analysis; Right: Graph illustrating time series from May 8, 2013
and method used to extract deformation duration and max deformation before failure
4.3.3 Structural Analysis
For each rockfall event identified in the study time window, we extracted structural discontinuity
information from the post-failure TLS point cloud. The orientation of discontinuity planes constraining
the rockfall source block was computed using a Macro script tool in Polyworks that measured the strike
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and dip of a plane fitted to a series of points selected from the point cloud. A kinematic analysis of each
block was then completed by plotting these joint measurements on a stereonet using Dips 7.0 software
(Rocscience 2017). Since true friction angle values were unknown, literature values were used as an
approximation (Barton 1973). Each rockfall was thus categorized as a planar slide, wedge failure, or
direct toppling failure. Due to its lithological properties, the rockmass at the Goldpan site is not prone to
flexural toppling and therefore this type of failure mechanism was not included in the structural analysis
portion of this work.
A similar structural analysis was completed in the forward sense for currently deforming rock
blocks. In these cases, the failure surface was inferred based on the joint sets visible in the deforming
area.
4.3.4 Climate Data
Weather records for this site were extracted from the Environment Canada webpage from the weather
station nearest to the study area in Lytton, BC, located approximately 18 km southwest of the study site
(Government of Canada 2017). These records include daily measurements of precipitation as well as
minimum, maximum, and mean temperature. From these data, total precipitation volumes were calculated
for each month and averaged across all three years. Freeze-thaw events were identified as days in which
the maximum temperature value exceeded 0°C and the minimum recorded temperature was below 0°C.
The total number of days in which this freeze-thaw phenomenon was observed was computed for each
month. Average monthly values were then calculated across all three years of data.
There are some instances where the Environment Canada weather record is incomplete.
Temperature data is missing in 61 out of the total 1252 days included in this analysis and precipitation
data is missing in 197 of these days. The absence of records appears to be random, however, and its
overall effect on the comparison of rockfall frequency and environmental triggers is expected to be
minimal.
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4.4 Deformation Database
4.4.1 Rockfall Events
A total of 95 rockfall events were detected from 08 May 2013 to 11 October 2016 ranging in volume
from 0.1 m3 to 157.9 m3 (Figure 4-4). More than half of the rockfalls were in the 0.1 to 1.1 m3 range. Prefailure deformation was observed for 66 out of the 95 rockfalls, representing a 70% detection rate. Prefailure deformation was not, however, detected for the largest failure of 157.9 m3. For many of these
rockfalls, the pre-failure deformation stage progressed gradually over a period of hundreds to thousands
of days before failure. An example of this deformation progression prior to failure is illustrated in Figure
4-5. Progressive rockfall was also observed; that is, a period of pre-failure deformation preceded failure
and rockfalls fell in succession from a main deforming area. An example of this behaviour is illustrated in
Figure 4-6.

Figure 4-4 Number of rockfalls by volume category detected between May 8, 2013 and October 11,
2016
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Figure 4-5 Example of pre-failure deformation from Section 3 showing the cumulative progression
of pre-failure deformation between May 8, 2013 and November 5, 2014
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Figure 4-6 Example of pre-failure deformation from Section 1 showing the cumulative progression
of pre-failure deformation and surrounding rockfalls between May 8, 2013 and February 22, 2015.
The failure progressed in stages from top to bottom of the deforming area
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4.4.2 Rockfall Relationships
The magnitude and duration of deformation captured in pre-failure deformation analyses was compared
across all rockfall events identified at the Goldpan study site. The deformation behaviour was also
classified by the three modes of failure examined in this study: planar sliding, wedge sliding, and
toppling. Figure 4-7 and Figure 4-8 present graphical representations of the distribution of rockfall
deformation patterns over a range of volumes. Note that uncertainty in the estimate of the deformation
duration is represented by error bars having a magnitude equal to the standard deviation of the midpoint
date values used to approximate the duration (Figure 4-7). Error bars +/- 7 mm have also been plotted for
the magnitude of deformation (Figure 4-8). Since the limit of detection using the present methods has
been shown to be spatially variable across the study site (Figure 4-2), this conservative error estimate was
selected to be representative of the entire slope.
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Figure 4-7 Distribution of deformation duration periods for different rockfall volumes. Rockfalls
are categorized by failure mechanism and a linear trendline has been fit to the toppling failure
dataset. No trends were observed in the slide and wedge mechanisms
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Figure 4-8 Distribution of the maximum deformation magnitude attained by deforming rockfalls of
varying volumes. Rockfalls are categorized by failure mechanism and linear trendlines have been fit
to wedge sliding and toppling failure datasets
The results shown in Figure 4-7 suggest that there may be a linearly dependent relationship
between rockfall volume and the duration of deformation for toppling rockfalls, as indicated by the
dashed linear trendline drawn through these data. Such a relationship could not be established for
rockfalls failing by planar or wedge sliding. The results plotted in Figure 4-8 suggest that there is a
potential linear relationship between rockfall volume and the magnitude of deformation for both toppling
and wedge failures, highlighted by their respective trendlines. In this comparison, as in the comparison of
volume and duration, rockfalls classified as planar sliding failure mechanisms do not appear to follow a
readily identifiable trend.
A likely explanation for the results shown in Figure 4-7 and Figure 4-8 is a combination of
physical factors and factors associated with the deformation methods employed in this investigation.
Since toppling failures are related to the opening of back fractures, it makes sense that larger blocks
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failing by this mechanism will exhibit larger deformations over a larger period of time than smaller
blocks. Conversely, wedge and sliding failures may be more likely to fail suddenly with a sudden drop in
shear resistance due to the influence of a triggering mechanism. Additionally, the current method of
deformation detection relies on measuring change along a vector oriented perpendicular to the slope. Of
the three modes of failure, the toppling mechanism is most likely to exhibit the greatest degree of
deformation in this direction. Therefore, these measurements may be more accurate than for planar or
wedge sliding rock blocks.
It should be noted that only rockfalls for which a full deformation history was captured were
included in the graphs shown in Figure 4-7 and Figure 4-8. It was assumed that rockfalls deforming
within the first month of scanning may have exhibited deformation earlier had data been collected. These
rockfalls were therefore excluded from subsequent analyses, leaving 46 rockfalls with complete
deformation histories to be studied further.
Figure 4-9 presents rockfall frequency and weather data spanning the three-year study period.
Given the two- to three-month scanning period at this site, the exact date of a rockfall event cannot be
known precisely. Therefore, rockfall frequency was calculated for month ranges corresponding to
seasonal scan periods: Winter (November-February), Spring (March-April), Summer (May-July), and Fall
(August-October). Reducing the time between scans would help to better constrain the time of failure of
these rockfall events.
The histogram in Figure 4-9 underscores the seasonal bias for rockfall events in the winter
months. A comparison of rockfall frequency and superimposed weather data suggests that rainfall and
freeze-thaw cycles may be related to the incidence of rockfalls.
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Figure 4-9 Histogram illustrating the frequency of rockfall events detected in each of the four main
seasons: Winter (Nov-Feb), Spring (Mar-Apr), Summer (May-Jul), and Fall (Aug-Oct); weather
data is superimposed for comparison
It is important to note from Figure 4-9 that the number of freeze-thaw cycles per month was
calculated using daily minimum and maximum temperature data collected from a weather station based in
the town of Lytton, British Columbia. This type of temperature data was collected in the shade, and at a
location that may experience different temperature and pressure conditions than the study area, which is
situated 20 km northeast of the weather station. The study site also faces east, and may therefore be
exposed to different levels of solar radiation than at the location of the weather station. The degree of
freezing is another important factor that was not captured in this analysis. Exposure to very low
temperatures for a longer period of time would likely have a different effect on the rockmass than
exposure to milder conditions over a shorter duration, and may promote larger magnitude rockfall events.
In future work, it is therefore recommended that the magnitude of the minimum daily temperature be
taken into account.
4.4.3 Rockfall Temporal Failure Probability
The intended use of the rockfall database is for estimating temporal probability of rockfall occurrence for
a better assessment of hazard. Once a deforming area is identified and its potential volume and failure
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mechanism is estimated, these parameters are compared to past rockfalls at the site to achieve an estimate
of temporal failure probability. The temporal failure probability can be estimated by comparing the
current state of deformation and deformation duration with those of similar volume and mechanism
within the database. The probability of failure on a per-annum time scale can be estimated using the
monthly frequency of rockfalls. The database itself is updated every time a new event occurs, i.e. when a
potential rockfall turns into a rockfall.
The accuracy of the temporal failure probability depends on whether all the rockfalls exhibit
detectable pre-failure deformation and if the deformation duration is longer than the respective
monitoring interval. Deformation was detected for 66 out of the 95 rockfall events (70%) compiled in the
database as of 11 Oct 2016. The fraction of rockfalls detected by volume range are presented in Figure 410. Since each volume category contained a different sample size of rockfalls, the 95% confidence for
each category was calculated using the Z test for proportions. A significant difference exists between the
smallest category (0.1-0.5 m3) and the large category (> 5 m3), indicating that pre-failure deformation for
larger volume failures can be more reliably detected. The reliability of pre-failure detection was also
calculated for each failure mechanism (Figure 4-11) and no significant difference in reliability was found
between planar sliding, wedge sliding, and toppling mechanisms. The calculated reliabilities of pre-failure
detection only apply to this study area as of 11 Oct 2016. The reliabilities depend on the number of
rockfalls in the database, the monitoring frequency of the study, and on the LoD95%. For example, using a
TLS with better measurement accuracy and scanning more frequently may increase the reliability.
Furthermore, a greater number of rockfalls in the database will result in an improved estimate of
reliability, i.e. a reduction in the 95% confidence interval.
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Figure 4-10 Reliability of pre-failure detection for failed rockfalls categorized by volumes of half an
order of magnitude. Error bars represent 95% confidence interval calculated using the Z test for
proportions. A significant difference in pre-failure detection reliability exists between the largest
rockfall category (> 5 m3) and the smallest category (0.1-0.5 m3). Fractional numbers on graphs
represent rockfalls with pre-failure deformation detected over total rockfalls detected
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Figure 4-11 Reliability of pre-failure detection for failed rockfalls categorized by failure mechanism
(slide, wedge and topple), where error bars represent 95% confidence interval calculated using the
Z-test for proportions. Toppling failures were detected with greater reliability than sliding or
wedge failures, though the difference is not statistically significant within the 95% confidence
interval. Fractional numbers on graphs represent rockfalls with pre-failure deformation detected
over total rockfalls detected

A total of 39 deforming areas were identified as of 11 Oct 2016 for all three sections. Out of the 39, 18
were classified as topples, 18 as slides and three as wedges. Both the current state of deformation and
current duration of deformation were compared to the median and quantiles of failed rockfall events
separated on the basis of rockfall mechanism. Figure 4-12 illustrates the deformation duration for blocks
that are currently deforming, classified by failure mechanism compared to the median, quantiles and
range for each of the mechanisms already in the database. Similarly, Figure 4-13 presents the recorded
deformation compared to the maxima recorded in the database.
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Most of the currently deforming areas have already exceeded the range of duration values
calculated from the set of failed rockfalls in the database. This suggests that the boxplots in Figure 4-12
underestimate the average rockfall deformation duration and thus provide a conservative estimate of
failure probability. In terms of the magnitude of deformation, most of the deformation magnitudes
observed in currently deforming blocks are within the ranges recorded in the database (Figure 4-13).
Ideally, the recorded duration and magnitude of deformation for a deforming area would result in a
temporal failure probability when compared to quantiles from the database. The deformation database is
continually updated after each scan campaign; deforming rockfalls that result in failure are transferred to
the database and the quantiles (and boxplots) are updated.
Transfer to database upon failure
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Figure 4-12 Left: Duration of deformation compared to volume of blocks that did not fail as of 11
Oct 2016, categorized by failure mechanism; Right: Box plots representing median and quantiles of
pre-failure deformation duration for failed rockfalls categorized by failure mechanism
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Figure 4-13 Left: Current cumulative deformation compared to volume of blocks that did not fail
as of 11 Oct 2016 categorized by failure mechanism; Right: Box plots representing median and
quantiles of max pre-failure before failure for failed rockfalls categorized by failure mechanism

4.5 Discussion
In this study, we constructed a database of pre-failure deformation prior to rockfall and used it for rockfall
forecasting. The database contains 66 examples of pre-failure deformation and an additional 39 examples
that exhibited deformation but had not failed. Pre-failure deformation was detected for 70% of the
rockfalls having volumes of 0.1-10 m3, which is a high detection rate for rockfalls in this volume range as
compared with other studies (Abellán et al. 2009, 2010; Royán et al. 2013). This higher detection rate is
likely due to more frequent data collection in this study, possible different rheological behaviour, and a
favourable scan geometry.
In the case of the remaining 30% of rockfalls at our study site for which deformation was not
detected, it is possible that the magnitude of deformation was below the level of detection, that the
duration of deformation was shorter than the monitoring interval or that the rock mass had deformed and
accumulated damage prior to the start of the study period and remained close to a critical level of damage
accumulation until it was triggered by external forces, as discussed in Abellán et al. (2010). The latter
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case could be described by stick slip behaviour, a period of fracture propagation and breaking of intact
rock bridges resulting in surface deformation, followed by long period of slow fracture growth. The
tendency for greater deformation detection among wedge and toppling failures as compared with sliding
failures suggests that sliding failures may be less likely to deform prior to failure due to physical or
mechanical constraints on their behaviour. Additional rockfall cases would be needed to confirm or
disprove this hypothesis, however.
Rosser et al. (2007) observed that precursor rockfalls occurring prior to larger magnitude failures
were scale dependent. In this investigation, deformation was detected for a greater proportion (92%) of
rockfalls in the > 5 m3 range than for rockfalls in the 0.1-0.5 m3 range (58%). Conversely, the largest
failure observed in our study (a planar slide that occurred during the 1252-day monitoring period with a
157.9 m3 volume) did not exhibit any detectable precursor signs. This one rockfall case larger than 10 m3,
however, is not sufficient to negate a possible scale relationship. From a purely kinematic viewpoint, a
larger magnitude failure should have the potential to undergo a larger magnitude of deformation,
particularly in the case of toppling failures. This assertion is based on the assumption that larger volume
rockfall blocks would occupy a greater surface area on the slope; therefore a larger block experiencing the
same degree of rotation as a smaller block would theoretically have the potential to deform to a greater
extent before failing. This scale relationship may not always apply, however, as the strength of individual
joints and keyblocks (Goodman and Shi 1985) may also influence the failure kinematics of individual
rockfall blocks.
The results of the failure mechanism analysis suggest that there may be a linear dependence of
deformation duration versus volume for toppling rockfalls, though the same cannot be said of rockfalls
failing by planar slide or wedge mechanisms. A similar linear dependence of deformation magnitude
versus volume was observed for toppling and wedge failures, though the limited number of cases in these
failure mode categories reduces the authors’ confidence in this assertion.
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The higher proportion of rockfalls occurring during the winter months suggest that freeze-thaw
and precipitation are the dominant triggering mechanisms for this slope. Furthermore, most of the
rockfalls that failed during the winter showed detectable signs of pre-failure deformation. This suggests
that internal processes such as fracture dilation and propagation are catalyzed by precipitation and freeze
thaw.
This study presents a logic of calculating temporal failure probability that is different from
magnitude-frequency relationships (Hungr et al. 1999; Dewez et al. 2013; Guerin et al. 2014; van Veen et
al. 2017) and from inverse velocity approaches (Fukuzono 1985; Crosta and Agliardi 2003; Royán et al.
2015). It does not require continuous monitoring for the tertiary or accelerating phase of creep, but rather
relies on historical records of pre-failure duration and maximum deformation prior to failure. This
approach allows the slope to be monitored at a longer time interval, monthly or greater, for example.
From a rockfall risk management perspective, this work not only identifies the location, volume,
and kinematics of potential rockfalls as in Kromer et al. (2017), but also includes a means for the
estimation of temporal failure probability. This is an improvement over methods that quantify rockfall
hazard based on an estimation of failure frequency for an entire area. As a bigger database is built over a
longer period, more accurate temporal failure probability estimates will be possible. The database does,
however, allow potential rockfall areas that threaten the railway to be ranked for mitigation priority based
on volume and the current state of pre-failure deformation.
The analysis results and reliabilities calculated in this study are clearly site-dependent. Other
slopes in our study area along the Thompson-Fraser river valleys do not allow for optimum survey setup
due to terrain constraints, reducing the level of detection for deformation. Local geology and structure
would also influence the maximum deformation detected, deformation duration, and reliability of
precursor detection.
This study is limited by the scanning interval and the length of the study period. A more frequent
monitoring interval could improve the precursor detection reliability if, for example, durations of
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deformation were less than the monitoring interval. Additionally, there is the possibility that with a longer
scan interval, the tertiary phase is missed entirely or that the final scan before failure captures an
intermediate point along the tertiary acceleration curve, resulting in a high variability in the range of
maximum deformation magnitudes achieved by rockfalls at this site. A longer study period would better
constrain deformation durations and the maximum deformation of rockfalls.

4.6 Conclusions
A pre-failure deformation database of 95 rockfall events spanning a 1252- day period was compiled in
this study using TLS monitoring. Of these, 70% exhibited detectable deformation in the 0.1 -10 m3
volume range, which is a level of detection that surpasses success rates previously reported for rockfalls
of similar volumes. A possible scale dependency was highlighted by the greater rate of deformation
detection achieved for rockfalls exceeding 5 m3 compared to that achieved for smaller rockfalls in the
range of 0.1 to 0.5 m3. Similarly, a greater rate of detection was achieved for wedge and toppling failures
than for sliding failures, hinting at possible physical or mechanical barriers to the expression of
deformation for rock blocks failing by planar sliding.
This work presents an empirical framework that can be used both to predict the location, volume
and kinematics of potential rockfalls and to infer their temporal failure probability, which does not require
continuous monitoring of deformation and fitting of semi-empirical time of failure models. It also an
improvement over traditional rockfall hazard assessment approaches which define a temporal failure
probability based on past rockfall records for a general area. The prediction accuracy will improve over
time as a longer pre-failure history is recorded. This framework can be used to better plan and prioritize
rockfall risk mitigation measures. Further long time span investigations for different rock types using this
approach would greatly improve our understanding of the pre-failure behaviour of rock slopes and
ultimately improve our ability to predict and manage the risk from these events.
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Chapter 5: Discussion and Conclusions
The goal of this research was to gain an improved understanding of how the structure and failure
mechanics of rockfall events influences their pre-failure deformation behaviour and eventual detachment
from an unstable slope. A database of 207 rockfall events was compiled, and the pre-failure deformation
profile of each rockfall was extracted from TLS data using the roto-translation method. For rockfalls at
the Goldpan site, the vector-based deformation approach was also applied. Of the three primary failure
mechanism categories studied in this thesis, it was found that planar sliding failures are the least likely to
exhibit pre-failure deformation. Toppling failures are the most likely to exhibit detectable deformation,
and show the most significant relationship between rockfall volume and the magnitude and duration of
deformation.
Overhang configurations may be related to the incidence of rockfalls occurring without showing
any pre-failure deformation. This conclusion is based on the observation that 60% of all rockfalls not
showing any deformation were constrained by an overhanging joint, as compared with 25% of rockfalls
showing deformation. It is hypothesized that in these geometries, the detachment process is governed by
the breaking of rock bridges along the overhanging joint, rather than the overcoming of frictional shear
forces along a sliding plane. In this way, the expression of pre-failure deformation may be suppressed.
The overarching aim of this research is to eventually apply the results of these analyses in a
forward-sense to establish deformation thresholds that could be used to provide early warning of potential
future rockfalls. Although additional work is required to reach this level of certainty, the results of this
thesis may give an indication of how railway operators can more efficiently allocate resources. For
instance, it may not be worthwhile to introduce deformation monitoring at sites in which the geology
promotes planar sliding or overhanging geometries, as the detection of pre-failure deformation for these
failure mechanisms has been shown to be limited. From an engineering perspective, the results of this
research may therefore be used to guide the development of risk management strategies.
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As an extension of the results discussed in Chapters 3 and 4, important considerations, sources of
error, limitations of the methods used in this thesis, and recommended future work are outlined below.

5.1 Direction of Block Movement
Chapters 3 and 4 focus on a comparison of the magnitude of block translation and toppling at different
sites and across different failure mechanism categories. The roto-translation method also generates trend
and plunge values associated with the measured deformation vectors, and a discussion of the direction of
block movement interpreted from these values is warranted. To showcase the significance of these trend
and plunge values, the deformation history and structural profile of a 2.2 m3 rockfall at the Goldpan study
site was examined. Although the database developed in this thesis contains many rock block cases that
could be used to highlight the concepts discussed below, a single rock block was selected for illustration
purposes. This specific block was selected based on its deformation profile showing a clear increase in
translation and toppling angle over time. A summary of this rockfall, herein denoted RB123, is illustrated
in Figure 5-1.
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Figure 5-1 Summary of RB123 rockfall (2.2 m3) at the Goldpan site, herein referred to as RB123;
(a) change map showing location and shape of failed rockfall source zone; (b) stereonet indicating
direct toppling failure; (c) deformation plot of failed block showing positive translation (sliding)
and positive rotation (toppling) prior to failure
This block was found to exhibit approximately 3.2 cm of translation and nearly 1.5° of toppling
rotation over the period spanning from May 11, 2013 to July 28, 2016, suggesting a sliding-toppling
hybrid mechanism of failure. The results of the structural analysis of this block are presented in Figure 5107

2. In this analysis, the trend and plunge of the cumulative translation vectors obtained from the rototranslation block tracking procedure were plotted on a stereonet. To simplify this stereonet, only the
vectors from August 31, 2014 onwards were plotted; these vectors also correspond to the period of most
significant translation and rotation. A line connecting each point serves to illustrate the direction of
movement.
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Figure 5-2 Structural analysis of RB123 block at Goldpan site; (a) delineation of the four main
joints (J1, J2, J3, and J4) constraining RB123 superimposed on the post-failure TLS dataset; (b)
stereonet projection of the rock block slope face, J1, J2, J3, J4, and cumulative translation vectors
obtained using the roto-translation method for the period of August 31, 2014 to July 28, 2016; (c)
interpretation of three phases of block movement
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As shown in Figure 5-2, the plunge of the block appears to become shallower over time. This
observation supports the notion of a hybrid failure mechanism, as the plunge of a purely toppling block
would be expected to increase over time. Moreover, the block alternates between translation directed
parallel to the orientation of J1 (phases 1 and 3) and translation directed along the basal plane J4 (phase
2). This pattern of alternating movement suggests that the block may be exhibiting stick-slip behaviour as
it detaches from the slope. A discussion of the error associated with trend and plunge values generated
using the roto-translation method is included in Appendix E.

5.2 Error Assessment
The overall error and uncertainty encountered in this study is produced by a combination of several
individual elements, some of which are difficult to quantify. Generally, it is expected that errors in the
point cloud acquisition phase may be higher for sites like the White Canyon, where the average range and
incident angle is significantly higher than at Goldpan, for example. Although a rigorous mathematical
analysis incorporating all possible sources of error was outside of the scope of this project, an estimation
of the misalignment error at the scale of individual blocks was considered necessary. To accomplish this,
an empirical exercise was carried out in which the roto-translation method was applied to parts of the 3D
slope image assumed to be stable. Specifically, the method was applied to infrastructure along the rail line
that should be stationary, including rock sheds, concrete barriers, and small buildings. A mesh of a welldefined part of the infrastructure was created and aligned to subsequent point clouds and the translation
and rotation required for each alignment was recorded. Since these features were assumed to be stable,
any translations or rotations were interpreted as uncertainty in the alignment. Their magnitudes were used
as the magnitude of error bars on all deformation plots for rockfalls observed within the same dataset. Of
course, this estimate of error encompasses the combined effects of primary and secondary errors, since
registration error cannot truly be distinguished from positional uncertainty and surface roughness (Fey
and Wichmann 2016). It should be noted that error bars were recalculated for each separate section of
data, since misalignment errors would be specific to each dataset. One important consideration in this
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analysis is that the stationary objects are all at track level, and therefore on the part of the slope nearest
the scanner position and with the smallest incidence angles as well. The estimated error for portions of the
slope at higher elevations will likely be larger.
Some of the uncertainties encountered in this study could be improved with the introduction of
satellite-based positioning techniques. Although the installation and measurement of ground targets is not
possible on the three slopes discussed in this thesis due to severely limited access, the scanning
instrument itself could be positioned using a GPS antenna situated at a known offset from the scanning
centre; point clouds can then be georeferenced using tie points (Buckley et al. 2008). These methods have
their own set of uncertainties, however, which are discussed by Glennie (2007). For instance, the high
relief of the White Canyon study site may obstruct satellite signals in this area.
5.2.1 Effect of Data Quality and Condition on the Roto-Translation Method
Four primary sources of error related to the effect of data quality on the roto-translation method have been
identified:
1. Poor alignment may result from a lack of surface roughness
2. Poor alignment may result from insufficient surface area or volume
3. Poor alignment may result from the presence of occlusions in the data
4. Inclusion of stable rockmass in initial mesh will skew final deformation results
5.2.1.1 Surface Roughness
The success of the roto-translation method relies on the correct alignment of an initial rockfall source
block mesh to a later point cloud. The automated ICP algorithm employed by PolyWorks to achieve this
alignment converges more readily to the correct position when the alignment is constrained by 3D
features. Thus, a block that has a more irregular shape will tend to produce more accurate roto-translation
results than a block that has little relief in the third dimension. This was tested by applying the rototranslation algorithm to a portion of the White Canyon dataset corresponding to a flat concrete barrier
wall. The resulting alignment was visibly erroneous, as illustrated in Figure 5-3.
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Figure 5-3 Effect of insufficient surface roughness on the alignment of a mesh; (a) front view of a
concrete barrier wall (grey) with a mesh (pink) created from an earlier dataset; (b) erroneous
rotated alignment of mesh to a subsequent dataset
Finer levels of roughness may be distinguished in datasets with higher point densities. Therefore,
increasing the point density of future datasets may alleviate some of these issues. Even with this
adjustment, however, there may still be areas of the slope that are too flat to provide a reliable alignment.
5.2.1.2 Surface Area and Volume
As with surface roughness, the automated alignment of a mesh to a later point cloud may produce
erroneous results for meshes that fall below a critical surface area and volume. In these low surface area
and volume ranges, there are too few points in the point cloud and in the mesh to sufficiently reduce the
degrees of freedom of the mesh alignment. Therefore, a minimum rockfall volume threshold was
established for each site, as outlined in Table 5-1 below.
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Table 5-1 Minimum volume thresholds for rockfalls included in the present research study
Site

Average Point Spacing (m)

Minimum Rockfall Volume (m3)

Goldpan

0.060

0.1

Mile 109.4

0.070

0.5

White Canyon

0.100

1.0

The thresholds presented in Table 5-1 were selected based on the results of a series of preliminary
tests conducted at the start of this research. In these tests, the deformation of rockfall blocks of varying
volumes at each site was measured and it was subsequently determined that applying the roto-translation
method to rockfall blocks having volumes below the given thresholds consistently produced unreliable
results. Therefore, volumes below these thresholds were excluded from the present study. The quality of
deformation results was found to be related to the point density of the TLS data, where lower resolution
data tended to produce unreasonable deformation values for rockfalls with very small volumes. As the
achievable point cloud resolution was limited by the capabilities of the Optech scanner employed for this
research, this limitation could not be overcome by adjusting the survey design. An elaborated discussion
of this concept is presented in Appendix F.
5.2.1.3 Occlusions
The presence of occlusions in the TLS data may hinder the alignment of an initial rock block mesh to a
later point cloud if the earlier dataset captured a part of the slope not visible in the later dataset. This
concept is illustrated in Figure 5-4.
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Figure 5-4 Effect of occlusions on the alignment of a mesh; (a) front view of a slope (grey) with a
mesh (pink) created from an earlier dataset; (b) oblique view of the slope highlighting lack of data
overlap in occluded zones
In the case of the rockfall depicted in Figure 5-4, the side wall of the rock block was captured in
the earlier TLS dataset from which the mesh was created, but was not captured in the later dataset to
which the mesh was aligned. In this way, occlusions in the point cloud restricted the creation of the mesh
to the flat portion of the rock block to ensure sufficient overlap with later datasets. Maintaining consistent
survey design parameters would resolve this issue.
5.2.1.4 Inclusion of Stable Rockmass
A rockfall source zone may be easily delimited using change detection between TLS point clouds. Prior
to failure, however, deformation may occur at detectable levels in only part of the eventual source zone
area. One of the key challenges associated with the roto-translation method is correctly isolating this
deforming part of the rockfall source zone. If the initial mesh used in this method includes any stable
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rockmass, the true deformation of the most unstable part of the rockfall source zone will be partially
masked and the resulting alignments may show less deformation than is actually occurring. A trial-anderror approach was adopted to circumvent the inclusion of stable slope in the roto-translation mesh.
Pursuant to this approach, an initial mesh was tested by aligning it to subsequent datasets and the
calculated deformations were noted. For unreasonable deformation results, the initial mesh was altered by
slight increments and the resulting effect on the deformation profile was observed. In some cases,
unreasonable results were reconciled by excluding a certain part of the rockfall source zone from the
mesh. In other cases, due to a combination of a lack of surface roughness, small surface area, and
occluded data, a suitable mesh could not be produced and therefore the method was deemed unsuitable
for measuring the deformation of the given block. These cases were deemed “Indeterminate.”
Issues encountered as a result of the inclusion of stable rockmass in the initial mesh could be
resolved by first executing a vector-based deformation measurement on the slope under review. Applying
this tool first would allow for the deforming zones to be more accurately delineated. The roto-translation
technique could then be applied to these specific areas.
5.2.2 Sources of Error in Assessing Discontinuity Planes
In this study, the orientation of discontinuity planes was assessed by manually fitting planes to the TLS
data. Although this method was generally more accurate than some of the semi-automated tools discussed
in Chapter 2, the manual picking of points defining a discontinuity plane is somewhat subjective. This
subjectivity was especially pronounced in cases where the point cloud was partially occluded in the
region of the rockfall, making joint characterization more ambiguous.
Another source of error encountered in this work was introduced in the assignment of
discontinuity roughness profile classes. For each rockfall failure plane, the joint roughness was estimated
by visually inspecting high-resolution photographs, rather than by evaluating the outcrop itself. The
profiles were then established based on schematic illustrations presented in the ISRM manual. This
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process could be improved by assessing the rock outcrop itself and acquiring quantitative measurements
of the joint asperities, where possible.

5.3 Comparison of Methods
Two methods for identifying and estimating the magnitude of pre-failure rock block deformation have
been explored in this study: the roto-translation method discussed in Chapter 3 and the normal vectorbased method employed as an extension of this work in Chapter 4. This latter method was developed by
Kromer et al. (2015) as a modified version of the work completed by Lague et al. (2013). Although the
roto-translation method forms the basis of the present research, a comparison of the results achieved using
this and the vector point-to-point deformation method is worthwhile.
In Chapter 4, the vector-based method was able to detect deformation in 70% of rockfalls at the
Goldpan site. It remains uncertain whether the remaining 30% of rockfalls simply did not deform prior to
failure, or the magnitude of their deformation was below the threshold of detection using this method.
Evidence of a possible relationship between the absence of deformation and an overhanging configuration
was described in Chapter 3, suggesting that the structural geometry of the rockfall source zone may be
used to differentiate between these two possible explanations. Further work would be required to confirm
or negate this conclusion, however.
The rate of detection using the vector-based method is compared to that found using the rototranslation method, which successfully measured pre-failure deformation in 32% of rockfalls at the
Goldpan site. This discrepancy is primarily attributed to the method limitations outlined in Section 5.2.
The roto-translation method successfully measured deformation in 63% of rockfalls at the Mile 109 site
but only 28% of rockfalls at the White Canyon site. An important consideration is that rockfalls at the
Mile 109 site generally had a significantly higher volume than those at White Canyon, with 44% of Mile
109 rockfalls having a volume exceeding 10 m3 compared to only 14% of White Canyon rockfalls in this
same volume range. As discussed in Chapter 4, results suggest that there is a linear relationship between
rockfall volume and the magnitude of deformation for toppling and wedge failures. Similarly in Chapter
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3, indeterminate rockfall deformation was found to be more common in smaller rockfalls with volumes
less than 2 m3. Therefore, rockfalls with greater volumes would be expected to exhibit a greater degree of
deformation.
The conclusion from this comparison of methods is that the vector-based method is generally a
more robust technique for the detection and measurement of pre-failure rock block deformation than the
roto-translation method. The latter is heavily dependent on the accuracy of point cloud alignments, which
may vary drastically from site to site. The roto-translation method may perform at a level of reliability
similar to that of the vector-based method for sites and datasets with favourable features; namely, rock
slopes with:
•

Simple structural geometry consisting of several unique, persistent joint sets

•

Discontinuity intersections that promote wedge or toppling failure mechanisms

•

A survey design enabling the collection of point cloud datasets from relatively short distances
An important takeaway from this research is that these two methods do not necessarily need to be

discussed independently of one another. Rather, they can both be part of the same workflow in which the
normal vector-based method is first applied to a slope to identify areas that are deforming. Then, the
delineated zone of deformation can be tracked over time using the roto-translation method, which offers
advantages over the normal vector-based method. One of the primary advantages is the fact that the true
attitude of movement can be captured with the roto-translation method, whereas the normal vector-based
method only measures deformation in the direction perpendicular to the slope. Therefore, only the
horizontal component of the true movement will be measured, producing an underestimate of the
magnitude of deformation.
In particular, the inclusion of stable rockmass in the mesh used for the roto-translation method
(Section 5.2.1.4) can be avoided by first applying a normal vector-based method to more accurately
delineate areas of the slope that are exhibiting deformation. In this way, the success rate of the rototranslation method may be improved.
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5.4 Limitations of the Roto-Translation Method
This research has underscored several important limitations that must be taken into account before
applying this method to other sites. First and foremost, the roto-translation algorithm is a tool that can be
used to back-analyze rockfalls that have already occurred on a given slope. This method does not provide
early warning indications of deforming areas that may fail in the near future. If a deforming area is
identified using the normal vector-based method, however, the motion of the block on the slope may then
be tracked using the roto-translation method.
Another limitation is that the performance of the roto-translation method depends greatly on the
quality of the TLS data and its alignment to the reference scan. Misalignments severely impact the
magnitude and orientation of deformation detected using this algorithm.

5.5 Recommended Future Work
As outlined in Chapter 3, additional work is required to improve confidence in the relationships identified
in the present study. One means by which this may be accomplished is to continue populating the
database of rockfalls at the Goldpan, White Canyon, and Mile 109 sites as described in the preceding
chapters. This extension of the current investigation is expected to provide additional evidence to
strengthen the arguments proposed in this thesis.
It is also proposed that the roto-translation technique be coupled with the vector-based method to
improve the overall detection rate. As discussed in Section 5.2.1.4, erroneous deformation results will be
produced using the roto-translation method if the initial mesh of the rockfall source zone includes a stable
part of the rock slope. This error may be eliminated by first delineating the deforming area using the
vector-based method and then creating a mesh of this isolated area.
It is also recommended that the workflow outlined in this thesis be applied to a different study
site where direct access to the outcrop is possible. Visual inspection of the rock slope could provide
insight into the type and extent of mineral infilling present along discontinuity surfaces as well as patterns
of seepage that may be contributing to pre-failure rock block deformation. Moreover, rock samples could
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be collected for direct shear testing to determine the shear strength properties of dominant discontinuity
planes. It is also expected that higher density point cloud data collected at close range would yield more
accurate results than the long-range data used in this research, as the influence of atmospheric conditions
and laser beam divergence would be reduced.
Another recommendation is that TLS data be used to assess discontinuity plane roughness, rather
than relying on Gigapan images alone. One potential avenue for this research would be to use the range in
amplitude of points along a discontinuity as an estimate of joint roughness. An important consideration
for this recommendation is that different point cloud densities will allow for different levels of roughness
information to be extracted from these datasets. Assessing the direction of roughness could also provide
important information about the shear properties of joint sets at each site and their effect on pre-failure
rockfall deformation trends.
In the application of the vector-based deformation method, it is recommended that the rate of
deformation and type of acceleration observed be recorded for each rockfall event. Deformation profiles
could be categorized as representing either a consistent increase in deformation, a stick-slip type of
response, or the type of response that accelerates suddenly. Frequent occurrence of the latter type may
suggest that scan frequency should be increased to fully capture the deformation history of blocks at these
sites. It is thus suggested that the effect of both scanning frequency and seasonal weather conditions on
deformation history should be investigated.
The incorporation of positioning techniques to the present workflow would also improve the
current TLS survey design. By georeferencing point cloud data with true UTM coordinates, repeated
surveys would be more consistent and alignment errors could be reduced.
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Appendix A: Sample Rockfall Database Entries
Table A-1: Sample data extracted from structural rockfall database
Site

Section

Start Date

End Date

Local_X

Local_Y

Local_Z

Volume
(m3)

Lithology

Structural
Failure
Mechanism

Deformation
Class

WCW

1

11/11/2014

2/16/2015

-194.64

305.23

-62.611

3.081

BATH

SLIDE

5

WCW

1

11/11/2014

2/16/2015

-236.32

285.91

-67.947

2.993

BATH

SLIDE

3

WCW

1

11/11/2014

2/16/2015

-232.55

299.65

-57.880

1.89

BATH

WEDGE

3

WCW

1

11/11/2014

2/16/2015

1.5434

327.59

-59.343

1.536

GNEISS

WEDGE

5

WCW

1

11/11/2014

2/16/2015

-231.66

290.02

-67.3

1.57

BATH

WEDGE

3

WCW

1

11/11/2014

2/16/2015

-235.87

301.67

-50.52

1.98

BATH

WEDGE

Ind

WCW

1

11/11/2014

2/16/2015

-233.6

304.05

-47.14

1.66

BATH

SLIDE

Ind

WCW

1

11/11/2014

2/16/2015

-135.5

395.28

-9.17

1.425

GNEISS

TOPPLE

5

WCW

1

11/11/2014

2/16/2015

1.41

327.32

-58.93

2.022

GNEISS

SLIDE

5

WCW

1

10/24/2015

2/15/2016

-237.36

301.65

-48.29

1.1

BATH

SLIDE

Ind

WCW

1

10/24/2015

2/15/2016

-95.361

318.35

-73.231

4.512

GNEISS

SLIDE

2

WCW

1

10/24/2015

2/15/2016

-133.67

327.21

-61.06

1.189

GNEISS

SLIDE

Ind

WCW

1

10/24/2015

2/15/2016

-22.07

411.9

-22.88

1.173

GNEISS

TOPPLE

Ind

WCW

1

2/15/2016

5/1/2016

-228.92

304.34

-44.130

126.793

BATH

WEDGE

3

WCW

1

8/4/2016

10/9/2016

-4.62

327.5

-63.32

1

GNEISS

SLIDE

2

WCW

2

11/11/2014

2/16/2015

232.08

243.79

-36.64

1.733

GNEISS

TOPPLE

5

WCW

2

11/11/2014

2/16/2015

341.72

198.87

-31.678

2.867

TON_DK

SLIDE

5

WCW

2

11/11/2014

2/16/2015

236.68

302.9

10.930

1.37

GNEISS

TOPPLE

2

WCW

2

11/11/2014

2/16/2015

376.11

233.79

-4.290

1.025

GNEISS

SLIDE

5

WCW

2

11/11/2014

2/16/2015

186.19

387.3

55.150

11.74

GNEISS

SLIDE

1

WCW

2

11/11/2014

2/16/2015

168.44

399.4

43.750

2.037

GNEISS

SLIDE

5

WCW

2

6/9/2015

8/24/2015

322.81

182.59

-52.12

1.47

TON_DK

SLIDE

5

WCW

2

8/24/2015

10/24/2015

321.73

183.75

-50.750

1.374

GNEISS

SLIDE

5

WCW

2

10/24/2015

2/13/2016

233.42

242.69

-32.881

23.374

GNEISS

SLIDE

1

WCW

2

10/24/2015

2/13/2016

233.57

292.18

-24.505

11.467

GNEISS

SLIDE

5

WCW

2

10/24/2015

2/13/2016

240.41

231.75

-50.460

2.18

GNEISS

SLIDE

Ind

WCW

2

10/24/2015

2/13/2016

333.28

210.24

-28.450

1.104

GNEISS

SLIDE

5

WCW

2

10/24/2015

2/13/2016

394.18

387.52

121.620

2.93

GNEISS

SLIDE

1

WCW

2

10/24/2015

2/13/2016

348.26

444.36

178.2

38.567

GNEISS

SLIDE

5

WCW

2

10/24/2015

2/13/2016

275

527.03

170.77

1.252

DI_INT

SLIDE

1

WCW

2

8/4/2016

10/9/2016

355.79

258.48

18.16

2.9

GNEISS

WEGDE

5
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Table A-2: Lithology and Deformation Class Legend for Table A-1
Lithology Key
AMPHB
Amphibolite Banding
BATH
Batholith
DI_INT
Diorite Intrusion

1
2
3

GNEISS

Lytton Gneiss

4

TON_DK

Tonalite Dyke

5
Ind

Deformation Classes
Increase in Cumulative Translation, No Rotation
Positive Rotation >1° (Toppling)
Negative Rotation > -1° (Rotation)
Increase in Cumulative Translation and Increase in
Positive Rotation
No Translation and No Rotation
Indeterminate
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Appendix B: Transformation Matrix Theory
As Stephens (2000) outlines, a transformation matrix records the 3D movement of a point from its initial
position to its aligned position. The normalized or homogenized representation of a given point (x, y, z) is
(x, y, z, 1), where the fourth term is a scaling value that applies to the first three terms. This point may
then undergo a translation represented by the matrix:
[𝑥 + 𝑇𝑥

𝑧 + 𝑇𝑧

𝑦 + 𝑇𝑦

1]𝑇

(1)

where Tx, Ty, and Tz are the magnitudes of translation in the x, y, and z directions, respectively (Foley et
al. 1990). This translation matrix can then be combined with a rotation matrix. In the present system, a
right-handed convention for rotation about axes was adopted. A 3D rotation about the z-axis is
represented by:
𝑐𝑜𝑠𝜃
𝑅𝑧 (𝜃) = [ 𝑠𝑖𝑛𝜃
0
0

−𝑠𝑖𝑛𝜃
𝑐𝑜𝑠𝜃
0
0

0
0
1
0

0
0]
0
1

(2)

0
0
−𝑠𝑖𝑛𝜃 0]
𝑐𝑜𝑠𝜃
0
0
1

(3)

𝑐𝑜𝑠𝜃 0 𝑠𝑖𝑛𝜃 0
1 0
0]
𝑅𝑦 (𝜃) = [ 0
−𝑠𝑖𝑛𝜃 0 𝑐𝑜𝑠𝜃 0
0
0 0
1

(4)

Similarly, a 3D rotation about the x-axis and y-axis is given by:
1
0
𝑅𝑥 (𝜃) = [0 𝑐𝑜𝑠𝜃
0 𝑠𝑖𝑛𝜃
0
0
and,

respectively.
To combine the resultant transformations of a translation and rotation about all three axes, the
transformation can be broken into four steps (Foley et al. 1990), starting with initial points P1 (x1, y1, z1,
1), P2 (x2, y2, z2, 1), and P3 (x3, y3, z3, 1):
1. Translate the point P1 (x1, y1, z1, 1) to the origin (0,0,0,1)
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1
𝑇(−𝑥1 , −𝑦1 , −𝑧1 ) = [0
0
0

0 0
1 0
0 1
0
0

−𝑥1
−𝑦1
]
−𝑧1
1

(5)

The new points P’1, P’2, and P’3 are then given by:

𝑃

And

And

′

1

0
= 𝑇(−𝑥1 , −𝑦1 , −𝑧1 ) ∙ 𝑃1 = [0]
0
1

𝑃′ 2

𝑥2 − 𝑥1
𝑦 −𝑦
= 𝑇(−𝑥1 , −𝑦1 , −𝑧1 ) ∙ 𝑃2 = [ 𝑧2 − 𝑧1 ]
2
1
1

𝑃′ 3

𝑥3 − 𝑥1
𝑦 −𝑦
= 𝑇(−𝑥1 , −𝑦1 , −𝑧1 ) ∙ 𝑃3 = [ 𝑧3 − 𝑧1 ]
3
1
1

2. Rotate about the y-axis such that P1P2 lies in the (y,z) plane
The line connecting P1 and P2 (P1P2) has length D1. When rotated about the y-axis, the rotation angle will
be –(90-θ) = θ-90. When these values are substituted into Equation 4, the result is
𝑃′′ 2 = 𝑅𝑦 (𝜃 − 90) ∙ 𝑃′ 2 = [0

𝑦2 − 𝑦1

𝐷1

1]𝑇

3. Rotate about the x-axis such that P1P2 lies on the z-axis
Length D2 corresponds to the length of the line P’’1P’’2, which is equal to line P1P2. The result of step 3 is
therefore:
𝑃′′′ 2 = 𝑅𝑥 (𝜙) ∙ 𝑅𝑦 (𝜃 − 90) ∙ 𝑇 ∙ 𝑃2 = [0 0 𝐷2

1]𝑇

4. Rotate about the z-axis such that P1P2 lies on the (y,z) plane
As before, P1P2 is now rotated by the positive angle α about the z-axis. The required composite matrix is
𝑅𝑧 (𝛼) ∙ 𝑅𝑥 (𝜙) ∙ 𝑅𝑦 (𝜃 − 90) ∙ 𝑇(−𝑥1 , −𝑦1 , −𝑧1 ) = 𝑅 ∙ 𝑇

(6)

Overall, the composite matrix can be given by:
𝑟1𝑥
𝑟1𝑦
[
𝑟1𝑧
0

𝑟2𝑥
𝑟2𝑦
𝑟2𝑧
0

𝑟3𝑥 0
𝑟3𝑦 0
] ∙ 𝑇(−𝑥1 , −𝑦1 , −𝑧1 ) = 𝑅 ∙ 𝑇
𝑟3𝑧 0
0 1
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(7)

Appendix C: Comparison of Point Cloud and Mesh Alignments
A test was completed in which a meshed portion of TLS data from May 11, 2013 capturing the face of a
rock shed at the Goldpan site was aligned to later datasets first taking the form of meshes, then in the
form of point clouds. The goal of the experiment was to establish whether errors were significantly
reduced by aligning the initial rock shed mesh to a point cloud or to a mesh dataset. The graph in Figure
C-1 reveals that the differences in the cumulative translation values obtained from aligning to a mesh and
aligning to a point cloud hover around 0.00, as expected. For earlier dates, it seems that the errors are
greater for alignments to a point cloud, as suggested by the greater negative difference values.
Conversely, for later dates the errors tend to be greater for alignments to a mesh, as indicated by the
greater instance of positive different values. The overall root mean square error (RMSE) of the translation
values obtained from this roto-translation test for alignments to point clouds was 0.0189 and for

[Translation Value when Aligned To Mesh] [Translation Value when Aligned to Point Cloud]

alignments to meshes was 0.0185.

Difference Between Translation Lengths Based on Data Aligned To
Meshes vs. Data Aligned to Point Clouds
0.006
0.005
0.004
0.003
0.002
0.001
0.000
-0.001
-0.002
-0.003
-0.004

Date

Figure C-1 Chart showing the difference between translation lengths obtained when aligning to a
mesh vs. aligning to a point cloud for each dataset date
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An important observation from Figure C-1 is that the discrepancy in the alignment of the initial
mesh to subsequent point clouds compared with the alignment of the initial mesh to subsequent meshes is
greater for earlier scans than for later datasets. This apparent break in the data around June 2014
corresponds to a change in the survey design in which the point spacing of the point clouds was reduced
so as to improve alignment accuracy and deformation measurements. Scans collected after this time are
therefore more accurate, as reflected by the reduced data scatter.
This process was repeated for a different rockshed at the Goldpan site and in this case, the RMSE
of the alignments to point clouds was 0.0308 compared to that for alignments to meshes at 0.0321. Since
the RMSE for alignment to point clouds was greater than that for meshes in the first case and less than
that for meshes in the second case, it was concluded that the selection of point clouds or meshes would
not significantly impact the accuracy of the data alignment in future tests.
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Appendix D: Sample Deformation Plots
D.1 Goldpan
D.1.1 Positive Translation (Sliding)

Figure D-1 Summary of RB94 block at Goldpan site (24 m3); (a) change map showing location and
shape of rockfall; (b) stereonet indicating wedge failure; (c) deformation plot of failed block
showing positive translation prior to failure
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D.1.2 Positive Rotation (Toppling)

Figure D-2 Summary of RB213 block at Goldpan site (1.0 m3); (a) change map showing location
and shape of rockfall; (b) stereonet indicating direct toppling failure; (c) deformation plot of failed
block showing positive rotation and erroneous negative translation prior to failure
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D.1.3 Positive Translation and Positive Rotation (Sliding and Toppling)

Figure D-3 Summary of RB284 block at Goldpan site (1.6 m3); (a) change map showing location of
rockfall source zone; (b) pre-failure dataset superimposed onto post-failure point cloud to highlight
shape of block; (c) stereonet indicating direct toppling failure; (d) deformation plot of failed block
showing both positive translation (sliding) and positive rotation (toppling) prior to failure
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D.1.4 No Deformation

Figure D-4 Summary of RB164 block at Goldpan site (1.5 m3); (a) change map showing location
and shape of rockfall source zone; (b) stereonet indicating planar sliding failure; (c) deformation
plot of failed block showing no deformation recorded prior to failure
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D.2 White Canyon
D.2.1 Positive Translation (Sliding)

Figure D-5 Summary of RB148 block at White Canyon site (2.9 m3); (a) change map showing
location and shape of rockfall source zone; (b) stereonet indicating planar slide failure; (c)
deformation plot of failed block showing positive translation prior to failure and negligible rotation

131

D.2.2 Positive Translation and Positive Rotation (Sliding and Toppling)

Figure D-6 Summary of RB275 block at White Canyon site (2.5 m3); (a) change map showing
location and shape of rockfall source zone; (b) stereonet indicating direct toppling failure; (c)
deformation plot of failed block showing both positive translation (sliding) and positive rotation
(toppling) prior to failure

132

D.2.3 Negative Rotation

Figure D-7 Summary of RB7 block at White Canyon site (3.0 m3); (a) change map showing location
and shape of rockfall source zone; (b) stereonet indicating planar slide failure; (c) deformation plot
of failed block showing positive translation (sliding) and negative rotation behaviour prior to
failure
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D.2.4 No Deformation

Figure D-8 Summary of RB92 block at White Canyon site (23.1 m3); (a) change map showing
location and shape of rockfall source zone; (b) stereonet indicating wedge sliding failure; (c)
deformation plot of failed block showing no meaningful deformation prior to failure
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D.3 Mile 109
D.3.1 Positive Translation (Sliding)

Figure D-9 Summary of RB109 block at Mile 109 site (11.3 m3); (a) change map showing location
and shape of rockfall source zone; (b) stereonet indicating wedge sliding failure; (c) deformation
plot of failed block showing positive translation (sliding) prior to failure
135

D.3.2 Positive Translation and Positive Rotation (Sliding and Toppling)

Figure D-10 Summary of RB107 block at Mile 109 site (44.5 m3); (a) change map showing location
and shape of rockfall source zone; (b) stereonet indicating planar slide failure; (c) deformation plot
of failed block showing both positive translation (sliding) and positive rotation (toppling) behaviour
prior to failure
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D.3.3 No Deformation

Figure D-11 Summary of RB128 block at Mile 109 site (248.8 m3); (a) change map showing location
and shape of rockfall source zone; (b) stereonet indicating planar slide failure; (c) deformation plot
of failed block showing no meaningful deformation prior to failure
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Appendix E: Deformation Vector Orientation Error
Unlike the translation and toppling angle components of movement, the error associated with trend and
plunge values generated using the roto-translation method varies as a function of the magnitude of
translation and rotation with which they are associated. Therefore, an estimate of error for each data point
must be computed. The methods outlined by Oppikofer et al. (2009) were adopted here to estimate error
in these values. A mesh of a stable area of the slope – a rockshed in this case – was aligned successively
to each of the later datasets and the standard deviation of each component of the resulting translation
vector was computed. Since plunge is calculated using the ratio of the vertical component of translation
to the length of the translation vector, a quotient rule defines the plunge error as indicated in Equation E-1
below:
𝜎𝑇(3)

𝜎𝑇𝑙𝑒𝑛𝑔𝑡ℎ

∆𝑃𝑙𝑢𝑛𝑔𝑒 = 𝑃𝑙𝑢𝑛𝑔𝑒 ∗ [ 𝑇(3) − 𝑇𝑙𝑒𝑛𝑔𝑡ℎ ]

(E-1)

A similar relationship is adopted for the computation of the error in trend, which is a function of
the x- and y-components of the translation vector:
∆𝑇𝑟𝑒𝑛𝑑 = 𝑇𝑟𝑒𝑛𝑑 ∗ [

𝜎𝑇(1)
𝑇(1)

−

𝜎𝑇(2)
𝑇(2)

]

(E-2)

A summary of the plunge and trend error estimates for each alignment date is presented in Table
E-1. The error in plunge was found to vary from 1° to 41° with an average value of 13° and the error in
trend varied from 6° to 180° with an average value of 101°. Error in trend is generally large when the
magnitude of displacement is less than the detection threshold, as was the case in this exercise.
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Table E-1 Summary of the computed errors in plunge and trend for an alignment of a stable part of
the slope (i.e. a rockshed) to successive datasets
Date
8/31/2014
3/29/2015
6/10/2015
8/24/2015
10/27/2015
2/15/2016
5/2/2016
7/28/2016

ΔPlunge ΔTrend
5.914017 -317.595
41.0803 56.60504
1.446241 14.1725
6.109926 -8.90475
7.85279 63.26576
7.094365 6.325051
-35.351
-328.93
0.893001 -17.2009
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Appendix F: Volume Threshold Basis
The minimum volume thresholds established for the application of the roto-translation method at each site
presented in Chapter 5 are based on the expected point cloud coverage of rockfalls of varying volumes. A
mesh of a rockfall source block created from a point cloud with sparse point density may not have
sufficient points to fully define the shape of the block and constrain its alignment to the true position. To
illustrate the effect of TLS point spacing on the alignment process, the attempted alignment of a 0.2 m3
rockfall block at White Canyon is depicted in Figure F-1.

Figure F-1 Mesh alignment for a 0.2 m3 rock block at White Canyon; (a) mesh of rockfall source
block (pink) in its initial position; (b) erroneous alignment of mesh from its initial position (dashed
outline) to an incorrect final position, due to insufficient block resolution
In the case of the 0.2 m3 rockfall block at White Canyon shown in Figure F-1, the pre-failure
mesh of the rockfall block surface covers an area consisting only of 15 individual points. This point
density is too sparse to sufficiently reduce the degrees of freedom for the final alignment and to constrain
the alignment to the appropriate location.
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For comparison, the mesh of a rockfall block of equal volume (0.2 m3) that failed at the Goldpan
site is illustrated in Figure F-2.

Figure F-2 Successful alignment of a 0.2 m3 rock block mesh at the Goldpan site; note increased
point density constraining the shape of the block
In this latter case, the same volume rockfall produces a mesh covering an area consisting of a
total of 72 individual points. This point density is sufficient to reduce ambiguity in the alignment of the
mesh to later point clouds.
With the point spacing of the TLS scans collected at Mile 109 being intermediate between that at
the Goldpan site (0.060 m) and that at White Canyon (0.100), an intermediate volume threshold of 0.5 m3
was assigned to this site.
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