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CHAPTER 1 – INTRODUCTION AND BACKGROUND 

Ensuring rock slope stability is a major safety goal along highways.  Rock slope instability can 
occur in many forms, including rapid large-scale rock instability, rockfall, and time-dependent 
slope degradation and failure.  Unstable rock slopes pose a safety hazard that results in accidents 
and fatalities along U.S. highways every year (Badger and Lowell, 1992; Schuster and Fleming, 
1986).  Unstable slopes also require costly ongoing maintenance and design improvements such 
as the installation of rockfall barriers to mitigate rockfall or highway realignments to avoid major 
unstable rock slopes.

Site characterization is required initially to determine the potential for highway slope instability 
and to engineer appropriate mitigation methods, which can include catch basins, rockfall fences, 
ground support, drainage systems, rock sheds, tunnels, etc.  Site characterization is also 
periodically required over the life of the highway because changes in the stability of rock slopes 
can occur as highway slopes weather and deteriorate.  Rock mass site characterization involves 
the collection of geotechnical data, including information about rock structure, geology, intact 
rock strength, hydrology, climate, and earthquakes. (Priest, 1993, Hudson and Harrison, 2000). 
In the current practice, much of this data is collected by hand directly at exposed highway slopes 
and rock outcrops, including measurements of discontinuity orientation, roughness, fill, length, 
and spacing.  There are many issues with the collection of data in the field, including: 

- Safety hazards associated with the collection of this data 
- Difficulties in accessing rock outcrops on large slopes or cliffs 
- Human bias and accuracy issues associated with selecting areas for measurement and the 

accuracy of the hand-collected measurements themselves 
- Relatively slow data collection and manpower intensive 
- Because of the issue above, slope stability calculations with relatively small data sets 
- The lack of three dimensional information about the slope (other than surveyed points) 

that could be used for comparison as slopes weather and deteriorate 

To address these issues, new technologies are needed that provide the following benefits: 

- Automatic data acquisition over entire slope 
- Remote data acquisition for improved safety 
- Rapid data collection 
- New technologies for data collection and processing easy to learn and operate 
- Able to provide a high-resolution 3D Digital Terrain Model (DTM) of a highway slope or 

rock outcrop that could be compared with future DTMs as the slope ages and deteriorates 
- Cost effective 

The purpose of this report was to determine whether the new technology of ground-based 
LiDAR (Light Detection and Ranging) could assist FHWA with highway rock slope stability as 
described in the list above.  LiDAR, also often referred to as “3D laser scanning”, is an emerging 
three-dimensional mapping technology that employs a laser and a rotating mirror or housing to 
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rapidly scan and image volumes and surficial areas such as rock slopes and outcrops, buildings, 
bridges and other natural and man-made objects.  Ground-based or terrestrial LiDAR refers to 
tripod-based measurements, as opposed to airborne LiDAR measurements made from airplanes 
or helicopters.

The output from ground-based LiDAR is a point cloud consisting of millions of laser distance 
measurements representing the three-dimensional scanned scene.  The point clouds are then 
processed to extract geotechnical information, which includes discontinuity orientation, length, 
spacing, roughness, and block size.  High-resolution digital images are also taken of the scanned 
scene, and these images can be “draped” onto the point cloud using texture-mapping techniques 
(Blythe, 1999) to provide a 3D color DTM of the scanned scene.  Additional geological and 
geotechnical information can be extracted from the DTM that would be difficult to observe in the 
point cloud. 

The primary goals of this 18-month study were to: 

1. Investigate LiDAR hardware currently available for highway rock slope stability; 
2. Investigate point cloud processing software currently available for highway rock slope 

stability;
3. Evaluate the current state of the technology for providing useful benefits (as discussed in 

the list above) and compare with other technologies such as photogrammetry; 
4. Identify best-practices to be used when conducting field scanning, and also when using 

software for processing data; 
5. Recommend standards for using LiDAR in highway rock slope stability projects; and 
6. Investigate likely improvements in LiDAR hardware and software in the next few years. 

The list above roughly correlates with the chapters to follow.  Chapter 2 of this report provides 
an overview of LiDAR hardware, and the basic procedure involved in conducting a LiDAR scan 
in the field.  Chapter 3 describes the software used in processing data from LiDAR scans, 
including point cloud processing software and the interoperability with CADD and other 
highway design software packages.  Chapter 4 describes the primary highway geotechnical 
applications for LiDAR, including rock mass characterization, rockfall, and detailed 3D 
surveying.  It also includes a section on the accuracy of LiDAR-generated data, and a section 
comparing LiDAR with ground-based photogrammetry.  In Chapter 5, the “best practices” for 
conducting LiDAR surveys in the field and processing the data are given, based on experiences 
in a number of different rock and engineering environments in the past several years.  Chapter 6 
discusses expected advances in LiDAR hardware and software in the next five or so years.
Finally, conclusions and recommendations are presented in Chapter 7. 

This report concludes that indeed there are benefits available when ground-based LiDAR is 
employed. 



CHAPTER 2 – LiDAR HARDWARE 
______________________________________________________________________ 

3

CHAPTER 2 - LiDAR HARDWARE 

HOW 3D LASER SCANNERS WORK 

3D laser scanners work by emitting light and detecting the reflection of the light in order to 
accurately determine the distance to the reflected object.  Rather than making a single 
measurement as in a laser rangefinder, 3D laser scanners have rotating mirrors (or the entire unit 
rotates) that allow millions of measurements to be made over a scene in just a few seconds or 
minutes (depending on the type of scanner). 

There are two primary types of 3D laser scanners: time-of-flight scanners and phase-shift 
scanners.  Time-of-flight laser scanners emit a pulse of laser light that is reflected off the scanned 
object.  A sensor measures the time of flight for the optical pulse to travel to and from the 
reflected surface.  The distance the pulse traveled is then calculated using the following equation.   

Distance   =   (Speed of Light * Time of Flight)/2       (1) 

Some time-of-flight scanners have the ability to measure several arrival times for an emitted 
pulse.  In a scan of a slope with vegetation, for example, the “first arrival” would indicate the 
distance to the top of the vegetation, and the “last arrival” would indicate the distance to the 
ground surface. 

In phase-shift scanners, a laser beam with sinusoidally modulated optical power is emitted and 
reflected off an object.  The reflected light is then detected and compared with the emitted light 
to determine the phase shift.  The time of flight can then be determined from the following 
equation:

Time of Flight = Phase Shift / (2  * Modulation Frequency)  (2) 

The values calculated by Equation 2 are then substituted into Equation 1 to find the distance.  
Multiple modulation frequencies are often used to increase the accuracy of the time-of-flight 
determination. 

THE POINT CLOUD 

Immediately after one pulse is received and measured, the scanner transmits another optical 
pulse slightly horizontal (or vertical – depending on the scanner) to the previous pulse using a 
rotating mirror. This process is repeated thousands of times per second, thus generating distance 
values for millions of points on a reflected surface.  From the distance and the orientation of the 
laser pulse, the xyz coordinates associated with each reflected pulse can be determined.  In 
addition, the intensity of the returned pulse is determined.  In general, light colored objects and 
closer objects give a higher reflection compared with darker objects and objects farther away. 
Together, the xyz coordinates and associated intensity values for millions of data points 
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outputted by the laser make up the “point cloud”.  An example of a point cloud of a rock face 
along the Mt. Lemmon Highway in southern Arizona is shown in Figure 1a.  This point cloud 
has about one million points.  Also, it has a photographic quality because of the intensity values, 
that is, light objects are brighter than darker objects.  A color point cloud can also be produced 
by associating color information from a digital image with the location of each point.  An 
example of a color point cloud is shown in Figure 1b. 

Figure 1a.  Schematic.  Point cloud of a rock face along Mt. Lemmon Highway, Arizona.  
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Figure 1b. Schematic. Color point cloud of a rock face near San Juan, Argentina. 

MANUFACTURES AND PRODUCT SPECIFICATIONS 

At the current time, there are a number of ground-based LiDAR manufacturers making scanners 
suitable for highway rock slope stability investigations.  These included: 

Optech (www.optech.ca)
Trimble (www.trimble.com)
Leica Geosystems (www.leica-geosystems.com)
Riegl (www.riegl.com)
Faro (www.faro.com)
Isite (www.isite3d.com)
Zoller+Fröhlich (www.zofre.de)
InteliSum (www.rappidmapper.net)

There are other scanners that are not listed because the range is not suitable for rock slope 
investigations (less than 10 meters).  A complete list of terrestrial scanners is given in Appendix 
A.  Several of these scanners are shown in Figure 2.



CHAPTER 2 – LiDAR HARDWARE 
______________________________________________________________________ 

6

Figure 2.  Photo.  Examples of ground-based LiDAR scanners (time-of-flight unless noted 
otherwise, photos from 2006 models). 

A complete list of specifications on currently available 3D laser scanners is given in Appendix A 
(from POB, 2008).  Example specifications for the Optech ILRIS 3D time-of-flight scanner and 
the Leica HDS6000 phase-shift scanner are given in Table 1 below. 

Table 1. Specifications for ILRIS-3D and HDS6000 scanners (from POB, 2008). 

Parameter Optec ILRIS 3D 
(time of flight) 

Leica HDS6000 
(phase shift) 

Wavelength 1550 nm 650, 690 nm 
Minimum range 3 m 0.1 m 

Maximum range 1500 m at 80% 
reflectivity 

79 m at 90% 
reflectivity 

Average data 
acquisition rate 

2500 points per 
second

125,000 points per 
second

Beam diameter 29 mm @ 100 m 8 mm @ 25 m 
Distance accuracy 7 mm @ 100 m 4 mm @ 25 m 
Position accuracy 8 mm @ 100 m 6 mm @ 25 m 
Angular accuracy 0.00115 degrees 0.0071 degrees 

Scanner weight 13 kg not including 
batteries

14 kg including 
batteries

Distance and position accuracies are ± 1 sigma (68% confidence level) 
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Table 1 points out some of the differences between time-of-flight and phase shift scanners.  The 
time-of-flight scanners are capable of a much larger range compared with the phase shift 
scanners.  Thus time-of-flight scanners would be preferred for large highway slopes and cliffs, 
while phase shift scanners would be preferred for small underground tunnels, for example.  Also, 
the phase shift scanners have a much higher average data acquisition rate compared with the 
time-of-flight scanners.  In terms of distance and position accuracies, the phase shift scanners 
have a slightly higher accuracy compared with the time-of-flight scanners.  Both types of 
scanners are portable but, the phase shift scanners are lighter.  When comparing weights note 
that the batteries are usually included in the phase-shift scanner unit, while the external batteries 
in the time-of-flight scanners can add at least 10 kg (22 lb) to the weight of the time of flight 
scanners.

PRICE

3D laser scanners range in price from $70,000 to over $150,000 (based on 2008 prices).
Alternatives to purchasing a new scanner include buying a used scanner or renting a scanner on a 
daily or weekly basis.  Distributors for the purchase of new scanners can be found on the LiDAR 
manufactures web sites.  A good source for used scanners is the classified section of the Spar 
Point Research web site (http://sparllc.com/classifieds.php).  Companies that rent scanners 
include surveying companies as well s the LiDAR manufacturers. 

SCANNING PROCEDURES 

A brief overview of the procedures for scanning a highway slope or natural rock outcrop is given 
below.  Note that additional details on these steps are given in the “best practices” section of 
Chapter 5.  Figure 3 illustrates some of the basic steps involved in field scanning. 

1. The scanner is placed at the outcrop of interest, at a safe distance from moving cars and 
steep cliffs.  The scanner does not need to be level; however, leveling the scanner 
simplifies the scanner registration process. 

2. The manufacturer’s software is used to set the scanner field of view and the LiDAR point 
spacing, using either a laptop computer or a handheld device. 

3. A method for survey control is established (scanner registration).  Methods include 
placing surveyed targets in the scene as shown in Figure 3, establishing the location and 
orientation of the scanner, back sighting to known points, and other methods. 

4. Scanning is conducted.  With a time-of-flight scanner this generally requires 5-25 
minutes per scan to produce a point cloud with one to three million points.  A phase-shift 
scanner would require less than 30 seconds for a point cloud with one to three million 
points.



CHAPTER 2 – LiDAR HARDWARE 
______________________________________________________________________ 

8

Figure 3.  Photo.  Scanning with the Leica ScanStation at Milepost 15 on Mt. Lemmon 
Highway. Point cloud shown in the lower right photo. 

5. Digital images are taken.  High-resolution digital images accompany each LiDAR scan.  
Most scanners automatically capture the images using a built in camera.  Some cameras 
are mounted on the inside of the scanner, some are mounted on the outside.  By knowing 
the position of the camera relative to the laser and the camera characteristics, a color 
point cloud can be produced, and also the digital images can be draped onto the point 
cloud using texture-mapping techniques.

6. Point clouds are produced, as illustrated in Figures 1 and 3.  Details on the point cloud 
file and software used for further processing are described in Chapter 3. 

7. In general, 5-10 scans can be conducted in a day, depending on terrain, scan area, and the 
travel time to each site.  A typical scan is taken from 20 to 100 meters from the rock 
outcrop, and a typical scan area can vary from 15x15 m2 to over 50x50 m2.  The smaller 
areas require less than 10 minutes to scan, while a 50x50 m2 area takes about 45 minutes 
to scan with a time-of-flight scanner.  More details are provided in Chapter 5. 
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CHAPTER 3 – POINT CLOUD PROCESSING SOFTWARE 

Point clouds by themselves are not useful without software to process the data and make 
measurements and other calculations.  Also, in order to be useful, the point cloud data needs to 
interface easily with Computer Aided Design/Drafting (CADD) and slope stability programs.   
This section discusses the point cloud file format, point cloud processing software, and 
interfacing between point cloud software and other CADD and slope stability software. 

THE POINT CLOUD FILE 

As discusses in Chapter 2, the point cloud is the basic output from a 3D laser scanner.  The most 
generic point cloud file format is a 3D coordinate file (often referred to as an xyz file).  The 
format for this file is ASCII and can therefore be read by all post-processing software.  The 
comma or tab-separated format for a grayscale 3D coordinate file is as follows with one line for 
each laser point: 

Grayscale point cloud:  x1  y1  z1  intensity1
  x2  y2  z2  intensity2
  … 

The x, y and z values refer to a specific coordinate system.  If the point cloud is not registered, 
then by default the y direction is most often set to the instrument direction.  After registration, 
the x, y and z directions are most often set to East, North and up, respectively.  However these 
systems are not universal and the scanner or software manufacturer should be contacted for 
information on their specific 3D coordinate formats.  The intensity for each point has a value that 
range from 0 (black) to 255 (white). 

Similarly, the comma or tab-separated format for an rgb (red, green blue) 3D coordinate file is as 
follows: 

Color point cloud:    x1, y1, z1, r1, g1, b1  
  x2, y2, z2, r2, g2, b2
  … 

Here r, g and b each have values that range from 0 to 255.  Because the xyz file is ASCII, these 
files are slow to read and write; they also only contain the basic point cloud information.  In 
general, each scanner manufacturer, and also each point cloud processing software manufacturer, 
has their own specialized binary format.  Some examples of file extensions associated with 
different binary formats are given below. 

Scanner manufacturer:
Leica: .coe 
Riegl: .3dd 
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Point cloud processing software manufacturer:
Polyworks: .pif file format 
Split FX: .fx file format 

At the present time the ASCII 3D coordinate file is the standard format for point clouds.  
However, because it is ASCII and only contains point cloud information, that is, no digital image 
or tin surface information, other formats have been discussed by both manufactures and users as 
better standard file formats for ground-based LiDAR output.  These formats include the LiDAR 
Exchange Format (LAS) and the Virtual Reality Modeling Language (VRML).  Additional 
details on these file formats are discussed in Chapter 6. 

POINT CLOUD REGISTRATION 

The first step in point cloud processing is to orient the point cloud into the real world coordinate 
system based on data taken in the field.  Point cloud software usually includes several methods 
for point cloud registration.  The most common method is to register the point cloud based on 
three or more targets of known position (3D similarity transformation).  However, for some 
applications (such as slope stability), only the orientation registration is required.  This means 
that the point cloud is oriented correctly, but the 3D coordinates are not registered to a known 
coordinate system (Universal Transverse Mercator coordinate system, for example).  In these 
instances, simpler registration methods are possible, such as only measuring the orientation of 
the scanner (orient by scanner method) without any position surveying.  In this case the scanner’s 
position is defined by the bearing or direction of its line of sight, its inclination in the direction of 
the line of sight, and its inclination perpendicular to the line of sight.  This provides enough 
information to correctly georeference the orientation of the scan (but not the position). 

POINT CLOUD PROCESSING SOFTWARE 

Most of the scanner manufacturers have developed their own point cloud processing software. In 
addition, several other companies have developed point cloud processing software.  By exporting 
the point clouds in the xyz file format, point clouds from any scanner can be analyzed with any 
of the software packages.  Point cloud processing software includes: 

Cyclone and Cyclone Cloudworx (Leica, www.leica-geosystems.com)
Polyworks (Innovmetric, www.innovmetric.com)
Riscan Pro (Riegl, www.riegl.com)
Isite Studio (Isite, www.isite3d.com)
LFM Software (Zoller+Fröhlich, www.zofre.de ) 
Split FX (Split Engineering, www.spliteng.com ) 
RealWorks Survey (Trimble, www.trimble.com)

Details on some of the software listed above are given in Appendix B (from POB, 2008). 

The following editing/analysis features are found in most of the software packages: 
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General point cloud visualization, including pan, tilt, and zoom; 
General point cloud editing, including adding and deleting points, noise removal, point 
decimation; 
Ability to make measurements such as distances, angles, areas and volumes; 
Ability to register scans, including the automatic detection of targets; 
Ability to stitch together multiple scans either using survey control or Iterative Closest 
Point (ICP) type algorithms; 
Ability to create a triangulated surface (Triangulated Irregular Network, or TIN ); 
Ability to best-fit lines, planes, and other shapes to point cloud clusters; 
Ability to make profiles and cross sections through a point cloud; and 
Ability to handle various import and export formats (to CADD programs, for example). 

The following advanced features are found in some, but not all of the software packages: 

Perform solid modeling (volume generation) based on user-defined lines, planes and 
other surfaces as bounds; 
Perform automatic extraction of standard shapes from cloud (e.g. pipe fittings, structural 
steel members, etc.); 
Have edge detection technology to determine boundaries of solids, planes and other 
shapes;
Ability to drape a digital image over a triangulated surface; 
Automatically compute a full 3D polygonal mesh (not 2.5D) from a point cloud; 
Ability to integrate scans with floor plans, engineering drawings of objects and surveyed 
information; and 
Ability to make fly-throughs and other types of advanced visualizations. 

The focus of this report is on the use of ground-based LiDAR for highway rock slope stability. 
Therefore, rather than describe all of the items in the above lists, this report focuses on specific 
features in point cloud software that allow geotechnical information to be extracted from point 
clouds.  It should be noted that most of the point cloud software is generic in nature and is able to 
perform analyses for a number of applications including mechanical design, architecture, 
construction, and mining.  The Split FX software, on the other hand, was developed specifically 
for extracting geotechnical information from point clouds of exposed rock surfaces and has the 
following features: 

Ability to automatically delineate fracture surfaces in a point cloud and determine the 
orientation, area, and roughness of each fracture; 
Ability to plot fracture orientations on a stereonet (pole and contour plots); 
Ability to pick joint sets, and determine statistical properties of each set set; 
Ability to delineate joint traces (automatic and manual) and determine joint spacing, 
length and orientation (true spacing and orientation if digital image is draped); 
Ability to trace fractures on draped photos to determine fracture orientations; 
Ability to subtract two point clouds to determine rockfall volume and rate; and 
Ability to estimate a rockfall hazard rating from a point cloud. 
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Many of the above items can still be analyzed using the “generic” point cloud software.  For 
instance, to determine the orientation of a fracture in a point cloud, the points making up the 
fracture can be selected by hand, and the software will determine the orientation of the best-fit 
plane through the points.  This can be done many times throughout the point cloud, and the 
orientations can be plotted using a separate stereonet program.  In a similar fashion, the generic 
software can be used to estimate fracture length and spacing, roughness, etc. This is discussed in 
more detail in Chapter 4. 

INTEROPERABILITY WITH CADD SOFTWARE 

CADD software principally includes Microstation (Bentley, www.bentley.com) and AutoCAD 
(Autodesk, www.usa.autodesk.com), though many other programs are available.  It also includes 
highway-specific CADD software, such as Inroads and Geopak. The interoperability between 
point cloud and CADD software is very important, and in the past this has been an issue with 
using LiDAR in highway applications.  It still is an issue as will be shown in Chapter 6; 
however, as the point cloud software has improved with the addition of many new features in the 
past few years, interoperability is now greatly improved.  For instance, importing a point cloud 
with a high density of points into a CADD program is not recommended, since CADD programs 
are not set up to efficiently handle the large number of points and the large file size.  Many 
options now exist for exporting 3D information to the CADD environment, and programs such 
as Cyclone Cloudworx have been designed specifically for manipulating point clouds within a 
CADD environment.  First of all, point clouds can be cropped and the density of points can be 
decimated so the file size is optimized.  Secondly, specific 3D shapes (pipe fittings, steel 
members) can be extracted from the point cloud, which are much easier to work with in CADD 
programs than the points themselves.  Thirdly, two-dimensional plans and sections can be 
created in the point cloud software and exported to CADD programs.   

INTEROPERABILITY WITH SLOPE STABILITY SOFTWARE 

Slope stability software used for highway applications include Rockpack III (RockWare, Inc., 
www.rockware.com), the Rocscience suite (Dips, Swedge, Rocplane, Slide, Phase2; 
www.rocscience.com), the Itasca suite (FLAC, FLAC3D, UDEC, 3DEC; www.itascacg.com), 
Slope/W (Geo-Slope International, www.geo-slope.com) and many others.  Two of the 
advantages of using LiDAR for highway geotechnical investigations are the ease and speed at 
which scans can be made and rock characterization information extracted from point clouds.  
Along these lines, it is important that LiDAR-generated data can be easily exported to the slope 
stability programs mentioned above.  There are three basic kinds of information that the slope 
stability programs import, and the ability of point cloud processing software to export this 
information is discussed below.   
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Export Individual Fracture Information 

Many slope stability programs (Rockpack III, Swedge) are able to directly input individual 
fracture information in a spreadsheet format.  For each discontinuity, this information includes 
orientation, size or length, roughness, etc.   The specific position of the discontinuity can also be 
input into some of the programs (3DEC).  In general, exporting this kind of information is 
straightforward for the point cloud processing programs, assuming that the point cloud programs 
can calculate the information in the first place.  Most point cloud programs can fit a plane 
through a selected set of points and calculate the orientation and size.

Export Fracture Set Information 

Some of the slope stability programs (Swedge, 3DEC) use statistical information about the 
number of fracture sets and the statistical properties of each set (such as the mean orientation and 
the Fisher constant).  Once the orientation of individual fractures has been determined from 
LiDAR, this information is relatively easy to calculate in a spreadsheet.  It is also very easy to 
export to slope stability programs since it only involves a few numbers for each discontinuity set.  

Export Rock Mass Strength and Modulus 

Many of the slope stability programs (Slide, FLAC, FLAC3D, Slope/W, Phase2) use rock mass 
properties (Hoek and Brown rock mass parameters or Mohr-Coulomb rock mass parameters, for 
example) rather than individual fracture information.  To date, none of the point cloud programs 
have the capability to make the necessary calculations.  However, these rock mass properties can 
be calculated from the information extracted from the point clouds using the procedures 
described in Hoek (2007) and others. 
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CHAPTER 4 – LiDAR APPLICATIONS TO ROCK SLOPES 

This chapter provides details on how LiDAR can be used to assist with highway rock slope 
stability analyses.  This chapter is separated into the three sections: rock mass characterization, 
rockfall characterization, and detailed 3D measurements.   

ROCK MASS CHARACTERIZATION 

As described in Chapter 1, rock mass characterization is the process of obtaining data for rock 
slope stability, and in the current practice much of this information is obtained by hand at 
highway slopes and natural rock outcrops.  This section describes the use of LiDAR (and 
associated digital images) to obtain this information.  At the present time, rock mass information 
that is being obtained from LiDAR includes discontinuity orientation, length, spacing, 
roughness, and block size (Kemeny et al., 2006a, 2006b, 2006c).  In addition, research is 
presently being conducted to obtain additional information, including geology, weathering and 
discontinuity fill (Kemeny, 2006b).   

Discontinuity Orientation 

Figure 4 illustrates the general procedure used to obtain information on discontinuity orientation.
The first step is to scan a field site of interest, produce a point cloud, and register the scan into a 
terrestrial coordinate system (as described in Chapter 2).  Figure 4a shows a field site in 
Colorado that was scanned using an Optech ILRIS 3D scanner, and Figure 4b shows the point 
cloud from this site.  The next step is to create a surface mesh from the point cloud data.  In the 
process of creating a surface mesh, erroneous data points in the point cloud can be filtered.  This 
includes the removal of points outside the area of interest, the removal of points directly in front 
of the area of interest (due to cars, dust or other objects causing an erroneous laser reflection), 
and the removal of non-rock objects on the rock slope.  The first two items are easily 
accomplished using standard hand-editing features in point cloud processing software.  The third 
item is more difficult and requires either significant hand-editing or the development of special 
vegetation or other types of filters (Virtual Geomatics, 2008; Pfeifer, 2004).  Figure 4c shows a 
triangulated mesh of part of the point cloud shown in Figure 4b.

The most important processing step is the delineation of fracture “patches” from the triangulated 
surface mesh.  The term “patch” is used rather than fracture, because a single large fracture may 
be delineated into several smaller patches, depending on the flatness and roughness of the 
fracture.  Fractures are detected by using the basic property that they are flat.  Flat surfaces are 
automatically found in the triangulated mesh by first calculating the normal to each triangle, and 
then finding groups of adjacent triangles that satisfy a flatness criterion.  This criterion has 
parameters that can be adjusted by the user.  
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Figure 4a.  Photo. Field site that was scanned using ground-based LiDAR. 

Figure 4b.  Schematic.  Point cloud for the field site shown in Figure 4a. 
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Figure 4c.  Schematic.  Triangulated mesh for point cloud shown in Figure 4b. 

Figure 4d.  Schematic.  Automatic delineation of fractures for the point cloud in Figure 4b. 
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Figure 4e.  Plot.  Stereonet plot of fractures from Figure 4d.

Figure 4d shows the patches that were found in the point cloud shown in Figure 4b, using the 
criterion that a patch must be at least 5 triangles, and neighboring triangles in a patch must not 
deviate in orientation by more than 10 degrees. The patches are outlined in yellow and holes in 
patches are outlined in red.  Overall this simple criterion results in a good delineation of the 
major fractures at the site.  Patches can also be manually added, deleted and edited.  Once the 
patches have been found, their average orientations can be plotted on a stereonet.  Each patch 
plots as one point on the stereonet.  However the size of the point can be adjusted based on other 
parameters such as the patch area or roughness.  Large patches are a good indication of important 
fractures and fracture sets.  Small patches, on the other hand, may not actually be a fracture but 
only a small portion of the surface that happens to be flat.  Thus it is useful to weight the points 
by fracture area, and plot the smallest fractures as only a small dot.   Figure 4e is a plot of the 
patches from Figure 4d, weighted by patch area.  Four fracture sets can be clearly seen and have 
been outlined in Figure 4e.  Once the sets are identified, the statistical properties of each set can 
be determined. The total time spent to produce the results shown in Figure 3 from the previous 
chapter, starting from the raw point cloud file, is less than one hour.

A particularly useful feature of point cloud processing software is the interaction it allows 
between the stereonet and the point cloud.  Delineating joint sets from stereonet data is difficult 
and necessitates professional expertise.  Normally the data is taken in the field and the 
compilation and definition of joint sets is accomplished at a later time.  Therefore, any 
difficulties with interpretation of the data cannot be resolved without additional field work.  With 
access to the point cloud, however, additional analysis can easily be conducted off site.  For 
instance, a group of patches can be selected on the stereonet and then viewed on the point cloud.
This allows the user to go back and forth between the stereonet and the point cloud to determine 
with a great deal of precision the delineation of important fractures and fracture sets.
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Figure 5 shows an example from a highway slope near milepost 8 along the Mt. Lemmon 
Highway near Tucson, Arizona.  In this case a single scan was made, and scanner registration 
consisted of Brunton measurements of the scanner position.  Automatic fracture delineation was 
conducted and the results are shown in the black stereonet in Figure 5 (over 1000 data points).
Fractures with different orientations are shown with different colors, which assists with 
interpreting the structure (Jaboyedoff et al., 2007).  In Figure 5 the results are also compared 
with traditional, manually-collected scanline mapping (white stereonet with 50 measurements).  
The results show that there is a very good correlation between the manual and LiDAR-generated 
data.  The man-hours needed to produce the stereonets can also be compared.  Traditional 
scanline mapping at this site required about 5 hours, which consisted of manual measurements in 
the field (4 hours), data entry into the computer (30 minutes) and stereonet plotting (30 minutes).   

Figure 5.  Photo and Schematic.  Scan on Mt. Lemmon Highway. Comparison of LiDAR 
generated data (black stereonet) with hand measurements (white stereonet). 

The LiDAR generated data required less than 2 hours, which consisted of scanner setup in the 
field and Brunton measurements of the scanner orientation (30 minutes), scanning (15 minutes), 
downloading data from the scanner to the computer (15 minutes), and processing the point cloud 
data in the Split FX program (45 minutes).  Not only did the LiDAR scanning require less time, 
but 20 times more fracture poles were generated from LiDAR than in the traditional scanline 
mapping (1000 LiDAR generated poles vs. 50 manual).  In several cases, a discontinuity set is 
represented by a single measurement in the manual measurements (which would undoubtedly be 
thrown out in the any analyses), compared with a large number of poles in the LiDAR-generated 
data.  The shapes of the fracture sets are also much better defined in the LiDAR generated data 
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because of the large number of data points.  In some cases, particularly slopes where access is 
very difficult, the LiDAR generated data could represent a cost savings over traditional 
measurements.  This is discussed in more detail at the end of this chapter. 

The number of laser points that strike a fracture surface will depend on many factors, including 
the laser resolution, the size of the fracture, the distance of the fracture, and the orientation of the 
fracture relative to the scanner orientation.  Fractures that are sub-parallel to the direction of 
scanning may be under-represented on the stereonet because fewer laser points will strike those 
surfaces.  However, a careful evaluation of the point cloud and the stereonet can reveal those 
under-represented areas in the stereonet, and patches can be added accordingly using hand-
editing tools in the point cloud processing software.  The scanner can only detect surfaces that 
are in the scanner’s line of sight, and the portion of the surface that is not in the scanner’s line of 
site is referred to as the scanner “shadow zone”.  In some circumstances, an entire joint set may 
be in the scanner shadow zone, and in these cases several scans need to be taken at different 
angles to the face in order to adequately represent the structural conditions at the site.   

If a structural feature (such as a joint set) is in the shadow zone, it is likely that traces of the 
structure will still be visible from the direction the scan was taken, and in these cases photo 
draping can be used to extract the orientation of the structure.  Details on photo draping (also 
called texture mapping) are described in Blythe (1999).  An example of photo draping is shown 
in Figure 6.  Figures 6a and 6b demonstrate the draping of a high-resolution digital image over 
the point cloud for the outcrop shown in Figure 5.  Three “pins” were used to align the photo 
over the point cloud.  The pins are first inserted into the digital image at specific locations (red 
dots in Figure 6a), and then on the point cloud the pins are moved to the same locations (red dots 
in Figure 6b).  Figure 6c shows a location where six traces were made on the digital image.  In 
one case the trace was made of a fracture that showed relief so that the orientation could be 
determined from both the trace and the point cloud.  In the other five cases, the orientation could 
not be determined from the point cloud.  Figure 6d shows the extracted 3D orientations from the 
traces.  Photo-draping works well in extracting 3D orientations from traces, and in studies where 
both traces and fracture surfaces were available, the orientation results from draping agree within 
a few degrees with the point cloud results. 
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Figure 6a.  Photo.  Step 1 in photo draping procedure, insert pins on digital image. 

Figure 6b.  Photo.  Step 2 in photo draping procedure, align pins on point cloud to the same 
position as in digital image. 
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Figure 6c.  Photo. Step 3 in photo draping procedure, delineate fracture traces on the 
digital image. 

Figure 6d.  Photo.  Step 4 in photo draping procedure,  three dimensional fracture 
orientations extracted from the traces. 

The procedure described above can also be used to determine the orientation of a single critical 
structure such as a fault.  A fault can be more clearly identified on the digital image rather than 
the point cloud.  Also, because a fault is weak, it may not show any three dimensional surfaces 
where the orientation could be extracted from the point cloud alone.  In this case the fault can be 
traced on the digital image and the orientation determined from the technique described above. 
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Discontinuity Roughness 

There are several ways that LiDAR data can be used to get information on discontinuity 
roughness.  The first way is to use a triangulated mesh of a fracture, as illustrated in Figure 7.  If 
the orientation of each triangle is plotted on a stereonet, then the scatter about the mean 
orientation of the fracture gives information on the dilatation angle.  In the classic saw-toothed 
fracture analyzed by Patton (1966), the dilatation angle is defined as the rise angle of the saw 
teeth compared with the mean orientation, as shown in Figure 7.  The dilatation angle is directly 
related to the additional friction angle due to roughness (Goodman, 1989), and on a stereonet, the 
dilatation angle can be directly determined by the angle between the mesh triangle orientation 
and the mean orientation of the fracture.  The example in Figure 7 shows a scatter of triangle 
orientations, with the mean fracture orientation at the center of the scatter.  The stereonet in 
Figure 7 is marked off in degree increments of 10 degrees, and indicates dilatation angles 
ranging from a few degrees to over 30 degrees.  Also the shape of the scatter in the stereonet is 
elliptical, indicating roughness anisotropy (dilatation angle varies with direction).  By varying 
the triangle size of the mesh, scale-dependent roughness can be determined.  As an important 
note, the triangle size needs to be greater than the scanner error, or else roughness due to 
measurement error will be calculated. For example, in Figure 7 the triangle size was about 8 cm, 
compared to the point spacing of about 1 cm and scanner error of about 0.5 cm.   

Figure 7.  Schematics.  One method of analyzing fracture roughness using LiDAR data, by 
making a triangulated mesh of a fracture and plotting the pole for each triangle on a 

stereonet.
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Figure 8 gives a second example taken from the scan of an open pit mine in Montana.  Two large 
fractures shown in Figure 8 have been analyzed using the technique described above, and the 
triangle orientations are presented in contoured stereonets in Figures 8b and 8c.  Eliminating the 
outlier triangles and considering the contour representing about 90% of the poles (lightest blue 
contour), maximum dilatation angles of 10-15 degrees are revealed. 

Figure 8a.  Photo.  Location of two large fractures for determination of maximum 
dilatation angle using the method described in Figure 7.
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Figure 8b.  Chart.  Contoured stereonet of poles of each mesh triangle in left fracture 
shown in Figure 8a.

Figure 8c.  Chart.  Contoured stereonet of poles of each mesh triangle in right fracture 
shown in Figure 8a.
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The second way to get information about roughness is to make cross sections through a fracture 
at different angles (a cross section in the direction of the dip vector, for instance, would be 
relevant for slope stability purposes).  Figure 9 illustrates the procedure.  The roughness profiles 
are calculated from the triangulated surface, and therefore the same aforementioned scale-
dependence and caution about noise are applicable.  There are several published methods for 
extracting fracture roughness information from two dimensional roughness profiles.  For 
instance, Tse and Cruden (1979) describe a technique where Z2, the root mean square of the 
derivative of the profile, is first calculated.  The Joint Roughness Coefficient (JRC, see Hoek, 
2007) is then calculated using the empirical formula: 

JRC = 32.2 + 32.47logZ2.                                                                 (3)

This technique was used successfully by Haneberg (2007).  Studies with this technique have 
shown that it can sometimes give values of JRC outside the range of 0-20, and therefore the 
technique described in Figures 7 and 8 is preferred at this time. 

Figure 9.  Schematic.  A second method of analyzing fracture roughness, by making 
topographic profiles of the fracture in different directions, and processing  the roughness 

profile to extract roughness parameters such as JRC. 
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Fracture Length and Spacing 

Fracture length and spacing can be measured from either digital images or point clouds, as 
shown in Figure 10. In two dimensions (measured from a digital image of a road cut, for 
instance), the measured fracture spacing is referred to as the “apparent” spacing, and can be 
corrected if the true average orientation of the set is known.  In three dimensions (measured from 
a point cloud or a draped photo), the true spacing can be measured directly if the measurement is 
made perpendicular to the average strike of the set.  

 a) b) 
Figure 10.  Photo and Schematic.  Information on fracture length and spacing can be 

extracted from both a) point clouds, and b) digital images.  

Automatic trace delineation involves image processing algorithms called edge detectors 
(Gonzalez and Wintz, 1987).  The development of edge detection algorithms for rock fractures 
are described in Hadjigeorgiou  et al. (2003), Kemeny and Post (2003) and others.  Even though 
automatic trace delineation algorithms are available in many image-processing programs 
(including Split FX), they are not recommended at this time for several reasons.  First of all, they 
will delineate all the fractures in an image, which will undoubtedly come from several structural 
sets (as illustrate in Figure 10b).   This means that in order to determine statistical parameters for 
each set, hand editing will still be necessary.   Secondly, due to the complexity of images of rock 
outcrops, no automatic routine will do a perfect job of delineation and corrections will need to be 
made using hand editing tools.  Thirdly, it does not take very long and does not require expertise 
to delineate fractures by hand.  The traces in Figure 10b, for instance, took only several minutes 
to delineate.  

Fracture length and spacing are interrelated, as illustrated in Figure 11.  If the fractures are 
persistent (fractures long in relation to the spacing), then the measurement of fracture spacing for 
a given set is well defined and measured perpendicular to the average orientation of the set, as 
illustrated by the red “scanline” in Figure 11a.  If the fractures are non-persistent (fractures short 
in relation to spacing), then the measurement of fracture spacing is not well defined by a single 
scanline, and several scanlines perpendicular the average orientation are needed, as illustrated by 
the green scanlines in Figure 11b. In either case, a histogram of fracture spacing is produced for 
each set. 
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 a) b) 
Figure 11.  Schematic.   Persistent vs. non-persistent discontinuities (black lines).  a) 

persistent discontinuities, with a single scanline (red) to obtain fracture spacing 
information, b) non-persistent discontinuities, with multiple scanlines (green) used to 

obtain fracture spacing information. 

In order to get accurate information on fracture length and spacing from digital images, proper 
images must be taken.  Figure 12 shows two digital images of rock outcrops.  In the first image 
the joint traces are clear and the scale of the image is appropriate for the density of joints.  In the 
second image, the individual joint traces are difficult to see because the scale of the image is not 
appropriate for the density of joints at this site (close-up image needed to provide appropriate 
level of detail). 

 a) b) 
Figure 12.  Photos.  a) digital image with the proper density of fracture information, b) 

figure cannot be analyzed at its current scale (close-up image needed to provide 
appropriate level of detail).

Block Size 

Block size is a parameter that depends on the interaction of all the joint sets together, into a 
fracture network.  In a similar fashion to fracture length and spacing, block size can be measured 
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from either a digital image or a point cloud, and either manually or using edge detection 
algorithms.  

Figure 13 illustrates block delineation using manual tools for both digital images and point 
clouds.  In the case of a digital image, the block area is calculated and the area must be converted 
to volume using an assumed length in the third dimension.  In the case of the point cloud, the 
block volume is measured directly. 

 a)  b) 
Figure 13.  Photos.  Manual methods of getting block size information, both from a) point 

cloud and from b) digital image.

In order to automatically delineate blocks and determine the distribution of block volumes at a 
site, the rock bridges must be first identified.  Rock bridges are small sections of intact rock that 
separate coplanar or non-coplanar discontinuities, and prevent blocks from being “removable”.
Similar to the problem of trace delineation, the identification of rock bridges in a digital image of 
a rock outcrop is not a simple problem, and the use of hand-editing tools, such as those shown in 
Figure 13, is recommended at the present time.   

Discontinuity Weathering and Fill 

All of the discontinuity parameters described above (orientation, length and spacing, roughness, 
block size) relate to the geometry of the discontinuities and the fracture network, and it has been 
demonstrated that LiDAR and digital image processing do an excellent job of providing 
information on these parameters.  Equally important, however, is the “condition” of the 
discontinuities, which include parameters such as weathering and fill.   These parameters directly 
relate to the friction angle of the discontinuities, and highly weathered fractures or fractures 
containing very weak fill can have dangerously low friction angles.  Also, weathering and fill 
make up a large component of rock mass classification systems.  For instance, in the Rock Mass 
Rating (RMR, Bieniawski, 1989), Q (Barton et al., 1974), and Geologic Strength Index (GSI, 
Hoek, 2007) systems, weathering and fill account for about 12%, 25%, and 30% of the total 
rating, respectively.
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LiDAR and digital image processing have the potential for providing information on 
discontinuity weathering and fill, and this is an area of current research.  Some initial work on 
using texture algorithms to evaluate discontinuity weathering was investigated by Monte (2004).
A comparison of the texture of a weathered and unweathered fracture is shown in Figure 14.
Monte (2004) found that texture algorithms at a given site were able to differentiate 
discontinuities with different amounts of weathering after the parameters in the algorithms were 
properly adjusted.  However, these parameters had to be readjusted for other locations and other 
rock types.

 a) b) 
Figure 14.  Photos.  Example of digital images of a) unweathered, and b) weathered 

discontinuities.

A more promising approach that is currently being investigated is using multi-spectral and 
hyper-spectral imaging to differentiate weathering and fill (Gupta et al., 1999).  In particular, in 
many rock types weathering and fill is associated with clays, which can be identified with multi-
spectral and hyper-spectral imaging.  Determining the degree of weathering at a site at the 
present time is subjective because it is based primarily on visual inspection.   However, the use 
of new techniques such as hyperspectral imaging could lead to more deterministic measures of 
weathering and discontinuity fill. 

ROCKFALL CHARACTERIZATION 

A second major highway application for LiDAR is rockfall characterization.  This includes the 
characterization of rockfall source areas, the characterization of rockfall chutes, and monitoring 
rockfall occurrences by taking periodic scans of an area of interest.

Characterizing Rockfall Source Areas 

Rockfall source areas can be characterized with LiDAR scans, to determine the risk for rockfall 
and slope instability.  Characterization can include standard rock mass characterization as well as 
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rockfall hazard ratings (e.g., Patterson et al., 2002).  Rockfall source areas are often difficult to 
access and characterize using traditional methods.  Figure 15 shows before and after pictures of 
the source area for the 2004 Thanksgiving day rockfall that occurred along Interstate 70 in 
Glenwood Canyon, just east of Glenwood, CO.  It was a large volume rockfall and the source 
area was on the north side of the canyon about 400 m (1312 ft) above the highway.  Traditional 
site characterization in steep remote areas such as this involve rappeling down the slope, which is 
costly and poses safety hazards.  The LiDAR techniques described earlier in this chapter are 
ideal for characterizing rockfall source areas.

Another example of a potential use of LiDAR for rockfall characterization is shown in Figure 16.
It shows a highway slope near Pine Valley, California that is weathering and exposing large 
boulders that pose a rockfall hazard.  LiDAR scanning of this slope could be used to determine 
the number and sizes of the boulders.  Repeated scans at this same site over time could also be 
used to monitor the weathering process. 

 a) b) 
Figure 15.  Photos.  Section of Glenwood Canyon a) before, and b) after the 2004 

Thanksgiving Day rockfall.
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Figure 16.  Photo. Weathering of a slope near Pine Valley, California, exposing boulders 
that pose a rockfall hazard. 

Rockfall Chutes 

The rockfall source area determines the size and initial location of rock blocks that could impact 
a highway.  When a rock block dislodges from a source area, it often travels along a developed 
path or chute until it reaches the highway.  Therefore, the characteristics of rockfall chutes often 
determine the location, velocity and other aspects of a rockfall event.  In particular, the chute 
characteristics must be understood in order to design rockfall fences or other support measures.  
One important aspect of the rockfall chute is the topographic profile, which can be characterized 
with LiDAR using cross section tools.  Figure 17 shows photos and profiles of a major rockfall 
chute on the north side of Interstate 70 near Georgetown, Colorado (scan taken from the 
Georgetown Interstate 70 overlook).  Figure 17a shows a photo of the scan area, with the rockfall 
source area at the top of the photo, the chute in the middle and rockfall fences near the bottom of 
the photo.  Figure 17b shows a side view of the point cloud, showing the scanner, scanner 
direction and Interstate 70 at the bottom right, and the rockfall source area at the upper left 
(horizontal scale reads 460 m, vertical scale reads 328 m).  The rockfall source area is about 600 
meters (1969 ft) from the scanner.   Figure 17c is a plan view of the point cloud showing two 
cross-sections through the chute area; one to the right of the trees down the middle of the chute 
(Section A) and the other to the left of the trees (Section B).  Figures 17d and 17e show the 
profiles from sections A and B, respectively. The sections are made through the triangulated 
mesh, and gaps in the sections are areas where the mesh was not constructed due to insufficient 
point cloud data).  The two profiles are similar except for the steep section in the center of 
section A, due to a small rock outcrop that can be seen in the close up photo in Figure 17f.
Figure 17g shows close ups of the point cloud near the rockfall fences. 
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Figure 17a.  Photo.  Rockfall chute, north side of Interstate 70 near Georgetown, Colorado. 
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Figure 17b.  Schematic.  Side view of point cloud taken of site shown in Figure 17a.  
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Figure 17c.  Schematic.  Plan view of point cloud showing the location of two cross sections. 
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Figure 17d.  Schematic.  Section A (refer to Figure 17c).

Figure 17e.  Schematic.  Section B (refer to Figure 17c).  
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 Figure 17f.  Photo.  Close-up photo of center section of chute. 

Figure 17g.  Schematics.  Close up views of point cloud showing rockfall fences. 

Often a rock block does not travel to its final resting place once it dislodges from the source area.  
Rock blocks may slowly travel down a chute in a time-dependent fashion (during periods of 
rainfall, for example).  Figure 18 is a photo of a small chute above Interstate 70 near 
Georgetown, Colorado (source area at the very top of the photo, Interstate 70 at the bottom of 
photo).  It clearly shows several large blocks that have dislodged from the source area and are 
presumably moving down the slope in a time-dependent fashion.   Rockfall monitoring with 
LiDAR can be used to understand this behavior, by taking scans at the same location but at 



CHAPTER 4 – LiDAR APPLICATIONS TO ROCK SLOPES 
______________________________________________________________________ 

38

different times (every 6 months or every month, for instance).  Rockfall monitoring with LiDAR 
is discussed in more detail in the next section. 

Figure 18.  Photo.  Slope above the north side of Interstate 70 near Georgetown showing a 
small rockfall chute containing several large rock blocks.  
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Rockfall Monitoring 

A very important application of LiDAR is rockfall monitoring.  Rockfall monitoring is 
conducted by taking LiDAR scans of the same scene at some interval of time, say once every six 
months (or more often in areas with high rockfall risk).  Figure 19 shows a LiDAR rockfall 
monitoring site on Interstate 70 near Georgetown, Colorado.  The top part of the figure shows 
mapping that was conducted by the Colorado Dept. of Transportation of rock fall source areas 
and rockfall chutes (CDOT, 2005).  The highest risk rockfall source areas are striped areas 
shown in red and lesser risk areas are striped areas in yellow and orange.  The chutes are shown 
in purple.  Interstate 70 goes through the middle of the photo and the town of Georgetown is the 
right of the photo.  Permanent benchmarks have been set up along the bike path next to the 
interstate, as shown in the lower right photo of Figure 19.  In total there are 20 benchmarks 
covering about 3 km (1.9 m) of Interstate 70.  

Figure 19.  Photos and Schematic.  Rockfall study area along Interstate 70 near 
Georgetown, Colorado.  Top photo shows rockfall source and chute characterization, from 

CDOT (2007).   Lower photo shows permanent benchmarks set up along bike path. 
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The periodic scans are processed to evaluate rockfall using “change algorithms”.  Change 
algorithms can be found in a number of the point cloud processing software.  The change 
algorithms subtract two point clouds and produce a “difference cloud”, which is a point cloud 
providing information on the relative difference between the two scans at points throughout the 
area that was scanned.  From the change, the movement of a rock block can be tracked, or the 
size of a block that has move can be monitored.  The total accumulated rockfall rate can also be 
calculated.  Before the change algorithm can be applied, the two point clouds must be aligned as 
accurately as possible.  In general, Iterative Closest Point (ICP) algorithms (Besl, 1992) are used 
to align the scans with the highest accuracy (higher than can be achieved by surveying alone).

A field site for testing change algorithms was set up at Milepost 2, Mt. Lemmon Highway, 
Arizona.  A “rolling rock” experiment was conducted where 8 boulders with sizes from 10 to 
100 cm were moved, as shown by the red circles in Figure 20a (larger circles represent larger 
boulders).  Before and after scans were taken.  The Iterative Closest Point (ICP) algorithm was 
applied and a difference point cloud was produced, as shown in Figure 20b.  In Figure 20b, red 
indicates negative change (missing material compared with original scan), blue indicates positive 
change (new material).  From this field site it was determined that the movement of boulders as 
small as 15 cm can be detected (the scans at this site were taken from a distance of about 60 m). 

Figure 20a.  Photo.  Field site for testing change detection algorithms.  Boulders marked 
with red circles were moved.   
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Figure 20b.    Schematic.  Difference point cloud. Red indicates negative change (missing 
material), blue indicates positive change (new material). 

In addition to being used for safety purposes, the information from periodic scans can also be 
used to assist with rockfall maintenance.  Figure 21 shows a rockfall fence filled with rock 
blocks.  In order to work effectively, rockfall fences must be maintained, with a maintenance 
schedule dependent on the rockfall rate.  Similar maintenance is required for rockfall ditches. 
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Figure 21.  Photo.  Rockfall Fence Containing an Overflow of Rock Fragments.  

DETAILED 3D MEASUREMENTS 

The last application of LiDAR for highway applications is the general area of detailed 3D 
measurements.  LiDAR surveys provide a detailed “as built” that can be used for estimating 
various highway parameters, such as ditch width, slope height, roadway width, etc.  These are 
parameters that are also used in estimating rockfall hazard ratings, as shown in Figure 22 (e.g., 
Patterson et al., 2002; Pack et al., 2002).

Before and after as-builts can also be used to verify the volume of a highway excavation, to 
accurately determine the shrink-swell behavior of particular rock type (Henwood et al., 2006), or 
to estimate stockpile volumes.  

Figure 22.  Schematic.  Parameters used in many Rockfall Hazard Rating systems (left).  
Example of point cloud to estimate many of these parameters (right).
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CHAPTER 5 – BEST PRACTICES 

As hardware and software solutions are being developed for rock mass and rockfall 
characterization using LiDAR and digital image processing, guidance is needed on specific and 
appropriate procedures involved to conduct ground-based LiDAR surveys, as well as the 
appropriate data validation, processing and management procedures.  In the field, appropriate 
procedures must be specified concerning a) the suitability of a site for LiDAR surveying, b) the 
procedures for scanning (number of scans, point spacing, resolution, etc.), c) establishing 
surveying control points, d) taking digital images, and e) collecting non-digital types of 
information.  After a survey is conducted, data processing and management procedures include 
a) the specific steps that should be taken to process the data using various software packages for 
specific outcomes (i.e., calculate the slope hazard at a particular site), and b) the appropriate 
standards and formats for managing and archiving the various kinds of data from a LiDAR 
survey, including the raw scanner files, point cloud files, rendered surface files, and calculations 
and interpretations made on this data. 

Based on a number of case studies that have been conducted in the past several years (some of 
which were described in Chapter 4), recommendations for best practices for the topics mentioned 
above are made, as discussed below.  It should be noted that the development of best practices is 
an ongoing activity, and the recommendations made in this section will change with time. This 
chapter concludes with sections on the cost of a LiDAR survey, the accuracy of LiDAR 
generated data, and a brief comparison of LiDAR and photogrammetry for obtaining 
geotechnical data. 

BEST PRACTICES IN THE FIELD 

The basic procedure for scanning in the field was described in Chapter 2.  Now some detailed 
recommended procedures are presented. 

Deciding on Scanner Placement and Number of Scans 

One of the first and most important steps is to spend a few minutes at the field site to determine 
where the scanner will be placed and how many scans will be made.  For scans of a slope 
adjacent to a highway, scans will most likely be made on the opposite side of the highway, along 
a turn-out or shoulder.  In general, it is best if the distance from the scanner to the slope is at least 
as great as the height of the slope of interest, as shown in Figure 23.  This eliminates a sharp 
angle between the scanner field of view and the dip of the slope.  If the height of the slope of 
interest is higher than approximately 30 m (98 ft), then the optimum location for the scanner will 
be farther away than the other side of the highway, which could present access and viewing 
problems depending on the topography and landowner issues.   Another parameter is the distance 
between scans taken along the highway.  In general it is best if the scanner horizontal field of 
view is 50 degrees or less, as shown in Figure 23.  This eliminates a sharp angle between the 
scanner field of view and the strike of the slope.  Also, at least a 20% overlap between scans 
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should be maintained, as shown in Figure 23.  The overlap is used to assist with the stitching 
together of point clouds.

A final decision is whether multiple scans of a face taken at different angles should be made.  
Depending on the orientation of discontinuities relative to the scanning direction, it is possible 
that a joint set will be obscured (in the scanner shadow zone, as discussed  

Figure 23.  Schematic.  Figures on left show cross sections with recommended scanning 
distances depending on the height of the slope of interest.  Figure on right shows plan view 

with recommended distances between scanning locations.   

in Chapter 4).  If the guidelines given above are followed, the chance of significant scanner 
shadow zone is minimized.  Also, a joint set that is subject to scanner shadow zone is likely to 
show traces, from which the orientation can be picked up with tracing on a draped photo as 
shown in Chapter 4.  However, it is important to evaluate each scanner site for possible shadow 
zone, and take multiple images if necessary.  For instance, referring to Figure 23, if Scan 2 has a 
potential problem with scanner shadow zone at Face 2, then either the locations of Scan 1 or 
Scan 3 can be used to take an additional scan of Face 2.    

In most cases, multiple scans of a face at different angles will not be necessary, particularly with 
the use of photo draping to extract discontinuity orientation from fracture traces.  However, if 
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time warrants, and if the site conditions are complex and/or high risk, then taking multiple scans 
to eliminate potential scanner shadow zones is recommended.  

Deciding on the Method for Scanner Registration 

The next important step is to decide how scanner registration will be conducted.  All scanners are 
able to register a point cloud by having at least three targets of known position in the scene.  The 
three or more targets should not be in the same plane, and having targets across all areas of the 
scene produces the best results.  Another procedure is to register some of the scans using targets, 
and register others by “stitching” them with those that have been registered (the stitching uses an 
Iterative Closest Point algorithm and is available in several of the point cloud processing 
programs).  Some scanners can be registered by backsighting to known benchmarks along with 
surveying in the location of the scanner.  Backsighting uses a built in optical telescope to site to 
known points so that the orientation of the scan can be determined.  Finally, the orientation can 
be registered by carefully measuring the orientation of the scanner (if the scanner is leveled this 
only involves the measurement of scanner bearing).  This last method, along with an accurate 
GPS of the scanner origin (sighting over a known benchmark, for instance), will also give the 
full registration.  It should be noted that none of the above methods involve putting targets on the 
rock slope itself.  Putting targets on the slope is a safety hazard and should be avoided, 
particularly on unstable slopes.  However, depending on specific site conditions, putting targets 
on the slope may have advantages if it improves the accuracy of the registration and can be 
conducted in a safe manner.  

At the present time, there are no recommendations on the preferred method for scanner 
registration.  One reason is that the recommended method depends on the type and model of 
scanner.  Backsighting, for instance, is only available in some of the scanners.  Several 
publications are available looking in detail at the accuracy of various methods of scanner 
registration (Reshetyuk, 2006, for instance), the details of which are beyond the scope of this 
report.  Several studies have been made by the author to compare different methods for scanner 
registration, but the results from these studies are not available at the present time.  

Scanner Field of View and Point Spacing 

In order to get a uniform point spacing in the point cloud, follow the guidelines as given in 
Figure 23 for the scanner field of view.  Figure 24 shows a point cloud taken with a Riegl 
scanner, which has a 360-degree field of view. It shows a very high density of points near the 
scanner, with a much wider spacing farther away from the scanner.  Shown in green is the only 
area of the point cloud that should be analyzed.  It represents the rock face of interest (not things 
on the other side of the highway of no interest) with the field of view following the guidelines 
shown in Figure 23. 
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Figure 24.  Schematic.  Point cloud example.  Plan view of scan of Mt. Lemmon Highway, 
Milepost 15.  Proper scan window shown in green, unsuitable scanned highway slopes 

shown in red.

The areas shown in red are also of the rock face of interest, but these areas have two problems; 1) 
the point spacing will be much greater than that shown in the green region, and 2) the angle 
between the scanner and the face is too steep.  It is recommended to always use the appropriate 
scanner field of view, to reduce the point cloud size and eliminate non-optimum scanner angles 
relative to the rock face.  When taking multiple scans of a single face, as discussed in the text 
associated with Figure 23, a non-optimum scanner angle relative to the face is acceptable if the 
purpose is capture data on structural features that are hidden from one direction.  In this case, 
even though the angle between scanner and rock face may be small, the angle between scanner 
and a particular structural feature of interest will still be satisfactory. 

Average point spacing in the point cloud is a very important parameter that should be optimized 
for a particular application.  In general, point spacings of 2 cm or less are optimum for most of 
the geotechnical applications discussed in Chapter 4 (rock mass characterization, rockfall chute 
characterization, rockfall change detection). Point cloud spacings up to 5 cm are acceptable for 
the scanning of high slopes (such as Glenwood Canyon), but point cloud spacings greater than 5 
cm are not recommended for any geotechnical applications.  For non-geotechnical applications 
involving the generation of a 3D digital terrain model, point cloud spacings up to 10 cm could be 
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acceptable.  Figure 25 shows an example of a point spacing of about 1.5 cm, allowing features 
less than 0.3 meters to be delineated clearly.

Figure 25.  Schematic.  Point cloud example.  Ideal point cloud with a point spacing of 
about 1.5 cm (yellow ruler showing 1.85 meters).  

Taking Digital Images 

High-resolution digital images should always accompany each point cloud.  The digital images 
can be used stand-alone for rock mass characterization and rockfall applications, or registered 
with the point cloud using photo draping techniques.  All new scanners have high-resolution 
cameras built in (or mounted on top), and digital images are part of the “data package” that is 
produced from these scanners.  However, older scanners may only have a low-resolution camera 
or no camera at all, so it is important to take digital images separately in these cases.  Even with 
the newer scanners, it is good practice to take digital images separately to document the scanning 
and the overall site conditions.  Separate digital images can also be used to take close-up images 
of rock features of interest. In general, image scale and camera calibration is not required for 
digital images taken separately, since this information can be extracted from the associated point 
cloud.
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Field Notes 

In addition to the data from the scanner, surveying, and any digital images taken separately, field 
notes should be taken (either by hand or using a laptop or handheld) and the field notes file 
should be placed in the same computer folder as the other data.  Field notes can include the 
following:

Location of site (from GPS or map) 
Site geology 
Rock mass information that cannot be extracted from point cloud (rock weathering, 
discontinuity fill, Schmidt hammer readings, small scale roughness, etc.)  In order to 
associate this information with scan-derived information, the GPS coordinates of each 
piece of data collected can be recorded.   
Miscellaneous information such as details of benchmarks or other data collection 
activities in the area.  

DATA PROCESSING BEST PRACTICES 

A basic description of data processing using point cloud processing and CADD software was 
described in Chapter 3.  Here we describe some specific recommended procedures.   

Data Management 

Data processing with point cloud processing and CADD software produces a number of very 
large files.  For instance, a point cloud file containing one million points will take up about 30 
Mbytes as an ASCII file and about 10 Mbytes as a binary file.  The file will become larger as 
digital images and other kinds of information (such as stereonets and text) are added to the file.
As discussed in Chapter 2, one million points might represent the scanning of a 30 meters high 
by 40 meters wide portion of a slope.  If a number of scans along a highway are stitched 
together, then the size of the file goes up accordingly.  It is important to store more than just the 
“finished” DTM files (data files that have been triangulated, stitched, photo draped, edited, etc.) 
or just the extracted geotechnical data.  At a minimum, the original files from the scanner should 
be stored, as well as the point clouds once they have been registered (preferably in the xyz 
format given in Chapter 2 so that the data can be easily opened in any point cloud processing 
program).  Each scan or set of scans should have a dedicated folder that contains the raw scanner 
files, registered point clouds, field notes, digital images, CADD files, etc.   

Point Cloud Stitching 

Individual point clouds usually have 1 to 3 million points (for 2 cm point spacing, that’s a square 
areal coverage of approximately 25-45 m (82-148 ft) on a side).  A site may consist of ten or 
more point clouds (sequentially down the highway as in Figure 23, for example).  The point 
clouds can either be viewed and processed separately, or they can be stitched together into a 
single combined point cloud.  For extracting geotechnical data, it is not necessary to stitch the 
point clouds together, and in general it is not recommended to do so.  This is because the 
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combined point cloud may have 20 million points or more, and will be very difficult to visualize 
and rotate in point cloud software.  Point cloud software such as Split FX does allow the 
individual unstitched point clouds to be in the same file, and to combine the fracture orientation 
data on a single stereonet without having to stitch the point clouds together.  For other purposes, 
such as viewing and making 3D measurements, it may be advantageous to have a single stitched 
DTM.  In this case, it is recommended that a triangulated surface is made and only the merged 
triangulated surface is used for combined 3D measurements. 

Extracting Rock Mass Characterization Information 

At the present time, the only point cloud processing package that has a number of built-in 
features for extracting rock mass characterization information is Split FX.  Based on using the 
software for a number of years, some best practices are given in Appendix C.

THE COST OF A LiDAR SURVEY 

As described in this chapter, LiDAR can be used to collect important field data for the analysis 
of highway slope stability, and there are safety, access and other advantages of doing so.  In 
many instances, the collection of this data using LiDAR could represent a cost savings compared 
with traditional methods.  For example, the following numbers are based on the collection of 
discontinuity orientation measurements along a 300 meter section of Highway 93 in Arizona: 

Traditional data collection and analyses:
Cell mapping, 350 joint orientation measurements, 2 people for 2 days 
Processing and making graphs of the data, 1 person for 1 day 
Total 5 man days (with overhead, assume $1000 per day) 
Share of equipment and software costs $250  
Total cost - about $5250 (mostly manpower) 

LiDAR with automated fracture analysis software
Field scanning (six scans) and digital imaging, 1 person for 1 day 
Data processing, 1 day 
Scanner rental, $1500 
Share of other field equipment (camera, etc.), $200 
Share of software costs, $800 (assumes 10 projects covers software cost) 
Total cost - $4500 (less than 50% manpower) 

This would be considered a typical example where the hand-measurements are made at the base 
of the slope, and it indicates slight cost savings with LiDAR. If repelling down the slope was 
involved to collect the discontinuity orientation measurements, then additional cost savings 
would be expected with LiDAR. 
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THE ACCURACY OF LiDAR-GENERATED DATA  

For extracting fracture information from point clouds, a key measure of accuracy is the error in 
the estimation of a fracture’s strike and dip (or dip and dip direction).  As discussed earlier in this 
chapter, Figure 5 compares fracture orientation data measured by hand with LiDAR generated 
fracture orientation data (white vs black stereonets, respectively). Overall, the location of major 
structural features appear to differ by less than 5 degrees between hand-measurements and 
LiDAR generated data.  Of course, the hand-measured results themselves have errors that could 
be as large as 5 degrees.  Therefore, the discussion in this section focuses on errors in LiDAR-
generated results alone. 

Errors in the LiDAR results are due to three primary sources: 

1. Instrument accuracy and field settings 
2. Procedures and accuracy of point cloud registration 
3. Software and procedures used for processing point clouds 

Each of these errors are briefly discussed below: 

Instrument accuracy and field settings 

For a typical scan of a rock face, often over 1000 laser points will intersect large fracture 
surfaces, while less than 50 points may intersect smaller surfaces.  It is important to understand 
how the number of laser points intersecting a fracture surface and the error of the laser impact 
the accuracy in the estimation of the strike and dip of the plane. For this purpose a Monte-Carlo 
based computer model has been developed to determine the error in the calculation of strike and 
dip, based on a 3D laser scanner with given distance and position accuracies and a fracture plane 
with a given size and distance from the scanner. Details of the model are described in Kemeny et 
al. (2003). Here we consider two fracture sizes, both with a point density of about 2 cm (the 
recommended point spacing described in Chapter 5). In the first case 724 laser points intersect a 
0.5 x 0.5 m2 fracture, and in the second case 100 laser points intersect a 0.2 x 0.2 m2 fracture.
Scanner position and distance accuracies of ± 1.5 cm are assumed.  This is a large error, and 
most 3D laser scanners are capable of scan accuracies less that this (see Table 1 and Appendix 
A).

For the case of 724 laser points hitting the 0.5 x 0.5 m2 fracture plane, the Monte-Carlo model 
showed a mean variation in dip from the actual dip of 0.19 degrees with a standard deviation of 
0.03, and a mean variation in dip direction of 0.1 degrees with a standard deviation of 0.015.  For 
the case of 100 laser points hitting the 0.2 x 0.2 m2 fracture plane, it shows a mean variation in 
dip of 0.93 degrees with a standard deviation of 0.3, and a mean variation in dip direction of 1.0 
degrees with a standard deviation of 0.33.  Overall these results are very promising and indicate 
that errors in the strike and dip less than one degree should be able to be attained even with small 
fracture surfaces, using almost any of the 3D laser scanners available today.  It should be noted 
that the model does not consider some other sources of possible error, including atmospheric and 
temperature errors, or the errors discussed in the next two sections below. 
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Point cloud registration errors 

This is an important source of error, and this error affects the calculated fracture orientations for 
all fractures regardless of their size. The error in the estimation of fracture orientation will 
depend on the registration method that is used.  For instance, if registration is based on Brunton 
measurements (measurements of objects in the scene or of the scan direction itself), then the 
error will be ± 2 degrees or more.  The most common method of scanner registration is to use 3 
or more surveyed points (3D similarity transform).  If three points are used, and assuming a 
surveying error of ± 1.5 cm, 3D similarity transformation results indicate a maximum deviation 
in strike and dip of about ± 0.2 degrees for a typical scan taken at a distance of 30 meters.  This 
is very reasonable, and if more targets are used the errors should be even smaller.  The errors 
associated with other methods of scanner registration are discussed in Reshetyuk (2006). 

Software and procedures used for processing point clouds 

Differences in how the point cloud is analyzed to determine fracture orientation results in large 
differences in the estimation of the strike and dip of a fracture surface. One method is to pick 
three points on a fracture and determine the orientation of the plane made by these three points.  
Because actual rock fracture surfaces are not flat planes, this technique will show large variations 
depending on the roughness of the surface and which three points are selected.  A better method 
is to select all the points that make up the fracture and calculate the best-fit plane through those 
points.  This method will also show variations because “selecting all the points that make up a 
fracture” is not a straightforward task, particularly near the edge of the fracture.  If an automated 
routine is used to select the points that make up the fractures (such as the automated routine in 
Split FX), then changing the parameters in the routine will result in differences in the calculated 
best-fit orientations. 

A COMPARISON OF LiDAR AND PHOTOGRAMMETRY 

LiDAR and photogrammetry both produce a high-resolution 3D rendering of a scene of interest, 
but they are based on very different principles.  As described in Chapter 2, a LiDAR point cloud 
is based on the reflections of pulses of laser light that are emitted from a scanner.  Also, photo 
draping techniques can then be used to drape a high-resolution digital image onto a point cloud, 
as described earlier in this chapter.  Many types of analyses can be conducted with the point 
cloud alone, including the determination of discontinuity orientation, roughness, length and 
spacing and block size.  The draped photo can be used to determining discontinuity orientations 
for structures that have no exposed surfaces (such as a joint set in the scanner shadow zone) as 
well as assisting with the interpretation of geology, major structures (such as faults), and other 
things.

In photogrammetry, the 3D coordinates of a scene are determined from digital images taken of 
the same scene from different directions.  In particular, information on the 3D coordinates is 
determined from the parallax, which is the change of angular position of two observations of a 
single object relative to each other.  Details on photogrammetry can be found in Faugeras (1996) 
and many others.  In the field, special stereo cameras can be used that have two lenses at a fixed 
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distance and orientation relative to each other.  Today it is more common to use a standard 
digital camera and take multiple images of a scene from arbitrary directions and positions.  The 
multiple camera positions are then determined using a technique called bundle adjustment that 
involves “feature matching” in overlapping areas of the images.  Photogrammetry software 
specifically designed for extracting geotechnical information from digital images include 3G 
(www.3gsm.at), Siro Vison (www.csiro.au), and Adam Technology (www.adamtech.com.au).
Photogrammetry software ranges in price from $5,000 to over $50,000.  A standard high-
resolution camera can be used for field surveys, which can range in price from $500 to over 
$5000, depending on resolution and features.  

A brief description of some of the differences between LiDAR and photogrammetry and the 
impact of these differences on highway slope stability analyses are given below. 

1. LiDAR emits its own light, as opposed to photogrammetry, where either natural lighting is 
used or an external light source (such as flash lighting) is used.  This can result in some 
differences.  First of all, when scanning a slope that has vegetation, the LiDAR light can 
penetrate through small openings between the vegetation to provide information on the soil or 
rock underneath.  Photogrammetry, on the other hand, will only give this information if there is 
enough natural light available behind the vegetation.   Secondly, because photogrammetry relies 
on multiple images of the same scene, lighting differences can occur due to changes in light in 
different directions or changes in lighting between the time the multiple images are taken.  
Thirdly, when imaging an underground excavation, LiDAR has the advantage that no external 
light source is required (LiDAR scans can be conducted in the dark). 

2. Photogrammetry needs to view a portion of a scene from a least two directions in order to 
determine the 3D coordinates of that portion of the scene.  LiDAR can determine 3D coordinates 
from a single viewing angle.  This can pose problems with photogrammetry when there are large 
variations in topography over small areas, such as in areas of dense vegetation or rock rubble. 

3. Because images are taken from different angles with photogrammetry, the 3D DTMs from 
photogrammetry may not have as many areas of no data (scanner shadow zones) compared with 
a LiDAR scan from a single viewing direction.  To address this problem, LiDAR scans can also 
be taken from different viewing angles, as discussed earlier in this chapter. 

4. In the field, a LiDAR survey takes about the same amount of time as a photogrammetry 
survey.  Because registration is required for both methods, much of the time in the field is taken 
up with issues involved with 3D registration (placing and surveying of targets, for example).
The automatic output from a LiDAR scan is a point cloud, and no processing is required in 
producing a point cloud file.  To produce 3D information from photogrammetry, on the other 
hand, many steps are required that require time and expertise with photogrammetry software.  
Photogrammetry also requires camera calibration, a pre-field step not required for LiDAR 
surveys.  Once a 3D model is produced, the analysis of the model to extract geotechnical 
information is very similar between LiDAR and photogrammetry.  Overall, if photo draping is 
not used in the LiDAR analysis, then the LiDAR survey and processing will take less manhours 
and require less software training than the equivalent photogrammetry survey.  If photo draping 
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is used as part of the LiDAR analysis, this will increase the manhours and amount of software 
training for using LiDAR for highway rock slope stability. 

5. The hardware are significantly less expensive for photogrammetry, consisting of only a high 
resolution digital camera and associated field equipment (tripod, etc.).  The software costs for 
photogrammetry can be either cheaper or more expensive than LiDAR, depending on the specific 
software packages that are used with each method.  The total cost of LiDAR survey can be 
cheaper or more expensive than an equivalent photogrammetry survey depending on many 
factors, including total manhours, software costs, and how the cost of the LiDAR equipment is 
calculated (it may be shared with other purposes or rented, for example).   

6.  The final accuracy of a 3D model, whether it comes from photogrammetry or LiDAR, 
depends on many factors, including the specific hardware and software used, the method and 
accuracy of scanner registration, and the specific field procedures.  Based on published 
accuracies by scanner manufacturers (Appendix A) and photogrammetry software companies 
(see web sites listed above), it should be possible to get the equivalent accuracy from both 
methods. 
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CHAPTER 6 – EXPECTED ADVANCES IN THE NEXT 5 YEARS 

This section contains some discussion about expected future improvements to LiDAR hardware 
and software in the next few years.  This is based on discussions and presentations that took 
place with hardware and software manufacturers at the following meetings and workshops: 

- Workshop on Laser and Photogrammetric Methods for Rock Face Characterization, 
Golden, CO (June 17-18, 2006) 

- 5th International Visualization in Transportation Symposium and Workshop, Denver, CO 
(October 23-26, 2006) 

- LiDAR Spar Point Conference, Sugarland, TX (March 26-27, 2007) 
- Workshop on LiDAR and Photogrammetry Methods for Rock Engineering, Vancouver, 

Canada (May 26-27, 2007). 
- LiDAR Spar Point Conference, Houston, TX (March 3-5, 2008) 

Overall, future improvements to LiDAR technologies fall into the following categories: 

- Hardware improvements; 
- Multi-sensor fusion; 
- Mobile scanning; 
- Improvements to point cloud processing software, including integration with CAD and 

GIS;
- 3D mashups; and 
- Standards.

Each of these topics, as it relates to using LiDAR for highway rock slope stability, is discussed 
below.

HARDWARE IMPROVEMENTS 

Recent improvements to LiDAR hardware include the following: 

- Time-of-flight scanners with capture rates up to 50,000 pps 
- Phase shift scanners with capture rates up to 1 million pps 
- Increased range in time of flight scanners, up to 2 km 
- Increased range in phase shift scanners, up to 50 meters 
- Increased accuracies in time of flight and phase shift scanners 

This trend is expected to continue in the future.  The best information on recent hardware 
improvements is available from the scanner manufacturers web sites (see Chapter 2). 

MULTI-SENSOR FUSION 

LiDAR manufacturers are currently adding more and more useful features to the LiDAR units.
These features include built in surveying capabilities, built in GPS, automated pan and tilt 
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movement, built in tilt and compass bearing measurements, better onboard camera, built in 
motion compensators, etc.  Already the fusion of ground-based LiDAR and high-resolution 
digital imaging has occurred, resulting in high-resolution, 3D, photo-quality digital terrain 
models.  Also, the fusion of ground-based and airborne LiDAR is starting to take place.  Future 
sensor fusion may include the integration of hyper-spectral imaging, radar and other sensor data. 

MOBILE SCANNING 

Mobile scanning (also referred to as dynamic scanning) includes the ability to scan from a 
moving ground-based vehicle or boat.  Several of the scanner manufacturers are now involved 
with the production of mobile scanning units.  From POB (2007): 

Several manufacturers, companies and agencies offer dynamic scanning solutions. Optech 
Inc. (Vaughan, Ontario, Canada) recently announced a dynamic scanner called the ILRIS-
3Dmc. The Canadian manufacturer is promoting the use of its motion-compensated scanner 
for three common applications: stop-and-scan, mobile platform vertical scan (i.e., oil rig 
from a boat) and mobile platform horizontal scan (i.e., road surface survey from a vehicle). 
Riegl offers several scanners that can be deployed as dynamic scanners, and that have 
successfully been used on boats to inventory waterway assets and to geo-reference 
obstructions (such as semi-submerged rocks) that cannot be mapped directly from a boat. 
The Nottinghamshire, UK company 3D Laser Mapping has released a system called the 
StreetMapper Mobile LiDAR mapping system based on Riegl scanners. It offers a turnkey 
survey vehicle with all the necessary components mounted on it or as a combination of the 
sensor platform and the electronic rack. The overall weight of its system is about 150 kg 
(330 lb), which is small enough to operate from normal passenger cars. 

The Federal Highway Administration’s Turner-Fairbank Highway Research Center is also 
using dynamic LiDAR. The agency has developed a system called the Digital Highway 
Measurement vehicle. This multi-sensor system uses laser scanners and Macrotexture 
lasers (lasers with a submillimeter beam diameter) to profile the texture of highway 
surfaces. It is also being used to explore the use of new 3D ground penetrating radar for 
subsurface evaluations down to 6 to 9 m (19.7 to 29.5 ft) for locating utilities and pavement 
thickness. Data collection like this would represent complete roadway cross-section and 
would be very valuable to highway designers. 

The accuracy of the final point cloud and subsequent drawings and models is dependent on 
many factors. One factor is the error from a single laser scanner measurement. This relative 
accuracy can be provided by the laser scanner manufacturer; for example, this can be as 
small as 10 mm for a Riegl scanner. The ability to accurately measure objects in the point 
cloud is also dependent on the point density, which is affected by vehicle and scanner 
speed. The slower the vehicle goes, the denser the point cloud will be. The absolute 
accuracy of the data in relation to a local coordinate system is dominated by the navigation 
system. This can be as low as 3 cm under favorable conditions and might be as high as 0.5 
m under poor conditions. 
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3D MASHUPS 

“Mashups” are new kinds of web-based applications that combine data from more than one 
source and provide an integrated tool for information searching, data retrieval and analysis (IBM, 
2006).  3D mashups combine LiDAR or other 3D results with other types of information such as 
maps and 2D images.  Google Maps, for example, could be combined with LiDAR scanning 
results and slope stability software to rapidly determine areas where slope problems are likely to 
occur.  Repeated scans could be used to provide time-dependent maps of change and rockfall 
hazard.  There are some technical challenges involved with mashups with integrating the 
different types of information. 

IMPROVEMENTS IN POINT CLOUD PROCESSING SOFTWARE 

Point cloud processing software has improved greatly in the past few years and is expected to 
continue to improve in the near future.  More CADD tools are expected to be implemented into 
the point cloud processing software, and CADD software is now being developed that can 
integrate point clouds and CADD objects (Autodesk Navisworks, for example).  Also, the ability 
to use smaller amounts of data in memory, either through compression or dynamic viewing 
windows, to allow large clouds to be viewed and processed on standard computers.  Advanced 
filters is another area that needs to be developed, such as filters to automatically remove 
vegetation from rock slope point clouds. 

STANDARDIZED DATA FORMATS 

This is a major subject that needs to be tackled in the near future.  The xyz ASCII format for 
point clouds as shown in Chapter 2 is widely used and accepted, but does not contain draped 
photo information, as well as other header information.  Possible standard formats for ground-
based LiDAR data include .LAS (used for airborne LiDAR), 3D TIFF, 3D JPEG, .AAF 
(advanced authoring format), .X3D, VRML and GeoVRML.

Other needs in terms of data standards include a highly compressed data format for efficient 
archiving, a standard terminology for ground-based LiDAR and the various kinds of output data, 
better integration between LiDAR point clouds and CADD software, better integration with 
mapping, geospatial applications (see Spar Point, 2007 for more details). 
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CHAPTER 7 – CONCLUSIONS AND RECOMMENDATIONS 

CONCLUSIONS 

In this final report the use of ground-based LiDAR (also called 3D laser scanners) to obtain 
highway rock slope geotechnical information has been reviewed.  This included discussions of 
currently available LiDAR hardware and software, the current state of LiDAR for highway 
geotechnical applications (rock mass characterization, rockfall characterization, as-built 3D 
measurements), best-practices for field scanning and for point cloud data processing, and 
expected trends in the industry in the near future.

At the beginning of this report a “wish list” was given of benefits that a new technology should 
possess in order to be useful to FHWA for highway rock slope stability studies.  Conclusions are 
now made for each item on the list with regards to the use of ground-based LiDAR. 

Automatic data acquisition over entire slope 

It was demonstrated in Chapter 4 that some of the most important types of geotechnical 
information that is currently being collected by hand can be acquired from LiDAR point clouds 
and associated digital images.  This includes detailed information about rock discontinuity 
orientation, roughness, length, spacing and block size.  In many cases, this information can be 
automatically extracted from LiDAR point clouds using currently available point cloud 
processing software.  For example, using the Split FX software, discontinuities in a point cloud 
can be automatically delineated and the orientations plotted on a stereonet.  This information can 
then be exported to rock slope stability software.  It was also demonstrated in Chapter 5 that 
fracture orientation errors of less than one degree could be achieved if at least three surveyed 
targets are used as part of the scanner registration.  Currently, the determination of discontinuity 
roughness, length, spacing and block size is semi-automatic and involves the use of hand editing 
tools in the point cloud processing software.

Remote data acquisition for improved safety 

Ground-based LiDAR collects data at a safe distance from the slope.  Most of the ground-based 
LiDAR units now available have the ability to scan slopes from a distance of at least 50 meters, 
which is sufficient for many highway slope applications.  Many scanners have a range of up to 
200 meters and a few scanners have a range of 1 km or more.  Details on scanner range are 
provided in Appendix A.  Data collection for scanner registration (surveyed targets, 
backsighting, or scanner orientation measurements) can also be conducted at a safe distance from 
the slope.

Rapid data collection 

A typical scan of a 20 m high by 30 m wide highway slope with a time-of-flight scanner takes 
about 10 minutes (assumes 2 cm point spacing and 2500 points per second).  This same scan 
with a phase-shift scanner would take less than 20 seconds (assumes 2 cm spacing and 100,000 
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points per second).  Additional time in the field is required to collect data for scanner 
registration.  Depending on the method for scanner registration, this can take as little as a few 
extra minutes.  Processing the data to extract geotechnical information can also be conducted 
very rapidly.  It was shown in Chapter 4 that automatically delineating the fractures in a point 
cloud and plotting the orientations on a stereonet takes only a few minutes.  A complete analysis, 
including the extraction of discontinuity roughness, fracture length and spacing, block size and 
photo draping can be conducted in several hours.

New technologies for data collection and processing easy to learn and operate 

3D laser scanners are very easy to operate, as discussed in Chapters 2 and 5.  Most scanners have 
a very user-friendly interface and only require a few settings before scanning, such as the scan 
region of interest, the point cloud spacing, and the camera exposure parameters.  Appropriate 
personnel to conduct field LiDAR surveys could include field technicians, field surveyors, 
geologists and geotechnical personnel.  Processing point clouds to extract geotechnical 
information using point cloud processing software is also fairly easy to learn but does require 
some geotechnical expertise.  Users need to have a basic understanding of rock engineering 
principles associated with rock masses and rock discontinuities. 

Able to provide a high-resolution 3D Digital Terrain Model (DTM) of a highway slope or 
rock outcrop that could be compared with future DTMs as the slope ages and deteriorates 

An important feature of ground-based LiDAR is the ability to drape a high-resolution digital 
image onto a point cloud, producing a high resolution, 3D DTM of the scanned slope.  This 
DTM represents a 3D snapshot of the slope at a particular time, which can be compared with 
DTMs taken a later time.  Point clouds taken at different times, for instance, can be subtracted to 
produce a difference point cloud.  As described in Chapter 4, the difference point cloud can be 
used to analyze rockfall, slope weathering, or the volume change after rock excavation. 

Cost Effective 

It was shown in Chapter 5 that 3D laser scanning can be very cost effective compared with 
traditional scanline mapping and photogrammetric surveys.  Even though LiDAR hardware is 
expensive, the cost of the hardware can be shared between different uses and different offices.
Scanner rental is also an option.  Point cloud processing software is relatively inexpensive and in 
many instances is less expensive than photogrammetric software.  

Overall Conclusions 

It is concluded that there are many benefits to using ground-based LiDAR to assist with highway 
rock slope stability studies.  Specific recommendations with regards to utilizing ground-based 
LiDAR for highway slope stability projects are given below. 
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RECOMMENDATIONS

Field Scanning 

Field LiDAR surveys can be conducted by either FHWA personnel or outside surveying 
contractors.  In either case, the best practices described in Chapter 5 should be followed closely, 
along with the documented procedures for the particular scanner that is used. With regard to 
scanner registration, there are three primary choices, as listed below: 

1. Three or more surveyed targets in the scanned scene. 
2. Backsighting to known benchmarks to establish the scanner position and and scan 

direction
3. Using a compass to establish the scan direction (normally by measuring the bearing and 

tilt of the scanner itself) 

If established benchmarks are available at the location where scanning is to be conducted, then 
either method 1 or 2 is recommended, since they result in a more accurate registration than 
method 3.  Method 3 only takes a few minutes and can be used as a backup registration method.  
Method 3 can be used as the primary method when benchmarks are not available, or when 
scanning and scanner registration must be conducted very quickly. 

Point Cloud Processing Software 

Data processing using point cloud software is relatively straightforward, however it is 
recommended that the personnel involved with LiDAR data analysis have training in rock 
engineering principles and design.  Data processing using point cloud software can be conducted 
by either FHWA personnel or outside consultants.  Either way, the best practices described in 
Chapter 5 should be followed.  At the present time, only the Split FX software is designed 
specifically for extracting geotechnical information from LiDAR point clouds, and its use is 
recommended at this time.  In the future, other software packages may also have these 
capabilities.  Even though all examples shown in this report were conducted using the Split FX 
software, much of the analysis could be conducted with the more generic point cloud processing 
or CADD software.  However, this is not recommended since it will involve significant 
manhours in software training and processing (finding hundreds of fracture planes in a point 
cloud by hand, for instance, could take an order of magnitude more time than utilizing automated 
methods). 

Additional Recommended Studies 

There are several areas that warrant additional research and case studies, as described below. 

Comparing Scanner Registration Methods 

As listed above, there are three primary methods for scanner registration, and each method has 
specific procedures and issues.  A detailed case study should be conducted to determine the 
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advantages and disadvantages of each method.  Also, the specific accuracies of each method 
should be determined for a variety of field conditions, as well as determining best practices for 
each method to optimize accuracy and the time spent in the field.  

“Start to Finish” Case Study for Rock Slope Stability 

As a full assessment of the procedures described in this report, a “start-to-finish” slope stability 
case study should be conducted for a specific highway slope.  This would include conducting a 
LiDAR survey of a slope, extracting geotechnical parameters, conducting a slope stability 
analysis, and writing a report on the results.  Many case studies have been conducted using 
ground-based LiDAR in many different rock types.  These case studies have evaluated different 
aspects of utilizing LiDAR for rock slope stability, but no single case study has evaluated all the 
field and processing procedures involved.  Also, no case studies have been conducted with close 
collaboration with FHWA personnel and procedures. 

Extracting Additional Information From LiDAR Point Clouds 

There is the potential to extract additional information from LiDAR that would be useful for rock 
slope stability studies.  This additional information includes: 

- Degree of slope weathering (slight, moderate, significant) 
- Discontinuity fill (mineral composition of fill and thickness of fill) 
- Geology (mineral composition) 
- Slope movement (slope displacement, velocity and acceleration) 
- Incorporation of slope stability equations in point cloud processing software (allows 

slope stability visualization on point clouds) 
- Automation of the extraction of information currently extracted using hand tools 

(roughness, length and spacing distributions, block size) 

It is recommended that research be conducted in the areas described above. 
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Table 2.  2008 LiDAR Hardware Summary Sets 1 to 5 (Point of Beginning website). 
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Table 2.  2008 LiDAR Hardware Summary Sets 1 to 5 (Point of Beginning website). 
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Table 3.  2008 LiDAR Hardware Summary Sets 6 to 10 (Point of Beginning website). 
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Table 3.  2008 LiDAR Hardware Summary Sets 6 to 10 (Point of Beginning website). 
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Table 3.  2008 LiDAR Hardware Summary Sets 6 to 10 (Point of Beginning website). 
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Table 4.  2008 LiDAR Hardware Summary Sets 11 to 15 (Point of Beginning website). 
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Table 4.  2008 LiDAR Hardware Summary Sets 11 to 15 (Point of Beginning website). 
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Table 5.  2008 LiDAR Hardware Summary Sets 16 to 20 (Point of Beginning website). 
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Table 5.  2008 LiDAR Hardware Summary Sets 11 to 15 (Point of Beginning website). 
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Table 6.  2008 LiDAR Hardware Summary Sets 21 to 25 (Point of Beginning website). 
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Table 6.  2008 LiDAR Hardware Summary Sets 21 to 25 (Point of Beginning website). 
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Table 6.  2008 LiDAR Hardware Summary Sets 21 to 25 (Point of Beginning website). 
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Table 7.  2008 LiDAR Hardware Summary Set 26 (Point of Beginning website). 
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Table 7.  2008 LiDAR Hardware Summary Set 26 (Point of Beginning website). 
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Table 8.  2008 LiDAR Hardware Summary Survey Notes (Point of Beginning website). 
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APPENDIX B - SPECIFICATIONS OF CURRENT LiDAR SOFTWARE 

Table 9.  2008 LiDAR Software Summary Sets 1 to 5 (Point of Beginning website). 
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Table 9.  2008 LiDAR Software Summary Sets 1 to 5 (Point of Beginning website). 
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Table 9.  2008 LiDAR Software Summary Sets 1 to 5 (Point of Beginning website). 
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Table 10.  2008 LiDAR Software Summary Sets 6 to 10 (Point of Beginning website). 
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Table 10.  2008 LiDAR Software Summary Sets 6 to 10 (Point of Beginning website). 
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Table 10.  2008 LiDAR Software Summary Sets 6 to 10 (Point of Beginning website). 
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Table 11.  2008 LiDAR Software Summary Sets 11 to 15 (Point of Beginning
website). 
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Table 11.  2008 LiDAR Software Summary Sets 11 to 15 (Point of Beginning
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Table 11.  2008 LiDAR Software Summary Sets 11 to 15 (Point of Beginning
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Table 12.  2008 LiDAR Software Summary Sets 16 to 20 (Point of Beginning
website). 
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Table 12.  2008 LiDAR Software Summary Sets 16 to 20 (Point of Beginning
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Table 12.  2008 LiDAR Software Summary Sets 16 to 20 (Point of Beginning
website).  - continued – 
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Table 13.  2008 LiDAR Software Summary Sets 21 to 22 (Point of Beginning
website). 
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Table 13.  2008 LiDAR Software Summary Sets 21 to 22 (Point of Beginning
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Table 14.  2008 LiDAR Software Summary Survey Notes (Point of Beginning
website). 
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Table 14.  2008 LiDAR Software Summary Survey Notes (Point of Beginning
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Table 14.  2008 LiDAR Software Summary Survey Notes (Point of Beginning
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APPENDIX C – SPLIT FX BEST PRACTICES 

EXTRACTING ROCK MASS CHARACTERIZATION INFORMATION (SPLIT FX 
TIPS)

At the present time, the only point cloud processing package that has a number of built-in 
features for extracting rock mass characterization information is Split FX.  Based on using the 
software for a number of years, some best practices are given below.

Automatic Extraction of Fracture Planes. 

In general, the automatic fracture finder (find patches menu item) can do a better job of finding 
fractures than going through the point cloud by hand (and much faster).  However, the settings 
should be optimized so that 1) a large number of fractures are extracted, and 2) at least initially, 
only fractures with a high degree of planarity (R2 of best-fit plane through the points greater than 
about 0.9) are extracted.  Typical settings to achieve this are shown in Figure 26.  Requiring 
initially that the automatically extracted fractures have a high degree of planarity eliminates 
unwanted patches, such as patches formed from part of an excavated slope, due to a portion of 
the rock face coincidentally satisfying the flatness criterion.  In particular, for a trim blasted 
slope, not requiring a high degree of planarity can cause the entire slope to be selected as a 
fracture.

Extracting  Rough Fractures 

To delineate rough fractures, the recommended approach is change the filter settings to allow 
fractures with a lower best-fit R2 to be accepted, and to pick out these fracture manually (after 
finding all the smooth fractures automatically). 

Stereonet Plotting 

It is recommended that when plotting fracture poles extracted from LiDAR data, always weight 
by fracture area.  Traditionally this is not done, because fracture area is typically not measured 
along with orientation in traditional site characterization.  Also, in traditional site 
characterization, strike and dips are generally only taken on large fractures to begin with (area 
greater than 1 m3).  An example of stereonets with and without weighting, including data 
collected with a traditional scanline, is shown in Figure 27. 
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Figure 26.  Screen Capture.  Recommended Split FX settings for mesh generator, patch 
finder, and stereonet plotting, for a scan of Mt. Lemmon Highway near Milepost 8.   

Fracture Tracing on Digital Images (Including Draped Photos) 

At the present time, most automatic edge detectors are not able to properly delineate fracture 
traces, at least without extensive parameter “tuning” or post editing.  Therefore, it is 
recommended to trace the fractures by hand.  This only takes a few minutes for each digital 
image of interest. 

Complete .FX File For Each Site 

A Split FX file (.fx file format) can store multiple point clouds, draped or undraped digital 
images, difference point clouds, joint set information, field notes, etc.  It is a complete data base  
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Figure 27. Schematics.  Comparison between plotting poles with (left) and without (center) 
“weight-by-area”. Weighting by area results in a much better comparison with standard 

fracture mapping (right).   

for a site that can be updated as additional scans are made (to look at rockfall, for example).  It is  
recommended that an .fx file containing all this information is made for each site, as it is a good 
way to organize the data. 


