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ABSTRACT

Generation of detailed and systematic geo-mechanical information of exposed rock faces and determination
and analysis of discontinuity properties in the rock mass is a fundamental part of assessment of rock slope
stability because discontinuities govern, to a large extent, the geomechanical behaviour of a rock mass.
Discontinuity properties can be measured or estimated traditionally in the field, in a structured way by using
hand held compass and measuring tape. Characterization of rock mass discontinuities by using traditional
tield techniques such as Scanline and SSPC methods presents several disadvantages. Data derived by
traditional field techniques may be erroneous due to human bias, sampling method used, and instrument
error and thus generate inaccurate data. As a result, it is often difficult to make spherical statistical
calculations and analysis of the discontinuities. Therefore, it is worthwhile to use remote sensing as a
complementary or standalone technique for discontinuity characterization of a rock mass.

Remote sensing techniques such as Terrestrial laser scanning (TLS) offer an alternative means of rock mass
characterization. Nonetheless, rock mass surveys by TLS may also be constrained by occlusion. Recently,
the use of Unmanned Aerial Vehicles (UAVs) as data acquisition platform, and associated image matching
advancement has shown a great potential for rock mass characterization and mapping of discontinuities.
The use of UAVs do not only overcome the limitations of traditional field surveys, but also serve as data
acquisition platform that can acquire large set of measurements with less effort and cost. Therefore, the
main objective of the research is to derive, compare and validate rock mass discontinuity geometric
properties generated from point cloud data sets using Unmanned Aerial Vehicles (UAVs) equipped with a
digital optical camera versus point clouds derived from Terrestrial Laser scanners (TLS) through computer-
based segmentation method (based on Hough transformation and Least squares).

In this research discontinuity geometric properties mainly orientation, plane geometry, discontinuity set
statistics and equivalent normal set spacing were derived from two point cloud data sets (UAV-based
photogrammetry and Terrestrial Laser scanners) via segmentation method based on Hough transformation
and Least Squares. The derived geometric properties of discontinuities were compared to discontinuity
properties measured by field-based methods (scanline and the SSPC methods). Segmentation of the UAV
based point clouds generated the highest number individual discontinuity planes and sets (five sets) including
the exposed bedding planes. A quantitative plane by plane comparison in terms of pole-vector difference or
dihedral angle between the discontinuity planes derived from the two point cloud segmentation versus
selected discontinuity planes showed a small angular differences (5 to 6 degrees), which verifies a reasonable
correlation. Furthermore, a comparison between the mean equivalent normal set spacing of corresponding
discontinuity sets derived from both UAV-based and TLS point cloud segmentation shows comparable
results indicating a good degree of correlation.

Therefore, this research has showed UAV-based point cloud segmentation can generate discontinuity
orientations within a comparable accuracy to both the TLS point cloud segmentation and the SSPC
methods. Thus, the use of UAVs can offer a reasonable alternative to both the conventional and TLS

methods for rock mass discontinuity characterization.
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USE OF UNMANNED AREIAL VEHICLES COMPARED TO TERRESTRIAL LASER SCANNING FOR CHARACTERIZING DISCONTINUITIES ON ROCK EXPOSURES

1. INTRODUCTION

1.1.  Background

Large excavation works of rock and soil masses (more generally groundmasses) for civil engineering projects
and mining activities necessitates comprehensive site investigation and characterization of the stability of
geologic slopes prior to and after excavation (Bieniawski, 1989; Pantelidis, 2009). This is because unstable
slopes are hazardous to people, property, infrastructure, and environment and may result in large economic
losses as well as injuries or fatalities (Hoek & Bray, 1981; Goodman, 1976; Pantelidis, 2009).

Generation of detailed and systematic geo-mechanical information of exposed rock faces and determination
and analysis of discontinuity properties in the rock mass is a fundamental part of the assessment of rock
slope stability because discontinuities govern, to a large extent, the geomechanical behaviour of a rock mass
(Bieniawski, 1989). A rock mass comprises intact rocks plus the system of discontinuities. Discontinuities
are planes of weakness in rock masses and they include bedding planes, joints, faults, lineaments, foliations
and schistosity and other mechanical defects (Priest, 1993). These discontinuities primarily make the rock
masses heterogeneous and anisotropic. Discontinuities render a rock mass weaker as their presence reduces
the shear and tensile strengths of the rock mass. The geometric discontinuity properties normally measured
in the field include number of sets, orientation, spacing, persistence, roughness, infill material, and features
such as solution or karst. Further is established whether the discontinuity is fitting or not, i.e. whether the

two sides of the discontinuity have moved before.

Several internationally accepted and well-established standard techniques and methods have been developed
over the years for a manual survey of a rock face including International Society for Rock Mechanics (ISRM,
1978), British standard (BS 5930, 1999), standards of the International Standard Organization (ISO 14689-
1, 2003). These standards offer methods to establish detailed qualitative and minimum quantitative
properties of discontinuities (Slob et al., 2010). Discontinuity properties can be measured or estimated in
the field, in a structured way, using hand held compass and measuring tape via scan line mapping (Priest
& Hudson, 1981; Priest, 1993), cell mapping and rapid face mapping methods (Hack et al., 2003). The scan
line mapping technique comprises measuring discontinuities along a single line. Cell mapping, on the other
hand, is two-dimensional discontinuity mapping technique in which a square window on the rock exposure
is selected to measure discontinuities that fall within the window. The rapid face mapping technique deals
with more general rock mass discontinuity characterization by identifying the major discontinuity sets in a
rock mass and measuring their representative orientation and spacing (Hack et al., 2003). In this method,
rock mass characterization and classification is generally executed by dividing the rock masses into so-called
“geotechnical units”. A geotechnical unit is defined as the portion of the rock mass that possess more-or-
less similar mass properties and thus a similar mechanical behaviour. The division is normally based on the
material characteristics or lithology, degree of and susceptibility to weathering, characteristics of
discontinuity sets such as spacing and orientation, etc. Groundwater presence and pressure are also of
importance for ground mass behaviour, but as these are local features and normally variable in time these

are not included in the geotechnical unit but taken into account in subsequent analyses and calculations.
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1.2.  Remote sensing techniqeus for rock mass and discontinuity mapping

Nowadays, remote sensing techniques such as Terrestrial laser scanning (TLS), and close-range terrestrial
photogrammetry and associated image processing advances are offering an alternative means of rock mass
characterization. They can be deployed to inaccessible rock exposure areas and where a rock mass is
dangerous to access (Birch, 20006; Slob et al., 2010; Liu, 2013; Gigli et al., 2014). Besides, remote sensing
may have an added value as it is less sensitive to human bias, and characterize the groundmass with features
not available in traditional visual assessment (Assali, Grussenmeyer, Villemin, Pollet, & Viguier, 2014).
Moreover, remote sensing techniques allow increased characterization of the rock mass both in terms of
areal extent and volume of data generated, thus full 3D model of the rock exposure can be reconstructed

and sufficient data can also be generated that can be utilized for statistical analysis.

1.2.1.  Terrestrial remote sensing for rock mass characterization

The use of close range terrestrial digital photogrammetry is growing as a useful and efficient remote sensing
technique for ground mass characterization particularly in situations where manual field measurement is
impossible or dangerous (Haneberg, 2008; Sturzenegger & Stead, 2009). This technique can serve as safer
and faster alternative measuring tool for characterizing steep slopes and open pit quarry areas and generate
data comparable to laser-based survey equipment (Nex & Remondino, 2014; Haneberg, 2008). Tannant,
(2015) identified main discontinuity sets in a rock face by using a digital terrain model with the use of
Structure from Motion (SfM) image processing of two stereo photographs captured during short field
survey. Digital photogrammetry and subsequent image processing deliver more advantages than
conventional exposure characterization or surveying with terrestrial laser scanners because field work is
done rapidly with less cost providing more time for processing, interpretation, and digital mapping
(Haneberg, 2008; Nex & Remondino, 2014; Tannant, 2015). However, terrestrial photogrammetry is
constrained by difficulty in the determination of best camera position relative to the rock mass exposure
when taking photos from the ground. The presence of vegetation in front of a rock face can also limit
visibility of the rock face. Moreover, horizontal steps or benches at higher parts of the rock face may also
be occluded since images are often captured from the base level of the rock face. These limitations are
overcome when photos are captured using Unmanned Aerial Vehicles (UAVs) above ground though it
might be difficult to plan perfect flight that eliminates all occlusions on the rock face (Haneberg, 2008;
Tannant, 2015).

1.2.2. Terrestrial laser scanning (TLS) for rock mass characterization

Terrestrial laser scanning (TLS) is one the most promising RS techniques for characterizing ground mass
exposures as it produces dense point clouds that provide 3D models of exposures (Slob et al., 2005;
Sturzenegger & Stead, 2009). It has been increasingly used for ground mass characterization allowing
detailed data acquisition in a short time and accurate 3-D representation of the exposures (Slob et al., 2007;
Gigli et al., 2014). TLS point clouds consist of 3D coordinates and reflected intensity of exposures in
groundmass, hence geometry of exposures can be represented in 3D digital model (Slob et al., 2007).
Modern TLS systems allow more than 6km long measurement range and high-speed data acquisition. They
are combined with built-in calibrated digital camera that allows 3D actual scene visualization of point clouds
including textural and color properties of rock faces (Riegl, n.d.). The use of TLS is more suited to rock
mass exposures covered by vegetation since it is less impacted by vegetation cover on the ground mass. In
addition, the operational set up of TLS is becoming simpler with the latest models. However, the study of
rock exposures by TLS may also be constrained by occlusion (Slob et al., 2007). Another drawback of TLS
is a large amount of output data is generated, thus computers with large RAM size are required for fast
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processing otherwise it may be difficult to handle or process in short period (Kisztner, Jelinek, Danck, &
Ruzicka, 2016).

1.2.3.  Application of Unmanned Aerial Vehicles (UAVs)

Unmanned Aerial Vehicles (UAVs) (also known as drones) were first developed for military use. However,
their use for civil applications for data acquisition platform has shown a great potential for geotechnical
surveying, geo-hazard investigation, mapping and environmental applications compared to traditional aerial
surveys or ground-based photogrammetry (Bemis et al., 2014; Jordan, 2015; Fakunle, 2016). UAVs provide
cost effective, flexible, very high spatial and temporal resolution and accurate data acquisition platforms in
a quicker and safer manner. Using UAVs vertical and unstable rock faces can be easily surveyed. In addition,
it is possible to fly UAVs close to objects under study to acquire highly detailed imageries. UAVs can be
operated manually, semi-automated, and in autonomous modes. Moreover, they can be equipped with a
digital camera or a multispectral scanner. Bigger and stable UAVs, which have a long endurance, can even
carry bigger payloads such as LIDAR sensors or SAR instruments (Nex & Remondino, 2014; rapidlasso,
n.d.).

A UAV system comprises the aircraft component, sensor payloads, navigation system, and a ground control
station (Colomina & Molina, 2014) as shown in figure 1-1 below. UAVs are categorized based on platform
as fixed wing and multi-rotary wing. Fixed wing UAVs are more stable, fly longer and usually used for
surveying large areas. Nonetheless, they require a larger free area for takeoff and landing (McEvoy, Hall, &
McDonald, 2016). They are preferred for vertical/nadir imaging. On the other hand, multi-rotary wing
UAVs can take off and land vertically without the need for a runway. They are flexible allowing multiple
configurations of camera otientation. Thus, they are suitable for surveying steep to vertical/sub-vertical rock

exposures minimizing or precluding the problem of occlusion (Watts, Ambrosia, & Hinkley, 2012).

Figure 1-1: DJI Phantom 4 quadcopter UAV system (source: http:/ | wwmw.peadvisor.co.uk/ review/ drones/ dji-phantom-4-
review)
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The rapid advancement in UAV technology has brought new and improved features in terms of camera
lens, propulsion and navigation systems. A UAV yields different quality images for the same size DSLR
camera mounted on it depending on payload and camera stability. For instance, bigger size UAVs like Aibot
allow low vibration to camera resulting in blur-free photos. Larger size cameras mounted on UAVs deliver
more quality photos than smaller cameras (fstoplounge, n.d.). The quality of the camera lens also impacts
the quality of the images captured. For instance, lens distortion in Phantom 4, which is a small sized but
widely used multi-copter UAV, is reduced by 36% compared to phantom 3 professional, thus improved the
quality of images by reducing lens distortion (dji, n.d.). The operation of UAVs in the field can be affected
by wind speed during image acquisition. Lack of consistent regulation requirements for operating the UAVs
is presenting a barrier for their wider use attributed to safety reasons and security against the misuse of
UAVs (Watts et al., 2012).

1.3.  Image processing techniques

Images captured by UAV platforms are processed via photogrammetric image processing techniques such
as Structure from Motion (SfM) and Patch-Based Multi-view Stereo (PMVS2) algorithms (Westoby,
Brasington, Glasser, Hambrey, & Reynolds, 2012). The processing delivers dense point clouds!. The point
clouds are then reconstructed to generate coloured and textured 3D models such as DSM. By further
analyzing and interpreting the point clouds or the derived 3D models, it is possible to generate geotechnical

data required to characterize a rock face and perform stability assessment (Mancini et al., 2013; Tannant,
2015; Spreafico, 2015).

14. Point cloud analyzing techniques

In general, point cloud analyzing techniques can be divided into two methods, namely surface reconstruction
and direct segmentation (Vosselman & Mass, 2010). Both methods can be used to derive rock mass
discontinuity properties. In surface reconstruction methods, point clouds are structured via point
interpolation that generates surface meshes. The surface meshes can be reconstructed as 2D or 3D. Direct
segmentations involves structuring of the point clouds via a tree-structuring procedure ensued by
segmentation or classification the points into subsets that belong to the same geometric shape (Rabbani,
Van der Hueuvel, & Vosselman, 20006). In the case of discontinuity characterization of a rock mass, the
geometric shape is a plane. Evaluation of planarity in the point clouds can be defined by using either a
Hough transform (Vosselman, Gorte, Sithole, & Rabbani, 2004), (Total) Least Squares Analysis (Feng,
Sj6gren, Stephansson, & Jing, 2001), Random Sample Consensus (RANSAC) and Principal Component
Analysis (Slob et al., 2005).

In recap, remote sensing techniques such as Terrestrial laser scanning (TLS), and close-range terrestrial
photogrammetry offer an alternative means of rock mass characterization. Advances in image processing
techniques, state of the art methods of point cloud analysis and computer programs allow faster, detailed
and more complete data acquisition and analysis that enable to accurately generate 3-D representation of a
rock face. However, there are still limitations associated with each remote sensing method. For instance,
terrestrial photogrammetry is constrained by the distance between the camera position and the rock face,
the presence of vegetation, etc. On the other hand, rock mass surveys by TLS may also be constrained by
occlusion. However, the use of UAVs as data acquisition platform, and associated image matching

advancement has shown a great potential for rock mass characterization and mapping of discontinuities.

! Point clouds ate unorganized and noisy 3-dimentional data generated by laser scanners or photogrammetric image
processing techniques.
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Their flexibility, cost effectiveness, high spatial and temporal data acquisition ability, etc. makes the UAVs

more suitable remote sensing platform for rock mass and discontinuity characterization.

Therefore, this research aims to determine the strength and limitations of using Unmanned Aerial Vehicles
(UAVs) equipped with a digital camera, Terrestrial Laser Scanner technique (TLS) and traditional geo-
mechanical field survey for characterizing discontinuities in Romberg quarry sandstone rock exposure. The
pros and cons of each of the three techniques will be assessed with regard to identifying discontinuity sets,
their otientation (dip direction and dip angle), and spacing/frequency. Afterward, the discontinuity data will
be organized, statistically analyzed and compared to data generated from a traditional survey. The
comparison of RS techniques to a traditional field survey will allow validation of the data generated from
RS techniques.

1.5.  Problem statement

Characterization of rock mass discontinuities by using traditional field techniques presents several
disadvantages. Data derived by traditional field techniques may be erroneous due to human bias, sampling
method used, and instrument error and thus generate inaccurate data (Slob et al., 2005; Giovanni Gigli,
Morelli, Fornera, & Casagli, 2014). In addition, use of traditional field methods may be constrained by lack
of accessibility to the exposure under study (Turner, Kemeny, Slob, & Hack, 2006). Moreover, these
techniques produce a limited number of discontinuity data since measurements are often taken on the lower
section of a slope and a large portion of exposures is often inaccessible or covered with vegetation, slope
deposits, etc. As a result, the use of rock climbing equipment or scaffoldings is required to access the higher
parts of a rock face. Consequently, these methods are time-consuming, expensive and labor intensive
(Turner et al., 2000). Furthermore, manual field surveys may be hazardous to field geologists since physical
contact with exposure is required. Generally, limited data are generated using traditional field techniques, as
a result, it is often difficult to make spherical statistical calculations and analysis of the discontinuities.
Therefore, it is worthwhile to use remote sensing as a complementary or standalone technique for

discontinuity characterization of a rock mass.

The use of TLS and UAV does not only overcome the limitations of traditional field surveys, but also serve
as data acquisition platform that can acquire large set of measurements with less effort and cost. Therefore,
by using automated point cloud segmentation method (based on Hough transformation and Least squares),
this research will attempt to extract sufficient discontinuity data from point clouds that can be used to create
a complete model of rock mass discontinuity system/fabric within short period whilst reducing the degtee

of uncertainty.

1.6.  Objectives and research questions

1.6.1.  Main objective

The main objective of the research is to derive, compare and validate rock mass discontinuity geometric
properties generated from point cloud data sets using Unmanned Aerial Vehicles (UAVs) equipped with a
digital optical camera versus point clouds derived from Terrestrial Laser scanners (TLS) through computer-
based segmentation method (based on Hough transformation and Least squares). The principal geometric
properties this research aims to derive from point cloud datasets include orientation (dip direction and dip
angle) of discontinuity planes, their sets, and spacing.

In this regard, the following specific objectives are formulated to address the overall objective.
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1.6.2.

1.6.3.

Specific objectives

To derive discontinuity planes from UAV and TLS datasets, and cluster them into different sets
and derive their respective orientations (dip direction and angle of dip) and spacing.

To statistically analyze and compare orientations and spacing of discontinuity planes derived from
both UAYV datasets and TLS datasets.

To validate orientation and spacing of discontinuity planes derived from point clouds with respect

to discontinuity geometric information generated by traditional methods.

Research Questions

Can the orientation and spacing of cemented discontinuities (mainly bedding planes) be measured
from both UAV-based and TLS datasets?

How the orientation and spacing of discontinuity planes derived from UAV-based photogrammetry
and TLS datasets statistically compared?

How consistent are the orientations and spacing derived from UAV and TLS datasets with respect
to traditional methods?

Which technique (UAV or TLS) offers more comprehensive 3D structure of the rock face
compared to the traditional field methods?
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2. LITERATURE REVIEW

21. Discontinuities in a rock mass

A rock mass or a ground mass contains fractures of one type or another that makes its structure
discontinuous. Therefore, a rock mass consists of an assemblage of rock material and discontinuities (figure
2-1). Discontinuities are planes or surfaces, which indicate or introduce a change in physical or chemical
properties of rock material. Discontinuities are generally categorized into two, namely mechanical and
integral discontinuities. Mechanical discontinuities are well-developed plane of weakness in the rock mass.
They represent planar breaks in the continuity of the intact rock blocks. Joints, bedding planes, fractures,
faults, folds etc. belong to mechanical discontinuities. Integral discontinuities, on the other hand, represent
an inherent discontinuity in the rock fabric that shows insignificant mechanical properties compared to the
surrounding intact rock blocks. This means that integral discontinuities possess strength comparable to the
surrounding rock material (ISRM, 1978). They are formed by bands of various mineral assemblages or due
to the alignment of minerals in a certain direction. Foliation of gneiss and banding of rhyolite are a good
example of integral discontinuities. Integral discontinuities can be developed into mechanical discontinuities
due to weathering and change in stress regime. Throughout this thesis, discontinuities denote mechanical
discontinuities unless mentioned otherwise.
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Figure 2-1: intact rock blocks and rock mass rendered discontinunons by discontinuities (Sonrce: (Hack, 2016)).

The discontinuities often render the rock mass to exhibit heterogeneous and anisotropic engineering
behaviours. Rock mass that possesses discontinuities is more deformable and weaker because the shear
strength along and tensile strength perpendicular to the discontinuity surface becomes lower than the intact
rock blocks (ISRM, 1981; Hack, Price, & Rengers, 2003). On the other hand, an intact rock material or block
is free of discontinuities and possess tensile strength.

The most common discontinuities include bedding plane, joints, faults, shear zones, and dykes and veins.
Brief definition and characteristics of discontinuity are as follows:

Bedding planes: it common characteristics of sedimentary rocks. It separates sedimentary rocks into
successive beds or strata. Bedding planes are usually oriented horizontally. Due to tectonics, they may later
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get tilted, folded or faulted. Bedding planes mark a change in sedimentary material or interruption in the
process of deposition. They usually exhibit high lateral persistence.

Folds: are discontinuities in which the beds are changed by flexure due to post-depositional tectonic effects.
Other structural features may be associated with the formation of folds particularly well-defined set of joints.
Faults: faults are fractures on which recognizable movement or displacement has taken place. Faults are
further classified depending on the style of movement as normal faults, thrust (reverse) faults, and strike-
slip faults. Faults are usually exposed as echelon or in groups (Brady & Brown, 20006), and represent zones
of low shear strength on which movement or slip has taken place.

Shear zones: form zones of stress relief, in which parallel layers of rocks are sheared. Slickensides and
coating with low-friction material represent shear zones. Similar to faults, shear zones also possess low shear
strength. They usually show more wide thickness than joints or bedding planes.

Joints: are the most geotechnically important discontinuity features in a rock mass. Joints are planes of
weakness along which no or insignificant movement has occurred. They are formed when the inherent
weakness of rock material fails to resist tensile stress. They often form in a direction of stress fields as
clusters. Commonly, the stress regime that creates joints results from regional deformations of the earth
crust. The main geological processes that have a role in the formation of joints include cooling of igneous
rocks, unloading or removal of compressive load due to erosion or excavation, and tectonic deformation
episodes.

Joints usually occur in a group or a cluster along a certain direction. A cluster of parallel joints is known as
a joint set and often exhibit a regular spacing. The intersection of joint sets constitutes a joint system. Joints
are either open, filled or healed.

Fractures: fractures are manmade discontinuities created by blasting, mechanical hammering or any other
form of mechanical excavation. They often exhibit little persistence and occur in a random fashion.
Foliation: are usually found in metamorphic rocks in the form of cleavage or schistosity and sometimes in
igneous rocks as banding. They constitute integral discontinuity. They are the product of preferred growth
and orientation of rock constituent minerals under the impact of increased stress and temperature.

21.1. Discontinuity sets

Discontinuities occur as a single isolated feature (fault, single joint or fracture, etc.) or as a group or a family
or usually termed as sets or clusters (bedding planes, joints, etc.). A set or a cluster represent a series of
discontinuities in which the geologic origin, otientation, spacing, other mechanical properties atre
homogenous or the same.
2.1.2. Significance of discontinuities
Discontinuities are planes of weakness in a rock mass, and govern, to large extent, the behavior of the rock
mass (Bieniawski, 1989). A good understanding of discontinuities in a rock mass is imperative in most civil
and mining engineering projects that deal with rock mass because they serve as input data for rock mechanics
analysis, rock engineering design, and numerical modeling (Slob et al., 2007). Generally, discontinuities

= Divide rocks into slabs, blocks, wedges, etc.

= Act as shear plane for sliding and moving, and

= Serve as a channel for transport of fluids and gasses.

= Influence local stress orientation and magnitude.

21.3. Prominent geomechanical properties of discontinuities

There are ten important parameters of discontinuities that impact the engineering characteristics of rock
masses as outlined by ISRM (1978). Evaluation of the behaviour of the rock mass is performed via assessing
these properties. These properties of discontinuities are broadly categorized into two as geometrical
properties and non-geometrical properties. Geometrical properties of discontinuities have prominent
significance for rock mass modeling and include orientation, spacing, roughness, and persistence. The non-
geometrical properties are wall strength, aperture, nature of infill material, seepage, the number of sets, and
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block size. The non-geometrical properties are not suited to be measured or quantified. The geometrical
properties of discontinuities are discussed briefly as follows:

Discontinuity orientation is the most pertinent geometric property of discontinuities since it controls the
anisotropy of the rock mass. It represents the attitude of a discontinuity plane in space. Orientation is often
described in terms of dip direction (azimuth) and dips angle (plunge). Dip angle is the maximum declination
of the discontinuity plane measured with regard to the horizontal. Its value ranges from 0° (horizontal) to
900 (vertical). The dip direction is the line perpendicular to the strike direction, and it is measured clockwise
from the true north. Its value ranges from 0° to 360°. Orientation data are often recorded in the form of dip
direction (three digits)/dip (two digits), as 035°/70° or 290°/20°. Orientations of the joint system determine
the shape of blocks in the rock mass (Brady & Brown, 2006). Orientations are measured by Compass or
clinometer.

Discontinuity spacing is the perpendicular distance between adjacent discontinuities in the same set and
often represented by the mean spacing of a particular set of joints. The spacing of joints in the rock mass,
to large extent, determines the size of blocks, and hence impact the overall mechanical properties of the
rock mass. The spacing of discontinuities can be accurately measured in the field by measuring tape. Priest,
(1993) identified three type of discontinuity spacing measurements in the field in order to avoid ambiguity
since all planes that belong to the same set are not always parallel to each other, and thus corrections must
be applied to obtain the normal set spacing ( figure 2-2).

-Total spacing: is the distance between two adjacent discontinuities measured along a scan line. Since the
measured pair of adjacent discontinuity planes may not belong in the same set, the total spacing is not related
to individual discontinuity sets. However, total spacing can offer an indication of the amount of fracturing
in the rock mass.

-Set spacing: is the distance between two discontinuities that belong to the same set measured along a
scanline. The disadvantage of the set spacing is that the set spacing of discontinuities that run parallel to the
scanline is greatly overestimated.

-Normal set spacing: is the distance between two discontinuities that belong to the same set, perpendicular
to the mean orientation of the set. Often, the normal spacing is not measured along a scanline, but generated
from the set spacing via correction of the scanline orientation with respect to the normal vector of a set.
The average of normal spacing gives the mean normal set spacing. Both normal set spacing and the mean
normal spacing serve as a good index of block shape and size distribution in a rock mass and thus can be
utilized in rock classification systems and numerical modeling programs.
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Figure 2-2: a) illustration of total spacing along a scanline; b)illustration of set spacing along scanline; ¢) normal set spacing
along a line that trends parallel to the mean normal vector of a set (source: adopted from (Slob, et al., 2010)).




USE OF UNMANNED AREIAL VEHICLES COMPARED TO TERRESTRIAL LASER SCANNING FOR CHARACTERIZING DISCONTINUITIES ON ROCK EXPOSURES

Roughness: surface roughness greatly impacts the shear strength of discontinuities. Itis formed by inherent
surface irregularities or unevenness or waviness on discontinuity planes. It is generally classified as large
scale (on plane size in the order of meters) and small scale roughness (on plane size in the order of
centimeters).

Persistence: is the continuation of discontinuities in a given direction. It is a measure of areal extent or size
of a discontinuity plane. It can be roughly quantified from the trace length of discontinuities on exposed
rock mass. Persistent discontinuities greatly influence the mechanical behaviour of rock masses. Persistence
impacts the shear strength of discontinuity plane and fragmentation characteristics and permeability of the
rock mass. It is measured or estimated both along strike and dip direction of discontinuity plane. Non-
persistent discontinuities generally do not influence the mechanical behaviour of a rock mass.

2.2.  Conventional methods of field discontinuity data acquisition

There are two most widely used conventional methods of acquiring discontinuity data from exposed rock
mass in the field. These techniques include scanline mapping and cell mapping (Priest & Hudson, 1981;
Priest, 1993). Their main difference is that the scanline technique is one-dimensional discontinuity survey
method, but the cell mapping method is two-dimensional discontinuity mapping technique. However, both
mapping methods enable to reconstruct the three-dimensional fabric of the discontinuities as they both
provide a structured way of mapping and recording of discontinuities in the field. Furthermore, both
techniques employ simple field equipment such as a geological compass for measuring discontinuity
orientation and inclination, clinometer and a measuring tape for measuring the spacing and aperture of
discontinuities.

2.21. Scanline discontinuity mapping method

Scanline mapping or line sampling method comprises an imaginary line or physical line (this is the reason
scanline is termed one-dimensional mapping method) placed on rock exposure. It is a technique applied to
determine the characteristics of discontinuity properties in a rock face by averaging of the properties of all
individual discontinuities intersecting the scanline. The line is usually measuring tape stretched across the
discontinuity planes. Therefore, planes or traces of discontinuities that cross or intersect the line are mapped.
During scanline survey, detailed information about important properties of an individual discontinuity or
sets such as intersection distance, orientation, and inclination, semi-trace length, termination, and roughness
are acquired. The information later can be used in a probabilistic design (ISRM, 1978; Priest, 1993;
Kulatilake, Wathugala, & Stephansson, 1993). Besides, the scanline orientation should also be recorded in
the field as it will be used for data correction later in the lab. The advantage of scanline sutrvey is that
discontinuity spacing data and orientation are collected systematically.

During scanline survey, a measuring tape of 2 to 30m is stretched at different orientations along the rock
exposure. The orientation of the scanline should be selected in such a way that as many discontinuities as
possible can be intersected. However, scanlines are usually placed at easily accessible locations on the rock
face. This means that only part of a rock face or exposure is mapped depending on the height and
accessibility of the slope. In addition, discontinuity sets that have large spacing might be missed or
discontinuity planes that run parallel or at low angles (<100) to the scanline are usually missed or under-
sampled and thus sampling bias is introduced. Terzaghi (1965) devised compensation for directional bias
during scanline survey, though the corrections cannot be applied for discontinuities that intersect the
scanline at a low angle. Consequently, In order to reduce discontinuity orientation sampling bias or
associated spacing error, the scanlines should be preferably oriented orthogonal to the representative
discontinuity sets. Priest (1993) recommended employing at least three scanline surveys. For instance, one
horizontal scanline and two or more vertical scanlines so that discontinuity set missed by one scanline can
be possibly intersected by the other scanline.

10
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2.2.2. Cell mapping

Cell mapping or window sampling discontinuity mapping techniques are two-dimensional and comprise the
selection and outlining of a square window on the rock exposure. Properties of the discontinuities or traces
thereof that fall within the window are measured and mapped. In order to minimize sampling bias, Priest
(1993) recommended outlining a window as large as possible, so that 30 to 100 discontinuities would be
intersected. Similar to the scanline method, it is preferable to execute two mutually orthogonal cell maps or
map two mutually orthogonal rock exposures in order to reduce or avoid sampling bias. Compared to
scanline, the linear orientation sampling bias is avoided in cell mapping as all discontinuity orientations are
equally mapped within the sampling window. However, cell mapping provides a poor network of the
geometry of individual discontinuities (Clayton, Matthews, & Simons, 1995). Generally, cell mapping

method involves more labor intensive task than scanline when similar precise sampling schemes are applied.

2.2.3. Rapid face mapping

For a preliminary assessment of a rock exposure, scanline or cell mapping methods are not required since
both methods could miss very important discontinuities or even the entire discontinuity set as the survey is
spatially restricted. Hack et al. (2003) developed, based on rapid face mapping, a new method of slope
stability probability classification (SSPC). He asserted that for most engineering geological applications, it is
adequate to identify the main discontinuity sets in a rock mass exposure, and then characterize discontinuity
properties of each set such as a representative orientation and spacing. However, in large rock mass
exposures, it is imperative to first classify or separate the rock mass into homogenous rock mass units, or
geotechnical units in order to perform discontinuity assessment. Then, discontinuity assessment is executed
for each geotechnical unit separately. This method allows rapid acquisition of a reasonably accurate
engineering geological data and assessment of the whole rock exposure. However, this system doesn’t allow
statistical analysis of the discontinuity data because huge data or a minimum of 150 discontinuity
measurement is required for statistical analysis as suggested by ISRM (1978). Furthermore, the SSPC is not
systematic and may present human bias, as it requires a reasonable field experience to classify rock mass
exposure into different geotechnical units and recognize the most prominent discontinuity sets. In order to
minimize the human bias, Hack et al. (2003) developed a field format that contains a checklist that helps to
characterize the rock mass based on the most prominent properties and parameters of geotechnical units

and discontinuity sets.

2.3.  Principles of Terrestrial Laser Scanning (TLS)

Since the year 2000, TLS has become revolutionary geo-data surveying technology for fast acquisition of
three-dimensional (3D) information of different topographic and industrial objects (Lemmens, 2011). It has
been successfully applied to accurately model and document cultural heritages, bridges, plants, cars, coastal
cliffs, highways, etc. TLS is non-contact measurement instrument that generates a 3D digital representation
of surface of a target object (Vosselman & Mass, 2010). It acquires and records the geometry and textural
information of target object in the form of point clouds. Broadly, there are two basic measurement principles
that are used in terrestrial surveying: time-of-flight (time-based) and phase-based techniques. Time-based
system measures emitted and reflected laser pulses, while phase-based lasers measure phase difference and
frequency modulation. The former can hit longer ranges of up to 1000m, while the latter measures with
short range up to 25m, but with more accuracy (<10mm) and faster acquisition rate. Most of the scanners
used for surveying are time-based once due to their long range capability. There are numerous models of
laser scanners in the market that are manufactured by different companies. For instance, Leica-Cyrax and
Riegl are common scanner providers. Though the basic principle behind the scanner is the same (for
example in all time-based scanners), their difference lies in the accuracy, precision, resolution, angular field
of view, scanning speed, and laser beam divergence.
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Fundamentally, all Lidar or Terrestrial laser scanners measure range and intensity of terrain points struck by
the laser beam (Lemmens, 2011). A laser is a narrow, intense, monochromatic coherent beam of light
generated by a laser device, such as TLS. Thus, TLS is an active optical 3D measurement sensor, and most
of them are categorized under time- based measurement technique. The time-based lasers, (also known as
ranging scanners) emit pulses of electromagnetic radiation, and their travel time to and back from scanned
object is precisely measured using the known speed of light. Thus, using reflected beam of light from the
surface of the scanned object the distance from the laser to the object, both the azimuth and zenith angle
of the beams, and the relative position of each point where the beam is reflected can be computed to
generate the XYZ Cartesian coordinates. The product of the survey is the acquisition of 3D dense point
clouds that accurately represent the geometry of the scanned object. Each point represents x, y, and z
coordinates of the scanned object relative to the scanner. The spatial resolution of the point clouds is in the
order of 5 to 10mm depending on the range (distance to the target object) and type of the scanner (Slob &
Hack, 2004). In addition, the intensity of the reflected signal from the object is also recorded along with
colour information from the digital camera mounted on the top of the scanner.

2.3.1. Sampling bias and influence of vegetation in TLS survey

Sampling bias in laser scanning survey occurs due to occlusion (shadowing) of the scanned rock outcrop. It
is caused when the laser beam is blocked from reaching the target rock face. Parts of the rock face that are
semi-parallel to the incoming laser beam and benched slopes are usually affected. This results in
overrepresentation of discontinuity surfaces parallel to the general strike of the rock face, while those
discontinuity surfaces that are orthogonal to the general strike of the rock face are underrepresented (Slob
& Hack, 2004).

Furthermore, Slob & Hack (2004) stated that during scanning of the vertical or steep rock face, the upper
part of the slope is prone to occlusion due to the large incidence angle of the laser beam hitting the slope.
This results in under-sampling of discontinuity surfaces that dips out of the slope. This problem is termed
vertical sampling bias. In order to minimize the effect of occlusion, it is recommended to scan the rock face
from different positions. This allows scanning the areas obscured during the previous scan survey. However,
multi-scan surveys require co-registration or merging of the point clouds. Besides, vertical sampling bias
remains difficult to minimize though merging of the different scans can minimize the effect of horizontal
sampling bias.

Dense vegetation with broad leaves grown on the rock face can obstruct the incoming laser beams and
results in occlusion. If vegetation is present in front of the rock face, it can cause noise in the point clouds
but can be later filtered manually. However, the impact of vegetation on the rock face can be reduced if
subsequent data analysis entails segmentation of the point clouds (Slob & Hack, 2004).

2.3.2.  Application of TLS for rock face discontinuity characterization

A number of researches carried out have shown that discontinuity information can be accurately derived
from TLS dataset via automatic techniques (Slob & Hack, 2004; 2007; Sturzenegger & Stead, 2009; Ferrero,
Forlani, Roncella, & Voyat, 2009; Gigli & Casagli, 2011; Riquelme, Abellan, & Tomis, 2015; Salvini et al.,
2015). Slob & Hack (2004) is one the most prominent work in the field of rock mass characterization using
3D TLS. They used both surface reconstruction and segmentation techniques to assess which approach
yield more accurate discontinuity data in an automated way, and thus concluded that segmentation technique
is more preferred to characterize rock mass since it doesn’t require prior surface reconstruction. The
advantage of TLS is that it allows fast acquisition of dense point clouds that accurately represent the 3D
geometry of rock face. With TLS, data can be acquired from several hundreds of meters safely within short
time though the accuracy and precision of the output data are affected by the range. Via different semi-
automatic/automatic techniques, different propetties of discontinuities can be extracted. Margherita et al.
(2015) studied the structural features driving slope instability in the San Leo Village, Italy, using integrated
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TLS, close range photogrammetry, and scanline survey. They were able to extract discontinuity features and
defined fractured areas from DSM generated from images, and TLS point clouds. The result was utilized as
input data to define kinematic analysis, in order to assess joints sets that predisposed slope instability. They
emphasized that remote sensing and traditional methods of discontinuity mapping should be carried out in
an integrated manner to get a more complete representation of rock mass 3D geometry since they
complement each other. They further suggested that the use of UAV would even offer more accurate data
covering a wider area. Nonetheless, the use of TLS as appropriate remote sensing tool for characterizing
rock face is often constrained by high equipment cost and associated training (Chesley, Leier, White, &
Torres, 2017). Therefore, nowadays, the emphasis is being offered to UAV photogrammetry since the
technique is easier-to-use, more flexible and cheaper alternative remote sensing tool for rock mass
characterization.

24.  Principle of Photogrammetry

Photogrammetry is a technique that extracts 3D information of features from two or more 2D photographs
of the same object, captured from different positions (Haneberg, 2008). Associated with UAV is the
structure from motion (SfM) photogrammetric technique, in which camera positions and orientation are
determined automatically, unlike traditional photogrammetry where a prior knowledge of these parameters
is required (Westoby et al., 2012; Colomina & Molina, 2014). StM uses overlapping photos to generate 3D
point clouds, from which it is relatively, straightforward to compute surface models such as triangular
meshes, digital elevation models (DEMs) and finally derive orthorectified photomosaic or textured surfaces.
However, point clouds generated by SfM process can further be densified using Patch based multi view
stereo (PMVS2) method (Furukawa & Ponce, 2010). The general workflow of SfM consists of a)
identification and extraction of key points in each image, b) matching of key points among images, c)
automatic aerial triangulation and bundle block adjustment to estimate and refine camera pose, d) processing
of the oriented and refined photos to generate point clouds, and finally ¢) generating DSM and Orthomosaic.
The StM and PMVS2 processes are automatically computed in commercial software such as Pix4DMapper
and Agisoft Photoscan.

2.4.1. Application of UAV for discontinuity characterization

The UAVs are nowadays being utilized in various applications in the close range aerial domain, providing
cheaper and flexible alternative to the classical manned aerial and terrestrial photogrammetry for both large
scale and detailed 3D representation of topography (Nex & Remondino, 2014; Chesley et al., 2017). The
UAVs can offer reliable information about the shape of the rock surface, volume, and their stability, and
thus, a powerful, fast, inexpensive and reliable alternative to terrestrial laser scanners for monitoring
excavation activities in mine and quarry areas. Mancini et al. (2013) evaluated the use of UAVs and TLS for
high-resolution topographic modeling of coastal environments. Using SfM approach, they managed to
generate dense point clouds and subsequent DSM of beach dune system from imageries captured by a UAV.
The result showed point clouds and subsequent DSM generated from the UAVs data set were comparable
and showed a good correspondence with TLS dataset. Furthermore, Bemis et al. (2014) compared the use
of ground-based and UAV-based photogrammetry as multi-scale and high-resolution mapping of geologic
structures on rock exposures. Both methods were able to generate high-resolution point clouds and textured
DEMs. Nonetheless, surveying with UAV showed added advantage of offering access to vertical or unstable
rock faces with reduced occlusion.

Moreover, Vasuki et al. (2014) mapped geological structures of a layered meta-sedimentary sequence cross-
cut by a series of dikes from 3D surface models generated using UAV-based photogrammetry. They
calculated the dip direction and dip of the structures using RANSAC algorithm to determine the best-fit
plane, and the results showed orientations of faults computed using the automated method matches well
with the data obtained by traditional mapping. Fakunle, (2016) did a research on detection of weathering of
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Romberg sandstone quarry using UAV data set in comparison to TLS dataset and found out that UAV-
based point clouds were more optimal than TLS point clouds in detecting rock mass weathering signatures.
Besides, she attempted to map discontinuities from the two point cloud datasets using RANSAC automatic
shape detection plug-in tool in cloud compare software and claimed to have identified the general
otientations of two joints sets and a bedding plane. However, relevant discontinuity parameters such as
orientation and depth were not derived and quantified from the datasets. Therefore, from literature review
it can be noticed that the application of UAV for geomechanical characterization of a rock face is gaining
momentum due to the advancement in image matching algorithms, widely growing of both open source
and commercial software and ever increasing computer processing capabilities.

2.5.  Point cloud direct segmentation techniques

Two basic approaches can be applied to automatically extract discontinuity properties of a rock mass from
point clouds derived either from laser scanning or photogrammetry: These include segmentation of point
clouds and reconstructing a 3D surface from point clouds. However, point cloud segmentation approaches
are more advantageous in that they utilize the original point cloud, thus no data loss, which is inevitable in
surface reconstruction approaches. In addition, segmentation techniques are not strongly impacted by the
presence of vegetation on the slope and other artifacts in the data (Slob & Hack, 2004; Knapen & Slob,
2000; Gigli & Casagli, 2011). However, segmentation techniques are disadvantaged by big size of input data,
which may take longer computation time. Besides, prior to segmentation, the unorganized point cloud data
need to be structured via a tree-based or TIN-based structuring procedures to efficiently execute the
segmentation process.

Point cloud segmentation is a technique that deals with segmenting or classifying point clouds (both derived
from Lidar or photogrammetry) into subsets that contain the same geometric shape through a tree-
structuring procedure. This method is based on the assumption that certain pre-defined geometric shapes
(namely, cylinders, spheres, planes, etc.) are contained in the point cloud data. Analysis of the point clouds
via segmentation techniques recognize and define the geometric shapes. Planar shapes are appropriate
geometric shape for representing discontinuity planes in the point cloud data. In order to recognize and
define the desired planar geometry, point cloud segmentation applies region- growing strategy, in which
small sub-sample sets of the point cloud data are continuously and recursively evaluated if they belong to
the same planar object. The process starts with selection of a random seed point having a certain pre-
defined number of points or choosing points within a predetermined search area around a seed point. Via
repetitive spatial searches, the neighboring points of the seed point are evaluated whether they belong to a
particular shape, in this case a plane. Thus, points that belong to the same surface or plane are uniquely
labeled (Rabbani et al., 2006). The products of segmentation process are classified or labeled point clouds,
in which, point clouds with the same label are grouped into same discontinuity plane. The classified and
labeled point clouds are then processed further to derive geometric discontinuity properties.

In summary, the direct segmentation technique primarily entails three steps: structuring of the point cloud
data using a tree-structuring strategy before segmentation, region growing to segment the point cloud data
into set of independent planes, and evaluation of planarity using either Hough transform (Vosselman, Gorte,
Sithole, & Rabbani, 2004), (Total) Least Squares Analysis (Feng et al., 2001), Random Sample Consensus
(RANSAC) and Principal Component Analysis (Slob et al., 2005). 3-D Hough transformation and Total
Least Squares Analysis were applied in this research.
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3. STUDY AREA

31.  Location and climate of the research area

The study area is located in Romberg quarry, near the town of Gildehaus (Bad Bentheim), in the state of
lower Saxony, northwest Germany. It is situated 20km north east of Enschede, close to the border of the
Netherlands and Germany (figure 1). The quarry site is located at geographic locations of 52030°24” North
and 07010°25” East. The climate of Bad Bentheim area is characterized by warm and temperate maritime
climate impacted by warm Gulf Stream which flows of the coasts of Netherlands and Belgium. During hot
summers the monthly temperature ranges from 11 to 22°C, and during moderate winters the temperature
ranges from -1 to 4°C. The mean monthly precipitation during long rainy periods from September to January
ranges 61 to 100mm. Snow fall is common in the area during winter periods.

5°0'0"E 10°0'0"E 15°0'0"E

i, N

Legend

® Location of Romberg quarry

Germany

5°0'0"E 10°0'0"E 15°0'0"E

_ 6°54'30"E 7°0'0"E 7°530"E J1'0"E

/ el T "."" " / Romberg qagrry ciAE

/
z z
f 7 o) 3
o[~ § 2
= e
al g &N
wn) \ /»’ e}
‘ £ ahede X_ S e o e 0 12525 5 75

7/ : i > | S s Km s

6°54'30"E 7°00"E 7°5'30"E 7°110"E

Figure 3-1: Location map of the research area. Source: Esri file geodatabase and Open streetMap

3.2.  Regional geological setting and structures

A number of prominent basins were present in the northwest Europe during the Early Cretaceous. One of
the basin was the Lower Saxony Basin (LSB) located in the North West Germany, which is roughly 400km
long and 100km wide and oriented in northwest-southeast direction extending from east of the Netherlands
to the north of Harz Mountains in Germany. The LSB is bounded by Rhenish Massif from the south,
Pompeckj Basin from the North, East Netherlands High from the west and East Brandenburg High from
the east (figure 2a). The evolution of the LSB occurred during late Jurassic to Early Cretaceous, and
controlled by divergent dextral shear movements, which were related to the contemporaneous rifting in the
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North Sea Central Graben (Ziegler, 1990) as cited in (Wonham, Johnson, Mutterlose, Stadtler, & Ruffell,
1997). Differential subsidence of the LSB began in the Late Jurassic and persisted throughout the Early
Cretaceous. During these periods a marine transgression in the LSB initiated deposition of fossiliferous
Claystone and quarzitic sandstone. Marine conditions persisted and deposition of Shales and carbonates,
evaporitic deposits, and continental and lacustrine sediments took place across the LSB over a topography
of horst and graben (Betz et al, 1987) as cited in (Wonham et al., 1997). Reduction of tectonic activity
commenced to occur at the beginning of Late cretaceous ensued by inversion, which began in Early
Coniacian and lasted until Early Tertiary. The cumulative inversion resulted in the uplift of the basin floor
by 1000 to 2000m and erosion of much of the central part of LSB. The structural setting of the LSB is
currently characterized by open folds, thrust faults and other wrench induced structures.

Present day "
S. North Sea b ™
coastline "
\ :-\:::x\ b -
: N :':Hamburg @
N\ \\ N = (=
e\ i { e

A Ontsluiting

Breuk
5523 sentheimer Zandsteen
2] Gitdenauser Zandstoen

u Siot Bentheim

\.i‘Pompeck] Block

—
& Transcurrent fault |::] Coastal clastic

7\,~ Normal fault [j Marine shale

a) b)

Figure 3-2: a) Paleogeography and structural framework of the Lower Saxony Basin during Berriasian-V alanginian. Source:
(Ziegler, 190) as cited in (Wonbam, et al., 1997); b) East-west aligning ridges of Bentheim sandstone. The red circle denotes
the location of Romberg gquarry. Source: (Nijland, et al., 2003) as cited in (Traska, 2014).

3.3.  Geological and engineering geological characteristics of Bentheim Sandstone

The Bentheim sandstone forms the western part of the Lower Saxony Basin and extends continuously for
over 10km with an average width of some 400m. It forms a ridge that is part of a imb of an east-west
running anticline, dipping 10-20°. It had been massively mined from the ridges between the Gildehaus and
Bad Bentheim. Presently, it is exploited at Romberg quarry in Gildehaus (figure 2b). It was deposited in
shallow-marine environment. It has been the host rock or reservoir for numerous oil and gas fields in the
northwest Germany and the Netherlands (Fuchtbauer, 1955) as cited in (Dubelaar & Nijland, 2016). The
depositional environment of the Bentheim sandstones forms facies patterns that show domination of tidal
or current processes throughout the deposition.

The Bentheim sandstone is a quartz arenite sandstone containing locally extensive marine claystone or
siltstone units at intervals. It attains the maximum thickness of up to 125m in the Bad Bentheim area. In
Romberg quarry, where the location of this research is based, the Bad Bentheim sandstone is divided into
three main lithostratigraphic units based on measurement of sections taken from the quarry (Dubelaar &
Nijland, 2015). These sections comprise the lower Bentheim sandstone, which has over 27m thickness, the
Romberg Claystone which is about 3.5m thick and the Upper Bentheim sandstone with a thickness of over
6m (Wonham et al., 1997). The lower Bentheim sandstone dominantly consists of thickly bedded to massive
layers, and exhibits clastic texture. At places it is intercalated with cross-bedded sandstone with thin clay
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drapes. Most of dimension stone or building blocks have been mined from the lower Bentheim sandstone
characterized by medium grained, and massive beds.

Mineralogical and petrophysics studies conducted in the past showed that the Bad Bentheim sandstone
consists of well-sorted, medium grained sand. It has quartz as main constituent mineral (up to 97%) with
accessory minerals such as feldspars, zircon, tourmaline and heavy minerals. The Bentheim sandstone has a
porosity as high as 26% and permeability in the range of 0.97 to 2.14Darcy from rock samples examined
from Romberg quarry. The size of the pores ranges from 0.025 to 0.1mm. There are also the occurrence of
oversized pores in the rock attributed to the dissolution of feldspars. The primary porosity of the rock has
been preserved due to quartz cementation. The silica cement also helped to resist the effect of overburden
pressure and thus lowered the mechanical compaction of the sandstone in Romberg quarry (Malmborg,
2002). The Bentheim sandstone has an appatent density of in the range of 2.04 to 2.12g/cm’, and
compressive strength of 48 to 77N/mm? (Dubelaar & Nijland, 2015).

3.4.  Historic use of Bentheim Sandstone as building stone

Historically, the Bentheim sandstone has been quarried since the 10th century for the purpose of dimension
stone and industrial use (Dubelaar & Nijland, 2015). Numerous historical monuments, castles and cathedrals
in the east Netherlands and Northwest Germany were made out of dimension stones mined from Bentheim
sandstone. For instance, the Royal palace in Amsterdam, the St. Lawrence Tower in Rotterdam, the Dom
located in Utrecht are some of the known buildings made with Bentheim Sandstone (Traska, 2014). The
compactness, homogeneity, high quartz content and small amount of clay and carbonate, and durability has
made the Bentheim sandstone a suitable and workable dimension stone for vatious purposes (Klein, Baud,
Reuschlé, & Wong, 2001; Dubelaar & Nijland, 2016). The absence or limited development of lamination
within the massive beds of the Bentheim sandstone precludes it from easily splitting apart. Flaking and
blistering of the rock is uncommon. The most typical Bentheim sandstone presently mined for building
stones in Romberg quarry are off-white (cream or a pale yellow) colour. However, darker, ochre to red
sandstones are commonly outcropped in Bad Bentheim area, typically in the former quarries Amkathagen
and freilichtbuhne. Its reddish appearance is attributed to the coating of the quartz grains by iron oxide
hematite (Dubelaar & Nijland, 2015). The red sandstones of Bentheim area are characterized by high clay
mineral content than the pale yellow sandstones, though the origin and nature of the clay minerals that fill
the pores is not completely understood.

A preliminary field survey of the Bentheim sandstone at Romberg quarry site showed that the sandstone
consists of light reddish-brown to whitish, medium to coarse grained, bedded, jointed and is tilted toward
the south by 20 to 30°. The rock mass has been classified into different geotechnical units representing
different degrees of weathering and joint spacing. Detailed characterization of the slope is shown in result
and discussion chapter of the thesis.

In this chapter, the location of the research area was explained, regional geological setting and structures has
been reviewed, and overview of the geological and engineering geological characteristics of the Bentheim

sandstone was given. Furthermore, the historic use of Bentheim sandstone as building stone was shortly
described.
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4. METHODOLOGY

41.  Rock mass characterization using the SSPC method

Field geological data acquisition from accessible part of the Romberg quarry slope was carried out in March
2017. Characterization of rock mass exposure was performed using the SSPC method, which is based on
rapid face mapping technique, proposed by Hack et al. (2003) pursuant to established standards such as BS
5930 (1999), ISRM (1978), and ISO 14689-1 (2003). Based on SSPC system, the rock mass was first
delineated, visually and with the help field geological instruments, into five major geotechnical units. The
criteria used to classify the rock mass into the geotechnical units are joint spacing and bedding plane
thickness, the degree of weathering, intact rock strength, and lithological types exposed.

Subsequently, discontinuity properties, the degree of weathering, and intact rock strength of each
geotechnical unit was characterized either visually from a distance where the slope was inaccessible or with
a geologic hammer, tactile or hand contact, taste, geologic compass, handheld lens, and measuring tape
where the slope was accessible.

characterization of the degree of weathering or weathering grade of each geotechnical unit was also made
following BS 5930 (1981) as attached in the appendix A. Furthermore, Intact rock strength of each
geotechnical unit measured as compressive strength, where accessible, was estimated based on “simple
means” method by using a geological hammer as outlined in BS 5930 (1999), and ISO 14689-1 (2003) as
attached in appendix A.

41.1. Measurement of discontinuity properties using the SSPC

The discontinuity properties characterized in the field include otientation and inclination, spacing, and the
condition of the discontinuity, i.e. surface roughness both in large and small scale, persistence along dip and
strike, and infill material. Representative discontinuity sets are visually selected and several measurements
are taken with geologic compass to determine their mean orientation (dip direction) and inclination (dip
angle). Hack & Price, 1996 that this method provided equal or better results than extensive measurements
of discontinuities for statistical analysis using other methods. The spacing of the discontinuities was
measured with a measuring tape. The orthogonal distance between discontinuities in each set was measured
to obtain normal set spacing without the need for further correction. The mean set spacing was calculated
by taking the average spacing of each discontinuity belonging to the particular set. The spacing of joints and
bedding planes were qualitatively and quantitatively described following BS 5930 (1999) and Hack et al.
(2003) as outlined in table 4-1 below.

Table 4-1: Qualitative and quantitative characterization of discontinuity spacing following (BS 5930, 1999).

Discontinuities (Joints) Bedding planes

Term Mean spacing in mm Term Mean thickness, mm
Very widely Over 2000 Very thickly bedded ~ Over 2000

Widely 2000 to 600 Thickly bedded 2000 to 600
Medium 600 to 200 Medium-bedded 600 to 200

Closely 200 to 60 Thinly bedded 200 to 60

Very closely 60 to 20 Very thinly bedded 60 to 20

Extremely Under 20 Thickly laminated 20to 6

closely

The condition of discontinuities in large scale for each plane was characterized either as wavy, slightly wavy,

curved, slightly curved, or straight based on visual assessment and tactile. Characterization of surface
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roughness of discontinuities on large scale is carried out on an area between 0.2 x 0.2 and 1 x 1m2 on the
rock face. On the other hand, the small-scale roughness of each discontinuity plane is described on an area
of 0.2 x0.2m2. Main qualitative description of small scale roughness includes stepped, undulating or planar.
Each scale may further classified into rough, smooth or polished. For instance, rough stepped or polished
planar. Discontinuity persistence along dip and strike of each discontinuity plane was also measured by
measuring tape and recorded. Infill materials were described as either cemented infill, non-softening and
sheared material or soft sheared material or gouges for each aperture between two discontinuities as outlined
in the SSPC format.

4.2.  Field discontinuity data acquisition using scanline method

Four scanline surveys were carried out on the lower section of Geotechnical unit 5 in accordance with the
method suggested by Hoek & Bray (1981a). These include one vertical scanline across the bedding planes,
one horizontal scanline along bedding planes and two scanlines at an inclined angle to intersect both bedding
planes and joint systems. The orientations of the scanlines were chosen in order to minimize sampling bias
and map all possible discontinuity sets. A measuring tape was stretched along the rock face and
discontinuities that intersect the line were measured. Subsequently, statistical analysis of measured

discontinuity properties particulatly orientation and spacing obtained by scanline method.

4.21. Analysis of discontinuity orientation

Discontinuity data collected from the field must be evaluated and analyzed to appropriately present the
result irrespective of the data acquisition method. The evaluation and analysis of discontinuity data in this
research entail mainly the assessment of orientation and spacing. Statistical analysis and visualization of
discontinuity data, particularly orientation, allows resolving difficulties of recognizing discontinuity sets in
the field and assess their orientation. 3D discontinuity orientation data is graphically presented in a
hemispherical projection, whereas discontinuity spacing is statistically presented in the form of histograms
(Goodman, 1976; Hoek & Bray, 1981b; Priest, 1985). Representation of discontinuity otientation is
discussed in detail in appendix B.

4.2.2. Determination of discontinuity normal spacing
The normal set spacing distribution and mean normal set spacing of discontinuities are the two prominent
parameters derived from scanline survey. However, during scanline survey in the field, apparent joint spacing
are usually measured and recorded as the intersection distances of the discontinuities on the scanline.
Therefore, the apparent spacing of discontinuities has to be converted to the normal spacing or orientation
sampling bias due to linear sampling must be corrected. The relationship between the apparent spacing (Sg)
and normal spacing (Sy,) is mathematically defined by:
Sp =S,c086 [13]

Where, 8 is the acute angle between the normal of each discontinuity plane and scanline bearing (figure 4-
2). The inclination angle, 5 can be calculated by equation [14]:

cos § = |cos(a, — a;) cos B, cos B + sin 8, sin S| [14]
Where, a;, and [, are dip direction and dip angle of the normal of the discontinuity plane respectively and

as and P are the bearing and plunge of the scanline respectively.
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scanline

Figure 4-1: Relationship between apparent discontinuity spacing(Sq) and normal spacing (Sy) on a rock face (modified from
ISRM (1978) and Giani (1992) as cited in Wong, (2013)).

The equation [13] can be expressed as [14] by defining the reciprocal of cos § as w.
Sp = Sa/w [15]

Where, W represent the correction factor for correcting the orientation sampling bias introduced by linear
sampling of scanline survey (Terzaghi, 1965; Priest, 1993).

The following steps show the procedure to calculate normal spacing from apparent spacing as adopted from
Slob et al., (2010).

1. Categorize the discontinuities that belong to the same set. This can be done by either plotting of all
the discontinuity orientations in the stereonet (Appendix C) or the use of spherical directional
statistics (section 4.4) or the application of fuzzy k-means clustering (section 4.9.1).

Sort the intersection distances of each discontinuity that belong to the same set.
Subtract each subsequent intersection distances to obtain the apparent set spacing.
Compute the acute angle between each discontinuity normal in the set and the scanline bearing.

Compute the average of all the cosine of acute angles obtained in step 4.

AN

Multiply each set apparent spacing with the average of the all the cosine acute angle obtained in
step 4 to obtain the normal set spacing.
7. Plot the normal spacing in a histogram if sufficient data is available otherwise computation of the

mean normal set spacing is sufficient.

4.3.  Computation of discontinuity orientation
For point cloud data a minimum of three coordinate measurements per discontinuity plane would suffice
computation of orientation of smooth and flat discontinuity plane. The basic algebra of plane equation is
given by the equation:

ax +by + cz+d =0 [1]
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Where d is the perpendicular distance from the plane to the origin. The plane parameters a, b, and ¢ make

up the normal vector n to the plane, which is given by the equation:

a
fi = <b> 2]
Cc

The plane equation can be rewritten with respect to its dip direction and angle of dip as:

sin(8) sin(Y)x + cos(8) sin(Y)y + cos(Y)z+d =0 [3]
Where, 0 is dip direction of the plane, ranging from 0 to 360° and Y is the angle of dip of the plane
ranging from 0 to 90°.

4.4.  Analysis of clustering of poles and spherical directional statistics

Clusters of discontinuity poles plotted on a stereographic projection display specific distribution pattern or
shape. The shapes or distribution patterns of poles on stereographic projection is called orientation model
(Kulatilake et al., 1993). Several statistical methods are available that are used to analyzing discontinuity
otientation in 3D. The most prominent once are Fisher distribution and Bingham distribution (figure 4-2).

a) Fisher distribution b} Bingham distribution

Figure 4-2: a) Fisher spherical data distribution representing a circular-symmetrical orientation of a single discontinuity set
after Fisher, (1953) b) Bingham distribution representing an elliptical spherical data distribution after Bingham, (1964).

Fisher distribution is one of the most widely applied statistical models that provides measures of dispersion
of orientations about the mean (Fisher, 1953). It defines the symmetric dispersion of discontinuity
orientations around the mean by two parameters, namely a mean vector direction, 0, and a parameter
characterizing the dispersion, K. K is known as the Fisher constant. The larger the value of K| the less the
dispersion of values around the mean orientation. A random distribution of poles results in a K value of
zero. In the Fisher distribution, clusters of poles are plotted as a circular pattern or shape because the
dispersion, K, is assumed to be symmetric around the mean direction.

In contrast, the Bingham distribution statistical model is used to represent the orientation of curved or wavy
discontinuity planes (Bingham, 1964). It makes up asymmetrical elliptical patterns on a stereographic
projection.

Normal statistics cannot be used for the analysis of directional discontinuity data. Thus, either direction
cosines or eigenvalues or Eigen vectors of the pole of discontinuity plane can be used to compute spherical
statistics such as mean vector orientation, and the Fisher K, dispersion about the mean orientation. In order
to compute directional statistics of discontinuity planes, their dip directions and dip angles in degrees must
be converted to the three-dimensional Cartesian coordinate system (Goodman, 1976). The conversion

equations and spherical calculations involved are shown below in equation 4.
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x; = cosD;sin4;
y; = cosD;sin4; [4]
Zi = SinDi

Where,
-D; is the dip angle of the pole of a plane i
-Aiis dip direction of the pole of a plane 1

-Xi, Vi, Zi, are direction cosines of the pole of (normal vector to) i-th plane.

Since the pole of a discontinuity plane is a unit vector, formula [5] is always valid.
Xyl +zi=1 P

However, the dip direction and dip angle of a pole of a discontinuity plane are computed as:

Dip direction or trend of the normal =dip direction of the discontinuity plane £180. This means that, if the
dip direction is greater than 180, subtraction is applied, otherwise addition should be applied.

Dip angle (Plunge) of the normal = 90- dip angle of discontinuity plane.

441. Computation of resultant vector (R)
The resultant vector represents the mean direction of a sample N-unit vectors. The magnitude of the
resultant vector, R is computed as the sum of all poles of discontinuities (normalized vectors) in the data set

or a discontinuity cluster. The equation is given by:

2 2 2

(BB e

The normalized form of the resultant vector, R, is denoted by R and is given by equation [7]:

__R
R=5 [7]

The projection of the resultant vector R to the horizontal XY-plane is denoted r and is given by equation
[8]. Note that it is assumed that in the Cartesian coordinate system, the positive Y-axis represent the North,
and the positive X-axis corresponds to East, and the Z-axis, represent the pole of the unit vector to a plane,

is directed upward.

2 2

r= <§:xi> +(iyi) (8]

i=1 i=1

Therefore, dip angle of the resultant vector, R, represent the dip angles of the N samples, and can be

computed by equation [9]:

|Z{V=1 Zj | 9]
R

The dip direction of the resultant R represents the mean dip directions of the N samples, and is defined by

Dg = arccos

equation [10]:

Apr = arccos

|Z£V=1 Yil
B [10]
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However, the values of dip direction,Ap’ do not represent the actual dip direction, because the Aps values

range from 0 to 909, but the actual dip direction of discontinuity planes falls between 0 and 360°. Therefore,
cotrections must be made to obtain the actual dip direction, Ay of resultant vector R. To, determine the

actual Ag, correction criteria can be applied depending on which quadrant Ags falls, and criteria is shown
table 4-2 below as adopted from Priest (1993), Knapen & Slob (2006) and Slob et al. (2010).

Table 4-2: Criteria for determining the actual dip direction, Ag of the resultant vector R

Criteria 1 Criteria 2 Quadrant Actual dip direction, Ag
N N I (between 0 and 909) Ap=Agp
Z X; = 0 Zyl >0
i=1 i=1
N IT (between 90° and 180°) Ap=180-Ag
zyi <0
i=1
N N IIT (between 180° and 2700 Ap=180+Ag
Z X <0 Zyl <0
i=1 i=1
N IV (between 2700 and 360°) AR=360-Ag
Zyi =0
i=1

Nonetheless, the conversion from actual dip direction, Ag of resultant vector R to mean discontinuity plane
orientation can be executed by:
Mean dip direction of a set of discontinuity planes = Ap = 180

Mean dip angle of a set of discontinuity planes= 90- Dp

44.2. Computation of Spherical variance

Spherical variance depicts the variance of 3D orientation data, in this case, discontinuity orientation. For
closely clustered discontinuity poles (vectors) having a similar orientation, the spherical variance is close to
zero, but for clusters showing high variability, the spherical variance gets close to 1. The concept of spherical

variance was put forwarded by Davis (2002), and can be computed by equation [11] below:
§Z = u =1-R [11]
s N
44.3. Computation of Fisher’s constant K
The Fisher constant, K is a measure of how well a sampled set of a discontinuity cluster values represent a
certain discontinuity set. Small values of K within the data represents large variation, whereas large values
indicate a small variability. The Fisher’s K, can also be computed according to equation [12]:

K=(N-2)/(N-R) [12]

Where K is the Fisher constant,

N is the number of sampled poles (vectors), and N=10. For N less than 10, K value is not valid.
According to Davis (2002) cited in Slob et al. (2010), the K value is meaningful and more accurate if it is
larger than 10. From equation [12], it can be deduced that pole vectors that show large dispersion generate
a small resultant vector, R, thus the K value gets close to zero. In the contrary, pole vectors that have similar

direction, and show small dispersion produce a large magnitude of R value resulting in very large K value.
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4.5.  UAVFLIGHT PLANNING AND DATA ACQUISITION

DJI Phantom 4 quadro-copter UAV equipped with built-in camera model FC330_3.6_4000x3000 is
deployed to the field to capture images of the sub-vertical/vertical cliff of the rock face, outcropped in
Romberg quarry, Gildehaus, Germany. Manual planning of image acquisition was executed to minimize
occlusion, and avoid vegetation cover. The manual flight planning allows capturing of images with a very
high overlap, which increased the visual content and reduced the effect of thin snow cover on the lower
section of the slope. Basically, significant snow cover on the slope would have resulted in less texture and
low visual content of the acquired images. It would result in low image contrast, and hence less key points
would have been possible to extract for the image matching process. However, in this research project, the
snow cover was very thin, and it was possible to washing away with rock salt, or removed it manually by

shovel particularly from the lower section of the slope.

Prior to the image capturing with the UAV, ground control points were placed in the accessible part of the
slope and away from the vertical rock face to reduce the effect of multipath from vertical rock face. The
ground control points are measured to georeference the images captured by the UAV. They were placed
well spread to reduce the error of propagation, which occurs due to the placement of ground control points
either too close to each other or in a straight line. Eight ground control points, made of laminated paper of
size 0.3 x 0.4 m?, were measured using a Leica RTK differential GPS, of which the base station is located in
Hengelo city. The tolerable accuracy of the GPS was set to be 5 cm. However, due to the effect of the
multipath from the vertical rock face, it was difficult to obtain an accuracy of 5cm. The measured accuracy
of the ground control points ranges from 5cm to 100cm. After setting up the ground control points, images
acquisition followed using manual flight planning. In manual flight planning the person operating the UAV
selects the interval of the image capturing, and determine the height and location of the UAV platform while
flying the UAV to ensure maximum frontal and side ovetlaps between the images. The other advantage of
the manual flight is that the operator can assess visually the quality of the images being captured on the
screen. The optimal camera perspective selected for this project was the oblique view of 45 degrees that
enabled to fully capture the images of the (sub-) vertical exposure face. Five hundred images were captured
in about an hour by flying close to the rock face. The images were manually captured every 10 to 20 seconds.
Subsequently, the images were downloaded from UAV memory, and a visual quality assessment was carried

out in the lab. Highly blurred images were removed, thus 468 images were selected for the image processing,

4.6.  UAVimage processing

Version 3.1 of Pix4Dmapper (2017) desktop trial version was used to process the UAV images to generate
the target point clouds. Pix4Dmapper is commercial photogrammetry software that uses images to generate
point clouds, digital surface and terrain models, Orthomosaic, textural models, etc. It automatically converts
images acquited by UAV, hand, or by plane and delivers highly precise, georeferenced 2D maps and 3D
models. The software uses SfM and advanced dense image matching techniques (PMVS2), and it is quite
reliable in generating dense point cloud generation (Gerke, 2014). It is has been used in numerous industries
such as Surveying and mapping, construction, agriculture and real estate.

Three advanced processing options are available in Pix4Dmapper namely initial processing, point cloud and
mesh generation, and Digital Surface Model, Orthomosaic and Index generation for mapping purposes. The
initial processing of images entails image calibration and determining exterior orientation. That means, key

points are extracted and then matched, and geolocations are optimized with ground control points.
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Initial processing

Prior to starting the initial image processing, image properties were configured (Appendix D). These
included selecting image coordinate system, setting image geolocation, and geolocation accuracy and camera
model followed by setting up initial processing parameters. The initial processing option was set to 3D
models incorporating the following parameters. Key points image scale was set to full, matching image pairs
to free flight or terrestrial, and image matching strategy set to use geometrically verified matching, calibration
method set to Standard, and rematch set to automatic.

Subsequently, the initial processing of the 468 images was performed and resulted in ray clouds of the rock
face. Ray clouds are sets of rays that connect a particular 3D point to the center of the camera at each
position the camera has taken an image. They allow annotating 3D points. They are used as tie points or
ground control points. They mainly serve to refine the positions of camera centers or internal parameters
of the camera. This refinement task is generally termed as bundle block adjustment (Pix4D, n.d.). The initial
processing was carried out without ground control point information.

Ground control points for georeferencing

The ground control points (GCP) were imported to georeference the images. The georeferencing of images
allow to make accurate measurements, provide scale and orientation to the project, reduce etror
accumulation, and enable faster processing during point cloud generation. The GCPs were registered with
Netherland local coordinate system RD New and datum Amersfoort after the initial processing had been
executed. That means they were added to the ray clouds to allow fast and precise point marking. Each GCP

was marked on multiple images.

The imported GCPs were displayed on screen shifted by few meters from the target area. This is because
of the low accuracy of the consumer grade camera on board of the UAV. By selecting the centers of each
GCP markers located on the images containing particular GCP, it was possible to accurately locate all the
GCP coordinate points on the center of markers on the image and ray clouds. This resulted in a reduced
reprojection error (Kung, 2014). The reprojection error is the error between the consumers grade GPS
onboard of the UAV and triangulated tie points using the accurate GCPs. However, the target area is a small
rock exposure and using a clustered GCP collected from the small area may lead to more error propagation
(Kung, 2014). Thus, to increase or improve the accuracy, five GCP were used for georeferencing.
Optimization of the initial processing was done to accurately locate the ground control points and
consequently reduce the reprojection error. Rough quality assessment of the initial processing based on
quality report showed root mean square (RMS) error of 0.45m (Appendix C). The initial processing step

was then followed by point cloud and mesh generation.

Point cloud and mesh generation

Point cloud densification parameters were configured prior to executing point cloud and mesh generation.
The image scale was set to half image size and multiscale as the quality of the camera on board of UAV
would suffice optimum point density generation. Full image scales are used if the camera onboard of the
UAYV are very sharp and high quality. In addition, using full image scale has no significant benefit when
normal cameras are used to capture images, and it usually doesn’t significantly improve results (Pix4D, n.d.).
Furthermore, setting full image scale requires more RAM storage and takes high processing time. On the
other hand, other parameters set include optimal point density, 3 minimum number of matches, and
matching window size of 7x7 pixels were set up for point cloud densification.

Accordingly, 23.8 million dense point clouds were generated from the 468 calibrated UAV images (figure
4-3). The average ground sampling distance (GSD) of the project was 0.44cm/inch. The average density of
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the point clouds per one m? is 110813. The white colour on the ground in figure 4-3 and on some part of

the rock face represent thin snow cover as the data was acquired during the winter season.

Figure 4-3: Visualization of dense 3D point clouds generated from UAV imageries and positions of five ground control points
(GCPs). The inset is overview photo of the Romberg Qnarry.

4.6.1.  UAV point cloud filtering, subsampling, and cropping

Since the generated point clouds are big in memory size (and thus need more processing time and memory
space) have areas covered with vegetation, and thin snow it is important to clip out (filter) the vegetation
and other artifacts. To do this, the entire point cloud was imported and loaded to CloudCompare software
(Girardeau-Montaut, 2017) for manual editing and subsampling. The point clouds that cover well-developed
planar areas on the rock face (including the areas where sampling of traditional scanline and SSPC surveys
were conducted), areas with minimum vegetation, and were selected manually. Later the point clouds were
subsampled based on “spatial” method in the same platform by setting a minimum distance threshold of
5cm. The software then picks points from the original clouds such that no point in the subset cloud is closer
to another point than the threshold distance. Subsampling reduces the number of point clouds to a
manageable size and creates a subset of the original point clouds (figure 4-4). However, the original positions
and color features of the points in the subsample remain the same, unlike resampling where the created
cloud is not a subset of the original point cloud. Subsequently, the subsampled point clouds are cropped
based on atrea of interest. Finally, a total of 439,560 point cloud data were exported as ASCII file for the
segmentation process (figure 4-4). Slob & Hack, (2004) and Knapen & Slob, (2006) highly recommended
crop selection of laser point clouds that cover areas on the rock face sampled by traditional techniques as it
allows more reliable evaluation of the post processing results of the point clouds for the purpose of
validation.
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Figure 4-4: 3D view of subsampled and cropped UAV" based point clonds prepared for segmentation. The inset photo illustrates
the overview of the Romberg Quarry. The red rectangle is an approximate area where the main fignre (cropped point clond) is
positioned.

4.7.  Terrestrial Laser Scanner (TLS) data acquisition and Preprocessing

RIEGL VZ-400 Terrestrial Laser Scanner, which is a time-based scanner, was deployed to the field to
acquire point cloud data sets. The instrument is V-line 3D scanner, a very compact and lightweight device
with a 3600 horizontal and 080° vertical field of view (Riegl, n.d.). It provides a fast scanning mechanism and
non-contact data acquisition platform using a narrow infrared laser beam. The line scanning mechanism is
based on a fast rotating multi-facet polygonal mirror that delivers fully linear, unidirectional and parallel scan
lines. This allows acquisition of high accuracy and precision point clouds. It has integrated digital NIKON
D600 camera that allows generation of colored and textured 3D point clouds.

Prior to the TLS survey, 3 optimum scan positions were selected with the aim to obtain maximum coverage
of the target rock face to minimize blind spots and occlusion. Nine cylindrical tie points (reflectors) were
placed evenly distributed both in vertical and horizontal directions. Tie points are retro-reflective targets
that can be clearly seen in the amplitude of the scan data and used for tying or registering multiple scans.
The tie points were set up visible to the scanner from the three scan standpoints. The operation started with
creating a new project and scan position for data collection. The scanner’s scanning pattern or resolution
was configured to 4cm to ensure acquisition of optimum point cloud density. Accordingly, the first scanning
survey was conducted from the left side (when facing the slope) and took 2 hours. The instrument
automatically extracts the tie points and captures panorama images of the surrounding after the scan has
finished. After completion of the first scan, the scanner was moved to the second standpoint to the right
side of the target slope and a new scan position, the second, was created within the same project. Similatly,
the third scan survey was conducted from the elevated location between the two previous scan positions.
The project was finished and finally, the data were transferred to USB.
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4.71. Data pre-processing

TLS data preprocessing was carried out using RISCAN PRO, which is an accompanying software package
for the RIEGL LD Laser imaging scanners. It allows to perform various operations and tasks including
sensor configuration, data acquisition, data visualization and manipulation and archiving. It is project
oriented, which stores a project data in a folder containing subfolders of scan data, calibrated photographs,
registration information, and processing deliverables (Riegl, n.d.).

RISCAN PRO version 2.1 was used to preprocess the TLS data set. A new project was created in RISCAN
PRO and the TLS datasets acquired from the field were imported and converted using ‘download and
convert’ wizard for registration. The first scan position was selected as reference scan as all the nine tie-
points used were extracted from this scan position. The remaining two scans were registered to the first
scan by finding corresponding tie-points. The second scan was registered or tied to the first scan by seven
corresponding tie-points. The third scan was tied to the first and the second scans with nine corresponding
points. This registration of scan positions was used to convert each Scanner’s Own Coordinate System
(SOCS) to Project Coordinate System (PRCS). In the field, each scan is collected with SOCS. So, is
important to convert SOCS to PRCS to tie together multiple scans to obtain a coherent scene that can show
multiple scanner data. The PRCS was later converted to Global Coordinate system (GLCS) using control
points for the purpose of georeferencing the point clouds. The registration of multiple scan positions
involves the conversion of SOCS to PRCS and is done by determining the respective Scanner’s Orientation
and Position (SOP) matrix. Therefore, the standard deviation of residuals, which shows the quality of
registration, calculated for the second and third scan positions from SOP matrix are 0.0127m and 0.0097
respectively. Both values are acceptable as they are smaller than the 2cm standard set by RIEGL (Rieg],
n.d.).

Later all the data from the three scans were displayed on the screen for visualization. Colour from images
was applied to each scan to link the true color of each point cloud. The quality of the tie points, which serve
as common points to tie each scan data into a project reference frame (PRCS), was evaluated by opening
cach scans Tie Point List (TPL) in 3D and visual assessment. Thus, one wrong tie point from the first scan
and another from the third scan were found to have less superimposition and fit with the point clouds, and
thus deleted from the TPL.

4.7.2. Georeferencing of point clouds and coarse registration

To link the point cloud data to the global coordinate system (GLCS), it is important to georeference the
data. Georeferencing of the data converts the PRCS assigned when scan positions were registered to GLCS.
The positions of six tie points and the three scan positions were measured by using Leica RTK differential
GPS with an accuracy of less than 5cm. The positions of the remaining three tie-points were not measured
due to the effect of multipath from the vertical rock face. Dutch RD New local coordinate system was used
to collect the GPS data. Using RISCAN PRO, the GPS data were imported to TPL GLCS with the
aforementioned coordinate system. Then, to georeference the point clouds, the control points and scan
positions with GLCS were selected and copied to PRCS. Opening the TPL PRCS, and using ‘find
corresponding points’ at each scan position, the scan positions were registered to the PRCS. Once the scan
positions are registered to PRCS, they are linked to the registered GLCS, and therefore the data is tied to
wortld coordinate system (Riegl, n.d.). Hereafter, the control points define the tie points. The process of geo-
referencing the scan data using control points is also termed coatse registration of the scans. In addition, to
calculate the orientation and position of each scan position and include it in the coarse registration, backsight

coarse registration method was also executed on the three scans surveyed. Backsighting is a tool used to
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register multiple scan positions using well-defined coordinates of scanner positions and a remote object or
a backsight for each scan, in this case, cylindrical tie point, measured by accurate DGPS. The control points

and coordinates of each scan position used for georeferencing were also employed for backsighting.

4.7.3.  Multi Station Adjustment (MSA)

Multi station adjustment is the final stage of scan registration process. The registration process merges all
separate scans into a single point cloud. The coarse registration of the three scan datasets is performed using
control points as tie points and backsighting techniques as discussed above. However, coarse registration of
multiple scans doesn’t finely or accurately merge the point clouds (figure 4-5a). Though tie points align very
well, it is possible that other planar surfaces in the point cloud might show alignment errors. This is
attributed to an unstable reflector set up or non-optimal reflector placement or measurement errors (Riegl,
n.d.). Therefore, to minimize these errors and improve the alignment of the point cloud data fine registration
of multiple scan positions is indispensable.

RISCAN PRO has a plugin function termed “Multi Station Adjustment” (MSA), which serve to
automatically modify the orientation and position of each scan in several iterations in order to determine
the best overall fit plane. This is done by automatic searching and determining the corresponding points
using iterative closest points algorithm (ICP). The ICP detects iteratively the correspondence between
different point clouds from different scans on a point-to-point basis using the minimum Euclidean distance
(Besl & Mckay, 1992). The MSA employs filtered versions of each scan to execute surface matching
registration process. A plane filter is used to distinguish and triangulate planar surfaces in each scan, followed
by identifying common planar surfaces from each scan and shifts each scan data until the best match is
obtained. To carry out the MSA, sample polydata was created from each scan by reducing the point clouds
to speed up the processing. To do so, the target area was selected from the combined point clouds of the
three scans and prepared for adjustment. Plane patch filter was selected and used in the setting during the
creation of polydata. The plane patch filter searches for planar areas or patches in the point cloud based on
the following steps:

e Divide the point clouds into equal sized cubes of some size.

e TFor each cube created it estimates the best-fit plane within the points inside the cube based on least-
squares method.

e If the standard deviation of the normal distances between the plane and the points is found to be
less than the maximum plane error, then the plane is fit to be added to the resulting list of plane
patches,

e Otherwise, the points in the cube are further divided into eight smaller cubes, each having the size
of the half edge length of the main cube, and for each smaller cube the plane estimation steps above
are applied. This procedure is repeated with again dividing the new cube in smaller cubes again with
the half-edge length of the forgoing step.

e The iteration is stopped either when a best-fit plane is found or the number of point clouds inside
the cube is less than the minimum number of points per plane or the cube size falls below the
minimum search cube size.

The plane patch filter settings that were used to create planes from overlapping scans include maximum
plane error, which was set to 0.006m, minimum number of points per plane was 10 as the point clouds were
dense, a minimum search cube size of 0.256m, and maximum search cube size of 20.048m as recommended
by Kennedy (2013). After determining the settings, the three scan positions were locked, and the measured
scan positions with GLCS and the polydata objects previously created were used as input data for
adjustment. Finally, based on the nearest point search and adjustment parameters outlined in table 4-3

below, three iterations were executed to run the MSA.
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Table 4-3: adjustment parameters of each iteration used to run the MSA

Parameter First iteration Second iteration Third iteration
Search radius (m) 5 2 2

Min. change of error 1(m) 0.1 0.02 0.008

Min. change of error 2(m) 0.002 0.006 0.003

Outlier threshold 2 2 1

Statistics

Standard deviation (m) 1.3234 0.1859 0.1027

After the calculation of the three iterations of the MSA, the results revealed fine alighment of the point
clouds from the three scan positions (figure 4-5b). The spread of errors for matching surfaces as depicted
by a number of matching planes in histogram revealed the normal distribution of overlapping planes with
values close to zero, which was a desirable result. From the statistics of the number of polydata observations
used in the calculation, it was observed that the standard deviation dropped from 1.30234m for the first
iteration to 0.1027m for the thitd iteration. The final standard deviation was found to be less than 0.2m,
and it is a desirable result according to Riegl (n.d.). The successful running of the MSA ended the scan

registration processes.

Figure 4-5: a) Sections of point clouds of scan 2 (yellow slice) and scan 3 (red slice) illustrating inaccurate alignment after coarse
registration b) fine alignment after the third iteration of Multi-Station Adjustment (MS.A).

4.7.4. Data filtering and importation in Riscan Pro

After fine registration of the raw point cloud data with MSA, data filtering and cleaning were executed. First,
the study area of Romberg quarry rock face was manually selected and cropped out from the whole point
cloud data set for filtering purpose since scanning with TLS were carried out with 360° field of view (figure
4-0). Filtering of the point cloud data was done to remove areas of dense data near the scanner positions,
and areas covered with vegetation, snow, and other unwanted artifacts. Therefore, more evenly distributed

manageable data are often created after filtering.
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Figure 4-6: Visualization of dense and texctured 3D TLS point clonds of the Romberg quarry. The cropped clond contains 28
million points. The white colonr on the trees and the slope represents thin snow cover as scanning was made during the winter
season. The black areas at the base of the main figure is no data area due to occlusion. The inset photo shows an overview of
the Romberg Quarry at the study location.

Rigel Riscan pro provides both automated and manual tools for filtering and cleaning point cloud data set.
However, in this research, the manual filtering and cleaning methods were optimum tools because
automated filtering of vegetation on the rock face resulted in the deletion of the whole data where vegetation
was present. Thus, vegetation and other noises were manually removed without affecting the original data.
After manually filtering and cleaning the point cloud data set from each scan position, the equivalent area
of interest to the UAV-based point clouds was selected as a polydata in Riscan pro (figure 4-6). The polydata
that contained clouds of 11.2 million points were then exported as ASCII delimited format. The exported
poly data contained x, y, z coordinates with the global coordinate system, intensity, and colour information.
Later the selected point clouds were imported and loaded to CloudCompare software for subsampling. After
subsampling, a total of 440,831 point cloud data were exported as ASCII file for the segmentation process
(figure 4-7).
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Z-axis
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Figure 4-7: 3D view of subsampled and cropped TLS point cloud prepared for a segmentation process. The inset photo illustrates
the overview of the Romberg Quarry. The red rectangle is an approximate area where the main fignre (cropped point clond) is
positioned.

4.8.  Point cloud segmentation based on Hough transformation and Least-Squares Analysis

In this segmentation process, the 3D Hough transformation is applied to identify and select an optimal
number of seed points from the point cloud data to form a planar element, whereas least square regression
is used to evaluate their planarity. If the selected points define a planar surface within a given tolerance, then
a seed surface or plane is grown step by step based on spatial search ensued by optimization of the new
plane by least square estimation. Vosselman et al. (2004) carried out segmentation based on Hough
transformation and Least squares in the software Point Cloud Mapper (PCM), a software developed for
research and educational purposes in I'TC and TU Delft to process airborne laser scanner data. However,
the software can also be implemented equally well on point clouds generated by terrestrial laser scanners
and photogrammetry (Slob et al., 2010). The PCM software applies the principle of region or plane growing
and the data can be structured using K-D tree structure. General processing procedures outlined by
Vosselman et al. (2004) and Rabbani et al. (2000) are followed to implement the methodology in PCM
software. However, it is required in PCM to specify optimal parameters and distance thresholds that control
the process of segmentation. The input parameters and distance thresholds to control the segmentation
processing steps are discussed in the following section.

Data importation and structuring: in order to start the segmentation process, registered and
georeferenced point clouds derived from TLS survey and from UAV imageries were imported separately to
PCM software as comma-delimited ASCII format that contains x, y, z values of each point cloud. The PCM
also allows importing the RGB and intensity values of each point cloud if necessary.

The segmentation analysis entails sequential analysis of all the points within the point cloud, and their
classification pursuant to which individual planar elements they belong to. In the classification process, each
point is given a label, which is stored as a point attribute. At the beginning, all the points are given label 0.
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After recursive segmentation and evaluation process, all points are given a label point ranging from 1 to the
maximum number of planes that are created.

Since the segmentation process is recursive, it is important to accelerate the search for the nearest
neighboring points by structuring the unorganized point cloud data prior to segmentation. The PCM
software offers three options (as storage models) for structuring point cloud data. These include K-D tree,
Delaunay TIN, and Octree. K-D tree partitioning was chosen for this research as it is the optimum
structuring method for segmenting TLS or photogrammetry-derived point clouds. The Delaunay TIN is
not recommended for noisy and unorganized point cloud data, and Octree method contains a cell with an
unbalanced number of points. The parameters of K-D tree structuring applied in PCM is shown in table 4-
4.

Definition of connected component parameters: two parameters are defined here to ensure the density
of points during each seed selection process and after each plane-growing step. Areas that contain sparse
points or noisy data are thus omitted from processing.

-Maximum distance between points: represents the neighborhood area around a given point, but not applied
with segmentation into planar surfaces.

-Minimum number of points: determine a neighborhood area around a given point. It depends on the size
of scanned rock outcrop and the resolution of the point cloud data. Defining an appropriate threshold value
of this parameter determines the size of planes that are identified for use in the subsequent processing. Small
planes that don't satisfy the threshold will be removed.

Seed selection parameters: this defines how the seed points are selected from all the candidate or potential
points present in the Hough space. The important parameters of seed selection include:

-Minimum number of seed points: defines a minimum number of points that should be close to the plane
found by Hough transform to ensure if the neighborhood is planar. If the number of seed points is few,
they do not form a planar area and the process is abandoned. A minimum of ten seed points is found to be
acceptable threshold value to allow proper plane growth.

-Maximum distance to plane: defines the selection of seed points that are only within a specified
perpendicular distance from the found plane. This avoids the addition of noisy points to the seed points.
The optimum distance depends on the precision of the data. All points within the precision are optimum
seed points. The threshold value should be fewer than the bin size distance, but higher or equal to the
precision. If the value of the maximum distance to the plane is too small, a large portion of the point cloud
data will not be segmented.

Hough transform parameters: the following parameters determine the 3-D Hough transformation:
-Maximum slope angle: this parameter allows to ignore vertical planes. If all slope angles are to be included,
the maximum angle should be set 90°.

-Bin size slope angle: specifies the size in which the angle of parameters in Hough transform are discretized
and determines if the seed points are coplanar or not.

-Bin size distance: It splits the distance parameter axis in Hough transform into equal bins.

Surface growing parameters: once a seed surface is obtained, the growing stage is searching for adjacent
points in the same plane. These parameters determine the growing or expansion of those seed surfaces
towards neighboring points that belong to the same planar region or surface. The following parameters are
important:

-Surface growing neighborhood definition: two options are available: direct neighbors or all within the
radius. The surface growing neighbourhood defines the formation of a new (potential) planes by choosing
points around previously classified points based on a minimum number of direct neighbors or by defining

a specific search radius.
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-Surface growing radius: specifies the search radius around the seed points. It defines the size and kind of
the neighborhood along with the parameter “surface growing neighborhood definition.”

-Maximum distance to surface: specifies when a point is considered to belong to a plane at growing stage.
If this value is set to a large threshold, it results in under segmentation; and if too small value is chosen, it
will produce over segmented point clouds. Thus, the optimum value should be slightly larger than the value
used in “maximum distance to plane” in the seed selection parameter.

-Competing surfaces: surface growing in segmentation process is a greedy procedure. The surface growing
process assigns all points to a plane if the distance of the points to the plane is below a given threshold.
When the next seed is grown, points that belong to a previously grown surface are examined if this parameter
is enabled. This means that enabling/checking the competing surface parameter allows the points to be
assigned to a plane where they fit best.

Therefore, the thresholds of the segmentation parameters used in this research for both UAV and TLS

points clouds are shown in table 4-4.

Table 4-4: Threshold of segmentation parameters used for segmenting both UAV-based and TLS point clouds in PCM
software.

Neighbourhood definition

Storage model K-D tree

Octree bin maximum number of points 100

Octree bin overlap 1

Distance metric 3D

Number of neighbors in K-D tree 100

Connected component parametet

Maximum distance between points (m) 0.5

Minimum number of points 100

Seed selection parameters

Seed neighborhood definition Direct neighbours
Maximum slope angle (degrees) 90

Bin size slope angle (degrees) 3

Bin size distance (m) 0.1

Minimum number of seed points 10

Maximum distance to plane 0.1

Surface growing parameters

Surface model Planar

Surface growing neighborhood definition Direct neighbours
Maximum distance to surface (m) 0.1

Maximum distance to recomputed local plane (m)  0.15

Competing surfaces Enabled/yes

After repetitive processes, it was found that the optimum segmentation process with PCM software is very
sensitive to a minimum number of seed points and maximum distance to plane in the seed selection stage,

and maximum distance to surface and competing surfaces in the surface growing phase.
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4.8.1. Results of segmentation process of TLS point clouds

The input point cloud data set consisted 441,085 points. After segmentation process, 440,831 points were
segmented, while 1340 points remained unsegmented. The unsegmented points consisted of noise or low
data density areas that didn’t satisfy the segmentation parameters outlined in table 4-4. The result showed
more than 99% of the points were segmented. The point clouds were segmented into 223 discontinuity
planar surfaces. The segmentation results of TLS point clouds is shown in appendix E. Points that fall within

a single segmented discontinuity plane received similar colour.

4.8.2. Results of segmentation process of UAV point clouds

The input point cloud data set consisted 438,630 points. After segmentation process, 437,290 points were
segmented, while 154 points remained unsegmented. The unsegmented points consisted of noise or low
data density areas that didn’t satisfy the segmentation parameters outlined in table 4-4. The result showed
more than 99% of the points were segmented. In total 337 discontinuity planes were identified from
segmented point clouds. Figure 4-8 shows segmented UAV based point clouds. Points that fall in a single

segmented discontinuity plane received similar colour.

Figure 4-8: Direct segmentation results of UAV based point clouds into distinet discontinuity surfaces carried out via Hough
transform and Least squares method in Point Clond Mapper (PCM) software. The inset photo illustrates the input point
clond for the segmentation.

Visual assessment of figure 4-8 shows segmentation of rock faces partly covered with vegetation (top left

corner) resulted in a smaller segments.

After segmentation of the point clouds, small segments that consisted of less than 200 points were removed
from the data. Then, the data were exported as ASCII format for subsequent detivation of discontinuity

information using Matlab environment. The exported data contained four coordinates x, y, z, and
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segmentation label, which shows the plane number the points belong. Deriving discontinuity information from

segmented point clouds

Segmentation, which recognizes the point clouds that belong to the same planar face and hence assigns the
same segment number, is the first step to derive discontinuity information from point clouds. Therefore, it
is imperative to further analyze the segmented point clouds in order to extract discontinuity information
such as orientation (dip direction and dip angle), plane equations, and the centroid coordinates for each

individual discontinuity surfaces.

4.8.3. Fuzzy K-means clustering of discontinuity data

Fuzzy k-means clustering can be applied to cluster large amount of discontinuity data, which may be highly
dispersed or noisy, into distinct sets (Harrison, 1992; Slob et al., 2005). Fuzzy K-means clustering technique
(a.k.a. fuzzy c-means clustering) categorize each discontinuity orientation (or their poles) to a pre-determined
number of clusters or sets (k). The number of clusters, k, can be determined in many ways. One way is to
use trial and error, which involves guessing the initial k, and assessing and verifying the number of clusters
visually. The process can be repeated with different k values until satisfactory results are obtained. Secondly,
k can be determined in an automated way by using fuzzy validity indices. Therefore, fuzzy K-means
clustering allows automated clustering of orientation data after the user has determined the number of sets.
It is a fuzzy or soft partitional clustering technique as it divides the data sets into subsets pursuant to the
degree of membership grade assigned to each set. The degree of membership range between values zero to
one. The lesser the certainty that a pole belongs to a particular set, the closer its membership grade value to
zero and vice versa.

The fuzzy k means algorithm assumes the pole dispersion is non-uniform and symmetrical about the mean
otientation of each discontinuity cluster, thus exhibiting a Fisher’s distribution (section 4.4). However, it can
also be applied to classify non-circular clusters (e.g. Bingham, section 4.4) that are distinct and equally
distributed to each other.

In this research Fuzzy k-means clustering is applied for clustering discontinuities generated from point
clouds according to procedures outlined in Bezdek, (1981) and more institutively described in Slob et al.,
(2005; 2010).

4.8.4. Processing steps of derivation of discontinuity information from segmented point clouds

The derivation of discontinuity information from segmented point clouds was carried out in Matlab.
Segmented point clouds in ASCII format containing coordinates x, y, z and segment number of each point
data were imported to Matlab (Math works Inc, 2017). For this research Matlab scripts written by Knapen
& Slob (20006) and Slob et al. (2007) were adopted and implemented to derive the necessary discontinuity
information according to the following steps:

a. Identifying the normal vector (poles) of each discontinuity plane using principal component
analysis. Thus, the orientation of the poles determines the orientation of the individual planes.

b. Plotting of the normal (poles) on a stereographic projection to assess their concentration. This step
is followed by grouping of individual poles to determine the appropriate number of distinct
discontinuity sets/clusters by using Fuzzy k-means clustering technique.

c. Computing plane parameters of each pole to the plane namely a, b, c, of the plane equation (ax +
by + cz+ d = 0) within the sets. This permits calculation of spatial statistics namely mean
orientation, Fisher’s K value, spherical variance, and the normalized resultant vector, R for each

identified discontinuity cluster.
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d. Defining the plane parameter d, which is the perpendicular distance from the plane to the origin of
the point cloud coordinates, of each plane by replacing the mean coordinate into the plane equation.

The parameter d is computed to determine the normal set spacing.

4.8.5. Computation of normal set spacing

The execution of the above processing steps results in the identification of individual discontinuity planes
and their sets, plane parameters (a, b, ¢, and d; see section 4.3), and outputs of the spherical statistics. The
plane parameter d is used to calculate normal set spacing and subsequent set spacing statistics for each
cluster.

Two methods were developed by Knapen & Slob (2006) and Slob et al. (2007) for computing normal set
spacing of discontinuities derived from point clouds. The first method uses virtual scanline, an imaginary
line oriented parallel to the mean orientation of each discontinuity set as adapted from the conventional
method of determining normal set spacing using scanline as defined by Priest (1993) (section 2.2.1 and
section 4.2). However, this method is constrained by the choice of the position of the virtual scanline and,
thus produce different spacing results for varied placement of the virtual scan line in the 3D space of point
clouds. Furthermore, using this method incur problem when numerous small planes that belong to a single

discontinuity plane are projected. This results in unrealistic multiple small spacing values.

The second method calculates the “equivalent” normal set spacing. It applies the plane distance parameter,
d, in the plane equation (equation 1), of individual discontinuities within a discontinuity set obtained
according to the steps outlined in section 4.9.2. Since the distance parameter d represents the perpendicular
distance of a plane to the origin of the point cloud coordinates, if sorted in an ascending or descending
order, the difference between adjacent values defines the spacing between discontinuities. However, the
distance parameter, d, depends on the position of the origin, which is normally located in the center of the
whole point cloud. The ideal position of the origin, in this case, is to relocate it to the center of all the
discontinuity planes that belongs to the same set. This method derives discontinuity spacing values closest
to the traditional scanline normal set spacing values computed according to Priest (1993). The second
method shows more advantage than the first because its calculation is intuitive as it only requires calculating
the plane parameter d based on a new position of the origin, i. e the center of all the discontinuity planes
that belongs to the same set, and subtracting subsequent values to obtain the normal spacing of the
discontinuities. In this research, the equivalent normal set spacing of discontinuities derived from the two

point cloud sources (TLS and UAV-based) were computed using the second method desctibed above.

Instruments, and processing and analysis software used in this research are listed in appendix D.
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5. RESULTS AND DISCUSSION

5.1.  Conventional rock mass characterization and discontinuity field data acquisition

The main aim of conventional discontinuity characterization was to generate data that can be utilized for
comparison and validation of the two remote sensing techniques namely TLS and UAV photogrammetry.
In accordance with this aim, field rock mass description of Romberg sandstone quarry exposure was carried
out following internationally accepted and well-established standards such as British standard (BS 5930:,
1999), standards of the international standard organization (ISO 14689-1, 2003), and International Society
for Rock Mechanics (ISRM, 1978). Furthermore, the rock masses were assessed and characterized in detail
for classification into different geotechnical units using “A new Approach to Rock Slope Stability-a
Probability Classification (SSPC)” method (Hack et al., 2003).

5.1.1.  Geotechnical units

The principal criteria for systematic description and classification of the rock masses into different
geotechnical units include the degree of weathering, strength properties, compositional variation, and
discontinuity characteristics. Thus, based on the SSPC system, the rock mass of Romberg sandstone quarry
of interest area was divided into five geotechnical units (figure 5-1). Variation of geotechnical units in the
rock masses is noticeable vertically from top to down. The noticeable variations are the degree of weathering
and discontinuity spacing. The detailed description of each geotechnical unit is given below. Note that the
layers are dipping in a roughly Southern direction at the study location, but the whole series of layers plunges
to the West. More to the West in the Romberg Quarry, the top layers come to the bottom of the quarry.
Layers that are inaccessible at the location of the study area can be studied in the West of the quarry. Visually

the layers do not seem to change in this direction.
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Figure 5-1: Romberg Sandstone quarry slope classified into different geotechnical units. ‘GU’ denotes the geotechnical units.
The red broken lines separate the geotechnical units, yellow wide broken lines separate most prominent and easily recognizable
Jjoint sets, and yellow dotted lines represent the bedding planes.
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1. Geotechnical unit 1 (GU1): this unit covers the topmost layer of the rock mass having a thickness
of 1 to 1.5m. As being on the top of the exposure studied it is located in an inaccessible vertical
slope. From remote visual assessment, and observation of the extension of the top layer further
down to the west side to the active quarry area it consists of reddish, medium to coarse grained,
completely weathered sandy residual topsoil. This unit is characterized by oxidation and supports
bushes and trees.

2. Geotechnical unit 2(GU2): found lying directly below the GUT1 layer. It seemingly comprises highly
weathered and thinly bedded sandstone layer. Its thickness is about 1.5m. Visually, this layer extends
to the West of the Quarry, but not described in detail due to ongoing excavation activity during the
field work.

3. Geotechnical Unit 3 (GU3): This unit is compositionally different from overlying and underlying
sandstone units. It is thinly bedded and has a thickness of about 2.5m. This unit is being eroded
and accumulated down on the lower section of the slope due to weathering probably caused by
percolation and surface run-off water. From the fallen debris, it was observed that this unit consists
of grey to brownish, fine-grained, soft, and plastic clayey material. It is probably a local channel fill
as the unit pinches out and doesn’t continue to the west side of the quarry. Erosion of this fine-
grained clay material and deposition of the particles on the underlying units has produced a staining
effect on the geotechnical units underlying it. The surface staining effect of this unit has rendered
the underlying unit brownish and smooth superficially.

4. Geotechnical unit 4 (GU4a): This unit is mainly characterized by reddish to greyish, fresh to slightly
weathered, and thickly bedded to massive sandstone. The slightly weathered parts of the GU4 slope
is superficially covered with green mosses and lichens. This biotic influences can induce physical as
well as chemical weathering activities on or near the surface of the rock face (Hack & Price, 1996).
The fresh parts are devoid of vegetation. From visual assessment, two dominant joint sets occur in
this unit. The spacing of the joints can be estimated to range between 1 and 6m with high
persistence along strike and dip. The thickness of this geotechnical unit can be estimated to be 8 to
10m. This unit is partly overlain by GU3 unit. In the areas or horizons that lie under the GU3 unit,
the original surficial colour of the GU4 layer is changed to brownish to grey due to surface staining
as a result of weathering and subsequent erosion of the overlying GU3 layer. This unit had been
quarried for dimension stone that serves different purposes as noted from remnants of drilling
activities carried out in the past. However, this unit also shows areas of closely spaced but more-
ot-less randomly fractured discontinuities that exhibits curved or chonchoidal fracturing, which is
an indication of jack row hydraulic hammering. It is assumed that these fractures do not penetrate
deep. This subunit is classified as a different geotechnical unit, GUG6 as shown in figure 5-2. Another
geotechnical unit GU7 is defined within the GU4a unit as this is a part of the unit with extensive
local fracturing (figure 5-2). Fallen debris or spalling materials of leaves and clayey material from
GU3 unit are deposited on the GU4b unit.

5. Geotechnical unit 4 (GU4b): This unit is similar to the GU4a unit, but comprises the accessible
bottom part of the slope. The conventional geological slope characterization activities were
conducted for this unit. It is characterized by widely spaced jointing and thick-spaced bedding
planes. This unit has been mined for dimension stone.

6. Geotechnical unit 5 (GU5): This unit is sandwiched between the GU4a and GU4b layers. It is
characterized by reddish to creamy colour, and coarse-grained sandstone. Its difference with the
ovetlying and underlying GU4 units lies in the density of the spacing of the bedding planes and
joint planes. The normal spacing of bedding planes in this geotechnical unit ranges from thin to
very thin as measured by scanline method. The normal spacing of the bedding planes in this unit
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ranges from 0.6cm to 0.6m. Seemingly, the small spacing of joints and bedding planes have rendered
this unit unsuitable for dimension stone, as no signs of exploitation of this unit is found on the rock
face. Fallen debris or spalling materials of leaves and clayey material from GU3 unit are also
deposited on the GU5 unit.
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Figure 5-2: More detailed geotechnical units of Romberg Sandstone quarry outerop considering surficial joint parameters.

5.1.2.  Discontinuity characterization using Slope Stability Probability Classification (SSPC)

The SSPC characterization of Romberg Quarty in the GU4b unit resulted in the identification of four
discontinuity sets in the field as shown in figure 5-3. In addition, extra discontinuity data measured from
individual discontinuity planes were also added to the SSPC data for computing spherical statistics. Summary
of statistics of SSPC surveys executed is presented in table 5-1.

Table 5-1: Summary of spherical statistics of identified and characterized discontinuity sets in the Romberg sandstone quarry
outcrop using SSPC method. Remark: the value of Fisher’s K is not included in the table since the number of observations, N,
are less than 10 for all the sets.

Set1 Set 2 Set 3 Set4
Geologic origin Bedding plane  Joint Joint Joint
Mean dip direction (degrees) 211.57 29.47 312.68 289.2
Mean dip angle (degrees) 24.42 66.98 66.65 85
Number of Observation N 3 7 3 5
Resultant R 2.99 06.85 3 4.9
Spherical Variance 0.01 0.02 0.01 0.01
Mean normal set spacing (m) 1.433 1.6 1.367 2.2
Stand. Dev. NS. Spacing 0.513 0.9 0.38 1.41
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Maximum Normal set spacing 1.3 24 1.8 3.2
(m)
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Figure 5-3: Equal area, lower hemisphere grey scale stereo density plot of poles of discontinuity sets mapped using SSPC
method. Counting method applied: Fisher distribution. Software: OSXStreonet (Cardozo & Allmendinger, 2013).

5.1.3.  Condition of discontinuities in Romberg Sandstone quarry

The condition of discontinuities in discontinuous rock mass principally include material friction, roughness
(both large and small scales), discontinuity wall strength, and infill material. These parameters of a
discontinuity determine the shear and tensile strength of a rock mass (Bieniawski, 1989). In the geotechnical
unit GU4b, where the SSPC survey was conducted, visual assessment of the discontinuities dominantly
shows straight to slightly curved large scale roughness (table 5-2). The infill material comprises medium to
coarse soft sheared material such as clays.

Table 5-2: Summary of the condition of discontinuities of the GU4b geotechnical unit in Romberg Sandstone quarry using
SSPC.

Set persistence persistence  Roughness Roughness  infill material
along strike along dip large scale Small scale
(m) (m)
1 >2 >2 straight rough coarse soft sheared
undulating materials such as clay
2 >1.5 >2 slightly rough Non-softening and sheared
curved undulating material such as free of
clay
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3 >2 >1.4 slightly rough Non-softening and sheared
curved planar material such as free of
clay
4 >2 >1.6 straight rough medium soft sheared
planar material such as clay and
silt

In geotechnical unit GUS5, where the scanline survey was conducted, the bedding planes and joint sets show

slightly curved large scale roughness with infill material of non-softening sheared material such as clay, talk
etc. (table 5-3).

Table 5-3: Summary of the condition of discontinuities of the GUS geotechnical unit in the Romberg Sandstone guarry unsing
SSPC.

Set persistence persistence  Roughness Roughness infill material
along strike along dip large scale  small scale
(m) (m)
1 >2 >0.2 straight rough coarse soft sheared
undulating materials such as clay
2 >2 >0.2 slightly rough Non-softening and
curved undulating sheared material
such as free of clay
3 >0.3 >0.2 slightly rough planar Non-softening and
curved sheared material

such as free of clay

4 >(.2 >0.2 straight rough planar medium soft sheared
material such as clay
and silt

Note that the origin of the small quantities of clay infill material in the bedding planes can be attributed to
the change in sedimentary sequence often resulting in some clay richer beds. On the other hand, the infill
material of the joints is sheared materials free of clay except for the infill material of joints in Set 4. The clay
in those joints perhaps have originated from clays in bedding planes which may later have flushed into the

joints or clays from bedding planes may have been transported by groundwater into the joints.

5.1.4. Discontinuity characterization using scanline survey method

Four scanline surveys were carried out on the lower section of the Geotechnical unit 5 in accordance with
the method suggested by Hoek & Bray, (1981a) as explained in section 4.2 and shown in figure 5-3 below.
A total length of 11.4m scanline survey was conducted and mapped 46 discontinuity planes.
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Scanline 1 Scanline 3 Scanline 4

Orientation: 300°/90° Orientation: 225°%/28° Orientation: 230°%/20°
Length: 2.40m Length: 2.2m Length: 4.4m
13 measurments 11 measurments 12 measurments

Figure 5-4: scanline surveys and their parameters

By plotting all the planes measured in the scanline survey in a stereographic plot (figure 5-5) four discrete
sets were identified. The two sets are bedding planes, which are very closely clustered as expected for

bedding planes, and the other two are joint sets.

Figure 5-5: Equal area, lower hemisphere grey scale stereo density plot of poles of discontinuity sets mapped using Scanline
method. Counting method applied: Fisher distribution.

Spherical statistics including the mean orientation and dip angle, the resultant vector, R, Fisher’s K and
spherical variance of each set were calculated based on the methodology described in section 4.2.1.4.
Furthermore, discontinuity set spacing was computed via sorting of all the intersection distances of each
discontinuity plane in each set in the scanline survey. A list of set spacing was computed by subtracting

subsequent intersection distances of discontinuity planes that belong to the same set, thus generates only
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the set spacing or apparent discontinuity spacing. The apparent spacing must be cotrected to obtain the
normal set spacing. The normal spacing, which is the orthogonal distance between two parallel
discontinuities in the same set, was obtained by multiplying the apparent spacing of each discontinuity plane
in the same set by the average of the cosine of the acute angle between the normal corresponding to the
mean orientation of the discontinuity plane and the bearing and plunge of specific scanline. The normal
spacing was obtained as described in section 4.2.3. Table 5-4 below shows the summary of the results of

spherical statistics of the scanline surveys conducted on the Romberg sandstone quarry.

Table 5-4: Summary of the results of spherical statistics of Identified and characterized discontinuity sets using scanline survey.
Remark: * denotes the value of Fisher’s K is not valid since the number of observations, N is less than 10.

Set 1 Set 2 Set 3 Set 4
Geologic origin Bedding plane  Bedding plane  Joint Joint
Mean dip direction (degrees) 224 221.7 101.7 254
Mean dip angle (degrees) 17.2 28.77 89.3 83.4
Number of Observation N 20 8 9 10
Resultant R 19.92 7.95 1.46 7.98
Fisher's K 229.85 122.9* 0.92% 3.98
Spherical Variance 0.00392 0.0061 0.83 0.2
Mean normal spacing (m) 0.132 0.2275 0.376 0.434
Stand. Dev. NS. Spacing 0.124 0,364 0.402 0.236
Maximum Normal setting 0.4608 0.9367 1.535 0.601

(m)

5.1.5.  Evaluation of the results of traditional discontinuity Surveys

Open source software called OSXStereonet, which have been developed by (Cardozo & Allmendinger,
2013) was used to plot the collected discontinuity data on the stereonet. From stereo-plots of the SSPC
survey, four distinct discontinuity sets were recognized. The first set (Set 1) is set of bedding planes, which
comprises three discontinuity planes with mean dip direction and dip angle of 211.57° and 24.42°
respectively. The mean normal spacing of this set is 1.43m indicating thick bedding planes. The persistence
of the bedding planes runs for more than 3m both along dip and strike. The second set (Set 2) consists of
a set of joint planes. Seven discontinuity planes belong to this set having mean dip direction and dip angle
of 29.47%and 66.90° respectively. The mean normal spacing of this set is 1.6m. This means the joints show
wide spacing (BS 5930, 1999). The third and fourth sets are also joint sets with wide to very wide spacing.

Similarly, stereo plotting of all the discontinuity data from scanline survey has resulted in the recognition of
four main discontinuity sets (figure 5-5). The two sets of bedding planes identified in the field during the
scanline survey (Set 1 and Set 2) show comparable dip direction, but the difference between the dip angles
reach up to 10°. The ‘Set 2’ bedding planes are more steeply bedded and terminate on the ‘Set 1’ bedding
plane. This shows the ‘Set 2’ bedding planes were deposited by channel infill material. Both sets of bedding
planes are thinly bedded having a normal set of spacing of 0.1 to 0.2m.

5.1.6. Discussion and comparison of traditional discontinuity Surveys
As can be seen from the above stereo-plots (figure 5-4 and 5-5), both the SSPC and scanline surveys were
able to recognize distinct discontinuity sets. Both methods were able to identify one bedding plane set and

one joint set commonly. Poles of comparable discontinuity sets recognized by both methods were given
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similar colours in the stereo-plots mentioned above. Joint ‘Set 4’ mapped by the SSPC method corresponds
well with joint ‘Set 3’ mapped by the scanline. Both joints sets show comparable orientations. Joint ‘Set 2’
recognized by the SSPC method and Joint ‘Set 4’ identified by the scanline survey show the difference in
dihedral angle of 600 (refer section 5.4.1 for more on dihedral angle). ‘Set 1” in the SSPC and ‘Set 1” and ‘Set
2’ in the scanline correspond well with each other except the dip angle of ‘Set 2’ of bedding planes mapped
by the scanline show greater inclination. The more inclined bedding planes correspond to the infill channel
deposits. However, the normal spacing of the bedding planes in the SSPC survey are much larger than the
spacing of the bedding planes recognized by the scanline method. This is because the SSPC method provides
generalized geometric information of discontinuities in the rocks mass exposure. As a result, the SSPC
system can present human bias on the identification and determination of representative discontinuity sets
in addition to errors involved during taking measurements. Though the SSPC method results in certain bias
in identifying independent joint sets, it is regarded as an important first step in the entire rock mass
characterization process. It is worth to note that weathering has no impact on the reduced spacing of the
bedding planes recognized by the scanline method in the GU5 as incorrectly stated in Fakunle, (2016)
because both the GU4b and GUS5 geotechnical units exhibit the same degree of weathering, SW to fresh.

In conclusion, both the scanline and the SSPC surveys were able to recognize distinct discontinuity sets.
The scanline identified four main discontinuity sets. The SSPC method also recognized four distinct
discontinuity sets. The mean normal set spacing of discontinuities mapped by rapid face mapping, the SSPC
survey, in most cases revealed several times larger than the normal set spacing computed by the scanline

survey.

5.2.  Results of computed discontinuity geometry derived from TLS point clouds

The geometries of discontinuities derived from TLS point clouds were computed according to the
methodology outlined in section 4.6.2. After the discontinuity planes were generated from point cloud data,
the normal vectors (poles) of each discontinuity plane were plotted on a stereographic projection to visually
examine the possible number of discontinuity sets (figure 5-7). Accordingly, four discontinuity sets were
determined as the appropriate number of distinct discontinuity clusters. Therefore, all the discontinuity
planes were objectively clustered into four clusters by using Fuzzy k-means clustering technique (Figure 5:8).
Once the discontinuity sets were determined it was appropriate to compute spherical statistics for each set.
Thus, Mean set orientation (dip direction and dip angle), the normalized resultant vector (R), Fisher’s K,
spherical variance, the number of planes and normal set equivalent normal set spacing were computed for

each set according to the methods explained in sections 4.2 to 4.4.
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Figure 5-6: Equal area stereographic polar plot of all the discontinuity planes derived from UAV" based point clouds. In total,
337 discontinuity planes were derived. The black diamonds represent individual poles and the colonred contonrs represent pole
densities.

The results of computed spherical statistics of each discontinuity set geometry derived from TLS point
clouds via point cloud segmentation and further analysis is summarized in table 5-5 below.

Table 5-5: Summary of the results of spherical statistics of discontinuity sets derived from TLS point clouds. The total number
of discontinuity planes is 223.

Set 1 Set 2 Set 3 Set 4
Mean dip direction (degrees) 33,02 297.21 329,58 353,90

Mean dip angle(degrees) 64,90 83,69 80,68 87,16
R(Normal resultant vector) 37,65 75,25 74,09 26,12
N (# of poles) 39 80 77 27

K (Fisher K) 27,51 16,43 25,79 28,25
S (standard deviation) 0,03 0,06 0,04 0,03
Mean equ. Normal spacing 0,32 0,21 0,12 0,65
(m)

Std dev. equ. Normal spacing 0,46 0,42 0,21 1,36
Max equ. normal spacing (m) 2,38 2,75 1,37 1,96
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Figure 5-7: Lower hemisphere equal area stereographic polar plot of all the discontinuity planes derived from UAV based
point clonds segmentation with program Stereonet (Cardogo & Allmendinger, 2013). In total, 337 discontinuity planes were
derived. The poles are coloured according to their set membership and the grey contours show pole densities.

5.3.  Results of computed discontinuity geometry derived from UAV based point clouds

The geometries of discontinuities derived from UAV based point clouds were computed according to the
methodology outlined in section 4.6.2. After the discontinuity planes were generated from point cloud data,
the normal vectors (poles) of each discontinuity plane were plotted on a stereographic projection to visually
determine the number of potential discontinuity sets (Figure 5-9). Accordingly, five discontinuity sets were
identified as the appropriate number of distinct discontinuity clusters. When the classification was set to be
four clusters, the different sets are merged providing different statistical values. Therefore, all the poles of
discontinuity planes were objectively clustered into five clusters by using Fuzzy k-means clustering technique
(figure 5-10). The additional one discontinuity set identified from UAV based point clouds comprises the
bedding planes. The TLS survey did not scan the bedding planes on the lower section of the slope due to
occlusion. Once the discontinuity sets were defined it was appropriate to compute spherical statistics for
each set. Thus, Mean set orientation (dip direction and dip angle), the normalized resultant vector (R),
Fisher’s K, spherical variance, the number of planes and equivalent normal set spacing were computed for

each set.

The results of computed spherical statistics of each discontinuity set geometry derived from UAV based
point clouds via point cloud segmentation and further analysis is summarized in table 5-6 below.

Table 5-6: Summary of the results of spherical statistics of discontinuity sets derived from UAV based point clonds. The total
number of discontinuity planes is 337.
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Set 1 Set 2 Set 3 Set 4 Set 5
Mean dip direction(degrees) 220.32 34.24 301.61 327.73 174.65

Mean dip angle(degrees) 17.33 77.95 86.16 86.95 88.06
R(Normal resultant vector) 7.9 39.43 103.46 114.69 46.52
N (# of poles) 8 51 109 120 49

K (Fisher K) 95 423 19.31 22.24 18.99
S (standard deviation) 0.01 0.23 0.05 0.04 0.05
Mean equ. Normal spacing (m) 0,40 0,20 0,15 0,12 0,24
Std dev. equ. Normal spacing 0,50 0,25 0,31 0,57 0,28
Max equ. normal spacing (m) 1,20 1,09 2,15 1,06 1,10
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Figure 5-8: Lower hemisphere equal area stereographic polar plot of all the discontinuity planes derived from TLS point clonds
with program Stereonet (Cardozo & Allmendinger, 2013). In total, 337 discontinuity planes were derived. The black

diamonds represent individnal poles and the coloured contours represent pole densities.
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Figure 5-9: Egqunal area stereographic polar plot of all the discontinuity planes derived from TLS point clonds. In total, 337
discontinuity planes were derived. The poles are coloured according to their set membership and the grey contours show pole
densities.

5.4.  Evaluation of the results of computed discontinuity geometries derived from traditional methods
versus point cloud segmentation approaches

The computed discontinuity geometries such as dip direction, dip angle and spacing are evaluated in three
cases:
- A quantitative plane by plane comparison between point clouds segmentation based versus
conventional field-based discontinuity orientations;
- A qualitative comparison between point cloud segmentation based versus field based discontinuity
sets; and
- A comparison between the equivalent normal spacing of discontinuity sets derived from

segmentation based versus field based discontinuity sets.

5.4.1. Quantitative plane by plane comparison

In order to validate the accuracy of the orientation of individual discontinuity planes derived from both TLS
and UAV-based point clouds, seven discontinuity planes that showed a high degree of planarity were
measured in the field using a geologic compass as illustrated in figure 5-11. Similatly, segmented point clouds
that represent equivalent discontinuity planes at the base of the slope were selected, retrieved and computed
from both TLS and UAV-based segmented point clouds. Thus, computed orientations derived from point
cloud segmentation were compared with conventional orientation measurements to verify the accuracy of
selected individual discontinuity planes. The comparison of computed and manually measured orientations
of discontinuity planes was carried out in terms of pole-vector difference or dihedral angle, 6, between the
normal vectors of two discontinuity planes. The dihedral angle between normal vectors of two discontinuity
planes is computed by the formula:
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cos GAB = TlA : TlB
The dihedral angle is used as a measure of the angular difference between two poles of discontinuity planes
since the angular difference between two planes cannot be computed by arithmetic subtraction of dip

directions and dip angles.

to plane comparison with discontinuity planes derived from the two point clond segmentation method. The measured values of
the orientations are listed in table 5-6. Marked planes from 1 to 5 represent joint planes, whereas marked planes 6 and 7 are
sub horigontal bedding planes.

The results of computation of the dihedral angle between the manually measured discontinuity planes versus
discontinuity planes derived from TLS point cloud segmentation showed better much than orientations
manually measured versus discontinuity planes derived from UAV based point cloud segmentation (tables
5-7 and 5-8). The comparison was made between five discontinuity planes derived from TLS data set, and
seven discontinuity planes derived from UAV based point clouds against the manually measured
otientations. The two extra discontinuity planes (marked planes 6 and 7) are bedding planes sampled by
UAV-based point cloud segmentation.

Table 5-7: Dibedral angle difference between mannally measured versus computed discontinuity planes derived from TLS
point clond segmentation.

Manual readings Computed from TLS points Dihedral
Mark on the Dip dir (deg)  Dip (deg) Dip dir (deg) Dip angle
photo (deg)
1 30 50 27 58 8.36
2 34 65 27.2 62 6.78
3 314 65 310 66 3.77
4 31 80 30.3 75 5.05
5 31 55 28.6 59.5 4.93
Mean 5.77
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Stnd dev 1.80

Table 5-8: Dibedral angle difference between manually measured versus computed discontinnity planes derived from UAV"
based point clond segmentation.

Manual readings Computed from UAYV points Dihedral

Mark on the Dip dir (deg) Dip (deg)  Dip dir (deg) Dip angle

photo (deg)

1 30 50 28 60 10.13

2 34 65 32.2 63 2.57

3 314 65 313.9 68 3.00

4 31 80 35.7 82.4 5.23

5 31 55 24.8 60 7.23

6 200 25 200 17.6 7.40

7 215 25 234.5 18 9.92
Mean 6.50

Stnd dev 3.04

Tables 5-7 and 5-8 show comparable mean values of the difference in dihedral angle between manually
measured and computed orientation of discontinuity planes derived from both TLS and UAV-based point
cloud segmentation. However, the pole vector difference between manually measured versus computed TLS
derived discontinuity planes have a lower standard deviation. The values of dihedral angle difference are
generally larger for sub horizontal bedding planes than the vertical/sub-vertical joint planes. The result is
similar as stated by Einstein & Baecher, (1983), which asserted that the dihedral angle difference between
sub horizontal bedding planes are generally larger than the difference between vertical/sub-vertical
discontinuity planes. The dihedral angle differences between the computed and manually measured
orientations can be attributed to several error sources. Windsor & Robertson, (1994) stated that manual
measurement of discontinuity planes by geologic compass may introduce a reading error of £ 5 degrees for
dip angle and 10 degrees for dip direction. Besides, during field work orientation measurements were
taken from one spot on the plane. This means the variation of orientations on a single plane is not included
in the analysis unlike computed discontinuity orientations derived from point cloud segmentation, which
measures the orientation of the entire plane, although the dimension of the plane may vary depending on
segmentation parameters applied. Another source of error may come from less accurate registration of the
two point clouds. Even though ground control points were measured at the base of the slope with accurate
differential GPS for the purpose of georeferencing the point clouds, due to the effect of multipath from
vertical rock face some of the accuracy of the measured GCP were low as mentioned in section 4.5. Noise
in the point cloud data due to vegetation may also affect the accuracy of the computed discontinuity
measurements although it is not that significant since the method of segmentation applied (Hough transform
and Least squares) computes best fitting planes that are not significantly impacted by the noise in the point
cloud data (Slob et al., 2010).

5.4.2. Qualitative comparison between computed discontinuity sets derived from point cloud segmentation
versus discontinuity sets measured by conventional field-based methods

Each of the discontinuity sets computed from TLS and UAV-based point cloud segmentation is evaluated
qualitatively against discontinuity sets measured from the field by scanline and SSPC methods.
Discontinuities derived from TLS point cloud segmentation were classified into four sets, whereas those
from UAV-based point cloud segmentation were classified into 5 different sets. On the other hand, using
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the SSPC approach four discontinuity sets were visually identified. The scanline method identified four
discontinuity sets. The comparison among different sets of discontinuities identified by the aforementioned
different methods is based on the mean orientation (dip direction and dip angle) and Fisher’s K values
computed for each set. Table 5-9 illustrates the summary of the above-mentioned discontinuity geometries

computed for each set.

Table 5-9: Comparison of computed geometric properties of each discontinuity sets derived from different methods. The mark
*” and N/ A denote the value of the Fisher’s K is not valid since the number of observations, N s less than 10. Discontinuity
sets derived from different methods but that belong to the same generic set are given similar background colour. The bold values
show higher values than the corresponding entries in other sets.

Set 1 Set 2 Set 3 Set 4 Set5

Segmentation Discontinuity type  Joints - Joints  joints
of TLS point Mean dip dir (dec) DBOND 297.21 329.58
clouds Mean Dip(deg) (000 83.69 8068 GG

Fisher's K 27.51 16.43 2579 OB
Segmentation Discontinuity type  Bedding planes  Joints - joints joints
of UAV-based Mean dip dir (deg) 22032 34.24 . EEE B
point clouds Mean Dip(deg)  [17:33 77.95 . T .

Fisher's K 95+ 423 B 2
SSPC Method Discontinuity type  Bedding planes  Joints Joints -

Mean dip dir (deg) 21157 29.47 31208 -

Mean Dip(deg) 2442 66.98 66.65 [l

Fisher's K - - n/a r
Scan line survey Discontinuity type  Bedding planes  bedding - joints

planes

Mean dip dir (deg) 224:00 221.7 B o0

Mean Dip(deg) 1720 28.77 Bl o4

Fisher's K 229.85 122.9% B

Table 5-9 shows that a high consistency occurs between mean orientations of the bedding planes derived
from UAV based point cloud segmentation and the two traditional field methods except for the higher value
of mean dip angle of cemented bedding planes sampled by scanline method (Set 2 on scanline survey as
shown in figure 5-5). Likewise, high consistency of orientation results can be observed among joint
orientation sets derived from segmentation of the two point clouds and the SSPC method except for the
high value of dip angles of joints computed from UAV based point clouds. Similarly, the orientations of
joints derived from the segmentation of the two point clouds have shown high consistency, but computed
mean dip angles from UAV point cloud segmentation are slightly larger for all the sets.

With regard to Fisher’s K value, the different discontinuity sets show values in the range of 3.96 to 28,
except the ‘Set 17 of the bedding planes sampled by scanline survey. Fisher’s K values are utilized to show
the dispersion or variability of the orientations of the distinct discontinuity planes within a discontinuity
cluster. Therefore, the computed values shown in table 5-9 represent closely oriented and a strong co-planar
discontinuity planes. This is because small Fisher’s K value represent a uniform spherical distribution (Slob
et al., 2010).
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Furthermore, in order to assess and intuitively compare the different discontinuity sets derived from
different methods, poles of the mean orientations of each discontinuity set were plotted on a single
stereographic plot to distinguish identical discontinuity sets as illustrated in figure 5-12. The grey-scale
density shows pseudo-density since the poles represent mean orientations of the discontinuity planes in each
set, not the individual discontinuity planes. The density concentrations permit quick assessment of the
differences and similarities between the computed discontinuity mean orientations obtained from the two
point cloud segmentation based and the other two conventional field methods. Accordingly, all the 17
different discontinuity sets were “reclassified” into five generic discontinuity sets labelled from ‘A’ to ‘E’
and two separate discontinuity sets as illustrated in figure 5-12. These generic discontinuities sets serve as a
basis for qualitative comparison among the different discontinuity sets derived from point cloud
segmentation and traditional field survey. The comparisons, in turn, allow validation of the orientation of
the discontinuity planes derived from point cloud segmentation with respect to discontinuity geometric

information generated by traditional methods.

14
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Figure 5-11: Grey-scale stereographic polar plot of mean orientation of each discontinuity sets computed for all methods. The
letter labels indicate the method applied and the number refers to set number (e.g. label 11 refers to TLS based segmentation,
set 1). The letters u, 1, 5, ¢ represent UAV based, TLS, SSPC, and Scanline surveys respectively.

Figure 5 shows the five generic sets identified and labelled from ‘Set A’ to ‘Set E’ and the two separate
discontinuity sets. The generic sets are briefly evaluated and discussed as follows.

-Set A: represents one of the most unambiguous sets of bedding planes recognized by UAV-based point
cloud segmentation, the scanline, and the SSPC methods as shown by the green coloured discontinuity sets
in table 5-9. The bedding planes dip toward SSE with a difference in orientations up to 10 degrees. Bedding
planes derived from UAV based point clouds and ‘Set 1’ of bedding planes measured by the scan line method
are very similar. Therefore, the orientations of the corresponding sets derived from the different methods
that belong to generic ‘Set A’ showed high consistency. It is important here to observe that the TLS based
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segmentation missed the bedding planes due to the obvious reason-occlusion or shadow zones. This results
when the discontinuity planes are otiented parallel/subparallel to the incoming laser beam. Thus, no point
cloud data are available that meet the segmentation parameters outlined in table 4-4.

-Set B: represents the most prominent sub-vertical joint sets in the Romberg quarry. It is almost
perpendicular to the bedding planes. It is labelled ‘Joint set 1” on figure 5-1 and coloured magenta in table
5-9. The orientations of the joint sets are relatively consistent. The orientations of dip directions of the sets
are comparable. However, the difference in dip angle reaches up to 13 degrees. Both sets were recognized
by the two point cloud segmentation and the SSPC methods. The TLS based point cloud segmentation and
the SSPC methods produced orientations that showed slightly higher consistency compared to joint sets
derived from the UAV based point cloud segmentation and the SSPC methods. The scanline didn’t intersect
this joint set and thus missed it.

-Set C: This third generic vertical joint set is recognized by the two point cloud segmentation processes.
‘Set 3’ of the TLS and ‘Set 4’ of the UAV based joint sets labelled as t3 and u4 on figure 5-12 respectively
belong to this generic set. The two sets show consistent orientations. The difference in orientation between
the two sets is less than six degrees. Both the SSPC and the scanline methods didn’t recognize these joint
sets.

-Set D: The fourth generic set is the second most unambiguous set comprising vertically dipping joint sets.
It is labelled ‘Joint set 2’ on figure 5-1 and coloured blue in table 5-9. This generic joint set also shows wide
discontinuity spacing as explained in section 5.1.5. Both the conventional discontinuity mapping methods
and the two segmentation based methods recognized this set. ‘Set 3> in UAV based point cloud
segmentation, ‘Set 2’ in TLS point cloud segmentation, ‘Set 4’ in the SSPC and ‘Set 3’ in the scanline survey
all belong to this generic set. The dip direction of ‘Set 3 or ¢3” in the scanline survey is oriented 180° opposite
the other joint sets.

Set E: This third generic vertical joint set is recognized by the two point cloud segmentation processes. ‘Set
4 of the TLS and ‘Set 5” of the UAV based joint sets labeled as t4 and u5 on figure 5-12 respectively belong
to this generic set. The two sets showed highly consistent orientations. The difference in dip angle between
the two sets is less than one. The dip direction of ‘Set 5 or u5” of the UAV based segmentation is oriented
1800 opposite the joint set derived from the TLS point cloud segmentation. Both the SSPC and the scanline
methods didn’t recognize these joint sets.

c4: ‘Set 4 of the scanline survey doesn’t fall in any generic set. This single vertical joint set is not sampled
by the other three methods.

83: comprises the single joint set sampled by the SSPC method as ‘Set 3’. It is oriented between the generic
sets ‘Set C’ and ‘Set D’. Only three joint planes belong to this set. Thus, the mean orientation calculated may

not show statistically sound meaning.

5.4.3. Comparison of Equivalent normal spacing

For discontinuity planes derived from the two point cloud sources (TLS and UAV-based) equivalent normal
set spacing statistics were computed according to the method described in section 4.6.3. On the other hand,
for data generated from conventional field-based methods (the SSPC and Scanline) discontinuity normal set
spacing statistics were calculated according to the method and the steps outlined in section 4.2.2. The
summary of the computed results of equivalent set spacing and normal set spacing obtained for the four
methods is presented in table 5-10. The results of the set spacing parameters were coloured according to
the generic set they belong as described and shown in section 5.4.2. Based on the summary of the results
presented in table 5-10, the following general observations can be made with regard to set spacing

distributions within the generic sets.
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- The calculated mean equivalent normal set spacing distances for the TLS and UAV-based point
cloud segmentation methods are comparable, but the spacing distances computed from the UAV-
based method are slightly smaller.

- The computed maximum equivalent normal spacing values of joint sets derived from the TLS based
point cloud segmentation show higher values in comparison to the UAV-based point cloud
segmentation for all the four joint sets commonly sampled by both methods. Furthermore,
maximum spacing values computed from TLS method are roughly comparable to maximum
spacing values measured by the SSPC method. Note that the comparison of computed discontinuity
spacing derived from point cloud segmentation methods against the spacing measured by manual
methods does not make much sense, because the method employed to segment the point clouds
don not recognize traces or cemented bedding planes. In addition, the scanline and the SPPC
surveys were conducted on different geotechnical units with different bedding spacing.
Furthermore, the computed mean equivalent normal set spacing of discontinuity sets derived from
the two point cloud segmentation represents the average spacing of all planes that belong to the
same set from the whole cropped point cloud data. Therefore, this rough comparison cannot be
used for validation. It is rather intended to roughly compare the spacing of discontinuity sets derived
from different methods that belong to the same ‘generic set’ as discussed in section 5.4.2.

- Considering the aforementioned argument, the mean equivalent normal set spacing distances
computed for discontinuity sets derived from point cloud segmentation process are generally
smaller than the measured spacing values of non-cemented discontinuity sets obtained by the SSPC
method. In addition to the reasons discussed above, this is partly due to the segmentation process.
Many non-continuously exposed small discontinuity planes on the rock face that belong to a single
plane are segmented into separate planes resulting in even unrealistic or non-existent small spacing
values (Slob et al., 2010). These extra spacing values also largely impact the calculated mean

equivalent normal set spacing of discontinuity planes detived from point cloud segmentation.

Table 5-10: Summary of the results of the equivalent normal set spacing computed for discontinuity data derived from the point
clond data and the normal set spacing computed for discontinuity data generated by traditional methods. Similarly, colonred sets
belong to the same generic set (A to E) as shown in fig 5-12.

Spacing parameters Set 1 Set 2 Set3 Set4 Set5
Segmentation Type of discontinuity planes  Joint Joint Joint  Joint
of TLS PC Mean equ. Normal spacing 021 012 [ie8

(m)

Std dev. equ. Normal 0.46 Bl o [

spacing -

137 98

Joint Joint  Joint

Il o
Bl o
B

Joint  Joint

N |
03¢ [

Max equ. normal spacing (m) -
Segmentation Type of discontinuity planes ~ Bedding plane
of UAV-based  Mean equ. Normal spacing
PC (m)

Std dev. equ. Normal .

spacing

—
Q
—
=]
-+

E Y
“um

Max equ. normal spacing (m) .

=)
=+

SSPC Method Type of discontinuity plane Bedding planes oi

—

Mean normal set spacing
Stand. Dev. NS. Spacing -
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Maximum Normal set 1.3 . 1.8 .
spacing
Scan line Type of discontinuity planes ~ Bedding plane Bedding Joint  Joint
survey plane
Mean normal spacing 0.13 0.23 - 0.43
Stand. Dev. NS. Spacing 0.12 0364 N o024
Maximum Normal setting 046 004 W oo
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Figure 5-12: Histogram illustrating the normal frequency distribution of the equivalent normal set spacing values of
discontinuity Set 4 (joint planes) for data derived from UAV" based point cloud segmentation. The arithmetic mean value is
0.24m.

Furthermore, to assess the distribution of the computed equivalent normal set spacing within a particular
set, the results were visualized in a histogram. As discussed above, the method used to compute the normal
set spacing yields non-existent or unrealistically small spacing values. For many discontinuity sets the
histogram showed a strong negative exponential distribution indicating a high occurrence of small spacing
values in the data (figure 5-13). This means that the larger spacing values in the data are inadequately
represented since their frequency of occurrence is low. However, the larger spacing values affect the overall
behavior of a rock mass more than the small spacing do since they render the block size larger. Therefore,
in order to adequately represent the larger discontinuity spacing values, a histogram in the form of

logarithmic frequency distribution can be used.

From figure 5-13, it can be observed that the very small spacing values show high frequency and largely
influence the mean equivalent normal set spacing values. The histogram of the equivalent normal spacing
of the corresponding joint set (Set 3) derived from TLS data set also showed comparable frequency

distribution as shown in figure 5-14.
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Figure 5-13: Histogram illustrating the normal frequency distribution of the equivalent normal set spacing values of

discontinuity Set 3 (joint planes) for data derived from TLS point clond segmentation. The arithmetic mean value is 0.12m.
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6. CONCLUSION AND RECCOMENDATION

6.1.  Conclusion

In this research discontinuity geometric properties mainly orientation, plane geometry, discontinuity set
statistics and equivalent normal set spacing were derived from two point cloud data sets (UAV-based
photogrammetry and Terrestrial Laser scanners) via segmentation method based on Hough transformation
and Least Squares. The derived geometric properties of discontinuities were compared to discontinuity
properties measured by field-based methods (scanline and the SSPC methods). For wvalidation, the
discontinuity data obtained from the two remote sensing methods were qualitatively and quantitatively

compared with results generated by the two field methods.

The two conventional field-based discontinuity mapping methods (the scanline and the SSPC) were able to
recognize distinct discontinuity sets. The scanline identified two bedding plane sets and two other joints
sets. The SSPC method also recognized four distinct discontinuity sets, one bedding plane set and three
other joint sets. From both methods, one bedding plane set and one joint set showed reasonable correlation.
The mean normal set spacing of discontinuities mapped by the SSPC method, in most cases revealed several

times larger than the normal set spacing computed from the scanline survey.

The setting of point cloud segmentation parameters and visually determining the number of discontinuity

sets as input for fuzzy k means clustering are subjective and can result in undesirable result.

Segmentation of the UAV based point clouds generated the highest number individual discontinuity planes
and sets (five sets) including the exposed bedding planes. This is because manual planning (operation) of
the UAV during image acquisition process was able to highly reduce the shadow or occluded zones.
However, the TLS did not scan the subhorizontal bedding planes even though scanning was carried out
from three different positions.

A quantitative plane by plane comparison in terms of pole-vector difference or dihedral angle between the
discontinuity planes derived from the two point cloud segmentation versus selected discontinuity planes
showed a small angular differences (5 to 6 degrees), which verifies a reasonable correlation considering the
numerous sources of errors involved during manual orientation measurements and point cloud generation
from UAV images and limitations of TLS survey. Note that the difference in the dihedral angle between
orientations of discontinuity planes measured manually versus discontinuity planes derived from TLS point
cloud segmentation showed slightly more accurate orientation than the orientations of discontinuity planes

measured manually and the ones derived from UAV based point cloud segmentation.

In order to qualitatively compare the mean orientations of discontinuity sets derived from all the four
methods the poles of the mean orientations of each discontinuity sets were plotted on a single stereographic
plot to distinguish identical discontinuity sets. Consequently, the 17 different discontinuity sets recognized
by the four methods were “reclassified” into five generic discontinuity sets labeled from ‘Set A’ to ‘Set E’
and two other separate discontinuity sets. One of the most unambiguous generic set ‘Set D’ was
distinguished by all the four applied traditional and remote sensing discontinuity mapping methods. Generic
set ‘Set A’ was also identified by all methods except TLS based point cloud segmentation. The UAV-based
and TLS point cloud segmentation methods recognized four common discontinuity sets that showed a

reasonable correlation and equivalence. Discontinuity sets measured by the SSPC method coincide with two
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and three discontinuity sets derived from TLS and UAV-based point cloud segmentation respectively.
Likewise, discontinuity sets measured by the scanline method coincide with one and two discontinuity sets

derived from TLS and UAV-based point cloud segmentation respectively.

A comparison between the mean equivalent normal set spacing of corresponding discontinuity sets derived
from both UAV-based and TLS point cloud segmentation shows comparable results indicating a good
degtee of correlation.

The comparison of computed discontinuity spacing derived from point cloud segmentation methods against
the spacing measured by manual methods does not comparison cannot be used for validation. Because the
method employed to segment the point clouds don not recognize traces or cemented bedding planes.
Furthermore, the computed mean equivalent normal set spacing of discontinuity sets derived from the two
point cloud segmentation represents the average spacing of all planes that belong to the same set from the

whole cropped point cloud area.

Both the UAV based and TLS point cloud segmentation showed a limitation in recognizing cemented or
unexposed discontinuities such as bedding planes on the geotechnical unit GUS5 in figure 5-1. In addition,

The UAV-based point cloud segmentation can generate discontinuity orientations within a comparable
accuracy to both the TLS point cloud segmentation and the SSPC methods. Therefore, the use of UAVs
can offer a reasonable alternative to both the conventional and TLS methods for rock mass discontinuity
characterization. Besides, the effect of occlusion is highly reduced in UAV-based photogrammetry thus

allowing reconstruction of a more comprehensive 3D structure of the rock face as compared to the TLS.

6.2.  Recommendation
In the light of gaps and conclusions drawn from the research the following recommendations are put
forwarded:

e The employed method of point cloud segmentation recognizes only exposed discontinuity planes.
In order to map traces or cemented discontinuity planes via an automated method and compare
the result with measurements by manual methods, integration of point cloud segmentation and
digital imagery is highly important.

e  Characterization of discontinuity roughness from UAV based point clouds is recommended as a
future study topic.

e The use of Theodolite is recommended to measure more accurate ground control points on the
rock face wall since the measuring ground control points by Differential GPS is affected by
multipath from the rock face. The former is more suited to measure ground control points placed
even on the (sub-)vertical rock face.

e The employed method to compute the spacing distance of discontinuities derived from point cloud
segmentation underestimates the mean equivalent normal set spacing. Therefore, developing a new
method that incorporates or merge the non-continuous but potentially similar and small

discontinuity planes into one single discontinuity plane is important.
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7. APPENDICES

Appendix A:

Table 7-1: Rock mass weathering characterization and description grades. The super fix ‘a’ denotes classification and weighting
according to Hack, et al. (2003), ‘b’ denotes classification based on BS 5930 (1981); " denotes 1SO 14689-1 (2003).

Grade»» Gradec Term Description® WE-
1 0 Fresh No visible sign of rock material weathering; 1.0

perhaps slight discoloration on major
discontinuity surfaces

II 1 Slightly Discoloration indicates weathering of rock 0.95
weathered material and discontinuity surfaces

III 2 Moderately Less than half of the rock material is 0.90
weathered decomposed or disintegrated

v 3 Highly More than half of the rock is present eitherasa  0.62
weathered discontinuous framework or as core stones

A% 4 Completely All rock material is decomposed and/or 0.35
weathered disintegrated to soil. The original mass structure

is still largely intact.

VI 5 Residual soil All rock material is converted to soil. The mass -
structure and material fabric are destroyed.
There is a large change in volume, but the soil
has not been significantly transported

Table 7-2: determination of intact rock strength in the field as outlined in the SSPC format, Hack, et al., (2003) following
BS 5930:1999.

IRS (Mpa) Field identification Term
<1.25 Gravel size lumps can be crushed between finger Very weak
and thumb
1.25t0 5 Gravel size lumps can be broken half by heavy Weak
hand pressure or thin slabs break easily in hand
5to 12.5 Only thin slabs, corners or edges can be broken off Moderately weak
with heavy hand pressure
12.5 to 50 When held in hand, lumps can be broken by light Moderately strong
hammer blow
50 to 100 When resting on a solid surface, lumps can be Strong
broken by heavy hammer blows
100 to 200  Lumps only chipped by heavy hammer blows Very strong
>200 Rocks ring on hammer blows. Sparks fly. Extremely strong

66



Appendix B

Representation of discontinuity orientation

Discontinuity orientations and sets are more accurately recognized and subsequently represented in a
graphical method known as hemispherical projection. Hemispherical projection, or a stereographic
projection, is a technique of graphically presenting and analyzing three-dimensional orientation of planar
and linear features in two dimensions using a reference sphere (Priest, 1985). In a stereographic system, the
orientation and inclination of discontinuities are either represented as great circles or poles (of discontinuity
planes) (figure 7-1c). Great circles define the intersection of a plane and a reference sphere, whereas poles
define the normal vector to that plane. In other words, the intersection of the normal vector and the
reference sphere can be projected as the pole to the plane. Poles are advantageous and intuitive for dealing
with large volume of discontinuity data. Poles to discontinuity planes that show more or less similar
orientation are plotted as distinct sets or clusters on the stereograph, although it is difficult to accurately
find the boundary between clusters when clustering of poles becomes fuzzy.

® pole

vertical

great circle

streographic projection

reference sphere
of a pole

c)
stereographic
projection
of great circle,

a) b)

Figure 7-1: graphical or stereagraphic projection a) The great circle and its poles; b) lower stereographic projection of a great
circle and its pole; ¢) great circle and pole of the plane 2300/ 500 after Brady & Brown (2006)

The great circle and the pole that represent discontinuity plane are found on both the upper and lower parts
of the reference sphere (figure 4-1a). However, only one hemisphere is us used for plotting and manipulating
structural data (Brady & Brown, 2006). In most engineering geological applications, the lower hemisphere
projections are often used.

The two most common types of spherical projections are equal-area (also known as Lambert or Schmidt
net) and equal angel projections (also referred to as Wulff net). Both types of projections provide the same
mean plane calculation result for each set or cluster. Equal area projection preserves area from the center of
the stereonet to the perimeter (figure 7-1b). It is more suited to determine the extent of sets and their relative
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importance. On the other hand, the equal angle projection preserves angular relationships and shapes. It is

more suited to use when performing kinematic analysis.

Appendix C
Coordinate Systems 0
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Figure 7-2: Initial Processing and Point cloud densification

@ Ground Control Points 0
GCP Name Accuracy XYIZ [m] Emor X[m] EmorY[m]  Emor Z[m] Projection Error [pixel] \erifiedMarked
GCP3(3D) 0.020/0.020 0089 0.043 0.737 0.868 87187
GCP 4(3D) 0.020v0.020 0364 -0.243 -1.018 1.309 59/59
GCP5(3D) 0.020/0.020 0288 -0.403 1221 1.560 35/36
GCP 12 (3D) 0.02010.020 0026 0.077 0556 1218 66/66
GCP 13 (3D) 0.0200.020 0016 0519 -0.385 0537 12/12
Mean [m)] 0000497 0001228 0000149
Sigma [m] 0211770 0315854  0.839907
RMS Error [m] 0211771 0.315856 0.839207

0 out of 3 check points have been labeled as inaccurate,
Check Point Name Accuracy XYIZ [m] Emor X[m] EmorY[m]  EmorZ[m] Projection Error [piel] VerifiedMarked

GeP2 0.0200/0.0200 01213 -0.2660 09106 1.1662 80/81
GCeP6 0.0200/0,0200 09557 7.1231 42349 1.0069 1711172
GCP10 0,0200/0.0200 07641 0.7261 0.0267 12838 18/19
Mean [m] 0532835 2043671  1.116983

Sigma [m] 0463080 3596637 2237631

RMS Error [m] 0709893 4136713 2500929
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Figure 7-3: Quality report of ground control points

Appendix D
Processing software used

The following instruments and software were used at different stages of the research for purposes ranging

from pre-processing to data analysis and visualization (table 7-3).

Table 7-3: Instruments, and processing and analysis software used and their purpose in the research. The asterisk mark

denotes open software and can be downloaded free.

Instruments

purpose

Field Geological equipment (compass, hammer,
measuring tape, etc.)

Measuring discontinuity data manually

DJI Phantom 4 quadra-copter UAV system

RGB image acquisition

RIEGL VZ-400 Terrestrial Laser Scanner

TLS point cloud generation

Leica RTK differential GPS

Measuring ground control points (GCP)

Software

ArcGIS, version 10.3

Production of location Map

Pix4DMapperPro (Pix4D, 2017)

UAYV image processing and point cloud generation

Riegl RiISCAN PRO (Riegl, n.d.)

Pre-processing of TLS point clouds

Point Cloud Mapper (PCM) (Vosselman et al.,
2004)

Point cloud segmentation

CloudCompare (Girardeau-Montaut, 2017)"

Point cloud filtering and subsampling

Matlab R2017a (Mathworks Inc, 2017)

Deriving, analyzing and visualizing discontinuity
data

OSXStreonet (Cardozo & Allmendinger, 2013)

Stereonet plotting

Microsoft Excel 2013

Statistical analysis

Microsoft Word 2013

Thesis writing
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Appendix E
Direct segmentation results of TLS point clouds into distincet discontinuity planes carried out via Hough transform and 1east
squares method in Point Cloud Mapper (PCM) software.

Table 7-4: Direct segmentation results of UAV” based point clonds into distinct discontinuity planes carried ont via Hongh
transform and Least squares method in Point Cloud Mapper (PCM) software. The inset photo illustrates the input point
cloud for the segment.
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