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ABSTRACT

Rockfall is a common geological hazard in mountainous areas causing economic and human losses when
fallen blocks impact infrastructure and communities along its way. A key aspect on the mitigation of such
losses starts by identifying in a rock slope (or cliff) the source areas where blocks are more likely to detach
and generate rockfalls. This is the aim of the Rockfall Susceptibility Assessment, which constitutes the
initial step for the following Hazard Assessment, such as estimation of block volume and rockfall
simulation (trajectory, energy, rebound height). Geomechanical properties of rock mass play a major role
especially for local assessments since discontinuity geometry and orientation largely govern the rock mass
quality and stability.

Due to recent advances in remote sensing techniques, rock mass characterization is shifting from the
traditional labor-intensive field surveys to the 3D point cloud environment, where accurate, abundant and
high-resolution geometric information can be retrieved. Unmanned Aerial Vehicle (UAV) has been used
as a platform to acquire RGB photographs of rock slopes and, through the photogrammetric method of
Structure from Motion, generate 3D point clouds (3DPC). Nevertheless, the application of this
technology to Rockfall Susceptibility Assessment is still in its eatly developments and there is a lack in the
literature on methodologies tailored for application to UAV.

This thesis presents a comprehensive and novel methodology to fill this gap. It consists of 4 major
sequential blocks: (i) ) use of UAV photogrammetry with data acquisition to 3DPC generation, (if) Feature
extraction for rock mass characterization in which joint set orientation, persistence, spacing and block
volume are obtained, (iii) Slope Stability Assessment by applying the extracted features firstly in Rock
Mass Rating (RMR), followed by Slope Mass Rating (SMR) for each joint set and (iv) development of
indicator for spacing, persistence, overhanging and SMR indexes, followed by their integration for a
Rockfall Susceptibility Index.

This methodology was tested to a road cut rock slope of approximately 46 m lateral extension and 14 m
height in a mountainous area of the Samaria Gorge National Park, in Crete Island (Greece). Visual
validation shows that areas of higher and moderated rockfall susceptibility on the rock slope correspond
to source location from where the bigger and highest number of fallen blocks were found on the foot of
the slope. Hence, this approach helps to refine the identification of potential rockfall source areas, which
are areas prone to rock detachment compared to their surroundings and to improve the input for hazard
assessment, including rockfall run out simulations. Additionally, the methodologic workflow contributes
to the following innovations on 3DPC: Rock Quality Designation (RQD) index estimation, visualization
of spacing, persistence and SMR index, semi-automatic block volume calculation for regularly shaped
blocks formed by flat exposed surfaces on the rock mass, the persistence of overhanging enabling the
distinction on the extension of lack of support and thus an indicator of greater volume susceptible to
rockfall.
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ROCKFALL SUSCEPTIBILITY ASSESSMENT ON UAV BASED 3D POINT CLOUDS

1. INTRODUCTION

11. Background

Among natural hazards, rockfalls represent a serious threat for rock slopes and mountainous areas close to
human settlements and infrastructure near the foot of the slope (Gigli et al., 2014). It is often recorded in
the literature events of detached blocks rolling down steep slopes and causing damage to roads, houses,
and infrastructure (Abellan et al., 20006; Sarro et al., 2018). The triggering factors that can lead to instability
of the rock slope and therefore detachment of blocks are either natural or human-induced (Figure 1-1).
For the first case, most commonly are intensive rainfall increasing pore water pressure in the joints, freeze-
thaw actions, temperature change, ground shaking due to earthquakes and growing vegetation in the
discontinuities planes. As for the second, dynamic vibration due to mine blasting, road cutting, and
tunnelling on the foot slope. The basic principle behind these triggering factors is that they reduce the
shear strength of rock mass, up to a point where the forces and moments preventing a slope fail become
weakened enough to cause the failure of rock mass either by planar, wedge or toppling failure mechanism.

The identification of source areas prone to rock detachment, or slope instability, constitute the Rockfall
Susceptibility Assessment, one of the fundamental elements for a Rockfall Hazard Assessment. There are
several approaches for source area identification and rock slope stability analysis depending on the scale
(local or regional), including kinematic feasibility tests, limit equilibrium methods, and the use of indexes
such as the Slope Mass Rating (SMR). This latter is a rock mass classification system that provides
information on the quality of rock slope in terms of probability of failure and failure mechanism. SMR has
been used over the last years in regional scale (thousands of square meters) through Geographic
Information System (GIS) for mapping slope quality and also as a parameter for quantifying rockfall
susceptibility (Romana et al., 2015) For the local scale (up to hundreds of square meters), the approaches
used for Rockfall susceptibility assessment commonly require the characterization of the rock mass, which
includes the geomechanical properties such as discontinuities set, orientation, persistence, spacing,

roughness and average block size or volume (Figure 1-1).

Besides the susceptibility, the other major elements for a Rockfall Hazard Assessment are the estimated
volume of a detached block (magnitude), their trajectory and run-out (propagation), the impact velocity or
energy of falling blocks (intensity) and the expected number of events for a given period (frequency)
(Figure 1-1). One of the widely known methodology for Rockfall Hazard Assessment, the Rockfall Hazard
Rating System (RHRS), was developed by Pierson (1991) to reduce risk in roads and highways in the
mountains state of Oregon (USA). RHRS, as a qualitative approach, consider several parameters such as
estimated block size, rockfall history (few to constant falls), discontinuity orientation (favourable to
adverse orientation), climate and presence of water to give a score for a section of slope along highways
and thus rank them into different hazard levels (9 categories). This methodology provided to
transportation agencies across the country a systematic way to allocate their limited repair funds in areas of
higher risk and opened the way for the development of other qualitative methods worldwide.

At the same time, qualitative approaches help to prioritize sections of a slope that are more prone to
rockfall and thus require further detail investigation, the classification of this section may also have a great
level of uncertainties since the parameters are subjectively estimated and dependent on knowledge of
evaluator (Ferrari et al., 2016). On the other hand, the quantitative approaches that provide a more
accurate estimation rely on a numerical dataset that is commonly expensive to obtain, might be incomplete
or even unavailable, a common situation in many sites worldwide (Ferrati et al., 2016).
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Figure 1-1. Conceptual framework of Rockfall Hazard. Source: own anthorship.
1.2. Remote Sensing for Rockfall Susceptibility and Hazard Assessment

Advances of remote sensing techniques in the last decades have allowed the generation of high-resolution
3D model of the slope surface and extraction of geometric information. Terrestrial Laser Scanning (TLS)
is one of the techniques that has been largely used in geohazard studies, especially on rockfalls and rock
slope monitoring (Abellan et al., 20106). By setting this equipment in distance up to 1000m from the rock
mass, it can be digitally recorded in the form of 3D Point Cloud (Abellan et al., 2006). From the point-
cloud, the geomechanical properties can be extracted using different processing algorithms, software and
methods such as Hough Transformation, Least Squares and Principal Component Analysis (Guta, 2017;
Slob, 2010), Random Sample Consensus Shape detection algorithm - RANSAC (Wang et al.,, 2019),
Discontinuity Set Extractor software - DSE (Riquelme et al.,), firefly algorithm - FA and the fuzzy c-mean
algorithm - FMC (Guo et al., 2017).

A recent example of TLS application for Rockfall Susceptibility Assessment is the Rockfall Activity Index
-RAI by Dunham et al. (2017). Based on a logic tree algorithm, the centimetric accurate TLS point cloud is
classified into rock slope morphologic units, according to overhanging, slope angle, discontinuity spacing,
and mass wasting fragments (talus). Each classified unit is then correlated with an estimated instability
rate, obtained by annual change detection measurements of the slope surface. The instability rate is
multiplied by the kinetic energy to calculate the RAI along the slope: the higher RAI value, the more
susceptible to rockfall. Matasci et al., (2018) also performed a Rockfall Susceptibility Assessment on steep
and overhanging slopes but using the discontinuities orientation retrieved from TLS point cloud instead of
surface change detection. The discontinuities orientation and slope surface orientation were used in
kinematic stability analysis to evaluate susceptibility for failure mechanism in the slope (planar, toppling,
wedge, and exfoliation-type failure). The results of both studies were displayed in the TLS point cloud in a
range of numerical values, representing different susceptibility levels.

Despite the fact of its long-range and precise measurements up to 4mm (Abellan et al., 2000), TLS has
some drawbacks: high cost of operation, limited portability due to its heavy weight, untextured point cloud
and occlusion, areas that are not reached by a laser beam (Guta, 2017; Sarro et al., 2018). Due to its
variable distance-to-target, easier portability, and rock slope texture incorporation, there has been an
increase in recent years of Unmanned Aerial Vehicle (UAV) based point cloud for Rockfall Hazard
Assessment (Abellan et al., 2016). Point cloud generation from images taken from an UAV platform is
done through a photogrammetric method known as Structure from Motion (SfM): 3D scene
reconstruction based on overlapping images from multiple view angles (Westoby et al., 2012).

10
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The most recent applications of rock mass geomechanical properties derived from UAV point clouds
have been as input for rockfall simulations (Sarro et al., 2018), kinematic rock slope stability analysis
(Menegoni et al., 2019; Wang et al., 2019) and Rockfall Susceptibility mapping in augmented reality (AR)
environment (Zhang et al., 2019). In this latter, the authors developed a pioneer AR mapping
methodology for an on-site visualization in a 2D screen (e.g tablet) of the rock mass discontinuities and
rockfall susceptibility mapping on the natural slope, allowing an accurate location and zoning of potential
rockfalls.

1.3. Research Problem

Rock mass characterization based on features extracted from 3D point cloud (TLS or UAV) allows high
resolution and quantitatively accurate information. Nevertheless, research dealing with the application of
UAYV technology for Rockfall Susceptibility and Hazard Assessment is still in its eatly developments. The
transition from a regional scale to a local scale using the extracted features are not well established in a
step by step methodology. Automatic or semi-automatic methodologies for rockfall susceptibility
assessment directly on the 3D models, at a local scale, are still poor compared to raster-based susceptibility
assessment methods at a regional scale, and in most cases, it takes place manually based on user
observations.

To the present moment, the approaches adopt mainly the discontinuity orientation for kinematic stability
analyses and overhanging to define areas in the point cloud that are more susceptible to rock detachment.
Few attempts have been made to identify these source areas directly on the point cloud. Additionally, the
estimation of the rock size or volume in the identified prone areas for rock detachment is not taken into
consideration. In the case of overhanging for instance, the greater the area or extension, the more likely to
be unstable since it translates to a lack of support in the rock mass.

To develop a methodology for Rockfall Susceptibility assessment to be applied directly on UAV based 3D
models of the slope, there should be a step by step procedure on how the features extracted from UAV
point cloud can be used as indicators of source areas for rock detachment. A further effort should be
made on how to incorporate these local features into a regional scale (e.g urban environment and
transportation corridors). Traditionally for regional scales, only macro terrain characteristics used such as
geology, slope angle, faults, and triggering factors whereas the local characteristics of rock mass are rarely
incorporated (Saroglou, 2019).

1.4. Research Objective and Questions

The main research objective of this work is to develop a methodology for Rockfall Susceptibility
Assessment using features extracted from UAV 3D Point Cloud (3DPC). To achieve this objective, the
following specific research objectives and its related research questions are presented:

1) Develop a step by step procedure for feature extraction from UAV 3DPC. Focus will be given to
geomechanical properties of the rock mass such as discontinuity geometry (orientation,
persistence, spacing), block volume, and overhanging.

a. How can the geomechanical properties of the rock mass be extracted from a UAV point
cloud?

b. Among them, which ones are extracted automatically and which ones manually?

c. For those extracted manually, is it possible to automatize? If yes, what are the procedures to
follow?
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2) Determine indicators detived from UAV 3DPC for Rockfall Susceptibility Assessment:

a. Which methods available in the literature for Rockfall Susceptibility Assessment can be
adapted to use features extracted from the 3DPC?

b. Which indicators can be developed using the extracted features from 3DPC?
c. How can these indicators be quantified in a reproducible way?
3) Develop an index for Rockfall Susceptibility Assessment combining the chosen indicators:
a. What is the weight of each indicator?
b. How can the output of this index be classified?

c. How can this index be fed back in the 3DPC, showing areas with different susceptibility
levels?

d. How to calibrate and validate this index with data collected in the study area?

e. What are the assumptions and limitations to apply this index in other study areas?

1.5. Thesis Outline
This thesis is structured in the following chapters:

Chapter 1: Background information of Rockfall Susceptibility and Hazard Assessment, including the
conceptual framework of its elements (susceptibility, magnitude, intensity, propagation, and frequency -
Figure 1-1) and how it has developed over time. An overview of the recent applications of remote sensing
techniques for rock mass characterization and its application to rockfall studies is briefly described.
Afterward, it proceeds with the identified research problem followed by the main research objective and
its related questions addressed in this work.

Chapter 2: Literature review of rock mass characterization and the conceptual framework adopted in this
thesis (Figure 2-1), including the basic terminology of geomechanical properties. Additionally, a review of
the rock mass classification system RMR and slope stability SMR index, as well as the previous works
applying 3DPC for Rockfall Susceptibility Assessment.

Chapter 3: Description of the geographic location of the study area, geological settings in terms of
lithologies and macro structures present in the surroundings based on literature and local description of
the studied rock slope in terms of size, lithology, joint set system, weathering, and failure mechanism.

Chapter 4: The methodological framework is presented (Figure 4-1) where the 4 sequential blocks are
briefly described: UAV photogrammetry, feature extraction, slope stability, and rockfall susceptibility
assessment. Hach block has a dedicated section with a step by step procedure of approaches and methods
taken, limitations, inputs, and outputs for each step and software used.

Chapter 5: Application of the methodology in the studied rock slope and results obtained for feature
extraction, slope stability, and rockfall susceptibility assessment. In this latter, the proposed Rockfall
Susceptibility Index (final output) is applied on the 3DPC of rock slope.

Chapter 6: Discussion of the results of the Rockfall Susceptibility Index, including validation, potential,
and limitations. An explanation of the lack of uncertainties is also presented.

Chapter 7: Summary of the main findings of this study including the answers to the research questions
and suggestions for further improvements.

12
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2. LITERATURE REVIEW

2.1. Rock mass characterization

Wherever excavation and construction in rocks take place, the characterization of a rock mass is of
primary importance since all the design and further implementation of an engineering project will heavily
depend on this initial step (further explained in Section 2.2). Thus it is relevant to clarify some basic
terminology used in rock mechanics and engineering that will also be often cited in this thesis.

In simple terms, rock mass is a system composed of intact rock blocks separated by discontinuities, in
which all the elements influence as a unit the mechanical behaviour of this system (Palmstrom, 2001). The
process of giving quantitative description to rock mass elements either through observation or
measurement constitutes the rock mass characterization (Palmstrém, 2001).

The two elements of a rock mass, i.e. discontinuity and intact rock blocks have their characteristics and
particularities (Figure 2-1). Intact rock blocks, also known as rock materials, are the smallest element not
cut by any discontinuity (Singh & Goel, 2011b). They have physical characteristics such as mineralogy and
chemical composition, texture, color, grain size, shape, and porosity as well as mechanical characteristics
such as strength, hardness, plasticity, and brittle behaviour.

Rock mass
A 4 A
Rock material Discontinuities
Y Y h 4
Physical Mechanical Geomechanic
characteristics characteristics properties

Figure 2-1. Conceptnal framework of rock mass adopted in this thesis. Source: modified from Singh & Goel (2011b). Rock material
characteristics are not addressed in this work.

Discontinuities are surfaces of weakness that cut the rock mass and as a result, produce intact rock blocks
in between. This is a broader term that includes all the following types of discontinuities according to
ISRM (1978): joints, weak bedding planes, weak schistosity planes, weak zones, and faults. For the scope
of this thesis, joints and bedding planes are the most common type of discontinuity in the studied area and
thus deserves a further explanation:

Joints: a break of geological origin in the rock mass where no visible displacement took place
(ISRM, 1978). A group of joints that are parallel constitutes a joint set and a rock mass can have
more than one intersecting joint set, which is called a joint system. Joints are formed due to
various tensile stress a rock is submitted to such as thermo-elastic strain due to heating and
cooling of exposed rock surfaces and chemical weathering resulting in mineralogical alteration
(contraction and expansion) within the rock fabric (Slob, 2010).

Bedding planes: layers of sedimentary rocks formed in a horizontal surface due to deposition
and lithification of sediments in the geologic time. These layers reflect the conditions of
sedimentation taking place in the environment (lake, river, estuary, ocean) in terms of climate and
energy of transport and thus imply difference in grain size, shape, and mineralogy. Once the layers
are lithified, in other words, become part of a sedimentary rock, tectonic process can cause faults
and folding to tilt the layers. In this scenario, they are no longer horizontal.
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From this point onward, the term joint will be used as a synonym for discontinuity, unless stated

otherwise. The main geomechanical properties of joints used in this thesis are the number of sets,

otientation, spacing, persistence, roughness, aperture, infilling, block size and are described according to

ISRM (1978):

1. Number of sets: number of joint sets composing the joint system. It is also possible to have
random joints intersecting the rock mass which do not belong to any joint set.

2. Orientation: describes by the orientation relative to the magnetic north (dip direction) and the
dip of the line with the steepest inclination in the plane of a joint (dip angle). Example: 210°/10°,
where 210° is the dip direction and 10° the dip angle.

3. Spacing: normal (perpendicular) distance of adjacent joints. Within a joint set, the spacing is

often regular and the average is referred to as set normal spacing (Figure 2-2a).

(a) Spacing and Persistence (b) Roughness

o

| o I
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‘ Non persistent L b / ‘ TS

joint —————— |/

Figure 2-2.(a) 3D rock mass with persistence and spacing. (b) 2D joint profiles on different scales with roughness. Source: Abelldn et al.,

(2014)

4.

Persistence: size of a joint in terms of area of exposed surface or as a line, also referred to as
trace length. The persistence can be terminated in solid rock, by intersecting another joint or also
due to rock bridges, i.e parts of intact rock in the joint surface (Figure 2-3). In these scenarios it is
called non-persistent joint, i.e. do not have a large extension. In an opposite scenario, where it has
a large extension it is referred to as persistent joint (Figure 2-2a).

(@ (b)

b
Discontinuity™
plane, Ao
(Gross area)

Rock bridges, Asi

By
ock Bridges, Bi T\

Joint segments, Ji

Figure 2-3. (a) 3D Rock siope with a discontinuity plane containing rock bridges. (b) Profile of the slope where the discontinuity is
interrupted by the rock bridges, originating joint segments (i.e trace length). Source: Shang et al. (2018).

5.

Roughness: surface waviness or roughness of the joint plane (Figure 2-2b). The two main
classification systems are from ISRM (1978) — Appendix C or Joint Roughness Coefficient (JRC)
from Barton & Choubey (1977) — Appendix D.

Aperture: perpendicular distance between adjacent rock walls of a joint. The space between this
rock wall is only air or water.

Infilling: when instead of air or water (no infilling), the aperture is filled with material usually
weaker than the rock material. Examples are sand, silt, clay, breccia, gouge, thin mineral coating,

quartz, and calcite veins.

14
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8. Block size: block rock dimensions defined in terms of normal set spacing and orientation of
intersecting joint sets (Section 4.2.4). Larger spacing between joints will often result in bigger
block volumes.

In addition to the above mentioned joint set characteristics, there is also the concept of overhanging. It is
the surface of a joint below a block of rock with no continuation of rock mass due to failure mechanism
and erosion. The presence of overhanging implies that the portion of rock above the overhanging lacks
support and as a consequence is mote susceptible to rockfall (Figure 2-4).

(b)

Figure 2-4. Progressive rockfall cansed by failure mechanisms in a rock mass. (a) Rockfall induced by rainfall and seismic wave generates
a lack of support in the base of the rock mass (overbanging-J1). Blasting vibration (b) and slope cutting (c) causes rockfall above of the
overhanging. Source: H. Li et al (2019).

2.2, Rock mass classification

Rock mass classification systems are schematic ways to zonate a rock mass in different compartments
based on their geomechanical properties and as a consequence, their mechanical behaviour (i.e strength
and deformability) (Bieniawski, 1973). It is commonly applied in the planning and design stages of a
complex engineering project involving rock mass when only a conventional site characterization is
available to describe the rock mass (Hoek, 2007). These classifications systems provide a quantitative data
as input for real engineering problems such as to estimate the support requirement for excavation as well
as to facilitate the communication among the technicians involved on the project (engineers, geologist,
designer, contractor) by giving common grounds and terminology (Bieniawski, 1973).

Rock engineers and geologists have gathered experience over 100 years in underground works or rock
slopes in different sites to develop these classification systems (Hoek, 2007). Throughout this period, it
has been successfully applied in design stages in Austria, South Africa, United States, Europe, and India
on projects related to hydroelectric power plants, bridges, caverns, tunnels, silos, building complexes, rail
tunnels and hill roads (Singh & Goel, 2011a).

Some of the common rock mass classification systems are the Rock Quality Designation (RQD), Rock
Tunnelling Quality Index (Q), Rock Mass Rating (RMR), Slope Mass Rating (SMR), and Geological
Strength Index (GSI). Each one has its limitations, applicability for a particular scenario (weak or good
rock mass for instance), and emphasizes a particular set of geomechanical properties (i.e. different
weights) (Hoek, 2007). For the scope of this thesis, the RMR and SMR are briefly described.

2.21. Rock Mass Rating System

One of the most worldwide used classification systems in rock engineering is the Rock Mass Rating
(RMR) system. It was originally named Geomechanical Classification and developed by (Bieniawski, 1973)
based on his own experience on tunnelling in South Africa, on a detailed study of all the available
classification system at that time and also based on discussion with world specialists in the field. The




ROCKFALL SUSCEPTIBILITY ASSESSMENT ON UAV BASED 3D POINT CLOUDS

primary purpose of RMR is to use geomechanical parameters of a jointed rock mass to divide it into
different zones in terms of strength (or quality). This zonation into good or low-quality rock mass allows
rock engineers to appropriately design tunnelling support systems for each zone and the excavation
approach. Since the original publication, some readjustments have been proposed to the RMR throughout
the years and nowadays one of the most used version is of Bieniawski (1989) (as cited in Hoek, 2007, p.
70), where the following parameters are considered: Uniaxial compressive strength of rock material, Rock
Quality Designation (RQD), Spacing of discontinuities, Condition of discontinuities, Groundwater
conditions, Orientation of discontinuities

These six parameters are classified into ranges (Table 2-1.A,B,E) and summed to provide the RMR value,
which lies into 5 categories in decreasing level of rock mass strength (or quality): class I — very good rock
to class V — very poor rock (Table 2-1.C). Based on the class, specific excavation methods and support
systems are recommended.

Table 2-1. Rock Mass Rating System after Bieniawski (1989). Source: modified from Hoek (2007).

A.Classification Parameters and rating

Parameter Range of values
Strength Point-load >10 MPa 4-10MPa 2-4MPa 1-2MPa For this low range - uniaxial
of strength index compressive test is preferred
1 intactrock [ Uniaxial comp. >250 MPa 100 - 250 MPa 50 - 100 MPa 25-50 MPa 5-25 | 1-5 | <1
material strength MPa MPa | MPa
Rating 15 12 7 4 2 1 0
Drill core Quality RQD 90% - 100% 75% - 90% 50% - 75% 25% - 50% <25%
2 Rating 20 17 13 8 3
Spacing of >2m 06-2.m 200 - 600 mm 60 - 200 mm <60 mm
3 Rating 20 15 10 8 5

Condition of discontinuities

Very rough surfaces
Not continuous

Slightly rough surfaces
Separation < 1 mm

Slightly rough surfaces
Separation < 1 mm

Slickensided surfaces
or Gouge < 5 mm thick

Soft gouge >5 mm thick
or Separation > 5 mm

(See E) No separation Slightly weathered walls Highly weathered walls or Separation 1-5 mm Continuous
4 Unweathered wall rock Continuous
Rating 30 25 20 10 0
Inflow per 10 m None <10 10-25 25-125 >125
tunnel length (/m)
Groundwa | (Joint water press)/ 0 <01 01,-02 02-05 >05
5 ter | (Major principal o)
General conditions Completely dry Damp Wet Dripping Flowing
Rating 15 10 7 4 0

B. Rating adjustment for discontinuity orientation

Strike and dip orientations Very favourable Favourable Fair Unfavourable Very Unfavourable
Tunnels & mines 0 -2 -5 -10 -12
Ratings Foundations 0 -2 -7 -15 -25
Slopes 0 -5 -25 -50
C. Rock mass classes determined from total rating
Rating 100 « 81 80 « 61 60 « 41 021 <21
Class number | Il il v v
Description Very good rock Good rock Fair rock Poor rack Very poor rock

16
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E. Guidelines for classification of discontinuity conditions

Discontinuity length (persistence) <1im 1-3m 3-10m 10-20m >20m
Rating 6 4 2 1 0
Separation (aperture) None <0.1mm 0.1-1.0 mm 1-5mm >5mm
Rating 6 5 4 1 0
Roughness Very rough Rough Slightly rough Smooth Slickensided
Rating 6 5 3 1 0

Infilling (gouge) None Hard filling < 5 mm Hard filling > 5 mm Soft filing < 5 mm Soft filling > 5 mm
Rating 6 4 2 2 0
Weathering Unweathered Slightly weathered Moderately weathered Highly weathered Decomposed
Ratings 6 5 3 1 0

RMR can also be used to estimate other rock mass properties such as cohesion and angle of internal
friction, average stand-up time for an arched roof, modulus of deformation and shear strength (Singh &
Goel, 2011a). A novel application was carried out by Li et al. (2019) in the excavation of a drill-and-blast
tunnel in China. The authors developed a comprehensive method for automatic characterization of rock
mass in 3DPC (cither from TLS or camera photogrammetry) in terms of discontinuity orientation,
spacing, trace length, persistence, roughness, and aperture. The results were then applied to calculate RMR
(and GSI) in the front of excavation as an alternative to the traditional manual discontinuity mapping.

2.2.2. Slope Mass Rating System

Romana (1985 as cited in Romana et al., 2015, p. 3) developed adjustment ratings empirically determined
to the RMR parameters to use it for a preliminary evaluation of slope stability since this latter was created
for assessing rock mass quality of underground excavation (i.e tunnels). Later on, Romana (1993)
proposed a new geomechanical classification for rock slopes based on this adjustment factor, the Slope
Mass Rating (SMR):

SMR = RMR,, + (F, x F, x F3) + F, 1)

Where, RMR;, is the basic parameters of discontinuities Al to A5 (Table 2-1.AE) and Fi to F4 are the
adjustment factors as follows (Romana, 1993):

F1: express the angular relationship between the dip direction of a joint and dip direction of the slope
(Figure 2-5). The range is from 1.00, when they are near parallel (almost 0° angle between), to 0.15 when
the angle between is greater than 300° (Table 2-2.A).

F2: express the joint dip angle in a planar failure mode (Figure 2-5). The range is from 1.00, when the
angle is 45°, to 0.15 when it is less than 20° (Table 2-2.A). In other words, it shows the joint shear
strength. For a toppling failure mode, its value is 1.00.

I3: express the angular relationship between the dip angle of a joint and dip angle of the slope (Figure
2-5). For a planar failure mode, it reflects the probability of a joint to intersect the slope as to come out of
the rock mass (a term known as ‘daylight’, being exposed). When the angular difference is almost 0° (near
parallel joint to slope), a more stable condition is reached whereas for angular difference greater than 10°
the slope is unstable. The range of values is from 0 to — 60 (Table 2-2.A). For toppling failure mode,
unfavourable and very unfavourable situation cannot occur since sudden failure is rare, and toppled slopes
can frequently remain standing.

F4: accounts for the method of excavation on the slope, in the following decreasing order of stability
(Table 2-2.B): natural slopes, pre splitting, smooth blasting, normal blasting or mechanical excavation, and
deficient blasting.
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Figure 2-5. Planar failure mechanism and angular relationships between discontinuity (joint) and slope orientation. Dip = dip angle and

Strike = dip orientation. Source: Singh & Goel (2011¢).
Table 2-2. Slope Mass Rating System after Romana (1993), slightly modified.

A. Angular adjustment factors

. . . Angular Very Very
Relationship Failure . Favourable  Normal  Unfavourable
condition favourable unfavourable
Dip direction P | otj-ots |
] >30° 30-20° 20-10° 10-5° 5°
Parallelism T | otj-0ts-180° |
(slope & joint) P/T F 0.15 0.40 0.70 0.85 1.00
. P Bi <20° 20-30° 30-35° 35-45° 45°
Dip angle
oint) P F 0.15 0.40 0.70 0.85 1.00
oint
T 2 1 1 1 1 1
‘ P Bi - Bs >10° 10-0° 0° 0-(-10°) <(-10°)
Dip angle
(slope & join) T Bj + Bs <110° 110-120° >120° - -
slope & joint
pe <] P/T F; 0 -6 -25 -50 -60
B. Excavation Method
o . Blasting or . .
Natural Slope Presplitting Smooth blasting . Deficient blasting
mechanical
F, +15 +10 +8 0 -8

P: Planar , T: Toppling , Dip direction: o joint, s slope, Dip angle: {3j joint, 35 slope

Adjustment ratings F1 to F3 are classified into 4 categories from very favorable to stability (i.e stable) to

very unfavourable to stability (i.c unstable) based on the above mention angular conditions (Table 2-2.A).
The rating is then applied with F4 in Eq. (1) for SMR computation. Romana (1993) also provides a
tentative description of SMR classes in terms of stability, failure mechanism, and needed support for

stabilization (Table 2-3).
Table 2-3. SMR classes descriptions. Source: Romana (1993).

Class SMR Description Stability Failure Support
I 100-81 Very good Completely stable ~ None None
I1 80-61 Good Stable Some blocks Occasional
111 60-41 Normal Partially stable Some joints or Systematic
many wedges
Planar or big .
v 40-21 Bad Unstable Important/corrective
wedges
Big pl
\Y 20-0 Very bad Complete unstable lg p anator Reexcavation
soil-like
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During the last 30 years of its development, the SMR has been applied and validated in many countries,
incorporated in textbooks and university curriculums on civil engineering courses and related fields,
modified to fit specific applications and included in technical regulations as a quality index of slope
(Romana et al., 2015). A recent application was done by Riquelme et al. (2016) using 3DPC coupled with
fieldwork data to characterize slope stability by means SMR index. The joint set orientation was extracted
from 3DPC derived from TLS and UAV photogrammetry and used as input for the adjustment factor
calculation using the open-source SMRTool software, programmed in MATLAB by the authors.
Complementary, the fieldwork data was used to calculate the RMRy. and applied in Eq.(1) to obtain SMR
index

2.3. Rockfall Susceptibility Assessment

The main objective of a rockfall susceptibility assessment is to determine areas in a rock mass (cliff or
slope) that are more prone to rock detachment compared to surrounding parts. This identification will
influence the follow-up analyses of the hazard assessment such as block volume estimation, rockfall
simulation (trajectory, energy, rebound height) and thus is of primary importance. A variety of approaches
are used to fulfill this objective depending on the scale (regional or local). For instance, at a regional scale
(thousands of square meters), a morphometric approach is commonly used where the susceptible areas
correspond to a given slope angle threshold or rock cliff exposure in the studied region (Fanos & Pradhan,
2018). This can lead to identifying source areas as lines for the rockfall simulation that although
conservative, is not often accurate procedure since it can consider sources areas that eventually are stable
and will not generate block detachment (Matasci et al., 2018). For more reliable rockfall simulation results,
a more accurate characterization of the rock mass is required (Gigli et al., 2014) and lies within the local
scale susceptibility assessment (hundreds of square meters).

In this context, the cm or mm accuracy and high amount of information obtained by 3DPC in recent
decades have brought a new perspective for rockfall studies, starting by one of the pioneers Abellan et al
(20006). They used a long-range TLS for a detailed study of a rockfall event in Vall de Nuria, Eastern
Pyrenees (Spain). The problem definition stated by the authors was that the Digital Elevation Model
(DEM) derived from Aerial Laser Scanning (ALS) had a coarse resolution when applied to steep slopes
due to the low point cloud density, and thus less applicable for rockfall studies such as source
identification and trajectory simulation. Therefore, they used TLS to obtain a higher point cloud density
for manual geometrical characterization of the rock slope (joint sets orientation and volume of a detached
block), source area identification of previous rockfall events and higher DEM resolution. These results
were used as input for a rockfall simulation (trajectory, energy, rebound height) and the obtained trajectory
was compared to the real one and also to one obtained using a coarser DEM from ALS. The conclusion
was that a TLS provided a more accurate trajectory.

In the following years, applications of 3DPC derived from TLS and UAV for rockfall studies increased
significantly. New approaches, algorithms and software were developed for more accurate and/or
automatic characterization of rock slopes, such as joint set orientation (Riquelme et al., 2014; Slob, 2010),
spacing (Slob, 2010; Riquelme et al., 2015), persistence/trace length (Guo et al.,, 2019; Riquelme, et al.,
2018; Sturzenegger et al., 2011), roughness (Unliisoy & Siizen, 2020) and block volume (Buyer et al., 2020;
Chen et al., 2017; Sturzenegger et al., 2011). Researchers also have used these geometrical properties for
kinematic rock slope stability (Alameda-Hernandez et al., 2019; Menegoni, et al., 2019; Wang et al., 2019),
magnitude-frequency relationship (Olsen et al., 2015; van Veen., 2017), rockfall simulations (Sarro et al.,
2018), multi-approach hazard assessment combining TLS and UAV derived data to apply in RHRS
(Pérez-Rey et al., 2019) or rockfall hazard zonation in regional scale combining TLS and ALS in a 3D GIS
modelling environment (Fanos & Pradhan, 2019). For the rockfall simulations, the source area of potential
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rock detachment which is usually defined as lines in rock slopes (and cliffs) have now the possibility to be
locally refined, providing more reliable results.

Although multiple authors used features derived from 3DPC as input for rock slope stability, rockfall
susceptibility and hazard assessment, few attempts have been made to identify directly on the point cloud
possible source areas of rockfall susceptibility. The most 3 recent publications dealing with this research
gap are Dunham et al., (2017), Matasci et al. (2018) and Zhang et al. (2019).

Dunham et al. (2017) developed the Rockfall Activity Index (RAI), a slope morphology-based index
derived from TLS point cloud. Based on a simple logic tree algorithm, the authors classify the cm accurate
point cloud into rock slope morphologic units, including features such as overhanging, slope angle,
discontinuity spacing and mass wasting fragments (talus). Each classified unit is correlated with an
estimated instability rate (a measurement of erosion) to calculate the RATI along the slope. The output is a
profile of the outcrop with areas on the point cloud with different values of rockfall activity: the higher the
value, the more susceptible to rockfall that area is.

According to the authors, the advantages of this method is that: (i) the only needed input is a high-
resolution point-cloud (cm or mm accuracy) regardless of the remote sensing acquisition technique,
including SfM and (ii) the algorithm is simple and computationally efficient and therefore can be applied in
rock slopes of any size. The automatic classification of RAI was qualitatively validated with field
observations in 15 sites in Alaska. However, the authors also acknowledge the following limitations: (i) the
range of instability rates to be applied for each classified unit has a high degree of variability and
uncertainty, and (ii) RAI does not take into consideration discontinuities geometry such as orientation (dip
direction and dip angle) and persistence.

Matasci et al.,, (2018) developed a routine to quantify rockfall susceptibility at cliff scale in TLS 3DPC
(hundreds to thousands of square meters), including overhanging portions of slopes. Their approach is
based on the angular relationship between discontinuities and the orientation of local cliff surface (i.e dip
angle and direction) for computation of where planar, wedge and toppling failure mechanisms are
geometrically possible on the cliff. For each mechanism, the condition of overhanging slopes is
incorporated. Afterward, an index is created for each failure mechanism using an equation that includes: (i)
average joint set normal spacing and trace length, measured manually using virtual scanline on the point
cloud, (ii) mean incident angle between the joint set and slope surface, (iii) slope angle of each joint set and
(iv) angle between two joint sets for wedge failure. Finally, these failure mechanism indexes were then
summed as having equal weight to provide a final rockfall susceptibility index for each point in the 3DPC.
The authors validated this approach in two steep landscapes (Yosemite Valley in the USA and Mont-Blanc
massif in France) and obtained a good correlation between the identified potential source areas and past
rockfall sources (inventory and scars).

Zhang et al., (2019) went a step further by applying Matasci et al., (2018) routine of rockfall susceptibility
on a UAV based 3DPC in an augmented reality (AU) environment. They focused on how to fill the gap
between the correlation of real rock slope on the field and the rockfall susceptibility analyses done back in
the computer office. The AU allows a straightforward on-site visualization of the rockfall sources area
superimposed on the rock slope using a mobile device such as a table. In practical terms, this was done via
a novel approach proposed by authors of edge-based tracking of the rock mass target for AU: (i)
identification of prominent edges in photo-realistic rendered slope images and (ii) extracting of structural
planes of the slope that best correspond to those prominent edges.

Despite these recent publications, there are still unsolved problems. The methodology proposed by
Dunham et al,, (2017) has not been applied for UAV derived point cloud and depends on the instability
rate for the computation of RAI, which has a large degree of variability and uncertainty. Additionally,
discontinuity orientation and persistence are not taken into account. Matasci et al. (2018) do not
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incorporate the extension of overhanging in their susceptibility indexes, which would allow distinguishing
areas with a greater lack of support than others and thus an indication of a greater unstable block volume.
Moreover, joint set spacing and persistence are manually measured. Zhang et al. ( 2019) also do not use
any indicator to account for the extension of unstable block volumes.

This thesis lies within the context of the 3 above-mentioned publications providing new approaches to
overcome these challenges.

21



ROCKFALL SUSCEPTIBILITY ASSESSMENT ON UAV BASED 3D POINT CLOUDS

3. STUDY AREA

The geographic location of the rock slope is in the broader context of Samaria Gorge National Park, in
Crete (Greek Island). World’s Biosphere Reserve by UNESCO in 1981, this park is located in western
Crete in the southern slope of the White Mountain (Figure 3-1a), also known as Lefka Ori (S. Karagiannis
& Apostolou, 2004). Tectonic activity, erosion process and karstification shaped this mountainous
landscape (I. Vogiatzakis & Rackham, 2008) creating plenty of narrow, tall and vertical rock slopes, which
has the Samaria Gorge as the steepest, tallest and narrowest opening (Spanos et al., 2008).

The geological setting is of high pressure-low temperature metamorphic rocks from the Plattenkalk unit
overlain by the Phyllite-Quartize unit (Seidel, 2003). Regionally, the Plattenkalk unit includes the Mavri
formation (Lower Liassic) in the lower part of the stratigraphic column up to the Aloides formation
(Eocene) in the upper part (Manutsoglu et al., 2003) and consists mainly of cherty calcite marbles,
dolomite, phyllite and a calcareous metaflysh (Seidel, 2003). A large geologic structure, an anticlinal, strikes
SSW-NNE with its axis dipping to NNE (Manutsoglu et al., 2003).

Locally, the rock slope is on a road cut approximately 1620 m above mean sea level, between the entrance
of the Gorge and Kallergis mountain refugee (Figure 3-1b), a place to host hikers and climbers. The rock
slope is approximately 14 m height, 46 m lateral extension and is inclined 51° towards the road (Figure
3-1c). It consists of dark grey platy limestone with bedding planes of decimetres thickness and sometimes
with centimetric intercalation of quartz or calcite. It has a joint system with 4 major joint sets as exposed
surfaces that commonly intersect almost perpendicularly, forming cubic shaped rocks, as well as several
random joints as trace length inside the rock mass. The more representative joint set is the bedding plane
with the same dip as the slope sutface (51°). The block fragments detached from the rock mass have a
volume ranging from 0.064m3 to 0.001m3, or dimensions from 40cm to 5cm. The chemical weathering is
not prominent and no seepage was observed during the fieldwork. Instead, small rockfalls constitute the
main process of mass wasting, especially on overhanging areas. The detached rocks slide through the slope
surface and thus planar failure mechanism occurs. Vegetation is abundant above the slope and some small
bushes are present in the slope surface.

Figure 3-1. (a) Study area in red located in western Crete, Lefka Ori mountain. (b) Study area (road cut) on a road between entfrance to
the Gorge and Kallergis refugee. (c) UAV RGB image covering partly the rock slope. Source: (a) and (b) Google Earth.
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4.  METHODOLOGY

The methodological framework proposed in this thesis consists of 4 sequential blocks (Figure 4-1): (i)
UAYV Photogrammetry - Section 4.1, (i) Feature Extraction — Section 4.2 (iii) Slope Stability Assessment —
Section 4.3 and (iv) Rockfall Susceptibility Assessment — Section 4.4. The UAV photogrammetry deals
with reconstructing the 3D model in the form of point cloud of the rock slope out of the RGB images
taken by UAV in the field using StM technique (part of image processing). The second block deals with
extracting geomechanical properties/features of the 3DPC rock slope, namely the number and otientation
of joint set, joint set normal spacing, persistence and block volume. In this stage, the points are first
assigned to a given joint set so that the previous RBG 3DPC is now classified into different colours
according to the identified joint set. Additionally, the points of rock surface are segmented into clusters
that represent a joint. These clusters are the basic elements for computing the spacing and persistence for
each joint set and also used for the novel semi-automatic approach proposed in this work for block
volume calculation. On the Slope Stability Assessment block, the extracted features from the 3DPC as
well as those obtained by field and photographs observation are rated according to the Rock Mass Rating
System (RMR) as the first step to evaluate the quality of the rock mass. Afterward, the RMR score
together with the angular relationship between the joint set and slope (orientation and dip) are applied for
the computation of Slope Mass Rating (SMR). This is the second step to assess the slope stability
kinematically. Finally, the last block provides a novel approach for visualization and integration of all the
rock slopes geomechanical properties (spacing, persistence, SRM, overhanging) and stability conditions
above-mentioned as indicators for a 3D Rockfall Susceptibility Assessment. For each block, a step by step
procedure is given explaining the inputs, outputs and description of methods, software and approaches
used.
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Rock mass
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Block volume
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Figure 4-1. Proposed methodological framework in this thesis.
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4.1.

41.1.

UAV Photogrammetry

UAV Data Acquisition

The involved data and procedure are:

Input: UAV flight to capture RGB images.

Output: RGB images of the rock slope.

The UAV data collection of RBG images was carried out using a quadrocopter DJI Phantom 4 (Table

4-1). The main procedures adopted while flying the UAV are summarized into the 2 main categories: (i)
flicht mode and (ii) flight height.

®

Flight mode: manual flight in which the UAV stops in the air to take the picture and then
moves to the next spot to acquire the next image, instead of taking pictures while moving.
This procedure reduces the chance of having motion-blurred images. Also to avoid noise,
they were acquired during a non-rainy time. Moreover, the images were acquired in oblique
view of the rock slope because it enables to create a more complete 3D model (point cloud),
for the given geological structure, thus avoiding occlusion. As, the flight distance from the
slope face is relatively small, and the rock slope relief is abrupt, it is safer to have a manual
flight rather than an automatic to avoid hitting the surface of the slope as well as, again, to
minimize occlusion (areas not imaged due to view angle). This is particularly important in this
case study as to capture the overhanging areas of the slope, as they are needed for the rockfall
susceptibility assessment (Section 4.4)

Flight height: few meters (less than 15 m), close to the rock slope to increase the level of
detail/ resolution of features to be visualized in the images. This resolution, called Ground
Sampling Distance (GSD), is highly dependent on the flight height: the closer to the object
(in this case the rock slope), the more centimetric features will be distinguishable in the
images and possibly extracted for the rock mass characterization.

A total of 236 RGB images were acquired and after a visual quality assessment, 221 were used for image

processing. The images with low contrast and/or highly blurred were not considered from this point

onwards.

Table 4-1. DJI Phantom 4 technical specifications. Source: D]I, (n.d.)

Category RGB Camera
S Effective pixel:12.4 MP
ensor 1/2.3” CMOS
FOV 94° 20 mm (35 mm format equivalent)
Lens
£/2.8 focus at ©
ISO Range 100-1600 (photo)
Image size 4000%3000 pixel
Photo format JPEG, DNG (RAW)

Satellite Positioning Systems GPS/GLONASS

24



ROCKFALL SUSCEPTIBILITY ASSESSMENT ON UAV BASED 3D POINT CLOUDS

41.2. Image Processing

The involved data for image processing are:

Input: RGB images of the rock slope. This is the output of UAV data acquisition (Section 4.1.1)
Output: #xz. file of 3D points, in which each point P has XY, Z coordinates and RGB values

The 221 RGB images were used as input for the 3DPC generation in Pix4Dmapper version 4.3.31 (2019).
This process is performed automatically by this photogrammetric software in 2 steps: (i) initial processing
and (i) 3D dense point cloud generation. Before running each step, image properties and processing
parameters were user-defined as later explained. The third step in the image processing consists of
vegetation removal, filtering and cropping in CloudCompare software (2020).

@d) Initial Processing

This step consists of image orientation. In other words, it solves the X, Y position and Z altitude of the
camera and images through internal and external (relative and absolute) orientation. The internal
orientation relates to the definition of camera parameters (focal length, principal point and projection
center). The exterior orientation deals with relative orientation among images (relative orientation) and to
georeferencing them in a known coordinates system on the real world (absolute orientation). Due to the
overlap of images, common points among them are extracted as key points via image matching algorithms
for further reconstruction of rock slope geometry (step iif) The main images properties and chosen
processing parameters are summarized in Table 4-2.

Table 4-2. Image processing and processing parameters for the initial processing of RGB images.

Properties & Parameters Setting
Coordinate System WGS 84/UTM 34N (EGM 96 Geoid)
Detected template 3D Model
Keypoint image scale Full, image scale: 1
Matching image pair Free flight, terrestrial
Keypoint extraction Automatic

Although no ground control points (GCP) were used in this step, the satellite positioning system in the
UAV was considered to provide scale and orientation for the point cloud as well as georeferencing.
Without GCP, the georeferencing accuracy is between 5 to 10 meters according to the generated Quality
Report of Pix4Dmapper instead of centimeters. In this work, however, the aim is not to perform accurate
surveying of the rock slope surface for hazard mitigation measures but rather the methodology to assess
rockfall susceptibility in 3DPC, regardless of its accurate geographic location. Buyer et al. (2020) also did
not use GCP for rock mass characterization in their study.

(ii) 3D Dense Point Cloud Generation

This step reconstructs the position and geometry of the object of interest in 3D (i.e rock slope) based on
the extracted key points on the Initial Processing. The standard processing parameters where chosen
(Table 4-3) to enable a faster processing time and keep a reasonable quality of the 3DPC. Moreover,
setting some parameters to the higher capacity such as the full image scale does not improve the results to
a significant level (“Pix4D documentation,” n.d.). The generated 3DPC is in the ./as format and its main
characteristics are summarized as results in Table 4-3.
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Table 4-3. Main parameters for 3DPC generation and results

Description Setting & Value
Image scale Multiscale, %2 half image size
Parameters ~ Point density optimal
Minimum # of matches 3
# of 3D Densified Points 11,195,455
Results Av.erage dc?nsity 22,278.00 points/m3
Point spacing <lcm
GSD 0.526 cm/pixel

(iii)  Vegetation removal, filtering and cropping

The 3DPC in ./as was loaded in CloudClompare for the manual removal of vegetation first. This is an
important procedure for two reasons. Firstly it reduces the size of the file since points are eliminated and
thus speeds up the processing time of feature extraction (Section 4.2). Secondly, it improves the results of
joint set extraction (Menegoni et al., 2019; Riquelme et al., 2018). If points belonging to vegetation are not
removed, they will be introduced in the stereogram analysis and could wrongly influence the pole density
function (step il.a — Section 4.2.1). In other words, this can cause a small swift in the orientation of
maximum poles and thus also a small swift in the orientation of joint sets to be extracted.

Most of the dense vegetation was removed in the upper part of the slope but also some small bushes
originated from inside the rock mas were deleted and this explains the empty areas without 3D points in
the rock slope surface. After this procedure, points disconnected from the slope surface the main scene
(i.e. in the air) were filtered and deleted by using Connected Components, applying octree level 9 (grid step =
0.101775) and minimum points per component of 5. Finally, the area of interest was cropped to remove
points belonging to the road in the bottom of the rock slope and those belonging to soil and rock
fragments in the surrounding. The final 3DPC contains 5,228,097 points and was converted to .zx7 file for
the feature extraction.

4.2, Feature Extraction

The extracted features on the 3DPC of rock slope considered in this work are the joint set number and
orientation (dip direction and dip angle), persistence, normal set spacing and block volume. They were
obtained using the open-source software Discontinuity Set Extractor! (herein referred DSE) programmed
in MATLAB by Riquelme et al., (2014). The complete methodology to detive these features (except block
volume) is presented in Riquelme et al., (2014) for joint set extraction, Riquelme et al. (2015) for normal
set spacing and Riquelme et al. (2018) for persistence, including validation, calibration and sensitivity
analyses on the results. Therefore, the aim of this work is rather the application of these approaches for a
rockfall susceptibility assessment on 3DPC.

4.2.1. Joint Set Orientation

In the DSE software, the joint set extraction is obtained semi-automatically in 3 steps following the
methodology of Riquelme et al. (2014) and summarized below: (i) local curvature calculation, (ii) statistical
analyses of the planes and (iii) cluster analysis.

! Available on http://petsonal.ua.es/en/ariquelme/
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@

Local curvature calculation

The data for this step ate:

Input: .zx7 file of 3D points, in which each point P has XY, Z coordinates. This is the output of the
Image Processing, and the RGB values are not needed (Section 4.1.2)

Output: .#x¢7 file of 3D points in which each P(X,Y,Z) is assigned to a subset of coplanar points with plane
equation parameters (A,B,C,D) — Eq. (2)

This first step is subdivided into 3 stages: (a) nearest neighbour searching, (b) coplanarity test, (c) plane

adjustment and calculation of the normal vector.

(@)

(b)

Nearest neighbour searching: for each P, the nearest neighbouring points Q; are found based
on a Euclidian distance via the MATLAB algorithm &uusearch. The user defines the minimum
number of points Q;that will be considered.?

Coplanarity test: given a point P and its nearest neighbouring points (), this stage checks
whether or not this subset of points are coplanar. This is done by Principal Component Analysis
(PCA) via function princcomp on MATLAB. This function expresses how relevant the error
associated with this subset is to form a flat surface. In other words, if the error is too large it
means that the subset does not fit properly to the proposed flat surface. The threshold that
indicates if this error is acceptable to define the subset (; as coplanar is the user-defined
parameter tolerance Nmax: if a subset Q; has a n such that n > Naax;, then this subset is rejected,
otherwise if N < Nwax, subset O, is accepted as coplanar.

Plane adjustment and normal vector calculation: once a subset () is accepted as coplanar, this
stage calculates the best fitting plane to all the points belonging to (. This is done also by PCA,
in which a plane equation for the subset is given as:

Ax+By+Cz+D =0 2)

Where A, B, C are the components of the normal vector of the plane and D is the position of the plane in

a 3D space, relative to the origin (perpendicular distance). Therefore, each subset (; has a local curvature

(normal vector) as exemplified by « and 8 in Figure 4-2.

(e}

g

7 ] A ‘ G

Figure 4-2. Schematic profile of a 3DPC. Point P; has neighbouring points Q; (left) and normal vector a whereas point Py has Q; as
neighbonring points (right) and normal vector f. In biue is a hypothetical plane with x as normal vector representing a joint set. If a, § and
7 are parallel, then all the points of Q; and Q; are assigned to this joint set. Source: Riquelme et al. (2014).
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(ii) Statistical analyses of the plane

For this step, the involved data are:

Input: .#x¢ file of 3D points in which each P(X,Y,Z) is assigned to a subset of coplanar points ; with plane
equation parameters (4,B,C,D) — Eq. (1)

Output: .zx7 file of 3D points in which each P and its neighbouring coplanar points Q; are assigned to a

particular joint set.

This second step defines which subsets in the 3DPC are parallel and which joint set best fits them. As

illustrated in Figure 4-2, if the normal vector o of subset ; and the normal vector 8 of subset (), has high

parallelism, then they should belong to a joint set defined by a normal vector = that is also parallel to them.

To achieve that, 2 main stages are performed: (a) density estimation, (b) semi-automatic set identification.

(a) Density estimation: first, the normal vectors of each point P and its correspondent subset Q) are

plotted in a stereographic projection as poles (Figure 4-3b). Then, the DSE software estimates the
probability density function of poles based on Kernel Density Estimation (KDE), via function
kde2d on MATLAB. This allows the identification of many peaks (or local maximums) of poles
and their orientation in the stereogram (Figure 4-3c,d). These peaks represent the main
otientations of poles (called principal poles) from all the points and their neighboring points in
the 3DPC.
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Figure 4-3 — (a) Synthetic 3DPC of a cube for illustration. (b) Representation of the normal vector pole of each point in a stereogram. (c,
d) Kernel density estimation of poles in b, showing the local maximums. Sonrce: Riguelme et al. (2014).

(b) Semi-automatic set identification: once the local maximums are identified, this stage first filters

those local maxima with higher value which represent principal poles. This is done by two user-
defined filters: the minimum angle between principal poles y1 and the maximum number of
principal poles. The first filter y; excludes the principal poles that have an angle lower than the
chosen value whereas the second limits the number of principal pole to a number that represents
the actual observed joint sets in the fieldwork. So far, the main principal poles of joint sets have
been established. The second part of this stage assigns the pole of each point P to the closest
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principal point of a joint set based on a maximum angle, the cone filter y» (Figure 4-4). If the
angle between a pole of a point P and its closest joint set is greater than y,, this point remains

unassigned.

e =

Figure 4-4. Difference in assigning poles to a joint set (blue, green or brown) if the cone filter p; is used (a) or not (b). (a) Al the poles of
the cube in Figure 4-3b are assigned to one of the 3 main joint sets without cone filter y. (b) Only those poles whose angle to the closest
Joint set is below y; are assigned to a joint set. Source: Riguelme et al. (2014).

(iii) Cluster Analysis

Input: .27 file of 3D points in which each P and its neighbouring coplanar points (); are assigned to a
particular joint set.

Output: .zx¢ file of 3D points (X, Y, Z) in which each P and a group of neighbouring points of many
parallel subsets O are assigned to a particular joint set (JS id) and to cluster (Cl id) defined by A, B, C, D
parameters.

This step is divided into 3 stages: (a) clustering, (b) plane generation and (c) error fitting checking.

(a) Clustering: the subsets of points that are parallel and belong to the same joint set are merged
into one cluster. As exemplified in step (ii), the subset of points Q; parallel to a subset of points Q;
would be merged in one cluster. This process is performed via the “Density-Based Scan
Algorithm with Noise” DBSCAN develop by Ester et al., 1996 (as cited in Riquelme et al. 2014.
p. 44). In the DSE software, this algorithm is implemented in a way that allows the user only to
modify the minimum number of points per cluster (ppc). For one given joint set, many clusters
can be generated.

(b) Plane generation: once a cluster is defined, this stage generates the plane equation (Eq. (2)) that
best fits all the points P belonging to the cluster using PCA, similar to the description in step (i.c).
The parameter D is calculated via the least square method. Every point in a cluster has the same
plane equation parameters.

(o) Error fitting checking: this stage evaluates how well the plane fits the points of a cluster by
point-plane distance and its standard deviation o. The lower these values are, the better is the
fitting.

In summary, once all the three aforementioned steps are performed via DSE software, the original RGB
3DPC becomes colourized where each colour represents one of the main joint sets. Hach joint set is
composed of many clusters (surfaces) defined by A, B, C, D parameters. Since a joint set is assumed to be
composed by a group of approximately parallel joints in engineering geology (same dip direction and
angle), the clusters belonging to a given joint set have all the same A, B, C parameters, in other words,
same normal vector orientation (Riquelme et al., 2018). They differ however in the D parameter, unique
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for each cluster, reflecting their difference in position in the 3D space. This concept will be further
elaborated in the joint set spacing methodology (section 4.2.3).

The main limitation of this approach is that only the 3D points belonging to exposed surfaces of the rock
slope are classified into a joint set. This implies that information of trace length is not extracted and thus
not used for joint set persistence (section 4.2.2) nor spacing analysis (section 4.2.3). Moreover, the clusters
are not planes in reality but rather surfaces with roughness and waviness (Riquelme et al., 2018).

4.2.2. Joint Set Persistence

The computation of joint set persistence is automatically performed using the DSE software given the
output of the joint set extraction process as the input (section 4.2.1). The methodology described below
was developed by Riquelme et al. (2018) and implemented in the DSE software (except i.a). It consists of
two steps: (i) analysis of coplanarity of clusters and (ii) computation of persistence.

(i) Analysis of coplanarity of clusters

Input: .zxz file of 3D points in which each P (X, Y, Z) are assigned to a particular joint set (JS id) and a
cluster (cl id) defined by the plane equation parameters .4, B, C, D. This is the output of joint set
orientation (Section - 4.2.1)

Output: .zx# file of 3D points in which each P (X, Y, Z ) are assigned to a particular joint set (JS id) and to
a cluster (cl id) defined by the plane equation parameters .4, B, C, D’, where D’ is modified to have the
same value as its coplanar clusters.

This step consists of three stages: (a) visual assessment of persistence, (b) determination of coplanar
clusters and (c) merging coplanar cluster

(a) Visual assessment of persistence: this assessment should be carried out to establish which
joints in the rock slope are persistent or non-persistent (Riquelme et al., 2018), as to set k
parameter described in stage (b). In this thesis, the approach proposed can be applied in slopes of
larger extension (hundreds of meters), providing a faster way to visually evaluate the persistence
condition of a joint set. It consists of the distribution of clusters in 3D space as follows:

1. All the cluster of a given joint set should be plotted (colourized) in the 3D space, without
the other joint sets. If a rock slope has 4 joint sets, for instance, each one is checked
individually.

2. Visual inspection of the cluster distribution is space. If the cluster is randomly distributed
in the space and is not continuous, they are non-persistent. Otherwise, they are
persistent.

3. Distribution of all the points of a given joint set in a histogram. It is expected that for
non-persistent clusters, the points should be more homogeneously distributed among the
clusters. If only fewer clusters have the majority of the points of the joint set, they are
most probably persistent.

(b) Determination of coplanar clusters: Riquelme et al. (2015) have previously determined
mathematic criteria to check the coplanarity of clusters. Given cluster 1 and cluster 2, they will be
coplanar if:

|Dy — Dy| £ k x (01 + 03) &),

Where 0, and 0, are the standard deviation of the normal distance of all the points to the best
fitting plane of cluster 1 and 2 respectively, D; and D, ate the parameter of cluster position (2),
and K is the parameter that controls the sensitivity of the analysis. This inequation expresses the
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©

relationship of the standard deviation to the position in space of the clusters: if they are placed
almost in the same plane so that their difference in position is smaller than the sum of their
standard deviation, they will be merged and therefore considered as only one plane for the
computation of persistence. This coplanarity check can only be applied if the clusters have the
same parameter A, B and C (normal vector orientation).

As for k, Riquelme et al. (2018) propose the following conditions to determine its value:

Scoplanar—cluster Kkx (01 + 02) LS (4)

Scoplanar—cluster = |D1 - Dzl &),

Whete Scopianar—cluster 1 the normal spacing of two coplanar clusters and S is the mean normal
spacing of the joint set which the clusters belong to. The Scopianar—ciuster (Eq. (4)) is the
difference in the position of two cluster that should be coplanar but due to the small variations of
point to plane distances have a slightly different D. This implies that k must have a value as to
keep the mean normal spacing much larger compared to the standard deviation of the considered
clusters.

Setting a value for k =0 makes every cluster of a joint set a unique plane not coplanar with any
other cluster of that joint set (Riquelme et al., 2018), regardless of how close they might be in
terms of parameter D. This situation should be used when the joints are non-persistent, in other
words when they are not connected due to the presence of rock bridges (Figure 2-3) or because
they are intersected with joints belonging to another set in the rock slope (Figure 2-2a).

Merging coplanar clusters: the clusters identified as coplanar (3) are merged by replacing their D
parameter as to be equal. This will place them in the same position in space. Furthermore, the
coplanar cluster will be considered as 1 unified new merged cluster for the computation of
persistence.

(ii) Computation of persistence

(@)

Input: .zx7 file of 3D points in which each P (X Y, Z) are assigned to a particular joint set (JS id) and to a
cluster (cl id) defined by the plane equation parameters .4, B, C, D’, where D’ is modified to have the same
value as its coplanar clusters.

Output: .zxf file in which each line has the identification of the merged cluster (mc id), the joint set it
belongs to (]S id), the persistence in dip and strike direction (meters), max length (meters) and area of the
convex hull (m?)

In this step, two mains stages are performed: (a) calculation of rigid transformation matrix and (b)
extraction of measurements.

Calculation of rigid transformation matrix: this stage uses the dip angle, dip direction and normal
vector of each joint set to make them become the new X, Y’, Z’ axis of a new coordinate system,
respectively. Riquelme et al. (2018) apply the transformation matrix R as:

cos (B)sin(a) —cos (a) sin (B)sin(a)
R = |cos(f)cos(a) sin(a) sin(B)cos(a) ()
—sin (B) 0 cos (p)

Whete g is the dip angle and « is the dip direction of the joint set. Afterward, R is applied to every
cluster of a given joint set.
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(b) Extraction of measurements: in the new coordinate system (Figure 4-5), the persistence is
calculated in the direction of dip (O’X’), the direction of strike (O’Y’), maximum length (O’X’Y’)
and in terms of area (Riquelme et al., 2018):

Persistencep;, = max(x) — min(x) )
Persistenceg ixe = max(y) — min(y) 8)
Persistence,,,, = max length(C, (MC)) )
Persistenceyy ., = area (C,(MC)) (10)

Whete min and max are the minima and maxima coordinates of a point P in the merged clusters MC
either in plane OX (dip) or plane OY (strike), max length(Cj (P)) is the maximum length calculated in
the area of the convex hull of merged clusters, this latter being area (C,(MC)). The convex hull is
obtained in MC using the function comvbul/ in MATLAB.
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Figure 4-5. lustration of a 3D space with 3 merged clusters in the new coordinates system O’X’Y 2’ after applying rigid transformation
matrix R. The convex hull is delineated in pink and the calcnlated persistence in blue: direction of dip in O’X, direction of strike O’Y’
and maxcimum length (cord) in plane O’X’Y. Source: Riguelme et al. (2018).

In summary, this process will provide at the end for every cluster (if k=0) or merged cluster (if k >0) in a
joint set, the information of persistence calculated in the direction of dip, strike, maximum length and the
area of the convex hull. This information is not plotted in the 3D space, therefore visualization is not
straightforward. In Section 4.4, an improvement in the methodology will be presented useful not only for
visualization but also as an indicator for rockfall susceptibility assessment.

As previously stated, the fact that only exposed surfaces are extracted as joints (clusters as planes) no
information of trace length (lines) is available for persistence computation.

4.2.3. Joint Set Spacing

An algorithm developed by Riquelme et al. (2015) and implemented in the DSE software allows the
automatic normal spacing calculation given the output of the joint set extraction process (section 4.2.1) as
the input. This methodology can be briefly described visually and afterward explained in terms of the
proposed algorithm by the authors.
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Visual representation

The main assumption is that the clusters of a given joint set are patallel and consequently have the same
A, B, C parameters (normal vector orientation). The parameter D is different however for each cluster of
that joint set as it represents the position of the cluster (joint) in space. If the clusters are considered as
persistent joints (Figure 4-6a), they are infinite planes that intersect a perpendicular virtual scanline at a
given point. Then the distance of these intersecting points is calculated as the normal spacing between
clusters (Riquelme et al., 2015). 1f the cluster is considered as non-persistent joint (Figure 4-6b), no virtual
scanline is taken into account and the perpendicular distance between the closest cluster is computed as
the normal spacing. In Figure 4-6 for instance, for the first scenario (persistent), the normal spacing is
calculated from cluster 1 to cluster 2 (8,1 units) whereas for the second scenario (non-persistent), the
normal spacing from cluster 1 is to cluster 3 (31.7 units) and from cluster 2 to cluster 4 (29,9 units). These
individual differences reflect in the mean normal spacing for all the cluster of a joint set, in other words,
the joint set normal spacing: for a persistent scenario, the joint set normal spacing is 16,28 units whereas
for the non-persistent scenario it is almost twice as large, 27,16 units (Riquelme et al., 2015).
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Figure 4-6. 2D representation of clusters (in bine) of a given joint set. (a) Normal spacing calculation considering clusters as persistent
Jjoints. (b) Normal spacing calculation considering clusters as non-persistent joints. Source: Riquelme et al. (2015).

Algorithm

Input: .z file of 3D points in which each P (X, Y, Z) and a group of neighbouring points of many parallel
subsets Q) are assigned to a particular joint set (JS id) and a cluster (cl id) defined by the plane equation
parameters 4, B, C, D. This is the output of joint set extraction (Section 4.2.1)

Output: .zx7 file in which each line has the identification (id) of the joint set (JS id), the two clusters used
for the normal spacing computation (cl 1 id and cl 2 id), the normal spacing value between them and the
parameter D of each cluster (cl 1 D and ¢l 2 D).

Riquelme et al. (2015) have implemented this aforementioned visual description for normal spacing
calculation as an algorithm with the following steps (Figure 4-7):

(i) For a given joint set, all the clusters are ascending sorted in a list Dsorted using their position in
space (parameter D).

(i) From the Dsorted list, a subset of clusters R is created excluding the first cluster C/ and its points
P.

(i) For each point P of C/, the perpendicular distance to the closest point P; belonging to a cluster C4
in subset R is computed. This distance is the normal spacing between C/4 and Ci. If there is
another point P of C/ close to a point Pyof C , the distance is also considered as the normal
spacing between C/ and C/. Consequently, a single cluster can have the normal spacing calculated
to two or more neighbouring clusters.
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(iv) Steps (ii) and (iii) are repeated for the second cluster Ch in the Dsorzed list: it is excluded from the
subset of clusters R and the perpendicular distance to the closet point belonging to a cluster Ck is
computed. This distance is the normal spacing between Ch and Ci.

(v) When all the clusters have been used for distance calculation, the algorithm stops.

procedure SPACING CALCULATION
Input: Point Cloud P=(X, Y, Z, DS id, cl id, A, B, C, D)
Output: Spacing = (DS id, cll id, 12 id, spacing, ¢11 D, cI2 D)
counter =1
for cach joint set i do
Pie—P » P: points member of DS id i
P; « Sort P; by D parameter > in ascending order
Dsorted « D values of all the points of P;
Dsortedid « cluster ids of all the points of P;
create group R = P(points members of P; except cluster id Dsortedid(1))
for each cluster j do
create group @ = P;(points members of P; and cluster id Dsortedid(j))
Dist « Distance from all the points of Q to all the points of R
p < nearest point from Q to R
pid « 1id of the cluster that contains the point p
D, « D parameter of the cluster that contains the cluster id Dsortedid(j)
D, « D parameter of the cluster id pid
spacing(counter) — [DS i, ¢l Dsortedid(j), pid, |D1=D2|, Dy, D;]
create group R = R(points members of R except cluster id Dsortedid(i))
counter «— counter + 1

Figure 4-7. Psendocode of the algorithm for normal spacing calenlation. Source: Riguelme et al. (2015).

In summary, the normal spacing calculation in DSE software provides a list of the neighbouring cluster
and the perpendicular distance between them. This distance does not depend on the location of the virtual
scanline for a persistent joint set scenario since they are assumed to be parallel. In other words, it is a non-
directional dependent method (Riquelme et al., 2015). Moreover, some clusters can have more than one
neighbouring cluster, especially if it has a large areal extension.

As can be noticed, this approach has 2 limitations. Firstly, if some clusters in the study are not parallel, the
distance between them is directionally dependent. Consequently, unrealistic values of normal spacing can
be computed, greater or lower than reality (Riquelme et al., 2015). Secondly, the only joints represented by
exposed surfaces in the study area are used for this computation. Joints represented by trace length inside
the rock mass, and thus not exposed surfaces, are not taken into account, even though also being useful
for normal spacing calculations (Riquelme et al., 2015).

424, Block volume calculation

Block volume calculation was performed using the inputs from the DSE software in two different
approaches: mean block volume for rock slope and local block volume in a given area of the 3DPC.

Mean block volume
The mean block volume was estimated using the expression proposed by Palmstrom, (2005):

_ S x8,x5;
b 5inyq X Sihy; Sinys (11)

Whete Sq, S5, 53 are the mean normal set spacing of the considered joint set and y1, 2, ¥3 are the angles
between them (Figure 4-8). Since the joint sets in the rock slope intersect in approximately 90°, also
attested by the cubic shaped of fallen blocks in the foot slope, the expression can be simplified:

Vb = 51 X SZ X 53 (72)
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The estimated V}j, was validated with field measurements of fallen blocks using a measuring tape. This
approach of considering mean normal set spacing derived from 3DPC rock mass as input for mean block
volume estimation was also used in recent studies. Sarro et al., (2018) applied the obtained block volume
for rockfall simulation in a cliff close to a cultural heritage site in Cortes de Pallds (Spain) and Pérez-Rey et
al., (2019) in weathered granite outcrop close the small village of Chantebrito in Galicia (Spain).

Joint set 1

Joint set 2
—

| _—Joint set 3

Figure 4-8. Block composed of 3 joint sets, with normal set spacing S and angle y between them. Source: Cai et al. (2004).

Local block volume

In this work, a novel approach for estimating block volume in a particular area of 3DPC is presented. It is
semi-automatic since it is based on 2 outputs obtained from DSE computation of persistence (Section
4.2.2) and normal spacing (Section 4.2.3). The block volume is estimated by multiplying the persistence of
a cluster C; as the area of convex hull area(Cy) by the normal spacing S to the closest neighbouring
cluster Cj:

Vi1 = area(Cp[Ci]) x S(Cy ) (13)

To validate this approach, the results were compared to the block volume calculated manually in the
CloudCompare: measuring directly on the 3PDC the distance of points in the corner of a given block, and
afterward multiplying to obtain the volume (Figure 4-9).

Area (Ch[Ci])

S(Gi))

Semi-automatic manual

Figure 4-9. Representation of local block volume computed semi-antomatically proposed in this work and manually obtained in
ClondCompare. Source: own anthorship.
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4.3. Slope Stability Assessment

4.31. Rock Mass Rating
Input: a table containing for each joint set the geomechanical classification parameters (Al to A5)
Output: a table containing for each joint set the RMR rating (0 to 100) and class (I to IV).

The assessment of rock slope quality was performed first through Rock Mass Rating (RMR) - Table 2-1,
using either features extracted from the 3DPC, field observations (Appendices) or photos to obtain the
five geomechanical classification parameters Al to A5 for each joint set (Table 2-1). Parameter A2 (RQD),
developed by Deere et al 1967 (as cited in Hoek, 2007, p 32) is obtained by summing the intact rock pieces
longer than 100 mm in drill core logs and dividing by the total length of the core (Figure 4-10).
Alternatively, it is estimated by the correlation of RQD with volumetric joint count Ji; proposed by
Palmstrom (2005) for cubic shape rock fragments:

RQD =110 — 2.5, (14)

Where the Jy is calculated as the inverse sum of (n) joint sets having each a mean joint set spacing Sy,
Palmstrom (2005):

Jv==+=—++—=— (15)

RQD = 0 -25% very poor
RQD = 25 - 50 % poor
RQD =50 - 75% fair
L RQD = 75 - 90% good
RQD =90 - 100% excellent

L =38cm

L=17cm

L=0
no pieces > 10cm

£ L =20em
=]
o
L=35cm
——+— dirilling break
/.C Total length of core run = 200cm
Lo RQD = Z length (L) of core piecies >10cm length
no recovery Total length of core run
Rap = 22417420435 | 009 < 55%

200

Figure 4-10. Example of ROD calculation. Source: Palmstrom (2005), slightly modified after Deere (1989).

For this case study, no drill cores were available for the calculation of RQD. Thus, this works provides
another alternative to calculate the RQD directly on the 3DPC following the same procedure described by
Deere et al 1967. Profiles on the slopes were selected and for each, the rock fragments exposed in the
slope surface larger than 100 mm were summed and then divided by the total length of the profile. The
calculated RQD was afterward validated using Eq. (14) and (15).
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After establishing the five parameters, their corresponding rating was used to compute the RMR according
to Bieniawski (as cited in Hoek, 2007, p.60). Even though RMR is designed to evaluate the quality of rock
mass for underground excavation (i.e tunnels), it was used as an input for the Slope Mass Rating (SMR),
which is properly designed to assess slope stability.

4.3.2. Slope Mass Rating

Input: a table containing for each joint set the dip direction and dip angle, RMR rating (0 to 100), auxiliary
angles (4, B, C) and adjustment factors (Fy, Iz, Fs, Fy)

Output: table with SMR class for each joint set.

The second step to assess the rock slope stability was by means of Slope Mass Rating proposed by
Romana (1993). The results of RMR rating (Section 4.3.1), the orientation of each joint set as well as the
otientation of the slope (Section 4.2.1) were introduced in the SMRTvo/ calculator developed by Riquelme
et al (2014b) to obtain automatically the following parameters described in the section 2.2.2: auxiliary
angles (A, B, C), the failure mechanism (toppling, planar or wedge) and adjustment factors (Fi, Fa, F3,).
Adjustment factor F4 was manually introduced as a natural slope.

4.4, Rockfall Susceptibility Assessment

The DSE software allows the classification of 3DPC into joint sets, delineation of joints as planes
(clusters) for each joint set, calculation of their persistence and normal spacing between neighbouring
clusters. However, the normal spacing and persistence values for each cluster are given in a .zx# file
without coordinates and thus not plotted in the 3DPC for visualization. The same happens to the SMR

scores calculated for each joint set using as input these geomechanical properties among others (section
4.3.2).

This thesis presents a novel approach to use these geomechanical properties for visualization in a 3D
space followed by steps to integrate them as indicators for a rockfall susceptibility assessment. The final
product is a methodology that can semi-automatically assess potential rockfall sources and their
susceptibility to the point cloud.

In this work, for assessing the rockfall susceptibility and identifying potential rockfall sources, the
following indicators are used:

e The presence of overhanging, indicating loss of support of the rock mass
e The SMR index indicating instabilities which are kinematically possible

e The joint persistence (in terms maximum length) which indicate: (i) rock mass quality and (i) the
extension of lack of support in the rock mass and thus an indication of unstable volumes: the
larger the extension, the greater the volume prone to be detached.

e The joint spacing (minimum) which indicates the rock mass quality.

The sections below describe how each indicator was processed in Exce/ using the original outputs from the
DSE software and combined into the Rockfall Susceptibility Index (Section 4.4.5).

4.4.1. Overhanging indicator

Input: .zx¢ file of 3D points (X, Y, Z) in which each P is assigned to a particular joint set (JS id) and to
cluster (Cl id). This is the final output of the joint set extraction process (step iii — Section 4.2.1). The
parameters 4, B, C, D are not needed.
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Output: .zxt file of 3D points (X, Y, Z) in which each P is assigned to a particular joint set (JS id), a cluster
(Clid) and the presence (1) of absence (0) of overhanging.

The identification of overhanging as an indicator was done manually by visual inspection of which cluster
of a joint set lacks support in the rock slope RGB 3DPC and afterward transferring this information to
the output file. In practical terms, this was done as follows:

@ The first step was to ovetlay the clusters of each joint set on the top of the RGB 3DPC in
CloudCompare. Then, those clusters corresponding to overhanging planes were identified by
their id (Cl id).

(i1) These same clusters were selected in the input file by filtering in Exve/, as to have all the 3D
points (X, Y, Z) of these clusters also selected (each line = one 3D point). A new column was
created and the value of 1 (true) was given to all these lines of the selected clusters which
represent an overhanging. To all the other clusters that do not represent overhangs a value of
0 (false) was given.

(iif) Finally, for visualization, the output .zx7 file is opened in ClondCompare where the column of
overhanging (0 or 1) is selected as a scalar field.

44.2. Persistence Indicator

Input_#1: .zxz file in which each line has the identification of the merged cluster (mc id), the joint set it
belongs to (JS id), the persistence in dip and strike direction in meters, max length in meters and area of
the convex hull (m?). This is the output from the persistence computation (step ii — Section 4.2.2)

Input_#2: 3D points (X, Y, Z) in which each Pis assigned to a particular joint set (JS id), a cluster (Cl id)
and the presence (1) of absence (0) of overhanging. This is the output of overhanging indicator (Section -
4.4.1)

Output: 3D points in which each P is assigned to a particular joint set (JS id), a cluster (Cl id), the presence
(1) of absence (0) of overhanging and persistence as maximum length (Persis. Max).

The first step is to choose in input_#1 which of the 4 values of persistence (dip, strike, maximum length,
area) of a cluster to use for the rockfall susceptibility assessment. As expressed in the rating of persistence
for the RMR (Table 2-1), joints with higher persistence have a lower rating for the RMR and so contribute
towards a poorer quality rock mass as well as for a greater lack of support in the overhanging, favouring
rock detachment. To account for a conservative scenario, the maximum length of persistence was
selected. The degree in which this assumption is conservative or realistic has to be verified by observation
of the study site in situ on virtually on the point cloud.

The second step is to assign this chosen persistence to all the 3D points (X, Y, Z) of that cluster for a
given joint set. As an illustration, suppose a given joint set JSi has a total number of clusters Cl, and a
cluster Cly has numbers of 3D Points Py. If the persistence of Cly is 20 m, then the value of 20 is given to
all P,.. In practical terms, this is done in the following procedure:

@ Opening the input_#2 in Exve/ and filtering out the joint set by each cluster so that only the
cluster Cly and its 3D points Py is selected. Then the persistence (20) of Cly in input_#1 is
copied and pasted in a new column to all the lines of Cli in input_#2, (each line = one 3D
point X, Y, Z of Cly). This new column will have the persistence information

(i) The process in (i) is tepeated, sorting out the next cluster Clz in input_#2 of a joint set and
pasting in the new column of all its lines the persistence of Clz from input_#1. After all the
Cq clusters have their correspondent persistence values in input #2, the process stops for
that joint set.

38



ROCKFALL SUSCEPTIBILITY ASSESSMENT ON UAV BASED 3D POINT CLOUDS

(iif) Then process (i) and (ii) restarts for all the cluster of the next join set ]Sz After all the clusters
from all the joint sets have their corresponded persistence in input_#2, the process ends.

(iv) Finally, for visualization, the output .zx7 file is opened in CloudCompare where the column of
persistence (Persis. Max) is selected as a scalar field.

443. Spacing Indicator

Input_#1: .zx# file in which each line has the identification (id) of the joint set (JS id), the two clusters used
for the normal spacing computation (cl 1 id and cl 2 id), the normal spacing value between them and the

parameter D of each cluster (cl 1 D and cl 2 D). This is the output from the normal spacing computation
(Section 4.2.3)

Input_#2: .zxt file of 3D points in which each P is assigned to a particular joint set (JS id), a cluster (Cl id),
the presence (1) of absence (0) of overhanging and persistence as maximum length (Persis. Max). This is
the output from the persistence indicator (Section - 4.4.2).

Output: .zxt file of 3D points (X, Y, Z) in which each P is assigned to a particular joint set (]S id), a cluster
(Clid), the presence (1) of absence (0) of overhanging, a persistence as maximum length (Persis. Max), and
the minimum normal spacing (Spac. Min).

In input_#1, a cluster can have more than one normal spacing value if it has more than one neighbouring
cluster (step iii of Spacing calculation algorithm — Section 4.2.3). As an illustration, suppose that Cl; has
the normal spacing S computed to 3 other cluster Clz, Cls and Cly such that the values are S12 =X, Sy5 =3X
and S17=5X. The first step is to choose which value of spacing to use for the rockfall susceptibility
assessment. Differently from persistence, the less spacing between joints favour a poor rock mass quality
(Table 2-1). Thus, as to account for a conservative scenario, the smallest spacing was used. For the
illustration, it would then be Si2 =X. A realistic result to exemplify this idea will be later presented in
Section 5.3.2.

The second step is to assign this chosen normal spacing to all the 3D points (X, Y, Z) of that cluster for a
given joint set. This is a similar procedure as described for the second step of the persistence indicator (i, ii
and iii), being the only difference a new column for spacing is created (Spac. Min). Finally, for
visualization, the output .zx# file is opened in CloudCompare where the column of spacing (Spac. Min) is
selected as a scalar field.

444, SMR indicator

Input_#1: table with SMR class for each joint set. This is the output from Slope Mass Rating (Section
4.3.2)

Input_#2: .zxt file of 3D points (X, Y, Z) in which each P is assigned to a particular joint set (JS id), a
cluster (Cl id), the presence (1) of absence (0) of overhanging, a persistence as maximum length (Persis.
Max), and the minimum normal spacing (Spac. Min).

Output: .zx7 file of 3D points in which each P has a particular joint set (JS id), a cluster (Cl id), the
presence (1) of absence (0) of overhanging, persistence as maximum length (Persis. Max), the minimum
normal spacing (Spac. Min) and the SMR class (SMRc)

The procedure here is to assign the SMR class of each joint set to all its clusters and corresponded 3D
points (X, Y, Z), similarly as it was done for the persistence and spacing indicator, slightly simpler. As an
illustration, suppose a given joint set JSi has a total number of clusters Cl, and a cluster Cl; has numbers
of 3D Points P,. If JS; is class I(1), then to all the Cl, cluster the value of 1 will be given. It is simpler
because it does not require the filtering per cluster, only per joint set since all its cluster will have the same
value. In practical terms, this is done as follows:
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@ opening the input_#2 in Exve/ and filtering out each joint set individually. In this way, all the
clusters (and 3D Points) of this first JS; will be selected.

(i) Then, the SMR Class value (1) in input_#1 is copied and pasted in a new column to all the
selected lines of JS; in input_#2 (each line = one 3D point X, Y, Z of a cluster). After all the
C, clusters of a JS; have the same SMR class value (1) in input_#2, the process stops for this
joint set.

(iif) The process restarts for the next joint set JSo. After all the clusters from all the joints set have
their corresponded SMR class values in input_#2, the process ends.

(iv) Finally, for visualization, the output .zx7 file is opened in CloudCompare where the column of
SMR class (SMRc) is selected as a scalar field.

In summary, at the end of the aforementioned steps for all the indicators, the final output is a .zx7 file
(Figure 4-11) in which each cluster and its 3D points have its information of spacing, persistence, SMR
and overhanging (or not). The advantage of this approach is that it is localized information in 3D space,
where no interpolation of values is performed. Moreover, it is also similar to the approach of Riquelme et
al. (2014) where the original 3DPC is used from the beginning and throughout all the process as new
information is added as a column, without the need for mesh generation (interpolation). The only
indicator that can be said to be an averaging is the SMR because all the clusters of a given joint set have
the same value, differently from spacing, persistence and overhanging which are per cluster. Even in this
case, a careful evaluation using fieldwork observation is done to be as much realistic as possible (further
explained in section 5.2).

A B C D E F G H |
1 x y z JSid clid overhang. Persi. Max Spac. Min. SMRc
2 766197 3912555 1510.77 2 1 0 2.56 0.41 1
3 766197 3912555 1510.76 2 1 0 2.56 0.41 1
4 766197 3912555 1510.76 2 1 0 2.56 0.41 1
5 766197 3912555 1510.77 2 1 0 2.56 0.41 1
6 766197 3912555 1510.75 2 1 0 2.56 0.41 1
7 766197 3912555 1510.76 2 1 0 2.56 0.41 1
8 766197 3912555 1510.75 2 1 0 2.56 0.41 1
9 766197 3912555 1510.77 2 1 0 2.56 0.41 1
10 766197 3912555 1510.76 2 1 0 2.56 0.41 1
11 766197 3912555 1510.76 2 1 0 2.56 0.41 1
12 766197 3912555 1510.75 2 1 0 2.56 0.41 1

Figure 4-11. Screenshot of .ixt file in Excel containing the information of 3D points of the rock slope in this case study. It shows
partially some of the 3D points (11 out of 4.420) of joint set 2, cluster 1, that is not an overhanging (0), has a maximum persistence of
2.56 m, minimum spacing to other clusters of 0.41 m and was classified as SMR class 1 (completely stable).
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4.4.5. Rockfall Susceptibility Index

Input: .zx7 file of 3D points (X, Y, Z) in which each P is assigned to a particular joint set (JS id), a cluster
(Cl id), the presence (1) of absence (0) of overhanging, persistence as maximum length (Persis. Max), the
minimum normal spacing (Spac. Min) and the SMR class (SMRc). This is the output SMR indicator,
shown in Figure 4-11 (Section 4.4.4).

Output: .z file of 3D points (X, Y, Z) in which each P is assigned to a particular joint set (JS id), a cluster
(Clid), a persistence indicator (Ip), spacing indicator (Is), the SMR indicator (Ispg), overhanging indicator
(loverhanging) and the Rockfall Susceptibility Index (Igps).

At this stage, all the indicators are assigned to individual clusters of a joint set. The next stage consists of
integrating them in a way to highlight the areas on the 3DPC which are more prone to rockfall, in other
words, potential source areas of block detachment. The approach proposed in this work requires 3 main
steps: (i) scoring system definition, (iii) calibration, and (iii) integration into a Rockfall Susceptibility Index.

@) Scoring system definition: consists of giving each indicator a score of 0, 1 or 2 based on how
they contribute for the quality of the rock mass (spacing and persistence), stability of the
slope (SMR) and lack of support for overlaying rocks masses (overhanging). For instance,
lower values of normal spacing and higher values of persistence decrease the rock mass
quality, as described in the RMR system (Table 2-1), and therefore receive a higher value in
the scoring for susceptibility. In addition, joints with SMR classes considered as unstable
according to Romana (1993) will be also given a high value of scoring as well as the presence
of overhanging.

(i1) Calibration: the thresholds to define if an indicator is 0, 1 and 2 were established using areas
on the 3DPC of the rock slope with different rockfall susceptibility levels based on visual
observation. For instance, suppose an overhanging part of a slope (high susceptibility) has all
the joints with normal spacing below 0.30 m, a more stable area has the joints with normal
spacing below 1m and a complete stable area has all the joints above 1m of normal spacing.
Hence, the threshold for the spacing indicator I can be set as high for I¢ < 0.30m, moderate
for 0.30m <Ig¢ < 1 m and low for I¢ > 1 m. This procedure allows the calibration of the
indicators via an interactive trial and error process, similarly to the approach of Mavrouli et al.
(2019) for calibration of indicator for a rockfall frequency index applied to rocky slopes of the
Basque Country.

(iif) Integration into a Rockfall Susceptibility Index: once each indicator is scored (0,1 or 2), they
are summed up with the same weight as I (spacing), Ip (petsistence), Isyyr (SMR) and
lovernanging (0verhanging) to give the Rockfall Susceptibility Index Igps:

Irps = Is + Ip + Isyr + lovernanging (16)

This same weight approach is an equivalent strategy used by Matasci et al. (2018) when
combining their failure indexes for the final rockfall susceptibility index in 3DPC and by
Mavrouli et al. (2019) for combining indicators for rockfall frequency index for slope stability
assessment in fieldwork. Even though this index provides a numerical value, the
differentiation of susceptibility levels (high, moderate and low) depends on the specific site
characteristics of a given slope and thus requires a user evaluation. Additionally, a higher
index in a particular area in the slope does not guarantee that a rock detachment will occur in
the future, but rather it is an indication of areas in the slope more prone than others based on
the considered indicators (overhanging, spacing, persistence and SMR). These highlighted
areas can be afterward used for a more detailed hazard studied including block volume
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calculation (as performed in this thesis), intensity and trajectory of fallen blocks as also
suggested by Matasci et al. (2018).

In practical terms, steps (1) and (iif) are done in the input .zx# file (Figure 4-11) using 7 (if condition) or s
(if else condition) function in Exve/ as to reclassify the original values of indicators into the scores (0,1 or
2) and further summing all the columns (indicators) to obtain Ipps (Figure 4-12). At the end of this
process, all the 3D points have a Ippg and can be visualized in ClondCompare as a scalar field.

A B C D E F G H | J

1 X y z js cl Is lp lsmr loverhang. IrFs

2 766197 3912555 1510.77 2 1 2 2 0 0 4
8 766197 3912555 1510.76 2 1 2 2 0 0 4
4 766197 3912555 1510.76 2 1 2 2 0 0 4
5 766197 3912555 1510.77 2 1 2 2 0 0 4
6 766197 3912555 1510.75 2 1 2 2 0 0 4
7 766197 3912555 1510.76 2 1 2 2 0 0 4
8 766197 3912555 1510.75 2 1 2 2 0 0 4
) 766197 3912555 1510.77 2 1 2 2 0 0 4
10 766197 3912555 1510.76 2 1 2 2 0 0 4
11 766197 3912555 1510.76 2 1 2 2 0 0 4
12 766197 3912555 1510.75 2 1 2 2 0 0 4

Figure 4-12. Screenshot of .1t file in Excel containing the scoring of indicators (Is, Ip, Ismr, lovernanging) and rockfall susceptibility
index (Ipps) of some 3D points of the rock slope in this case study.
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5. APPLICATION TO A ROCK SLOPE IN SAMARIA
GORGE NATIONAL PARK, CRETE (GREECE)

The methodologic workflow described in Chapter 4 was applied to a rocky slope on the road cut leading
to the refugee Kallergis (Figure 3-1c), where the risk is related to vehicle passengers. Although this road is
not highly transited, this slope was selected as an example for the application of the method and the
processing of the point cloud, to be further extended to cut and natural slopes where risk is higher, and
detailed susceptibility and hazard analysis are required. The sections below describe the results obtained in
each of the 4 sequential blocks of the proposed methodology (Figure 4-1).

5.1. Feature Extraction

5.1.1. Joint Set Orientation

According to the literature, different values for the input parameters have been used in the DSE software
(Buyer et al, 2020; Menegoni et al, 2019; Riquelme et al., 2014; Riquelme et al., 2018). Riquelme et al.
(2014) for instance defined optimal values of nearest neighbor k., = 30 points and coplanarity test Nmax =
0.2 when using known geometric objects (cube and icosahedron) for validation and sensitivity analyses of
the results. Nevertheless, when applying the method for joint set extraction of a real rock slope, these
authors changed the values of some parameters to best fit the real outcrop point cloud (kun was set to 20).
Riquelme et al. (2014) also acknowledged that the user should have a good background on rock mechanics
and engineering geology as to evaluate what values should be used for each case.

Taking this recommendation into account, different combinations of parameters were tested in the rock
slope point cloud in this study, including the optimal values of knn and Nax. After visual validation of the
extracted joints of each attempt with the observation that correspond to ground truth, the settings of
input parameters that best represent the observed joins sets in the field were finally defined as summarized
in Table 5-1. The parameter k, which determines if clusters should be merged or not, does not interfere
with the extraction of joint sets. However, it does influence the computation of persistence as further

discussed in section 5.1.2.

Table 5-1. Input parameters used for joint set extraction in the rock slope point cloud in this study.

Parameter Value
K nearest neighbour — kun 20 points
Tolerance for the coplanarity test - Nmax 0.3
Number of bins for the density analysis - nbin 64
User-defined number of joint sets - JS 4
Minimum angle between principal poles — y1 20°
Maximum angle between a pole and its principal pole (cone filter) —y2 ~ 30°
Minimum number of points per cluster - ppc 100 points
Cluster distribution threshold for cluster alignment - k 1.5

A total of 4 joint sets were extracted (Figure 5-2) with their corresponding dip direction and dip angle of
the principal pole, the number of clusters and the total number of points assigned for each of them (Table
5-2). The principal pole of each joint set considered in this study takes the cone filter y> of 30 degrees,
which implies that all the poles of the normal vectors of points that have dip direction and dip angle
within 30 degrees of this principal pole orientation are assigned to this family (set) of joints. This is why
the values of principal poles are followed by + 30 degrees in Table 5-3.

43



ROCKFALL SUSCEPTIBILITY ASSESSMENT ON UAV BASED 3D POINT CLOUDS

JS 1 is the most representative joint set in the slope with the majority of points (3,459,156). It corresponds
to the slope surface and also the bedding plane of the geological layers in the study site. JS 3 and ]S 4
correspond to the overhanging, and ]S 2 is almost a sub-vertical joint bounding the lateral sides of the
overhanging surfaces (Figure 5-3).

(a) Poles Density Plot, Principal Poles. Isolines each 1.25% (b) Poles Density Plot, Principal Poles. Isolines each 1.25% M

Figure 5-1. (a) Stereogram with the principal pole of extracted joint sets and (b) density estimation via kernel of poles in the point cloud
Jor each joint set. The higher density of J1 corroborates the more exposed slope surfaces compared to any other surface in the point cloud.

(@)

joint sets
4
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(b) joint sets
'y 4

Figure 5-2. Point Clond of rock slope classified into 4 joint sets in different view angles (a) and (b). The red box in (a) is enlarged as
Figure 5-3. Distance is in meters.

* o ' Distance: 2
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joint sets
4

Distance: 2

Figure 5-3. Upper part of the rock slope highlighting the overhanging (13, J4) in RGB point clond (a) and classified into joint sets (b).
Notice the waviness of some surfaces resulting in points assigned both to |2 and J3 (red arrows). Distance is in meters.

Table 5-2. Summary of extracted joint sets information.

Joint set Dip direction Dip angle Number of Number of
@) ) clusters points
IS 311 51 190 3,459,156
]Sz 38 78 269 106,408
JSs 178 62 143 39,530
]S4 126 63 162 40,361

On one hand, joint sets represented by planar surfaces are well characterized by this method and the
points on these surfaces are correctly assigned to their corresponding joint sets. On the other hand, one
limitation of this method is that points belonging to less planar surfaces (i.e. waviness or roughness) can
often be assigned to two different joint sets as noted in some parts for J2 and J3 (Figure 5-3). This fact
also explains why ]2 has a slightly higher difference of 14 degrees in the dip direction and |3 of 12 degrees
in dip angle compared to the values obtained in the field with the compass-clinometer (Table 5-3,
Appendix B). It should be noted that field measurements using a compass-clinometer are also subjective
to error mainly due to: human bias in the plane chosen for collecting the orientation, in other words,
whether it is representative or not of that joint set (especially if it is a wavy surface), and the compass
inherent precision of one degree (Slob, 2010). Given the aforementioned considerations, the values for
joint set dip direction and angle using the DSE software are similar to those obtained in the field.

Table 5-3. Comparison of joint sets orientation using DSE software and compass in the field. The latter considers only one measure in a

Plane in the rock slope for each joint set. No statistical analysis was carried out for the field measnrements since the objective was not to
validate this approach, rather guide in the decision of input parameter values.

. DSE Field data - Compass Difference
Jornt set Dip dir./Dip angle (%) Dip dir./Dip angle () Dip dir./Dip angle ()

JSi 311/51 £ 30 320/55 + 1 9/4

JS2 38/78 £ 30 24/85 %1 14/7

JSs 178/62 % 30 180/50 £ 1 2/12

1S4 126/63 £ 30 Not available Not available
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5.1.2. Joint Set Persistence

The first step before the computation of persistence of a given joint set is to evaluate visually in the point
cloud if that joint set can be considered as persistent or non-persistent, as illustrated in Figure 2-2a. In case
it is persistent, the parameter k for merging clusters should be applied as proposed by A. Riquelme et al.,
(2018). Otherwise, the cluster should not be merged and considered therefore as individual planes. The
results for visual evaluation for each joint set are as follows:

For JS 1, approximately 96% of all the points are assigned to only 6 out of the 190 clusters in total (Figure
5-4b). These 6 clusters have a large extension in area, greater than 20 m? (Figure 5-4a), in other words, are
persistent.

For JS 2, 50% of all the points are assigned to 40 clusters while the other 50% are assigned to the other
229 clusters (total of 269) (Figure 5-4d). The visual inspection also shows the clusters do not have a
continuous extension in the 3D space but are rather interrupted (Figure 5-4¢c), with lower extension in
area, less than 2 m2,

For JS 3, approximately 50% of all the points are assigned to 31 clusters while the other 50% are assigned
to the other 113 clusters (total of 143)( Figure 5-4f). Similatly to |S 2, the visual inspection also shows that
the clusters of JS 3 do not have a continuous extension in the 3D space but are rather interrupted (Figure
5-4e¢), with lower extension in area, less than 1 m?2.

For JS 4, approximately 50% of all the points are assigned to 36 clusters whereas the other 50% are
assigned to the other 126 clusters (Figure 5-4h). Visual inspection also shows that the clusters of JS 4,
similar to JS 2 and 3, have a lower extension in area (Figure 5-4g), less than 0.5 m2.

In summary, after visual inspection and statistical analysis via histograms, the joint sets in the rock slope
can be classified concerning their persistence as J1 persistent, and ]2, J3 J4 as non-persistent.

1.2-1064 |bin 8 (b)
<96.283 %
1-106 4 |val = 6.906250
.. 800000
c
3 ]
3 600000
400000
200000
0 T T T T T T
30 60 90 120 150 180
Scalar field
bin 39 (d)
< 50.452 %

val = 41.828125

Count

T T T 7
40 80 120 160 200 240
Scalar field
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1500 bin 41 (f>
< 50.215 %
1250 val = 30.704082
1000
g
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o
500
250 I|
o ‘ ‘ ‘ LTI
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Scalar field
1500 bin 44 (h)
< 50.021 %
val = 36.420000
1250
1000
5
3 750
500
250
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Figure 5-4. Left images show the distribution of clusters in 3D space for each joint set. Right images show the histogram of points for each
cluster of a joint set, where the y-axis is the number of points (count) and the x-axis is the cluster id (scalar field): |S 1 (a, b), ]S 2(c, d),
IS 3 (e, ), ]S 4(z, b). Note that for ]S 1, 6 clusters colourized in (a) represent the majority of points, approximately 96% (b).

The second step is to determine the k threshold to merge the cluster of JS 1 (Eq. (4) and (5)), as it is
considered to be persistent. This condition can be tested for this case study in two large clusters of JS 1,
clusters 3 and 8, that are coplanar since D parameter are very similar, D3= -1.533.583,7852 m and Dg= -
1.533.583,8610 m. Given their standard deviations? as 03 = 0.2675 m and og = 0.0805 m respectively and
the mean normal spacing of JS 1 as 0.311 m, k can be first set as 1 to evaluate the influence of standard
deviation alone:

|ID; — Dg| K 1x (03 + 0g) &S (17)

0.0758 € 1x0.348 « 0.311 (18)

On the one hand, the first part of the inequation (18) is fulfilled as the Scopianar—ciuster is smaller then
the sum of the standard deviations g3 + 0g. On the other hand, the second part is not fulfilled as the
standard deviation is not smaller than the normal spacing S, instead it is greater. A possible explanation of
the large values of standard deviations is the large extension of cluster 3: the bigger the cluster, the more
likely the points will have a larger distance to the best fitting plane and as consequence, a large standard
deviation. By setting k =1, these two coplanar clusters would be merged resulting in only one plane for
computing the persistence, but at the cost of merging smaller clusters that are might not be coplanar.
These processes would result in the unrealistic computation of persistence (larger than expected) and
therefore is not adopted in this case study. It is preferred to consider JS 1 as non-persistent (k=0) and
compute the persistence of all the clusters separately, similarly to the approach for the other joint sets,
even though the visual observation shows evidence that JS 1 is persistent.

Based upon the aforementioned considerations, the persistence of each cluster of a given joint set in the
direction of dip, strike, maximum length and the area of convex hull was calculated in the DSE software.
That implies that for each cluster, 4 calculations were performed (dip, strike, maximum and area) as

3 The standard deviation of each cluster is provided in a .zx7 file by the DSE software after the joint set extraction
process (Section 4.2.1). Due to great amount of clusters (190), it is not practical to show all the results here.
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illustrated in Figure 5-5. Thus, for JS 1 with 190 clusters, 760 values of persistence were obtained. For JS 2
with 269 clusters, 1,076 values of persistence, ]S 3 (143 clusters) 572 values and |S 4 (162 clusters) a total
of 648 values of persistence. The summary of statistical analyses is presented in Table 5-4 and the
histograms in Figure 5-6 and Figure 5-7.

J1 - cluster 6
Legend
Point above the plane
*  Comer of convex hull

[ Piane

1 T 05 Persistence

direction of strike (m) ~

- e 15 Dip=5.886m
-2 =% 2 Strike = 5.759 m

> direction of dip (m) Max.= 6466 m
3 3 Area = 22.440 m2

Figure 5-5. Calenlation of persistence in the direction of dip, strike, maximum length and area of the convex: hull for cluster 6 of JS 1 in
DSE software. The purple points are below the best-fit plane whereas the blue is above.

As expected, JS 1 has the maximum values of persistence and area (Table 5-4). Nonetheless, the mean
values are similar to the mean values of other joint sets. This happens because out of 190 clusters, only 6
clusters have the persistence from 5 to 32 m and area from 22 to 265 m?, whereas the other 184 clusters
have persistence and area inferior than 3 m and 3 m?2. Thus, when calculating the mean it lowers the values
influenced by the great amount of smaller clusters. Cautions should then be taken to use the mean values
for this particular joint set, keeping in mind it does not express propetly the persistence for this joint set
since it underestimates the influence of the 6 major clusters. JS 2 and JS 3 have a similar range of
persistence, concentred up to 2.5 meters and area below 0.50 m? (Figure 5-6 and Figure 5-7). Their mean
values of persistence are also similar (Table 5-4). Finally, JS4 has the lowest persistence mainly up to 1m as
well as the smallest areas, mainly up to below 0.10 m? (Figure 5-7).

As explained in Section 4.2.2, these petsistence values are calculated for joints represented by exposed
surface (not trace length) and thus do not provide insights on what happens inside the rock mass.

Table 5-4. Statistical summary of persistence on the dip (= dip angle), strike (=dip direction), maximum length and area of the convex
bull for the extracted joint sets.

s dip strike max. area 18: dip strike max. area
(m) (m) (m) (m?) (m) (m) (m) (m?)
min 0.058 0.074 0.110 0.004 min 0.093 0.078 0.146 0.008
max 14179 30.770  32.453 265.214 max 2.424 2.272 3.182 1.723
mean 0.657 0.778 0.992 3.024 mean 0.437 0.442 0.574 0.117
mode 0.250 0.362 0.531 0.087 mode 0.355 0.477 0.437 0.039
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Js dip strike max. area IS dip strike max. area
3 4
(m) (m) (m) (m?) (m) (m) (m) (m?)
min 0.089 0.131 0.139 0.008 min 0.073 0.133 0.161 0.008
max 1.382 1.372 1.862 0.773 max 0.689 1.397 1.434 0.388
mean 0.375 0.422 0.511 0.094 mean 0.225 0.342 0.378 0.054
mode none 0.343 0.334 0.141 mode 0.189 0.259 0.521 0.031
JS 1-190 clusters JS 2 - 269 clusters
w 200 ,, 300
£ 100 g 200
3 3 100
[S)
= 0 T T T T 1 ; 0 T T T T Y
2.5 5 10 15 17.5 More 25 5 10 15 17.5 More
Persistence dip direction (m) Persistence dip (m)
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Figure 5-6. Histograms for persistence on the dip, strike, maximum length and area of the convex hull for joint sets 1(left side) and 2
(right side).
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Figure 5-7. Histograms for persistence on the dip, strike, maximum length and area of the convex hull for joint sets 3 (left side) and 4

(right side).
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5.1.3. Joint Set Spacing

After evaluating the persistence condition of each joint set, the normal spacing is calculated using the DSE
software. For each cluster, the normal distance is measured to the closed cluster and the values of spacing
are therefore for a pair of clusters. For instance, the normal distance of cluster 1 from JS1 was measured
to cluster 122, cluster 2 to cluster 29, cluster 3 to cluster 98 and so on. The total number of values is
therefore the number of identified clusters of each respective joint set minus 1. As a result, for JS 1 (190
clusters), a total of 189 values of spacing were measured, JS 2 (269) a total of 268 values, JS 3 (143) a total
of 142 and JS 4 (162) a total of 161 values of normal spacing. The statistical population is summarized in
Table 5-5 and the histogram in Figure 5-8.

Table 5-5. Statistical population for the normal spacing of the extracted joint sefts.

JS1 JjS2 JS3 JS4

Statistical

population Non-persistent ~ Non-persistent  Non-persistent ~ Non-persistent
Minimum (m) 0.0004 0.004 0.009 0.001
Maximum (m) 2.293 4.329 5.057 3.096
Mode (m) none 0.136 none 0.114
Mean (m) 0.311 0.481 0.620 0.514
Standard deviation (m) 0.461 0.606 0.832 0.507
Number of cluster 190 269 143 162

A — The actual measurement is 4.86.10-> m with no rounding.
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Figure 5-8. Histogram for normal spacing for extracted joint sets considering a non persistent condition: |S 1 (a), JS 2 (b), ]S 3 (c) and
IS 4 @)

As observed in the histograms, the majority of values for normal spacing for all joint sets lies from 0 to
1.25 m. Joint set 3 has the highest maximum spacing as well as the highest mean spacing, whereas joint set
1 has the lowest (double the difference). JS 1 represents the slope surface but also the bedding plane of the
geological layers. As a result, the main spacing of this joint set (0.311 m) represents on average the spacing
between the bedding planes, which are corroborated by field observation as in the scale of few decimetres
(0.20 to 0.30 m) (Figure 5-9). The minimum spacing of JS 1 of 0.000 m is the rounding of 4.86.10-> m. The
reason for such small value is explained by the fact that the clusters 5 and 11 where the measurement was
done have a very similar D parameter (position in space — Eq. (2)). In other words, they are almost
coplanar and therefore the normal distance is practically zero. In case a k threshold was used, they would
be merged and form only one plane.
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Figure 5-9. Bottom part of the rock slope with exposed bedding planes of decimetres thickness (yellow arrows).

5.1.4. Block volume calculation

The first approach is to calculate the mean block volume V}, for the rock slope using Eq (11). The
predominant intersecting joint sets in the overhanging which delineate blocks are JS 1, 2 and 3 (Figure
5-2). The mean normal spacing of Table 5-5 is then used to calculate Vj:

Vy = 0.311mx 0.481 mx 0.620 m = 0.093 m3 (19)

The calculated V, (0.093 m3) is 34 % larger than the measured block volume (0.064 m?) of the biggest
fallen block found approximately 2,5 m below the overhanging, in a small Plato (Figure 5-10). Considering
that the computed normal spacings are correct, this difference can be explained either: (i) due to small
fragmentation process when a fallen block impacts the surface, breaking into smaller pieces and thus
reducing its size or (i) freeze-thaw process on the fallen blocks leading to cracks and breakage. This latter
is a reasonable assumption since this rock slope is located in a mountainous area (Chapter 3), thus
susceptible to temperature variation.

N

Figure 5-10. Fallen blocks below overbanging joints in the upper part of the rock siope. Note cracks in a block (white dashed line),
leading to breakage. Scale: geologic hammer is approximately 40 cm.
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The second approach is to estimate block volume locally in a given area of the 3DPC, taking as input the
persistence (area of convex hull) multiplied by the spacing between to clusters (Eq. (13)). The overhanging
in the upper part of the slope was selected to test this approach. The first attempt was done using the
clusters of JS 2 (Figure 5-11a): cluster 16 (area) and normal spacing (S) to cluster 19, cluster 25 (area) and
normal spacing () to cluster 115, cluster 50 (area) and normal spacing (S) to cluster 115. The second
attempt was done using the clusters of JS 3 (Figure 5-11b): cluster 1 (area) and normal spacing (§) to
cluster 11, cluster 7 (area) and normal spacing (S) to cluster 64, cluster 13 (area) and normal spacing (S) to
cluster 59, cluster 11 (area) and normal spacing (S) to cluster 128. The estimated volume for each case is
compared to the expected volume obtained manually on the ClondCompare, with the corresponded absolute
and relative error (Table 5-6).

cluster = 25
¥

S8 Cluster = 128

Figure 5-11. Overhanging block volume calculation using |S 2 (a) and |S 3 (b). The identified cluster id was used as the area of convex
bull multiplied by the normal spacing (S) to the closest cluster. The white dashed line illustrates the excpected volume of Table 5-6. Scale in
7eters.

The comparison shows a better agreement between the calculated and expected volume for clusters of JS
3, with a maximum relative error of 10% whereas for JS 2 the minimum relative error is 20%. An
explanation for this discrepancy in JS 2 is because the lateral surface of the clusters considered as an area
for the volume calculation is not as flat as the base surface (overhanging) of clusters from JS 3. For
instance, cluster 16 of JS 2 shows a wavy surface (Figure 5-11a) and this can produce an area of the
convex hull that does not match the real area. This is an intrinsic limitation of persistence calculation of
DSE software that computes the area of convex hull based on the best fitting plane to the points of a
given cluster (Figure 5-5). For wavy surfaces, the points will either lie above or below the fitted plane
(greater standard deviation of point-to-plane distance) and the computed area might not be as realistic as a
scenario where points fit better on a flat surface (smaller standard deviation). For the above mention
example, the calculated volume (0.142 m?) is greater than the expected (0.093 m?) by 34%.
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Therefore, this second approach provides more realist results of local block volume calculation for flat
exposed surfaces in a 3DPC.

Table 5-6. Comparison of local block volume estimated in the 3DPC compared to manually calenlated in CloudCompare (excpected).

JS Cluster [i]  Cluster [j]  Areali]  Spacing [i,jj Volume [i,j] Volume Absolute Relative

id id (m?) (m) (m3) expected  error error
(M)  (m) ()
16 119 0.413 0.343 0.142 0.093 0.049 34
2 25 115 0.295 0.932 0.275 0.190 0.085 31
50 115 0.184 0.197 0.036 0.044 0.007 20
1 11 0.325 0.080 0.026 0.024 0.002 6
3 7 04 0.272 0.069 0.019 0.021 0.002 10
13 59 0.108 0.200 0.022 0.022 0.000 1
11 128 0.196 0.195 0.038 0.039 0.001 3

5.2. Rock Slope Stability Assessment

5.2.1. Rock Mass Rating

Firstly, the results of the five geomechanical classification parameters for the RMR are described
individually and summarized in Table 5-8. The rating of each parameter is then used to compute the RMR
(Table 5-9). Although the score of each joint set is slightly different (63 — 75), they summed scores fall
within the same class 11, corresponding to good quality rock.

Strength of Intact Rock Material - Al

The strength of intact rock material was estimated in the field by using a geologic hammer to fracture the
rock. Since the specimen required from 2 to 5 blows to be fractured and is limestone as lithology, the
estimated Uniaxial Compressive Strength lies in the range 50 to 100 MPa according to Brown 1981 (as
cited in Hoek, 2007, p.195).

Rock Quality Designation (RQD) — A2

As previously stated in section 4.3.1, drill cores were not available for this study site. To overcome this
data limitation, the proposed approach herein was to select 3 vertical to sub-vertical sections on the 3DPC
that show different fracture patterns (Figure 5-12) and apply the RQD directly on the 3DPC as if they
were core drills: sum rock fragments larger than 100 mm, divided by the total length (Figure 5-13). In this
procedure, the rock fragments are portions of rock intersected by joints on the surface of the slope.

The RQD calculation yields from 85 to 90% (Table 5-7), which falls within the range from 75 to 90% of
the RMR. Considering the mean joint set spacing §; = 0.311 §, =0.481, S3 =0.620, S, = 0.514 (Table
5-5), the result for Ji, is 8.72 joints/ m3 (Eq. (15) and thus RQD is 88% (Eq.(14), in agreement with the
previous results from 85 to 90%.
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Figure 5-12. Approximate location of the 3 sections in the rock slope used for ROD caleulation. Scale in meters.

Figure 5-13. Sections on the 3DPC for the calenlation of ROD. Rock fragments greater than 10 cm are highlighted with letters as well
as the total length of each section (1,2 and 3).

Table 5-7. Length values measured in 3DPC for each section and its calenlated ROD.

Section 1 Section 2 Section 3
Fragments Length (m) Fragments Length (m) Fragments Length (m)

A 0.66 A 0.27 A 0.46
B 0.26 B 0.40 B 0.28
C 0.38 C 0.90 C 0.35
D 0.49 D 0.64 D 0.44
E 0.52 E 0.17 E 0.50
Sum fragments  2.33 F 0.22 F 0.35
Total length 2.69 Sum fragments  2.58 G 0.01
RQD 86% Total length 3.03 Sum fragments ~ 2.99
RQD 85% Total Length 3.33

RQD 90%
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Spacing - A3

The normal spacing for each joint set considered is the mean value extracted from the 3DPC (Table 5-5).
It is reasonable to use the mean instead of the maximum or minimum because it represents better the
frequency peaks in the histograms for each joint set (Figure 5-8)

Condition of discontinuities - A4 and groundwater -A5

The persistence for joint sets 2, 3, and 4 considered is the mean value of all the maximum lengths from
the clusters extracted from the 3DPC (Table 5-4). Instead of using the persistence in the direction of dip
or strike (Figure 5-5), using the maximum length allows a conservative estimation of the rock mass quality.

Since JS 1 is mainly represented by 6 major clusters as explained in section (5.1.2), their mean value of
maximum length was chosen (15.351 m) instead of the mean value considering all the 190 clusters
together (0.992 m).

The remaining geomechanical parameters that describe the conditions of discontinuities - A4 (aperture,
roughness, infilling, weathering) and condition of groundwater - A5 were acquired either via observation
during the fieldwork or from photographs afterward (Appendices). It is worth noticing that for the
roughness characterization, the only joint set that presents a uniform description is JS 1 as smooth. The
others joint sets present a variety of roughness either in macro-scale (stepped, undulating and planar) and
microscale (rough, smooth) according to the definition by ISRM (1978) or as the ranges of Joint
Roughness Coefficient-JRC values (from 2 to 10, 14-16 and 18-20) according to the definition by Barton
& Choubey (1977). Therefore, an intermediate description of slightly rough was chosen for JS 2, 3, and 4
for calculation of the RMR.

Table 5-8. Geomechanical classification parameters of each joint set for the RMR calculation.

Al A2 A3 A4 - Conditions of Joint Sets A5

Joint

sets Otrength RQD  Spacing  Persis. Aper.

(MPa) ) (m) (m) (tmm) Rough.  Infill. Weath.  Groundwater

J1 50 -100 83 0.311 15.351 >5 Smooth  None  Unweath. None

J» 50-100 83 0481 0574 >5 0 Slishtly e Unweath. None
rough
J5 50-100 8 0620 0511 >5 0 Slishtly e Unweath. None
rough
J+ 50-100 83 0514 0378 >5 0 Slshtly e Unweath. None
rough
Table 5-9. Rating of geomechanical parameters for computation of RMR.
Joint RMR,,
sets Al A2 A3 A4 — Conditions of Joint Sets Rating  Class
Ji 7 17 10 1 0 1 6 6 15 63 II
J2 7 17 10 6 0 3 6 6 15 70 II
Js 7 17 15 6 0 3 6 6 15 75 11
Ja 7 17 10 6 0 3 6 6 15 70 II
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5.2.2. Slope Mass Rating

The input parameters for SMR calculation and the results for each joint set applying the SMRToo/
calculator are shown in Table 5-10. Although wedge and toppling failures were automatically computed,
they were not considered for this case study since visual inspection of the rock slope did not show
evidence of these types of failure.

Table 5-10. Parameters for SMR calculation and results for each joint set. P — planar failure, T — toppling failure.

. Dip Di
Joint .7 angllae RMR, & B ¢ piwe BB By F. SMR Class
sets o © & 0
1 311 51 63 0 51 0 P 1 1 25 15 53 1
I 38 78 70 8§ 78 27 P 015 1 0 15 85 I
Is 178 62 75 47 62 113 T 015 1 6 15 89 I
1s 126 63 70 5 63 114 T 08 1 6 15 80 I

In contrast from the RMR, the joint sets were assigned to different classes: JS 2 and 3 as class 1
(completely stable), |S 4 as class II (Stable), and JS 1 as class III (partially stable). JS 1 configures a more
unsafe situation compared to others because its orientation is parallel to the slope orientation, indicated by
Fi1=1. In other words, the bedding plane of the geologic layer has the same dip direction and angle as the
sliding plane of the slope, which naturally favours instability (Figure 5-14a). It is worth noticing that JS 3
that represents overhanging configures a safer situation compared to JS 1, but only in terms of failure
mechanism. This can be explained because JS 3 is not parallel to the slope orientation but rather it dips
towards the slope (Figure 5-14b). However, this joint set as well as JS 4 are lateral cracks and overhangs in
the rock mass and contribute to an unsafe situation due to lack of support in the rock mass. The blocks
detached in these areas slide on the slope surface and account for rockfall susceptibility. Therefore, these
joint sets will be also considered as indicators of overhanging in the susceptibility analysis. (Section 5.3.1)

a b

B —
/

Figure 5-14. Schematic profile of the slope (red) and the joint set orientation (green). |S 1 (a) is parallel to the siope and therefore
configure a more unstable situation compared fo |S 3 in terms of failure mechanism alone (b). No scale.

5.3. Rockfall Susceptibility Assessment

The rockfall susceptibility assessment in this work uses the following indicator: minimum normal spacing
between joints, joint persistence in the maximum length, SMR, and the presence of overhanging (Section
4.4). First, the results of each indicator are presented separately in the 3DPC according to the
methodology described in section 4.4 followed by their integration as scoring for the susceptibility
assessment. All the joints were used for this analysis except those belonging to JS 1. The reason why is
that these joints are the most dominant in the slope (Figure 5-1b and Table 5-2) and represent the sliding
plane, as the platy limestone detaches in platy layers. Thus, given that majority of the slope consists of
sliding planes (unstable) it would not be useful to distinguish susceptibility levels. This is valid only for this
case study, but for others were the slope surface is different than the sliding plane it would make sense to
include all the joints.
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5.3.1. Overhanging Indicator

There are 3 main overhanging areas located on the left side of the rock slope (Figure 5-15): one in the
upper part, almost 14 m height (Figure 5-16a), and two close to the bottom below 3 m height (Figure
5-16b). The surfaces of overhanging are well delineated in most of the cases, except for less flat surfaces as
shown in few parts in the bottom. The joint sets which contain overhanging are JS 3 with 11 clusters and
JS4 with 9 clusters, manually classified with scalar field 1.

Overhanging
1

upper

bottom

Figure 5-15. RGB 3DPC with the location of joints as overbanging (red-1) compared to non-overhanging joints (white — 0). Scale in
meters.

Figure 5-16. Closer view of the upper overbanging (a) and the two lower overhanging (b) areas in pink(1). In white (0) are all the non-
overhanging joints. Scale in meters.
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5.3.2 Spacing Indicator

In terms of rock mechanics, the less the spacing between the joints set the more fragmented the rock mass
will be and thus of poor quality. This can lead to rock detachment and therefore configures a higher
rockfall susceptibility compared to larger spacing between joint set. To account for the worst-case
scenario, the minimum normal spacing was considered whenever a cluster presented more than one value.
This situation can be more easily understood in taking cluster 26 of JS 2 as an example. The DSE software
computed to normal spacing for cluster 26 to cluster 118 on its right side (0.48 m) and to cluster 18 on the
left side (2.26 m). If the minimum spacing is used for cluster 26, all its points will be reddish since it will
relate to the closest cluster 118 (Figure 5-17) whereas if set as maximum spacing, cluster 26 will be yellow
since it will relate to the further cluster 18 (Figure 5-18).

P Spacing min. (m)

3.20
3.00

2.80
2.60
14240
2:20
2.00
1.80
1.60
140
1.20
1.00
0.80
0:60
0.40

0:20
0.00

Figure 5-17. Relationship of neighbouring clusters to cluster 26. The minimum normal spacing is to cluster 118 on the right side. In this
scenario, cluster 26 contributes to bigher rockfall susceptibility (reddish).

7 \ 3 Spacing max.(m)

Figure 5-18. Relationship of neighbouring clusters to cluster 26. The maxinum normal spacing is to cluster 18 on the left side. In this
scenario, cluster 26 contributes to lower rockfall susceptibility (vellowish) compared to Fignre 5-17. Scale in meters.

After applying the minimum normal spacing for each cluster for joint sets 2, 3, and 4, the final spacing
indicator in a 3D space is obtained (Figure 5-19). The rock slope has the majority of the joint set with
minimum normal spacing on the left side (bottom and top), mainly up to 0.32 meters. Few joints have a
higher value of minimum spacing (yellowish) in the center and to the right side on the rock slope, greater
than 2 meters.
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Spacing min. (m)

5.06
74

Giirl
Gkl
3175
3.48
3.16
2.84
2:58
2211
1.90
1.58
1.26
0.95
0.63

0.32
0.00

Figure 5-19. 3D distribution of joints (clusters) in the rock slope colonrized by the minimum normal spacing. Lower values (red) are
indicator of higher susceptibility spots for rockfall. Histogram next to the colour ramp and scale in meters.

5.3.3. Persistence Indicator

The persistence of joints inside the rock mass (trace length) also contributes to its quality since higher
persistence decrease the shear strength of joints. In other words, it facilitates the breakage of rock mass
since lower strength is required for joint displacement. Although only the persistence of exposed surfaces
is considered in this work, the idea is to evaluate if it can also be used as an indicator for rockfall
susceptibility. To account for a conservative scenario, the maximum length of persistence computed by
DSE software was assigned to each cluster individual cluster of joint sets 2, 3, and 4 as a scalar field in
CloudCompare (Figure 5-20). Differently from the spacing, the distribution of persistence is more spread as
seen in the histogram (0.14 to 1.47 mainly) and the joints with higher persistence are in the central area of
the slope.

Persistence (m)

318
299

2.80
2.61
27
2.23
2.04
1.85
1.66

147/

1.28
1.09
0.90
0.71
0.52

0.33
0t14

Figure 5-20. 3D distribution of joints (clusters) in the rock slope colourized by the maxinmum persistence. Higher values (red) are
indicator of higher susceptibility spots for rockfall. Histogram next fo the colonr ramp and scale in meters.

5.3.4. SMR indicator

The SMR is also useful as an indicator for rockfall susceptibility because it assesses the stability of a slope
according to the angular relationship between joints to the slope surface (parameter Fi, Fo and Fs — Table
5-10). After calculating the SMR using the SMRTool, the results are as follows: classes I for JS 2 and JS 3
(completely stable) and class 11 for JS 4 (stable). In this methodology, all the clusters (joints) belonging to
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JS 2 and JS 3 were assigned also as class 1, and all the clusters of JS 4 were assigned as class 11 (Figure
5-21). The rock slope has both classes I and II, mainly concentrated on the left side, indicating the
possibility of planar failure (Table 5-10). This is plausible because even thought classified as stable, some
of these classes account for overhanging (Figure 5-22): on the upper part, the overhanging has both

classes (Figure 5-22a) while in the lower part it mainly has class II (Figure 5-22b, c).

Figure 5-22. 3D distribution of joints (clusters) in the overbanging parts of the slope, colonrized by SMR class I (white), and class I
(pink). In the upper part (a) the overbanging has both classes whereas the lower part (b and c) has mainly class 11. Scale in meters.
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5.3.5. Rockfall Susceptibility Index

The four rockfall susceptibility indicators were calibrated mainly using the same areas of the slope with
overhanging, which are visually indicative of higher susceptibility (Figure 5-106). The reason is that for this
case study where the most dominant joint set (JS 1-Figure 5-2) is parallel to the slope surface and therefore
configures the entire slope as partially stable (Figure 5-14a), the presence of overhanging is a differential
factor determining the falling of blocks. It means that the lack of support rather than kinematic stability
analysis plays a major role in rock detachment for this particular case. As to account for that, overhanging
joints were given a value of 2 as high susceptibility.

Lower spacing and higher persistence was given also a value of 2. For SMR, Class I was considered as low
susceptibility (0) since its description is completely stable with no failures according to Romana (1993).
Class 1I (stable) and III (partially stable) are described as some failure of blocks and thus given a value of
moderate. The remaining classes VI (unstable) and V (completely unstable), even though not present in
this study area, where given as a high susceptibility. This SMR division could be of usage in other rock
slopes in which theses classes are present. The final scoring of indicators after calibration is presented in
Table 5-11, which are summed up to 7 to provide the Rockfall Susceptibility Index Ipps for each joint
(cluster)* according to Eq.(16). In this work, Ipgs is classified as high from 7 to 5, moderate from 5 to 3
and low below 3.

Table 5-11. Scoring of indicator for Rockfall Susceptibility Assessment.

Indicators Scores
High (2) Moderate (1) Low (0)
Is (spacing) < 0.50 m 0.50 m— 1.00 m > 1m
Ip (petsistence) > 1m 1-0.50m <0.50 m
Ismr Classes VI and V Class 1T and 111 Class 1
loverhanging present n.a. absent

n.a: not applicable

The 3D visualization of the Iprg shows areas of higher susceptibility in the left part of the rock slope
(Figure 5-23). The areas of overhanging (bottom and upper part) show moderate to high susceptibility
depending on the persistence and spacing of joints (Figure 5-24). It is worth noticing that the persistence
of exposed surfaces is indeed a useful indicator since it contributes to the differentiation of susceptibility
levels within the overhanging areas. In other words, the greater the extension of lack of support
(persistence of overhanging) the more prone to rockfall it will be compared to smaller areas, an indication
of larger unstable volumes.

#The total would be 8 if SMR classes VI and V were present in this case study.
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Rockfall Susceptibility Index
7

Figure 5-23. 3D distribution of the Rockfall Susceptibility Index in the rock slope. Areas of moderate (3-5) and high (5-7) susceptibility
are mainly in the left part of the slope. Scale in meters.

Rockfall Susceptibility Index

Figure 5-24. Overhanging areas in the upper (a) and botton (b, c) of the rock slope, differentiated in terms of susceptibility due to spacing
and persistence properties. Scale and colonr bar identical for (b) and ().
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In the lateral view of the 3D rock slope, there are several areas with moderate susceptibility represented by
the joints with higher persistence (Figure 5-25). Although they do no reduce the rock mass shear strength
(not trace length), the persistence of exposed surfaces, in this case, shows previous breakages of rocks that
were once part of the continuous slope surface. This inference is based on the observation of the right
part of the slope were fewer lateral exposed surfaces are present and as a consequence, the surface of the

slope is more continuous.

a

}l fockfall Susceptibility Index

7

Figure 5-25. Moderate susceptibility areas (dark_yellow) as lateral exposed surfaces (white arrows) on the left part of the rock slope. Scale

in meters.
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6. DISCUSSION

6.1. Validation and uncertainties of the Rockfall Susceptibility Index

Similarly to Dunham et al. (2017), the validation of the susceptibility assessment was carried out
qualitatively by visual inspection from field observation and photographs. The areas of high and moderate
Igps cotrespond to the areas where most fallen blocks ate observed, that is, on the bottom left and center
of the slope (Figure 6-1) and below overhanging joints (Figure 5-10). In contrast, the right side with a
more continuous slope surface has fewer and smaller blocks compared to the left side. Thus, the approach
proposed in this thesis for identifying source areas prone to rockfall shows good results.

Notwithstanding, improvements can be done. For instance, a quantitative and more accurate validation
could be performed if another 3DPC of the slope was available on a later date. This would allow
computing the change detection is the slope due to fallen blocks and afterward check how many areas of
previous identified high and moderately susceptibility matches those scars of rockfall, as proposed by
Matasci et al. (2018). Complementary, the application of Iggg in a larger scale rock slope would also be
beneficial to evaluate the minimum number of areas needed for calibration in order to haver a higher
accuracy. This evaluation was not possible in the studied rock slope due to its scale. Finally, another type
of validation could be carried out using intermediate scenarios for the indicators and evaluating how
different the Iprg would turnout to be compared to the worse case scenario presented in this thesis.

This work lacks a method to compute and visualize uncertainties similar to previous rockfall
susceptibilities for 3DPC in the literature. Unlike susceptibilities maps where uncertainties are commonly
presented, for 3DPC the uncertainties are rarely dealt with in recent papers. For instance, Matasci et al.
(2018) developed a rockfall susceptibility approach for overhanging slopes in 3DPC with validation but no
computation of uncertainties. Neither did Zhang et al.,, (2019) when applying the rockfall susceptibility
assessment in Augmented Reality (AU). Dunham et al. (2017) mention that the main source of uncertainty
of their Rockfall Activity Index (RAI) is the instability rate ¥ which may vary in time due to climatic
fluctuations. Although they state a variation by no more than 20% for 7 based on preliminary studies, this
uncertainty is not incorporated in RAI numerically nor visually presented in the 3DPC. Thus, this issue is
still an open field of research.

Figure 6-1. Bottom view of the rock slope with bigger and more fallen blocks in the left part (dashed white line) whereas towards the right
the fallen blocks are smaller and less. The white box highlights one of the overbanging of Figure 5-160.
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6.2. Potential and limitations of the proposed methodology

An advantage of the methodology herein proposed is that it does not rely on estimated instability rates
based on change detection as Dunham et al. (2017), which has high a degree of variability and uncertainty
according to the authors. Moreover, it takes into consideration the geomechanical properties of the rock
mass that are not included in the RAI, namely discontinuity orientation and persistence among others used
for the SMR calculation. These geomechanical properties are essential for rock mass characterization and

stability analysis.

Compared to Matasci et al. (2018), the advantage is the automatic computation of persistence and spacing
in the entire 3DPC using the DSE software. These authors compute these geomechanical properties
manually using virtual scanlines in parts of the 3DPC as to be representative for each joint set, considering
trace length instead of exposed surface. Also, this work presents a novel approach to visualize the spacing
and persistence values on the 3DPC and to use as an indicator for rockfall susceptibility. On the other
hand, Matasci et al. (2018) provide an automatic routine to detect overhanging and integrate with
persistence (as trace length) and spacing for the computation of their proposed Rockfall Susceptibility
Index. This is not the case for this thesis in which the indicators require calibration and manual detection
of overhanging. It is worth to notice that a common feature in all three works is the use of overhanging as
an indicator for rockfall susceptibility, regardless of the approach used (change detection, manually or
automatic).

Zhang et al. (2019) use the same routine developed by Matasci et al. (2018) and thus the same comparison
above mentioned apply between their study and the one presented here. Although they provided a great
step forward by using the rockfall susceptibility routine in augmented reality (AU), the visualization results
presented as figures in their publication is less capable of differentiating levels of susceptibility in the rock
slope as compared to the figures presented in this work.

A great potential of the methodology is the applicability to other study areas in terms of the development
of indicators, the procedure for calibration and integration into Ippg. For instance, even though the
studied rock slope did not have SMR class VI and V, it was included in the scoring of indicators (lower
susceptibility). Although the rock slope only presented planar failure, the other types (toppling and wedge)
are partly incorporated into SMR and thus could be applied to slopes where they occur. The adaptations
required for its transferability lies on the scoring of the indicators based on chosen areas for calibration,
which are indeed site-specific. However, the logic of giving high scores for higher persistence, low spacing,
presence of overhanging and SMR VI and V should remain.

One relevant note when using this approach elsewhere is that the identified areas of higher susceptibility
do not guarantee that a rock detachment will occur, but rather that is it more likely compared to other
areas of the same rock slope based on indicators. Additional mechanisms not part of the scope of this
work might influence the outcomes such as groundwater fluctuation inside the rock mass, ground
vibration (naturally or human-induced), and rainfall (Figure 1-1).

Another potential of this methodology is that the original 3DPC is used from beginning to end as new
information of indicators is added as a scalar field, without the need for mesh generation and thus
interpolation of results. The spacing and persistence indicators consider the local information of each
cluster and constitute one of the innovations on this work. The same applies to overhanging where local
information is used. The SMR is the only indicator that represents an average since all the clusters of a
joint set with a given SMR class also receive the same class, and the spacing and persistence used for the
computation are the mean values (Table 5-8).

One main limitation of this work is related to the approach of joint set extraction used in the DSE
software. It only extracts joint as an exposed surface instead of trace length. This brings a disadvantage of
not using trace length for computing persistence nor normal set spacing, and thus losing valuable
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information for rock mass characterization. For instance, Cai et al 2004 developed an expression to
incorporate non-persistent trace length on block volume calculation to account for the effect of rock
bridges. This could not be applied here. Another application is on the proposed Igpg, which might yield
different results using trace length for the persistence and spacing indicators instead of exposed surfaces.
A further comparison should be carried out to evaluate how different the results are. On the other hand,
the use of exposed surfaces brings an advantage to identify different levels of susceptibility for
overhanging joints. The persistence considered in this study as maximum length indicates whether the lack
of support is greater or smaller and this implies in a more or less susceptibility for rockfall respectively
(Figure 5-24). This is also an innovation of the methodology compared to the above mention related
studies in the literature.

It is worth to notice also about the intrinsic characteristics of the chosen slope for the application of this
approach. The most dominant joint set (JS 1) has the majority of the indicators contributing for a higher
rockfall susceptibility: (i) it is parallel to the slope which configures the worst-case scenario for planar
failure computed by the SMR, (ii) has the highest persistence as maximum length and (iii) minimum
spacing to neighbouring joints. For these reasons, almost the entire slope would be classified as high
susceptible whereas, in reality, only specific parts are, i.e overhanging (Figure 5-24) and lateral exposed
surfaces (Figure 5-25). It would be helpful to apply this approach in a rock slope with different joint set
characteristics to evaluate its performance.

Finally, care should be taken when using the automatic results of spacing and persistence before using
them as indicators for the susceptibility assessment. For example, the joints of a given set in the rock slope
should be parallel to yield appropriate results for spacing, as suggested by Riquelme et al., (2015). As for
the persistence, large clusters are likely to present a large standard deviation on the distance from the point
to the best fitting plane as attested here (section 5.1.2). Whenever it happens, the merging of clusters to
simulate full persistent joints can wrongly merge clusters that are not coplanar in reality and thus yield
unrealistic persistence values. Incorrect values of persistence and spacing can therefore also lead to
incorrect indicators, consequently misleading source areas of rock detachment in the susceptibility

assessment.
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7. CONCLUSION

This work presents a comprehensive and novel methodology for Rockfall Susceptibility Assessment
tailored for application to UAV obtained 3D slope models. It consists of 4 major sequential blocks: (i) use
of UAV photogrammetry with data acquisition to 3DPC generation, (ii) Feature extraction for rock mass
characterization (joint set orientation, persistence, spacing and block volume), (iii) Slope Stability
Assessment by using RMR and SMR indexes for each joint set and (iv) development of a Rockfall
Susceptibility Index.

The methodology was applied to a rocky slope in a mountainous area of the Samaria Gorge National Park,
in Crete Island (Greece). Although only visual validation was performed, the identified areas of higher and
moderated rockfall susceptibility in the 3DPC match the areas where the bigger and highest number of
fallen blocks, which were found on the foot of the slope. Hence, this approach helps to refine the
identification of potential rockfall source areas, which are areas prone to rock detachment compared to
their surroundings and to improve the input for hazard assessment, including rockfall run out simulations.

The advances and innovations presented in this thesis are summarized as follows:

e Throughout all the workflow, the generated 3DPC was used from beginning to end as new
information of indicators for susceptibility was added. Hence, there is no need for mesh
generation and interpolation, which could compromise the quality of the 3D model.

e Besides field data, no other information apart from the 3DPC is required to develop the index.
Thus, this method provides a cheap, efficient, and less time-consuming procedure compared to
traditional field surveys or avoids occlusion commonly present in TLS surveys. A single UAV
campaign is sufficient to collect data for further processing and analysis at the office. The
calibration of the proposed index does not require change detection, which would imply multiple
campaigns for a time series point cloud generation.

e An alternative approach to estimate the RQD directly from 3DPC was proposed, validated by the
well-established correlation to volumetric joint count Jy proposed by Palmstrom (2005). This
approach can be useful when no other information is available, only the 3DPC.

e A semi-automatic procedure for block volume calculation locally in 3DPC was proposed,
applicable for flat and exposed surfaces of a rock mass where block shapes are regular (i.e volume
= area x height). These volumes reflect the actual block volume on the rock mass.

e A novel procedure to visualize spacing, persistence, and SMR information on the 3DPC was
proposed. Up to date, no publication has addressed this issue. The spacing and persistence reflect
local information for each cluster (joint) whereas the SMR is an average for all the clusters of a
given joint set. Furthermore, a step by step procedure provided on how to integrate these
indicators (and overhanging) for the Rockfall Susceptibility Assessment.

e Indirect incorporation of volume in the Rockfall Susceptibility Assessment by considering the
persistence of exposed surface as maximum length. For the overhanging areas, this procedure
allows the differentiation of parts with a larger lack of support them others, and as a consequence
an indication of a greater volume of rock that is prone to rockfall.
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71 Answer to research questions
Research objective 1

a. How can geomechanical properties be extracted from UAV point clouds? b. Among them, which ones
are extracted automatically, and which ones manually?

The geomechanical properties considered in this work are the joint set orientation (dip direction and dip
angle), normal spacing, persistence (strike, dip, maximum length and area of convex hull), block volume
(mean or locally) and overhanging. The DSE software allows the semi-automatic extraction of joint set
orientation and automatic for spacing and persistence. For the joint set orientation, the original 3DPC is
classified in a joint set whereas for the spacing and persistence the information is not plotted but given as
a .7xt file. The visualization of this information (and also SMR) is one of the contributions of this work.

The mean block volume calculation uses as input the mean normal set spacing whereas for the local block
volume calculation the inputs are the persistence (area of convex hull) and spacing between neighbouring
cluster. For this latter, the user is required to check these values given in the #x. files provided from DSE
software and thus is a semi-automatic procedure. The overhanging joints are manually identified by
checking on the RGB 3DPC which clusters of joint sets extracted by the software correspond to
overhanging.

c. For those extracted manually, is it possible to automatize them? If yes, what are the procedures to
follow?

The visualization of persistence and spacing information in 3DPC although being an innovative approach
was carried out by manual manipulation in Exve/ of the .zxf files provided by the DSE software. This
procedure took couple hours and could be automated via an algorithm in any computer language (similar
to the pseudocode of Figure 4-7) or directly as a MATLAB script on the DSE software since it is open-
source software, written in this language. The procedure to automatize can be the same as the one
presented in Section 4.2.2 for the persistence indicator and Section 4.2.3 for the spacing indicator, but a
generic procedure is also given below.

For the persistence, the required .zx files are:

File #1: XXX_xyz-js-c-abcd.zx7 - report_persistence (where XXX is the name given by the user, xyz are the
3D coordinates of a point, js is the joint set the point belong to, ¢ is the cluster id the points belong to and
abcd are the plane equation parameters of the cluster). This file is the output of the automatic persistence
computation from DSE software

File #2: XXX_xyz-js-c.txt (where XXX is the name given by the user, xyz are the 3D coordinates of a
point, js is the joint set the points belongs to and c is the cluster id the points belong to). This file is the
output from the semi-automatic joint set extraction in DSE software.

(i) Open File #1 and select the value of persistence in the column named max (correspond to the
maximum length) for a given cluster.

(i) Paste this value in a newly created column of persistence of File # 2 in the same line of the
corresponded cluster for a given joint set. The cluster id is the link to transfer information
between the two files.

(iii) Open File #2 in CloudCompare selecting the column of persistence as a scalar field.
For the spacing, the required .zx7 files are:

File #1: js-x-nfp(or fp)-cll-cl2-s-D1-D2.txt (where x is the joint set number 1,2.3..., nfp stands for non-
full persistent scenario (= non-persistent joints) and fp stands for full persistent (= persistent joint set), cll
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and cl2 are the neighbouring clusters for which the normal spacing is calculated, s is the normal spacing

between cll and cl2, D1 and D2 are the parameter D of the plane equation for cl 1 and cI2 respectively).

File #2: XXX_xyz-js-c./xt (where XXX is the name given by the uset, xyz are the 3D coordinate of a
point, js is the joint set the point belongs to and c is the cluster id the point belong to)

(i) Open File #1 and select the value of minimum normal spacing in the column named s for a
given cluster id. The one cluster can have more than one normal spacing value so the minimum
value has to be selected.

(i) Paste this value in a newly created column for the spacing of File # 2 in the same line of the
cluster id. The cluster id is the link to transfer information between the two files.

(iii) Open File #2 in CloudCompare selecting the column of persistence as a scalar field.

Finally, the manual identification of cluster which corresponds to overhanging is feasible in small scale

slope (< 50m extension for instance) such as the one used in this work. However, for larger scales

(hundreds of meters), the computational routine developed by Matasci et al., (2018) is more suitable.

Research objective 2

a.

Which methods, which are available in the literature for Rockfall Susceptibility Assessment, can be
adapted to use features extracted from 3DPC?

The mean normal set spacing, mean joint set persistence, and RQD extracted from the 3DPC can be
used first for the RMR computation of each joint set, followed by the computation of SRM. This
latter is useful to evaluate the slope stability in terms of kinematic analyses, i. e angular relationship
between joint and slope orientation as described in Section 2.2.2. Even though the SMR was not a
major factor to identify source areas of rockfall in this work given the intrinsic particularities of the
rock slope, it could be useful for rock slopes with a different configuration of joint set orientation (i.e
not parallel to the slope).

The outputs from DSE software were also adapted to derive local block volume calculation as stated
in research question 1b.

Which indicators can be developed using the extracted features from 3DPC? c. How can these
indicators be quantified in a reproducible way?

This work presents a methodology to develop and quantify indicators for the spacing, persistence,
overhanging, and SMR (Section 4.4.1 to 4.4.4). The spacing, persistence, and overhanging indicators
contain local information of a particular cluster (joint) in the 3DPC. For instance, if a cluster has a
computed persistence of 20 m, this value will be given only to this cluster. Therefore no averaging or
extrapolation is carried out. The SMR is the only indicator that can be considered to be an average
since it is computed for all the clusters in a given joint set and not individually.

Research objective 3

a.

What is the weight of each indicator?

The four indicators considered in this work (overhanging, persistence, spacing and SMR) were given
the same weight to account for the Rockfall Susceptibility Index Ipfs, in line with recent publications
(Section 4.4.5 — step iii). The advantage of this approach is to make it more generic and thus
applicable to other case studies whereas the disadvantage is that given the particularities of a rock
slope, an indicator might not be as useful to account for rockfall susceptibility compared to others as
attested for the SMR in this thesis.
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b. How can the output of this index be classified?

The four indicators were scored into low (0), moderate (1), and high (2) susceptibility according to their
contribution to the quality of the rock mass (spacing and persistence), stability of the slope (SMR), and
lack of support (overhanging). The Ipps thus can range from 0 to 8 but particularly for the rock slope
understudy the maximum value is 7 since no joint set is considered as SMR classes VI or V. The Izpg
was then classified as 7 to 5 for high susceptibility, 5 to 3 as moderate, and 3 to 0 as low (Section 4.4.5
— step iii). Theoretically, it can also be replicated to other rock slopes just setting from 8 to 5 as high
susceptibility. Since the methodology was applied and validated for only one case study, further
validation in other rock slope are needed.

c. How can this index be fed back in the 3DPC, showing areas with different susceptibility levels?

The Igpg can be fed back in the 3DPC similarly to the process described for the susceptibility
indicators, where for each cluster a value is given as a new column in a .zx7 file containing the 3D
coordinates of points and then opened in CloudCompare selecting this column as a scalar field (Figure
4-12).

d. How to calibrate and validate this index with data collected in the study area?

The calibration of the susceptibility indicator is the key aspect before their integration into the Ipps.
This is performed by choosing areas on the 3DPC with different rockfall susceptibility levels based on
visual observation and then evaluating how each indicator is characterized there (Section 4.4.5 — step
).

The validation can be performed qualitatively as presented in this work or quantitatively. The
qualitatively is more applicable when only one UAV campaign on a single date is carried out. In this
case, during the campaign areas with deposition of fallen blocks in the foot slope should be recorded
for example by photos. It is important to keep the fallen blocks in a broader context of the rock slope
when taking the photos as to be able to locate them and thus check if their position corresponds to the
identified areas of higher rockfall susceptibility on the 3DPC (Figure 6-1). If more than one campaign
is possible, then a quantitative and more accurate validation can be carried out by change detection of
3DPC in a time series analysis: the changes should reflect areas of rock detachment (scars) and be
compared directly with the previous higher susceptibility areas in an earlier date.

e. What are the assumptions and limitations to apply this index in other study areas?

The main limitation on the development of the Ippg is that it does not incorporate joint set as trace
length in all the indicators for susceptibilities. As previously stated (Section 4.2.1 and 6.2), trace length
(joints inside the rock mass) are important geomechanical parameters for rock mass characterization of
spacing, persistence, and block volume. This limitation is due to the intrinsic process of joint set
extraction as a plane by the DSE software instead of lines. The concept proposed in this thesis can also
be carried out using trace lengths to develop the Ipgs. The results could then compated to the Ippg
using joints as exposed surfaces to evaluate the differences and similarities of both approaches.

The methodology herein presented for rock mass characterization, development of indicators for
rockfall susceptibility, calibration and integration into a Irpg applies to other studies areas based on the
assumption that the mechanism governing the rockfall activity are the same. However, for the studied
slope failure occurs where overhangs, thus lack of support of the rock mass are present. The
visualization of results in areas with other failure mechanisms has not been studied here. In principle,
this should not limit the application since the indicators considered here are widely applied to evaluate
rock mass quality (spacing and persistence), slope stability (SMR for failure mechanisms), and lack of
support (overhanging). In areas where additional factors are of greater influence for rock detachment
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such the triggering factors (Figure 1-1), the applicability of this methodology is not enough. Finally, the

calibration of indicators is also site-specific.

7.2.

Suggestions for future works

Given the findings and limitations outlined in this thesis as well as recent literature related to this topic,

the following research topics are put forward:

Further validation of the methodology presented herein in rock slopes with different joint set
configuration. In other words, this should include case studies in which: (i) the most dominant
joint set is not parallel to the slope, (ii) all the SMR classes are present in the slope, from V to I,
and (iii) toppling and wedge failure mechanism occurs. Additionally, quantitative validation should
also be conducted in either of these two ways: (i) checking if the areas of higher rockfall
susceptibility identified in an eatlier stage match the scars of rock detachment from a latter date or
(if) computing change detection from 3DPC in a time seties analysis and checking if the areas
with loss of points correspond to the higher susceptibility areas in the initial 3ADPC.

Rock mass characterization based on trace length as joints instead of exposed surfaces, followed
by the development of rockfall susceptibility indicators. Some of the available methods to extract
trace length in 3DPC that can be used are from Sturzenegger et al. (2011), X. Li et al. (2019), and
Guo et al. (2019). Particulatly, Sturzenegger et al. (2011) developed a methodology to estimate
trace length intensity tailored for TLS. Trace length intensity is a parameter to account for the
discontinuity frequency in a rock mass: higher frequency implies more discontinuity and thus
poor rock mass quality. This parameter can be adapted for UAV based 3DPC and used as an
indicator for rockfall susceptibility: the higher the trace length intensity in a given area, the more
fractured the rock mass is and thus more prone to rock detachment.

Automatization of the process to visualize persistence, spacing, and SMR information on 3DPC.
Based on a MATLAB script, a routine can be created and added to the open-source DSE
software to produce a final .zx# file with that information per cluster. In this way, no manual
manipulation of the outputs from this software will be required, providing a more rapid Rockfall
Susceptibility Assessment.

Incorporation of the computation routine for overhanging detection developed by Matasci et al.
(2018) as to make the Rockfall Susceptibility Assessment herein proposed more automatic.

Development of uncertainty analysis for Rockfall Susceptibility Assessment tailored for 3DPC
followed by visualization.

Development of a methodology to incorporate rock mass characterization extracted from UAV
3DPC for a regional Rockfall Susceptibility Assessment, applicable to urban environment and
transportation corridors (especially roads). Traditionally, only regional terrain characteristics are
considered such as slope angle, geology, and triggering factors. A further step would be on how to
zonate the slope according to the susceptibility levels. Ideas can be drawn from the thesis of Sun
(2018) on multi-hazard assessment along roads in China.

Application of the indicators used in this thesis to refine the Rockfall Frequency Index developed
empirically by Mavrouli et al., (2019). This adjustment can help to validate their index for other
study areas and thus broader its applicability.

Incorporation of triggering factors (rainfall, vibration, freeze and thaw cycles..) as indicators for
frequency in Rockfall Hazard Assessment, since they can also influence rockfall activity besides
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the local rock mass characteristics. Ideas can be drawn from ID’Amato et al., (2016) dealing with
quantification of meteorological factors for rockfall occurrence.

Incorporation of volume above the overhanging as an indicator of magnitude for Rockfall Hazard
assessment. In this thesis, the persistence as the maximum length is used to account for the
extension of lack of support in the overhanging areas. However, no quantitative information on
volume is considered. The bigger the volume above the overhanging, the more hazardous that
portion is. Moreover, there is also the need to estimate semi-(or automatic) block volumes with
irregular shapes.

Incorporation of intensity for a Rockfall Hazard assessment. For instance, the height of points in
3DPC can be an indicator for intensity considering that it will imply higher kinetic energy of fallen
blocks (height is used to compute velocity). Hence, the intensity would be useful to distinguish
hazardous areas that have the same level of susceptibility: the higher the area is in the rock slope,
the more hazardous that portion is compared to an area with the same susceptibility but lower
height.
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APPENDICES

APPENDIX A — Scanline location

SW

i % S 3 : g P aa SES s
Figure 0-1. (a) UAV RGB image covering part of the rock slope with the location of the scanline in the red box. (b) Detailed view of the

scanline in the upper part of the slope, below overhanging. The total length of the scanline is 4 meters, but the survey was done until 1,95
7.
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APPENDIX B — Scanline survey data

Table 0-1. Scanline survey data collected in the upper part of the rock slope (Figure 0-1). Bold values were used in Table 5-3.

Distance Persistence  Dip dir /dip. ~ Termination . .
. Aperture  Infilling Rugosity .
from origin  Above | below angle Above |below (tam) JRC | ISRM (1978) Joint set
(m) (m) ©) (A-B)

0 0] 1.20 216/55 B 40 none 14-16 | Undulating smooth JjS2
0.10 0.20 | 0.10 240/80 B 10 none 6-8 | Stepped smooth JjS2
0.20 0.15 | 0.25 54/85 B 5 none 8-10 | Stepped slickensided JjS2
0.40 0.10 | 1.00 24/85 B 20 none 18-20 | Undulating smooth JjS2
0.60 0.50 1.00 220/75 B|A 10 none 2-4| Planar smooth JS2
0.75 0.70 | 0.10 220/65 B|A 40 none 18-20 | Stepped rough JS2
1.00 0]0.25 214/70 B 30 none 4-6 | Planar smooth JS2
1.40 1.00 | 0.70 214/80 B|A 40 none 8-10| Planar rough JjS2
1.75 0.53 | 1,40 210/60 B|A 5 none 6-8 | Planar rough JjS2
1.95 0.73] 0.15 28/85 B|A 3 none 6-8 | Planar rough ]JS2

Notes:

e Jointsets 1, 3 and 4 were not intersected by the scanline. To account for them, compass measurements were collected in other areas of the slope as
follow: JS 1 (320/55), ]S 3 (180/50)
e DPersistence: measured the trace length above and below the intersection of the scanline with the joint.

e Termination: how the joint terminates in its extremes above and below. The types of termination present in the rock slope were either at an intact
material (A) and/or at another joint (B)

e Rugosity: classified according to Joint Roughness Coefficient (JRC) from Barton & Choubey (1977) and to ISRM (1978)
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APPENDIX C — Joint Roughness Classification — Part I
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Figure 0-2. Classification of joint roughness according to ISRM (1978).
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APPENDIX D — Joint Roughness Classification — Part I1
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Figure 0-3. Classification of joint roughness according to Barton & Chonbey (1977).
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