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Abstract 

Natural hazards related to ground movement that directly affect the safety of motorists 

and highway infrastructure include, but are not limited to, rockfalls, rockslides, debris flows, and 

landslides. This thesis specifically deals with the evaluation of rockfall hazards through the 

evaluation of LiDAR data.  

Light Detection And Ranging (LiDAR) is an imaging technology that can be used to 

delineate and evaluate geomechanically-controlled hazards. LiDAR has been adopted to conduct 

hazard evaluations pertaining to rockfall, rock-avalanches, debris flows, and landslides. 

Characteristics of LiDAR surveying, such as rapid data acquisition rates, mobile data collection, 

and high data densities, pose problems to traditional CAD or GIS-based mapping methods. New 

analyses methods, including tools specifically oriented to geomechanical analyses, are needed. 

The research completed in this thesis supports development of new methods, including improved 

survey techniques, innovative software workflows, and processing algorithms to aid in the 

detection and evaluation of geomechanically controlled rockfall hazards. 

The scientific research conducted between the years of 2006-2010, as presented in this 

thesis, are divided into five chapters, each of which has been published by or is under review by 

an international journal. The five research foci are: i) geomechanical feature extraction and 

analysis using LiDAR data in active mining environments; ii) engineered monitoring of rockfall 

hazards along transportation corridors: using mobile terrestrial LiDAR; iii) optimization of 

LiDAR scanning and processing for automated structural evaluation of discontinuities in 

rockmasses; iv) location orientation bias when using static LiDAR data for geomechanical 

analysis; and v) evaluating roadside rockmasses for rockfall hazards from LiDAR data: 

optimizing data collection and processing protocols. 
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The research conducted pertaining to this thesis has direct and significant implications 

with respect to numerous engineering projects that are affected by geomechanical stability issues. 

The ability to efficiently and accurately map discontinuities, detect changes, and standardize 

roadside geomechanical stability analyses from remote locations will fundamentally change the 

state-of-practice of geotechnical investigation workflows and repeatable monitoring.  This, in 

turn, will lead to earlier detection and definition of potential zones of instability, will allow for 

progressive monitoring and risk analysis, and will indicate the need for pro-active slope 

improvement and stabilization.  
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Chapter 1: General Introduction 

Natural hazards related to ground movement directly affect the safety of motorists and highway 

infrastructure in a variety of ways. These include but are not limited to rockfalls, rockslides, debris flows, 

and landslides; this thesis specifically deals with rockfall hazards. A rockfall is an event in which a 

rockmass fails and a rock block(s) is released and falls under gravity. The rock block will free fall, 

bounce, or roll down a hill depending on the gradient of the slope (Dorren 2003).  

There are two main challenges of identifying, characterizing, monitoring, and mitigating 

potentially hazardous roadside rockmasses through integrated management systems. The first involves 

managing the risk of exposing the engineer directly to the hazard and the second involves the perspective, 

experience, and biases of the evaluator when ranking of the potential hazard. Through the integration of 

3Dimensional (3D) digital techniques such as Light Detection And Ranging (LiDAR) into rockfall hazard 

evaluation systems, both challenges can be reduced. This thesis will investigate the use of LiDAR 

equipment and LiDAR data as a rockfall hazard management tool in different geological settings. This 

thesis focuses on details pertaining to the optimization of LiDAR scanning and processing procedures for 

geo-engineering-based applications. 

Modern highways and roadways in countries across the world traverse mountainous terrain and 

are subject to roadside rockfall hazards. Figures 1-1a,b,c display examples of highways in Canada, Italy, 

and Norway in which passing motorists are subject to roadside rockfall hazards from the Rockies, Alps, 

and the Caledonians respectively. Rockfall events have the potential to cause obstruction, damage, and 

closure to the highway, as well as personal injury or death to motorists (Moore 1986; Bunce, et al 1997). 

Due to modern safety regulations and expectations of motorists, rockfall hazard identification and 

mitigation are integral to highway design and maintenance. 
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Figure 1-1: High rockfall hazard along transportation corridors: (a) Sea to Sky Highway in British 
Columbia; (b) a highway near Turin, Italy; (c) a railway near Oslo, Norway. 

1.1 Rockfall hazard assessment 

Rockfall hazard assessment involves the evaluation and assessment of numerous independently 

calculated or estimated variables. Typical variables assessed in order to determine the hazard for a 

specific rockmass are: rockfall susceptibility, rockfall magnitude, rockfall runout, and exposure, as 

illustrated in Figure 1-2. Each of the primary input variables is complex and is determined using one of 

the available assessment methodologies, such as: the Rockfall Hazard Rating System (Pierson 1989), 

Canadian National Railway – Rockfall Hazard and Risk Assessment (Bruce Geotechnical Consultants 

1997; Pritchard et al. 2005), and the Ontario Ministry of Transportation Rockfall Hazard Rating System 

(Franklin 1997). 

 

Figure 1-2: A basic rockfall hazard assessment framework to determine and rank rockfall hazards 
when evaluating potentially unstable rockmasses. 
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1.2 Approaches to data collection for rockfall hazard assessment 

The primary variables illustrated in Figure 1-2 (rockfall susceptibility, rockfall magnitude, 

rockfall runout, and exposure) are commonly evaluated using well-established mapping and measurement 

techniques, or directly determined by an on-site expert through a heuristic approach. Recent advances in 

digital data collection platforms and commonly available computational resources have enabled digital, 

non-direct, evaluation of rockmass stability. Such remote-sensing methods include photogrammetry and 

LiDAR.  

1.2.1 Heuristic approaches 

Heuristic approaches, or experience-based approaches, are often used for rockmass evaluation 

when rock evaluation experts are available and the geology and failure modes are well understood by the 

evaluating engineer. Mining environments heavily rely on heuristic evaluation because the on-site 

engineers are exposed to the geology, structures, and failure modes on a regular and ongoing basis. 

However, in spatially diverse situations such as transportation corridors where numerous complex and 

variable geologies and failure modes can be expected, heuristic modes are only employed at an 

elementary level to identify rockmasses that require further evaluation and perhaps mitigation.  

1.2.2 Mapping and measurement 

Standard mapping and measurement approaches involve the direct physical exposure of the 

evaluating engineer to the rockmass suspected of potential instabilities. The engineer typically measures 

visibly accessible structural features such as discontinuities, including joints, faults, and bedding. The 

engineer will also evaluate the situational parameters, including the physical setting (slope length, height, 

and face angle) and how the rock interacts with the road in terms of natural/manmade barriers, presence 

of ditch and shoulder, or not, etc. These measurements and the result of the geological mapping form the 

foundation of the rockfall hazard assessment systems noted in Section 1.1.  
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1.2.3 Photogrammetric analysis 

Photogrammetry techniques for rockmass evaluation of potentially unstable slopes involve the 

alignment and 3D projection of two stereo photographs. The resulting 3D stereo images allow an 

evaluation of the rockmass structure and geometry. Discontinuity orientation measurements are taken, 

faults are identified, and kinematic instabilities are calculated. Photogrammetry techniques for the 

evaluation of rockmasses are widely accepted and published in the geotechnical community; thorough 

examples of data collection and processing techniques are available in Haneberg (2008), Kemeny et al. 

(2007), Kemeny and Post (2003), and Harrison (2003).  

1.2.4 Light detection and ranging 

LiDAR is a range-based imaging technology that has the capability to generate accurate 3D 

models of natural scenes in a short period of time. Traditionally, LiDAR data are collected during mobile 

aerial surveys (airplanes and helicopters) or with static terrestrial (tripod) approaches. The resultant 

datasets contain millions to billions of points in a XYZ coordinate space that can be translated to 

geographic coordinates such as Universal Transverse Mercator (UTM). Each point data group typically 

contains a “colour” value related to the measured intensity of the beam return as sensed by the scanner, or 

related to a true colour obtained through combined photographic methods.  
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Traditionally, remote geomechanical evaluation of structural discontinuities has involved the use 

of photogrammetric methods. Due to technological advancements in the last five years, LiDAR-based 

technologies are currently being evaluated and used for remote geomechanical analysis. Before 

implementation of LiDAR into engineering workflows, there must be an evaluation of how accurately 

discontinuities are mapped using LiDAR datasets, compared to traditional compass-based techniques. 

Research that tests the ability and techniques of LiDAR-based mapping techniques has involved and will 

involve the use of different LiDAR equipment and processing techniques in different geological and 

environmental situations. 

1.3 Current state-of-practice in LiDAR scanning for rockfall hazard assessment 

The use of LiDAR equipment to remotely collect 3D data for the evaluation of potential rockmass 

instabilities is a new and rapidly expanding application of such technologies. Establishing best practice 

workflows as well as equipment and processing optimization is the underling focus of this thesis. 

Numerous other researchers discuss the use of LiDAR data for geomechanical evaluation, noticeably 

Abellan et al. (2009), McCaffrey et al. (2005), Park et al. (2008), and Sturzenegger and Stead (2009).  

1.3.1 LiDAR equipment 

LiDAR equipment is simply an accurate timer that measures the time lapse between a laser signal 

emission to its return. This process is completed tens of thousands to millions of times per second and is 

directed around a variety of axes of rotation about the equipment. The result is a highly accurate 3D 

dataset of the physical world surrounding the LiDAR equipment.  The fundamentals of the technology 

behind LiDAR are discussed in detail in Chapter 2. 

1.3.2 Static scanning 

LiDAR equipment used for the structural geomechanical evaluation of rockmasses is traditionally 

mounted on static tripods, and the equipment remains in a static location for the duration of the scanning 

process. This scanning configuration and placement allows for the development of high-resolution data 
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that accurately depicts the physical surface of the rockmass. The LiDAR equipment can be physically 

moved and optimally placed with respect to the outcrop and the visible geological structure to create 

unoccluded (datasets without missing information) surface models. The resultant data can be 

subsequently evaluated in accordance with standard rockfall hazard evaluation methodologies.  

The static scanner most frequently used in this thesis is a Leica HDS6000. It was calibrated by the 

originally manufacture, Z+F, to certify its accuracy for survey use. The results of the calibration test are 

reported in Table 1-1. 

Table 1-1: Leica HDS6000 deflecting system calibration results 

Parameter	   Specification	   Measured	  Value	   Result	  
Linearity	  error	   <	  1	  mm	   <0.8	  mm	   Pass	  
Range	  noise	  @	  10	  m*	  
	  	  	  	  	  >Reflectivity	  20%	  
	  	  	  	  	  >Reflectivity	  100%	  

	  
<0.7	  mm	  rms	  
<0.4	  mm	  rms	  

	  
0.60	  mm	  rms	  
0.15mm	  rms	  

	  
Pass	  
Pass	  

Range	  noise	  @	  25	  m*	  
	  	  	  	  	  >Reflectivity	  20%	  
	  	  	  	  	  >Reflectivity	  100%	  

	  
<2.0	  mm	  rms	  
<1.0	  mm	  rms	  

	  
1.25	  mm	  rms	  
0.10	  mm	  rms	  

	  
Pass	  
Pass	  

Vertical	  accuracy	  **	   0.007O	  rms	  (=0.122	  mrad)	   0.062	  mrad	   Pass	  
Horizontal	  accuracy	  **	   0.007O	  rms	  (=0.122	  mrad)	   0.046	  mrad	   Pass	  

 
* calculated from 10 000 consecutive range measurements 
** checked with more than 150 targets in calibrated lab 

1.3.3 Geological considerations 

LiDAR data collected for geomechanical evaluation must be acquired in a manner that reduces 

bias and occlusion while maximizing spatial coverage and resolution. When using LiDAR data in 

geological situations, the scanning environment is often limited in terms of accessible/safe scanning 

locations, available coverage, visibility, distance from the outcrop, and physical impediments (i.e. trees 

and shrubs). When LiDAR data is collected for geomechanical analyses, it is essential to minimize the 

effect of the geological restraints, but also to record the situational biases encountered while scanning.  

Knowledge of the expected failure mode, whether it be wedge, sliding, toppling, or ravel, before a 

LiDAR scanning program is implemented can provide insight to how the program should be conducted. 

Rock outcrops can be classified into three rudimentary groups: low anisotropic (igneous rocks and some 
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metamorphic rocks), highly anisotropic (metamorphic rocks), and layered sediments.  

For example, when conducting a LiDAR scan for the evaluation of discontinuity orientations 

within an igneous or metamorphic rockmass, there are typically multiple discontinuity sets that require 

evaluation. It is critical when planning the set-up of the LiDAR equipment to decrease the angle between 

the scanner look direction and the discontinuity normal, to reduce the line-of-sight bias. This often 

requires the scanner to be placed at multiple locations down the length of the outcrop, or the resultant data 

to be mathematically corrected. Conversely, horizontally bedded sediments that typically fail through 

raveling must be scanned from multiple vertical set-up locations to properly image the undercutting and 

fall-out sections of the rockmass.  

1.3.4 Data processing 

The evaluation of LiDAR data for geomechanical purposes is traditionally completed using 

digitization based methodologies; such methods involve direct interaction of the user with the data to 

identify and delineate all visible geological structures present within the LiDAR data. There are fully 

automated approaches to detect and measure structural discontinuities, as will be discussed in Chapter 5.  

1.3.5 Evolution: static terrestrial to mobile terrestrial 

LiDAR data for geomechanical applications, such as discontinuity detection and analysis, were 

collected from static terrestrial scanners. Through the advancements of georeferenced positioning 

equipment, specifically high-sampling Inertial Navigation Systems (INS), have enabled the development 

and deployment of mobile terrestrial LiDAR scanning vehicles. Chapters 4 and 7 address in detail the 

advantages and limitations of using mobile terrestrial LiDAR equipment as a foundation for 

geomechanical evaluation of potentially hazardous rockmasses.  

1.3.6 Limitations 

Software and interpretation tools limit the use of LiDAR data, whether it be collected from static 

or mobile, terrestrial or aerial platforms. The current ability of state-of-the-art computing directly 
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constrains how densely, efficiently, and readily LiDAR data can be visualized. However, as computer 

power increases and data management protocols become more efficient, the ability to process and extract 

information from LiDAR data will as well. Limitations of LiDAR data collection for geological 

evaluation are also addressed in this thesis and include the limited GPS coverage when working near 

vertical rock faces or in forested areas, inaccessible and/or remote scanning locations and line-of-sight 

occlusion. 

1.4 Thesis format 

This thesis represents the first of its kind to be written and defended in the Department of 

Geological Sciences and Geological Engineering at Queen’s University on LiDAR data collection and 

analysis. As such, it includes a chapter devoted to the explanation of LiDAR technology, for 

completeness and understanding. 

The thesis has been prepared in manuscript style in accordance with the guidelines established by 

the School of Graduate Studies at Queen’s University. Chapter 2 is an overview and technical explanation 

of LiDAR. Chapters 3-7 are manuscripts that have been published (Chapters 3-6) or are in preparation for 

submission (Chapters 7) to international journals.  The five foci researched in this thesis are divided into 

three broad categories: (I) engineering implementation, (II) data processing and interpretation, (III) and 

optimized LiDAR workflows for rockfall hazard assessment along transportation corridors. The following 

sections briefly explain the organization of the thesis. A complete list of publications and courses taught 

by the author are listed in Chapter 9. 

1.5 Synopsis of findings 

The primary research goal of this thesis was to prove the effective use of LiDAR as a remote 

imaging and geotechnical evaluation tool. Section 1.5.1- 1.5.6 present the key findings of each of the five 

major contributions as well as the reference to the publication. A detailed discussion and concluding 

implications of each contribution can be found in Chapters 8 and 9.  
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1.5.1 Part Ia: Optimization LiDAR scanning workflows in mining environments 

The first project, as described in Chapter 3, involved using static LiDAR in an open pit mine in 

Labrador City, Newfoundland and Labrador (see Figure 1-3). The results of this research were the 

development of rigorous workflows and guidelines to conduct LiDAR scanning for discontinuity 

evaluation in active open pit mines. The results of this research are currently in place at the mine as 

standard operating procedure. The results of this research have been published (Lato M, Hutchinson D, 

Diederichs M, (2010) “Geomechanical feature extraction and analysis using LiDAR data: IOC Mine” 

CIM Bulletin, 4, 6, Paper 12).

 

Figure 1-3: LiDAR scanning for geotechnical evaluation in the Luce South pit at the IOC mine in 
Labrador City. 

1.5.2 Part Ib: Investigation of the potential of mobile LiDAR scanning and data fusion 

The second engineering based research project was the evaluation of mobile terrestrial LiDAR 

data for geotechnical evaluation. This research was conducted along highways near Kingston, Ontario as 
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well as on the Algoma rail line near Sault Ste. Marie, Ontario. Figure 1-4 illustrates LiDAR data with 

discontinuities identified and orientations measured. This research proved that mobile terrestrial LiDAR 

data can be used for discontinuity evaluation and can aid in discriminating rockmasses of high hazard 

from those of low hazard. A second critical result of this research was the design of workflows and 

processing algorithms to fuse unreferenced static LiDAR data with geo-referenced mobile terrestrial 

LiDAR data. As well, this research brought forward preliminary analyses into differential monitoring and 

change detection for rockfall analysis using static terrestrial LiDAR data. This research has been 

published (Lato, M., Hutchinson, D.J., Diederichs, M.S., Ball, D., and Harrap, R. (2009) “Engineered 

monitoring of rockfall hazards along transportation corridors: using mobile terrestrial LiDAR” Nat. 

Hazards Earth Syst. Sci., 9, 935–946.) and further verification studies are underway.  
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Figure 1-4: (upper image) Raw point cloud data of a section of railway track along the Algoma 
Central Railway; (lower image) raw point cloud data analyzed for structural discontinuities. 

1.5.3 Part IIa: Exploration of limitations of automated LiDAR data processing procedures 

The first data processing and optimization project involved the use of automated feature 

extraction techniques. The focus of the research was to identify variables throughout the process of 
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discontinuity identification and extraction that control the quality and accuracy of the results. The 

research proved to be successful in demonstrating the limitations of automated discontinuity analyses. 

The primary variables assessed relate to mesh optimization and minimum detectable discontinuity size, as 

illustrated in Figure 1-5. The published research from these analyses proves that automated discontinuity 

detection through the use of 2.5D lattice triangulated irregular networks is biased. This research also 

suggests that if algorithms are to be developed for the automated extraction of planar discontinuities, a 

true 3D tessellated mesh should be implemented. This research has been published (Lato M, Diederichs 

M.S, Hutchinson D.J, Harrap R, (2008) “Optimization of LiDAR scanning and processing for automated 

structural evaluation of discontinuities in rockmasses” Int. J Rock Mech Mining Sci, 46, 194‐199). 

 

Figure 1-5: Mesh optimization criteria for the implementation of automated feature extraction 
techniques (Lato et al. 2008). 

 

1.5.4 Part IIb: Investigation of sampling bias unique to static LiDAR data scanning and processing 

The second data processing and optimization project aimed to develop correction factors to 

counteract the influence of data collection biases associated with LiDAR scanning; LiDAR is a line-of-
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sight technology and thus produces data with zones of occlusion due to the inability of LiDAR to image 

around corners or beyond obstructions. The result of this research is the development of mathematical 

correction factors to reduce the effect of line-of-sight bias when evaluating LiDAR data collected from a 

single location for structural discontinuities. The algorithms published are specific to a Leica HDS6000; 

however, the workflow demonstrated is generic to any static terrestrial LiDAR scanner. Figure 1-6a 

illustrates raw discontinuity information generated from a LiDAR point cloud as well as the corrected 

data in Figure 1-6b, based on the proposed correction factors. This research has been accepted for 

publication: Lato, M., Diederichs, M., and Hutchinson, D.J. (2010) “Bias correction for view-limited 

LiDAR scanning of rock outcrops for structural characterization” Rock Mechanics and Rock Engineering, 

Accepted: January 29th, 2010, 20 manuscript pages, 17 figures. 

 

Figure 1-6: Discontinuity data corrected for LiDAR induced line-of-sight bias. 
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A secondary analysis tool, developed using the mathematic functions derived for line-of-sight 

bias correction, allows the LiDAR scanning team to use information known about the orientations of the 

discontinuity sets in relation to the outcrop face to achieve maximum coverage from each set-up. This 

tool will enable more effective time-managements and result in minimally occluded LiDAR data. Figure 

1-7 illustrates an outcrop with three (Figure 1-7a) and four (Figure 1-7b) discontinuity sets. The 

probability of imaging all discontinuity sets ranges from low (black) to high (white). 

 

Figure 1-7: Optimization of an occlusion-minimized single-scan location based on known joint set 
orientations, three unique sets (a) and four unique sets (b). 

 

1.5.5 Part III: Optimization of LiDAR workflow for rockfall hazard assessment along 

transportation corridors 

The final focus of this thesis was a synthesis of the research findings from the different sections 

and to design a rockfall hazard analysis framework. This research was conducted using various LiDAR 

systems, numerous processing workflows, and data processing techniques. The result of this research is a 

scanning and analysis methodology and protocol, supplemented by additional geologically specific 

recommendations for use in typical sedimentary, igneous and metamorphic settings. The results from this 

research directly feed to advanced hazard management protocols relying on spatial information derived 

from LiDAR data. Figures 1-8 illustrates the evaluation of discontinuity orientations in a rockslope 
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adjacent to a highway. Figure 1-9 displays the subsequent kinematic evaluation of the digitized 

discontinuities following a LiDAR bias correction.  

 

 

 

Figure 1-8: Meshed LiDAR data with discontinuity surfaces identified  
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Figure 1-9: Stereographic kinematic failure mode analysis, (a) topple, (b) planar, and (c) wedge 
sliding on structural data identified with LiDAR and corrected for bias. 

Another engineering application of this research is the ability to use standard photo-analysis 

techniques to measure discontinuity spacing. LiDAR data can be viewed from any user-defined angle and 

2D images can be generated. Using these ‘images’ of the rockmass, linear detection algorithms can be 

employed to isolate discontinuities and spacing can be measured. Example data from this process are 

illustrated in Figure 1-10. The images on the left side of Figure 1-10 demonstrate the identification of 

vertical discontinuities in a limestone dominated by horizontal fractures. The images on the right side of 

Figure 1-10 demonstrate the identification of an inclined discontinuity.  
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Figure 1-10: Discontinuities identified and traced using automated detection algorithms, input 
image is generated by lighting meshed LiDAR data at selected angles. 

1.6 Thesis summary 

This research assesses the utility of LiDAR data, whether collected from a static or mobile 

platform, for accurate geomechanical feature extraction and rockmass evaluation. The research links 

traditional methods with state-of-the-art technologies and software processing. This research was 

conducted from a risk management point of view with the intent that data extracted from the LiDAR point 

cloud were used as direct input to rockfall hazard modelling and risk assessment.  

The research presented herein was conducted with a rockfall hazard management framework in 

mind. Figure 1-11 illustrates a rockfall management system fully integrated with and dependent on 

LiDAR technologies. 
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Figure 1-11: A rockfall hazard evaluation framework with input values to be measured, evaluated, 
or modelled from optimally collected LiDAR data. 

The use of LiDAR data for hazard evaluation is strongly contingent on data management 

protocols, processing workflows, and standardized feature extraction techniques. Unlike measurements 

made in the field, all measurements taken from the LiDAR data remain part of the data structure and can 

be reviewed at a later date. The volume of data collected, in concert with processing and storage 

requirements of LiDAR data, greatly increases the need for efficient and well-managed and organized 

methodology and data protocols. This thesis demonstrates the application of LiDAR data – mobile and 



Geotechnical Applications of LiDAR Pertaining to Hazard Evaluation 

19 

static, terrestrial and airborne – and develops a new rockfall hazard analysis workflow benefitting from 

optimized feature extraction and data management.  

1.6.1 Scientific approach 

The research involved in this thesis was developed through an integrated scientific approach. It is 

based on the hypothesis that geotechnical engineers could implement LiDAR technology and could use 

the data for geomechanical analyses. As such, all the subsequent research and resulting publications have 

a field testing and ground-truthing component, followed by data analysis and synthesis, and interpretation 

and implementation of the results.  

The process was iterative and continually incorporated the findings of previous research.  
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Chapter 2: LiDAR: An introduction and overview of the technology 

2.1 Introduction 

LiDAR, formally known as light detection and ranging, is a range-based imaging tool. Using the 

reflection of light from a target, LiDAR can define the targets’ location in absolute or pseudo 

3Dimensional (3D) space. Although any light source can be used, LiDAR uses lasers because of their 

strong signal and narrow (<2mm) beam.  

Spatial data collected by LiDAR systems range from 2,500 to 1,000,000 points per second, 

enabling the rapid development of “scenes”. The scene is comprised of any physical object in the range of 

the sensor, typically between 70 m and 1,500 m, depending on the type of laser technology employed. 

LiDAR systems are comprised of up to three main components, which are, in order of importance: 

LiDAR scanner, Global Positioning System (GPS), Inertial Navigation System (INS). The configuration 

(i.e. whether one or more components are used) is dependent on the collection method and project 

requirements. Static LiDAR collection systems such as the Optech ILRIS 36D, I-Site 4000, or the Leica 

HDS6000 remain stationary, locked to a tripod during the scan. These types of systems are comprised 

solely of a LiDAR scanner (also known as a sensor). Static systems can be integrated with global 

positioning systems (GPS) depending on the requirements of the application and the processing software 

available. Mobile LiDAR systems are comprised of all three components because of their dynamic data 

collection path; the data can be collected by airplane, helicopter, truck, off-road vehicle or boat.  

Mobile systems deployed on helicopters, fixed-wing airplanes, watercraft, and automobiles are 

comprised of all three components working in concert to ensure valid and accurate results (LiDAR 

sensor(s), GPS, and an INS).  The addition of a GPS and INS make it possible to collect LiDAR data 

from non-stationary platforms, because all spatial data collected from the sensor can be geo-referenced. 

GPS and INS systems also enable the carrier to move through non-referenced locations and image zones 

without GPS coverage (such as urban canyons, tunnels, or mountainous terrain). 

Inertial Navigation Systems (INS) are comprised of two main components and use fundamental 
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laws of physics to detect movement and location. The first component, known as a gyro, spins at high 

speeds within a fixed zone, thus aligning itself with the vertical gravitation field of the earth (Boeing, 

1998).  The placement of the fixture that contains the gyro can be sensed and recorded to correct for any 

change in location of the sensor during processing. The second component is an accelerometer. An 

accelerometer measures changes in velocity as well as angular movements. All INSs are comprised of 

three gyros and three accelerometers to accurately detect movement in all possible spatial directions. All 

of the components within the INS are aligned orthogonally to achieve maximum accuracy.  

There are two main types of surveys for which LiDAR can be used: terrestrial LiDAR is used 

over land for the identification of geological, urban, or forestry features, and bathymetric LiDAR is used 

over open water to detect the depth of the ocean/lake/stream floor. The fundamental difference between 

the systems is the portion of the light spectrum that makeup the laser signal. Terrestrial systems use 

infrared, red, and green lights while bathymetric systems utilize blue/green light.  

2.1.1 LiDAR sensors 

Three general properties define the quality of a LiDAR sensor: beam divergence, maximum 

range, and data collection rate. Beam divergence is the radial increment between emitted signals. The 

implication of high beam divergence is a lower density of points in the resultant scans. Older scanners 

have less sophisticated servos and hence have greater beam divergence. The other two properties, range 

and collection rate, are tightly related to the evolution of the technology; older scanners typically scan at 

slower rates, over shorter distances, and with less accuracy.  

The signal strength of a LiDAR varies between scanning systems based on the designed use of 

the scanner. The stronger the lasers signal, the farther the laser will be capable of imaging. However, at 

high strengths, the laser becomes not eye-safe at close distances. Typically fixed-wing airborne systems 

use non-eye safe lasers while helicopter, mobile terrestrial, and static terrestrial systems use eye safe 

lasers.  

LiDAR sensors are divided into two categories by the type of the laser technology. The two 
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standard measurement approaches are time-of-flight (TOF) and phase-based. Equipment specific 

properties of three static LiDAR systems (all were used in the presented research): Optech IlRIS 36D, 

Maptek I-Site, and Leica HDS600 are presented in Table 2-1. 

2.1.1.1 Time-of-fight sensors 

Time-of-flight (TOF) sensors use the speed of light to calculate the distance from the scanning 

lens to an object. Using a highly accurate and precise timer, the time from when the laser pulse is sent 

from the scanner until its return is multiplied by the speed of light to produce the distance to the reflecting 

object. Figure 2-1 illustrates a schematic of a TOF laser range finder. 

 
Figure 2-1: Time-of-flight laser sensor schematic. 

TOF sensors typically scan between a rate of 2,500 and 200,000 pulses per second and can collect 

data to ranges up to 1,500 m. The limited acquisition rate results from the time required for each pulse to 

travel the full range (up to 1,500 m) and return to the sensor. Upon completion of each ‘trip’, the sensor 

must re-power for the next pulse and the returned information must be written to memory. 

2.1.2 Phase-offset sensors 

Phase-shift sensors, also known as phase-offset or phase-based sensors, use a laser of a known 

power (class) that is intensity-modulated at a constant frequency, so that a sine curve is generated (also 

known as amplitude modulation continuous waveform (AMCW)). When the modulated laser beam is 

reflected from a physical object, the phase is changed. A photodiode within the sensor collects the 

returned beam. Figure 2-2 illustrates the basic property of a phase-shift sensor.  
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Figure 2-2: Illustrative schematic of a phase-shift sensor. 

The LiDAR uses the difference in the frequency from the emitted laser wave (

€ 

frf ) and the 

returned laser wave to calculate the ‘phase-shift’ (∆

€ 

ϕ) according to Equation 2-1. The calculated ‘phase-

shift’ is used in Equation 2-2 in combination with the duration (

€ 

Δt ) of the emitted signal to calculate the 

distance (

€ 

D) between the sensor and the reflecting object (Amann et al. 2001).  

Equation 2-1: Phase shift measured between the photoelectric current and the continually emitted 
signal. 

€ 

Δϕ = 2πf rfΔt  

Equation 2-2: Calculated distance between the sensor and the object based on the duration the 
signal was emitted and the observed phase shift of the signal. 

€ 

D =
1
2
c
Δψ
2πfrf

 

Both TOF and phase-based systems use a single laser source in combination with pivoting and 

rotating mirrors to image large areas from the sensor location. 
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 Table 2-1: Time-of-flight and phase-offset sensor specifications. 

  Optech ILRIS-36D I-SiTE 4400LR Leica HDS-6000 
Data Sampling Rate 2,500 points/second 4,400 points/second 500,000 points/second 

Beam Divergence .00974 degrees 0.08 degrees 0.007 deg 

Point spacing: maximum 
resolution, object at 500m 

8 cm 70 cm n/a 

Range (assuming approximately 
50% reflectivity for rock) 

1,500 m, 1.3 km with enhanced range option 600 m 79 m 

Range Accuracy 7 mm at 100 m 50 mm at 100 m 2 mm at 25 m 

Vertical -80° through +80° -40° through +40° -60° through +90° Scanner                       
Field of View Horizontal 360° 360° 360° 

Digital Camera Integrated 3MP, with automatic true colour 
photo mapping onto point clouds 

Line scanning digital panoramic camera 
(36MP), automatic draping of corrected 
image on scan surface 

n/a 

Weight  23 kg + batteries 14 kg, including battery 14 kg including battery 

Size 320 x 320 x 220 mm 430 x 250 x 360 mm 190 x 294 x 351.5 mm 

Battery Life (basic quote) 5 hours, hot swappable 5 hours, hot swappable 4 hours, hot swappable 

Data Storage USB, removable memory Via Ethernet cable to I-SiTE HHC tablet 
PC 

Onboard 80Gb HD 

Data Export Point cloud + variety of metafile and XYZ 
coordinates, active laser intensity 
photograph and digital photo 

Point cloud + variety of metafile and XYZ 
coordinates, including jpg, dxf, dwg, obj, 
ASCII, Maya and VRML97 

Point cloud + variety of metafile and 
XYZ coordinates, active laser 
intensity photograph 

Other comments External camera mount and camera 
alignment, for higher resolution imagery 

Telescope included for survey alignment, 
laser pointer for underground survey 
alignment. 

External camera mount and camera 
alignment, for high resolution photo 
draping 
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2.2 Mobile terrestrial scanners 

Mobile LiDAR systems have been engineered and are constructed in a customizable 

manner to be deployed on any vehicle. For the purpose of this research, only helicopter and 

automobile mobile terrestrial LiDAR data were used, so the information presented in the 

following sections is in direct relation to these systems.  

2.2.1 TITAN 

Terrapoint Inc. of Ottawa designed and operates a mobile terrestrial scanner, Tactical 

Infrastructure and Terrain Acquisition Network (TITAN). The system is comprised of four 

specifically oriented scanning lenses, a GPS, and an INS. The components are located within a 

frame that is hydraulically mounted in the bed of a truck, as displayed in Figure 2-3. 

 

Figure 2-3: Terrapoint’s mobile terrestrial scanner, TITAN. 
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The scanning sensors are oriented so that as the truck drives, data is collected in a plane 

perpendicular to the direction of travel, angled slightly behind the truck. The sensors are “back-

looking” meaning they scan to the side and slightly behind the truck. Therefore each scene must 

be driven past twice in opposing directions to minimize occlusion in the dataset. TITAN operates 

at standard traffic speeds and is capable of collecting usable, sufficiently high-resolution data at 

highway speeds. Figure 2-4a contains a schematic of the scanning capability of TITAN, and 

Figure 2-4b is an example of data collected by Terrapoint using TITAN at highways speeds on a 

highway onramp in Ottawa, Canada.
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Figure 2-4: (a) cartoon representation of the mobile terrestrial LiDAR scanning system 
TITAN (b) data collected by TITAN, data are coloured by elevation. 

2.3 LiDAR data 

The physical design and components of LiDAR systems determine what data can be 

collected, while the processing and manipulation of the data dictate what information can be 

extracted. LiDAR data can be collected in a raw format, with intensity, or coaxially with digital 

cameras. The three basic LiDAR data options are: 
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• Point data (XYZ) 

• Point data plus intensity return (XYZI) 

• Point data plus a mapped colour value (XYZRGB) 

Figure 2-5 illustrates the difference between the data format options. The images of the 

point cloud are all developed from the same raw data and viewed from the same perspective.  

 
Figure 2-5: LiDAR scan of a road cut 80 km north of Kingston, Ontario demonstrates point 
cloud data format options. 

2.3.1 XYZ data 

LiDAR systems measure distances to object in space and present the data as XYZ 

locations with respect to the scanner at a known location of (0,0,0). This is the least demanding 
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form of point cloud data with respect to computational requirements and data storage. As 

illustrated in Figure 2-5a, point cloud data presented in the XYZ format are the most challenging 

for the human eye to recognize and to distinguish features.  

2.3.2 XYZI data 

The strength of the light emitted from a LiDAR sensor is a known property, based on the 

power and wavelength of the sensor. When a LiDAR laser beam is reflected back to the LiDAR 

sensor, the amount of light returned, calculated as a percentage of the light emitted is termed 

“intensity”. Intensity values are directly related to the reflectivity of the physical object being 

scanned. Figure 2-6 illustrates a section of a roadway with contrasting intensity. The highly 

reflective paint return high intensity signals while the dark rough asphalt return low intensity 

signals.  

 

Figure 2-6: Variations in intensity value returns from a section of typical highway, high 
intensity returns such as the paint on the road are visibly contrasted against the low 
intensity returns from the asphalt surface. 

2.3.3 XYZGRB data 

Some LiDAR manufactures include internal or external digital cameras with the sensor 

equipment. With the availability of this configuration, the raw point cloud can be pseudo-

coloured to match the Red Green Blue (RGB) properties processed by the camera. The process is 
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known as “pixel mapping”. If the camera is internal to the LiDAR system, the image can be 

automatically aligned. However, if the camera is external, the photo information must be overlain 

on the point cloud data. The points in the LiDAR data are matched with their closest pixel from 

the camera data and the RGB values from the image are assigned to the point data. As illustrated 

in 13c, features in pixel mapped point clouds are more easily identified and recognized. 

2.4 Quality of data 

The quality of LiDAR data is quantified by two attributes: density and accuracy. These 

are controlled by the equipment used, the skill of the equipment operator, and data processing 

techniques. The following section will outline both measures of quality and how they can vary. 

2.4.1 Density 

The ease of point cloud data viewability, as discussed in Section 2.3, is dependent on the 

type of data collected by the scanner: XYZ; XYZI; XYZRGB. The second property that defines 

the viewability of LiDAR data is the density of the data. Although more computationally 

demanding, the greater the number of points present, the greater the viewability of the data.  

Two properties of the LiDAR scanning that control data density: beam divergence, and 

distance between the scanner and the object. Beam divergence is not adjustable by the equipment 

operator – the mechanical servos and mirrors within the LiDAR scanner govern this property. 

With respect to the distance between the LiDAR scanner and the reflecting object - as the 

distance to the object in relation to the LiDAR scanner increases, the point cloud density will 

decreases.  

Helicopters and fixed-wing aircraft collect between 1 – 15 pts/m2, however this number is 

highly dependent on aircraft elevation, LiDAR system used, and number of passes. No current 

airborne configuration is appropriate for geomechanical evaluation of roadside rockfall hazards. 

This is partially due to the low-resolution point cloud; however, more important is the “look” 



Geotechnical Applications of LiDAR Pertaining to Hazard Evaluation 

31 

angle of roadside outcrops with respect to the scanning lens. Airborne systems “look” at the 

ground from directly above, thus, vertical features and rockmasses are occluded from the dataset 

and have very minimal to no representation in the point cloud. 

Terrestrial-based equipment, including TITAN and static scanners, typically collects 

between 100 – 40,000 points per m2. Mobile terrestrial systems, such as TITAN, collect at the 

lower end of this range while phase-based scanners are capable of collecting data at the upper end 

of this spectrum. Figure 2-7 displays data collected by an airborne system, TITAN, and a static 

Leica HDS6000. As illustrated in Figure 2-7, as the density of the data increases, so does the ease 

of viewability. On the other hand, as data sets get larger, processing becomes slower, more 

complicated, and in turn requires more effort.  
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Figure 2-7: LiDAR data collected by (a) low-altitude helicopter, (b) mobile terrestrial 
LiDAR ((c) zoom in of figure (b)), (d) static terrestrial LiDAR. 
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2.5 Discussion 

This chapter documents the fundamental aspects of LiDAR systems, LiDAR data, and 

operational environments. The datasets used throughout this thesis were collected by mobile and 

static terrestrial LiDAR as well as low range airborne LiDAR systems.  

As LiDAR technology develops, possible applications emerge in parallel. It is a main 

concern of the author to focus the research not exclusively on the applications but on the proper 

employment of LiDAR for the application in question.   

When working with spatial data, organization and metadata are essential. LiDAR data, in 

particular, contain vast amounts of information; however, they also contain plenty of 

misinformation. Misinformation is incorrectly derived information from the point cloud, resulting 

from not being aware of the scan metadata. For example, occlusion and bias in rockmass 

classification will result if the data are not processed correctly. It is also of great significance for 

the engineer to realize that the seemingly insignificant decisions made while processing the data 

can greatly affect the final results of any analysis. 

2.6 Conclusion 

The advancements in LiDAR generated data for civil and geotechnical engineering are 

rapidly emerging, however the ability to correctly apply the developing technology to the 

emerging applications is a constant challenge.  
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Chapter 3: Geomechanical feature extraction and analysis using LiDAR 

data: IOC Mine 

3.1 Abstract 

Light Detection and Ranging (LiDAR)-based applications for geomechanical purposes 

have recently proven to be a highly reliable and accurate form of remote analysis and 

documentation. The ability to remotely collect, process and evaluate rockmasses for structural 

geomechanical applications has benefits ranging from safety to efficiency and provides a 

permanent record that can be assessed before and after an excavation has been completed. With 

the collaboration of Queen’s University and Rio Tinto, the Iron Ore Company of Canada (IOC) 

mines in Labrador City, Newfoundland and Labrador, evaluated the practical application of the I-

Site 4400 LiDAR equipment, in conjunction with the Vulcan geotechnical module for 

geomechanical purposes. The project provided a comparative analysis between conventional 

hand-mapping and digital analysis. The analysis indicates that digital mapping could be employed 

as an active tool within the general geotechnical workflow, where results would be used in pit 

wall and rockmass support designs. As well, the field work enabled the generation of effective 

operational guidelines and protocols to maximize scanning efficiency. This chapter represents the 

first of two chapters associated with engineering applications a remotely sensed LiDAR data for 

geotechnical evaluation as outlined in Chapter 1.  

3.2 Introduction 

Through a company mandate to increase safety and production, the Iron Ore Company of 

Canada (IOC; partially owned by Rio Tinto) investigated the applicability of a remote imaging 

technology, Light Detection and Ranging (LiDAR), in mine design and support workflows. This 

work was done in collaboration with Queen’s University at Kingston, Ontario. The goal of the 



Geotechnical Applications of LiDAR Pertaining to Hazard Evaluation 

35 

project was to determine geotechnical parameters for the bench faces previously excavated within 

their several open-pit mines. The key focus of the project was to provide operational guidelines 

for, and to identify limitations of, the equipment and software for geotechnical investigation. 

LiDAR is a line-of-sight imaging technique that uses the natural reflection of a light 

beam, typically a laser, from a physical object to determine the object’s location in space. This 

process is repeated thousands to hundreds of thousands of times per second, depending on the 

type of system. This process produces a three-dimensional (3D) point cloud of the scanned area. 

Each of the points in the cloud is measured in reference to the centre of the scanning lens.  There 

are numerous issues that must be accounted for when employing LiDAR for geomechanical 

analysis, including: 

• Rockmass conditions, like stability and density of structures. 

• Identification of control points on the rock face for aligning adjacent scans. 

• Consideration of the amount of face exposure, (which may be limited). 

• Maximum operating distance (depending upon the density of data required and 

the location of safe survey positions). 

• Any issues within the mine operational environment 

• Climate influences (including precipitation and extremely low temperatures). 

This chapter discusses these constraints, as well as the field-truthing exercise conducted 

by Queen’s University at the IOC mines. 

3.3 LiDAR systems 

LiDAR scanning results in a large dataset of highly accurate points in 3D space 

(Mechelke, Kersten, & Lindsteadt, 2007), defined by X-,Y- and Z coordinates. Data collection 

rates range from 2,500 to 1,000,000 points per second, depending upon the type of scanner used, 

thus enabling the development of virtual scenes. The scene is comprised of any physical object in 

the range of the sensor, which may be between 70 m and over 1,500 m away, depending on the 
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type of laser technology employed (Leica Geosystems, 2008; Optech, 2008). Static systems 

comprise a laser scanner, or sensor, mounted on a tripod. These systems can be integrated with 

global positioning systems (GPS), depending on the requirements of the application and the 

processing software available (El- Rabbany, 2006). Alternatively, the location of the sensor or 

features in the scene can be determined by traditional surveying methods. 

There are two standard LiDAR measurement techniques: time-of-flight (TOF) and phase-

shift. TOF sensors use the speed of light to calculate the distance from the scanning lens to a 

reflecting object.  Using a highly accurate and precise timer, the time from when the laser is 

emitted from the scanner until its return, multiplied by the speed of light (and divided by two), 

produces the location of the reflecting object. TOF sensors typically scan between a rate of 2,500 

and 10,000 pulses per second, and can collect data to ranges up to 1,500 m (Maptek, 2007; 

Optech, 2008). 

Phase-shift sensors, also known as phase-offset or phase-based sensors, use a laser of a 

known power (class) that is intensity-modulated at a constant frequency, so that a sine curve is 

generated. This process is also known as amplitude modulation (AMCW) (Amann, Bosch, 

Myllyla, & Rioux, 2001). When the modulated laser beam is reflected from a physical object, the 

phase is changed. A photodiode within the sensor collects the returned beam. The phase 

difference, or phase-shift in combination with the emitted time, directly calculates the distance to 

the object. This technology is used by the Leica HDS 6000 scanner, for example, which has a 

maximum range of 79 m and a data collection rate of 500,000 points per second (Leica 

Geosystems, 2008).  Open-pit mining environments are large in scale and require robust systems 

capable of scanning from long distances (Buckley, Howell, Enge, & Kurz, 2008).  For this reason, 

TOF systems are typically used. This is also the case for LiDAR data collection for landslide 

detection and monitoring. Conversely, in tunnelling and roadside kinematic assessments, where 

the distance between the scanner and the rockmass is small, phase-shift systems are advantageous 

due to their high scanning speeds and higher accuracy over shorter distances. 
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3.4 Project background 

During the summer months of 2007, Queen’s University (in Kingston, Ontario), in 

collaboration with the IOC and Rio Tinto, organized a project at the IOC mines in Labrador City, 

Newfoundland and Labrador.  The objective of the project was to examine the possible uses and 

applications of LiDAR data in current geomechanical workflows and evaluation protocols.  The 

scale of the operation and the geometry of the pit walls (Figure 3-1), clearly mandate the need for 

reliable remote geomechanical assessment tools and techniques. The open-pits used for field-

testing were Humphrey Main, Luce Main and Luce South.

 

Figure 3-1: a) Location map for IOC, Labrador City, and b) and c) photos of the Humphrey 
Main Pit. The pit walls were 450 m high, at the time that these photographs were taken. 

The field-testing was conducted to identify constraints with respect to data collection, 

which included, but was not limited to distance from the face to the scanner, angle between the 

scanner and face, atmospheric conditions, surface relief and structural orientation with respect to 

the face and the scanner. Data processing is constrained if it is not possible to convert the 

collected LiDAR data into geomechanical models to be used in a geotechnical evaluation for 

bench and pit wall stability analyses.  The LiDAR system in use at the IOC mines is an I-Site 

4400 and the software is I-Studio and Vulcan, all designed and engineered by Maptek. 
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In addition, a workflow was to be designed by Queen’s University to enable effective use 

of the I-Site 4400 as a geomechanical evaluation tool, to complement regular survey usage. This 

workflow is used regularly by geologists and engineers at the IOC mines. 

3.5 Site history and characteristics 

The IOC Carol Project mine is located in Western Labrador, in Newfoundland and 

Labrador. It is in the geologic area known as the Labrador Trough. The Labrador Trough is a 

large syncline of Paleoproterozoic rock that runs roughly north-south through Western Labrador 

and into parts of Québec. It is roughly 1,100 km long and 10 km wide, and narrows at both ends 

(Neal, 2000). The trough is bounded on the northeast and southwest by a series of major faults 

and a major unconformity (Hagegeorge, Broemling & Duthie, 1971).  

The IOC Carol Project mine is located in the southern division of the trough. The 

structure in the area is governed by the large synclinorium that defines the majority of the trough. 

The iron ore is found in one of the younger formations (Sokoman), which puts it near surface 

because it is in the centre of the synclinorium.  For this reason, the area can be mined using open-

pit methods. 

The structure in the Carol Project area is complex, due to two separate deformation 

events. The metasedimentary rocks in the area were folded and faulted during the 

Paleoproterozoic Hudsonian orogeny along an axis striking N20E (Iron Ore Company of Canada, 

1974).  Folding formed repeated anticlines and synclines overturned to the west. The competent 

quartzite in the anticlines shows symmetrical folding, but the less competent iron formation in the 

synclines exhibits flow and asymmetric folding. This process resulted in increased thickening in 

the hinges of the folds and repetition of the Sokoman formation resulting in zones of high iron 

content. 

Several deposits were formed and are estimated to be 200 to 600 m wide, and 400 m deep 

(Neal, 2000). As a result of the structural geology, the pit walls, specifically the hanging wall, are 
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designed at an overall angle of roughly 65º, with individual bench faces designed at an 87º angle. 

3.6 Evaluation of the potential of LiDAR for geomechanical data collection 

LiDAR, through recent hardware and software innovations, has proven its applicability to 

enhance current geological field data collection methodologies. This potential has been 

demonstrated by Bonnaffe, Jennette and Andrews (2007), Pringle, Gardiner and Westerman 

(2004), Sturzenegger and Stead (2009), and Rosser, Dunning, Lim and Petley (2005), for 

geological and geotechnical mapping. The speed of LiDAR data collection equipment, coupled 

with its dynamic range, limits the requirement of hands-on fieldwork along potentially hazardous 

open-pit bench faces. The use of LiDAR reduces the overall exposure time of the geologist or 

engineer to mining hazards, reduces traffic adjacent to the pit wall and, thus, increases the overall 

pit safety. In essence, LiDAR allows structural analysis of a rock face, normally done by direct 

examination and under some risk from falling rock, to be carried out from tens to hundreds of 

metres away, at a safe location that does not impede mine operations. Acquisition of scanned data 

in an active mining area is illustrated in Figure 3-2 The detailed procedure for geotechnical 

analysis using LiDAR data is provided in Appendix A, of this Chapter.
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Figure 3-2: LiDAR scanning in active mining areas using an I-Site 4400. 

The operational and technical advantages of LiDAR as a geomechanical evaluation tool 

are only valid if mine personnel can implement the workflow and if the results are accurate and 

comparable to traditional methodologies. The operation of LiDAR equipment for data acquisition 

and interpretation is fairly straightforward. Therefore, LiDAR equipment operation can be 

included in the site geologist/engineer’s tasks effectively (after the operator has taken some basic 

training in equipment operation and data interpretation), using the appropriate software package.  

Traditional methodologies at the IOC mines for mapping of geological structures involve window 

or cell mapping using a clinorule and data entry forms.  Assuming LiDAR data can be collected 

accurately, the integration of digital mapping into mapping procedures should eliminate data 

transcription errors and limit incorrect measurements.   

The following sections focus on the systems used, feature extraction techniques and a 

comparative study between traditional mapping methodologies and results derived from LiDAR 

data. 
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3.7 Feature extraction from LiDAR data 

Remotely sensed data (for example, from Landsat, Radarsat or LiDAR) has traditionally 

been used in the geotechnical area for landslide identification, as well as for rockfall and debris 

flow monitoring and modelling. These small-scale applications have been studied and developed 

by Collins and Kayen (2006), Janeras, Navarro, Arno, Ruiz, Kornus and Talaya (2004), Lan, 

Martin and Lim (2007), and Sturzenegger, Yan, Stead and Elmo (2007), among others. In 

contrast, the project discussed here is based on outcrop scale feature identification. Outcrop scale 

identification of structures has been assessed and documented by Bellian, Kerans and Jennette, 

(2006), Feng and Röshoff (2004), Lato, Hutchinson, Diederichs and Harrap (2008), Roncella and 

Forlani (2005), Trinks, et al. (2005), and Vosselman, Gorte, Sithole and Rabbani (2004). 

LiDAR data collected for geotechnical applications are processed and structural features 

are identified using either manual or automated extraction.  The decision to use an automated or 

manual method is influenced by the density of the data collected, the exposure of the structure 

and the software packages available. The ability to convert a dataset of points at known locations, 

as collected using LiDAR, into a database of structural measurements requires a multiphase 

approach. The data must be collected and processed, then manipulated and analyzed for features. 

The data collection must be done with knowledge of the structure that will be analyzed. For any 

given structure to be indentified in the point cloud, there	  must	  be	  a	  sufficient	  number	  of	  data	  points	  so	  

that the surface can be visualized. This value is	  dependent upon the surface area of the visible 

discontinuity	  and on the data density that can be	  acquired, which in turn depends on the distance 

from	  the surveyed surface and the equipment-specific	  beam divergence. Where the joint surface 

orientation	  is variable or when the joint roughness will be	  assessed, more dense data is required.	  

Automated structural analysis requires the conversion of a point cloud to a triangulated 

irregular network (TIN). The meshed surface (containing linked triangles) is developed directly 

from the point cloud. The algorithm (for example, Split-FX; Split Engineering, 2007) then 
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identifies areas of mesh containing adjacent triangles, within a specified maximum variation in 

orientation. Based on a process developed by Douglas and Peucker (1973) and modified for this 

purpose (Kemeny & Post, 2003), a significant change in orientation defines the boundary of these 

clusters or patches of triangles that are then identified as distinct joint surfaces. The process is 

very susceptible to data noise and is normally reliable only when joint surfaces are well exposed. 

This process cannot identify joints from intersection traces on a rock wall. 

Manual structural analysis, is the process whereby the user defines structural 

discontinuities by selecting planes that are observed in the dataset. This process requires the point 

cloud to be of sufficient density and to be either mapped with a texture or coloured with intensity 

or red-green-blue (RGB) values. The selection of an individual structural feature can be 

completed on either the raw point-cloud or a meshed surface. The identification of a planar 

feature can be completed in most point cloud processing software packages. The workflow 

involves selecting a minimum number of points (this number varies, depending on the structure 

being identified and the software used) that are believed to lie on the same 3D surface. The 

computer then attempts to fit an object (typically a plane) to the identified region. This is readily 

completed for continuous or planar objects, such as joint surfaces in exposed rockcuts. The 

process can be used on an exposed joint surface or on a joint trace that is continuous over a non-

planar wall surface. The normal vector to the identified plane can then be directly converted to a 

dip and dip direction for geotechnical evaluation. Figure 3-3 illustrates a section of the IOC pit 

wall, mapped using Vulcan. Figures 3-3b and 3-3c include two enlarged views, from different 

points of view, of a mapped feature from the centre of the upper image, to illustrate the 3D nature 

of the data.  

Alternatively, in a hybrid approach, joint planes can be identified using a region-grow 

algorithm. In this process, the user identifies three points that are believed to lie on the same 

plane. The algorithm compares the normal vector of the defined plane to those of the surrounding 

points and, if the normal vectors are within a specified angular range, that point is added to the 
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surface. This algorithm expands outward from a centre defined by the selected points. Once the 

surface has been identified, its normal vector is reported and readily converted to the orientation 

and direction of the surface. This method, although ideal in principle for rockmass evaluation, can 

be problematic due to the inherent variability and roughness within individual joint features that 

may fragment a continuous joint surface into a number of smaller, apparently non-contiguous 

surfaces. 

The automated method reduces data processing time significantly. However, as outlined 

by Lato et al. (2008), the use of automated algorithms to detect structural discontinuities, such as 

joints, requires calibration and mesh optimization, considering the average size of discontinuity 

surface that is of interest. The first pass of an automated analysis should not be assumed to be 

correct until the results have been verified.

 

Figure 3-3: Bench and local scale joint surface identification and digitizing in the Vulcan 
software package. The top image illustrates two benches, each 38’ high, the lower images 
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illustrate a singe 39’ high bench.  

3.8 Comparison between conventional and LiDAR mapping at IOC 

Before geomechanical data extraction from LiDAR point clouds becomes routine in 

environments such as mining operations, verifications must be performed and presented. The 

discussion included in this section is in relation to the confidence and variability of conventional 

geomechanically mapped data, compared with geomechanical data extraction performed on 

LiDAR generated data. 

In this discussion, confidence is a measure of the likelihood that the calculated mean is 

the true mean. A confidence cone can be defined, which encompasses the calculated mean vector 

for the joint set normal. A small confidence cone suggests a high level of confidence. For 

example a confidence cone at 1 sigma implies that the true mean of the set has a 66.7% chance of 

being within that cone. The radius of the confidence cone can be reduced (theoretically to zero) as 

additional accurate data are added. Variability, on the other hand, represents the probability of 

any individual measurement lying within a given cone. For example, a variability cone at 1 sigma 

implies that there is a 66.7% chance that any individual measurement will be within that cone. 

Therefore a small variability cone suggests minimal variability within the dataset. Typically, the 

variability cannot be reduced to zero, even when increasing quantities of accurate data are 

collected, as it represents a natural property of the joint system. 

Two bench faces at IOC were selected for a comparative study in order to highlight the 

effect of structure orientation with respect to the pit wall orientation in the data collection and 

interpretation process. Each bench face was mapped using traditional methods and using feature 

extraction from LiDAR-generated data. The two bench faces selected for analysis are shown in 

Figure 3-4. At Test Site 1, three of the four joint sets are oriented sub-parallel to the pit wall (+/- 

20º strike direction), while the fourth joint set is oriented roughly perpendicular to the pit wall.  

At Test Site 2, two of the four joint sets are oriented sub-parallel to the pit wall, while two are at 
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an oblique orientation to the pit wall. 
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Figure 3-4: Test Sites used for comparison between LiDAR and conventional mapping. 

The conventional method used at IOC involves mapping joint sets for individual 

segments of the pit wall. For each segment, the average orientation of each joint set, as well as the 

number of joints within each set, are recorded. Mapping using a traditional compass is not 

possible in an iron mine, due to the magnetic properties of the ore. Therefore, a traverse is 

established at a safe distance from, and parallel to, the pit wall. Each traverse includes a number 

of distinct pit wall segments (or mapping windows). A clinorule is used to estimate the azimuth of 

the discontinuity surface relative to the traverse and a protractor is used to measure its inclination. 

The collected measurements of structural data are then processed in relation to the traverse line in 

order to convert the relative data into true dip and dip direction measurements. 

Mapping based on the LiDAR-collected dataset was completed for each of the two 

segments of the pit wall. In general, optimal data collection is achieved when the space between 

scanner setup locations is approximately equal to the offset distance from the bench face. This 

setup is required to collect data over no more than a 90º horizontal field of view, to prevent 

features from being obscured by an overly oblique perspective and to allow sufficient overlap 

between adjacent scans to collect data from all observed features. Analysis of the data collected 

using the I-Site scanner was completed for each individual scan with photo overlay. 

The upper image within Figure 3-5 demonstrates the use of coloured lines to help the user 

visualize the placement of the data within the infrastructure of the pit, while the lower image 

shows an enlarged section of the lower bench. As illustrated in lower image of figure 3-5, the 

detail available to users aids them in visually extracting features, such as fracture planes.  

It is possible to merge the LiDAR-derived point clouds or TIN from a mapping region 

together; however, the software is not capable of providing the photo overlay, making it much 

more difficult to define the joint surfaces. The user selects surfaces identified as joints for each 

surveyed segment of the pit wall. Vulcan then calculates the dip and dip direction values for each 

feature, and adds them to the database of structural measurements. Although each of the datasets 
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is mapped individually, the data are combined in such a fashion that double counting of any one 

specific joint feature is eliminated. In this case, each database entry represents a single sampling 

of a joint, without consideration to which joint set a feature belongs or to the quantity and spacing 

of the joints within a set.  As such, the natural variability in the joint orientation is better 

represented in the LiDAR-derived data set and there is more scatter in the data points around the 

mean vector calculated for the joint set. 
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Figure 3-5: Processed data visualized in Vulcan. The coloured lines delineate the bench 
crest in green and the bench toe in red. The lower image shows a 9 m vertical section of the 
pit wall, in an enlarged view. 

3.8.1 Test Site 1 

The first exercise, at Test Site 1, was completed along a 120 m section of bench in the 

footwall of the Luce South pit, as shown in Figure 3-6. The conventionally mapped area consists 

of 12 windows, each 10 m in length. The LiDAR data was collected from seven locations. The 
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bench is roughly 25 m wide, thus restricting the maximum scan distance to 20 m in order to 

remain 5 m away from the bench face (in accordance with mine safety regulations). The scan 

locations were horizontally separated by 20 m, thus resulting in seven scan locations.

 

Figure 3-6: Test Site 1, encompassing a 120 m traverse length, divided into ten joint set 
mapping segments for conventional mapping, and seven scanning locations for LiDAR data. 

The structural data mapped for this area are displayed in Figure 3-7, with conventional 

mapping data presented on the left and LiDAR-collected data presented on the right. For 

reference, the bench face mapped in this example is oriented at 270/85 (strike/dip). 

In the conventional window mapping technique, a single orientation for each joint set in 

each segment is recorded. This artificially reduces variability and does not capture the true and 

natural variation in orientation of the joint sets’ surfaces. In contrast, the LiDAR derived data is 

based on mapping the joints individually. As a result, this data set much better reflects the natural 

variation in joint set orientation (assuming a valid sample size). The windows used in the 
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stereonet analyses were selected to incorporate all surface orientations within a broad range of 

values common to both datasets. To allow for more rigorous comparison between the data derived 

from the two mapping approaches, the windows were not constrained to individual datasets.

 

Figure 3-7: Comparative results from Test Site 1. 

A comparison of the sets and their deviations are displayed in Table 3-1 and in Figure 3-

8. Which illustrates the orientation of the joint set and the confidence reported to 1 sigma (66.7%) 

and 3 sigma (99%). The confidence circles are smaller for the conventionally mapped data 

because the joint set mapping technique, wherein a single measurement is recorded for each joint 

family, reduces the scatter on this data. The confidence circles overlap for Joint Sets 3 and 4 and 

there is minor overlap for Joint Set 1, indicating that the data from both mapping techniques are 

statistically similar. The confidence cones do not overlap for Joint Set 2. 

 

 

Table 3-1: Test Site 1 joint set comparison. 

Set ID Conventional Mapping LiDAR-Vulcan Mapping Deviation 

 Dip Dip 
Direction Dip Dip 

Direction Dip Dip 
Direction 

1 71 198 84 195 13 3 
2 59 284 68 297 9 13 
3 24 160 21 161 3 1 
4 43 23 41 13 2 10 
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As would be expected, the data produced using Vulcan (Figure 3-5) displays moderately 

more scatter than the conventionally mapped data because each joint is individually mapped using 

the LiDAR-based technique. 

 

Figure 3-8: Confidence cones projected to 1 and 3 sigma on the calculated means of the 
individual sets for Test Site 1. The 1 sigma confidence cone indicates that the true mean has 
a 66.7% probability of being located within the circle plotted. 

As displayed, the largest variation in dip and Dip direction between the two data sets is 

observed in Joint Set 2, which strikes roughly perpendicular to the bench face. Joints oriented in 

this manner provide limited surface exposures and, in some cases, are only visible as a joint trace 

along the pit wall. Conversely, the human observer, mapping conventionally, can see these 

features quite readily. Furthermore, the maximum number of features within a joint set is exposed 

on a perpendicular surface because the true joint spacing is exposed in this orientation. Such a 
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surface may not be calculated from the LiDAR scan because this set is parallel to the scanning 

lens and is least represented in the resultant point cloud. There may not be any surface exposure 

available for point selection and plane delineation in the LiDAR dataset.  Structures that strike 

parallel to the bench face, such as Joint Set 1, intersect the traverse line used in conventional 

mapping at a point far distant from the location of the assigned window. Thus, the most 

significant challenge to accurate mapping from a traverse line located at a distance away from the 

pit wall face is posed by the measurements of the structures oriented parallel to sub-parallel 

(within 30º) to the face. One the other hand, the LiDAR survey technique provides the most dense 

and accurate data for structures that present a large surface area and are oriented sub-parallel to 

the pit wall. In both mapping approaches, there are few samples of structures in this orientation 

due to the geometry; as a result, this orientation is under-sampled and the data are directionally 

biased. 

Figure 3-9 displays the variability cone for Test Site 1’s datasets. As expected, the 

variability cones for the Vulcan-mapped data are larger than for the conventionally-mapped data. 

The latter dataset much better reflects the natural variation in joint set orientation, assuming a 

valid sample size. If the data are to be used for a probabilistic assessment of pit wall stability in 

the future, accurately characterizing variability is a critical component of the analysis.  
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Figure 3-9: Variability limits plotted to 1 sigma of the mean for the identified sets. A 
variability cone at 1 sigma implies that there is a 66.7% chance that any individual 
measurement will be within that cone. 

It is expected that the LiDAR data collection process will prove more accurate for joints 

oriented parallel to the pit wall, while the conventional mapping process will be more accurate for 

joints perpendicular to the pit wall. 

3.8.2 Test Site 2 

The second exercise, at Test Site 2, was completed along a 150 m section of interim pit 

wall in the hanging wall of the Luce Main pit. Figure 3-10 displays the traverse area along the pit 

wall, as well as the region of interest that is evaluated in the following example. The resultant 

data are displayed in Figure 3-11. For reference, the bench face mapped in this example is 

oriented at 180/85 (strike/dip). 
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The section of pit used for analysis at Test Site 2, as illustrated in Figure 3-10, contains 

two distinct zones.  In the zone on the left-hand side of the traverse, the joint features are fully 

exposed, while the zone on the right-hand side of the traverse displays significant blast damage. 

The blast damage results in rubble piled along the face that obscures small surface exposures.  

This rubble forces the mapper to rely strictly on measurements from major features that penetrate 

the rubble. 

 

Figure 3-10: Test Site 2, used for comparative analysis of structural data mapped 
conventionally and mapped from analysis of LiDAR data. 

A comparison of the joint sets and their deviations are displayed in Table 3-2. The 

comparative results for both Joint Set 1 and 2 show minimal deviation, with slightly larger 

variations in Joint Set 4. Similar to the first example, the sets oriented parallel and perpendicular 

to the bench face result in the greatest variation (Sets 1 and 2 in Test Site 1 and Sets 1 and 4 in 

Test Site 2).
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Figure 3-11: Comparative results from the Test Site 2. 

Table 3-2: Test Site 2 joint set comparison. 

Set ID Conventional Mapping LiDAR-Vulcan Mapping Deviation 

 Dip Dip 
Direction Dip Dip 

Direction Dip Dip 
Direction 

1 40 96 48 89 8 7 
2 61 250 64 253 3 3 
3 58 300 52 299 6 1 
4 77 221 69 208 8 13 

 

Similar to the observations from Test Site 1, the joint set confidence cones that display 

the least similarity are striking at an orientation roughly perpendicular to the bench face. In Test 

Site 2, as illustrated in Figure 3-12, this orientation is the case for Joint Set 4. As was 

demonstrated in the results from Test Site 1, Test Site 2 displays similar trends in confidence for 

joint sets oriented roughly parallel to the bench face. Joint Set 1 in Test Site 2 displays minimal 

overlap in the confidence window.
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Figure 3-12: Confidence cones projected to 1 and 3 sigma on the calculated means of the 
individual sets for Test Site 2. 

Figure 3-13 illustrates the variability within the joint sets, as mapped for Test Site 2. The 

results illustrate that the calculated variability for joint sets is greater when mapped using LiDAR 

data than traditionally mapped data. This trend is the same as the one illustrated and identified at 

Test Site 1 and in Figure 3-8.
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Figure 3-13: Variability limits plotted to 1 sigma of the mean for the identified sets. 

This secondary and independent analysis of Test Site 2 confirms the observations from 

Test Site 1. The mapping of geological structures from LiDAR data are more accurate for joints 

parallel to the pit wall, while the conventional mapping process is more accurate for joints 

perpendicular to the pit wall. All features that lie between these orientations (ranging from 

oblique to near perpendicular) result in similarly measured orientations. 

3.9 Conclusions 

This chapter outlines the work completed with respect to the use of the I-Site 4400 as a 

geomechanical evaluation tool. The results demonstrate the applicability and validity of the 

system workflow and evaluation potential.  

This chapter outlines the use of LiDAR data to extract information about the orientation 

of planar features or about the discontinuity surfaces. The usability of LiDAR data could be 
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extended to assess joint spacing, discontinuity length and centroid of the surface, all of which can 

be easily extracted from the data. More complex applications of LiDAR data for mining 

operations are the generation of contour lines, volume calculation, volume differential, change 

detection and pit geometries. 

The usability of LiDAR as a geomechanical investigation and analysis tool is apparent 

through the evidence presented in this chapter and many of the cited references. Two major 

obstacles are the confidence of the geologists and engineers who employ the technology and their 

knowledge of the limitations. Once these obstacles are met, LiDAR will evolve from a state-of-art 

to state-of-practice tool. In conclusion, the I-Site 4400, when used properly with the correct 

assumptions addressed, can be used as an effective geomechanical mapping tool. 

3.10 Acknowledgements 

The work completed at IOC by Queen’s University was made possible by the funding of 

Rio Tinto, through Fred Delabbio, and their corporate initiative for continuous improvement. 

Personnel on the mine site, including Tim Leriche, Mike Muggridge and the survey crew 

members, were exceptionally helpful and provided a great deal of support. The author would also 

like to thank the Maptek Vulcan and I-Site support networks for their assistance during the 

project and while processing the data. 

3.11 Appendix A: LiDAR data collection and analysis at IOC 

The goal of the project was to develop protocols and workflows to provide IOC engineers 

and geologists with the necessary background and knowledge to employ their LiDAR system as a 

geomechanical evaluation tool. It is important to note that the workflow design, summarized in 

Figure 3-14, is a tool-specific approach. However, the workflow can be modified and customized 

for any combination of hardware and software.
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Figure 3-14: I-Site scanning workflow options. 

The I-Site 4400 is a time-of-flight, eye-safe, LiDAR scanner, which also incorporates a 

37- megapixel panoramic camera. The scanner has a dynamic range of 700 m and a maximum 

collection speed of 4400 points/sec. The I-Site is a field-hardened system and can be used in high-

traffic areas where the equipment is exposed to significant amounts of airborne dust and dirt. 

 I-Studio is a point-cloud processing program used to edit, filter and register the point 

cloud from local to real-world coordinates; an example of such a program is the Universal 
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Transverse Mercator (UTM) coordinate system. At IOC, a specific mine grid coordinate system is 

used instead of UTM. This mine grid system is subsequently used to register the point cloud data 

that will be used in conjunction with the panoramic photo, to produce 3D photo realistic models. 

Vulcan is the mine planning and design software used on site and the primary LiDAR data 

visualization and feature extraction tool. Using geographic information system (GIS)-like data 

organization approaches, the spatial data is stored in separate layers with variable attributes. All 

visualization, interpretation and analysis of geomechanical features are conducted using Vulcan. 

To obtain a globally accurate data set, the equipment is back-sighted to known 

benchmarks, while the location of the scanner is acquired using a handheld carrier-phase GPS that 

is integrated with an onsite differential network. Equipment location accuracies are typically in 

the range of 2 to 4 cm. 

3.11.1 Operational considerations 

The IOC mines are located at approximately 53º latitude. The seasonal temperature 

fluctuations and operating conditions observed on site are extreme. Summer temperatures do not 

test the extreme positive threshold of the I-Site scanner; however, winter temperatures are often 

observed to be in the -40º Celsius range. Although these temperatures are beyond the listed 

equipment specifications, they proved to be within the operational limitations of the equipment, as 

data is routinely collected during the winter months. The resultant data was not affected by the 

extreme cold. One observed limitation, however, was the reduced battery life of the equipment.  

In order to further test the operational limitations, the equipment was tested in various 

atmospheric conditions. The only significant atmospheric/environmental limitation of the system 

arose from the fact that the I-Site 4400 laser belongs to the infrared part of the spectrum (with a 

wavelength of 905 nm). When the laser beam comes in contact with moisture, such as a rain drop 

or a wet surface, it is absorbed and no pulse is returned to the sensor, resulting in a null data 

value. It was found that data collected in the rain were sufficient for general survey use, but did 
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not include enough points to extract geological features. 

3.11.2 Data processing 

Post collection, the point-cloud data must first be transformed from a local co-ordinate 

system to a global or mine grid coordinate system. When LiDAR data is collected from a static 

platform, all data points generated are assigned coordinates in the X-,Y- and Z-directions with 

respect to the scanning lens, which is assumed to be at a location [0,0,0].  The data is 

subsequently transformed using a known back-sight and a known scanner location. At IOC, the 

back-sights are specific survey prisms and the location of both the prisms and the scanner are 

determined using an active differential GPS network.  The next step is to remove all unwanted 

points from the cloud. This is primarily done to reduce file size and increase the overall system 

processing efficiency (Fabio, 2003). As illustrated in Figure 3-15, the points that are not within 

the region of interest (ROI) are deleted. In this example, all points that represent the upper bench 

and the mine floor are deleted. This reduces the file size and increases the analyst’s ability to 

manage and manipulate the data. 

 

Figure 3-15: Data filtering to remove unwanted points from the upper image, to decrease 
file size and increase computer performance. The pit wall perimeter included in the lower 
image is approximately 70 m. 
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Upon completion of data filtering, the resultant point cloud must be converted to a TIN to 

enable texture mapping. Using I-Studio, this is simply completed by selecting the data and 

running the designed algorithm available with I-Studio. Upon completion, the photo from the 

scanner can be added and the combined files are exported as *.ireg (image registration) files to be 

viewed and analyzed in Vulcan, in a fully 3D environment. 

3.11.3 Photo overlay 

LiDAR data visualization techniques are strategically important in the data processing 

workflow.  Raw point cloud data are challenging to visualize, because the human eye cannot 

easily identify depth and perspective, thus the process of selecting features is challenging. 

Traditionally, collected LiDAR data includes an intensity value for each signal return. 

The intensity value recorded by the scanning device is a function of the reflectivity of the scanned 

object. Fundamentally highly reflective objects, such as stainless steel, produce high intensity 

values, while materials such as coal produce low intensity values. In cases when the scanner does 

not collect the intensity value, point cloud data are often artificially coloured by elevation to help 

the viewer more clearly define depth and perspective. Figure 3-16 illustrates the identical point 

cloud displayed as (a) raw data, (b) intensity and (c) pixel mapped. The point clouds represented 

in this figure were collected using a Leica HDS 6000 (2007). 



Geotechnical Applications of LiDAR Pertaining to Hazard Evaluation 

63 

 
Figure 3-16: LiDAR data visualization options. The data presented was collected using a 
Leica HDS 6000. 

The ability to view LiDAR data with true colours increases the ability of the user to 

extract features and efficiently process the point cloud. There are two methods used to produce 

coloured LiDAR data.  The first and more common approach is referred to as pixel mapping, 

wherein the photo and the dataset are aligned in a common space. Selecting a variable number of 

common locations in both the point-cloud and the image completes this process; the number of 

points is dependent on the program used, but a typical value is seven. This process is commonly 

known as rubber-sheeting. The colour values are extracted from the photo and assigned to the 

LiDAR points within the cloud based on the RGB values. The second approach, known as texture 



Geotechnical Applications of LiDAR Pertaining to Hazard Evaluation 

64 

mapping, uses a TIN as a base to drape a digital photo in 3D space. This is the process used by I-

Studio and Vulcan. 

The I-Site takes a 37-megapixel-equivalent panoramic photo at the same time as the 

LiDAR scan, which is automatically registered to the LiDAR data without alteration, adjustment 

or user input. The resultant files are exported in Vulcan format, where they are subsequently 

opened and viewed in a fully 3D environment. This process involves significantly less user 

interaction in comparison to other systems due to the closed hardware-software workflow; all 

equipment and software are engineered and developed by Maptek for this purpose. The final 

result of this process is illustrated in Figure 3-5, where the dataset is shown as it would be viewed 

in Vulcan. 

3.11.4 Data manipulation 

Upon completion of the data processing in IStudio, three files are generated that, when 

opened together in Vulcan, produce a 3D texture-mapped LiDAR dataset, as illustrated in Figure 

3-5. Vulcan, similar to GIS, is based on layers that depict features such as haul roads, service 

stations, blast patterns, and toe and crest lines, all of which can be viewed simultaneously with 

LiDAR data. The advantage of this approach, in contrast with the standard workflow of viewing 

the LiDAR data in isolation, is that it gives the user the ability to visualize the LiDAR data in 

context with the rest of the mine. This aids the geologist or engineer by allowing them to select a 

viewing angle and to relate what is seen on the screen to what they have viewed in the field. This 

is described and illustrated above, in the section entitled “Comparison between conventional and 

LiDAR mapping at IOC.” 
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Chapter 4: Engineering monitoring of rockfall hazards along 

transportation corridors: Using mobile terrestrial LiDAR 

4.1 Abstract 

Geotechnical hazards along linear transportation corridors are challenging to identify and 

often require constant monitoring. Inspecting corridors using traditional, manual methods requires 

the engineer to be unnecessarily exposed to the hazard. It also requires closure of the corridor to 

ensure safety of the worker from passing vehicles. This paper identifies the use of mobile 

terrestrial LiDAR data as a compliment to traditional field methods. Mobile terrestrial LiDAR is 

an emerging remote data collection technique capable of generating accurate fully three-

dimensional virtual models while driving at speeds up to 100 km/h. Data is collected from a truck 

that causes no delays to active traffic nor does it impede corridor use. These resultant 

georeferenced data can be used for geomechanical structural feature identification and kinematic 

analysis, rockfall path identification and differential monitoring of rock movement or failure over 

time. Comparisons between mobile terrestrial and static LiDAR data collection and analysis are 

presented. As well, detailed discussions on workflow procedures for possible implementation are 

discussed.  Future use of mobile terrestrial LiDAR data for corridor analysis will focus on 

repeated surveys and developing dynamic four-dimensional models, higher resolution data 

collection. As well, computationally advanced, spatially accurate, geomechanically controlled 

three-dimensional rockfall simulations should be investigated. This chapter represents the second 

of two chapters associated with engineering applications a remotely sensed LiDAR data for 

geotechnical evaluation as outlined in Chapter 1.  

4.2 Introduction 

Geotechnical hazards, especially rockfall related hazards, pose a significant concern to 
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the management of transportation corridors (Maerz, 2000). Extensive rail and road networks in 

regions of rugged terrain, such as the Alps, the Superior Province of Canada, and the Canadian 

Cordillera, have complex relationships with their geological surroundings, and yet carry 

significant traffic. For operators of transportation corridors, the ability to identify potential 

hazards, assess geomechanics parameters alongside the track /road and measure movement, while 

maintaining safety for both traffic and workers, is paramount. This paper examines new 

techniques for geomechanical evaluation along transportation corridors. Three site locations 

within Ontario, Canada were used for the analyses: two sections of Provincial Highway 15 near 

Ottawa, and a section of track along the Algoma Central Railway (ACR) in Northern Ontario.  

A typical hazard assessment flowchart for engineered monitoring of rockcuts and slopes 

is shown in Figure 4-1. Variables on the left hand side illustrate hazard values that can be directly 

or indirectly determined. The flowchart assumes that the onsite or overseeing engineers are aware 

of potentially unstable and hazardous rockfall locations. This flowchart forms a foundation for in-

the-field and in-office workflows for the assessment of hazards and thus forms a first-step in 

planning hazard mitigation. We herein examine use of light detection and ranging – LiDAR, to 

help manage and assess rockfall hazards as a specific case in linear infrastructure management; 

LiDAR represents a new approach to contributing to the geomechanical workflow.
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Figure 4-1: Engineered monitoring of rockcuts and slopes, specifically along railway 
corridors.  Information measured, modeled, or calculated are displayed as inputs on the left 
hand side. Probabilities are calculated based on discrete inputs. 

Traditionally, LiDAR units are statically mounted on tripods or deployed for mobile 

applications in helicopters and airplanes. Aerial LiDAR employs similar scanning devices to 

static equipment but are additionally equipped with a global positioning system (GPS) and inertial 

navigation systems (INS, also known as an inertial measurement unit - IMU) to determine 

location during flight (Yang and Farrell, 2003). Through recent innovations, static LiDAR sensors 

have been deployed in truck mounted mobile terrestrial applications (Glennie, 2007a). 

Mobile terrestrial LiDAR is a breakthrough technology for the field of geotechnical 

engineering that can be used effectively within a rockfall hazard management system, LiDAR 

data, in the form of a point-cloud, can be collected for structurally related geomechanical 
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evaluation purposes at speeds of up to 30 km/h. At this rate, data can be quickly collected for 

large corridors of track or roadways. Employing mobile terrestrial LiDAR enables the rapid 

development of an accurate spatially inclusive LiDAR dataset for many geotechnical stability 

issues. This LiDAR data can subsequently be used for accurate spatial identification of track 

features such as rails, crossings, and signs as well as temporal differential modelling. 

The baseline dataset can be used to develop a 3Dimensional (3D) model of the corridor. 

This computer based geometric model will aid in developing GIS maps and digital elevation 

models (DEM), the identification of potential hazardous locations, and the ability to compare and 

differentiate the baseline data against subsequent temporal scans. 

The LiDAR-based model, in conjunction with active track supervision by engineers, 

provides a valuable rockfall evaluation tool (Turner, et al., 2006; Rosser et al., 2005). The 

engineers currently monitoring the ACR, for example, use a customized rockfall hazard rating 

assessment system (Abbott, et al., 1998) based on field observations. This system aids in 

categorizing and rating potential hazards based on geomechanics, track configuration, and slope 

properties. Identifying zones along the track corridor that are perceived to be hazardous either 

because of visible signs of failure or because of a high rockfall hazard rating as denoted by the 

assessment, further remote investigation can be completed using the baseline LiDAR dataset 

(Sturzenegger et al., 2007a). The information that can be extracted from LiDAR data includes 

detailed geometry of the rock faces, track, ditches, other infrastructure, structural geological 

mapping and characterization, and evaluation of the vehicle operator’s line-of-sight. Comparison 

of data from subsequent scans allows evaluation of rock deformation and volumetric change. 

Baseline LiDAR data provides information which is required for an improved hazard 

management workflow: more efficient, repeatable, and reproducible. 

LiDAR data has been used for many geologically related academic and industry projects 

over the last ten years. The projects have ranged from landslide detection (McKean & Roering, 

2004) to debris flow modeling (Staley et al., 2005) and flood predictions (Mason, et al., 2007). 
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4.2.1 Mobile terrestrial LiDAR 

Mobile terrestrial LiDAR systems are comprised of a vehicle, a network of LiDAR 

sensors, a carrier-phase differential GPS network, and an inertial navigation system (INS).  The 

GPS network employed for this operation consisted of one onboard receiver, one static receiver 

located in the centre of the scanning area (a maximum distance of 10 km from the TITAN truck), 

and two static receivers located over federally established benchmarks. The result of a scan from 

such a system is a cloud of 3D positions, reported in a geographic coordinate system. This point 

cloud has several important characteristics: 

• Points	  are	   limited	  to	   features	  visible	   from	  the	  perspective	  of	   the	  scanner	  (it	   is	  a	  
line-‐of-‐sight	  technology).	  

• Point	  density	  decreases	  as	  distance	  from	  the	  scanner	  increases;	  the	  sensor	  has	  a	  
maximum	  range	  of	  200	  m.	  

• Points	  are	  collected	  at	  a	  high	  rate	  (TITAN,	  collects	  at	  40	  000	  pts/sec).	  
• The	  strength	  of	  the	  return	  is	  measured	  and	  reported	  as	  an	  intensity	  value,	  which	  

allows	  genuine	  visual	  discrimination	  of	  different	  materials.	  

The mobile terrestrial scanner used for this specific application was TITAN, developed by 

Terrapoint, a division of Ambercore (Glennie, 2007a). The TITAN system (as shown in Figure 4-

2) is mounted on a pickup truck. A truck capable of traveling on a rail track was used for 

scanning along the ACR. The silver pod elevated above the bed of the truck contains four 

independent, uniquely oriented LiDAR scanning units, one global positioning system (GPS) 

antenna, and one INS system. The elevation of the pod is controlled from within the operator’s 

cabin by a hydraulic lift. Other mobile terrestrial LiDAR systems include the Lynx (Optech, 

2008) and active research projects by Alshawa et al. (2007).
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Figure 4-2: The TITAN system (silver box) is a multi-LiDAR scanner. Here is it shown 
mounted in the bed of a high-rail truck for deployment along the Algoma Central Railway. 

A typical LiDAR point cloud generated from the TITAN mobile system is displayed in 

Figure 4-3. While this appears to be a grey-scale photograph, it is actually a view of tens of 

millions of 3D points surveyed across a rockmass face and highway surface. Recorded intensity 

values allow visible discrimination of painted lines on the road surface due to the materials 

reflective properties.  
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Figure 4-3: LiDAR data collected by the TITAN system. Note for scale the rockmass present 
in the right-hand side of the cloud is roughly 5 m tall. This data was collected near Ottawa, 
Ontario, June 2007. 

Regardless of the sensor technology, in a mobile scanning configuration, the position of 

the scanner at the instant of scanning must be known. This is accomplished by coupling a GPS 

receiver and an INS.  GPS receivers accurately determine their position by time-of-flight 

determination to multiple satellites from a roving field sensor (El-Rabbany, 2006). For precise 

mobile terrestrial applications, carrier phase GPS is used, which enables sub 5 cm positioning. It 

is essential because the final positional accuracy of scan points relies on both scanner precision 

and the accuracy of the scanner pod position. 

Due to the vibration and movement of the vehicle, complex movements of millimetres 

and centimetres per second are superimposed on the overall vehicle path.  As a result, a simple 

interpolation between GPS positions (collected once per second) is inadequate for properly 

positioning each LiDAR data point. An INS, consisting of coupled gyroscopes and 

accelerometers, is used to solve this problem, and, in addition, the INS also provides path 
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reconstruction during short intervals when GPS is unavailable due to obstructed views of the sky 

(Yang & Farrell, 2006). Importantly, the presence of an INS means that TITAN is capable of 

scanning short tunnels and underpasses or canyons without loss of precision. The relative roles of 

GPS and INS are illustrated in Figure 4-4 and 4-5.  

 
Figure 4-4: Differential GPS data collection as employed by the TITAN system. The system 
is comprised of a network of satellites and ground receivers. 
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Figure 4-5: GPS – INS – LIDAR sensors work in concert to produce globally registered and 
locally accurate point clouds. 

Globally referenced LiDAR data inherently has two associated accuracy values, 

commonly known as local and global accuracy.  Local accuracy is primarily a factor of sensor 

error – which is the observed error of the LiDAR sensor itself. For TITAN data, this error is 

roughly 1 cm per 100 m distance between the object and the sensor. Global accuracy is dependent 

on the GPS-INS solution as well as the LiDAR sensor error, and is a measure of how well the 

determined locations of 3D points match their true geographic locations. Global accuracy 

decreases as the distance from the differential GPS base station increases, at a maximum rate of 

0.5 cm per 1 km with an initial error of 5 mm; this is calculated at 0.5 cm + 5 ppm (Glennie, 

2007b). A general but thorough overview of accuracy considerations for mobile terrestrial 

mapping was conducted and published by Barber et al., (2008). Global accuracy does not affect 

the viewability or the analysis of the data, only the relation of the identified features to their true 

locations in space, and so to other GIS datasets. It is essential for the geotechnical use of this data 

that the data collection errors be minimized. If the data are going to be used for orientation-based 
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measurements the errors will propagate through subsequent analyses as discussed by Buckley et 

al. (2008).  

4.2.2 Mobile terrestrial LiDAR data and static data 

Conventionally, LiDAR data is collected from static platforms such as tripods or from 

mobile aerial vehicles. Data densities range from 10,000 pts/m2 for static systems and down to 10 

pts/m2 for aerial systems.  TITAN employs static scanning technology (via Riegl sensors) on a 

mobile (truck) platform. The resultant data densities practically range from 50 to 500 pts/m2 

(depending on velocity).  Figure 4-6 illustrates a direct comparison of data collected with a static 

Leica HDS 6000 system and the TITAN system. The Leica HDS 6000 collects up to 500,000 

pts/sec at a density of up to 10,000 pts/m2. Figure 4-6 also illustrates the cross-sectional 

continuity of the datasets and the ability to combine data from separate scans to increase 

viewability while minimizing occlusion, which are zones of no data due to obstruction.  

Figure 4-6 illustrates that the data collected by the TITAN system displays slightly 

greater local noise in comparison to the Leica data; as well it is more challenging to visualize due 

to the reduced point density. However, it is sufficient to perform accurate geomechanical 

structural analyses as will be demonstrated below. Data are processed using PolyWorks 

(InnovMetric, 2008).
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Figure 4-6: (a) TITAN data collected in Ottawa, Ontario, June 2007, for an outcrop of well-
fractured granite (b) illustrates the same outcrop scanned with a Leica HDS 6000. Figures 
(c) and (d) illustrate a cross-section of the collected data from (a) and (b) respectively. 

4.2.3 Feature extraction and inventory from LiDAR data 

Spatially accurate LiDAR data can be used to semi-automatically measure physical features 

typically measured by hand in the field.  From a geotechnical perspective, measurements that can 

be rapidly acquired from LiDAR data include: slope angle and geometry, ditch height, width, and 

angle, and track geometry parameters such as curvature. As well, geomechanical structural data 
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can be assessed in terms of discontinuity surface orientation and spacing (Feng & Roshoff, 2004). 

The advantage of extracting these features from LiDAR data is that locations of measured 

features are automatically generated because the data has inherent spatial attributes, there is 

increased precision of the measurements, direct digital storage, and there is the ability to review 

measurements. As well, the collection of this data does not involve the closure or obstruction of 

the track due to engineering personnel being present on the track; instead the data is quickly 

collected from a mobile platform and processed off-site – which increases the safety of the 

engineer as a result.  

4.3 Algoma railway LiDAR Project 

The specific field test of the use of TITAN for geomechanical evaluation was carried out 

along the Algoma Central Railway, with the collaboration of CN Rail, Transport Canada, 

Terrapoint and Queen’s University.  

4.3.1 Project background 

The Algoma Central Railway (ACR) was commissioned for construction in early 1899 

and is currently owned and operated by Canadian National Railway (CN).  It is currently used for 

industrial (logging) and transportation/tourism purposes.  The ACR is 475 km long and extends 

from Sault Ste. Marie, Ontario to Hearst, Ontario. The ACR runs along the banks of the Algoma 

River, the course of which is controlled by a Northeast-Southwest trending strike slip fault.  The 

valley ridges range in elevation up to 900 m above the track level.  

Blasting and excavation techniques employed in construction in the early 1900’s were 

much less sophisticated than modern methods. The combination of primitive blasting with 100 

years of weathering and track operation has resulted in numerous sites that pose significant 

rockfall hazards to passing trains and their riders. CN, with the assistance of Bruce Geotechnical 

Consultants (BGC), have mapped and evaluated all potential hazard locations along the ACR 
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according to methods developed by BGC (Pritchard, et al., 2005). The result of the mapping 

project is a Rockfall Hazard Rating Assessment (RHRA) value for each location identified as 

potentially hazardous. The main challenge of this system is the ability of the engineer to 

accurately measure variables such as slope height, angle, and profile without being able to 

physically climb the face. As well, measurements pertaining to the rockmass itself (structure 

orientation) are often generalized based on a random sampling of a few visible features. Figure 4-

7 illustrates a section of the ACR that was mapped using the BGC methodology and displays the 

assessed RHRA values. This section of track was subsequently scanned with TITAN and 

helicopter LiDAR systems. As a result of the multiple LiDAR datasets and detailed human 

mapping and analysis, this section of track is an excellent case history site to assess how LiDAR 

can augment the data collected by a skilled engineer.
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Figure 4-7: Helicopter and TITAN LiDAR data were collected along the Algoma Central 
Railway in July 2007 and June 2008 respectively. 
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The scanning of the ACR with TITAN was an innovative use of both a high-rail truck (a 

truck designed to drive on rail tracks) and mobile terrestrial LiDAR equipment. The data 

collection did not impede or disrupt scheduled traffic along the ACR. The TITAN data were 

collected along the 20 km stretch of the ACR illustrated in Figure 4-7. The total collection time 

was 5 hours, including 3.5 hours for deployment.  

The rate of LiDAR data collection from TITAN is 40,000 pts/sec - a measure that is 

independent of truck speed. In order to produce data of sufficient density to extract discrete 

geological features, sections of track known to be of high rockfall hazard potential, based on 

ratings determined using the BGC system, were driven at a slower speed than the non-hazardous 

locations along the ACR. 

The most significant operational issue encountered while planning and collecting the data 

was quality of GPS signals.  Due to the location of the ACR within a canyon, sky visibility is 

typically poor.  Using high sampling and high precision INS alleviated this limitation. The global 

accuracy of the TITAN data collected along the ACR is +/- 15 cm and the local accuracy of the 

data for any given section is approximately +/- 3 cm. Following collection, data was delivered in 

a time stamped globally referenced XYZI point-cloud format. The file size is 15 Gb. 

4.4 Mobile terrestrial feature extraction 

Mobile terrestrial LiDAR data collected by TITAN can be used to measure features such 

as joints and fractures. However, before the measurements can be used for engineering evaluation 

and design, the accuracy of the extracted features must be assessed. In order to achieve this, a 

reference roadcut (in the Ottawa area) was scanned using both the TITAN and the Leica HDS 

6000 LiDAR systems. The results of this evaluation are illustrated in Figure 4-8. Previous work 

by Lato, et al. (2009) has demonstrated that the use of data generated by static LiDAR equipment 

is viable for geomechanical evaluation of structural features. The data were evaluated using Dips 

(RocScience, 2006), a stereographic projection analysis tool. As can be seen in Figure 4-8, the 
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data from mobile and static sources is compatible. 

 

Figure 4-8: Manual identification of structural features in LiDAR data using PolyWorks. 
These stereonets show a comparison between mapping using high resolution Leica HDS 
6000 data and lower-resolution TITAN data. Results indicate a strong agreement between 
the data sets. 

The processing workflow for structural features measured from both the TITAN data and 

the Leica HDS 6000 were completed using PolyWorks software, a state-of-the-art LiDAR 

processing tool. To avoid user bias, all planes were identified in the same manual manner as 

recommended by Sturzenegger, et al. (2007b). The extraction time per feature is roughly 20 

seconds, allowing an individual rockfall zone to be structurally evaluated in roughly 15-20 

minutes. To facilitate this process a macro was written in PolyWorks to automate the creation of a 

plane based on selected points by the user that visually lie on the same structural surface. The 

minimum area of a joint detectable is dependent on the density of the LiDAR data.  As data 

density increases, smaller features become apparent and their orientations can be extracted. The 

density of the TITAN data in regions of interest along the ACR is roughly 500 pts/m2 and the 

minimum discontinuity size detectable is thus roughly 20 cm x 20 cm. The ability to identify a 

discontinuity surface depends on both its size and orientation with respect to the scanning 

equipment. As the angle between the scanner and the surface increases toward 90o the feature is 

occluded from the point cloud. There are currently no mathematical solutions to resolve this 
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issue, so care is taken with evaluation of the LiDAR data and time should be reserved to explore 

the data to look for structures at suspect orientations. 

Once the LiDAR data has been evaluated for structural features, the orientation of the 

measured surface is converted from geographic ijk unit vectors (vectors representing the surface 

oriented with respect to a global coordinate system) to dip and dip direction. This process is 

automatically conducted using a macro in MS Excel. The generated orientations are then 

analyzed using Dips. Herein joint sets can be identified, orientations can be evaluated, and 

potential failure modes can be determined. 

4.4.1 Mile 94: Test site workflow 

Mile 94 on the ACR was identified using the BGC RHRA evaluation system as a high 

hazard zone. As shown in Figure 4-9, the rockmass is near vertical, parallel to the track and 

ranges in height from 10-15 m above track level. The slope face ranges from an angle of 70o to 

slightly overhanging. A detailed structural evaluation was completed using PolyWorks to 

determine the orientation of all visible planar discontinuities as scanned by TITAN. 52 joint 

surfaces were identified, measured and evaluated using the method described above.
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Figure 4-9: Geomechanical feature identification and plane extraction of TITAN data 
collected along the Algoma Central Railway. Callout tabs represent each identified planar 
feature identified in the selected segment of track. 

The structural features identified in Figure 4-9 were converted to dip and dip direction 

and analyzed in Dips. Joint sets and mean orientations were identified as illustrated in Figure 4-
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10.  As determined by visual inspection and using Dips, there are three main joint sets present in 

this rockcut. 

 

Figure 4-10: Stereonet illustrating the geomechanical features extracted from TITAN data 
collected near mile 94 of the Algoma Central Railway. The rock face dips between 70o to 
slightly overhanging (in this image and subsequent images it is illustrated at 70o). 

Upon completion of the structural data extraction and evaluation based on track location 

and orientation with respect to the outcrop the rockcut can be evaluated for potential kinematic 

failure modes. Along the evaluated section of Mile 94 the rockmass is prone to both toppling and 

wedge failure modes, as illustrated in Figure 4-11.  

Toppling failure occurs when the dip of a joint exceeds the angle of the slope of the face 

by the friction angle of the rockmass (Goodman, 1980). The strike of the joint must be within 30o 

of parallel to the strike of the roadcut, as illustrated by the identified zone Figure 4-11. Wedge 

failure is formed by the intersection of two independent planes that create a surface for a block(s) 

to slide on (Goodman, 1980). The intersection of the two planes forms a line that must dip steeper 



Geotechnical Applications of LiDAR Pertaining to Hazard Evaluation 

84 

than the friction angle of the rockmass and less steep than the slope of the rockcut in order for 

kinematic failure to be possible, as illustrated by the identified zone in Figure 4-11.  

 

Figure 4-11: Kinematic identification of possible rockfall failure modes present near mile 94 
along the Algoma Central Railway. Topple and wedge failures are both identified as 
possible modes based on the LiDAR data analysis. 

The ability to structurally map outcrop discontinuities using mobile terrestrial LiDAR data is 

an improvement in geomechanical evaluation technologies. The use of such data collection 

methodologies to enhance current geotechnical evaluation workflows will significantly reduce 

traditional field based evaluations, and hence reduce track delays and exposure of track engineers 

to the risk of evaluating hazardous rockcuts in the field. We now examine the use of mobile 

terrestrial LiDAR data in combination with other LiDAR data sources for more advanced 

applications. The RHRA focuses efforts into identifying high-risk areas. LiDAR data can be used 

to evaluate the identified areas where detailed kinematic and temporal analysis is required.  

4.5 Data fusion 

TITAN data provides data ranging from track level to roughly 30 m beyond the track. 

Although the maximum scanning distance of TITAN is 200 m, along the ACR there is a dense 

Boreal forest and numerous outcrops that limit the visibility of TITAN from the track outwards. 

There were however no instances where known track-side hazards were occluded in the TITAN 

dataset. 
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The ability to align and fuse TITAN data with other data sources will allow larger areas 

to be collected via airborne methodologies or detailed studies to be completed with high-

resolution static systems.  

4.5.1 Airborne and TITAN Data: The ACR experiment, June 2008 

Aside from using TITAN along the ACR track, a “low-range” LiDAR system mounted 

on a helicopter was deployed to generate a valley scale LiDAR model. The low-range airborne 

LiDAR systems data were collected between 200-300 m above ground level. Low-range 

helicopter systems are designed to collect relatively dense data in comparison to fixed-wing aerial 

systems. This was completed during the summer of 2007, 12 months before the scanning of the 

ACR using the TITAN system. The resultant point-cloud produced by the helicopter system 

contains roughly 10 pts/m2. The airborne data were reported in two formats: un-edited and bare-

earth. A “bare earth” model consists of the points that are determined to lie directly on the earth’s 

surface. Points representing trees, shrubs, and infrastructure, for example, are removed from the 

data set.  

Fusion of the TITAN and Airborne bare earth data was achieved with the 3D 

functionality of ArcGIS (ESRI, 2008).  There was no adjustment of either dataset; they were 

simply aligned and merged based on their independently collected location information. For 

computing efficiency, only 1/12 of the data generated by TITAN were used for modelling 

completed in ArcGIS. 

To determine the correlation between the TITAN and airborne data sets, an ArcGIS TIN 

model was built from the bare earth airborne data.  Using the ArcGIS spot elevation function, the 

elevation on this TIN model at each TITAN point location was determined and then subtracted 

from the actual elevation recorded by the TITAN equipment. This operation was performed for a 

1 m wide, 1 km long strip that roughly followed the centerline of the track.  The results, 

illustrated by Figure 4-12, show a good match between the datasets, with a distribution of height 
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differences centred about a point about 1 cm below the airborne data (median = -.0133 m).  The 

small bump around the 0.3 m division represents the ability of TITAN to accurately collect data 

from the surface of the rails along the track surface. 91% of the data lie within +/- 10 cm and 96% 

within +/- 15 cm. The curve also shows a long positive tail likely caused by vegetation on the 

track and overhanging vegetation caught by the sideways and upward looking TITAN sensors. 

Once it was determined that the two datasets agreed vertically, they were merged into a single 

file. Vegetation was removed from the TITAN data by filtering any TITAN points that were more 

that 0.15 m above the bare-earth airborne data.  A 7 m wide strip running parallel to the railway 

centerline was defined and the airborne data within this strip was replaced by the filtered TITAN 

data (Figure 4-13). 

 

Figure 4-12: Histogram illustrating the alignment comparison of TITAN data with 
helicopter data. The inset figure illustrates the alignment of the helicopter data (shown in 
black) with the titan data (shown in white). As well, illustrated in the inset figure is the 
general lack of helicopter data collected along the vertical rockface, due to the look-angle of 
the airborne laser. The two data sets are not manually aligned, rather they are simply 
viewed in a common space based on their individually collected geographic coordinate 
information. 
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This process was completed to establish that although the data were collected by different 

equipment, at different times, using different GPS-INS solutions, the data could be integrated for 

engineering purposes. 

 

Figure 4-13: (a) Raw TITAN data and raw airborne data collected along the ACR, the data 
is viewed in a common geographic space. (b) Raw TITAN data extracted from the combined 
model in Figure 4-13. 

4.5.2 Fusing TITAN and static data 

A segment of data collected by TITAN near Ottawa, Ontario was used to evaluate the 

fusion of high-resolution static data with TITAN data. The static data were not collected with 

GPS so the cloud had no global spatial properties. The data sets were aligned in true space using 

visible points of commonality and best-fit algorithms in the PolyWorks software package, 

allowing the high-resolution data to assume true co-ordinates based on the information extracted 

from TITAN. Figure 4-14 illustrates the alignment. Error mapping was completed to assess the 

alignment and the datasets line up with an average error of +/- 3 cm. This is not a simple or 

logical process because it involves the fusion of data collected at different times, different 



Geotechnical Applications of LiDAR Pertaining to Hazard Evaluation 

88 

resolutions, and most challengingly – using different data formats. 

 

Figure 4-14: Fusion of high-resolution Leica HDS 6000 data with mobile TITAN data 
collected near Ottawa, Ontario - resulting in the production of a locally precise and globally 
accurate point cloud. 

4.5.2.1 Difference monitoring 

The ability to fuse high resolution LiDAR data with TITAN allows the inherent qualities 

of the high-resolution data to be exploited. One significant advantage of high-resolution data (up 

to 10,000 pts/m2) over TITAN data (practically up to 500 pts/m2) is the ability to conduct small 

scale differential monitoring. Differential monitoring requires successive scans to be completed 

evaluating the same area, effectively generating a 4-dimensional model (Donovan & Raza, 2008). 

Figure 4-15 illustrates an example of a rockcut that was scanned at two intervals. The first scan is 

the baseline data that will be used to evaluate successive scans for apparent movement or rock 

block release. Before the second scan was completed, small rock blocks were manually removed 

from the face (hence only apparent differentiation is observed in the lower section of the outcrop, 

where rocks were safely accessible by the scanning team). The coulour ramp indicates distance 

from the nearest neighbor – comparing one scan to the next (grey indicates no apparent 
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differential movement). The amount of differential movement observed in this example is 

between 3 and 15 cm. The main assumption made in this analysis is that the tie-points used to 

align the successive scans are in the same position during both data collection periods. If the 

entire rock slope has moved tie-points located away from the rock face should be used. 

 

Figure 4-15: Volumetric change detection by comparison of successive scans in time from a 
similar location. Identified zones represent between 5 and 10 cm of movement or release of 
rock blocks. 

These results conclude that differential monitoring using high-resolution LiDAR can 

enable the detection of small rock block release (sub 15 cm). This is an extremely valuable tool 

for monitoring progressive failure in a given rockmass. TITAN data can be used for temporal 

modelling as long as the detectable movement is greater than the known combined global and 
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local errors. This enables, in a best-case scenario, detection of roughly 30-50 cm edge length 

blocks. 

4.6 Discussion 

The examples illustrated in this chapter outline the use of mobile terrestrial and static 

LiDAR in comparison to traditional fieldwork completed by an experienced engineer. The data 

used in these analyses were from three sources: airborne, mobile terrestrial- TITAN, and high-

resolution static equipment- Leica HDS 6000. The examples described involve the use of 

advanced technology, processing tools, and computational power. Through the use of these tools, 

many advantages of using LiDAR are readily identified.  

Other engineering applications of mobile terrestrial LiDAR fused with airborne LiDAR 

are rockfall modelling and viewshed analyses. Rockfall models can be used to statistically 

evaluate potential rockfall paths and final positions. Traditional 2D models are limited to a single 

possible profile of movement. 3D models enable direct interaction of the falling rock with 

detailed topography, as illustrated by Lan, et al., (2007). 

Viewshed analyses enable the visible distance to be calculated from a known location, the 

potential visibility is controlled by topography. The quality of the topographic data used for this 

analysis in terms of density, accuracy, and coverage directly influence the result. The calculated 

visibility can be used to directly calculate stopping distances.  

As workflows develop that incorporate the use of LiDAR data, regardless of the source, it 

will be critical that automation of feature extraction evolve as well. There needs to be better 

integration with GIS and CAD based programs. As well, data visualization would greatly benefit 

from the ability to colour the point cloud based on high-resolution photography.  

As the price of LiDAR data collection decreases, positioning systems become more 

accurate, and processing tools become easier to use, the incorporation of mobile terrestrial 

LiDAR scanning into active rail usage will be a part of the general workflow. If trains are 
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quipped with LiDAR scanners, real-time differential models could be generated as the train drives 

the rail line. This would generate a real-time hazard map identifying locations of mass-movement 

or the release of rock blocks.  

The key to this work is not to speed up the operational process of identifying hazards but 

to increase the safety, accuracy, and repeatability of their identification by using new state-of-the-

art tools. For example geo-simulation tools such as Train-MAGS (Mekni, et al., 2008) can be 

used to dynamically calculate maximum train speed based on stopping distance. The most 

powerful and useful advantages are: data fusion, feature extraction, differential monitoring, 

rockfall analysis, and viewshed analysis.  

4.7 Conclusion 

The ability to use LiDAR data to identify and examine geomechanically controlled 

structural features has been demonstrated and proven for many applications. However, the 

innovative use of mobile terrestrial LiDAR for such applications demonstrates significant 

advantages over traditionally employed static terrestrial LiDAR including coverage, rate of 

acquisition, dynamic collection, and integration with corridor operation. Mobile terrestrial LiDAR 

is an evolving technology, and the combination of tools available to extract and analyze features 

within the data are also evolving. The examples in the paper and those being researched by others 

will prove to be a cornerstone for a new direction with respect to geomechanical feature 

identification, especially for sites in remote areas and those along active transportation corridors.  

4.8 Acknowledgements 

The authors would like to thank Transport Canada, GEOIDE, NSERC, and the OCE for 

research funding. CN Rail provided track access and personnel during scanning.



Geotechnical Applications of LiDAR Pertaining to Hazard Evaluation 

92 

 

Chapter 5: Optimization of LiDAR scanning and processing for 

automated structural evaluation of discontinuities in rockmasses 

5.1 Abstract 

Terrestrial Light Detection and Ranging (LiDAR) is a powerful tool for three-

dimensional surface definition with evolving application success related to the delineation and 

evaluation of geomechanically-controlled hazards. The system used in this study consists of a 

static LiDAR sensor unit mounted on a survey tripod. A high resolution, near range, LiDAR scan 

was carried out for an engineered highway rockcut north of Kingston, Ontario, Canada. The 

objective of  part of this research is to highlight the sensitivity, to operational parameters, of 

automated structural discontinuity analysis based on LiDAR data collected from a tripod-mounted 

system. Issues pertaining to the data collection location and scan orientation, data interpretation 

including surface development and mesh density, and the effect of measurement bias and scan 

occlusion, are addressed and discussed. Guidance is given regarding the optimization of a survey 

procedure to ensure precision and accuracy while maintaining a workable data volume. Good 

correlation with manually mapped results is obtained if all of the sensing and processing pitfalls 

are considered. This chapter represents the first of two chapters associated with data processing 

and interpretation as outlined in Chapter 1. 

5.2 Introduction 

Terrestrial Light Detection and Ranging (LiDAR) can be used for the delineation and 

evaluation of geomechanically-controlled hazards. The United States Geological Survey (2002) 

has adopted the use of LiDAR through numerous projects, as discussed by Collins and Kayen 

(2006).  Other examples of the use of LiDAR surveys for geological data collection include 
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discussion of the process of acquiring digital outcrop models for stratigraphic modelling (Bellian 

et al. 2005), mapping basalt flow units (Webster et al. 2006), structural mapping of a large 

landslide (Sturzenegger et al, 2007a), and evaluation of rockfall source and accumulation zones 

(Rosser et al. 2005; Struoth, and Eberhardt 2006). In non-geological based applications, LiDAR 

has been used for projects ranging from volumetric analysis in open pit mines (Lamb 2000), to 

recording and cataloguing archaeological digs in ancient ruins (Addison and Gaiani 2000). The 

equipment mobility, accuracy, and rate of data collection, in comparison to conventional 

surveying and stereophotogrammetric methods, have allowed existing surface analysis projects to 

proceed at unprecedented levels of detail and have promoted new applications. The use of 

terrestrial (ground based) LiDAR as a structural analysis and measurement tool has been 

investigated in detail by (Kemeny,and  Post 2003;  Feng, and Röshoff 2004; Pringle et al. 2004; 

Slob et al. 2005) and others. Once the data is acquired and the primary 3D model is generated (as 

XYZ data points with intensity scalars or mapped colourization via photo coupling), the 

analytical process can proceed in a similar fashion to modern photogrammetric techniques such as 

those applied by Haneberg et al. (2006). Both applications can replace traditional field mapping 

processes including the use of a compass or inclinometer to measure orientation, photos and 

notebooks to keep records, and manual data entry. Further, the conventional measurement of geo-

structure is restricted to accessible and safe rock faces while these modern techniques can sample 

the visible structure remotely and safely.  Automated procedures for structural data reduction 

have been developed (Kemeny,and  Post 2003; Kemeny et al. 2006) specifically for LiDAR 

applications. The objective of this research is to provide guidance for the optimization of 

automated structural discontinuity analysis based on LiDAR point cloud data collected from static 

terrestrial equipment. This chapter deals primarily with issues pertaining to the data collection 

location, scan orientation, and data interpretation procedures involving interpolated surface 

development and mesh density. Scan occlusion effects are also discussed. Insights pertaining to 

future work and recommendations complete this chapter. 
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5.3 Site location 

A high resolution, near range, LiDAR scan was completed near Brewers Mills, along 

Provincial Highway 15, approximately 30 km north of Kingston, Ontario, Canada. The rockmass 

being evaluated is an engineered road cut (Figure 5-1). The labels on the arrows in this figure 

identify the individual scan locations and orientations.

 

Figure 5-1: Test outcrop and LiDAR scan locations. 

 Structurally the rockmass is competent; there are three major joint sets, which are 

approximately orthogonal. The estimated Geological Strength Index (GSI) according to the 

methodology outlined by Hoek and Brown (1997) is in the range of 75-85. The exposed joint 

surfaces are undulating and rough, with no clay fillings or coatings. The block shapes range from 

cubic through to slightly elongate cubic shapes with an average volume of the blocks of 1.2 m3 as 

determined using the methodology of Kalenchuk et al. (2007).  

Figure 5-2 illustrates the structural data collected in the field, using conventional 

geomechanical mapping approaches. Plotting and data analysis was completed using the 

stereographic projection and analysis program Dips (Rocscience, 2006).
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Figure 5-2: Stereonet representing data collected at the LiDAR scan site, using conventional 
geomechanical mapping procedures. 

5.4 Data collection and processing 

 LiDAR scan was undertaken using an Optech ILRIS 3D (Optech 2006). In normal 

applications this system is currently considered to be a mid-range, mid resolution scanner. In this 

test application, however, the system is used at close range, resulting in a comparatively high 

resolution scan of the rock surface in question. The discussion that follows is also relevant to 

lower resolution scans (in terms of points per square metre) of larger structures from a greater 

distance (to the rock face). The rockface was scanned seven times from three independent 
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locations, which were positioned to enable accurate construction of a 3D composite point cloud, 

through alignment of overlapping point clouds, and to minimize directional bias and occlusion 

(data hidden from the scanner). The locations and the scan identification number (which will be 

referred to throughout this paper) are illustrated in Figure 5-1.  

The independent scans must be filtered, combined (aligned or registered), and evaluated 

for integrity. The data collected for this research were processed using PolyWorks (InnovMetric 

2007), a general-purpose package for range-image processes. The raw point cloud was pixel-

mapped to a photo taken by the ILRIS 3D at the time of the scan. This process, in effect, adds 

spectral information to the LiDAR cloud. This is not an essential process for automated structural 

analysis but adds visual information to aid the user.  

The data was filtered to remove vegetation and other incidental reflections (e.g. passing 

cars, etc.) While not essential for processing, the reduction of unnecessary points increases the 

ability of the computer to complete the required algorithms. Figure 5-3 displays the filtered pixel 

mapped point cloud from 3 scan directions at a single location, M1NE, M2E and M3SE Each 

image has a 40 by 40 degree field of view, the current maximum for the static mode of this 

scanner. While, this scanner can be used with a pivoting base increasing this angular range similar 

to that available to other scanner models, the fixed mode was used here to assess more precisely 

the impact of scanner orientation and location. This composite image contains approximately 3.3 

million points (with global XYZ), with an average point density of 2 points/cm2 in the plane of 

interest. Within the accuracy of the spatial registration process (combining point clouds and 

establishing their position within the global coordinate system), the image shown displays the 

true, relative position of each point within the rockmass in a three dimensional space.  

All seven scans from the three independent locations were aligned (registered) after 

filtering. Precise scan registration was completed and optimized manually with known points of 

reference for this study, although automated procedures are available through most processing 

software. The final composite image contains approximately seven million points, and has a point 
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density of approximately 4 points/cm2 in the plane of interest. Individual point clouds were also 

generated for each scan location. This was necessary in order to evaluate the sampling bias and 

occlusion of structural measurements, based on scan location and orientation. 

5.5 Surface generation and joint identification 

The reconstruction of a point cloud to a surface representation is typically completed to 

reduce the file size, to assist in viewing, and to perform advanced computational analysis. Surface 

generation is typically done by developing a triangulated irregular network (TIN). The specific 

algorithm that controls the TIN development is unique to each computer program. Since the 

purpose of this research is to automatically detect planar surfaces that represent structural 

discontinuities within the rockmass, reconstruction of the point cloud to a polygonal surface 

model is used, followed by a statistical grouping of adjacent, coplanar polygons (triangles in this 

case) into larger planar regions representing individual joint planes (Kemeny et al. 2006a; 

Kemeny et al. 2006b).  

The parameters used to reduce the point cloud to a TIN are critical to the accurate 

representation of true structural planes within the rockmass. The automatic delineation of 

structural discontinuities from a TIN (Kemeny,and  Post 2003; Kemeny et al. 2006) is a process 

that is controlled by three independent variables. The three variables are surface mesh (TIN) 

density, maximum neighbour angle, and minimum patch size. 

5.5.1 TIN element or mesh density 

The surface mesh or TIN is created based on an algorithm that fits a network of 

connected triangles to a point cloud of data. A minimum of 3 point cloud data points accurately 

define a triangular facet within the TIN. It is customary to increase the number of data points per 

triangular facet beyond this minimum in order to obtain an efficient mesh for discontinuity 

analysis.  
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For the purpose of this research, the point cloud was reconstructed to a TIN-surface using 

Split-FX software (Split Engineering 2007)  following procedures described by Kemeny et al. 

(2006a). The generation of the TIN within Split-FX is controlled by the desired number of points, 

on average, that will be used to construct an individual cell grid within the surface. Figure 5-4 

illustrates two surfaces generated from the same point cloud using two different densities. The 

point cloud used to develop the surface is displayed in Figure 5-3. 

 

Figure 5-3: Pixel mapped LiDAR data collected from scan locations M.1.NE, M.2.E and 
M.3.SE. The inset photograph shows the Optech IlRIS scanner used to collect the data. 

 
Figure 5-4: Example surfaces generated in Split-FX using, on average: a) 109 points per 
grid cell, and b) 598 points per grid cell. 

A sparse TIN will smooth over corners and edges and create inaccuracies in plane 

representation. A dense TIN will be affected by data noise. At low mesh densities, the surface 

generated is over-simplified and minor edges are lost, as they become smoothed in with adjacent 
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data. The detected planes are not representative of the actual discontinuity surfaces, because the 

orientation of each triangle within the TIN is averaged over an unrealistically large area. 

Conversely, as mesh density increases in excess of an optimal value, the triangles that represent 

the joint surface topography contain orientation data noise due to inaccuracies in the point 

location and the lack of averaging.  

Split-FX program was also used to automatically identify the visible planar surfaces 

created by structural discontinuities. The optimal value for mesh density can be derived by 

analysing the number of discontinuity surfaces automatically defined at different densities. As 

shown in Figure 5-5a the optimum number of points per grid cell would appear to be just above 

the bend in the trend line. This is confirmed by a visual comparison of the automatically 

processed joint data (stereonets) to the conventionally mapped data in Figure 5-2. An example 

quantitative comparison between the conventional data and the automated mapping data is shown 

in Figure 5-5b.
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Figure 5-5a) Discontinuities generated using Split-FX, depending upon the point density, 
and the number of co-planar triangles required to define a discontinuity surface. The 
structural data generated, for the case of 10 triangles per discontinuity, is plotted on the 
stereonets shown. b) Percentage of automatically generated joints (based on 10 triangles per 
discontinuity) that fall within 2 standard deviations of cluster means (based on 
conventionally mapped data) shown in Figure 5-2. 
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5.5.2 Limits of coplanarity 

When classifying independent triangles into a planar surface it is necessary to determine 

when two adjacent TIN surfaces should be considered co-planar (as determined by co-linearity of 

adjacent plane normals (Douglas and Peucker 1973; Split Engineering 2007 ) as shown in Figure 

5-6). A maximum angular deviation between the normals of adjacent triangles is specified by the 

user. The determination of an appropriate value to be used can be resolved through a sensitivity 

analysis considering a compromise between data noise and data loss. For the work demonstrated 

in this paper, a maximum inter-normal limit of 8O, for triangles defined as co-planar, was found to 

be optimum given the planarity of joints in this rock face. More undulating joints may require a 

larger angular tolerance for consistent joint association. LiDAR quantification of undulation is the 

subject of a future study.

 

Figure 5-6: Illustrative example of normal vectors that are used to define whether or not 
two adjacent triangles are to be considered co-planar. 

5.5.3 Minimum patch size 

In the methodology of Kemeny et al (2006a) it is important to determine the minimum 

patch size, defined here as the definition of a single measureable discontinuity in terms of the 



Geotechnical Applications of LiDAR Pertaining to Hazard Evaluation 

102 

minimum number of TIN surfaces required. A smaller minimum number results in data noise, 

while a large minimum results in the exclusion of real joint surfaces from the final data set. The 

threshold for joint definition is defined by the user and needs to be optimized. This particular 

parameter may need to be optimized for every site location that has a different joint character 

(just as a conventional mapper might decide on a minimum trace length to map – smaller for 

smoother outcrops and larger for blocky faceted outcrops). A comparison of results for three 

different settings for this parameter (number of triangles per discontinuity) is shown in Figure 5-

7. A quantitative comparison is illustrated in Figure 5-8. 

 

 
Figure 5-7: Percentage of automatically generated joints (based on density of 120 points per 
grid cell) that fall within 2 standard deviations of cluster means (based on conventionally 
mapped data) shown in Figure 5-2. 

5.6  Data interpretation and observations 

The trends summarized in Figure 5-8 illustrate the optimization of the automatic 

discontinuity generation for differing mesh densities. A number of other factors affect the 

accuracy of the LiDAR based mapping program whether the data is subsequently processed by 
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manual joint identification or by an automated method such as the one discussed here. In the case 

described here, 120-160 points per grid cell, 8 degree limit on coplanarity and a minimum of 10 

patches per joint were used for the mapping and joint reduction. 

5.6.1 Scan orientation bias and occlusion 

The orientation of the scan with respect to the rockmass greatly affects the ability to 

generate accurate structural datasets. To demonstrate the effect of orientation with respect to 

automated discontinuity detection, seven scans, from three locations, were conducted at different 

angles to the rockmass, as illustrated in Figure 5-1. The scan alignments were manually optimized 

with respect to north and with respect to each other using known reference points and surveyed 

orientations within the scan window. 

The relationship between joint orientation and scan direction controls the user’s ability to 

determine representative and statistically accurate structural discontinuity measurements, as was 

also found by (Sturzenegger 2007b). Conventional bias in joint mapping results when joints that 

are sub-parallel to the mapping line or surface are underrepresented in the dataset. This bias can 

be removed using the classic trigonometric correction introduced by Terzaghi (1965).  

In LiDAR surveying, a second bias is introduced. Joints that are approximately parallel to 

the direction of the scanning laser will be occluded, or shadowed, and underrepresented, in the 

resultant point cloud. A mathematical correction for this bias can be introduced following similar 

logic to Terzaghi (1965). Both corrections are important for accurate representation (in terms of 

dominance) of joint planes as well as assessments of block definitions from linear traces as per 

Kemeny et al. (2005). 
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Figure 5-8: Mesh optimization based on discontinuity generation and mesh density. The 
lowest curve represents the largest minimum discontinuity area requirement. 

Occlusion, however, can only be corrected through multiple scan locations. Occlusion is 

the effective hiding of exposed surfaces due to a single line of sight observation. To demonstrate 

the effect of orientation generated occlusion, three stereonets have been generated, each based on 

data collected from the individual scan locations. Figure 5-9 illustrates how the different scan 

locations affect the discontinuity analysis. Comparison of this data with the conventional mapping 

data contained in Figure 5-2, reveals that Joint Set 2 is completely absent from the data collected 

from location N1E + N2SE (Figure 5-9a). There is substantial variability in the Joint Set 1 data 

collected from location S1NE + S2E (Figure 5-9c). Figure 5-9b shows data collected from the 

“ideal” (M1NE+M2E+M3SE) scan location, if only one scan is able to be conducted. There is 

significantly less occlusion than at the other two locations due to orientation of the discontinuity 

surfaces with respect to the scanner location and orientation of the three scans. 



Geotechnical Applications of LiDAR Pertaining to Hazard Evaluation 

105 

 
Figure 5-9: Structural data generated from scan locations: (a) N1E and N2SE, (b) M1SE, 
M2E and M3NE, and (c) S1NE and S2E, as shown in Figure 5-1. 

5.7 Comparison of automated measurements to field mapped measurements 

Data collected using LiDAR were compared with data collected in the field using 

traditional methods. Figure 5-10a shows the data collected using conventional geomechanical 

field mapping techniques, while Figure 5-10b shows the data generated with data collected from 

the combination of all seven scans. 

 

Figure 5-10: Comparison between the discontinuities generated from conventional field 
data and the automated data generated using 7 combined scans and processed with 120 
points per grid cell, inter-normal limit of 8 degrees and minimum patch size of 10 triangles 
per discontinuity. 

The data produced by Split-FX using the LiDAR data shows significantly more scatter in 

comparison to the field mapped data. Comparing the mean poles in each case, Joint Set One 

displays a 7o plunge and a 6o difference in the trend. Joint Set Two (vertical) displays a 1o 
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difference in plunge and a 4o difference in the trend. Joint Set Three displays a 10o difference in 

plunge and a 6o difference in trend. Set Two, however, displays significant scatter in the LiDAR 

survey. This set is sub-vertical and sub-perpendicular to the face, resulting in limitations to 

accurate plane definition at the processing stage. In addition, the relief created by this joint set is 

less than the others in this particular rockmass, decreasing the area of each visible joint surface 

available for meshing. While the mean is comparable to the field mapping, the variability within 

this data set is problematic. In addition, a systematic deviation (rotation) of 4 to 6 degrees is 

apparent in the mean trends. This could be the result of a number of field setup issues including, 

positioning and calibration of the tilt and rotation device in use with the LIDAR system, or 

inclination errors affecting the manual mapping. All of these problems can occur during a field 

campaign and need to be carefully considered during setup. The deviation in plunge could result 

from issues related to the vertical meshing of the LIDAR point cloud given that a survey from 

multiple elevations was not possible and a vertical bias is likely. 

5.8 Conclusion 

This paper discusses fundamental concerns related to geotechnical mapping of LiDAR 

data and presents an optimization methodology for laser-scanning with the intention of 

geotechnical analysis. The methodology is focused around the correct selection of scan locations 

and efficient analysis. It also provides the user with a fundamental awareness of occlusion, or at 

least the ability to recognize when a LiDAR generated dataset might produce biased results. 
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Chapter 6: Bias correction for view-limited LiDAR scanning of rock 

outcrops for structural characterization 

6.1 Abstract 

LiDAR is a remote sensing technology that uses time-of-flight and line-of-sight to 

calculate the accurate locations of physical objects in a known space (the known space is in 

relation to the scanner). The resultant point cloud data can be used to virtually identify and 

measure geomechanical data such as joint set orientations, spacing and roughness. The line-of-

sight property of static LiDAR scanners results in occluded (hidden) zones in the point-cloud and 

significant quantifiable bias when analyzing the data generated from a single scanning location. 

While the use of multiple scanning locations and orientations, with merging of aligned 

(registered) scans, is recommended, practical considerations often limit setup to a single location 

or a consistent orientation with respect to the slope and rock structure. Such setups require 

correction for measurement bias. Recent advancements in LiDAR scanning and processing 

technology have facilitated the routine use of LiDAR data for geotechnical investigation. Current 

developments in static scanning have lead to large datasets and generated the need for automated 

bias correction methods. In addition to the traditional bias correction due to outcrop or scanline 

orientation, this chapter presents a methodology for correction of measurement bias due to the 

orientation of a discrete discontinuity surface with respect to the line-of-sight of the LiDAR 

scanner and for occlusion.  Bias can be mathematically minimized from the analyzed 

discontinuity orientation data. This chapter represents the second of two chapters associated with 

data processing and interpretation as outlined in Chapter 1.  
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6.2 Introduction 

Geotechnical investigation of rock outcrops at the preliminary stage typically involves the 

identification and evaluation of discontinuity surface orientation and frequency measurements. A 

geological discontinuity, according to Priest and Hudson (1976), is a mechanical break or 

physical interruption of a continuous rock material. A discontinuity typically manifests in a rock 

outcrop as a fault, joint, bedding surface, or a blast damage fracture. The ability to properly 

identify, and accurately measure, the orientation and frequency of visible discontinuity surfaces in 

a rock outcrop greatly aids in the capacity of the evaluating engineer to determine the kinematic 

stability of a rock outcrop (Baecher 1980; Baecher 1983; Goodman 1980). The spatial interaction 

of discontinuity sets and discrete features within a rockmass inherently control the kinematic 

mode of failure, whether it is: sliding, wedge, topple, or ravel. These interactions can be 

visualized, classified, and quantified by plotting discontinuity orientation information on a 

stereonet or performing cluster analysis on vector data (Hammah and Curran 1999). Therefore, 

the ability to accurately measure and quantify discontinuity orientations, and to provide an 

accurate assessment of relative joint set occurrence and potential dominance, without bias is 

critical to a geomechanical stability evaluation. Two biases commonly encountered when 

evaluating discontinuities is under-sampling of orientations at particular orientations and true 

spacing. This chapter will focus on the bias associated with the under-sampling of discontinuity 

orientations when extracting features from static LiDAR data generated from a single scanning 

location. Information regarding variability and bias associated with spacing can be found in 

Peacock (2006). 

State-of-practice guidelines suggest that when scanning for geotechnical investigation of 

a rockmass for geomechanical evaluation that the outcrop be scanned from multiple locations and 

the resultant datasets be merged to minimize occlusion (Kemeny and Turner 2008). When the 

survey team is capable of completing this objective, the line-of-sight bias, as proposed in this 
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chapter, will be minimized. However, often due to the logistics of the site under investigation, 

multiple scanning locations are not be possible. Such instances are high traffic trasportation 

corridors or rugged mountainous terrain. In such instances the information and measurements 

derived from the static LiDAR must be corrected to account for the line-of-sight and distance 

bias. 

6.2.1  Discontinuity measurements 

Discontinuity orientations (strike/dip or dip/dip direction) are typically measured at the 

rock face using a compass and inclinometer. Measurements are often collected using a scanline 

method, as illustrated in Figure 6-1a, in which every discontinuity surface that intersects a 

predetermined virtual line on the rock outcrop is measured, other methods involve window, cell 

and borehole mapping.  Light detection and ranging (LiDAR) is remote sensing digital imaging 

technology that has the capability to produce high-resolution virtual 3-dimensional (3D) point-

clouds of rock outcrops (or any visible object). Through visualization and manipulation of the 

point-cloud, the orientation of discontinuity surfaces can be measured, as illustrated in Figure 6-

1b. Through the identification and selection of data points in the LiDAR data suspected to 

represent a discontinuity surface, planar surfaces can be fit to the points – and orientations can be 

calculated. This process can be completed through automated (Slob et al. 2005) or manual 

processes (Sturzenegger and Stead 2009a). While the focus of this chapter pertains to the under-

sampling of discontinuities as a result of occlusion in LiDAR data, the accuracy of individual 

orientations measurements made from LiDAR data remains critical to a complete and accurate 

analysis, as discussed in detail by Ferrero et al. (2009) and Roncella and Forlani (2005). 
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Figure 6-1:(a) Traditional scanline-mapping along an open pit bench face at the IOC mine 
in Labrador, Canada; (b) digital analysis of structural discontinuities performed on LiDAR 
data, the upper image illustrates two benches with numerous identified discontinuity 
surfaces, the lower images illustrates a zoomed in view of the upper image from two 
different look directions to illustrate the 3D nature of the data. 

Numerous engineers and geologists have proven the use of LiDAR data to be a safe, 

timesaving, reliable, and accurate technology to assist in the evaluation of rock outcrop structure 

(Abellan, et al. 2009; Feng and Roshoff 2004; Lato, et al.,2009; McCaffrey, et al. 2005; Park, et 

al. 2008; Sturzenegger and Stead 2009b; Trinks, et al. 2005; Turner, et al. 2006). The use of 

LiDAR equipment as a geomechanical evaluation tool relies on the ability of the engineer to 

accurately measure discontinuity orientations and define joint sets from the collected data. The 

accuracy of LiDAR data has been proven acceptable for survey practice (Mechelke, et al. 2007) 

and geological feature extraction and modelling (Buckley, et al. 2008). Other remote sensing 

technologies, such as digital photogrammetry, provide the engineer a with similar ability to 

virtually extract and measure discontinuity surfaces (Haneberg 2008; Kemeny et al. 2007; 

Kemeny and Post 2003) or traces (Reid and Harrison 2000). A detailed overview of both 

technologies by Kemeny and Turner (2008) compares the two technologies and outlines 

advantages and limitations with respect to data collection, accuracy and processing.  

However, there currently exist no practical scanning guidelines for optimal data 
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collection with respect to structure orientation or post-processing guidelines to account for bias 

(Sturzenegger, et al. 2007), where full angular coverage is not possible.  

This chapter will briefly explain how static LiDAR data is collected for geomechanical 

evaluation and an in-depth discussion on how orientations are measured, how occlusion can be 

limited during data collection, and how the line-of-sight and distance bias corrections should be 

implemented. 

6.3 LiDAR data collection 

LiDAR is a range-based imaging technique that can produce tens to hundreds of 

thousands of referenced 3D locations per second. It uses the reflection of a focused light beam, 

typically a laser, off objects in space to accurately calculate their location in reference to the 

scanning lens (Amann, et al. 2001). The result of a single static LiDAR scan is a point-cloud 

typically consisting of tens of millions to billions of points. Each point in the point-cloud contains 

information regarding its location in a 3D XYZ coordinate system.  

LiDAR data are typically coloured based on the intensity of the return (reflectivity of the 

material as measured by the scanner) or red-green-blue (RGB) values from a coincident digital 

photograph. Figure 6-2 illustrates LiDAR data collected by a Leica HDS 6000, Figure 6-2a 

illustrates data coloured by the intensity of the return and Figure 6-2b illustrates data coloured 

with associated RGB values.  



Geotechnical Applications of LiDAR Pertaining to Hazard Evaluation 

112 

 

Figure 6-2: Minimally occluded point cloud of a 5 m (tall) by 15 m (wide) rock outcrop on 
the side of Highway 15 near Kingston, Ontario coloured by intensity (a) and associated red-
green-blue values (b) (note local occlusion at top left). 

6.3.1 Areal sampling 

The ability of the scanner to identify and measure a return depends on the reflectivity of 

the material as well as the angle of incidence between the scanner and the surface. The reflectivity 

of a material cannot be altered without changing the surface characteristics; therefore this 

limitation of LIDAR scanning can only be adjusted by using different LiDAR systems with a 

different laser wavelength (colour) and/or strength. However, the user can control the second 

limitation (angle of incidence) when the scanning is being conducted. As the angle of incidence 

increases between the line-of-sight of the scanner and the physical object it is measuring, the 

effective spacing of the laser spot increases (due to angular resolution and smearing) and the 
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probability of return decreases (due to increased reflected light scatter). This situation results in 

sections of the point-cloud with lower densities. As the scan density decreases, the ability to 

visualize and delineate discontinuity surfaces decrease.  At the processing stage, the probability of 

joint detection, during virtual mapping, is a direct function of the LiDAR point density within the 

visible joint surface. Figure 6-3 illustrates the scan density on a planar object with a constant 

surface area (600 cm2) when scanned from different look angles. This test was completed in a 

controlled laboratory setting. The data were collected using a Leica HDS 6000 and analyzed in 

Cyclone 6.0 (Leica Geosystems HDS LLC 2009).  

 

Figure 6-3: LiDAR test data graphing point density as a function of the look angle of the 
scanner. Inset diagram illustrates the laboratory setup for one series of scans. 

6.3.2 Orientation detection 

When analyzing LiDAR data for discontinuity orientations, the angle between the 

discontinuities’ surface normal and the line-of-sight of the scanner will produce biased results. As 

the angle between the discontinuities’ surface normal and the line-of-sight of the scanner 

approach 90O the bias will be maximized and the discontinuity will be under-sampled. This 

practically means that when the strike of a discontinuity surface approach parallel to the look 
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direction of the LiDAR scanner it will not be sampled and therefore be occluded in the point 

cloud. If the discontinuity surface is occluded, it will be undersampled and misrepresented on a 

stereonet.  

Although LiDAR data can be collected from static or mobile platforms; data used for 

geological discontinuity analyses are most often collected using static equipment mounted on a 

tripod. All data in the resultant point-cloud represent surfaces that are within a direct line-of-sight 

of the scanning lens. This results in the production of datasets with physically occluded zones due 

to the inability of the LiDAR to “see” around rock faces (or physical impediments). This property 

of static LiDAR scanning is simplified and illustrated in Figure 6-4. Figure 6-5 illustrates two 

views of the same outcrop from two user-defined perspectives; the figure illustrates the concept 

of line-of-sight occlusion.  

 

Figure 6-4: Line-of-sight visibility of discontinuity surfaces from a single location LiDAR 
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scan. 

 

Figure 6-5: Raw point-cloud image of a rock outcrop from the viewpoint of the scanner (a) 
and an oblique angle to the scanner line-of-sight (b) of the same outcrop data as illustrated 
in Figure 6-2. 

To minimize occlusion, LiDAR-generated point-clouds collected from different locations 

(therefore different lines-of-sight) that contain sections of the same scene can be combined based 

on GPS coordinates, survey targets, and/or common features although this is not always possible 
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within physical constraints. 

6.3.3 LiDAR data for geomechanical evaluation 

Numerous geotechnical researchers and practicing engineers have used LiDAR-generated 

point-clouds to aid in field investigations. Geomechanical evaluations conducted using LiDAR 

data focus on the ability to measure the orientation of discontinuity structures, their frequency, as 

well as the roughness, persistence and aperture of the discontinuities. The applications that result 

from the ability to assess these virtual features include rockfall modelling (Lan, et al. 2007), 

vehicle line-of-sight (Mekni, et al. 2008), tunnel progress and stability (Fekete, et al. 2009), and 

rock block shape and size analysis (Lato, et al. 2007). The key to conducting accurate models and 

the analyses listed rely on the quality of the input data. If the results of the preliminary 

discontinuity detection and analyses are biased due to the inherent data collection properties of 

static LiDAR, the advanced geotechnical applications will in turn be biased and inaccurate. 

6.4 Accountable biases in geomechanical evaluation 

Stereonet analysis of discontinuity data to delineate possible kinematic instabilities is a 

statistical approach that relies heavily on grouping clusters of orientation into sets – commonly 

known as joint sets or families. If a particular joint set is for one reason or another excluded from 

the measurement data it will, as a result, not be included in the stability analysis. Both hand-based 

and virtual point-cloud mapping methods can result in biased orientation data and resultant 

misidentification of joint sets and rockmass stability.  

Geotechnical analysis of discontinuity structure from LiDAR data can be affected by 

three independent biases. The first source is the trace exposure bias, arising due to the intersection 

angle between the joint surface and the borehole, scanline or outcrop face, which is traditionally 

corrected according to Terzaghi (1965). The second source is the angular relationship between the 

orientation of the discontinuity surface normal and the line-of-sight of the LiDAR scanner; the 
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third source of bias is controlled by the distance of the scanned joint from the scanner.  The 

spatial (or angular with respect to the scanner) limits of the outcrop must be taken into account 

when applying these two LiDAR biases. All three biases can affect the quality of discontinuity 

orientations evaluated from single-setup static LiDAR data.  
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6.4.1 Traditional bias: The Terzaghi Bias 

The Terzaghi bias correction (Terzaghi 1965) corrects for trace exposure bias on planar 

outcrops, utilizing the fact that as the discontinuity surface normal becomes increasingly parallel 

to the outcrop orientation the discontinuities’ observed spacing will increase. As a result the 

discontinuities’ probability of being sampled decreases, resulting in an under-sampling of the 

discontinuity. The percentage of discontinuities sampled is a function of the intersection angle 

(Figure 6-6) the corresponding corrections are plotted in Figure 6-7. This is also applied to 

scanline and borehole mapping and is referred to as the linear sampling bias (Park and West 

2002). The individual measurements are corrected as a function of the sin of the angle between 

the discontinuity normal and the sampling direction (Figure 6-6). This correction methodology is 

widely accepted and automatically implemented in programs such as Dips (RocScience 2006). 

The inverse correction can be used to calculate true spacing from apparent joint trace separation 

(viewed on the outcrop).

 

Figure 6-6: The Terzaghi bias associated with boreholes/scanline mapping (a) and planar 
outcrop window mapping (b). 
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Figure 6-7: The Terzaghi Bias correction factor. 

 

The Terzaghi bias is corrected for by increasing the weight of discontinuity surfaces 

underrepresented on a stereonet with respect to an outcrop face direction. Example weights 

applied for an arbitrary Terzaghi bias correction are illustrated in Figure 6-8. This figure 

illustrates a planar analysis conducted on an outcrop with a surface orientation of (trend/plunge) 

060/0 (Figure 6-8a) and 060/60 (Figure 6-8b). The dark-coloured zones represent specific 

orientations of poles that will be under-sampled and require the greatest correction.   
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Figure 6-8: Terzaghi bias visualized on a stereonet for a sample face at an orientation of 
(trend/plunge) 060/0 (a) and 060/60 (b). 

6.4.2 LiDAR bias 

Two additional biases (line-of-sight, and joint distance variability) are only associated 

with discontinuity orientation data derived from static LiDAR data collected from a single scan 

location or linear track (in the case of mobile LiDAR). This chapter focuses on the applied 

correction for to the line-of-sight bias and joint distance bias.  

6.4.2.1 Line-of-sight bias 

Line-of-sight bias is affected by the location of the LiDAR scanner and the discontinuity 

surface orientation as shown in Figure 6-9. 
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Figure 6-9: (a) Relationship between data density and angular line of sight between the 
scanner and the surface normal (b) relationship between data density and distance of an 
orthogonal surface to the scanner. 

In a LiDAR scan taken from a static location the orientation of the scanner resides at the 

point (0,0,0) in a relative 3D coordinate system. The density of points on a given planar 

discontinuity surface is proportional to the angle between the discontinuity normal and the 

scanners’ line-of-sight, as illustrated in Fig 9b (also referred to as the angle of incidence between 
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the scanner and the discontinuity surface).  Although the data density as collected from a LiDAR 

scanner is dependent on sampling interval variability, beam divergence, and angle of observation 

(Lichti Jamtsho 2006), only the angle of observation is critical for practical analysis or relative 

point density. The functions derived and correction factors are general although the absolute point 

density values presented are specific to the Leica HDS 6000 scanner when scanning at a constant 

sampling interval.  Different LiDAR scanners may require calibration before correction functions 

are established.  

The data presented in Figure 6-9b) are normalized from Figure 6-3 in order to account for 

distance between the scanner and a planar object of a constant area in accordance with the 

function derived in Fig 9b and discussed presently.  The normalized results are plotted as a 

function of maximum possible density, which would occur if the target were to be placed in the 

direct line-of-sight of the scanner a consistent distance from the source. The correction for data 

density relative the plane would be directly related to the correction for planar detection 

probability in the processing phase. The correction is a simple trigonometric correction: 

€ 

Dang = Ddist cosβ 

Equation 6-1: Relative density on a plane at a specific angle from the orthogonal direction 

Where β is the angle scanners’ line-of-sight and the surface normal, Ddist is the point 

density at a specified distance for an scanner beam orthogonal to the joint surface and Dang is the 

corrected point density 

As the angle between the line-of-site and the surface normal is reduced to zero, the bias 

(in favour of detection) is maximized. As this angle approaches 90O the joint surface is “edge-on” 

with respect to the scanners’ line-of-sight and detection of the discontinuity is prevented. As 

illustrated in Figure 6-10b, scan direction one demonstrates the inability of the sensor to “see” 

discontinuities with normal vectors perpendicular to the line-of-sight of the scanner; this is 

contrary to traditional mapping in which these discontinuities are the most readily recorded. On 

the other hand, scan direction two can easily “see” the same discontinuities, which are 
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unobserved by scan direction one. Once the discontinuity surface is regenerated from the point-

cloud data (through manual or automated detection methods), the line-of-sight bias can be 

rectified.  

The Terzaghi bias on the other hand under-samples fractures with normal orientations 

oblique to the orientation mapping direction, as illustrated in Figure 6-10a&b. It is interesting to 

note that the line-of-sight bias works in opposition to the traditional bias introduced by mapping a 

planar outcrop (Terzaghi 1965), as illustrated in Figure 6-10c&d in comparison to Figure 6-8 

 

 
Figure 6-10: Top: Illustrative schematic of traditional field-based mapping  (a) versus 
LiDAR surface detectability from a scan direction (line-of-sight) perspective (b). Bottom: 
Probability of detectability for discrete discontinuity poles when the scanner’s line-of-sight 
is (trend/plunge) 060/0 (c) and 060/60 (d). 
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6.4.2.2 Joint distance bias 

The ability to identify and digitize a discontinuity surface from LiDAR data is a function 

of angle as stated above, as well as the normal distance between the scanner and the discontinuity. 

The scanner sweeps through a spherical arc using projected ray paths. As such, as the distance 

between a surface and the scanner increases linearly the point density decreases as in inverse 

square function, as illustrated in Figure 6-9b such that: 

€ 

Ddist = D1X
−2  

 or 
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Ddist = DL
L
X
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Equation 6-2: Relative point density as a function of distance from the scanner compared to 
a constant surface 

Where Ddist is the density of points on a unit are at a distance of X from the scanner and 

D1 is the density of points (points per area) on an orthogonal surface at 1m from the scanner. 

Alternatively, DL is the mapped point density on an orthogonal surface L(m)  from the scanner. 

Note that the effects of dot size (which increases away from the scanner) is not considered here 

but that this will only introduce deviations from this theoretical function at large distances. 

Referring to Figure 6-3, it is now possible, for a planar outcrop scanned from a single 

location, to correct for both distance and relative angle of discontinuities, assuming that the loss 

of data density on a joint surface directly influences its probability of detection using either 

manual or automated planar search techniques for virtual joint mapping. Combining equation [6-

1] and [6-2]: 

€ 

Dcorrected

DL

= cosα( )2 cosβ  

Equation 6-3: Correction function to reduce distance and occlusion bias 

Where L is the shortest distance between the rock face and the scanner, DL is the point 

density at an orthogonal plane a distance L from the scanner, α is the angle of the scan line from 
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the reference orientation (L) and β is the relative angle between the joint normal and the line of 

sight (requires additional geometric calculation based on joint orientation and relative XYZ 

locations of scanner and joint centroid).  

Assuming a reference joint orthogonal to the scanner and at a minimum distance to the 

scanner (reference point density, DL corresponds to a weighting of 1), the weighting, W, to be 

applied to an individual joint in a database to correct the probability of detection is the inverse of 

Equation 6-3 or: 

€ 

W = cos−2α( ) cos−1 β( ) 

Equation 6-4: Weighting applied to a discontinuity at a specific orientation and distance to 
minimize the overall bias. 

For practical application, a cap must be placed on the weighting, as distant joints or with 

their planes parallel to the line of sight will have a near-infinite weighting. 

6.4.3 Field of view bias 

In reality, joints are dispersed throughout the rockmass and will be viewed by a LiDAR 

scanner at many unique orientations as the scanner collects data in a spherical manner about its 

axis. The field of view bias suggests that discontinuity surfaces which are not visible due to line-

of-sight directly in front of the scanner will become visible as the scanner looks to the right and 

left, and up and down of its centre. This results in discontinuity surfaces that are occluded when 

positioned directly in-front of the scanner, but gradually become visible as the incidence angle 

between the scanner and the plane of the rock outcrop surface increases and vice versa.   

A complete correction involves averaging the weights (Equation 6-4) of all possible joint-

scanner angles and all relative joint-scanner distances from one set and applying the new mean 

correction factor. This theory is explained in detail in Section 6.4.4 using actual data. 

6.4.4 Optimizing scan locations 

Similar logic used to determine the occlusion of individual surfaces from a known 
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scanner location can be applied to estimate the probability of detection or occlusion of joint 

families of known orientations within a particular outcrop.  The results can be visualized on a 

stereonet and used to aid the field engineer when planning to scan the outcrop using static LiDAR 

equipment, especially when the variability and number of scan locations are limited. Fig 11 

illustrates the probability that a discontinuity of a specified orientation will be occluded when 

scanning from any discrete orientation on the stereonet.  The light colours illustrate optimal 

scanning locations to minimize occlusion on all joint surfaces. Locations around the outside of the 

stereonet (cardinal points) represent locations where the scanner is looking horizontally at the 

middle of the outcrop. Lighter shading represents a more optimum average scanning orientation 

(relative to the global reference). It is evident in both Figure 6-11a&b that there are no pure 

“white” zones, indicating that at any chosen scan location there will be minor occlusion present in 

the LiDAR scan data and require bias corrections. 

 

 

Figure 6-11: Optimization of an occlusion-minimized single-scan location based on known 
joint set orientations, three unique sets (a) and four unique sets (b). 

6.5 Field identification and correction 

The logic and theoretical evidence presented throughout this chapter was tested on 

LiDAR data collected using a Leica HDS 6000, along Provincial Highway 15 roughly 100 km 
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southwest of Ottawa, Ontario. The data were collected, processed and analyzed from a single scan 

location in order to achieve maximum occlusion and potential bias in the resultant data. Figure 6-

12 illustrates the roadside rock outcrop (Figure 6-12a), oriented 060/70 (trend/plunge of normal) 

and parallel to Provincial Highway 15. The filtered points (passing cars removed from the 

dataset) visualized in Cyclone (Leica, 2008) and coloured by intensity are shown in Figure 6-12b. 

The photograph and image of the point-cloud are taken from the viewing direction of the Leica 

HDS 6000.  

The orientations of discrete planar discontinuities were analyzed from a tessellated 

polygonal mesh of the LiDAR data generated in PolyWorks (InnovMetric 2009). The mesh was 

generated using a maximum triangle size equal to the raw data point spacing on the outcrop face 

to avoid filling in occluded zones by interpolation of the software. The workflow consists of 

visually identifying the discontinuity, fitting a plane to the observed area of the discontinuity, and 

converting the unit normal vector of the discontinuity to its trend and plunge with respect to true 

north. The calculated orientation data are analyzed on a stereonet to determine joint families 

based on concentrations of poles. The individual joint poles need to be weighted in order to 

remove the bias that affects the delineation and ranking of joint clusters or sets.  
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Figure 6-12: Photograph (a) and raw point-cloud (coloured by intensity) (b) of a rock 
outcrop viewed from the scanner’s line-of-sight. 
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The correction for line-of-sight bias only (assuming a narrow scan range and a constant 

distance to the joint) is shown in Figure 6-13. 

 

Figure 6-13: Stereonets of discontinuity orientations analyzed from the raw point-cloud (a) 
and the discontinuity orientations processed correcting for the line-of-sight bias (b) based 
on the average scanner ray orientation. 

For a scan closer to the face with a wider range of scanning angle, the weighting applied 

is the product of the weighting due to distance from the scanner and the weighting due to relative 

orientation of the joint plane (Equation 6-4). The weighting for a single measurement is in turn a 

function of the perpendicular distance to the outcrop (L) recorded at the time of scanning or taken 

from the data cloud (the scanner is at 0,0,0) in a raw scan dataset. The location of the joint plane 

centroid is obtained relative to the scanner position. From this, the line-of-sight angle can be 

determined in relative space, as can the relative angle between the joint normal and this line of 

sight. Equation 6-3 and 6-4 can then be used to determine the weighting for the single 

measurement.  

In order to transfer this weighting to a stereonet, a third adjustment is required.  The 

stereonet plots joint orientations relative to the global reference system. As a scanner sweeps from 

left to right and up and down on the outcrop, a joint plane with the same global orientation 

(represented by a single point on the stereonet) will have a different relative angle to the scanner 

line of sight for each sampling ray (Figure 16-4a).  The correction factor for a single global 
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orientation can be accounted for by averaging the would-be applied weights at all possible 

locations a discontinuity of a particular orientation can be viewed by the scanner. The angular 

range to be considered about the average joint orientation, is based on the horizontal and vertical 

angular look of the scanner to the four corners of the outcrop from its static location as shown in 

Figure 16-4b) and c) for the example in Figure 6-13. 

Care is required to use sampling points distributed evenly on the surface of the sphere 

(Figure 6-14c) and not at equal increments of trend and plunge as the latter sampling will result in 

a correction that is skewed towards the centre of the stereonet as shown in Figure 6-14b. 
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Figure 6-14: (a) scanner look direction to the left and right of center, the solid lines 
represents a discontinuity. To the left of the scanner it is visible, to the right it is occluded; 
thus requiring an averaged bias correction factor; (b) evenly projected discontinuity 
location variability; (c) evenly spaced and weighted projected discontinuity location 
variability. 

The calculations are best carried out by considering a particular joint orientation as a 

representative plane situated directly in front of the scanner at the minimum distance L. An 

angular range can then be added to the trend and plunge of the joint normal corresponding to the 
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relative angles to the four corners of the visible outcrop. The average weighting across this 

angular range (e.g. One of the curvilinear rectangles defined in Figure 6-14b) is calculated and 

applied to the individual joint pole to be used for contouring and cluster identification purposes. 

This process assumes a rectangular shaped outcrop and a uniform distribution of each joint set 

across the outcrop (no rockmass change). In the comparison to data collected using multiple scan 

locations (Figure 6-15), Joint set 3 can be seen to vary within the outcrop. This variability will not 

be captured using the bias correction process described although the relative dominance of this 

joint set is captured. The other two joint sets are accommodated well by the correction process.  

 

Figure 6-15: Structural discontinuity orientations measured from a minimally occluded 
point cloud (a) , which closely match results of the bias corrected stereonet (b). 

6.6 Discussion of implications 

When using results produced through the visual investigation of LiDAR data for the 

measurement of structural orientations of visible discontinuities, occlusion will result in an 

overestimation of rockmass conditions. This holds true because missing structure in any analysis, 

whether it be discrete or families of joints, will increase the RMR (Bieniawski 1989), RMi 

(Palmstrom 1995) or the Q’ (Barton, et al. 1974) value due to an underestimation of the number 

of joint sets present in the rockmass.  

The methodology discussed is an applicable correction for static LiDAR data collected 
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from a single scanning location. This process account for oversampling of discontinuities oriented 

in the direct line-of-sight of a scanner as well as those generally occluded when LiDAR scanning. 

This methodology cannot account for individually occluded discontinuity surfaces, but works by 

increasing the weighing of similarly oriented discontinuities visible in non-occluded section of 

the rockmass.  

LiDAR scanning best practices (Kemeny and Turner 2008) suggest that LiDAR data be 

collected from multiple locations, the data be fused together, and an un-occluded point cloud be 

evaluated. When multiple scanning locations can be established, and the resultant data sets can be 

accurately merged to create an un-occluded point cloud or mesh, the line-of-sight bias correction 

presented in this paper is not necessary. Point cloud data can be combined based on the selection 

of common visible features between both scans, a feature commonly available in all industry 

standard processing software. These algorithms employ the iterative closest point approach (Besl 

and McKay 1992; Zinber et al. 2003; and Bonnaffe et al 2007). 

However, often the spatial setting of a rockmasses under investigation presents a 

logistical challenge to setting up multiple scanning locations. For example: mountainous terrain, 

narrow corridors, high traffic zones, etc. can prevent the scanning team from conducting multiple 

scans. In instances such as these, LiDAR data collected from a single location must be processed, 

and therefore, the bias should be accounted for as presented in this paper.  

The ability to properly weigh the derived discontinuity information extracted from the 

point-cloud will reduce the bias and allow proper reporting of rockmass conditions from remotely 

collected data. As well, the ability to recognize possible zones of occlusion prior to completing 

the scan will enable the engineer to properly pick the location(s) in which the scan(s) will be 

optimally completed.  

6.6.1  Discussion of relief and outcrop size 

Geological factors and the style of the outcrop (blasted, cut, natural, or weathered) 
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control the damage of an outcrop. Outcrop damage refers to the visible depth of the outcrop; a 

low damage outcrop will have a near-2D face while a high damage outcrop would extend away 

from the blasted or cut face exposing discontinuities in 3D, as illustrated in Figure 6-16a and 16-

6b, respectfully. Photographs of extreme versions of low and high damage outcrops are illustrated 

in Figure 6-17a and 6-17b respectfully. 

 

Figure 6-16: Illustrative comparison of low (figures a and b) versus high (figures c and d) 
damage outcrops and the resultant effect on the ability to extract discontinuity information. 

As the damage of the outcrop increases, so does the ability of the LiDAR to “see” 

discontinuity planes on the outcrop surface. Since LiDAR data is not mapped in a scanline 

manner this will favourably bias discontinuity surfaces parallel to the outcrop face as damage 

increases. However, if joints are assessed accounting for error, this bias minimized. 
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Figure 6-17: Photographs of low relief (a) and high relief (b) rock outcrops. 

6.7 Conclusions 

The ability to use LiDAR data to effectively map structural discontinuities has been 

examined, explained, and published by many authors. The common theme among these 

publications is the ability to map individual discontinuities accurately while remaining at a safe 

location with respect to the potential hazard. However, the problem of occlusion due to the line-
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of-sight of LiDAR imaging equipment has not been thoroughly investigated by previous 

researchers. The theories and logic developed in this paper attempt to account for line-of-sight 

bias and joint location variability. 

The mathematical correction proposed will enable the use of static LiDAR data as both a 

spatially-accurate imaging tool but also as a reliable tool for the analysis and extraction of 

rockmass properties related to discontinuity orientation and spacing. This methodology in 

association with extensive previous works completed by Sturzenegger, et al. (2007) will aid in 

developing best practices and the fundamental approaches to the deployment and effective use of 

LiDAR data for geomechanical investigation.  

The aforementioned correction for discontinuity orientations applies to all static scanning 

equipment. However, the corrected weights used are derived based on detailed calibration and 

testing of a Leica HDS 6000 in a controlled setting. Unique properties of LiDAR scanners such as 

angular resolution, laser wavelength, and spot size will change the calculated weights and must be 

determined before correction factors can be calculated. 
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Chapter 7: Evaluating roadside rockmasses for rockfall hazards from 

LiDAR data: optimizing data collection and processing protocols 

7.1 Abstract 

Highways and railroads situated within rugged terrain are often subject to the hazard of 

rockfalls. The task of assessing roadside rockmasses for potential hazards typically involves an 

on-site visual investigation of the rockmass by an engineer or geologist. At that time, numerous 

measurements associated with discontinuity orientations and spacing, block size (volume) and 

shape distributions, slope geometry, and ditch profile are either measured or estimated. The 

measurements are typically tallied according to a formal hazard rating system and a hazard level 

is determined for the site. This methodology involves direct exposure of the evaluating engineer 

to the hazard; as well, it creates a potentially non-unique record of the assessed slope based on the 

skill, knowledge and background of the evaluating engineer.  

Light Detection and Ranging (LiDAR) based technologies have the capability to produce 

spatially accurate, high-resolution digital models of physical objects, known as point-clouds. 

Mobile terrestrial LiDAR equipment can collect roadside data along highways and rail lines at 

flow of traffic speed, scanning continual distances of hundreds of kilometers per day. Through the 

use of mobile terrestrial LiDAR, in conjunction with airborne and static systems for problem 

areas, rockfall hazard analysis workflows can be modified and optimized to produce minimally 

biased, repeatable results.  

Traditional rockfall hazard analysis inputs include two distinct but related sets of 

variables; they can be classified as geologically, or geometrically controlled. Geologically 

controlled inputs to hazard rating systems include kinematic stability (joint 

identification/orientation) and rock block shape and size distributions. Geometrically controlled 
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inputs include outcrop shape and size, road, ditch and outcrop profile, road curvature and vehicle 

line-of-sight. Analysis of a combined geological and geometric input into rockfall simulation 

tools results in path prediction; inputs from both categories can be extracted or calculated from 

LiDAR data, as is demonstrated in this paper. 

The effective use of LiDAR data depends on sound data management protocols, efficient 

processing workflows, and standardized and reliable feature extraction techniques. Unlike manual 

measurements made in the field, all measurements derived from LiDAR data remain part of an 

overall data structure and can be revisited and reinterpreted at a later date. The volume of data 

collected together with processing and storage requirements of LiDAR data require efficient and 

well-managed protocols in order to get results in a timely fashion. This chapter demonstrates the 

use of mobile, static, and airborne LiDAR data, and a reliable rockfall hazard analysis workflow 

based on efficient feature extraction and data management, while considering the survey 

requirements presented by geologically distinct domains. 

7.2 Introduction: rockfall hazards 

 Geological hazards related to ground movement that directly affect the safety of motorist 

and highway infrastructure include, but are not limited to rockfalls, rockslides, debris flows, and 

landslides. This paper specifically deals with hazards associated with rockfalls from cut slopes. 

Natural slopes will be addressed but are not the direct focus of this research. A rockfall is an 

event in which a rockmass fails and a rock block(s) is released and falls under gravity. The rock 

block will free fall, bounce, or roll, depending on the gradient of the slope (Dorren 2003).  A 

rockfall is distinct from a rock avalanche, which typically involves >105 m3 of rock material 

moving with flow-like characteristics (Holm and Jakob, 2009).  

 There are two main challenges of identifying, characterizing, monitoring, and mitigating 

potentially hazardous roadside rockfall through traditional integrated hazard management 

systems. The first involves direct exposure of the engineer to the hazard, and the second involves 
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the bias of the evaluator being incorporated into the ranking of the potential hazard. The bias is 

associated with both the skill of the evaluating engineer as well as the evaluation system 

employed. Through the integration of 3Dimensional (3D) digital techniques such as Light 

Detection And Ranging (LiDAR) into a rockfall hazard evaluation system, both issues can be 

mitigated. Critical to hazard identification is knowledge of lithology, potential failure modes, 

standardized and optimized workflows and data acquisition campaign planning, and LiDAR 

feature extraction techniques.  

 The chapter will begin with an introduction to the concept of rockfall hazard management 

systems; discuss state-of-practice engineering assessment, the influence of geological terrain, and 

address LiDAR as a technology to aid in geotechnical engineering evaluations. This will be 

demonstrated through the use of LiDAR equipment and LiDAR data as a rockfall hazard 

management tool in different geological settings. The focus is on details pertaining to 

optimization of LiDAR scanning and processing procedures for engineering based applications.  

7.2.1 Nature of the problem 

 Modern highways and roadways in countries across the world traverse mountainous 

terrain and are subject to roadside rockfall hazards. Figures 7-1a,b,c display examples of 

highways in Canada, Italy, and Norway in which passing motorists are subject to roadside 

rockfall hazards from the Rockies, Alps, and the Caledonides respectfully. Rockfall events have 

the potential to cause obstruction, damage, and closure to the highway, as well as personal injury 

or death to motorists (Moore 1986; Bunce, et al 1997). Due to modern safety regulations and 

expectations of motorists, rockfall hazard identification and mitigation are integral to 

transportation corridor design and maintenance. 
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Figure 7-1: High rockfall hazard transportation corridors: (a) a highway near Vancouver, 
Canada; (b) a highway near Turin, Italy; (c) a railway near Oslo, Norway. 

 Roadside rockfall hazards typically manifest as rockmass failure along existing 

discontinuities, rock blocks as defined by the intersection of multiple discontinuities, or 

differential weathering and raveling (Maerz 2000; Vanderwater, et al. 2005). Geological 

discontinuities or structures that are typically present in any given rockmass are in the form of 

randomly distributed joints or joint set families, faults, bedding, or cleavage. It is the relationship 

between geological structure, lithology (including rockmass properties), and slope configuration 

that determines potential kinematic instability in a rockmass.  In addition to physical conditions 

and rockmass properties, the environment, climate, seismicity, and presence of water greatly 

influence the stability of a rockmass (Vanderwater 2005).  

7.2.2 Hazard ratings 

 Roadside rockfall hazard detection relies on visual inspection and direct measurement of 

rockmass properties and face geometry by the evaluating engineer. Field measurements typically 

involve joint orientation, length, persistence, roughness, aperture, filling, and shear strength 

(Hunger et al., 2003). However, field measurements and qualitative assessment of rockmass 

properties is subject to personal interpretation and therefore leads to discrepancies when 

comparing rockmasses evaluated by different engineers.  

 As well, the cost of fieldwork and re-visiting sites often prevents duplicate examination 
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of the outcrop to validate the field measurements or monitor change, unless a failure occurs. As 

such, there is demand for the development of 3D digital techniques that can be used to convert 

preliminary traditional field investigation to desktop evaluations, through the use of imaging 

technologies, such as LiDAR.  

There exist numerous actively employed management systems such as those developed 

for the Oregon Department of Transportation – Rockfall Hazard Rating System (RHRS) (Pierson 

1989), the State of Colorado (Stover 1992), Canadian National Railway – Rockfall Hazard and 

Risk Assessment (RHRA) (Bruce Geotechnical Consultants 1997; Pritchard et al. 2005), and the 

Ontario Ministry of Transportation – Rockfall Hazard Rating – Ontario (RHRON) (Franklin 

1997; Materials Engineering and Research Office, no date). Table 7-1 outlines the necessary 

measurements required to perform a detailed rockfall analysis for a given rockmass based on the 

above rating systems.  

Table 7-1: Rockfall hazard rating input parameters. 
     Evaluation Method 

Input Variable Description/use 

R
H

R
S 

R
H

R
A

 

R
H

R
O

N
 

Field 
engineer 

Extracted 
from LiDAR 

Discontinuity 
structures 

Dip/dip direction measurements for 
kinematic evaluation X X X measured measured 

Discontinuity 
spacing 

Distribution of interval between 
discontinuities  X X X measured/ 

estimated measured 

Discontinuity 
persistence 

Persistence and interaction between 
discontinuity sets X X X measured/ 

estimated measured 

Block shape 
distribution 

Distribution of potential failed rock 
block shapes  X  estimated modelled 

Block volume 
distribution 

Distribution of potential failed rock 
block volume X X  estimated modelled 

Curvature Corridor curvature and line of sight 
at any given point X X X estimated measured 

Holistic sense of 
hazard potential 

Intuition or “feel” for the hazard X X X visualized n/a 

Rockfall run out 
distance 

Distance failed rock blocks will 
travel X X X estimated modelled 

Slope angle and 
ditch 
configuration 

Slope geometry and corridor 
interaction X X X basic 

profile 
detailed 
profile 

Zones of 
accumulation 

Zones where failed rock blocks 
accumulate or travel through X X X n/a measured 

Zones of rock 
block release 

Zones where failed blocks have 
been released from X     n/a measured 
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7.2.2.1 Rockfall hazard evaluation foci 

 Rockfall hazard identification and management systems are fundamentally focused on 

providing the field engineer with a methodology to discriminate zones of high hazard from those 

of minimal hazard. This is done through the analysis of four main elements: situation, source zone 

and accumulation, initiation, and runout. By establishing evaluation techniques to quantify each 

element, rockfall evaluation methodologies can be rigorous and comprehensive.  

The spatial interaction between a potentially hazardous rockmass and a transportation 

corridor is determined by assessing the slope, ditch, and road geometries.  

 Rockfall source zone identification is an estimated parameter based on the engineer’s 

intuition regarding the rockmasses history. Periodically, physical evidence is visible in the form 

of unweathered rock, exposed by recent rockfall activity, to aid in the identification of source 

zones. Similarly, accumulation must be recent and visible to be observed by an evaluating field 

engineer. Where recent activity has not occurred, source and accumulation zones may be 

observed, but the frequency and intensity of the events will not be clear. 

Potential for rockfall initiation is analyzed through the use of stereonets and rudimentary 

kinematic stability analyses. Either conducted in the field or on a computer, discontinuity 

orientation measurements, in combination with an estimate of the rockmass strength indicate the 

location of potential kinematic instabilities.  

 Rockfall runout distance is a parameter that is typically estimated in the field through 

observation of accumulated fallen rock fragments and further estimated through numerical 

simulation. The accuracy of runout models is highly dependent on the quality and spatial 

accuracy of the situational geometric data, and developing an understanding of the dynamic 

behaviour of the falling rocks.   

7.2.2.2 Management situation 

 Since the development and adoption of rockfall hazard classification and management 



Geotechnical Applications of LiDAR Pertaining to Hazard Evaluation 

143 

systems in North America, such as those listed in Section 7.1.2, detailed databases of potentially 

hazardous rock slopes have been, and are continually developed through direct inspection by 

trained engineers (Abbott et al. 1998). As a result of these databases, governments have inherited 

an increased amount of responsibility and liability when failures do occur. In Canada, as ruled by 

the Supreme Court of Canada (Sopinka 1989), 

“The province owes a duty of care, which ordinarily extends to their reasonable 
maintenance, to those using its highways. The Department of Highways could readily 
foresee the risk that harm might befall users of a highway if it were not reasonably 
maintained. That maintenance could be found to extend to the prevention of injury from 
falling rock.” 

7.2.3 LiDAR technologies 

 LiDAR is an extremely accurate (Mechelke et al. 2007) rapid distance measurement 

technique that can be used to constrain 3D models of physical objects in their natural environment 

(Buckley et al. 2008; Amann et al., 2001). LiDAR data is collected in the form of point-clouds 

where each point is referenced in an XYZ space. The 3D space can be in a locally defined, site-

specific co-ordinate system, or a global coordinate system such as Universal Transverse Mercator 

(UTM). LiDAR data for structural geological evaluation can be collected from static terrestrial 

sensors mounted on tripods (Sturzenegger and Stead 2009a), low and high altitude aircraft 

(Janeras et al. 2004), mobile terrestrial vehicles (Lato et al. 2009a), and mobile aquatic vehicles. 

If LiDAR data from different systems are collected in common geographic co-ordinate systems, 

data can be fused and viewed (Lato et al., 2009a; Iavarone and Vagners, 2003).  

 In recent years research has led to significant advancement for the employment of LiDAR 

for geological applications (Pringle et al. 2004; McCafrey et al. 2005; Bonnaffe et al. 2007). The 

research of interest pertains to structural geological feature extraction (Vosselman et al., 2004; 

Trinks et al. 2005; Feng and Rӧshoff 2004; Ronella and Forani 2005; Sturzenegger and Stead 

2009b), automated feature extraction (Lato et al. 2008), rockmass deformation (Abellán et al. 

2009; Rosser et al. 2005; Lemy et al. 2006; Donovan and Raza 2008), stratigraphic modeling 

(Bellian et al. 2005), face mapping in underground mines (Lemy and Hadjigeorgiou 2004), and 
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rockfall evaluation and management (Turner et al. 2006; Janeras et al. 2004; Trevisani et al 

2009).    

7.2.3.1 LiDAR data 

 The potential uses of the LiDAR data in geotechnical hazard evaluation include 

geomechanical analysis and differential monitoring, to support or augment traditional road 

geometry surveys. The advantages of implementing LiDAR data for rockfall hazard analysis are 

related to two features intrinsic to the system: superb coverage during data collection creating a 

‘permanent’ record of the rockmass at the time of the survey and analytical flexibility during data 

processing. Furthermore, LiDAR data collection, whether it is mobile or static, airborne or 

terrestrial, does not require the engineer to be directly exposed to the hazard.  

 LiDAR systems typically used for geotechnical application collect range data using one 

of two techniques: time-of-flight or phase-based distance measurements. Static time-of-flight 

systems currently have the capacity to scan at a rate up to 200 kHz, and can image objects at 

distances of 1,500 m. Phase-based systems on the other hand currently scan at rates up to 1,000 

kHz, but they are limited by relatively short maximum scanning distances, which typically fall 

between 80 and 120 m. In either case, the position of the laser scanner needs to be controlled and 

accurately known so that a spatially accurate model can be built. In the case of static sensors, this 

includes only the rotation of the moving mirrors. In the case of mobile systems this includes the 

LiDAR beam as well as the vehicle movement. The accuracy of both ranging technologies is 

similar and depends more on the scanning environment and brand of equipment used. In fair 

scanning conditions typical static LiDAR scanners can achieve a distance accuracy of +/- 2 mm at 

25 m. Mechelke et al. (2007) discuss the accuracy of static terrestrial LiDAR by testing two 

phase-based and two time-of-flight systems.  

Each LiDAR data collection platform and system has advantages and disadvantages in 

terms of accuracy, speed of collection, rate of collection, visualization capability, line-of-sight to 
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objects, and complexity of data processing and analysis. For LiDAR data to be efficiently 

incorporated into rockfall hazard management systems, the data collected must be suitable for the 

type and size of hazard being evaluated.  At sites of high hazard probability, this often means the 

deployment of multiple systems to establish initial conditions from different vantage points, 

followed by temporally staggered continual monitoring.  

 LiDAR data provides the ability to rapidly develop cross-sections, measure essential 

parameters, and classify zones. Basic measurements include, but are not limited to: ditch width 

and depth, slope angle, edge and centre of road. Each of these variables is easily measured from 

automatically generated cross-sections at predetermined intervals.  

 The research conducted to achieve the results presented in this chapter used LiDAR data 

collected by a static Leica HDS6000 (Leica 2007), a static Optech IlRIS 36D (Optech 2008), the 

mobile terrestrial unit Tactical Infrastructure and Terrain Acquisition Network (TITAN) 

(Ambercore 2009a), and a low-altitude helicopter airborne system (Ambercore 2009b), each of 

which are shown in Figure 7-2.
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Figure 7-2: LiDAR systems: (a) long-range static scanner, Optech IlRIS 36D; (b) high-speed 
static scanner, Leica HDS6000; (c) mobile terrestrial scanner, TITAN (left) and low-range 
helicopter scanner, the pod is located at the front of the helicopter (right), note differential 
GPS base station in the foreground of image (c). 

7.2.3.1.1 Static data 

The static systems used in this project were specifically selected for high-resolution 
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geotechnical imaging capability. Both the Leica and Optech IlRIS 36D systems are capable of 

generating high-resolution 3D scenes, which have photorealistic appearance from the direction of 

the scan orientation. The data generated from these systems were used for detailed structural 

analysis and differential monitoring. 

7.2.3.1.2 Mobile terrestrial data 

 A mobile terrestrial system, TITAN, was used in this project to collect entire sections of 

transportation corridors without disruption to regular track schedules or highway traffic. The 

TITAN data were used for identification of hazardous sections along the corridors collected; 

preliminary geomechanical evaluations and rockfall simulations were conducted using these data 

as geometric control. TITAN data were collected from a mobile platform with survey grade 

Global Positioning System (GPS) for positioning (El-Rabbany 2006) and Inertial Navigation 

System (INS) (Yang and Raffell 2006) for control when there was insufficient view of the sky or 

available GPS satellites to constrain the positioning network (Alshawa 2007; Barbber et al. 2008, 

Glennie 2007a and b).  

7.2.3.1.3 Low-altitude helicopter data 

 The airborne system, ALMIS, was employed at low altitudes to generate data with 

maximum density on the ground surface, approximately 10 pts/m2. These data are used for 

developing general overviews of the subject areas as well as identification of scarps, vertical 

cliffs, and possibly active rockfall zones.  

7.2.4 Data fusion 

 LiDAR data, regardless of the collection method, can be combined, integrated, and 

analyzed together, providing geometric matching is possible or GPS control points are available. 

Dynamic platforms such as airborne and mobile terrestrial are always collected in a manner that 

translate to geospatially accurate co-ordinate systems such as UTM as part of initial data 
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processing.  This allows direct integration of these data types (assuming compatible formats and 

relative data accuracy).  

 Static terrestrial data can be collected with or without the aid of GPS. If the data are 

collected with GPS, integration with other geo-referenced sources should be fairly 

straightforward. Static terrestrial data collected without GPS can be integrated with mobile 

terrestrial or airborne methods, as demonstrated by Lato et al. (2009a) and illustrated in Figure 7-

3 (and resultant data presented in Figure 7-4) through the identification and matching of common 

features visible in both datasets. 

 Figure 7-4a illustrates an east looking, oblique aerial view of a site under investigation. 

This site was collected with TITAN and the Leica high-resolution static data (Figure 7-4b & c). 

All data are registered in a common UTM coordinate space. The datasets presented have been 

processed using both Cyclone (Leica 2008) and PolyWorks (InnovMetric 2009) software. These 

datasets will be used for in Section 7.3 for differential analysis.  

 

Figure 7-3: LiDAR data collection platforms: mobile terrestrial, static terrestrial, and 
airborne. 
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Figure 7-4: Data generated from different data collection platforms: (a) oblique view of the 
data from a helicopter scanner; (b) mobile terrestrial scanner, TITAN; (c) profile view from 
data collected from a mobile terrestrial data fused with static terrestrial data, TITAN 
(surrounds) and HDS6000 (detailed path); (d) high-resolution static terrestrial data, 
HDS6000. 
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7.2.4.1 LiDAR rockfall hazard workflow 

 Rockfall hazard management systems determine hazard values, which are calculated 

based on predefined input parameters, such as those listed in Section 7.1.1. The flow chart as 

shown in Figure 7-5 demonstrates a typical rockfall risk management procedure that uses inputs 

derived primarily from LiDAR data. The left side of the chart shows input parameters essential to 

calculating probability of hazard, while the right side illustrates the cumulative hazard 

probabilities that are necessary calculations for determining risk. The philosophy of this system is 

that through the calculation of risk values, independent sites can be compared with one another 

and ranked in terms of severity of rockfall potential so that effective mitigation programs can be 

implemented. The system presented in Figure 7-5 is only a framework; there are no associated 

weighting factors. 

 Figure 7-5 identifies a set of rockfall hazard rating input parameters that can be measured, 

calculated, or modelled directly from sufficiently dense LiDAR data. Conducting digital 

measurements on LiDAR data reduces the possibility of error in measurement technique, 

recording, and data transfer. Additionally, every measurement made from the LiDAR data can be 

inspected or refined at any time in the future.  

 The input parameters defined as calculated in the legend of Figure 7-5 are directly 

determined from the LiDAR data using algorithms commonly available in spatial analysis and 

GIS tools such as ArcGIS (ESRI 2008). In the absence of LiDAR data these would be determined 

using commonly available, small scale, 1:20,000 digital elevation models or would be estimated 

in the field.  Using spatial analysis on dense data ensures that the calculated values are not subject 

to parameters or situations that could possibly introduce sensitivity or variable results, such as 

improper geometries as would be introduced when using low-resolution 1:20,000 data.  

 The input parameters shown as modelled in Figure 7-5 are determined based on the 

integration of the measured values into numerical models. These traditionally modelled values are 
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qualitatively estimated in the field through visual inspection of the rockmass. The use of 

numerical models eliminates observer and access bias associated with field estimation. 

 

Figure 7-5: A typical rockfall hazard management workflow for railways. Inputs are 
shaded according to how the information can be derived from LiDAR data. 

 As demonstrated in Table 7-1, there are benefits and limitations of each evaluation 

method, including traditional field and LiDAR data analyses. This chapter explains LiDAR as a 

technology for geotechnical analysis and demonstrate, in fundamentally distinct rockmasses, the 

ability to use LiDAR for hazard evaluation. 

 The main drawback of LiDAR data is its inability to provide an experienced evaluating 

engineer with a “feel” of the hazard level. However, with advancements in photorealistic LiDAR 

technologies, wherein still or digital imagery is automatically overlaid on the point cloud, this 

will perhaps change. 
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7.2.5 Rockfall evaluation in geological domains 

 Traditional rockfall hazard management systems, through the use of field based rockfall 

evaluation protocols, are designed in a ‘one-size fits-all’ manner. This essentially means that a 

raveling limestone will be evaluated using the same techniques as massively jointed granite or 

steeply dipping shale.  

 Rockmasses can be rudimentarily classified into three distinct groups based on physical 

conditions: layered sedimentary-, low anisotropy-, and high anisotropy- rockmasses. Although 

each group may contain numerous sub-groups, the rockmass behavior and failure mode of each 

general category share commonalities and can be evaluated using similar techniques. When using 

digital methods, such as LiDAR, rockmasses can be classified in terms of failure mechanics and 

evaluated accordingly to optimize processing efficiency.  

7.2.5.1 Horizontally layered sediments 

 Horizontally layered sediments, such as undisturbed limestone, commonly exhibit 

extensive and persistent horizontal jointing crosscut by two sub-vertical discontinuity sets. The 

sub-vertical discontinuity sets commonly terminate at the interface with horizontal discontinuities 

(Priest 1993). These rockmasses, if undisturbed and where the primary discontinuity remains 

horizontal, tend to fail through a raveling process. It is most important to identify incompetent 

layers, source zones, overhangs, and runout paths for these rockmasses.  

7.2.5.2 Low structural anisotropy 

 Low structural anisotropy rockmasses can be sedimentary, igneous, or metamorphic in 

origin. The most discriminating classification feature of such rocks is three discontinuity sets with 

mutually orthogonal orientations. These orthogonal discontinuity sets tend to produce blocky 

rockmasses. These rockmasses when observed on surface, such as, along transportation corridors, 

typically fail on existing structure in a kinematically predictable fashion. Thus it is critically 
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important for the evaluating engineer to measure discontinuity orientations, spacing, and 

persistence to assess the potential hazard.  

7.2.5.3 High structural anisotropy 

 High structural anisotropy rockmasses are typically metamorphosed and can have a 

sedimentary or igneous protolith. These rockmasses typically display multiple discontinuity sets 

at no particular orientation with respect to each other. It is also common for these rockmasses to 

be dominated by one discontinuity set that is coplanar to a persistent metamorphic fabric. These 

rockmasses must be critically evaluated for kinematic instabilities as well as raveling failure. 

High anisotropic rockmasses generally pose the greatest challenge to the evaluating engineer due 

to the variable nature of the discontinuities and rockmass conditions.  

7.3 Field sites 

 Rockfall hazard management systems must be able to identify hazards in different 

geological settings. In natural systems, lithology, exposure, and type of rock cut all contribute to 

the probability of a rock block fall. Rockmass lithology and setting determine fracture style and in 

turn possible and actual failure mechanisms, whether toppling, sliding, wedge, or raveling.  

 LiDAR sensors typically view an exposed rockmass from a location on or along the 

highway or railway corridor. This can result in geomechanical features that inhibit the ability of 

LiDAR to image the rockmass without occlusion.  In order to determine optimal scanning 

practices and methodologies for different rockmasses within a consistent management 

framework, five sites in Ontario, Canada were selected for geotechnical investigation. Each of the 

geologically unique sites will be used to demonstrate a component of the rockfall hazard 

management workflow illustrated in Figure 7-5. Sites 1-4 are located in the Frontenac Arch 

region. Precambrian basement rocks, Paleozoic sedimentary units, and Cenozoic sediments 

characterize the region. Site 5 is located within the Superior Province of the Canadian Shield. All 
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sites have undergone previous glaciations and exhibit evidence of weathering. 

7.3.1 Site 1: Orthogneiss: Sunbury, Ontario 

 The first unit under investigation is an upper-amphibolite-grade orthogneiss. It is exposed 

within the Frontenac Arch, roughly 30 km north of Kingston, Ontario, and is part of the Frontenac 

Terrain of the Paleoproterozoic Grenville Province. The protolith was andesitic to basaltic in 

composition. The rock displays no visible evidence of folding although it has a very strong planar 

fabric (straight gneiss) and folds may have been transposed.  The age of the rockmass is estimated 

between 1180 – 1140 Ma (Carr et al 2000).  

 The fracturing within the outcrop is well defined throughout by three main joint sets, two 

of which are near vertical and one horizontal, as visible in Figure 7-6. This represents a rockmass 

with low level of structural anisotropy.

 

Figure 7-6: Photograph of an orthogneiss outcrop located within the Frontenac Arch, 30 km 
north of Kingston, Ontario along Provincial Highway 15. 

7.3.2 Site 2: Mixed ortho- and paragneiss: Morton, Ontario 

 The second rock cut under investigation consists of a mixed ortho quartzofeldspathic 

paragneiss, also located within the Frontenac Arch, roughly 60 km north of Kingston, Ontario. 
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The unit contains remnant pegmatite lenses and what appear to be quartzite layers.  It is highly 

sheared with no direct visual evidence of folding. Transverse dykes have been transposed into the 

straight gneiss fabric. The 1180 – 1140 Ma unit is metamorphosed to amphibolite facies (Carr et 

al. 2000).  

 The rockmass is fractured by four main joint sets and numerous random fractures, as 

visible in Figure 7-7. This represents a rockmass with a high level of structural anisotropy
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Figure 7-7: Photograph of a quartzofeldspathic gneiss located within the Frontenac Arch, 
roughly 60 km north of Kingston, Ontario along Provincial Highway 15. 

7.3.3 Site 3: Limestone on calcsilicate gneiss: Inverary, Ontario 

 The third rock cut under investigation is subdivided into two geologically distinct 

sections. The outcrop itself is located roughly 30 km north of Kingston, Ontario near Inverary. 

The upper unit is a Middle Ordovician limestone, a member of the Black River Group (McFall 

1993). The lower unit is a calcsilicate paragneiss, comprised of metamorphosed Grenville 

sediments. The limestone unit lies, unconformably, on top of the Grenville Precambrian basement 

rocks, representing a hiatus of ~500 Ma. The nonconformity is a peneplaned erosional surface 

that represented the penultimate event before deposition of the limestone. The lower gneiss layer 

is metamorphosed to the upper amphibolite facies, has constant planar fabrics, and no direct 

evidence of folding as displayed in Figure 7-8. This represents a rockmass with a low level of 

structural anisotropy.
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Figure 7-8: Grenville aged calcsilicate gneiss overlain by Middle Ordovician aged limestone, 
roughly 30 km north of Kingston, Ontario on Moreland Dixon Rd. 

7.3.4 Site 4: Limestone: Kingston, Ontario 

 The fourth rock cut under investigation is a south dipping, undeformed Middle 

Ordovician limestone located in Kingston, Ontario; the outcrop is commonly known as the 

“Barriefield” outcrop. The section is a member of the Black River Group, a 73 m thick unit that 

can be subdivided into three formations: the 47 m thick Pamelia, 18 m Lowville, and the 8 m 

Chaumont Formation (McFarlane 1992). Both Sites 3 and 4 are members of the Pamelia 

Formation, which is best described as pale-grey dolostone and medium to thick beds of carbonate 

mudstone and wackestone (Cushing 1908) as displayed in Figure 7-9. This represents a 
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horizontally layered sedimentary rockmass.

 

Figure 7-9: Middle Ordovician Black River Group Limestone, a member of the Palemia 
Formation, located in Kingston, Ontario. 
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7.3.5 Site 5: Felsic metavolcanic: Hearst, Ontario 

 The fifth rock cut under investigation is a greenschist to amphibolite grade felsic 

metavolcanic located in the Superior Province 100 km north of Sault Ste. Marie, Ontario. The 

region is dominated by northwest-southeast trending structure with parallel fault systems that are 

crosscut by a minor fault system oriented in the orthogonal direction. The Agawa Canyon, is 

which hosts the Canadian National (CN) Algoma Central Railway (ACR) is a river valley 

controlled by a north-south fault (Halls and Zhang, 1998). Site 5, unlike sites 1-4, is host to a 

railway and not a highway as displayed in Figure 7-10. This represents a rockmass with a high 

level of structural anisotropy.

 

Figure 7-10: (a) Typical terrain within the Superior Province, roughly 100 km north of 
Sault Ste. Marie, Ontario, on the ACR, note the process of accumulation of rockfall debis in 
Figure 7-10b. 

7.4 Geological implications for LiDAR scanning 

The ability to analyze and extract valuable information from LiDAR data, with accuracy 

and efficiency, relies on LiDAR data that is collected in a manner that achieves a minimum 

required density for the desired application. The three broad geological classes, as defined in 
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Section 7.2.5: low structural anisotropy, high structural anisotropy, and horizontally layered 

sediments, typically fail in predictable styles. Therefore, analysis of LiDAR data for these 

rockmasses requires specific data collection and evaluation techniques. Employing scanning 

practices that will result in optimized data for the foreseeable rockfall evaluation analyses will 

improve hazard management and risk mitigation systems.  

Roadside rockmasses that exhibit a low degree of structural anisotropy typically fail 

along existing discontinuity features. The LiDAR data should optimally be collected from 

multiple stations horizontally separated along the length of the outcrop. This will reduce 

occlusion in the point cloud, and therefore reduce bias in the evaluation of the discontinuities and 

resultant kinematic analyses.  

Rockmasses that exhibit a high degree of structural anisotropy, similarly to low 

anisotropic rockmasses, typically fail on existing discontinuities. However, these rockmasses also 

behave in complex manners due to their anisotropic nature. These rockmasses must be scanned 

from multiple horizontally spaced locations to reduce bias and occlusions. In contrast to low 

anisotropic rockmasses, the density of the point cloud must be greater to enable visualization of 

small-scale features such as foliation or cleavage planes.  

Horizontally layered sediments, such as a minimally disturbed limestone, exhibit 

extensive horizontal bedding planes and vertical fractures that terminate on the horizontal beds. 

These rockmasses typically fail by raveling, which naturally leads to undercutting. To effectively 

evaluate horizontally layered sedimentary outcrops with LiDAR data, it is essential to produce 

minimally occluded point clouds. This can be achieved through scanning of the outcrop from 

multiple horizontally and vertically spaced locations. This will eradicate the effect of undercutting 

within the rockmass.  

These best practices of LiDAR data collection are essential in order to perform the 

analyses presented in Section 7.5. The evaluation of a rockmass for instabilities must be 

completed with care and understandings of the limitations imposed by the employed data 
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collection techniques.  

7.5 Geotechnical evaluation with LiDAR for rockfall investigation 

 LiDAR is a tool that will not replace the expertise of a geotechnical engineer. However, 

LiDAR data can be used to conduct preliminary analyses and temporal monitoring when 

determining the potential hazard due to rockfalls along transportation corridors while allowing the 

field engineer to maintain a safe distance. One of the most rudimentary decisions to be made 

when conducting rockfall hazard analyses is whether a site warrants a detailed investigation or 

not. As will be demonstrated in Sections 7.5.1 – 7.5.5, LiDAR data can be used to aid in this 

decision process. In addition, advanced geotechnical and geospatial modelling applications using 

inputs derived or directly extracted from LiDAR data will be demonstrated.   

7.5.1 Geometric profile 

 The rockmass described in Section 7.3.2 is roughly 8 m high and is cut very close to the 

edge of the road. Figure 7-11 illustrates a fully marked up cross-section derived from LiDAR data 

of the road, shoulder, ditch and rockmass. The cross section is cut on a virtual plane perpendicular 

to the direction of the road. Information derived from cross-sections such as this, can be directly 

input into a rockfall hazard management system, thus aiding in the classification process. In the 

case of mobile scanning, this process can be automatically executed every ‘X’ number of metres 

along the corridor. This simple method allows semi-automatic characterization of rockmass 

geometry for slopes located close to the road that require subsequent investigation and analysis.   



Geotechnical Applications of LiDAR Pertaining to Hazard Evaluation 

162 

 

Figure 7-11: A virtual cross-section cut through the raw point clout data and marked-up 
according to required rockfall hazard management measurements. 

7.5.2 Source and accumulation 

 Monitoring active slopes for rockfall events is typically conducted through the use of 

active technologies. These consist of continual video recording of the rock face (McHugh 2004), 

seismic monitoring (Zimmer 2008), or trip wires to detect falling blocks (Arattano 2008).  The 

drawback to all of these systems is that they are only capable of detecting the failure; they are not 

capable of calculating the size or origin of the failure. (Video recording methods can detect the 

origin of the failure but often the resolution is too low to qualitatively and quantitatively describe 

the failure.)  Recent research has proven the effective use of LiDAR data in monitoring landslides 

(McKean and Roering 2004) and potentially active rockfall slopes (Bauer et al 2005; Lato et al. 

2009a; Albellan et al. 2009). The high-resolution data that LiDAR systems are capable of 

producing allow temporal analysis of the data to detect zones that have changed or deformed 

when comparing two or more datasets.  

 The comparison of independent LiDAR datasets is contingent on two properties: the data 

must sufficiently overlap and there must be zones within the datasets that have not displaced. The 

non-displaced zones are critical to facilitate the alignment of non-georeferenced scans. Once these 
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two qualifications have been accounted for and the datasets are aligned, the differential analysis 

can be conducted. The ability of the user to discern actual versus erroneous surface displacement 

or change is controlled by the accuracy of the aligned data sources. This can be calibrated by 

isolating sections of the aligned datasets that are assumed to be fixed in position.  

The ability to detect zones of rock block failure is extremely important when raveling is the 

dominant failure mode within a rockmass. Site 4, described above, is an extensive outcrop 

spanning over 250 m in length and 15 m in height. The horizontally layered sediments typically 

fail along the bedding plane in a raveling fashion. To manually inspect the entire outcrop and note 

zones of possible failure, and compare the analysis to previous results, would be an unrealistic 

task for a field engineer. Site 4 was scanned numerous times over a 3-year period to establish a 

baseline and assess the rockmass for zones of failure and trends of failure along specify bedding 

planes. The rockmass at Barriefield was scanned as illustrated in Figure 7-12.  

To establish equipment sensitivity and accuracy, throughout the monitoring period, a section 

of sidewalk and curb, and a section of rockmass, both, of which display visually negligible 

movement were assessed for movement. The results from these tests are presented in Table 7-2. 

The most accurately matched datasets are those in which scans were performed one year apart 

using the same system: the Leica HDS6000. The least accurately matched datasets are those in 

which data from TITAN and either the HDS6000 or IlRIS scanner are fused, in other words 

where there were fundamental differences in scale. As displayed in the table, the error values 

reported for the isolated section of the rockmass are greater than those reported for the sidewalk. 

This is due to the highly irregular shape of the rockmass and the greater likelihood that small rock 

blocks were released that created noise when comparing the datasets.  
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Table 7-2: Error analysis of fused LiDAR datasets determined using three scanning sources 
(HDS6000, IlRIS 36D, and TITAN) over a period of four years. 

Comparison	   Reference	  
Year	   Scanner	   Year	   Scanner	  

Surface	  
Number	  
of	  pts.	  

RMS	  Error	  
(cm)	  

Max	  Error	  
(cm)	  

Std	  Dev	  

2009	   HDS6000	   2006	   IlRIS	   Rockmass	   2585	   1.16	   4.00	   0.89	  
2009	   HDS6000	   2007	   TITAN	   Rockmass	   340	   1.37	   4.98	   1.22	  
2009	   HDS6000	   2008	   HDS6000	   Rockmass	   4934	   0.88	   3.39	   0.88	  
2008	   HDS6000	   2006	   IlRIS	   Rockmass	   2657	   1.04	   5.70	   0.89	  

2008	   HDS6000	   2007	   TITAN	   Rockmass	   338	   1.48	   5.00	   1.33	  
2006	   IlRIS	   2007	   TITAN	   Rockmass	   340	   1.51	   7.73	   1.52	  

2009	   HDS6000	   2006	   IlRIS	   Sidewalk	  	   3715	   1.15	   3.09	   0.31	  
2009	   HDS6000	   2007	   TITAN	   Sidewalk	   2067	   1.79	   5.04	   1.40	  
2009	   HDS6000	   2008	   HDS6000	   Sidewalk	  	   4702	   0.70	   2.17	   0.23	  

2008	   HDS6000	   2006	   IlRIS	   Sidewalk	  	   3749	   0.56	   2.30	   0.29	  
2008	   HDS6000	   2007	   TITAN	   Sidewalk	  	   2043	   1.45	   3.04	   1.40	  
2006	   IlRIS	   2007	   TITAN	   Sidewalk	  	   2055	   1.43	   4.00	   1.43	  

	  

 The maximum error between the static scanners for the isolated section of sidewalk is 

3.09 cm. This value can thus be used to determine the minimum detectable difference of 

approximately 6.2 cm for rock blocks that have displaced or fallen, two times the maximum error 

(because errors occur in both the positive and negative directions). The minimum detectability 

threshold used in the subsequent analysis was thus set at 8 cm, above the possible ambiguity 

between noise and actual displacement.  

 Figure 7-13 illustrates three distinct rock blocks located on the southern side of the 

Barriefield cliff (see section in Figure 7-9) that were released from the slope between 2006 and 

2009. The cliffs on both the north and south side of the road visually exhibit continual raveling of 

rock blocks between the size of 100 cm3 and 100,000 cm3. The cliffs were scanned in 2006 with 

an IlRIS 36D, in 2007 by TITAN, and in 2008 and 2009 with a HDS6000. The locations of the 

scanners are illustrated in Figure 7-12 and the cross section of the slope is generated from mobile 

terrestrial (TITAN) data. The data from the different scanners are aligned and compared using 

Polyworks V11.0.9 (InnovMetric 2009). All three static scans were fused with the georeferenced 

TITAN data to assure spatially accurate and consistent models. 
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Figure 7-12: Locations and dates of data collection events in relation to the slope under 
investigation for raveling failure. Static setups were conducted from multiple locations in 
and out of the plane to develop minimally occluded datasets.  
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Figure 7-13: Three independent rock block failures visually identified through analysis of 
LiDAR data collected at different times (note the low noise visible in the comparative data), 
black zones represent occluded sections within the LiDAR data. 
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 The volume and mass of the released blocks were determined using two independent 

methods. The first method simply measured the dimensions of the rock block and the subsequent 

cavity to determine average dimensions; the results are displayed in Table 7-3. The second 

method assumes the rock blocks to be a prolate spheroid, due to the abundance of rounded to 

blocky shaped failed rock blocks commonly seen on-site. The released blocks typically failed 

along non-existing fracture planes, due to freeze thaw cycles – as would be predicted based on 

local climate patterns. The average number of annual freeze/thaw events as observed between the 

years of 1960-1989 at Pearson International Airport in Southern Ontario is approximately 75 (Ho 

and Gough 2005). 

The cross-sectional length and width of the spheroid are measured along the plane that 

would represent the approximate middle of the failed rock block. The height (or in this case, 

depth) of the rock block is determined by calculating the average distance from each of the points 

that represent the scarp (in the LiDAR data) to their nearest neighbor in the LiDAR data that 

depicts the rock block before failure. The length distance calculated from the LiDAR data is 

given a range of +/- 10% to account for variability in the rockmass and incomplete LiDAR data. 

The results of these calculations are displayed in Table 7-4. 

 The results reported in Table 7-3 and 7-4 are comparable. Although these methods do not 

determine the exact volume of the detached rock block, their accuracy is well beyond what is 

required to complete a rockfall hazard evaluation. Typical volume estimations made by a field 

engineer using a hazard rating system are divided into bins such as: <1 m3, > 1 and < 3 m3, >3 m3 

(Bruce Geotechnical Consultants 1997).  
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Table 7-3: Estimated block mass determined through measuring visible edges of the block 
in the LiDAR data. 

 Measured	  Dimensions	     

Block	  Number	   D-‐1	  (cm)	   D-‐2	  (cm)	   D-‐3	  (cm)	  
Volume 

(cm3) 
Mass 
(kg) 

16	   31	   18	   	  	  

18	   30	   21	   	  1	  

21	   	   26	   	  

Average	   18	   31	   22	   12,000	   33	  

27	   76	   41	   	  	  

30	   80	   33	   	  2	  

21	   	   34	   	  

Average	   26	   78	   36	   73,000	   196	  

80	   34	   29	   	  	  

82	   36	   27	   	  3	  

	   25	   18	   	  

Average	   81	   31	   25	   63,000	   170	  
 

Table 7-4: Estimated block mass determined though measuring cross-sectional values and 
surface differentials, assuming a prolate spheroid cavity shape. 

 
Measured	  
Dimensions	  

Depth	  
Differential	  

Volume	  (cm3)	   Mass	  (kg)	  

Block	  
Number	  

D-‐1	  (cm)	   D-‐2	  (cm)	  
Mean	  
-‐	  10%	  

Mean	  
+	  10%	  

Low	   High	   Low	   High	  

1	   52	   24	   18	   22	   11,000	   14,000	   32	   39	  
2	   115	   50	   19.8	   24.2	   60,000	   73,000	   161	   197	  
3	   106	   46	   21.7	   25.3	   55,000	   64,000	   150	   174	  

 

7.5.3 Structural kinematics 

 LiDAR data can be used to digitally measure geological structure. This is most 

commonly completed through the analysis of static terrestrial data, and mobile data to a lesser 

extent. Geological structural feature identification and extraction from LiDAR is the most 

commonly researched and presented use of LiDAR data for geotechnical applications. Articles 

discussing the application of geologic feature extraction recently published include Pedrazzini 

and Jaboyedoff (2008); Kemeny and Turner (2008); Fekete et al. (2009a & b); and Sturzenegger 

and Stead (2009b).  
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7.5.3.1 Discontinuity spacing 

Discontinuity spacing can be measured in the field, measured from images collected 

using standard photography methods or stereophotographic methods; from LiDAR data directed 

or screen images of processed data (Priest and Hudson 1976; Fekete et al 2009a). Standard 

photographic analysis techniques are limited due to the lighting direction that is either controlled 

by shadows from the sun or manual lighting angles. Conversely, minimally occluded LiDAR data 

when meshed can be artificially lit from any user-defined direction (Figure 7-14 and 7-15).  

The analysis of discontinuity spacing is extremely important for all potentially unstable 

rockmasses. The ability to determine discontinuity spacing enables the engineer to assess the 

likely size of potentially unstable blocks, assuming the failure is constrained to a single block. In 

a rockmass such as the horizontally layered sediment at Site 4, knowledge of the bedding 

thickness will directly enable an estimation of the size of a potentially unstable block. This 

assumes the failure is limited to a single bed.  

Figure 7-14 illustrates two LiDAR-based techniques that can be employed to measure 

discontinuity spacing. The first method, illustrated on the left hand side of the figure, represents a 

screen image of 3D LiDAR data taken in Polyworks lit from above at a downward angle. The 

lighting was positioned to accent the horizontal oriented discontinuity set. The screen image was 

‘sharpened’ in Photoshop and then processed in Illustrator to automatically detect linear traces, in 

this case horizontal discontinuities. The screen image is taken in an orthographically projected 

space and contains no spatial distortion. As well, the image is taken at an angle that is in direct 

line-of-sight of the discontinuity edge, therefore eliminating the requirement for an angular 

correction. The second evaluation method, illustrated in the right hand side of the figure directly 

measures the orientation frequency and spacing in the LiDAR data. This process is completed by 

digitizing visible discontinuity surfaces in the 3D data and directly measuring the spacing. The 

results of both methods are presented in Table 7-5. 
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Figure 7-14: Discontinuity spacing evaluation using 2D semi-automated trace detection and 
3D LiDAR data evaluation. 

Both methods generate similar results, however the image processing method presents a 

powerful option to individually process one discontinuity set at a time with high accuracy through 

semi-automated means. The LiDAR processing option provides an excellent visual demonstration 

of discontinuity configuration.  
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Table 7-5: Analysis results of discontinuity detection along 1.75 m sample lines. 

 
Number of 

discontinuities Average Spacing (cm) 

Sample line 2D image 
analysis 

3D LiDAR 
analysis 

2D image 
analysis 

3D LiDAR 
analysis 

1 6 5 29 35 
2 7 7 25 25 
3 5 5 35 35 
 

A second non-horizontal discontinuity set was analyzed using the image analysis method 

to demonstrate the use of variable lighting directions. Figure 7-15 demonstrates two rockmasses, 

Site 3 and Site 4, lit from user-defied angles to accentuate non-vertical discontinuity sets.  The 

left hand side of the figure identifies vertical discontinuities in a limestone. As expected the data 

is comprised of numerous discontinuities terminating on the primary horizontal discontinuity.  

 
Figure 7-15: Discontinuities identified and traced using automated detection algorithms, 
input image is generated by lighting meshed LiDAR data at selected angles. 
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Meshed LiDAR data in combination with user defined light sources can be used to 

discriminate discontinuity sets (Pedrazzini and Jaboyedoff 2008). The upper and lower images in 

Figure 7-16 are each lit by three independently coloured light sources. Each light is oriented 

parallel to the normal vector of each of the main discontinuity sets. The upper image illustrates a 

section of Site 4. The red light is virtually positioned below the outcrop pointing in the up 

direction. This light highlights the horizontal discontinuity surface and accentuates all 

overhanging sections of the rockmass. The other two light sources identify the two sub vertically 

dipping minimally persistent discontinuity surfaces. This is a powerful tool to assess the 

instability and potential hazard of a layered sedimentary outcrop. 

The lower image in Figure 7-16 illustrates a section of Site 3. The three light sources 

uniquely colour the three main discontinuity sets. This image can be used to aid in the 

identification of discontinuity sets, as well as measure spacing and determine discontinuity 

persistence through the direct visualization of cross-cutting relationships. Both identification of 

sets and discontinuity persistence are critical to the development of numerical models.  
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Figure 7-16: Meshed high-resolution LiDAR data uniquely lit to identify discontinuity 
surfaces. The upper image (Site 4) accents the overhang (coloured red) while the lower 
image (Site 3) accents the distinction between the major discontinuity sets. 

7.5.3.2 Abstract evaluation 

 Structural geological features, such as discontinuities or fractures, when their orientations 

are measured at the outcrop must be corrected for sampling bias due to the observed versus true 

spacing of the discontinuity (Terzaghi, 1965; Priest and Hudson 1976; Beacher 1983; and Park 

2002). This correction must be made for data collected in the field, or derived from LiDAR data. 

Similarly, geotechnical information derived from LiDAR data must account for biases inherent in 

the collection method employed. As discussed above, LiDAR data is a line-of-sight technology 

that produces data with zones of occlusion (i.e. zones shadowed from the look angle of the 
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scanner) (Sturzenegger et al. 2007). Using mathematically derived geometric correction factors, 

based on scanner specific properties; the bias associated with structural discontinuity 

measurements can be reduced (Lato et al. 2009b, Chapter 6).  

 Structural information is readily extracted from raw LiDAR data as well as from meshed 

data. The true orientation of discontinuity surfaces is extracted in the form of normal vectors and 

subsequently converted to geological information such as strike and dip. Figure 7-17 illustrates 

meshed LiDAR data of a competent limestone and calcsilicate gneiss outcrop in Inverary, 

Ontario, as described in Section 7.2.4. The calcsilicate gneiss is a low anisotropic rock; thus it is 

prone to sliding and wedge type failure modes. This enables the engineer to directly assess the 

rockmass for kinematic instabilities through the investigation of discontinuity orientations and 

interactions.   

Due to the unconformity in the outcrop at Site 3, the geomechanical analysis was divided 

between the limestone and calcsilicate units. The boundary between these is clearly visible in the 

LiDAR data. This division of the geomechanical analysis is necessary because the  geological 

structures are rock type dependant. However, in reality these systems are linked: if there is a 

failure in the lower calcsilicate unit the upper limestone will likely then become unstable. 
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Figure 7-17: Meshed LiDAR data with discontinuity surfaces identified within the 
calcsilicate gneiss unit, Site #3.  

 The LiDAR data were collected from three locations along the face of the outcrop to 

minimize horizontal occlusion; a Leica HDS6000 was used to collect the data. Over 120 

structural discontinuities present in the calcsilicate unit have been digitized from the LiDAR data 

and are plotted on a stereonet in Figure 7-18a using Dips (Rocscience 2006). The structural 

discontinuity surfaces are identified by selecting points assumed to lie on the surface, planes are 

subsequently fit to the points. The structural data has undergone a detailed bias correction in 

accordance with correction factors proposed by Lato et al. (2009) and Terzaghi (1965), Figure 7-
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18 a and b, and are presented in Figure 7-19a (uncorrected) and b (corrected). The main source of 

occlusion present in the raw LiDAR data is associated with the vertical discontinuity, which is 

occluded due to the low relief of the outcrop.  The bias correction factors account for the inability 

of LiDAR to image surfaces that strike near parallel to the look direction of the scanner. As well, 

the discontinuity data are corrected for the linear sampling bias. The stereonets in Figure 7-18 

illustrate the corrective weights that will be applied to discontinuity measurements based on 

mathematical function specifically related to the properties of the LiDAR scanner used. Figure 7-

18a illustrates the correction function to account for the LiDARs’ inherent line of sight limitation; 

Figure 7-18b illustrates the linear sampling bias correction function. Both of these correction 

factors are calculated based on the dimensions, exposure and orientation of the outcrop under 

investigation.

 

Figure 7-18: LiDAR line-of-sight bias correction and Terzaghi Bias correction. 
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Figure 7-19: Stereonet analysis of the lower calcsilicate unit at Inverary, (a) original 
measurements; (b) measurements corrected for line-of-sight and linear sampling bias. 

 Upon completion of the structural discontinuity evaluation from the LiDAR data, the 

information plotted on the stereonet can be evaluated for possible kinematic instabilities. Figure 

7-20a,b, and c illustrate the potential for topple, planar, and wedge failure respectively.  

 

Figure 7-20: Stereographic kinematic failure mode analysis, (a) topple, (b) wedge, and (c) 
planar sliding. 

The ability to measure discontinuity orientations in an unbiased manner provides a robust 

methodology to enable the unbiased kinematic geotechnical evaluation of a rockmass using 

remotely sensed data.  

7.5.3.3 Rockmass geometry, and discrete block modelling 

 Rockfall hazard management systems such as the Canadian National Railway Rockfall 
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Hazard and Risk Assessment System (Bruce Geotechnical Consulting, 1997) require the 

assessment of both the volume of a potential failure and the shape of the rock blocks. Volume of 

historical failure can be determined using differential modelling as outlined in Section 7.3.2 

pending sufficient coverage by high-resolution LiDAR data. To accurately forecast rock block 

and shape failure size requires advanced modelling.  

The rockmass at Site 1, as described in Section 7.3.1, is a low anisotropic rockmass that 

exhibits large block failures. To assess the rockmass in terms of how future failures may occur 

can be done through 3D discrete modelling programs. Advanced algorithms developed by 

Hutchinson et al. (2008) allow the direct integration of digital terrain data (in the form of LiDAR 

data) with discrete element modelling programs such as 3DEC (Itasca 2009). The LiDAR data are 

used to constrain the topology of the model, thus creating a spatially accurate numerical model. 

Using structural discontinuity information calculated from the LiDAR data, accurately orientated 

and spaced fracture networks can be implemented within 3DEC. The model monitors the rock 

blocks as they disengage from the rockmass, and accurately distinguishes block shape based on 

the internal physical parameters of the rock block and measures the block volume (Kalenchuk et 

al. 2006). Figure 7-21 illustrates a simplified workflow from LiDAR data, to 3DEC, to the result 

containing information regarding expected block shape and size distributions (Lato et al. 2007). 
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Figure 7-21: (a) minimally occluded photo-overlaid LiDAR point-cloud data; (b & c) 3DEC 
model with rockmass face topology controlled by LiDAR data; (d) estimated block shape 
and block volume distributions. 

7.5.4 Rockfall runout 

 Rockfall modelling for mountainous terrain such as the terrain that surrounds the Algoma 

Central Railway (ACR), in Northern Ontario, is dependent on Digital Elevation Model (DEM) 

quality, source zone identification, terrain classification, material behavior and properties. The 
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ACR, as described in Section 7.2.5 is a highly anisotropic rockmass with complex jointing. The 

ACR is subject to hazards from both cut-slopes and natural slopes, and requires extensive and 

detailed analyses. Primary analysis of cut-slopes for kinematic instabilities has been conducted 

from mobile terrestrial LiDAR data along the ACR (Lato et al 2009a). The probabilistic results of 

the kinematic analysis can be used in conjunction with the rockfall modelling results to aid in the 

calculation of overall hazard levels. 

The capability of mobile terrestrial LiDAR, such as TITAN, is optimized for cut-slopes 

that are visible from the track. Large mountainous natural slopes are occluded in the TITAN 

dataset and must be scanned via airborne methods. Airborne methods, as discussed and illustrated 

above, are not suitable for detailed geomechanical analysis.  

Rockfall modelling is traditionally completed using 2Dimensional (2D) profile models; 

new state-of-the-art models such as Rockfall Analyst (Lan et al., 2007) incorporate 3D DEM data. 

However, their use is not optimized for rugged forested terrain. The difference between readily 

available 1:20 000 DEM information derived from air photo interpretation and airborne LiDAR 

fused with TITAN data is illustrated in Figure 7-22. The 1:20 000 DEM is smooth and does not 

properly represent vertical cliffs, horizontal sections such as the track, and certainly not features 

such as ditches. The use of small scale DEM data will lead to misrepresentation of potential 

rockfall hazards. 
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Figure 7-22: TIN’s based on two different DEM data sources: 1:20 000 and fused airborne 
and TITAN LiDAR. 

 A rockfall model involves the release of virtual rock blocks of a known size (weight) 

down a slope. The rocks are released from a specific location set by the user. The model is 

constrained by the known/estimated properties of the slope, which are dependent on material 

coefficients of restitution and friction (Perret et al. 2004; Dorren 2003; Bourrier 2009). 

Coefficients of restitution control the horizontal and vertical ‘bounciness’ as the rock as it 

interacts with the terrain. Failed rock blocks will fall, bounce, or roll down a slope as a function 

of slope gradient (Ritchie, 1963), as illustrated in Figure 7-23. Accurate modelling of rockfall 

depends on sufficient surface model detail with respect to slope profile, as well as dynamic 
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modelling parameters (Chau et al 2002).  

  

Figure 7-23: Typical rock block action as it detaches and descends down a rock slope 
(reproduced with permission from: Highway Research Record 17, Highway Research 
Board, National Research Council, Washington, D.C., 1963, Figure 11, p. 25. Reproduced 
with permission. 

7.5.4.1 Profile rockfall modelling 

 Traditional 2D profile rockfall models were completed for a hazardous section of track 

near Mile 94 on the ACR, as described in Section 7.2.5. The 2D “fall-line” was extracted from a 

Triangulated Irregular Network (TIN) developed from the LiDAR data using ArcGIS. The TIN 

used was developed using two different datasets, as illustrated in Figure 7-24. The first dataset 

contains only bare earth airborne LiDAR data (Figure 7-24b), and the second data set contains 

bare earth airborne data fused with bare-earth TITAN data (Figure 7-24c). The observed 

topographical differences in the cross-sections are a result of the point clouds used, which are 

affected by the data resolution and by the direction of the scan. 

Due to the resolution of the airborne data, and the perspective from above, the ditch is not 

accurately observed. Rockfall modelling for both datasets allows an evaluation of the effect of the 
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two datasets on the modelling results, and of the effectiveness of the ditch. The model that 

incorporates the TITAN data allows for a more detailed model within the proximity of the track, 

as illustrated in Figures 7-24b and 7-24c. 

RocFall (RocScience, 2007) was used to complete the rockfall modelling in 2D. Figure 7-

24d and 7-24e illustrate the track profile. The model simulated the release of 500 rock blocks 

weighing 100 kg each. Default values for friction and restitution coefficients were used, as 

determining site-specific values was not the focus of this study. The end point of each rock block 

is determined and plotted against slope position and is defined as being located in the ditch, on 

the track, or past the track. Table 7-6 reports the determined end locations of all blocks released 

during the two simulations. The first notable result of the comparison is the percentage of blocks 

that come to rest in the ditch reported using only helicopter collected LiDAR data (0%) versus the 

percentage of blocks that come to rest in the ditch when using the fused data (23%). A second 

notable point is that the increase in the number of blocks that stop in the ditch, this directly 

reduces the number of blocks that stop on the track. This illustrates the importance of a well-

engineered ditch. This model statistically and visually demonstrates the benefit of having a 

second set of data taken from track level to give the detail of the rockcut and ditch data required 

for geomechanical rockfall analysis: in this case high-resolution mobile terrestrial LiDAR.  

Table 7-6: Profile rockfall modelling endpoint location with respect to a transportation 
corridor. 

 LiDAR Data Collection Method 
Endpoint Helicopter Helicopter + TITAN 
  500 Rocks Released in Simulation 
In ditch 0% 0 Rocks 23% 115 Rocks 
On track 28% 140 Rocks 5% 25 Rocks 
Past track 16% 80 Rocks 17% 85 Rocks 
% In or through 
danger zone 

44% 220 Rocks 22% 110 Rocks 
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Figure 7-24: Profile rockfall models generated by cutting sections through 3Dimensional 
datasets. Figure (b) illustrates data collected from a helicopter while (c) illustrates the fusion 
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of helicopter and TITAN data. Figures (d) and (e) illustrate the effect of data resolution on 
rockfall modelling. 

7.5.4.2 2.5D Digital Terrain Model rockfall modelling 

In addition to 2D rockfall modelling, 3D modelling can be conducted using commercially 

available software (Rotomap (Geo & Soft 2002) discussed by Scioldo (1991)) or academically 

developed programs (Rockfall Analyst (Lan et al., 2007); Stone (Agliardi 2003); or 3D-TRAJ 

(Leroi 2005)). Published research projects on this general subject are presented by Janeras et al. 

(2004); Abellan et al. (2006); and Jaboyedoff and Labiouse (2003).  

Modelling for this project was conducted using the ArcGIS extension – Rockfall Analyst 

developed at the University of Alberta, Canada. Rockfall Analyst requires that the elevation data 

be represented as a raster.  This was achieved by building a raster from the TIN model of the 

fused TITAN and Airborne data. To be sure of capturing the details of the ditches running 

alongside the track in the fused dataset, a raster cell size of 0.1 m was chosen.  For comparison 

with airborne only data, a TIN was also constructed from the bare earth airborne data and 

converted to a raster with the same resolution. This model is illustrated in Figure 7-25 following 

the release of blocks from the crest of high-hazard cliffs and scarps.  

Comparisons between state-of-practice 2D-profile and state-of-art 3D modelling yield 

significant differences. 2D-profile programs calculate energy and trajectory by modelling a 

sphere of a specified weight and its interaction with a defined slope through values of restitution 

and friction. Similar constitutive models for restitution and friction bind 3D models, however 

these programs are not laterally constrained in that the rock blocks can move out of the 2D cross 

sectional plane as they fall down the slope.  Recently, significant advance in 3D rockfall 

modelling have been achieved and the evolution of the software will hopefully enable its use for 

engineering design in conjunction with high-resolution LiDAR data. One main challenge that 

limits the validity of both profile and 3D rockfall models is the inability to account for physical 

impediments such as vegetation.  



Geotechnical Applications of LiDAR Pertaining to Hazard Evaluation 

186 

The model presented in Figure 7-25 displays unrealistic rock trajectories due to the use of 

non-proven coefficients of restitution and friction. As well, the model does not account for natural 

barriers such as trees, which are currently not possible to accurately model in a 2.5D 

environment. 

 

Figure 7-25: State-of-art 3Dimensional rockfall modeling computed directly in a 3D 
environment using both helicopter and TITAN data. Note the poor data coverage on the 
cliffs due to the angle of incidence between the helicopter LiDAR scanner and the rock face.  

The model presented in Figure 7-25 illustrates rock blocks released from a height of up to 

300 m above track level; conversely the model presented in Figure 7-24 illustrates rock blocks 

released from 30 m above the height of the track. The limitations of the both the 2D and 3D 

models directly relate to their inability to properly model true 3D environments. Natural 

impediments and barriers such as trees and shrubs cannot be modelled in either environment.  
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7.5.5 Line-of-sight modelling 

Hazard evaluation systems primarily rely on the physical site characteristics, observable 

geological inputs, slope activity and rockfall path calculations. However, there is one further 

input that is conventionally estimated and has a substantial influence on the hazard level for a 

given site: line-of-sight. Where hazardous zones are obscured from sight, the train operator does 

not have the opportunity to observe a rock on the track, and therefore cannot slow or stop the 

train. In reality, in these areas, the train operators are often obliged to run more slowly than at 

normal track speed.  

An additional benefit of 3D modelling of landscapes is that it is fairly simple to analyze the 

visibility of portions of the landscape model from other points within the model.  The calculation 

of visibility takes into account all 3D obstructions present within the landscape model.   

The 3D Analyst extension to ArcGIS includes a viewshed function, which, for a chosen 

point, indicates which parts of a 3D TIN are visible and which parts are not.  The viewshed 

function requires that the model data be represented as a raster; this was achieved by using the 

same raster created from the fused TITAN and Airborne TIN model that was used for the 2D 

rockfall model, above (Figure 7-24). 

Three points along the track were chosen and a viewshed was calculated for each point.  

The viewable distance along the track, looking approximately north, was measured for each point 

based on the calculated viewshed.  The results are shown in Figure 7-26.  The viewable distance 

along the track is shown for each point; an arrow marks the position of each point and the look 

direction of the observer.  Also shown is the view of the TITAN data from the same point.  These 

views show clearly how the 3D rock face surfaces obscure the ability to see the track in this area.
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Figure 7-26: Line-of-sight visibility models from a given point along the track corridor. As 
illustrated, visibility decreases as the location approaches the bend in the track and then 
increases as the turn is exited. 

This analysis represents a static approach to investigate locations of low visibility as 

determined by the user. Dynamic calculations to assess the line of sight of the train conductor at 

any possible location along the track require customized software such as the program that has 

been developed by Mekni et al. (2008) at Laval University, Canada in a related research project. 

7.6 Discussion 

 LiDAR technologies, as demonstrated in this paper and by papers referenced herein, is 

rapidly developing and emerging as an essential geotechnical investigation tool. However there 

are numerous research topics both in the fields of LiDAR development and geotechnical data 

processing that are essential before LiDAR can become a widely accepted state-of-practice 

technology. Currently, the most significant limitation is the lack of tools available to efficiently 

transform LiDAR data into geotechnical information. Vulcan (Maptek, 2008) is capable of 

numerous geotechnical calculations and measurements from LiDAR data; however, it is limited 

to mining environments and incapable of many processing options and modelling tools.   

 With respect to feature extraction, such as fracture discontinuities, information can be 

readily extracted from LiDAR data as demonstrated here. However, guidelines and standards 
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must be developed to enable users to properly delineate discontinuities and measure the 

orientations. Currently, numerous methodologies exist to determine the strike and dip of a plane 

(often within a single program), each giving slightly different results.  

As well, the majority of rockmass evaluations completed using LiDAR data employ a 

standard rockmass-rating scheme such as Q (Barton, 1974) or RMR (Bieniawski, 1989). These 

systems are optimized for field-based investigations. Extracting geotechnical information from 

LiDAR data has different strengths and limitations in comparison to field-based approaches; these 

must be accounted for in the rating system. A new LiDAR-based rockmass rating system is 

essential to the development of LiDAR as a geotechnical evaluation tool.  

 The key next step for advanced application is to develop highly accurate digital terrain 

models. If rockfall models are going to properly exploit the data resolution and accuracy, the 

models must account for rock block fracture, physical impediments such as trees, and true 3D 

geometries. This will perhaps force a different modelling approach than is currently available on 

the industry standard 2.5D ArcGIS platform. 

As LiDAR systems continue to develop, as data processing and feature extraction become 

simplified and automated, and as data quality increases there will be a shift in how geological 

field work will be completed. However, there continues to be a growing need for calibration of 

such tools and confidence in their capability within the geotechnical community.  Through 

continued research, publications, and presentations, future geotechnical engineering projects will 

greatly benefit from the spatial and temporal knowledge that can be extracted from LiDAR data.  

 Finally, LiDAR data is capable of producing spatially accurate virtual 3D models of 

rockmass and surface topology. However, the technology is limited to surface exposure. To 

develop a true understanding of rockmass behavior LiDAR should be integrated with other 

geophysical techniques that are capable of imaging the subsurface. The coupling of such 

technologies will enable an unprecedented clarity in rockmass visualization capabilities and 

investigation possibilities. 
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7.7 Conclusions 

The geotechnical applications of LiDAR data have been developed and proven by 

numerous engineers and geo-scientists. The focus of numerous research campaigns has been to 

adapt scanning technologies and processing methodologies to augment previously established 

investigatory or evaluation protocols. However, what these research campaigns have not 

achieved, for the most part, is new workflows to establish evaluation protocols that exploit the 

advantages of LiDAR scanning and processing technologies. The theories and workflows 

presented in this paper attempt to develop new methodologies for rockfall hazard management 

systems. 

The processing workflows presented in this paper demonstrate the applicability of 

LiDAR based field investigations into geologically and geographically distinct domains and 

environments. The approach of discriminating potentially unstable rockmasses in terms of 

geological setting and failure modes, as described in this paper, present the evaluating engineer 

with a vast library of analytical techniques to accurately and quantitatively assess the hazard for a 

particular outcrop. 

The aforementioned methodology pertains to all rockfall hazard evaluation management 

programs, whether the target area be individual outcrops or entire transportation systems. The 

development of complex and dynamic rating systems for unstable rockmasses will evolve through 

the testing of LiDAR data in different environments and geological settings.        
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Chapter 8: General discussions 

8.1 Discussion 

Rockfall hazard management systems are critical to the safety of motorists through 

detection and evaluation of potentially unstable rockmasses adjacent to transportation corridors. 

The ability of a geotechnical engineer or engineering geologist to discriminate rockmasses of high 

hazard, from those of low hazard, depends on the employed evaluation method, skill of the 

evaluator, and tools and technologies available to the evaluator to investigate the rockmasses.  

This thesis and the resultant publications are dedicated to advancing the state-of-the-art of 

rockmass evaluation through the integration of LiDAR scanning into rockmass evaluation. 

Remote sensing, particularly LiDAR, has the ability to fundamentally change how rockfall hazard 

evaluations are conducted and potentially lead to real-time hazard identification and differential 

modelling.  

8.2 Key findings and impacts 

The scientific and engineering research in this thesis, as outlined in the introduction, is 

divided into three sections: (I) engineering implementation, (II) data processing and 

implementation, (III) and optimized LiDAR workflow for rockfall hazard assessment along linear 

transportation corridors. These sections have resulted in four accepted journal publications and 

one yet to be submitted. The key findings of this thesis, discussed in the following sections 

(Section 8.2.1 – 8.2.7) represent the major scientific contributions and impacts of this document.  

8.2.1 IOC workflow 

The research conducted at the Iron Ore Canada mines in Newfoundland and Labrador 

was to standardize LiDAR data collection and processing protocols for discontinuity analyses. 
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The challenge of this research was to build workflows and processing guidelines in a fashion that 

would enable successful field scanning and discontinuity extraction by non-LiDAR-trained mine 

engineers. The IOC mine engineers and geologists currently employ all workflows developed 

through this research. In addition the documentation provided by Queen’s to IOC has been passed 

within Rio Tinto to other mines employing similar LiDAR scanning programs. This research has 

enabled safer evaluation of the mine benches while maintaining the required accuracy to complete 

hazard evaluations. 

8.2.2 Mobile terrestrial LiDAR data for geomechanical evaluation  

The ability to collect LiDAR data from mobile terrestrial platforms is a rapidly 

developing technique for urban infrastructure management and transportation corridor 

maintenance. The ability to use mobile terrestrial LiDAR data for geotechnical evaluation, prior 

to the publication in this thesis, was un-researched and un-proven. Mobile terrestrial LiDAR 

equipment was used to scan highways and railways in Ontario subject to rockfall hazards. The 

data were compared with high-resolution static terrestrial LiDAR data for accuracy and coverage. 

The results of this research have directly spurred on advanced testing of the data’s capabilities 

and extractable information.  

8.2.3 Fusion of mobile terrestrial LiDAR data and static terrestrial LiDAR data 

Mobile terrestrial LiDAR systems have the ability to collect vast amounts of spatially 

accurate data within small time periods. Typical scanning projects will cover 100-200 km of 

highway per day. The resultant data are of sufficient density and accuracy to perform rudimentary 

analyses and identify hazardous rockmasses. Conversely, static terrestrial LiDAR systems collect 

high-resolution photo-realistic data but are limited to 100’s of metres of scanning per day. The 

ability to fuse data from high-coverage mobile terrestrial LiDAR systems, with data from high-

resolution static terrestrial LiDAR systems, enables aggressive evaluation protocols to be 
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implemented through hazard management systems. The combination of data from different 

sources enables large-scale analysis and identification of potentially unstable rockmasses, from 

the mobile data, and the ability to monitor and conduct detailed analyses, from the static 

terrestrial data.  

8.2.4 Automated processing limitations 

The evaluation and analysis of LiDAR data for geomechanical instabilities, such as 

discontinuities, through manual investigation is a time-consuming process. The use of automated 

discontinuity identification and extraction algorithms is advantageous for geological engineers. 

The only program, as of 2010, that automatically delineates discontinues and calculates their 

orientation is Split-FX. Through rigorous verification testing, by assessing the processing 

algorithm for accuracy and sensitivity, numerous limitations were established. The primary 

source of limitation is the programs mandatory implementation of a lattice-based TIN. The TIN 

method produces a biased mesh, from the direction the TIN was generated. Although the 

algorithm of assessing the TIN for discontinuities is robust and effective, there will always be a 

bias in the result due to the TIN-generating algorithm employed.  

8.2.5 Bias correction 

LiDAR data collected from static terrestrial platforms for geotechnical analysis are 

ideally collected at distances close to the rockmass with minimal occluding features. However, 

often the geography or situation of the corridor with respect to the rockmass, limits the number of 

scanning locations. In these instances, the resultant data will contain zones of occlusion due the 

line-of-sight between the scanner and the rockmass. Although this data is not ideal, it can still be 

used to evaluate discontinuities if a line-of-sight bias correction is implemented. As discussed in 

Chapter 6, the implementation of the proposed mathematically correction will directly limit the 

effect of occlusion on discontinuity evaluation and resultant hazard evaluations.  
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8.2.6 Geological considerations for hazard management using LiDAR data 

Traditional rockfall hazard evaluation and management systems involve assessing an 

individual rockmass in terms of a predefined list of parameters. The parameters to be assessed for 

each rockmass are constant and do not involve any knowledge of the rockmasses potential failure 

modes. Conversely, a rockfall hazard evaluation and management system developed around the 

exploitation of LiDAR data can be significantly more complex and can incorporate site-specific 

knowledge of the geology and potential failure modes. Traditional one-size-fits-all systems are 

designed to be accommodating of different geological settings to maintain a simplicity that 

enables their employment by various users. However, when LiDAR data is evaluated from a 

desktop setting, the limitations in terms of additional resources and evaluations methods are much 

less restricted. Therefore by enabling the potential failure mode of the rockmass to drive the 

evaluation process adds a rigor to the management systems that will fundamentally increase the 

reliability and accuracy of the results.  

8.2.7 Rockfall analysis 

Numerical modelling of natural events, such as a rockfall, is dependent on input data to 

constrain the model. In the case of rockfall modelling along a transportation corridor, the primary 

result that must be extracted from the model results is the probability of a rock block reaching the 

corridor when released from a rockmass. The result of this type of model is based on how the 

rock block is transported down the slope, and how it interacts with features such as the ditch or 

other natural barriers. Through testing different LiDAR data sources (airborne, and airborne fused 

with mobile terrestrial data) to control the topology of the model, important conclusions were 

made. Rockfall models exclusively controlled by airborne LiDAR data do not have enough 

resolution to distinguish rock blocks that stop in the ditch versus those that continue to interact 

with the transportation corridor. The importance of this finding is critical to data collection 

campaigns where the implementation of the LiDAR data is for rockfall modelling.  



Geotechnical Applications of LiDAR Pertaining to Hazard Evaluation 

196 

8.3 Required development 

The ability of LiDAR data to be used by geotechnical engineers for geomechanical 

evaluations is extensively proven in this thesis in diverse setting and environments and objectives. 

There are numerous direct applications including discontinuity evaluation and measurement, 

assessing discontinuity roughness, defining a slopes physical characteristics, through to indirect 

applications such as line-of-sight and rockfall modelling. However, currently these applications of 

LiDAR data all require advanced processing workflows and numerous pieces of software – none 

of which are specifically designed for rockmass evaluation.  

As the price of LiDAR data collection drops, as LiDAR data processing algorithms 

become more accessible and accommodating to geotechnical engineers, and as geotechnical 

engineers become more familiar with virtual rockmass data, the evaluation of potentially unstable 

rockmasses through the evaluation of LiDAR data will be commonplace.  

8.3.1 Future areas of research 

The research conducted in this thesis addresses numerous issues concerning the validity 

of using LiDAR data in aid of geotechnical investigations. Drawing on lessons learned and 

challenges faced during this thesis, there exist numerous paths yet to be investigated and areas of 

research to be conducted, some of which are:   

• Robust automated and semi-automated feature detection algorithms; 

• Incorporation of LiDAR bias correction math into statistical orientation graphing 

software; 

• Accuracy of discontinuity orientations as a function of distance and angle to the 

scanner; 

• Investigation in intensity information and the ability to use it beyond a preliminary 

visualization technique and for rudimentary analyses; 

• Development of field ready tools to be used by engineers and surveyors; 
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• Incorporation of LiDAR derived geotechnical data into GIS tools and data 

management structures. 

8.4 Implications 

Through the research conducted in completing this thesis, alongside foreseeable 

developments, both in terms of LiDAR data acquisition as well as data processing, will 

modernize the procedures used to evaluate and rank of potentially unstable rockmasses. Current 

field-based, hands-on approaches will not be replaced through the use of LiDAR data, they will 

however be augmented and adjusted to exploit modern technologies such as LiDAR.
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Chapter 9: Summary and conclusions 

9.1 General 

This thesis, completed in the Department of Geological Sciences and Geological 

Engineering, represents the first thesis using LiDAR-based remote sensing technologies in the 

department. The objective of the thesis is three fold:  

1. To prove that measurements taken from LiDAR data are suitable for geotechnical 

evaluations. 

2. To investigate sources of bias and error with measurements generated from LiDAR data 

and develop optimization protocols and mathematical correction functions.  

3. To develop a rockfall hazard management framework that optimizes inputs that are 

measurable, or that can be calculated or modelled from LiDAR data.  

The completion of the three areas of focus has been through the publication (or 

submission) of five peer-reviewed international journal publications. The focus of this thesis is 

fundamental to rock mechanics and rockfall hazard evaluation. To achieve this goal, numerous 

topics within the field of LiDAR and rock engineering were investigated resulting in a thesis that 

covers a broad spectrum of ideas and methodologies.  

9.2 Conclusions 

The research completed and presented in this thesis are diverse in terms of application as 

well as implementation. All the research was conducted using a similar methodology in terms of 

hypothesis, testing, field-truthing, and development of an algorithm or workflow. The primary 

conclusions resulting from the research completed for this thesis are identified in the flowing 

Sections 9.2.1 – 9.2.6.  
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9.2.1 IOC workflow design 

The research conducted at the IOC mines resulted in the development of easy-to-use 

workflows to conduct detailed LiDAR scanning for discontinuity feature extraction. The 

workflows account for limitations of both hardware and software platforms in use at the mine. 

The workflows addressed environmental considerations such as weather as well as operational 

considerations such as quality of blasting and exposure of the benches. Other conclusions drawn 

from the research conducted at the IOC mines: 

• Workflow design and field use optimization of the I-Site 4400 LiDAR scanner in 

active mining areas, effectively allows for integration of remotely sensed pit wall 

stability analysis that compares favourably with conventional mapping approaches; 

• Data processing and feature extraction of discontinuity surfaces from I-Site 4400 data 

using the Vulcan geotechnical package with comparable accuracy to conventional 

mapping approaches; 

• Limitations of the I-Site 4400 with respect to discontinuity detection, orientation 

accuracy, and variability; 

9.2.2 Mobile terrestrial LiDAR for geomechanical feature extraction 

The ability to extract features, particularly structural discontinuities, from LiDAR data is 

dependent of the accuracy, density, and spatial coverage of the data. This thesis proves the use of 

mobile terrestrial LiDAR data to be comparably accurate to static terrestrial data, as well as to 

field-based methods. Other research using mobile terrestrial LiDAR data demonstrated the ability 

to fuse data from different sources to develop full coverage high-resolution spatially accurate 

models of transportation corridors and potentially unstable rockmasses.  

9.2.3 Limitations of automated feature extraction 

Automated feature extraction algorithms for structural discontinuities are powerful a tool 
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for geological engineers to aid in the evaluation of LiDAR data. The research conduced to 

evaluate such algorithms resulted in the identification of numerous limitations with respect to the 

algorithms’ ability identify discontinuities of specific sizes and orientations with respect to the 

scanning orientation. The published research aids and cautions users of automated extraction 

programs as to what biases are introduced and how to optimize a workflow to achieve maximum 

validity of the results.  

9.2.4 Bias associated with static terrestrial LiDAR data 

The evaluation of static terrestrial and mobile terrestrial LiDAR data for structural 

discontinuities is generally for the purpose of assessing the rockmass for potential instabilities. If 

the discontinuity information derived from the LiDAR data is biased, the pending kinematic and 

hazard evaluations will be biased as well. Mathematic functions in combination with stereonet 

projection math have enabled the development of line-of-sight bias correction functions. These 

functions have the ability to assess the bias of individual discontinuities within a rockmass as a 

function of the placement of the LiDAR scanner. Thus minimizing the effect of scanner 

placement and occlusion within a LiDAR point cloud. Other direct contributions include: 

• Ability to determine from field reconnaissance the optimal LiDAR scanning locations 

with respect to discontinuity orientation to limit occlusion; 

• Assessment of LiDAR scanner calibration procedure for angular reflectance 

developed; 

• Established correction of the theory of bias in structural measurements derived from 

LiDAR data as well as corrective functions based on scanner location, outcrop 

dimensions, and scanning optics; 

9.2.5 Rockfall hazard management tools 

The combination of the above conclusion enabled the development of a comprehensive 
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rockfall hazard management workflow designed to incorporate static, mobile, and aerial LiDAR 

data. The managements system as outlined in Chapter 7 illustrates the added value of 

incorporating LiDAR scanning and analysis into rockfall hazard evaluation. The direct 

applications developed through this research are: 

• Discontinuity spacing can be assessed using LiDAR data in combination with photo-

analysis techniques resulting in unbiased and undistorted results; 

• Structural discontinuity information derived from LiDAR data can be used for 

accurate kinematic evaluation of potentially hazardous rockmasses; 

• LiDAR data, independent of the collection platform can be used for temporal 

differential modelling of rockfalls; 

• LiDAR topology data can be directly input into advanced 3D numerical modelling 

programs such as 3DEC; 

• Vehicle line-of-sight along transportation corridors can be directly calculated using 

aerial LiDAR data; 

• Aerial and mobile terrestrial LiDAR data, when fused, produce optimal data coverage 

for 2D and 3D rockfall modelling; 

9.3  Limitations of presented research 

The primary limitations associated with the research presented are in direct relation to 

data collection, software, and computational resources. As LiDAR data collection and data 

processing options continue to advance, so will the development of geotechnical tools. The 

authors were primarily restricted to equipment not designed for robust outdoor scanning and 

software designed for precision engineering design of mechanical or structural elements. As well, 

as computation power increases so will the ability to process and visualize high-resolution 

LiDAR data enabling increased accuracy and detail of extracted information and measurements.  
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9.4 Contributions 

The new and innovative scientific contributions contained in this thesis are presented in 

Chapters three through seven. The aim of each publication was to build on previous research 

while expanding the state-of-the-art of geotechnical applications of LiDAR technologies. Each 

contribution has been published or submitted to a journal in the field of rock engineering, each 

comprising a different target audience. The details presented within each of the papers reflect the 

expectations of the general reader of the journal, which range from more general and introductory 

to technical and theory based.  All contributions made during this thesis and their respective 

publication status are listed in Sections 9.3.1 though 9.3.5. It is the hope of the author that the 

work completed in this thesis is of value to the reader and helps to spur on further innovation and 

areas of research pertaining to the application of remote sensing within geotechnical 

investigation. 

9.4.1 Articles published in refereed journals 

[1] Lato, M., Diederichs, M., and Hutchinson, D.J. (2010) “Bias correction for view-

limited LiDAR scanning of rock outcrops for structural characterization” Rock Mechanics and 

Rock Engineering, January 29th, 2010, 20 manuscript pages, 17 figures. 

[2] Lato M, Hutchinson D, Diederichs M, (2010) “Geomechanical feature extraction and 

analysis using LiDAR data: IOC Mine” CIM Bulletin, 4, 6, Paper 12 

[3] Lato, M., Hutchinson, D.J., Diederichs, M.S., Ball, D., and Harrap, R. (2009) 

“Engineered monitoring of rockfall hazards along transportation corridors: using mobile 

terrestrial LiDAR” Nat. Hazards Earth Syst. Sci., 9, 935–946. 

[4] Lato M, Diederichs M.S, Hutchinson D.J, Harrap R, (2008) “Optimization of LiDAR 

scanning and processing for automated structural evaluation of discontinuities in rockmasses” Int. 

J Rock Mech Mining Sci, 46,	  194-‐199.	  

[5] Lato, M., and Hutchinson, D.J. (2008) “Mining for LiDAR data” (Cover feature 
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article) Professional Surveyor Magazine. February 

9.4.1.1 Articles submitted to refereed journals 

[6] Fekete, S., Diederichs, M., and Lato, M.,  (2009) “Geotechnical and operational 

applications for 3-dimensional laser scanning in drill and blast tunnels” Submitted to Tunnelling 

and Underground Space Technology October 12, 2009, 21 manuscript pages, 28 figures 

9.4.2 Invited papers and/or lectures 

[7] Lato, M. (2009) “Innovative Geotechnical Engineering Applications of Mobile 

Terrestrial LiDAR Along Transportation Corridors” Innovative LiDAR Solutions Conference, 

Toronto, Ontario, Canada   

[8] Lato M. (2008) “Static to Mobile: Geotechnical Applications of LiDAR” SPAR 

Conference, Houston Tx,”  

[9] Lato M, Harrap R. (2008) “LiDAR Processing and Engineering” Canadian 

Undergraduate Technology Conference, Toronto, On  

[10] Diederichs M, Lato M, Hammah R, Quinn P, (2007) “Shear Strength Reduction 

Approach for Slope Stability Analyses” Invited Position Paper, 1st Canadian-US Rock Mechanics 

Symposium. May. Vancouver, 8 pages  

[11] Hutchinson D.J, Diederichs M.S, Kalenchuk K, Lato M, (2007). Invited Paper: 

“Forensic analysis of slopes to support mass movement analysis and infrastructure hazard 

management.” Int. Forum on Landslide Disaster Management, Hong Kong, December, 18 pages.  

9.4.3 Other refereed contributions 

9.4.3.1 Fully refereed conference paper and presentation (abstract and paper are refereed) 

[12] Lato M, Diederichs M, Hutchinson DJ, Harrap R. (2010) “Evaluating roadside 

rockmass hazards from LiDAR data: Optimizing data collection and processing protocols” 
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EUROCK European Rock Mechanics Symposium, Lausanne, Switzerland, June 15-18 

[13] Fekete, S., M. Diederichs, M. Lato. (2009). “Geotechnical applications of LiDAR 

scanning in tunneling” ROCKENG09: Proc. of the 3rd CANUS Rock Mechanics Symposium, 

Toronto May 9-15. ed. M. Diederichs and G. Grasselli. Paper 3987. 

9.4.3.2 Partially refereed conference paper and presentation (abstract is refereed) 

[14] Fekete S, Diederichs M, Lato M, Grimstad E, (2008) “HD Laser scanning in active 

tunnels: challenges, solutions, applications” Tunnelling Association of Canada Annual 

Conference; Toronto, Ontario, 10 pages (National Conference, completed during PhD research) 

[15] Lato M, Diederichs M, Hutchinson J, Harrap R, (2007). “Structural evaluation of 

visible discontinuities using LiDAR” Canadian Geotechnical Conference; Ottawa, Ontario 8 

pages 

9.4.3.3 Refereed extended abstract and presentation (no paper) 

 [16] Lato, M., Harrap, R., Diederichs, M., and Hutchinson, J. (2008) “A Tale of Two 

Targets: Scanning rockmasses and building facades with static and mobile LiDAR” Spatial 

Knowledge and Infrastructure Conference, Fernie, February, 2 pages (National Conference) 

[17] Lato M, Hutchinson J, Diederichs M, Kalenchuk K, (2007) “Evaluating block shape 

and block volume distributions using LiDAR and 3DEC” Geophysical Research Abstracts, vol. 9. 

2 pages (Int. Conference) 

9.4.4 Courses given 

[18] June 2010: Taught “taught “An Introduction to LiDAR: Data collection and 

processing principles” Geoide Summer School, Calgary, Ab, Ca 

[19] December 2009: Co-taught “An Introduction to LiDAR” Queen’s University, 

Kingston, On, Ca 

[20] May 2009: Co- taught “LiDAR, photogrammetry and remote sensing technologies in 
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Rock Engineering” offered at: RockEng 09: Rock Engineering in Difficult Conditions, Toronto, 

Ontario, Canada 

[21] June 2008: Co-taught  “Terresterial LiDAR: scans to surfaces” a University level 

course offered to students across Canada 

[22] December 2007: Co-taught “Terrestrial LIDAR - Principles, Data Collection, and 

Data Processing” an accrediated University level course 

9.4.5 Contributions resulting from particpation in industrially relevant R&D activities 

[23] Lato M, Hutchinson J, (2008) “Interim Report: Laser derived structural analysis for 

the IOC Mine” (65 pages)  

[24] Lato M, Hutchinson J, (2007) “Phase II Field Trip Report” Submitted to Rio Tinto 

and IOC (85 pages)  

9.5 Final thoughts 

Researching and writing this thesis have been a learning experience for both me and 

many of the people I have had the honor of working with. This thesis represents three and a half 

years of research across Canada and discussion and collaboration with many others, both 

domestic and abroad. This research has taught infinitely more to its author than can be 

appreciated from the publications and chapters alone.  
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Appendix A: Bias macros 

 

Chapter 6 deals with the statistical issues of occlusion in LiDAR data. The mathematic 

corrections developed to solve this problem were done so using programs written in VBA. There 

are four macros that were developed during this thesis, each of which aids in solving a unique 

part of the problem. 

Joint visibility macro 

The joint visibility macro prompts the input of information relating to the orientation of 

the discontinuity set(s), the look direction of the scanner, and the dimensions of the outcrop in 

relation to the scanner. From these orientations the probability of the discontinuity detection is 

calculated. This is however calculated not using equal spacing and can only be used as a rough 

guide.  

Private Sub CommandButton1_Click() 
Dim i, j, k, m, n, p, x, y, q As Integer 
Dim PI, sum_a, left_ang, right_ang As Double 
 
PI = 3.14159265 
i = 0 
q = 0 
j = 3 
k = 20 
n = 4 
m = 3 
p = 3 
x = 1 
y = 2 
sum_a = 0 
 
 
 
'fill out joint angles 
 
While (Worksheets("ref").Cells(k, 1).Value <> 0) 
     
    Worksheets("ref").Cells(k, 3).Value = (Worksheets("ref").Cells(k, 1).Value) * (PI / 

180) 
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    Worksheets("ref").Cells(k, 4).Value = (Worksheets("ref").Cells(k, 2).Value) * (PI / 
180) 

    Worksheets("ref").Cells(k, 5).Value = Cos(Worksheets("ref").Cells(k, 3).Value) * 
Cos(Worksheets("ref").Cells(k, 4).Value) 

    Worksheets("ref").Cells(k, 6).Value = Sin(Worksheets("ref").Cells(k, 3).Value) * 
Cos(Worksheets("ref").Cells(k, 4).Value) 

    Worksheets("ref").Cells(k, 7).Value = Sin(Worksheets("ref").Cells(k, 4).Value) 
     
    Worksheets("Weights").Cells(3, x).Value = Worksheets("ref").Cells(k, 1).Value 
    Worksheets("Weights").Cells(3, y).Value = Worksheets("ref").Cells(k, 2).Value 
     
    Worksheets("ref").Cells(28, 3).Value = (Worksheets("ref").Cells(28, 1).Value) * (PI / 

180) 
    Worksheets("ref").Cells(28, 4).Value = (Worksheets("ref").Cells(28, 2).Value) * (PI / 

180) 
    Worksheets("ref").Cells(28, 5).Value = Cos(Worksheets("ref").Cells(28, 3).Value) * 

Cos(Worksheets("ref").Cells(28, 4).Value) 
    Worksheets("ref").Cells(28, 6).Value = Sin(Worksheets("ref").Cells(28, 3).Value) * 

Cos(Worksheets("ref").Cells(28, 4).Value) 
    Worksheets("ref").Cells(28, 7).Value = Sin(Worksheets("ref").Cells(28, 4).Value) 
     
    k = k + 1 
    x = x + 2 
    y = y + 2 
         
Wend 
'calcualte look angles to the right and left 
 
    Worksheets("ref").Cells(32, 3).Value = Sqr((Worksheets("ref").Cells(32, 1).Value) ^ 2 

+ (Worksheets("ref").Cells(37, 1).Value) ^ 2) 
    Worksheets("ref").Cells(32, 5).Value = (((Worksheets("ref").Cells(37, 1).Value) ^ 2 + 

(Worksheets("ref").Cells(32, 3).Value) ^ 2 - (Worksheets("ref").Cells(32, 1).Value) ^ 2)) / (2 * 
(Worksheets("ref").Cells(37, 1).Value) * (Worksheets("ref").Cells(32, 3).Value)) 

    Worksheets("ref").Cells(32, 7).Value = (180 / PI) * (2 * Atn((Sqr((1 - 
(Worksheets("ref").Cells(32, 5).Value) ^ 2))) / (1 + (Worksheets("ref").Cells(32, 5).Value)))) 

          
    left_ang = (Worksheets("ref").Cells(32, 7).Value) 
     
          
    Worksheets("ref").Cells(32, 4).Value = Sqr((Worksheets("ref").Cells(32, 2).Value) ^ 2 

+ (Worksheets("ref").Cells(37, 1).Value) ^ 2) 
    Worksheets("ref").Cells(32, 6).Value = (((Worksheets("ref").Cells(37, 1).Value) ^ 2 + 

(Worksheets("ref").Cells(32, 4).Value) ^ 2 - (Worksheets("ref").Cells(32, 2).Value) ^ 2)) / (2 * 
(Worksheets("ref").Cells(37, 1).Value) * (Worksheets("ref").Cells(32, 4).Value)) 

    Worksheets("ref").Cells(32, 8).Value = (180 / PI) * (2 * Atn((Sqr((1 - 
(Worksheets("ref").Cells(32, 6).Value) ^ 2))) / (1 + (Worksheets("ref").Cells(32, 6).Value)))) 

        
    right_ang = (Worksheets("ref").Cells(32, 8).Value) 
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'fill out scanner look angles 
'left look 
While i < left_ang 
 
    Worksheets("data_viz").Cells(j, 1).Value = (Worksheets("ref").Cells(20, 1).Value) - 

left_ang + i 
    Worksheets("data_viz").Cells(j, 2).Value = (Worksheets("ref").Cells(20, 2).Value) 
     
    i = i + 1 
    j = j + 1 
     
Wend 
 
'look right 
While q < right_ang 
 
   Worksheets("data_viz").Cells(j, 1).Value = (Worksheets("ref").Cells(20, 1).Value) + 

right_ang - q 
   Worksheets("data_viz").Cells(j, 2).Value = (Worksheets("ref").Cells(20, 2).Value) 
     
   q = q + 1 
   j = j + 1 
     
Wend 
 
If (Worksheets("ref").Cells(20, 1).Value) > 0 Then 
    While (Worksheets("data_viz").Range("A" + CStr(m)).Value <> "") 
     
        Worksheets("data_viz").Cells(m, 3).Value = (Worksheets("data_viz").Cells(m, 

1).Value) * (PI / 180) 
        Worksheets("data_viz").Cells(m, 4).Value = (Worksheets("data_viz").Cells(m, 

2).Value) * (PI / 180) 
         
        Worksheets("data_viz").Cells(m, 5).Value = Cos(Worksheets("data_viz").Cells(m, 

3).Value) * Cos(Worksheets("data_viz").Cells(m, 4).Value) 
        Worksheets("data_viz").Cells(m, 6).Value = Sin(Worksheets("data_viz").Cells(m, 

3).Value) * Cos(Worksheets("data_viz").Cells(m, 4).Value) 
        Worksheets("data_viz").Cells(m, 7).Value = Sin(Worksheets("data_viz").Cells(m, 

4).Value) 
         
        Worksheets("data_viz").Cells(m, 8).Value = ((Worksheets("data_viz").Cells(m, 

5).Value) * (Worksheets("ref").Cells(28, 5).Value)) + ((Worksheets("data_viz").Cells(m, 
6).Value) * (Worksheets("ref").Cells(28, 6).Value)) + ((Worksheets("data_viz").Cells(m, 
7).Value) * (Worksheets("ref").Cells(28, 7).Value)) 

         
        Worksheets("data_viz").Cells(m, 9).Value = (180 / PI) * (2 * Atn((Sqr((1 - 

(Worksheets("data_viz").Cells(m, 8).Value) ^ 2))) / (1 + (Worksheets("data_viz").Cells(m, 
8).Value)))) 

         
        If (Worksheets("data_viz").Cells(m, 9).Value) < 10 Then 
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            Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(6, 
2).Value) 

            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 20 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(7, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 30 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(8, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 40 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(9, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 50 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(10, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 60 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(11, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 70 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(12, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 80 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(13, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 100 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(14, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 110 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(13, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 120 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(12, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 130 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(11, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 140 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(10, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 150 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(9, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 160 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(8, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 170 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(7, 

2).Value) 
            Else 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(6, 

2).Value) 
        End If 
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        Worksheets("data_viz").Cells(m, 11).Value = 1 / (Worksheets("data_viz").Cells(m, 
10).Value) 

        Worksheets("Weights").Cells(n, 1).Value = (Worksheets("data_viz").Cells(m, 
11).Value) 

        m = m + 1 
        n = n + 1 
    Wend 
 
    Else 
        While (Worksheets("data_viz").Range("A" + CStr(i)).Value <> "") 
         
            Worksheets("data_viz").Cells(m, 8).Value = 0 
             
            m = m + 1 
        Wend 
End If 
 
    While (Worksheets("data_viz").Range("A" + CStr(p)).Value <> "") 
     
        sum_a = sum_a + Worksheets("data_viz").Cells(p, 10).Value 
        p = p + 1 
        Worksheets("Weights").Cells(3, 3).Value = sum_a / p 
    Wend 
     
End Sub 
 

Determine discontinuity occlusion macro 

The determine occlusion macro can be used for two purposes. The primary use is plotting 

the line-of-sight occlusion function on a stereonet. The user must input the scanner direction, and 

weighing values for every possible discontinuity orientation are provided. This is the fundamental 

macro that aids in determining the discontinuity-weighting factor. This macro can also be used to 

calculating the optimal scanning location. By entering the orientations of the visible 

discontinuities sets a stereonet will be contoured with optimal scanning directions.  

 

Private Sub CommandButton1_Click() 
Dim i, j, k, a, b, c, d, e, f, g, h, x As Integer 
Dim PI As Double 
 
PI = 3.14159265 
j = 20 
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x = 1 
y = 2 
Z = 4 
AA = 3 
AB = 3 
'joint set one variables 
i = 3 
k = 4 
'joint set 2 variables 
a = 3 
b = 4 
'joint set 3 variables 
c = 3 
d = 4 
'joint set 4 variables 
e = 3 
f = 4 
'joint set 5 variables 
g = 3 
h = 4 
 
'calculating face or joint orientations 
 
    While (Worksheets("ref").Range("A" + CStr(j)).Value <> "") 
     
        Worksheets("ref").Cells(j, 3).Value = (Worksheets("ref").Cells(j, 1).Value) * (PI / 

180) 
        Worksheets("ref").Cells(j, 4).Value = (Worksheets("ref").Cells(j, 2).Value) * (PI / 

180) 
        Worksheets("ref").Cells(j, 5).Value = Cos(Worksheets("ref").Cells(j, 3).Value) * 

Cos(Worksheets("ref").Cells(j, 4).Value) 
        Worksheets("ref").Cells(j, 6).Value = Sin(Worksheets("ref").Cells(j, 3).Value) * 

Cos(Worksheets("ref").Cells(j, 4).Value) 
        Worksheets("ref").Cells(j, 7).Value = Sin(Worksheets("ref").Cells(j, 4).Value) 
         
        Worksheets("Weights").Cells(3, x).Value = Worksheets("ref").Cells(j, 1).Value 
        Worksheets("Weights").Cells(3, y).Value = Worksheets("ref").Cells(j, 2).Value 
         
        x = x + 2 
        y = y + 2 
        j = j + 1 
         
    Wend 
'*************************** 
'weighting for joint set 1 * 
'*************************** 
    If (Worksheets("ref").Cells(20, 1).Value) > 0 Then 
     
    While (Worksheets("data_viz").Range("A" + CStr(i)).Value <> "") 
        Worksheets("data_viz").Cells(i, 3).Value = (Worksheets("data_viz").Cells(i, 

1).Value) * (PI / 180) 
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        Worksheets("data_viz").Cells(i, 4).Value = (Worksheets("data_viz").Cells(i, 
2).Value) * (PI / 180) 

         
        Worksheets("data_viz").Cells(i, 5).Value = Cos(Worksheets("data_viz").Cells(i, 

3).Value) * Cos(Worksheets("data_viz").Cells(i, 4).Value) 
        Worksheets("data_viz").Cells(i, 6).Value = Sin(Worksheets("data_viz").Cells(i, 

3).Value) * Cos(Worksheets("data_viz").Cells(i, 4).Value) 
        Worksheets("data_viz").Cells(i, 7).Value = Sin(Worksheets("data_viz").Cells(i, 

4).Value) 
         
        Worksheets("data_viz").Cells(i, 8).Value = ((Worksheets("data_viz").Cells(i, 

5).Value) * (Worksheets("ref").Cells(20, 5).Value)) + ((Worksheets("data_viz").Cells(i, 6).Value) 
* (Worksheets("ref").Cells(20, 6).Value)) + ((Worksheets("data_viz").Cells(i, 7).Value) * 
(Worksheets("ref").Cells(20, 7).Value)) 

         
        Worksheets("data_viz").Cells(i, 9).Value = (180 / PI) * (2 * Atn((Sqr((1 - 

(Worksheets("data_viz").Cells(i, 8).Value) ^ 2))) / (1 + (Worksheets("data_viz").Cells(i, 
8).Value)))) 

         
        If (Worksheets("data_viz").Cells(i, 9).Value) < 10 Then 
            Worksheets("data_viz").Cells(i, 10).Value = (Worksheets("ref").Cells(6, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(i, 9).Value) < 20 Then 
                Worksheets("data_viz").Cells(i, 10).Value = (Worksheets("ref").Cells(7, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(i, 9).Value) < 30 Then 
                Worksheets("data_viz").Cells(i, 10).Value = (Worksheets("ref").Cells(8, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(i, 9).Value) < 40 Then 
                Worksheets("data_viz").Cells(i, 10).Value = (Worksheets("ref").Cells(9, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(i, 9).Value) < 50 Then 
                Worksheets("data_viz").Cells(i, 10).Value = (Worksheets("ref").Cells(10, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(i, 9).Value) < 60 Then 
                Worksheets("data_viz").Cells(i, 10).Value = (Worksheets("ref").Cells(11, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(i, 9).Value) < 70 Then 
                Worksheets("data_viz").Cells(i, 10).Value = (Worksheets("ref").Cells(12, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(i, 9).Value) < 80 Then 
                Worksheets("data_viz").Cells(i, 10).Value = (Worksheets("ref").Cells(13, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(i, 9).Value) < 100 Then 
                Worksheets("data_viz").Cells(i, 10).Value = (Worksheets("ref").Cells(14, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(i, 9).Value) < 110 Then 
                Worksheets("data_viz").Cells(i, 10).Value = (Worksheets("ref").Cells(13, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(i, 9).Value) < 120 Then 
                Worksheets("data_viz").Cells(i, 10).Value = (Worksheets("ref").Cells(12, 



Geotechnical Applications of LiDAR Pertaining to Hazard Evaluation 

223 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(i, 9).Value) < 130 Then 
                Worksheets("data_viz").Cells(i, 10).Value = (Worksheets("ref").Cells(11, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(i, 9).Value) < 140 Then 
                Worksheets("data_viz").Cells(i, 10).Value = (Worksheets("ref").Cells(10, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(i, 9).Value) < 150 Then 
                Worksheets("data_viz").Cells(i, 10).Value = (Worksheets("ref").Cells(9, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(i, 9).Value) < 160 Then 
                Worksheets("data_viz").Cells(i, 10).Value = (Worksheets("ref").Cells(8, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(i, 9).Value) < 170 Then 
                Worksheets("data_viz").Cells(i, 10).Value = (Worksheets("ref").Cells(7, 

2).Value) 
            Else 
                Worksheets("data_viz").Cells(i, 10).Value = (Worksheets("ref").Cells(6, 

2).Value) 
        End If 
             
        Worksheets("data_viz").Cells(i, 11).Value = 1 / (Worksheets("data_viz").Cells(i, 

10).Value) 
        Worksheets("Weights").Cells(k, 1).Value = (Worksheets("data_viz").Cells(i, 

11).Value) 
        i = i + 1 
        k = k + 1 
         
    Wend 
     
    Else 
        While (Worksheets("data_viz").Range("A" + CStr(i)).Value <> "") 
        Worksheets("data_viz").Cells(i, 8).Value = 0 
        Worksheets("data_viz").Cells(i, 9).Value = 0 
        Worksheets("data_viz").Cells(i, 10).Value = 0 
        Worksheets("data_viz").Cells(i, 11).Value = 0 
        Worksheets("Weights").Cells(k, 1).Value = (Worksheets("data_viz").Cells(i, 

11).Value) 
        i = i + 1 
        k = k + 1 
        Wend 
    End If 
     
'*************************** 
'weighting for joint set 2 * 
'*************************** 
 
    If (Worksheets("ref").Cells(21, 1).Value) > 0 Then 
     
    While (Worksheets("data_viz").Range("A" + CStr(a)).Value <> "") 
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        Worksheets("data_viz").Cells(a, 12).Value = ((Worksheets("data_viz").Cells(a, 
5).Value) * (Worksheets("ref").Cells(21, 5).Value)) + ((Worksheets("data_viz").Cells(a, 
6).Value) * (Worksheets("ref").Cells(21, 6).Value)) + ((Worksheets("data_viz").Cells(a, 
7).Value) * (Worksheets("ref").Cells(21, 7).Value)) 

         
        Worksheets("data_viz").Cells(a, 13).Value = (180 / PI) * (2 * Atn((Sqr((1 - 

(Worksheets("data_viz").Cells(a, 12).Value) ^ 2))) / (1 + (Worksheets("data_viz").Cells(a, 
12).Value)))) 

         
        If (Worksheets("data_viz").Cells(a, 13).Value) < 10 Then 
            Worksheets("data_viz").Cells(a, 14).Value = (Worksheets("ref").Cells(6, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(a, 13).Value) < 20 Then 
                Worksheets("data_viz").Cells(a, 14).Value = (Worksheets("ref").Cells(7, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(a, 13).Value) < 30 Then 
                Worksheets("data_viz").Cells(a, 14).Value = (Worksheets("ref").Cells(8, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(a, 13).Value) < 40 Then 
                Worksheets("data_viz").Cells(a, 14).Value = (Worksheets("ref").Cells(9, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(a, 13).Value) < 50 Then 
                Worksheets("data_viz").Cells(a, 14).Value = (Worksheets("ref").Cells(10, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(a, 13).Value) < 60 Then 
                Worksheets("data_viz").Cells(a, 14).Value = (Worksheets("ref").Cells(11, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(a, 13).Value) < 70 Then 
                Worksheets("data_viz").Cells(a, 14).Value = (Worksheets("ref").Cells(12, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(a, 13).Value) < 80 Then 
                Worksheets("data_viz").Cells(a, 14).Value = (Worksheets("ref").Cells(13, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(a, 13).Value) < 100 Then 
                Worksheets("data_viz").Cells(a, 14).Value = (Worksheets("ref").Cells(14, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(a, 13).Value) < 110 Then 
                Worksheets("data_viz").Cells(a, 14).Value = (Worksheets("ref").Cells(13, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(a, 13).Value) < 120 Then 
                Worksheets("data_viz").Cells(a, 14).Value = (Worksheets("ref").Cells(12, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(a, 13).Value) < 130 Then 
                Worksheets("data_viz").Cells(a, 14).Value = (Worksheets("ref").Cells(11, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(a, 13).Value) < 140 Then 
                Worksheets("data_viz").Cells(a, 14).Value = (Worksheets("ref").Cells(10, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(a, 13).Value) < 150 Then 
                Worksheets("data_viz").Cells(a, 14).Value = (Worksheets("ref").Cells(9, 

2).Value) 
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            ElseIf (Worksheets("data_viz").Cells(a, 13).Value) < 160 Then 
                Worksheets("data_viz").Cells(a, 14).Value = (Worksheets("ref").Cells(8, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(a, 13).Value) < 170 Then 
                Worksheets("data_viz").Cells(a, 14).Value = (Worksheets("ref").Cells(7, 

2).Value) 
            Else 
                Worksheets("data_viz").Cells(a, 14).Value = (Worksheets("ref").Cells(6, 

2).Value) 
        End If 
             
        Worksheets("data_viz").Cells(a, 15).Value = 1 / (Worksheets("data_viz").Cells(a, 

14).Value) 
        Worksheets("Weights").Cells(b, 3).Value = (Worksheets("data_viz").Cells(a, 

15).Value) 
        a = a + 1 
        b = b + 1 
         
    Wend 
     
    Else 
        While (Worksheets("data_viz").Range("A" + CStr(a)).Value <> "") 
        Worksheets("data_viz").Cells(a, 12).Value = 0 
        Worksheets("data_viz").Cells(a, 13).Value = 0 
        Worksheets("data_viz").Cells(a, 14).Value = 0 
        Worksheets("data_viz").Cells(a, 15).Value = 0 
        Worksheets("Weights").Cells(b, 3).Value = (Worksheets("data_viz").Cells(a, 

15).Value) 
        a = a + 1 
        b = b + 1 
        Wend 
    End If 
 
'*************************** 
'weighting for joint set 3 * 
'*************************** 
 
    If (Worksheets("ref").Cells(22, 1).Value) > 0 Then 
     
    While (Worksheets("data_viz").Range("A" + CStr(c)).Value <> "") 
         
        Worksheets("data_viz").Cells(c, 16).Value = ((Worksheets("data_viz").Cells(c, 

5).Value) * (Worksheets("ref").Cells(22, 5).Value)) + ((Worksheets("data_viz").Cells(c, 
6).Value) * (Worksheets("ref").Cells(22, 6).Value)) + ((Worksheets("data_viz").Cells(c, 
7).Value) * (Worksheets("ref").Cells(22, 7).Value)) 

         
        Worksheets("data_viz").Cells(c, 17).Value = (180 / PI) * (2 * Atn((Sqr((1 - 

(Worksheets("data_viz").Cells(c, 16).Value) ^ 2))) / (1 + (Worksheets("data_viz").Cells(c, 
16).Value)))) 

         
        If (Worksheets("data_viz").Cells(c, 17).Value) < 10 Then 
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            Worksheets("data_viz").Cells(c, 18).Value = (Worksheets("ref").Cells(6, 
2).Value) 

            ElseIf (Worksheets("data_viz").Cells(c, 17).Value) < 20 Then 
                Worksheets("data_viz").Cells(c, 18).Value = (Worksheets("ref").Cells(7, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(c, 17).Value) < 30 Then 
                Worksheets("data_viz").Cells(c, 18).Value = (Worksheets("ref").Cells(8, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(c, 17).Value) < 40 Then 
                Worksheets("data_viz").Cells(c, 18).Value = (Worksheets("ref").Cells(9, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(c, 17).Value) < 50 Then 
                Worksheets("data_viz").Cells(c, 18).Value = (Worksheets("ref").Cells(10, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(c, 17).Value) < 60 Then 
                Worksheets("data_viz").Cells(c, 18).Value = (Worksheets("ref").Cells(11, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(c, 17).Value) < 70 Then 
                Worksheets("data_viz").Cells(c, 18).Value = (Worksheets("ref").Cells(12, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(c, 17).Value) < 80 Then 
                Worksheets("data_viz").Cells(c, 18).Value = (Worksheets("ref").Cells(13, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(c, 17).Value) < 100 Then 
                Worksheets("data_viz").Cells(c, 18).Value = (Worksheets("ref").Cells(14, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(c, 17).Value) < 110 Then 
                Worksheets("data_viz").Cells(c, 18).Value = (Worksheets("ref").Cells(13, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(c, 17).Value) < 120 Then 
                Worksheets("data_viz").Cells(c, 18).Value = (Worksheets("ref").Cells(12, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(c, 17).Value) < 130 Then 
                Worksheets("data_viz").Cells(c, 18).Value = (Worksheets("ref").Cells(11, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(c, 17).Value) < 140 Then 
                Worksheets("data_viz").Cells(c, 18).Value = (Worksheets("ref").Cells(10, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(c, 17).Value) < 150 Then 
                Worksheets("data_viz").Cells(c, 18).Value = (Worksheets("ref").Cells(9, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(c, 17).Value) < 160 Then 
                Worksheets("data_viz").Cells(c, 18).Value = (Worksheets("ref").Cells(8, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(c, 17).Value) < 170 Then 
                Worksheets("data_viz").Cells(c, 18).Value = (Worksheets("ref").Cells(7, 

2).Value) 
            Else 
                Worksheets("data_viz").Cells(c, 18).Value = (Worksheets("ref").Cells(6, 

2).Value) 
        End If 
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        Worksheets("data_viz").Cells(c, 19).Value = 1 / (Worksheets("data_viz").Cells(c, 

18).Value) 
        Worksheets("Weights").Cells(d, 5).Value = (Worksheets("data_viz").Cells(c, 

19).Value) 
        c = d + 1 
        d = d + 1 
         
    Wend 
     
    Else 
        While (Worksheets("data_viz").Range("A" + CStr(c)).Value <> "") 
        Worksheets("data_viz").Cells(c, 16).Value = 0 
        Worksheets("data_viz").Cells(c, 17).Value = 0 
        Worksheets("data_viz").Cells(c, 18).Value = 0 
        Worksheets("data_viz").Cells(c, 19).Value = 0 
        Worksheets("Weights").Cells(d, 5).Value = (Worksheets("data_viz").Cells(c, 

19).Value) 
        c = c + 1 
        d = d + 1 
        Wend 
    End If 
     
'*************************** 
'weighting for joint set 4 * 
'*************************** 
    If (Worksheets("ref").Cells(23, 1).Value) > 0 Then 
     
      While (Worksheets("data_viz").Range("A" + CStr(e)).Value <> "") 
         
        Worksheets("data_viz").Cells(e, 20).Value = ((Worksheets("data_viz").Cells(e, 

5).Value) * (Worksheets("ref").Cells(23, 5).Value)) + ((Worksheets("data_viz").Cells(e, 
6).Value) * (Worksheets("ref").Cells(23, 6).Value)) + ((Worksheets("data_viz").Cells(e, 
7).Value) * (Worksheets("ref").Cells(23, 7).Value)) 

         
        Worksheets("data_viz").Cells(e, 21).Value = (180 / PI) * (2 * Atn((Sqr((1 - 

(Worksheets("data_viz").Cells(e, 20).Value) ^ 2))) / (1 + (Worksheets("data_viz").Cells(e, 
20).Value)))) 

         
        If (Worksheets("data_viz").Cells(e, 21).Value) < 10 Then 
            Worksheets("data_viz").Cells(e, 22).Value = (Worksheets("ref").Cells(6, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(e, 21).Value) < 20 Then 
                Worksheets("data_viz").Cells(e, 22).Value = (Worksheets("ref").Cells(7, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(e, 21).Value) < 30 Then 
                Worksheets("data_viz").Cells(e, 22).Value = (Worksheets("ref").Cells(8, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(e, 21).Value) < 40 Then 
                Worksheets("data_viz").Cells(e, 22).Value = (Worksheets("ref").Cells(9, 

2).Value) 
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            ElseIf (Worksheets("data_viz").Cells(e, 21).Value) < 50 Then 
                Worksheets("data_viz").Cells(e, 22).Value = (Worksheets("ref").Cells(10, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(e, 21).Value) < 60 Then 
                Worksheets("data_viz").Cells(e, 22).Value = (Worksheets("ref").Cells(11, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(e, 21).Value) < 70 Then 
                Worksheets("data_viz").Cells(e, 22).Value = (Worksheets("ref").Cells(12, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(e, 21).Value) < 80 Then 
                Worksheets("data_viz").Cells(e, 22).Value = (Worksheets("ref").Cells(13, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(e, 21).Value) < 100 Then 
                Worksheets("data_viz").Cells(e, 22).Value = (Worksheets("ref").Cells(14, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(e, 21).Value) < 110 Then 
                Worksheets("data_viz").Cells(e, 22).Value = (Worksheets("ref").Cells(13, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(e, 21).Value) < 120 Then 
                Worksheets("data_viz").Cells(e, 22).Value = (Worksheets("ref").Cells(12, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(e, 21).Value) < 130 Then 
                Worksheets("data_viz").Cells(e, 22).Value = (Worksheets("ref").Cells(11, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(e, 21).Value) < 140 Then 
                Worksheets("data_viz").Cells(e, 22).Value = (Worksheets("ref").Cells(10, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(e, 21).Value) < 150 Then 
                Worksheets("data_viz").Cells(e, 22).Value = (Worksheets("ref").Cells(9, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(e, 21).Value) < 160 Then 
                Worksheets("data_viz").Cells(e, 22).Value = (Worksheets("ref").Cells(8, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(e, 21).Value) < 170 Then 
                Worksheets("data_viz").Cells(e, 22).Value = (Worksheets("ref").Cells(7, 

2).Value) 
            Else 
                Worksheets("data_viz").Cells(e, 22).Value = (Worksheets("ref").Cells(6, 

2).Value) 
        End If 
             
        Worksheets("data_viz").Cells(e, 23).Value = 1 / (Worksheets("data_viz").Cells(e, 

22).Value) 
        Worksheets("Weights").Cells(f, 7).Value = (Worksheets("data_viz").Cells(e, 

23).Value) 
        e = e + 1 
        f = f + 1 
         
    Wend 
     
    Else 
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        While (Worksheets("data_viz").Range("A" + CStr(e)).Value <> "") 
         
            Worksheets("data_viz").Cells(e, 20).Value = 0 
            Worksheets("data_viz").Cells(e, 21).Value = 0 
            Worksheets("data_viz").Cells(e, 22).Value = 0 
            Worksheets("data_viz").Cells(e, 23).Value = 0 
            Worksheets("Weights").Cells(f, 7).Value = (Worksheets("data_viz").Cells(e, 

23).Value) 
            e = e + 1 
            f = f + 1 
        Wend 
    End If 
     
'*************************** 
'weighting for joint set 5 * 
'*************************** 
    If (Worksheets("ref").Cells(24, 1).Value) > 0 Then 
     
      While (Worksheets("data_viz").Range("A" + CStr(g)).Value <> "") 
         
        Worksheets("data_viz").Cells(g, 24).Value = ((Worksheets("data_viz").Cells(g, 

5).Value) * (Worksheets("ref").Cells(24, 5).Value)) + ((Worksheets("data_viz").Cells(g, 
6).Value) * (Worksheets("ref").Cells(24, 6).Value)) + ((Worksheets("data_viz").Cells(g, 
7).Value) * (Worksheets("ref").Cells(24, 7).Value)) 

         
        Worksheets("data_viz").Cells(g, 25).Value = (180 / PI) * (2 * Atn((Sqr((1 - 

(Worksheets("data_viz").Cells(g, 24).Value) ^ 2))) / (1 + (Worksheets("data_viz").Cells(g, 
24).Value)))) 

         
        If (Worksheets("data_viz").Cells(g, 25).Value) < 10 Then 
            Worksheets("data_viz").Cells(g, 26).Value = (Worksheets("ref").Cells(6, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(g, 25).Value) < 20 Then 
                Worksheets("data_viz").Cells(g, 26).Value = (Worksheets("ref").Cells(7, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(g, 25).Value) < 30 Then 
                Worksheets("data_viz").Cells(g, 26).Value = (Worksheets("ref").Cells(8, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(g, 25).Value) < 40 Then 
                Worksheets("data_viz").Cells(g, 26).Value = (Worksheets("ref").Cells(9, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(g, 25).Value) < 50 Then 
                Worksheets("data_viz").Cells(g, 26).Value = (Worksheets("ref").Cells(10, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(g, 25).Value) < 60 Then 
                Worksheets("data_viz").Cells(g, 26).Value = (Worksheets("ref").Cells(11, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(g, 25).Value) < 70 Then 
                Worksheets("data_viz").Cells(g, 26).Value = (Worksheets("ref").Cells(12, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(g, 25).Value) < 80 Then 
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                Worksheets("data_viz").Cells(g, 26).Value = (Worksheets("ref").Cells(13, 
2).Value) 

            ElseIf (Worksheets("data_viz").Cells(g, 25).Value) < 100 Then 
                Worksheets("data_viz").Cells(g, 26).Value = (Worksheets("ref").Cells(14, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(g, 25).Value) < 110 Then 
                Worksheets("data_viz").Cells(g, 26).Value = (Worksheets("ref").Cells(13, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(g, 25).Value) < 120 Then 
                Worksheets("data_viz").Cells(g, 26).Value = (Worksheets("ref").Cells(12, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(g, 25).Value) < 130 Then 
                Worksheets("data_viz").Cells(g, 26).Value = (Worksheets("ref").Cells(11, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(g, 25).Value) < 140 Then 
                Worksheets("data_viz").Cells(g, 26).Value = (Worksheets("ref").Cells(10, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(g, 25).Value) < 150 Then 
                Worksheets("data_viz").Cells(g, 26).Value = (Worksheets("ref").Cells(9, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(g, 25).Value) < 160 Then 
                Worksheets("data_viz").Cells(g, 26).Value = (Worksheets("ref").Cells(8, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(g, 25).Value) < 170 Then 
                Worksheets("data_viz").Cells(g, 26).Value = (Worksheets("ref").Cells(7, 

2).Value) 
            Else 
                Worksheets("data_viz").Cells(g, 26).Value = (Worksheets("ref").Cells(6, 

2).Value) 
        End If 
             
        Worksheets("data_viz").Cells(g, 27).Value = 1 / (Worksheets("data_viz").Cells(g, 

26).Value) 
        Worksheets("Weights").Cells(h, 9).Value = (Worksheets("data_viz").Cells(g, 

27).Value) 
        g = g + 1 
        h = h + 1 
         
    Wend 
     
    Else 
        While (Worksheets("data_viz").Range("A" + CStr(g)).Value <> "") 
         
            Worksheets("data_viz").Cells(g, 24).Value = 0 
            Worksheets("data_viz").Cells(g, 25).Value = 0 
            Worksheets("data_viz").Cells(g, 26).Value = 0 
 
            Worksheets("Weights").Cells(h, 9).Value = (Worksheets("data_viz").Cells(g, 

27).Value) 
            g = g + 1 
            h = h + 1 
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        Wend 
    End If 
     
'calculate final weights 
 
    While (Worksheets("Weights").Cells(Z, 1).Value <> "") 
     
        Worksheets("Weights").Cells(Z, 11).Value = Int((Worksheets("Weights").Cells(Z, 

1).Value) + (Worksheets("Weights").Cells(Z, 3).Value) + (Worksheets("Weights").Cells(Z, 
5).Value) + (Worksheets("Weights").Cells(Z, 7).Value) + (Worksheets("Weights").Cells(Z, 
9).Value)) 

        Z = Z + 1 
    Wend 
     
    While (Worksheets("Weights").Cells(AA, 12).Value <> "") 
     
        If (Worksheets("weights").Cells(AA, 12).Value) = 

(Worksheets("data_viz").Cells(AB, 1).Value) Then 
            Worksheets("Weights").Cells(AA, 14).Value = 5 
            Else 
            AB = AB + 1 
        End If 
        AA = AA + 1 
    Wend 
End Sub 

Terzaghi correction macro 

The Terzaghi correction macro prompts the user for the orientation of the outcrop face 

and provides the corresponding weighting factors. This can also be used to plot the Terzaghi 

function on a stereonet. 

Private Sub CommandButton1_Click() 
Dim m As Integer 
Dim PI As Double 
 
PI = 3.14159265 
m = 3 
 
 
'fill out face angles 
 
     
    Worksheets("ref").Cells(25, 3).Value = (Worksheets("ref").Cells(25, 1).Value) * (PI / 

180) 
    Worksheets("ref").Cells(25, 4).Value = (Worksheets("ref").Cells(25, 2).Value) * (PI / 

180) 
    Worksheets("ref").Cells(25, 5).Value = Cos(Worksheets("ref").Cells(25, 3).Value) * 



Geotechnical Applications of LiDAR Pertaining to Hazard Evaluation 

232 

Cos(Worksheets("ref").Cells(25, 4).Value) 
    Worksheets("ref").Cells(25, 6).Value = Sin(Worksheets("ref").Cells(25, 3).Value) * 

Cos(Worksheets("ref").Cells(25, 4).Value) 
    Worksheets("ref").Cells(25, 7).Value = Sin(Worksheets("ref").Cells(25, 4).Value) 
 
 
'fill out scanner look angles 
 
    While (Worksheets("data_viz").Range("A" + CStr(m)).Value <> "") 
     
        Worksheets("data_viz").Cells(m, 3).Value = (Worksheets("data_viz").Cells(m, 

1).Value) * (PI / 180) 
        Worksheets("data_viz").Cells(m, 4).Value = (Worksheets("data_viz").Cells(m, 

2).Value) * (PI / 180) 
         
        Worksheets("data_viz").Cells(m, 5).Value = Cos(Worksheets("data_viz").Cells(m, 

3).Value) * Cos(Worksheets("data_viz").Cells(m, 4).Value) 
        Worksheets("data_viz").Cells(m, 6).Value = Sin(Worksheets("data_viz").Cells(m, 

3).Value) * Cos(Worksheets("data_viz").Cells(m, 4).Value) 
        Worksheets("data_viz").Cells(m, 7).Value = Sin(Worksheets("data_viz").Cells(m, 

4).Value) 
         
        Worksheets("data_viz").Cells(m, 8).Value = ((Worksheets("data_viz").Cells(m, 

5).Value) * (Worksheets("ref").Cells(25, 5).Value)) + ((Worksheets("data_viz").Cells(m, 
6).Value) * (Worksheets("ref").Cells(25, 6).Value)) + ((Worksheets("data_viz").Cells(m, 
7).Value) * (Worksheets("ref").Cells(25, 7).Value)) 

         
        Worksheets("data_viz").Cells(m, 9).Value = (180 / PI) * (2 * Atn((Sqr((1 - 

(Worksheets("data_viz").Cells(m, 8).Value) ^ 2))) / (1 + (Worksheets("data_viz").Cells(m, 
8).Value)))) 

         
        Worksheets("data_viz").Cells(m, 10).Value = Sin(PI / 180 * 

(Worksheets("data_viz").Cells(m, 9).Value)) 
         
        Worksheets("data_viz").Cells(m, 11).Value = 1 / (Worksheets("data_viz").Cells(m, 

10).Value) 
        m = m + 1 
    Wend 
     
End Sub 

Combination: Terzaghi, occlusion, visibility macro 

The combination macro is used to calculate the possible viewing angles of an individual 

discontinuity set from a single scanning location. This is a detailed macro that only bases the 

calculation on subset of all possible discontinuity orientations that are equally spaced on a 

stereonet. This macro only works for one discontinuity at a time. 
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Private Sub CommandButton1_Click() 
Dim i, j, k, m, n, p, x, y, a, q, r, s As Integer 
Dim PI, sum_a, left_ang, right_ang, up_ang, down_ang As Double 
 
PI = 3.14159265 
a = 0 
i = 0 
j = 3 
k = 20 
n = 4 
m = 3 
p = 3 
q = 3 
r = 3 
s = 3 
x = 1 
y = 2 
sum_a = 0 
 
 
 
'fill out joint angles 
 
While (Worksheets("ref").Cells(k, 1).Value <> 0) 
     
    Worksheets("ref").Cells(k, 3).Value = (Worksheets("ref").Cells(k, 1).Value) * (PI / 

180) 
    Worksheets("ref").Cells(k, 4).Value = (Worksheets("ref").Cells(k, 2).Value) * (PI / 

180) 
    Worksheets("ref").Cells(k, 5).Value = Cos(Worksheets("ref").Cells(k, 3).Value) * 

Cos(Worksheets("ref").Cells(k, 4).Value) 
    Worksheets("ref").Cells(k, 6).Value = Sin(Worksheets("ref").Cells(k, 3).Value) * 

Cos(Worksheets("ref").Cells(k, 4).Value) 
    Worksheets("ref").Cells(k, 7).Value = Sin(Worksheets("ref").Cells(k, 4).Value) 
     
    Worksheets("Weights").Cells(3, x).Value = Worksheets("ref").Cells(k, 1).Value 
    Worksheets("Weights").Cells(3, y).Value = Worksheets("ref").Cells(k, 2).Value 
     
    Worksheets("ref").Cells(28, 3).Value = (Worksheets("ref").Cells(28, 1).Value) * (PI / 

180) 
    Worksheets("ref").Cells(28, 4).Value = (Worksheets("ref").Cells(28, 2).Value) * (PI / 

180) 
    Worksheets("ref").Cells(28, 5).Value = Cos(Worksheets("ref").Cells(28, 3).Value) * 

Cos(Worksheets("ref").Cells(28, 4).Value) 
    Worksheets("ref").Cells(28, 6).Value = Sin(Worksheets("ref").Cells(28, 3).Value) * 

Cos(Worksheets("ref").Cells(28, 4).Value) 
    Worksheets("ref").Cells(28, 7).Value = Sin(Worksheets("ref").Cells(28, 4).Value) 
     
    k = k + 1 
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    x = x + 2 
    y = y + 2 
         
Wend 
 
'calcualte look angles to the right and left 
 
    Worksheets("ref").Cells(32, 3).Value = Sqr((Worksheets("ref").Cells(32, 1).Value) ^ 2 

+ (Worksheets("ref").Cells(37, 1).Value) ^ 2) 
    Worksheets("ref").Cells(32, 5).Value = (((Worksheets("ref").Cells(37, 1).Value) ^ 2 + 

(Worksheets("ref").Cells(32, 3).Value) ^ 2 - (Worksheets("ref").Cells(32, 1).Value) ^ 2)) / (2 * 
(Worksheets("ref").Cells(37, 1).Value) * (Worksheets("ref").Cells(32, 3).Value)) 

    Worksheets("ref").Cells(32, 7).Value = (180 / PI) * (2 * Atn((Sqr((1 - 
(Worksheets("ref").Cells(32, 5).Value) ^ 2))) / (1 + (Worksheets("ref").Cells(32, 5).Value)))) 

          
    left_ang = (Worksheets("ref").Cells(32, 7).Value) 
     
          
    Worksheets("ref").Cells(32, 4).Value = Sqr((Worksheets("ref").Cells(32, 2).Value) ^ 2 

+ (Worksheets("ref").Cells(37, 1).Value) ^ 2) 
    Worksheets("ref").Cells(32, 6).Value = (((Worksheets("ref").Cells(37, 1).Value) ^ 2 + 

(Worksheets("ref").Cells(32, 4).Value) ^ 2 - (Worksheets("ref").Cells(32, 2).Value) ^ 2)) / (2 * 
(Worksheets("ref").Cells(37, 1).Value) * (Worksheets("ref").Cells(32, 4).Value)) 

    Worksheets("ref").Cells(32, 8).Value = (180 / PI) * (2 * Atn((Sqr((1 - 
(Worksheets("ref").Cells(32, 6).Value) ^ 2))) / (1 + (Worksheets("ref").Cells(32, 6).Value)))) 

        
    right_ang = (Worksheets("ref").Cells(32, 8).Value) 
 
'calcualte look angles up and down 
    Worksheets("ref").Cells(35, 3).Value = Sqr((Worksheets("ref").Cells(35, 1).Value) ^ 2 

+ (Worksheets("ref").Cells(37, 1).Value) ^ 2) 
    Worksheets("ref").Cells(35, 5).Value = (((Worksheets("ref").Cells(37, 1).Value) ^ 2 + 

(Worksheets("ref").Cells(35, 3).Value) ^ 2 - (Worksheets("ref").Cells(35, 1).Value) ^ 2)) / (2 * 
(Worksheets("ref").Cells(37, 1).Value) * (Worksheets("ref").Cells(35, 3).Value)) 

    Worksheets("ref").Cells(35, 7).Value = (180 / PI) * (2 * Atn((Sqr((1 - 
(Worksheets("ref").Cells(35, 5).Value) ^ 2))) / (1 + (Worksheets("ref").Cells(35, 5).Value)))) 

     
    up_ang = (Worksheets("ref").Cells(35, 7).Value) 
     
    Worksheets("ref").Cells(35, 4).Value = Sqr((Worksheets("ref").Cells(35, 2).Value) ^ 2 

+ (Worksheets("ref").Cells(37, 1).Value) ^ 2) 
    Worksheets("ref").Cells(35, 6).Value = (((Worksheets("ref").Cells(37, 1).Value) ^ 2 + 

(Worksheets("ref").Cells(35, 4).Value) ^ 2 - (Worksheets("ref").Cells(35, 2).Value) ^ 2)) / (2 * 
(Worksheets("ref").Cells(37, 1).Value) * (Worksheets("ref").Cells(35, 4).Value)) 

    Worksheets("ref").Cells(35, 8).Value = (180 / PI) * (2 * Atn((Sqr((1 - 
(Worksheets("ref").Cells(35, 6).Value) ^ 2))) / (1 + (Worksheets("ref").Cells(35, 6).Value)))) 

 
    down_ang = (Worksheets("ref").Cells(35, 8).Value) 
     
'fill out scanner look angles 
'left look and right 
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While i < ((Worksheets("ref").Cells(32, 7).Value) + (Worksheets("ref").Cells(32, 
8).Value)) 

 
    Worksheets("data_viz").Cells(j, 1).Value = Int((Worksheets("ref").Cells(20, 1).Value) 

- left_ang + i) 
    Worksheets("data_viz").Cells(j, 2).Value = Int((Worksheets("ref").Cells(20, 2).Value) 

- up_ang) 
     
        While a < ((Worksheets("ref").Cells(35, 7).Value) + (Worksheets("ref").Cells(35, 

8).Value)) 
            j = j + 1 
             
            Worksheets("data_viz").Cells(j, 1).Value = Int((Worksheets("data_viz").Cells(j - 

1, 1).Value)) 
            Worksheets("data_viz").Cells(j, 2).Value = Int((Worksheets("ref").Cells(20, 

2).Value) - up_ang + a) 
            a = a + 2 
        Wend 
 
    a = 0 
    i = i + 2 
     
Wend 
 
 
'look up 
'look down 
 
 
'calculate angles 
While (Worksheets("data_viz").Range("A" + CStr(m)).Value <> "") 
     
    Worksheets("data_viz").Cells(m, 3).Value = (Worksheets("data_viz").Cells(m, 

1).Value) * (PI / 180) 
    Worksheets("data_viz").Cells(m, 4).Value = (Worksheets("data_viz").Cells(m, 

2).Value) * (PI / 180) 
         
    Worksheets("data_viz").Cells(m, 5).Value = Cos(Worksheets("data_viz").Cells(m, 

3).Value) * Cos(Worksheets("data_viz").Cells(m, 4).Value) 
    Worksheets("data_viz").Cells(m, 6).Value = Sin(Worksheets("data_viz").Cells(m, 

3).Value) * Cos(Worksheets("data_viz").Cells(m, 4).Value) 
    Worksheets("data_viz").Cells(m, 7).Value = Sin(Worksheets("data_viz").Cells(m, 

4).Value) 
         
    Worksheets("data_viz").Cells(m, 8).Value = ((Worksheets("data_viz").Cells(m, 

5).Value) * (Worksheets("ref").Cells(28, 5).Value)) + ((Worksheets("data_viz").Cells(m, 
6).Value) * (Worksheets("ref").Cells(28, 6).Value)) + ((Worksheets("data_viz").Cells(m, 
7).Value) * (Worksheets("ref").Cells(28, 7).Value)) 

     
    Worksheets("data_viz").Cells(m, 18).Value = Int(Worksheets("data_viz").Cells(m, 

8).Value) 
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    Worksheets("data_viz").Cells(m, 9).Value = (180 / PI) * (2 * Atn((Sqr((1 - 

(Worksheets("data_viz").Cells(m, 8).Value) ^ 2))) / (1 + (Worksheets("data_viz").Cells(m, 
8).Value)))) 

     
        If (Worksheets("data_viz").Cells(m, 9).Value) < 10 Then 
            Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(6, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 20 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(7, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 30 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(8, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 40 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(9, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 50 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(10, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 60 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(11, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 70 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(12, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 80 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(13, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 100 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(14, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 110 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(13, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 120 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(12, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 130 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(11, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 140 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(10, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 150 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(9, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 160 Then 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(8, 

2).Value) 
            ElseIf (Worksheets("data_viz").Cells(m, 9).Value) < 170 Then 
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                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(7, 
2).Value) 

            Else 
                Worksheets("data_viz").Cells(m, 10).Value = (Worksheets("ref").Cells(6, 

2).Value) 
        End If 
        Worksheets("data_viz").Cells(m, 11).Value = (1 / (Worksheets("data_viz").Cells(m, 

10).Value)) 
         
'calculate the terzaghi bias of the joint to the face 
         
        Worksheets("data_viz").Cells(m, 12).Value = ((Worksheets("ref").Cells(20, 

5).Value) * (Worksheets("ref").Cells(28, 5).Value)) + ((Worksheets("ref").Cells(20, 6).Value) * 
(Worksheets("ref").Cells(28, 6).Value)) + ((Worksheets("ref").Cells(20, 7).Value) * 
(Worksheets("ref").Cells(28, 7).Value)) 

        Worksheets("data_viz").Cells(m, 13).Value = (180 / PI) * (2 * Atn((Sqr((1 - 
(Worksheets("data_viz").Cells(m, 12).Value) ^ 2))) / (1 + (Worksheets("data_viz").Cells(m, 
12).Value)))) 

        Worksheets("data_viz").Cells(m, 14).Value = Sin(PI / 180 * 
(Worksheets("data_viz").Cells(m, 13).Value)) 

         
'terzahgi TIMES detectability 
 
        Worksheets("data_viz").Cells(m, 15).Value = (Worksheets("data_viz").Cells(m, 

14).Value) * (Worksheets("data_viz").Cells(m, 10).Value) 
        m = m + 1 
 
Wend 
 
 
While (Worksheets("data_viz").Range("A" + CStr(p)).Value <> "") 
     
    sum_a = sum_a + Worksheets("data_viz").Cells(p, 15).Value 
    Worksheets("Weights").Cells(3, 3).Value = sum_a / p 
    p = p + 1 
     
Wend 
 
While (Worksheets("data_viz").Range("A" + CStr(q)).Value <> "") 
        If (Worksheets("data_viz").Cells(q, 16).Value) <= 0 Then 
         Worksheets("data_viz").Cells(q, 17).Value = 0 
            Else 
            Worksheets("data_viz").Cells(q, 17).Value = 1 
        End If 
         
    q = q + 1 
Wend 
 
'calculate occlusion 
 
Worksheets("ref").Cells(24, 9).Value = Int(((Worksheets("ref").Cells(20, 5).Value) * 
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(Worksheets("ref").Cells(28, 5).Value)) + ((Worksheets("ref").Cells(20, 6).Value) * 
(Worksheets("ref").Cells(28, 6).Value)) + ((Worksheets("ref").Cells(20, 7).Value) * 
(Worksheets("ref").Cells(28, 7).Value))) 

 
While (Worksheets("data_viz").Range("A" + CStr(r)).Value <> "") 
    If (Worksheets("ref").Cells(24, 9).Value) = 0 Then 
        If (Worksheets("data_viz").Cells(r, 18).Value) = 0 Then 
            Worksheets("data_viz").Cells(r, 19).Value = 1 
            Else 
                Worksheets("data_viz").Cells(r, 19).Value = 0 
        End If 
        Else 
            If (Worksheets("data_viz").Cells(r, 18).Value) = 1 Then 
            Worksheets("data_viz").Cells(r, 19).Value = 1 
                Else 
                    Worksheets("data_viz").Cells(r, 19).Value = 0 
            End If 
    End If 
             
    r = r + 1 
Wend 
     
'rotate angle so it is scanner look not joint angle 
While (Worksheets("data_viz").Range("A" + CStr(s)).Value <> "") 
    Worksheets("data_viz").Cells(s, 20).Value = (Worksheets("data_viz").Cells(s, 

1).Value) - 90 
    Worksheets("data_viz").Cells(s, 21).Value = (Worksheets("data_viz").Cells(s, 

2).Value) 
     
    s = s + 1 
     
Wend 
 
End Sub 
 
 
 
 
 
 
 
 
 

 


