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Abstract 

This study demonstrates the advantages of combining remote sensing with field data in 
landslide investigations and provides improved data on the structural geology and its influence 
on slope movements at Downie Slide, a large landslide located in southeastern British Columbia, 
Canada. The geomorphology of the Downie Slide was studied using airborne LiDAR in a GIS 
environment to provide new insights on the landslide displacement mechanism.  Surface and 
underground areas of the slide were compared and contrasted using terrestrial laser scanning 
and photogrammetry. Six joint sets were identified. Some structures and domain boundaries 
were found to be pervasive throughout the slide. A correlation between slope deformation, and 
large-scale structural and damage features was made and 12 structural domains defined within 
the landslide. Large secondary retrogressive-failures were identified for the head scarp and 
retrogression of the northern boundary, increasing the overall area of slide material by ~ 1 km2. 

 

 

 

Keywords:  Landslides; GIS; Remote Sensing; LiDAR; Photogrammetry; Downie Slide 



 

iv 

Dedication 

To my family 



 

v 

Acknowledgements 

First, I would like to acknowledge the guidance and support received from my Examining 
Committee: Doug Stead, John Clague, Tom Stewart, and Martin Lawrence. Special 
acknowledgement goes to BC Hydro for the availability of the LiDAR data, as well as access to 
archived data and the underground workings at the Downie Slide site.  

Thank you to past and present members of the Simon Fraser University (SFU) Engineering 
Geology and Resource Geotechnics Research Group: 

• Davide Donati for his work on the underground photogrammetry and assistance with 
UAV window mapping, 

• Emre Önsel, Ryan Kremsater, Taylor Piller, and Koeben Jurykovsky for invaluable field 
assistance, 

• Mirko Francioni for his guidance on remote sensing, and 

• Kenneth Lupogo, Pooya Hamdi, Mohsen Havaej, Megan Dewit, Ladan Karami Sharif, 
Matteo Marchesi, Margherita Spreafico, John Danielson, Emily Moase, Christian 
Sampaleanu, Lauren Hockin, and Rosario Chiaravalloti for the group support and 
exchange of ideas. 

Thank you to the support staff of BC Hydro, specifically Julia Marsh for her assistance with site 
research and Chris Bray for his excellent UAV flight skills. 

Thank you to the assistance and advice from all the SFU staff members, specifically Matthew 
Plotnikoff and Rodney Arnold for their assistance with computational needs, Tarja Vaisanen, 
Bonnie Karhukangas, Lorena Munoz, and Glenda Pauls for their excellent administrative 
assistance. I would also like to thank the library Research Commons staff, and the program 
coordinators for Advanced Professional Engagement and eXploration (APEX) for countless 
professional development opportunities. 

This research was funded by Natural Sciences and Engineering Research Council of Canada 
(NSERC) and an Forest Renewal BC (FRBC) Endowment. 



 

vi 

Table of Contents 

Approval ........................................................................................................................................... ii 
Abstract ........................................................................................................................................... iii 
Dedication ....................................................................................................................................... iv 
Acknowledgements .......................................................................................................................... v 
Table of Contents ............................................................................................................................ vi 
List of Tables .................................................................................................................................... ix 
List of Figures .................................................................................................................................... x 
List of Equations ........................................................................................................................... xvii 
List of Acronyms .......................................................................................................................... xviii 
Glossary .......................................................................................................................................... xx 

Chapter 1. Introduction ..................................................................................................... 1 
1.1. Background of Downie Slide ................................................................................................... 1 
1.2. Objectives ............................................................................................................................... 3 
1.3. Thesis Outline ......................................................................................................................... 3 

Chapter 2. Literature Review ............................................................................................. 4 
2.1. Factors Affecting Slope Instability .......................................................................................... 4 
2.2. Deep-Seated Gravitational Slope Deformation ...................................................................... 4 
2.3. Geological Factors Contributing to Reservoir Slope and Dam Failures and 

Instabilities .............................................................................................................................. 4 
2.3.1. Vajont Landslide, Italy .............................................................................................. 5 
2.3.2. Malpasset Dam Failure, France ................................................................................ 6 
2.3.3. St. Francis Dam Failure, USA .................................................................................... 7 
2.3.4. Beauregard Landslide, Italy ...................................................................................... 8 

2.4. Remote Sensing Applied to Slopes and Large Landslides ....................................................... 9 
2.4.1. Åknes Rockslide, Norway ....................................................................................... 10 
2.4.2. Randa Rockslide, Switzerland ................................................................................ 10 
2.4.3. Frank Slide, Canada ................................................................................................ 10 
2.4.4. Hope Slide, Canada ................................................................................................ 10 
2.4.5. Oso Landslide, USA ................................................................................................ 11 
2.4.6. La Clapière Rockslide, France ................................................................................. 11 
2.4.7. 731 Block, Canada .................................................................................................. 11 

2.5. Background on Remote Sensing Technology used in this Thesis ......................................... 12 
2.5.1. LiDAR ...................................................................................................................... 12 
2.5.2. Photogrammetry .................................................................................................... 15 

2.6. LiDAR and Photogrammetry in Geotechnical Studies .......................................................... 16 
2.6.1. Discontinuity Mapping ........................................................................................... 17 
2.6.2. Material Classification ............................................................................................ 18 
2.6.3. Temporal Studies ................................................................................................... 19 
2.6.4. Hazard Modeling .................................................................................................... 20 

2.7. Discussion of Landslide Risk and Hazard Pertinent to Dams and Reservoirs ....................... 21 



 

vii 

2.8. Landslides Near Downie Slide ............................................................................................... 24 
2.9. Background on Downie Slide ................................................................................................ 26 

2.9.1. Geology .................................................................................................................. 27 
2.9.2. Rock Mass Properties ............................................................................................. 32 
2.9.3. Surface material ..................................................................................................... 33 
2.9.4. Characteristics of the Basal Slide Plane ................................................................. 33 
2.9.5. Geomorphology and Climate ................................................................................. 34 
2.9.6. Groundwater .......................................................................................................... 38 
2.9.7. Remote Sensing and Survey Monitoring ................................................................ 38 
2.9.8. Slope Deformation ................................................................................................. 39 
2.9.9. Modeling ................................................................................................................ 40 

Chapter 3. Methodology .................................................................................................. 41 
3.1. Approach .............................................................................................................................. 41 
3.2. Strategy and Research Design .............................................................................................. 41 

3.2.1. Data Collection and Selection of Methods ............................................................ 41 
3.3. Data Collection and Analysis Methods ................................................................................. 42 

3.3.1. Aerial Photographs................................................................................................. 43 
3.3.2. Above-ground Discontinuity Mapping ................................................................... 44 
3.3.3. Underground Discontinuity Mapping .................................................................... 44 
3.3.4. Geomorphic Domain Mapping ............................................................................... 44 
3.3.5. Comparisons with Archival Data ............................................................................ 44 
3.3.6. Remote Sensing Bias and Limitations .................................................................... 44 

Chapter 4. A Geomorphic Investigation of the Downie Landslide: A Combined GIS – 
LiDAR Approach for Geomorphic Domain Identification .................................. 47 

Abstract .......................................................................................................................................... 47 
4.1. Introduction .......................................................................................................................... 47 
4.2. Materials and Methods ........................................................................................................ 48 
4.3. GIS Results ............................................................................................................................ 51 

4.3.1. Slope and Aspect .................................................................................................... 52 
4.3.2. Relative Relief ........................................................................................................ 58 
4.3.3. Lineaments ............................................................................................................. 60 
4.3.4. Profiles ................................................................................................................... 68 
4.3.5. Aerially Identified Surface Drainage ...................................................................... 80 

4.4. GIS Identified Geomorphic Domains .................................................................................... 83 
4.5. Discussion ............................................................................................................................. 97 

Chapter 5. Surface and Subsurface Remote Sensing Techniques .................................... 100 
Abstract ........................................................................................................................................ 100 
5.1. Introduction ........................................................................................................................ 100 
5.2. Characterization of the Head Scarp .................................................................................... 100 

5.2.1. Previous Work on the Downie Slide Head Scarp ................................................. 101 
5.2.2. Surface-based LiDAR ............................................................................................ 102 



 

viii 

5.2.3. UAV Photogrammetry .......................................................................................... 109 
5.2.4. Joint Data from the Head Scarp ........................................................................... 112 

Large Rock Blocks and Major Scarp Discontinuities ......................................................... 112 
UAV Mapping .................................................................................................................... 116 
Comparison Mapping ....................................................................................................... 121 

5.3. Characterization of Structure in the Adit ........................................................................... 125 
5.3.1. Previous Investigations in the Adit ...................................................................... 127 
5.3.2. Underground LiDAR ............................................................................................. 128 
5.3.3. Underground Photogrammetry ........................................................................... 130 
5.3.4. Joint Data from the Adit ....................................................................................... 131 

5.4. Comparison and Integration of Surface and Underground Data ....................................... 136 
5.4.1. Surface Domains .................................................................................................. 136 

Blocks ................................................................................................................................ 136 
Head-Scarp Domains ........................................................................................................ 136 

5.4.2. Adit Domains ........................................................................................................ 136 
5.4.3. Integration of Head Scarp and Adit Domains ...................................................... 137 

Chapter 6. Integration of Remote Sensing with Legacy Field Data .................................. 140 
6.1. Comparison of Above- and Below-Ground Regions ........................................................... 140 
6.2. Surface Slide Movement Rates ........................................................................................... 142 
6.3. Major Lineament Controls .................................................................................................. 146 
6.4. Secondary Head-scarp Failure Analysis .............................................................................. 148 
6.5. Comparison of Slope Lineaments and Underground Mapping Discontinuity Sets ............ 151 

Chapter 7. Conclusions and Recommendations for Further Research ............................. 157 
7.1. Conclusions ......................................................................................................................... 157 
7.2. Future Research and Recommendations ........................................................................... 171 

7.2.1. Determination of Slide Age .................................................................................. 171 
7.2.2. Determination of the Shear Surface .................................................................... 171 
7.2.3. 3D Modeling ......................................................................................................... 172 
7.2.4. Change Detection Monitoring ............................................................................. 173 
7.2.5. Improvements in Sub-hyperfocal Photogrammetry ............................................ 173 
7.2.6. Infrared Thermography ........................................................................................ 173 

References  ..................................................................................................................... 175 
Appendix A   TLS Field and Data Processing Procedures ......................................................... 189 
Appendix B   Aerial LiDAR Values & Workflows ...................................................................... 190 
Appendix C   Object Distance Calculator for Sub-Hyperfocal Photogrammetry ..................... 194 
Appendix D   Ethics .................................................................................................................. 195 
Appendix E   Reliability, Validity, Generalizability, and Limitations ........................................ 196 
Appendix F   Comparing Sets with Terzaghi Weighting .......................................................... 198 
Appendix G   Comparison of Downie Slide Domains ............................................................... 199 
 



 

ix 

List of Tables 

Table 1. Instabilities and failure causes. .............................................................................. 5 

Table 2. Selected remotely sensed landslides ordered by increasing volume. ................... 9 

Table 3. Summary of deformation and metamorphism in the Downie Slide area 
(from Psutka, 1978). ............................................................................................. 32 

Table 4. Remote sensing tools used in the research. ........................................................ 42 

Table 5. Air photograph flight line details. ......................................................................... 43 

Table 6. BC Terrain Classification System for unidirectional surfaces. .............................. 49 

Table 7. BC Terrain Classification System for complex topography. ................................. 49 

Table 8. Domain geometry and lineament characteristics including lineament 
density and intensity for each slide domain. ....................................................... 62 

Table 9. Data acquired and used in this study. ................................................................ 105 

Table 10. Major discontinuities of the scarp (locations indicated in Figure 72). ............... 116 

Table 11. Mapped discontinuity sets in UAV head scarp windows (see Figure 69 
for window locations). ........................................................................................ 118 

Table 12. Comparison of medium-range (500 m) mapping results for different 
windows and mapping techniques.  ................................................................... 123 

Table 13. BC Hydro geological mapping description of adit areas investigated in 
this study (Bourne and Imrie 1980). ................................................................... 127 

Table 14. Adit bearing measurements used to orient each of the remote sensing 
data sets. ............................................................................................................ 131 

Table 15. TLS and TDP sets and densities for adit windows. ............................................. 132 

Table 16. Varnes Velocity Classes. ..................................................................................... 143 

Table 17. Swedge visualization of secondary head scarp failure/retrogression. .............. 149 

Table 18. Head-scarp lineaments constituting the secondary failure wedge 
release. ............................................................................................................... 151 

Table 19. Tabulated discontinuity set strike and dip from Chapter 5. .............................. 152 

Table 20. Joint set orientations in Chapter 5, matched with features identified in 
this thesis. ........................................................................................................... 155 

Table 21. Potential failure mechanisms for each domain. ................................................ 158 



 

x 

List of Figures 

Figure 1. Location of Downie Slide. ....................................................................................... 1 

Figure 2. Aerial LiDAR of Downie Slide. Adits 1 and 2 are superimposed in red. ................. 2 

Figure 3. Vajont (Vaiont) Landslide location (a), oblique Google Earth view (b), 
historical post-failure photograph (c), pre-slide cross-section (d), and 
post-failure cross-section (e) after Del Ventisette et al. 2015. 
Reproduced under Creative Commons CC BY-NC-ND 3.0 license. ......................... 6 

Figure 4. St. Francis Dam prior to (left) and after (right) failure. Note the 
abutment landslide scar on the far right. Images from C.H. Lee 
Collection, U.C. Water Resources Centre Archives, Berkley, colourized by 
P. Horton, as printed in  Rogers 2006. ................................................................... 7 

Figure 5. Geologic cross-section at Beauregard (Barla et al. 2010; after Desio 
1973)....................................................................................................................... 8 

Figure 6. Factors affecting the 3D measurement of an object using ALS (from 
Baltsavias, 1999). Left: ω is the roll, ψ is the pitch, κ is the yaw, and β is 
the scan angle.  The scanner origin is at location x0,y0,z0 (using ALS 
onboard coordinate system x,y,z), while the local coordinate system 
(X,Y,Z) is centered at X0,Y0,Z0  on the ground. Right: the influence on 
terrain steepness in reducing laser footprint. ...................................................... 13 

Figure 7. Maximum measurement ranges based on visibility using 30 kHz and 150 
kHz PRR (modified from RIEGL, 2015). Maximum measuring range for 
cliffs is 2.0 to 3.5 km depending on visibility. Copyright © 2015 by RIEGL 
Laser Measurement Systems GMbH. ................................................................... 15 

Figure 8. Conventional terrestrial photogrammetry setup (Birch and ADAM 
Technology 2006). ................................................................................................ 16 

Figure 9. Underground geotechnical application of TLS for determining (a) 
discontinuity orientation, (b) spacing, and (c) roughness (from Fekete et 
al. 2010). ............................................................................................................... 18 

Figure 10. Difference in TLS intensity values for rock types and moisture conditions 
(from Franceschi et al. 2009). ............................................................................... 19 

Figure 11. Relative displacement magnitude and direction (white arrows) of 
landslide (from Lucieer et al. 2014). ..................................................................... 20 

Figure 12. Automated mapping of deep-seated landslides in the Carlyon Beach 
Peninsula, WA. Topographic roughness intensity (A) is used for 
automated filtering to determine likely areas of past landslides and 
therefore areas of  landslide hazard (B). (Booth et al. 2009). .............................. 21 



 

xi 

Figure 13. Downie Slide is located along the Columbia River in rocks of the 
Monashee Complex, adjacent to the Columbia River Fault. Monashee 
Complex  polygon (purple) and Columbia River Fault (blue line) after Cui 
et al. (2015).  Dots along the Columbia River are USA (blue) and 
Canadian (red) dam locations. Basemap from OpenStreetMap 
contributors. ......................................................................................................... 23 

Figure 14. Location of landslides near Downie (from Moore, 1999). See  for Little 
Chief and Dutchman’s Ridge. ............................................................................... 25 

Figure 15. Location of Dutchman and Little Chief Slides (from Moore, 1999). .................... 26 

Figure 16. Location of Downie Slide (red dot) in relation to the Southern Omenica 
Belt (purple), Shuswap Terrane (yellow), and Monashee Complex (blue). 
Adapted from the Alberta Geological Survey (Price 2012). ................................. 28 

Figure 17. Overview of Downie Slide history as described by Read and Brown 
(1981). .................................................................................................................. 29 

Figure 18. Plan view and cross-section of stratigraphic units in the Downie Slide 
area (from Brown and Psutka (1980). Downie Slide is located entirely in 
foliated schist and gneiss; shown here as unit 6. ................................................. 30 

Figure 19. Representative cross-section through slide mass (2009 LiDAR), looking 
north. Inset shows typical rock mass inside the Adit 1 Main.  The shear 
zones (red) are from BC Hydro report E798 (Moore 2010). ................................ 34 

Figure 20. Downie Slide domains proposed by: A) Piteau et al. (1978), B) Kalenchuk 
et al. (2009a, 2012, 2013), and C) Moore (2010). ................................................ 35 

Figure 21. Top: total annual precipitation (blue), annual rain (red) and snow 
(green); bottom: percentage of precipitation falling as snow at 
Revelstoke, BC; average linear trends are show in corresponding 
colours. Data from Government of Canada (Government of Canada 
n.d.). Gaps are missing data. ................................................................................ 37 

Figure 22. Inferred zone boundaries based on seismic traverses (Piteau et al. 
1978). Cross-sectional view looking south. .......................................................... 39 

Figure 23. Occlusion, shadow, and orientation bias caused by line of sight issues 
(Sturzenegger et al. 2007b). ................................................................................. 45 

Figure 24. Domains identified in this study. .......................................................................... 52 

Figure 25. CloudCompare point cloud model, scalar field depicts curvature with 
coolest colours depicting low curvature.  The approximate slide 
boundary is depicted by the hashed black line; the white square 
indicates an average slide slope plane of 15°/066° bisecting the slide 
mass. Topography higher and lower than the average slope is labeled. ............. 53 



 

xii 

Figure 26. Categorized slope values (top) highlighting domain boundaries 
(bottom). See text for descriptions of A-F and T. ................................................. 55 

Figure 27. Aspect map (top) highlighting sharp changes in aspect with  defined 
domains (bottom). ............................................................................................... 57 

Figure 28. Relative relief map using 20, 50, and 100 cell fishnets (top left to right) 
with respect to the 12 geomorphic domains (bottom). ....................................... 59 

Figure 29. Rosette diagrams showing aerial scarp traces (apparent strike). 
Apparent dip direction is perpendicular to rosette lines (e.g. NE or SW 
for the North boundary lineaments). ................................................................... 60 

Figure 30. Lineaments overlaid on the hillshade map (top), excluding slide 
boundaries (see Figure 29). Lineament density and intensity values 
differ across the slide slope surface.  Preferential down-valley 
lineaments are observed outside of the slide. Domains are shown at 
bottom. ................................................................................................................. 63 

Figure 31. Apparent strike rosette diagrams for lineaments in slide domains. 
Apparent dip directions are perpendicular to rosette lines. ................................ 64 

Figure 32. Mapped lineament data by landslide domain. A) percentage of total 
length, B) lineament intensity (L21, in x10-4 m-1), C) percentage of total 
number, D) lineament density (L20 , in x10-4 m-2). The values for each of 
the 12 slide domain lineament densities/intensities are given in  Table 8. ......... 65 

Figure 33. Histograms of lineament length for the entire slide area and  for select 
domains with examples of high, medium, and low L20 (in x10-4 m-2) and 
L21 (in x10-4 m-2) values (South Knob, Upper Hummocks, and Mid Plain, 
respectively). ........................................................................................................ 66 

Figure 34. Lineament intensity and density values for the slide domains showing a 
linear relationship. ............................................................................................... 67 

Figure 35. Lineament intensity and density values for the main slide mass domains 
only showing a stronger linear relationship between intensity and 
density. The Channelized North, North Retrogression, Scarp and talus 
are excluded from the main slide mass. .............................................................. 67 

Figure 36. Locations of topographic profiles (see Figure 37 -Figure 45) lines on the 
DEM (bare-earth LiDAR). Annotations indicate start (e.g. 1) and end (e.g. 
1’) of profiles. ....................................................................................................... 70 

Figure 37. Profile 1 through the upper slide. This profile and the others that follow 
have vertical exaggeration of 2 in order to emphasize morphological 
features. ............................................................................................................... 71 

Figure 38. Profile 2 through the middle of the slide mass. ................................................... 72 



 

xiii 

Figure 39. Profile 3 through the mid-slide area. ................................................................... 73 

Figure 40. Profile 4 through the lower slide area. Dotted red line indicates the 
lower shear surface (Moore 2010). ...................................................................... 74 

Figure 41. Profile 5 through the southern section of the landslide. ..................................... 75 

Figure 42. Profile 6 through the middle section of the landslide. Dotted red line 
indicates upper and lower shear surfaces (Moore 2010). ................................... 76 

Figure 43. Profile 7 through the northern section of the landslide. Dotted red line 
indicates upper and lower shear surfaces (Moore 2010). ................................... 77 

Figure 44. Profile 8 through the northern section of the landslide, parallel to the 
northern retrogression. ........................................................................................ 78 

Figure 45. Profile 9 through the northern retrogression’s largest block, the North 
Block. .................................................................................................................... 79 

Figure 46. GIS-derived stream paths, and ponds (top). Also shown is the network 
of piezometers. Bottom The 12 geomorphic domains are shown for 
reference. ............................................................................................................. 81 

Figure 47. Rosette diagrams showing orientation ofstream paths within slide 
domains. ............................................................................................................... 82 

Figure 48. Areal distribution of geomorphological domains. ............................................... 83 

Figure 49. Extent and relief of the Scarp domain. ................................................................. 84 

Figure 50. Extent and relief of the Talus domain. ................................................................. 85 

Figure 51. Extent and relief of the Upper Hummocks domain. ............................................ 86 

Figure 52. Extent and relief of the Mid Hummocks domain. ................................................ 87 

Figure 53. Extent and relief of the Mid Plain domain. .......................................................... 88 

Figure 54. Extent and relief of the South Knob domain. ....................................................... 89 

Figure 55. Extent and relief of the South Toe domain. ......................................................... 90 

Figure 56. Extent and relief of the Lower Channelized domain. ........................................... 91 

Figure 57. Extent and relief of the Ridge and Basin domain. ................................................ 92 

Figure 58. Glacial lineaments compared to ridges in the Ridge and Basin domain. ............. 93 

Figure 59. Extent and relief of the North Toe domain. ......................................................... 94 

Figure 60. Extent and relief of the Northern Retrogression domain with largest 
block (North Block) indicated. .............................................................................. 95 



 

xiv 

Figure 61. Extent and relief of the Channelized North domain. ........................................... 96 

Figure 62. Location of piezometer borehole S27 that showed artesian conditions 
and surface water for the Mid Hummocks and Ridge and Basin domains. ......... 99 

Figure 63. Joint sets control the shape of the scarps(modified from Kalenchuck et 
al.  2013). The blue joint is foliation and is not shown in the oblique 
photograph. ........................................................................................................ 102 

Figure 64. Location of TLS scan positions and mapping windows for TLS (windows 1 
and 2) and UAV (windows A, B, C, and D) for head scarp analysis. The 
base map is the hillshade 2009 airborne LiDAR surface. ................................... 103 

Figure 65. Process for acquiring and managing scarp point clouds. ................................... 104 

Figure 66. Photo-stitched imagery from the M-019 medium-range (500 m) scan for 
Window 1. Two large blocks are visible in the foreground, and a small 
portion of the head scarp is visible in the background. ..................................... 107 

Figure 67. Photo-stitched imagery from the M-019 medium-range (500 m) scan for 
Window 2, showing a portion of the head scarp. .............................................. 108 

Figure 68. Density distribution of UAV head-scarp point cloud. Warmer colours 
depict higher densities. ...................................................................................... 110 

Figure 69. Locations of selected window mapping areas shown on the UAV point 
cloud model. ....................................................................................................... 111 

Figure 70. Plan view of two blocks (seen in Figure 66) in front of the head scarp 
imaged at medium-range (500 m) in window 1 in RiSCAN PRO. Laser 
scanner view was from the northeast looking towards the scarp.  Inset 
shows location of scan window  in red. ............................................................. 113 

Figure 71. Discontinuity mapping of two rock blocks (Figure 66 and Figure 70) in 
front of the head scarp viewed from M-019 using a TLS point cloud. ............... 114 

Figure 72. Locations and orientations of major (very high persistence), 30-40-m-
high discontinuities mapped from M-107 TLS data.  Dips are displayed in 
degrees. .............................................................................................................. 115 

Figure 73. Stereonets of discontinuities in the head scarp derived from UAV 
window mapping. Pole vectors are plotted in lower hemisphere equal 
area projection with 1.0% circle size for contour distribution.  Lettering 
of stereonets A through D corresponds to window locations shown in 
Figure 69. ............................................................................................................ 117 

Figure 74. Agreement in defined discontinuity sets in windows for different 
remote-sensing methods. The UAV window 2 had too few 
measurements to determine joint sets. ............................................................. 119 



 

xv 

Figure 75. Histograms of persistence for UAV windows A-D for the five 
discontinuity sets. ............................................................................................... 120 

Figure 76. Comparisons of scarp mapping of the two windows using the medium-
range (500 m) TLS scan from M-019, the long-range scan (2.5 km), the 
TLS scan from M-107, and UAV SfM. The lower hemisphere, equal angle 
projection stereograms show pole vectors with a Fisher distribution 
circle counting size of 1%. Contours are omitted from the southern SfM 
stereogram for window 2 because there were too few data. Slope dip 
direction/dip: 052°/77° for window 1 and 016°/75° for window 2. .................. 122 

Figure 77. Medium-range scan (500 m) of head-scarp window 1 showing LiDAR 
reflectance values. Note possible 6-m-wide seepage area at lower right. ........ 124 

Figure 78. Locations of TDP and TLS scanning locations in Downie Adit 1 (pink 
dots).................................................................................................................... 126 

Figure 79. CloudCompare point cloud model of the west wall of the North adit 
viewed towards the southwest; reflectance from standing water seen at 
the left side of the scan (i).  Triangulation of a selected wall section (ii) 
shows good detail of the rock face fractures. .................................................... 129 

Figure 80. Underground TDP setup along the adit rail bed. The white plastic lattice 
assembly can be seen along the ground. ........................................................... 130 

Figure 81. Comparison of adit discontinuity sets derived using different 
measurement methods (TDP, TLS (this study), and hand mapping 
(Bourne and Imrie 1980)) for three sections of the adit. Locations are 
shown in Figure 78. BC Hydro joint sets are summarized in Table 13. TDP 
and TLS sets are summarized in Table 15. ......................................................... 133 

Figure 82. Foliation in the main adit. Foliation spacing descriptions according to 
ISRM (1978). ....................................................................................................... 135 

Figure 83. Red outlines of scarp and adit domains overlain on the domain map 
derived from aerial LiDAR (Chapter 4). .............................................................. 139 

Figure 84. Comparisons of ground surface lineaments in the LiDAR and damage in 
the adit. .............................................................................................................. 141 

Figure 85. Example of data analysis for a surface survey monument movement 
where the average change over time is larger than the standard error. ........... 144 

Figure 86. Direction and amplitude of monument movement on the Downie Slide 
since filling of the reservoir. Domains identified from Chapter 4 are 
outlined in black. ................................................................................................ 145 

Figure 87. Lineaments within the slide mass with similar trends to slide boundary 
lineaments. ......................................................................................................... 147 



 

xvi 

Figure 88. Major lineaments identified in the long-range (2.5 km) TLS scan of the 
head and side scarps and linear features in the aerial LiDAR with the 
same trends. ....................................................................................................... 148 

Figure 89. (A): Swedge visualisation of head scarp retrogression. (B): vertical view 
and (C) oblique view of Aerial LiDAR hillshade of the head scarp and 
Upper Hummocks domain. ................................................................................ 150 

Figure 90. Comparison of (A) averaged strikes of joints identified in Chapter 5 and 
(B) surface lineament trends identified in Chapter 4. ........................................ 153 

Figure 91. Downie Slide views. Top L-R: A) 2009 LiDAR hillshade, B) 2009 
orthophoto, C) 2015 orthophoto. Bottom: comparison of domains, L-R: 
D) Piteau et al. (1978) E) Moore (2010) F) Kalenchuk (2010) G) Westin 
(this thesis). ........................................................................................................ 167 

Figure 92. Comparisons of lineament analysis for domains defined in previous 
Downie Slide work  and this study. .................................................................... 168 

Figure 93. Domains, surface movement since reservoir filling, locations of 
instrumentation, and extension and compression for the Downie Slide. ......... 170 

 



 

xvii 

List of Equations 

Equation 1. Ranging distance for pulse lasers. ............................................................................... 13 

Equation 2. Ranging distance for continuous wave lasers. ............................................................ 13 

Equation 3. Calculation of risk. ....................................................................................................... 22 

Equation 4. Lineament density. ...................................................................................................... 49 

Equation 5. Lineament intensity. ................................................................................................... 49 

Equation 6. Fracture density. ....................................................................................................... 112 

Equation 7. Fracture intensity. ..................................................................................................... 112 

Equation 8. Calculation of standard error for resolving valid monument movement. ................ 142 

 



 

xviii 

List of Acronyms 

3D Three dimensional 

3DEC Three-dimensional distinct element code 

ADP Aerial digital photogrammetry 

ALS Aerial laser scanning 

asl Above sea level 

BC British Columbia 

BC Hydro British Columbia Hydroelectric and Power Authority 

CO2 Carbon dioxide 

CW Continuous-wave (a type of LiDAR) 

DEM  Digital elevation model 

DSGSD Deep seated gravitational slide deformation 

DTM Digital terrain map 

FISH FLACish 

FLAC Fast Lagrangian Analysis of Continua 

FOS Factor of safety 

GBInSAR Ground-Based Interferometric Synthetic Aperture Radar 

GIS  Geographic information system 

GPS Geographic positioning system 

IRT Infrared thermography 

ISRM International Society for Rock Mechanics 

Laser Light amplification by stimulated emission of radiation 

LED Light-emitting diode 

LiDAR Light Detection and Ranging  
(also known as LaDAR: Laser Detection and Ranging) 

LRI Laser pulse return intensities 

PRR Pulse repetition rate 

Q Rock tunneling quality index 

RMR Rock mass rating 

SfM Structure from Motion 

SFU Simon Fraser University 



 

xix 

TDP Terrestrial Digital Photogrammetry 

TLS Terrestrial Laser Scanning 

TOF Time of flight 

UAV Unmanned Aerial Vehicle 

YBP Years before present 



 

xx 

Glossary 

  

Absolute relief Elevation of an area above sea level (asl) 

Abductive inference An educated inference that uses incomplete observational 
data to determine the most likely solution 

Aspect Azimuth direction of the land slope dip direction 

Biogenic Produced or caused by biological organisms 

Cardinal direction  

Discontinuity Plane of weakness in the rock or soil mass,  
e.g. bedding planes, foliation, faults, and joints 

Factor of safety A measure of the strength of a systems resistance to failure, 
where values <1 indicate failure 

Foliation Thin sheets / laminations of rock with intact cohesion and 
include cleavage, schistosity, and gneissic layering (Marshak 
and Mitra 1988a) 

Geomorphology The study of the shape and origin of surficial landforms 

Gouge  An feature associated with brittle shear faulting, resulting 
from the crushing of rock materials and consisting of less 
than 30% visible rock fragments (Marshak and Mitra 1988a) 

Hillshade Three-dimensional representation of the point cloud and 
setting the angle of the sun 

Hyperfocal The minimum in-focus distance between the camera lens 
and an object 

Inclinometer Device that measures tilt 

Infrared thermography Detects the amount of heat emitted or reflected by an 
object 

Intercardinal directions Northeast, Southeast, Southwest, Northwest 

Landslide The downslope movement of rock or sediment as a response 
to gravity (Keller et al. 2012) 

Lineament A linear feature on the surface of the earth 

Morphochronology Geomorphological divisions based on the age of landforms 
(Hayden, 1986) 

Morphodynamics Geomorphological divisions based on the land forming 
processes that are presently active or that may become 
active in the future  (Hayden, 1986) 



 

xxi 

Morphogenesis Geomorphological divisions based on the landform origin 
(Hayden, 1986) 

Morphology Geomorphological divisions based on the appearance and 
shape of landscape (Hayden, 1986) 

Morphometry Geomorphological divisions based on the measurements, 
dimensions and slopes of various landforms (Hayden, 1986) 

Multitemporal Data from more than one point in time 

Near-infrared The section of the electromagnetic spectrum from ~700 nm 
– 2500 nm 

Occlusion Occurs when the object lies at a more oblique angle than the 
camera’s line of sight 

Orientation bias Occurs when the line of sight of the device aligns with 
discontinuities 

Paleo-landslide A landslide that has occurred previously with no historical 
written record 

Permeability A measure of how easily fluid flows through rock or soil 

Persistence The length of a discontinuity, which is crudely quantified as 
the features trace length on exposures (ISRM 1978) 

Photogrammetry Using overlapping photographs from different locations to 
determine the shape and distance of objects to create three-
dimensional point clouds 

Point cloud Three-dimensional data points with x, y, and z coordinates 
that are used to depict a surface 

Pore water pressure The pressure of water held within pores/fractrues in the soil 
or rock 

Post-positive philosophy Mixing quantitative and qualitative method approach while 
recognizing the potential for observational bias  

Relative relief Difference between the highest and lowest point in a 
particular area 

Shadow Occurs when objects in the foreground block image capture 
of objects in the background 

Shear Occurs in brittle, brittle-ductile, and ductile rocks in zones of 
localized shear strain and can be identified by various 
features including gouge, mylonites, and faulting (Marshak 
and Mitra 1988a) 

Spacing The distance between two points 



 

xxii 

Stereonet A graphical representation of a stereographic coordinate 
grid used to depict structural information using a 
hemispheric projection of three- and two-dimensional 
features (Marshak and Mitra 1988b) 

Setereophoto Pairs of overlapping photographs from different locations 
looking at the same terrain, which give a stereoscopic (3D) 
effect 

Wavelength The measured distance between the peaks of 
electromagnetic radiation, which is the inverse of frequency 

  
 

 



 

1 

Chapter 1. Introduction  

1.1. Background of Downie Slide 

Downie Slide is located in southeastern British Columbia along the shore of Revelstoke Reservoir 
80 km north of Revelstoke, BC, Canada (Figure 1). The 1.5 x 109 m3 foliated schist and gneiss rock slide, 
first identified by Armstrong in 1956, is part of the Monashee Complex and extends ~3 km from the 
head scarp to where it terminates at the Columbia River Fault Zone (Brown and Psutka 1980).   The slide, 
covering ~ 9 km2, is one of the world’s largest rockslides (Brown and Psutka 1980). It is believed to be 
post-glacial (Moore 2010) and Mazama O tephra (originating from the site of Crater Lake, Oregon) 
constrains the occurrence of failure to before 7690 YBP (Brown and Psutka 1980, Kalenchuk et al. 2012).  

 

Figure 1. Location of Downie Slide. 

 

The slide slopes approximately 18° – 20°, parallel to foliation towards the reservoir, except for 
the toe of the slide, which has a steeper slope of about 40° (Piteau et al. 1978, Moore 1999). Active 
monitoring of the site has been ongoing since 1965 (Piteau et al. 1978). Extremely slow movement 
(Moore 2010) is believed to be constrained by two shear zones sub-parallel to the slope. The main shear 
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zone is between 4 and 20 m thick (Brown and Psutka 1980, Imrie et al. 1992), while the secondary shear 
is narrower and discontinuous ranging from ~1 - 30 m in thickness (Tom Stewart, personal 
communication, 2017).  The Revelstoke Reservoir submerges the toe of the slide by approximately 70 m 
(Lewis and Moore 1989). Before the reservoir was filled, the factor of safety of the slide was calculated 
to be close to 1.0 for the spring melt season (Imrie et al. 1992).  

Two drainage adits approximately 2-m-wide and 3-m-high were constructed in the slide (Lewis 
and Moore 1989) (Figure 2). Adit 1 is located inside slide debris, just above the basal shear and 
comprises three sections: Main, North, and South.  The Main section was excavated 266 m in 1974-
1975, with the remaining 354 m length excavated in 1977-1978. The 208-m-long North adit was 
completed in 1978. The South adit was constructed in two stages: 503 m in 1978, and 739 m in 1981-
1982. The 361-m-long Adit 2 is located beneath the interpreted basal shear in the northern part of the 
slide and was constructed in 1977-1978 (Bourne and Imrie 1980, Lewis and Moore 1989). 

 

Figure 2. Aerial LiDAR of Downie Slide. Adits 1 and 2 are superimposed in red. 

The slide, originally thought to have failed as one intact rock slab (Brown and Psutka 1980), has 
since been subdivided into several distinct geomorphic domains (Piteau et al. 1978, Kalenchuk 2010, 
Moore 2010), although there are different interpretations as to the domain boundaries.   
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1.2. Objectives 

The primary objectives of this research are to interpret the geomorphology of the Downie Slide 
using airborne LiDAR and to provide new insights on the landslide displacement mechanism.  Secondary 
objectives are to provide improved data on the structural geology of the landslide and its influence on 
slope movements, demonstrate the advantages of combining remote sensing with traditional methods 
in landslide investigations, and compare and contrast data obtained from surface and underground 
areas of the slide. 

Combining remote sensing technologies to evaluate and monitor geomorphic disturbance can 
assist in characterizing slopes. This study utilizes data sets derived from surface and subsurface remote 
sensing to assist in characterizing a large deep-seated landslide including  airborne, ground-based and 
underground remote sensing survey methods. This work expands upon and complements the existing 
geomorphic description of Downie Slide (Kalenchuk 2010) and the BC Hydro geographic information 
system (GIS) database for landslides (Baldeon 2014) by exploring the potential for incorporating remote 
sensing with traditional survey methods to improve rock slope and landslide characterization. 

1.3. Thesis Outline 

Chapter 2  reviews literature on the remote sensing techniques used in this study and 
applications to large landslides and hydroelectric schemes. An overview of LiDAR (Light Detection and 
Ranging) and photogrammetry is provided. Chapter 3 describes the methodology employed to acquire 
remote sensing data specific to the Downie Slide:  airborne, ground-based and underground LiDAR; and 
UAV (unmanned aerial vehicle), and ground-based photogrammetry. Three main data sets are 
presented in the chapters that follow. This chapter explains how airborne LiDAR was used to create 
multiple thematic maps and how the GIS was used to analyze geomorphic differences across the slide 
mass. It describes the specific requirements, set up and analysis used underground for sub-hyperfocal 
photogrammetry and short-range laser (light amplification by stimulated emission of radiation) 
scanning, as well as the above-ground acquisition of the head scarp images from a combination of long-
range TLS (Terrestrial Laser Scanning) and Structure from Motion (SfM) using a UAV. Chapter 4 describes 
the geomorphology of the landslide derived from airborne LiDAR data. Chapter 5 compares and 
contrasts engineering and structural geology data from the head scarp and a drainage adit. Chapter 6 
demonstrates the advantages of combining a remote sensing model with existing landslide data to 
provide an improved understanding of the structural geology of the landslide, as well as new insights on 
the landslide displacement mechanism. 
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Chapter 2. Literature Review 

2.1. Factors Affecting Slope Instability 

There are a number of factors that affect rock slope instability. The strength of  a rock mass is a 
combination of the intact rock properties (unconfined compressive strength, tensile strength, shear 
strength, and the mechanical properties of the discontinuities). Material strength can be determined 
from measurements in the field or laboratory. Strength is reduced by weathering and enhanced through 
cementation. Geological discontinuities are planes of weakness in the rock or soil and may be present as 
bedding planes, foliation, faults, and joints. Discontinuities with an angle less than the slope face and 
that daylight (appear on the face of the slope) have the potential to fail if they have high persistence and 
low shear strength. Pore-water pressures can reduce the stability of a rock mass by reducing effective 
stress and hence the shear strength along discontinuities. Water pressures can also reduce slope 
stability due to tension crack driving forces. Groundwater tables and seepage response are affected by 
rainfall and rapid drawdown.  Another factor to consider is external loading and unloading by excavating 
or filling slopes, seismic loading (e.g. earthquakes and blasting), and anchoring (e.g. vegetation or bolts). 
The geometry of the slope, including the overall height and slope angle, bench height and bench angles 
can also play an important role (González de Vallejo and Ferrer 2011). 

2.2. Deep-Seated Gravitational Slope Deformation 

A deep-seated gravitational slide deformation (DSGSD) is a very slow-moving landslide involving 
a large volume of rock and extending to depth below the surface (thereby excluding surficial 
deformation processes). Examples of DSGSD have been studied throughout the world (Dramis and 
Sorriso-Valvo 1994, Eberhardt et al. 2007, Booth et al. 2009, Barla et al. 2010, Hensold 2011, Newman 
2013, Wolter 2014, Clayton 2014, Baroň et al. 2014, 2015, Frodella et al. 2015, Palis et al. 2016).  

2.3. Geological Factors Contributing to Reservoir Slope and Dam Failures 
and Instabilities 

Geology can be a critical component of the hazard and susceptibility of landslide and dam failure 
risk. The following are examples of four large failures of reservoir slopes and dams related to geology: 
Vajont, Malpasset, St. Francis, and Beauregard. The first three failures have already occurred, whereas 
the fourth is a continuing slow progressive failure. The first and last instabilities have been studied 
through remote sensing, either for  rock slope characterization (Vajont) or monitoring (Beauregard).  
Table 1 summarizes the triggers for these failures. Pore-water pressure is a factor in all four failures, and 
paleo-landslides are a factor in three of the failures. 
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Table 1. Instabilities and failure causes. 

Location Date of 
failure 

Type Potential contributing 
factors to failure 

Fatalities Infrastructure damage 

Vajont, Italy 1963 DSGSD 
 

Paleo-landslide, 
pore-water pressure, 

clay seams, 
seismicity 

>1900 Dam Reservoir, Towns 

Malpasset, 
France 

1959 Dam uplift Pore-water pressure, 
geology of bedrock 

423 Dam, power stations, 
highway, rail lines, 

airfield 
St. Francis, 
California, 

USA 

1928 DSGSD Paleo-landslide, 
pore-water pressure 

~450 Dam, powerhouse, 
highway, rail line 

Beauregard 
Landslide, 

Italy 

Ongoing DSGSD Paleo-landslide, 
pore-water pressure, 
geology (rock quality) 

0 Dam (ongoing 
impingement) 

 

2.3.1. Vajont Landslide, Italy 

The catastrophic failure of Monte Toc’s northern flank (Figure 3) due to a combination of pore-
water pressure and seismicity (Mantovani and Vita-Finzi 2003) in 1963 created a displacement wave that 
overtopped the Vajont dam and destroyed settlements below, killing over 1900 people (Mantovani and 
Vita-Finzi 2003, Del Ventisette et al. 2015). A paleo-landslide on Mt. Toc was identified prior to the filling 
of the reservoir. The reactivation and deformation of the slope appeared to be in reaction to rainfall and 
reservoir filling and drawdown (Del Ventisette et al. 2015).   

The Vajont Landslide was influential in the decision by BC Hydro to dewater and monitor 
Downie Slide (Imrie et al. 1992).  The volume of the Vajont Slide (~3×108 m3  (Del Ventisette et al. 2015))  
was 80% less than that of the Downie Slide. TDP and LiDAR were used to study the morphology of the 
Vajont Landslide deposits and failure scar (Wolter et al. 2013, 2014, Wolter 2014). 

 



 

6 

 

Figure 3. Vajont (Vaiont) Landslide location (a), oblique Google Earth view (b), historical post-
failure photograph (c), pre-slide cross-section (d), and post-failure cross-section (e) 
after Del Ventisette et al. 2015. Reproduced under Creative Commons CC BY-NC-ND 
3.0 license. 

2.3.2. Malpasset Dam Failure, France 

The Malpasset Dam, located near the city of Fréjus, France, suddenly failed on December 2, 
1959. Although the failure was not caused by a landslide, it was heavily influenced by the site geology. 
The dam was located in the gorge of the Reyran River. The bedrock, comprising of banded gneiss, had 
foliation dipping 30-50° downstream. However, there was no evidence of movement over the past 2000 
years, as buried Roman aqueducts were in excellent condition (Londe 1987). The double curvature 
concrete arch dam, 60 m tall, 6.78 m at the base, and 1.5 m wide at the top, was completed in 1954. 
Rains over the four days leading up to the failure raised the water level in the reservoir 5 m and 
increased the abutment load 20%. Discharge gates were opened on December 2 at 6 pm to release 
some water, however it was too late; failure occurred at 9:13 pm.  Destruction included the new A8 
highway, three power stations, rail lines, and an airfield, and resulted in $68 million in damages and 423 
fatalities. During post-failure testing, the rock permeability was shown to be highly sensitive to stress, 
with a modulus of elasticity ~1500 MPa; the load from the arch dam affected the failure as it was 
directed in the same dip direction as the discontinuities. The cause of the failure was due to loading of 

https://creativecommons.org/licenses/by-nc-nd/3.0/
https://creativecommons.org/licenses/by-nc-nd/3.0/
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highly deformable rock, which reduced permeability and increased pore-water pressure at depth within 
the foliated rock and downstream fault, resulting in uplift pressures on the dam (Londe 1987).  

2.3.3. St. Francis Dam Failure, USA 

The St. Francis Dam, located 64 km northwest of Los Angeles, California, USA, was a concrete 
gravity-arched dam built in 1924-1926. It was 56 m in height, 52 m wide at the base, and 4.9 m wide at 
the top. It failed catastrophically on March 12, 1928, five days after reaching full capacity. Nearly 450 
people died in the flood, and a powerhouse, highway bridges, and a railroad were destroyed; the City of 
Los Angeles paid $7 million in restitution. The dam site is located on the San Francisquito Fault. The west 
abutment was located on arkosic sandstones and conglomerates, and the east abutment on 
Precambrian Pelona Schist. The east abutment of the dam failed first when a previously unidentified 
deep-seated paleo-landslide in the schist reactivated (Figure 4); the toe terminated in the reservoir. 
Instability of the dam was attributed, in part, to a downstream tilt that developed when the height of 
the dam was raised 6 m without an increase in its base width. This increase reduced the factor of safety 
against overturning.  The paleo-landslide appeared to have reactivated in the hours prior to failure, with 
the toe stress at the east abutment increasing enough to cause uplift and erosion at the base of the dam 
(Rogers 2006, 2013). 

 

Figure 4. St. Francis Dam prior to (left) and after (right) failure. Note the abutment landslide 
scar on the far right. Images from C.H. Lee Collection, U.C. Water Resources Centre 
Archives, Berkley, colourized by P. Horton, as printed in  Rogers 2006. 
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2.3.4. Beauregard Landslide, Italy 

Beauregard Landslide, a deep-seated gravitational slope deformation (DSGSD) abutting a 
concrete arc-gravity dam in Italy’s Aostra Valley, has a volume of ~44% that of Downie.  Although both 
slopes of the valley are underlain by the same rocks, the rock mass quality of the southeast slope is good 
to excellent, whereas the northwest slope is highly fractured is contains mylonite zones (Figure 5). The 
shear zone of the slide is up to 20 m thick. Movement of the northwest slope is impinging upon the dam. 
Most of the slow movement occurs between spring and autumn and is linked to piezometric increases 
of 15-20 m from snowmelt. Remote sensing of this site has involved the use of Ground-Based 
Interferometric Synthetic Aperture Radar (GBInSAR) to monitor movement over the whole slide area, 
resulting in identification of a previously unrecognized area of high movement. Two different sectors 
have been identified, with the upper slope moving very slowly and involving  brittle fracture (4.3 × 10-6 
mm/s) and the base of the slide exhibiting extremely slow creep rates (1-1.5 × -9 mm/s) (Barla et al. 
2010). 

 

Figure 5. Geologic cross-section at Beauregard (Barla et al. 2010; after Desio 1973). 
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2.4. Remote Sensing Applied to Slopes and Large Landslides 

Various forms of remote sensing have been employed for dam and reservoir slopes, as well as 
large landslides. Vajont and Beauregard were discussed in the previous section. Additional selected 
examples of the use of remote sensing on unstable slopes are provided in this section (Table 2). 

Table 2. Selected remotely sensed landslides ordered by increasing volume. 

Site Size  
(× 106 m3) 

Methods Purpose Authors 

731 Block, 
Canada 

0.25 TLS & TDP Structural analysis Martin et al. 2007 

Oso Landslide, 
WA, USA 

8 ALS Morphology 
Volume analysis 

Wartman et al. 2016 

Frank Slide, 
Alberta, 
Canada 

30  TLS & ALS Comparison with field 
methods 

Sturzenegger et al. 2007 

TDP 3D model 
Discontinuity data 

Sturzenegger 2010, 
Humair 2011, Humair et 
al. 2013 

Randa 
Rockslide, 
Switzerland 

22 and 7  ALS & ADP 
(helicopter) 

Discontinuity data 
Characterization 

Gischig et al. 2011 

Åknes 
Rockslide, 
Norway 

43  TLS 3D displacement Oppikofer et al. 2009 

Hope Slide, BC, 
Canada 

47 TDP, TLS, 
UAV 

Structural analysis 
3D-geomechanical 
modelling 

Donati et al. 2013, 2017 

La Clapière 
Rockslide, 
France 

60  ADP  3-D deformation 
Thickness 

Booth et al. 2013 

Vajont, Italy 270 TDP, UAV, 
& LiDAR 

Morphology 
Discontinuity data 
Geomechanical modelling 

Wolter et al. 2013, 2014, 
Wolter 2014 

Beauregard, 
Italy 

663 GB InSAR Deformation moitoring 
Geomechanical modeling 

Barla et al. 2010 
 

Downie, BC, 
Canada 

1500 TDP, TLS, 
UAV, & 
ALS  

Geometry 
Discontinuity data 
Future 3D-geomechanical 
modeling 

This study 
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2.4.1. Åknes Rockslide, Norway 

The 43 × 106 m3 Åknes DSGSD is being monitored in part due to the fatal 1934 Tafjord and 1905 
and 1936 Loen rockslides (Grøneng et al. 2010). There is a concern that a failure at Åknes could generate 
landslide-induced waves that would damage or destroy villages along the fjord. The monitoring program 
at Åknes includes measurement of slope movements, as well as meteorological, seismic, and 
groundwater monitoring.  Extensive research at this site has involved structural mapping, ground 
penetrating radar surveys, refraction seismology, core drilling, and geophysical logging (Ganerød et al. 
2006). Additionally, TLS has been performed to analyze the rock discontinuities and to map 
displacements over a three-year period (Oppikofer et al. 2009). 

2.4.2. Randa Rockslide, Switzerland 

The Randa Rockslide involved two events in April and May 1991 (22 × 106 m3 and 7 × 106 m3, 
respectively).  The main road and railway were destroyed, and the Vispa River was dammed, flooding 
the town of Randa. There were no casualties.  The failure is believed to have been caused by a 
progressive reduction in rock mass strength that has been ongoing since glacial debuttressing. A fault 
lies at the base of the slope created a key block that had undergone seasonal hydraulic fracturing along 
gouge, altered to clay, in joints. The April 1991 failure occurred at a time of high snowmelt, which raised 
the water table, pushing the key block out and reducing the strength of the rest of the slope (Sartori et 
al. 2003, Eberhardt et al. 2004). The slope continues to move at a rate of 30 mm/year.  Photogrammetry 
and LiDAR, acquired using a  helicopter, have been used to map the orientation and persistence of large-
scale structures and to characterize the head scarp of the 1991 failure (Gischig et al. 2011). 

2.4.3. Frank Slide, Canada 

In 1903, the Frank Slide in Alberta, Canada released 30 × 106 m3 of limestone from Turtle 
Mountain onto the town of Frank, killing over 70 people. Two thrust faults occur in the lower slope, and 
coal mining was being done at the base of the slope prior to the slide. The slide initiated along bedding 
and a fault at the base of the slope and propagated upslope along pre-existing discontinuities. 
Dissolution of the limestone and freeze-thawing played a significant role in the propagation of the slide 
surface. Ground-based (TLS) and airborne LiDAR (ALS), as well as TDP, have been used to map the source 
area of the Frank Slide, identify currently unstable areas, and create three-dimensional (3D) numerical 
rock slope stability models. Currently, it is estimated that 7 × 106 m3 of the South Peak is unstable 
(Sturzenegger et al. 2007a, Jaboyedoff et al. 2009, Sturzenegger 2010, Brideau et al. 2011, Humair 2011, 
Humair et al. 2013).  

2.4.4. Hope Slide, Canada 

Hope Slide is located ~15 km southeast of Hope along Highway 3 in southwestern British 
Columbia, Canada. The site is composed of metavolcanic rocks with intrusive sheets of felsite oriented 
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parallel to the slope surface (Mathews and McTaggart 1978). On January 9, 1965, approximately 47 × 
106 m3 of rock released from the southwestern slope of Johnson Ridge in two closely spaced events, 
with a maximum depth of almost 80 m (Mathews and McTaggart 1978). At least one other prehistoric 
landslide has occurred at this site. The slide materials are bordered by faults and are extensively jointed. 
Failure may have been triggered by an increase in pore-water pressure through the freezing of water 
along discontinuities (Brideau et al. 2005). The Hope Slide has been investigated using TDP, SfM, and TLS 
(Donati et al. 2013, 2017). 

2.4.5. Oso Landslide, USA 

On March 22, 2014, the deadliest landslide disaster in the USA’s continental history occurred. An 
8 × 106 m3 debris flowslide killed 43 people in western Washington, USA. The Oso Slide destroyed the 
community of Steelhead Haven and caused damages of over $120 million. Prior to the 2014 slide, there 
had been three weeks of rain, and the failure involved remobilization of an older, 2006 slide mass as 
well as reforested paleo-landslide material.  Airborne LiDAR analysis highlighted the scalloped 
morphology of the valley and revealed a large number of paleo-landslides. Differential volume analysis 
was performed using airborne LiDAR data from 2006, 2013, and 2014 (Wartman et al. 2016). 

2.4.6. La Clapière Rockslide, France 

The 60 × 106 m3 deep-seated La Clapière Rockslide is part of a much larger Colle Longue DSGSD 
in the southern French Alps. It is a product of tectonic stresses and glacial scour and debuttressing, 
which have left the valley slopes fractured and weathered. The landslide has been monitored since the 
1980s and is moving at a rate of 1 - 3 m/year due to infiltration of precipitation along a fault. Intense 
precipitation events increase rockfall activity (Palis et al. 2016). Aerial photographs have been used to 
estimate displacement velocities, debris thickness, and rheology (Booth et al. 2013). 

2.4.7. 731 Block, Canada 

During highway construction near the east abutment of Revelstoke Dam, a 250,000 m3 slope 
instability occurred, comprised of quartzite gneiss, hornblende gneiss, and mica gneiss. In December 
1978, the blasting of the mostly excavated roadway caused a 30,000 m3 slide, followed by the 
development of tension cracks in the upper slope.  The slope developed into a collection of unstable 
blocks, the movement of which only stopped after construction halted.   Groundwater was not a factor 
in the stability of the slide mass.  The valley wall immediately up-valley of the December slide, referred 
to as the 731 Block, also began to move during excavations. Rock quality at this site is moderate, with an 
RQD of 35-55%. Four shears were identified, with movement occurring along the same shear surface 
that caused the December slide. Slope movement was significantly reduced by construction of a toe-
berm, and halted after installation of an anchor system (Corkum and Martin 2004). TLS and 
photogrammetry have been used at this site to create 3D models for mapping geologic structures 
(Martin et al. 2007). 
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2.5. Background on Remote Sensing Technology used in this Thesis 

2.5.1. LiDAR 

LiDAR was developed in the 1960s and is an ideal technology for collecting elevation data due to 
its ability to collect a large quantity of topographic data with high resolution and accuracy over large 
areas in short periods of time compared to other methods of obtaining elevation data (Ardizzone et al. 
2007, Joyce et al. 2014). It is an active remote sensing method that can be deployed both aerially (ALS) 
and terrestrially (TLS).  Two types of LiDAR are pulse and continuous wave (CW) lasers (Baltsavias 1999, 
Wehr and Lohr 1999).   

The acquisition of 3D point clouds of surface data is performed via actively emitting and 
receiving pulses of electromagnetic energy. Each pulse produces multiple reflected pulse returns. When 
the beam passes through vegetation, some of the energy continues and reflects off the ground, 
producing multiple returns from the ground and various vegetation layers for a given pulse (Wehr and 
Lohr 1999).  The wavelength of the laser pulse is in the near-infrared region of the electromagnetic 
spectrum, from 1800 to 1600 nm (Wehr and Lohr 1999). ALS involves the use of  laser ranging 
equipment mounted on a helicopter or fixed-wing aircraft. The equipment includes an emitting laser 
and receiver, scanner, and a processing unit for adjusting measurements for the position and orientation 
of the scanning unit based on differential GPS and an inertial measurement unit (Wehr and Lohr 1999).  

For pulse laser systems, each pulse of energy is reflected off a surface, with different surfaces 
absorbing and reflecting to give a laser pulse return intensity (LRI) for each return pulse. The return time 
of the reflected beam is used to calculate the range (distance) of the targeted object (Wehr and Lohr 
1999). Measurements are combined with scan angles, sensor location, and orientation to compute a 
specific location for the point. The x,y,z-coordinates for all data points are arranged relative to each 
other in 3D-space; the resulting assemblage of points is a point cloud. The pulse returns all levels of LRI, 
and the same surface can be re-acquired at different times (t) (Eitel et al. 2016). The calculation for the 
range of an object (the time of flight) is outlined in Equation 1. Thus, the distance is a direct measure of 
the time for the light pulse to travel. In pulse laser systems, every pulse sent has the same wavelength. 
To prevent confusion in the receiving calculation, pulses are normally not sent until the preceding pulse 
has been received.  

CW lasers are similar to pulse lasers, except that they emit continuous sinusoidal waves of 
different wavelengths. As the name implies, CW lasers perform continuous scans without the need for 
the system to wait for pulse returns. The known difference in the wavelength periods allows the scanner 
to resolve the returns by factoring in the phase resolution and frequency (Baltsavias 1999, Wehr and 
Lohr 1999). The range of an object is calculated differently for CW than for pulse laser systems  
(Equation 2).  
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The basic equations of ranging distance for pulse and CW laser systems are shown below, where 
ΔR is range resolution, c is speed of light, ΔtL is time resolution, f is wavelength frequency, and Δφ is 
phase resolution (Wehr and Lohr 1999). 

Equation 1. Ranging distance for pulse lasers. 

∆𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
𝑐𝑐 × ∆𝑡𝑡𝐿𝐿

2
 

Equation 2. Ranging distance for continuous wave lasers. 

∆𝑅𝑅𝐶𝐶𝐶𝐶 =  
1

4𝜋𝜋
𝑐𝑐
𝑓𝑓
∆𝜙𝜙 

The maximum range and minimum detectable object resolution depends on the reflectivity, 
rather than the size of an object. For example, chalk is more reflective than basalt. Other factors that 
affect operable distance include: beam divergence, detector sensitivity, and atmospheric factors.  The 
atmospheric factors involve limitations due to wave absorption by water vapour, CO2, and dust, as well 
as variable reflectivity caused by sunlight. Factors that affect the accuracy of the 3D position in space 
are: roll, pitch, yaw, terrain flatness, overlapping strips, flight speed, and terrestrial object distance. Roll, 
pitch, and yaw are the rotation of the laser system around the longitudinal, lateral and perpendicular 
axes, respectively (Baltsavias 1999). Terrain flatness influences the angle of incidence; the laser footprint 
is smaller on steep slopes and is maximized on flat terrain (Figure 6). 

 

Figure 6. Factors affecting the 3D measurement of an object using ALS (from Baltsavias, 1999). 
Left: ω is the roll, ψ is the pitch, κ is the yaw, and β is the scan angle.  The scanner 
origin is at location x0,y0,z0 (using ALS onboard coordinate system x,y,z), while the local 
coordinate system (X,Y,Z) is centered at X0,Y0,Z0  on the ground. Right: the influence on 
terrain steepness in reducing laser footprint.  
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Bare-earth (last) returns, i.e. the last signal to return to the laser unit for a given area, allow the 
analyst to produce a digital elevation model (DEM) that can be manipulated using software to 
emphasize surface features such as aspect, slope, and roughness. Georeferenced bare-earth maps can 
assist in identifying subtle landscape features indicating potential slope instability.  LiDAR has also been 
useful in studies of faults, tilted strata, and wave-cut platforms that are hidden under vegetation 
(Harding and Berghoff 2000, Haugerud et al. 2003) as well as uplift or subsidence from earthquakes 
(Oskin et al. 2012). 

Best practices for applying LiDAR to rock slopes for discontinuity analysis have been proposed by 
several authors (Kemeny and Turner 2008, Abellán et al. 2014). A protocol should be established for all 
stages of the project, from planning, to field procedures, through data processing, with specific 
attention to accuracy, resolution (level of detail), maximum range and survey set-up. Errors stem from 
instrument accuracy, field settings, adherence to recommended procedures, registration of point 
clouds, and processing. Field and data processing procedures for successful TLS are outlined in Appendix 
A. 

The ability of LiDAR to create high-density non-vegetated DEMs lends itself to geotechnical 
analysis of rockfalls (Heckmann et al. 2012) and intact rock masses (Lato et al. 2012). Rock face 
structure, rock slope deformation and stability, and rockfall have all been analyzed using LiDAR (Kemeny 
and Turner 2008). Structural mapping involves identifying large-scale lineaments such as ridges and 
troughs, as well as smaller-scale discontinuities such as fractures, joints, and bedding planes. LiDAR 
scanning and discontinuity analysis are quicker and more comprehensive than the traditional line-survey 
approach (Kemeny and Turner 2008).  

LiDAR can be used in low-light conditions because laser pulses are active and based on 
reflectance, as opposed to passively receiving light as in the case of photogrammetry.  This greatly 
increases applications for areas at high latitudes, under subdued underground lighting, or where 
operations obscure accuracy during the day (e.g. dust clouds from mine blasting).  It is also versatile, as 
the instrument can be mounted on static  (Sturzenegger and Stead 2009a) or mobile  (Lato et al. 2012) 
platforms or on aircraft (McKean and Roering 2004).  The use of different view points reduces errors 
associated with shadow and occlusion. For mobile systems, the point cloud density is impacted by the 
speed of the vehicle and the distance of the scanner from the object. The high portability of the system 
enables it to be deployed both above and underground.  

The long-distance laser scanner used in this thesis is the RIEGL VZ-4000 full waveform scanner.  
Under optimal atmospheric conditions it can scan highly reflective materials up to a distance of 4 km.  
For this study, the maximum distance from the surveyed head scarp achieved with the 30 kHz setting 
was 2 – 3.5 km, depending on target reflectivity and atmospheric conditions. The instrument was also 
used at 150 kHz at a distance of 500 m (Figure 7). The mid-range scanner used is the FARO Focus3D X 330  
(FARO Technologies Inc. 2013), which can scan distances up to 330 m. Although the range of the latter 
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surpasses the requirements in tunnels (~4.2 m), the scanner was chosen for its portability (5.2 kg) and 
ease of use in the underground adits. 

 

Figure 7. Maximum measurement ranges based on visibility using 30 kHz and 150 kHz PRR 
(modified from RIEGL, 2015). Maximum measuring range for cliffs is 2.0 to 3.5 km 
depending on visibility. Copyright © 2015 by RIEGL Laser Measurement Systems 
GMbH. 

 

2.5.2. Photogrammetry 

Photogrammetry allows digital elevation models (DEMs) to be constructed from overlapping 
images taken of a subject area from different camera locations. The relative distances between similar 
points or features on a series of photographs enables a 3D reconstruction of the feature. Like LiDAR, 
photogrammetry can be performed from the ground (Terrestrial Digital Photogrammetry, TDP) or air 
(Aerial Digital Photogrammetry, ADP), such as from a helicopter or UAV. Two types of photogrammetry 
are discussed here: conventional terrestrial and structure from motion (SfM). Both methods require 
optical images with horizontal and vertical overlap. However, the two techniques differ based on their 
requirements for georeferencing in the field and for the way that images are merged.  

Conventional terrestrial photogrammetry requires a registration system, either local (e.g. using 
a total station or grid) or global (e.g. using GPS), and involves exact placement of stations. Stations must 
be set at known distances from the object and with a set distance from one another, with multiple 
photographs taken from each station in either an image strip or fan (Figure 8).  It requires the use of 
control points for orientating stereopairs and an ideal base-length ratio between 5:1 and 8:1 to 
maximize depth accuracy and provide the best image matching (Sturzenegger 2010). That is, the 
distance between stations should be 12.5% to 20% of the distance from the station to the object of 
interest. The base-length ratio requires that all the camera stations be set up at an equal distance from 
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the object. Due to the requirement that all camera stations have a low threshold of spatial error, 
conventional photogrammetry is generally performed terrestrially (TDP). 

 

Figure 8. Conventional terrestrial photogrammetry setup (Birch and ADAM Technology 2006). 

SfM, developed in the 1990s, is an effective, low-cost tool for geomorphic analysis and is useful 
for covering large areas when LiDAR imagery is unavailable (Westoby et al. 2012). This method requires 
multiple overlapping photographs of the desired object, as opposed to TDP stereopairs.  An advantage 
to this technique is that it requires neither registration of camera stations nor setting stations at a fixed 
distance from the object, making it more flexible to deploy than TDP. Thus, it is useful for sub-hyperfocal 
length photography without fixed coordinates.  Images obtained using an unmanned aerial vehicle 
(UAV) can be stitched together in a mosaic either using direct locational information such as camera 
position (accuracy ~65-120 cm) or from ground control points (accuracy ~10-15 cm) (Turner et al. 2012).  
The resulting mosaic is used to generate a DTM from the point cloud. The process is less restrictive than 
conventional photogrammetry, allowing for photography to be taken at a variety of distances from the 
object and between stations; only one image is required from each station. As it is not necessary to 
know coordinates of the camera stations, a fluid point-and-shoot process is possible, significantly 
speeding up acquisition. The unstructured nature of SfM enables it to be deployed easily in a number of 
ways, from helikite blimps (Fonstad et al. 2013), to helicopters (Roberti et al. 2014), and UAV systems 
(Vasuki et al. 2014). The costs of creating a DEM from SfM are less than those with LiDAR, and a lower 
level of expertise is required (James and Robson 2012, Fonstad et al. 2013).   

2.6. LiDAR and Photogrammetry in Geotechnical Studies 

Photogrammetry and LiDAR can provide DEMs over large areas for studying geomorphology, 
such as in the case of the 2009 Mt. Meager rock-debris avalanche (Roberti et al. 2014, 2016). Evaluation 
of some rock mass rating (RMR) and rock tunneling quality index (Q) characteristics can be made from 
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the DEMs generated by the two methods. RMR (Bieniawski 1989) properties that can be identified using 
these tools include discontinuity spacing, condition, and orientation. General groundwater factors such 
as seepage horizons can also be evaluated.  Q (Barton et al. 1974) properties that can be assessed 
include joint set number (Jn) and joint roughness number (Jr). DEMs can also be used to approximate 
RQD by measuring the joint spacing and joint volumetric number  (Jv); block size, a crude measurement 
of RQD/Jn; as well as large-scale roughness (Kemeny et al. 2007) can also be estimated. Remote sensing 
alone cannot assess the full range of rock properties such as small-scale joint roughness, wall strength, 
weathering, alteration, and seepage; it should be used therefore to complement conventional field 
methods (Kemeny et al. 2007). 

2.6.1. Discontinuity Mapping 

High-resolution 3D data are key to analyzing geomechanical features at different scales. Rock 
block size and shape distributions can be obtained by measuring discontinuity orientation, persistence, 
and spacing (Lato et al. 2012). Gigli et al. (2014) used TLS for a coastal rock slope along a road in Italy to 
characterize the 3D volume and geomechanical properties of the rock mass for stability analysis. TDP 
has been used to map discontinuities in inaccessible head scarps (Brideau et al. 2012, Wolter 2014) and 
mine benches (Lee 2011). Mapping discontinuities and obtaining their dip and dip direction have been 
performed semi-automatically from aerial SfM (Vasuki et al. 2014), as well as with LiDAR (Slob and Hack 
2004, Jaboyedoff et al. 2007, Olariu et al. 2008, Lato et al. 2009, Sturzenegger and Stead 2009b, Gigli 
and Casagli 2013). LiDAR and TDP can be used for kinematic and limit equilibrium analyses (Fardin et al. 
2004, Lee 2011, Mah et al. 2013) by measuring the large-scale roughness (Haneberg 2007, Kemeny et al. 
2007), which provides an indication of the shear strength of joints (ISRM 1978). Joint persistence, 
crudely quantified as the trace length of discontinuities on exposures (ISRM 1978), can be determined 
by examining the spread of plane lengths and has been done using data obtained from TLS 
(Sturzenegger and Stead 2009b, Sturzenegger et al. 2011, Lato et al. 2012). Spacing -- the distance 
between joints -- which controls block size (ISRM 1978), has been measured using LiDAR (Sturzenegger 
et al. 2011, Lato et al. 2012). Sub-hyperfocal underground applications of TDP include mapping 
discontinuity orientation, spacing, and trace length, and determining volume loss and damage in 
underground conditions (Preston 2014). Underground TLS geotechnical applications include 
measurements of discontinuities listed above (Figure 9): orientation, location, roughness, persistence, 
and spacing (Fekete et al. 2010). 
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Figure 9. Underground geotechnical application of TLS for determining (a) discontinuity 
orientation, (b) spacing, and (c) roughness (from Fekete et al. 2010). 

2.6.2. Material Classification 

Material classification (e.g. boulders vs. gravels) can be accomplished through a multi-scale 
dimensionality analysis that classifies point clouds according to density and degree of clustering (Brodu 
and Lague 2012). In LiDAR surveys measurements of the intensity, reflectivity, and amplitude of the 
return signal can be used to distinguish characteristics of the reflecting surface.  The material type that is 
imaged will determine the intensity of the return signal, which can provide information on lithologies 
and bedding structures (Eitel et al. 2016). Materials of different colour will absorb and reflect energy 
differently. This results in differential relative wavelength reflectance for the returning energy pulse. It is 
possible to classify data using intensity values for both ALS (Höfle and Pfeifer 2007) and TLS (Franceschi 
et al. 2009, Pfennigbauer and Ullrich 2010, Kaasalainen et al. 2011). Pfennigbauer and Ullrich’s (2010) 
work on amplitude and reflectance, using a RIEGL VZ-4000 terrestrial laser scanner, shows that different 
colours and reflective materials produce unique reflectance values. The relative reflectance between 
units is more accurate than finite amplitude when merging multiple scans.  Changes in the roughness 
condition of the material and the distance of the object from the scanner can greatly affect the reflected 
intensity (Kaasalainen et al. 2011, Brodu and Lague 2012).  Moisture conditions and rock materials 
(Figure 10) can be classified using reflected intensity (Franceschi et al. 2009). Identifying areas of a slope 
or a tunnel wall with decreased intensity values can assist in locating areas of seepage. 
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Figure 10. Difference in TLS intensity values for rock types and moisture conditions (from 
Franceschi et al. 2009). 

2.6.3. Temporal Studies  

Cliff and rock-slope stability assessments can be done by repeating scans over time to monitor 
weathering or the number of boulders posing a rockfall hazard. It can also be used to measure changes 
in 3D structural elements: discontinuity orientation and roughness, fracture length, spacing, and block 
size (see above). Photogrammetry has been used to estimate displacements of slow-moving landslides, 
calculate volumes, and to map scarp retreat. Conventional photogrammetry has been used by Cardenal 
et al. (2008) to study changes in slope morphology at a landslide above a road cut in Spain. SfM has 
been used to create 3D models of a landslide and to determine displacement of the landslide mass 
(Lucieer et al. 2014) (Figure 11), and to determine rates of erosion (James and Robson 2012). LiDAR is 
useful for estimating volumetric changes due to slope erosion and failure. Volumes can be computed by 
comparing the last returns from two scans separated by hours, days, months, or years. Rockfall volume 
and frequency can be calculated and the geomorphic change can be identified by differencing raster 
datasets (Teza et al. 2007, Rosser et al. 2007, Oppikofer 2009, Abellán et al. 2011, Heckmann et al. 2012, 
Gigli et al. 2014, Joyce et al. 2014). LiDAR has also been used in studies of river bank erosion (Thoma et 
al. 2005, Oppikofer 2009), seasonal geomorphic changes due to erosion and deposition along coastlines 
(Zhou and Xie 2009), debris flows, sensitive clay failures (Oppikofer 2009), and retreat of head scarps 
(Razak et al. 2011).  TLS has been used to map shotcrete thicknesses in tunnels (Fekete et al. 2010, Lato 
and Diederichs 2014), and TDP has been used to assess spalling of mine pillars (Preston 2014). 
Underground displacement measurements of a tunnel face have been made using TLS (Lemy et al. 
2006), and a similar application could indicate caving and heave deformation in tunnels. 
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Figure 11. Relative displacement magnitude and direction (white arrows) of landslide (from 
Lucieer et al. 2014). 

2.6.4. Hazard Modeling 

DEMs produced from LiDAR can be used to investigate and identify landslides (Jaboyedoff et al. 
2012, Clague et al. 2015). Hazards can be defined through automated change detection using multi-
temporal scans of the same area (Hervás et al. 2003). Automated hazard mapping can also be done by 
assessing differences in topographic roughness, which can be quantified to highlight past slope 
instabilities and help delineate failing slopes (Figure 12).  For example, Booth et al. (2009) developed 
automated classification filters for LiDAR data and achieved 82% classification accuracy for mapping 
landslides in coastal ranges in the Pacific Northwest of the United States. This effectively reduced both 
the time required for manual mapping and observational bias. Rockfall trajectories, run-out distances, 
and volume estimates are based on slope gradient, a free-fall threshold, and the ratio of the unstable 
slope threshold to the local slope.  The increased accuracy and resolution of LiDAR (Lato et al. 2012) and 
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TDP-derived (Francioni et al. 2010, Salvini et al. 2013) DEMs improve trajectory modeling and enable 
testing of different kinetic energy profiles and rockfall trajectories. 

 

Figure 12. Automated mapping of deep-seated landslides in the Carlyon Beach Peninsula, WA. 
Topographic roughness intensity (A) is used for automated filtering to determine likely 
areas of past landslides and therefore areas of  landslide hazard (B). (Booth et al. 
2009). 

2.7. Discussion of Landslide Risk and Hazard Pertinent to Dams and 
Reservoirs 

The Province of British Columbia (APEGBC and Association of BC Forest Professionals 2008, 
2010, APEGBC 2010) defines risk based on Canadian Standards Association (CSA 1997) terms as “a 
source of potential harm, or a situation with a potential for causing harm, in terms of human injury; 
damage to health, property, the environment, and other things of value; or some combination of these.” 
Landslide risk is a product of the hazard, potential consequences, and vulnerability of elements at risk 
(Equation 3). Probabilities are often termed as a frequency interval, such as a 50-year event; which 
means that in each year there is a 1 in 50 chance (2% probability) that the event will occur.  Over 50 
years this equates to ~36% probability that no event will happen during that period. The probability that 
a landslide will happen can be determined by averaging observed measurements for short return 
intervals and research into evidence of past non-observed events. Retrogression analysis can estimate a 
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recurrence interval for any event size. Vulnerability is a measure of the amount of loss to elements at 
risk, ranging from 0 (no loss) to 100% (total loss). Losses to elements at risk are commonly measured in 
dollars and lives, however effects on social capital and the environment must also be considered.  

Equation 3. Calculation of risk. 

𝑇𝑇𝑇𝑇𝑡𝑡𝑇𝑇𝑇𝑇 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = (𝐸𝐸𝑇𝑇𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑅𝑅 𝑇𝑇𝑡𝑡 𝑟𝑟𝑅𝑅𝑅𝑅𝑅𝑅) (𝑉𝑉𝑉𝑉𝑇𝑇𝐸𝐸𝐸𝐸𝑟𝑟𝑇𝑇𝑉𝑉𝑅𝑅𝑇𝑇𝑡𝑡𝑉𝑉 × 𝐻𝐻𝑇𝑇𝐻𝐻𝑇𝑇𝑟𝑟𝐻𝐻) 

There are a number of landslide impacts specific to reservoirs and dams. The main impact of a 
small landslide entering a reservoir is turbidity and a minor reduction of reservoir capacity. In contrast, a 
large landslide might displace water over the crest of the dam or even breach it. Furthermore, changes 
in reservoir level influence pore-water pressure in the surrounding slopes, potentially triggering 
additional instabilities. The hazard posed by the Downie Slide can be understood by evaluating the 
likelihood of failures of different volumes. Although unlikely, a total failure of all 1.5 × 109 m3 of rock 
would impact the reservoir and surrounding area greater than the more plausible failure of a portion of 
the slide’s toe.  Characterization of the slide domains (Chapter 4) assists in understanding the hazard 
associated with the Downie Slide. 

The creation of the Revelstoke Dam and Reservoir was contingent on addressing concerns about 
the stability of the landslide mass at Downie (Missler 1988). The pre-historic slide is more than five times 
larger than the Vajont Slide that was similarly adjacent to a reservoir. An overtopping wave at 
Revelstoke Dam, caused by a large landslide, would threaten lives and infrastructure in the downstream 
city of Revelstoke, which has a population of ~8,000 and visitors exceeding 40,000 annually (Department 
of Community Economic Development and City of Revelstoke 2015). Other elements of risk due to a 
catastrophic failure at Downie include roadways (~150 km of Big Bend Hwy/BC-23 N), local and forestry 
roads, docks, the Mica Creek Airport, shoreline lodges, holiday homes, and campsites. There is also a 
provincial park down-valley of Downie Slide (Martha Creek Provincial Park).  The reservoir might suffer 
long-lasting turbidity and debris issues affecting the environment, dam infrastructure, and recreation on 
the lake.  Lives at risk might include boaters on the reservoir, summer vacationers, and travelers along 
the roadways.  

However, the impact of a failure could extend far beyond the immediate area. The reservoir is 
part of a group of 14 hydroelectric facilities on the 2,000-km-long Columbia River. Two BC Hydro dams 
on the Revelstoke Reservoir (2,805 MW Mica to the north and 2,780 MW Revelstoke to the south) might 
be damaged or temporarily halt energy production.  Furthermore, there are 11 power generating plants 
downstream in the USA that might be affected (Figure 13). The dams on the main stem of the Columbia 
River have a total hydroelectric generating capacity of over 24,500 MW.  The Columbia River drainage 
basin accounts for 44% of hydroelectricity supply in both the USA and British Columbia (U.S. Energy 
Information Administration (EIA) 2014, BC Hydro 2016). Although the hazard may be low, the 
vulnerability to elements at risk is high. Mitigation work already done by BC Hydro has increased the 
factor of safety for the Downie Slide by an estimated 7-11% (Moore 1999), reducing the hazard to below 
pre-filling levels.  
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Figure 13. Downie Slide is located along the Columbia River in rocks of the Monashee Complex, 
adjacent to the Columbia River Fault. Monashee Complex  polygon (purple) and 
Columbia River Fault (blue line) after Cui et al. (2015).  Dots along the Columbia River 
are USA (blue) and Canadian (red) dam locations. Basemap from OpenStreetMap 
contributors.  
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2.8. Landslides Near Downie Slide 

Other landslides along Revelstoke and Mica reservoirs that have been studied by BC Hydro and 
others include 731 Block (see section 2.4.7), Checkerboard Creek (Stewart and Moore 2001, Watson et 
al. 2007), Dutchman’s Ridge (Lewis and Moore 1989, Moore and Imrie 1992), and Little Chief (Moore 
1999, Watson et al. 2007, Smithyman 2010) (Figure 14). The Checkerboard Creek DSGSD is located 1.5 
km up-reservoir from Revelstoke Dam on the east bank of the Revelstoke Reservoir. The 3 × 106 m3 
instability is moving at a rate of 10-20 mm/year. It is seated in foliated granodiorite and granite of the 
Selkirk Allochthon and overlies the eastward-dipping Columbia River Fault. The slope rises 260 m from 
the highway, is 600 m wide, and has an overall slope angle of 30°. Activity is mostly constrained to the 
steeper (45°) slide toe. However, deformation activity has been detected to a depth of 60 m. The 
movement appears to follow a seasonal thermal pattern, with increased movement during near surface 
bedrock cooling from October to May. Fresh tension cracks were discovered in 1984, and an 
investigation of the site followed. One of two well-developed joint sets control the tension cracks. The 
site is monitored extensively using a real-time Automated Data Acquisition System. Progressive failure 
modeling in Universal Distinct Element Code (UDEC) found that the instability would remain localized to 
the toe of the slope and failure would take almost 200 years given current movement rates and 
weathering (Martin et al. 2011). UDEC modeling was also used to recommend a support system, 
consisting of cables and shotcrete, along the steepest weathered rock (the slide toe) to increase the 
Factor of Safety to 1.15 (Alzo ’ubi 2014). Fast Lagrangian Analysis of Continua (FLAC) modeling has 
shown that the slope might fail if a) the reservoir is filled a further 50 m, or b) constant slope recharge 
increases piezometric levels to a point where movement accelerates (Stewart and Moore 2001). A 
hazard analysis found that the consequence of likely failures from Checkerboard Creek Slide are low; 
overtopping of the Revelstoke Dam would only occur in the unlikely event of total failure of the slope 
under the highest velocity and the dam structure would not be compromised (Macciotta et al. 2016).  
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Figure 14. Location of landslides near Downie (from Moore, 1999). See  for Little Chief and 
Dutchman’s Ridge. 

The Dutchman's Ridge slide (Figure 15), located upstream of Mica Dam, is a 115 × 106 m3 
instability in gneiss and schist. It rises 1450 m from the valley bottom at an angle of 30°. A tectonic fault 
beneath the lower ridge acts as a potential basal sliding surface. There is evidence of downslope creep 
over a long period. The slope was stabilized through the installation of a drainage system. The 872-m-
long adit was constructed between 1986 and 1988, with 17,000 m of drainage holes, effectively 
reducing movement rates (Lewis and Moore 1989, Moore and Imrie 1992). 

Little Chief Slide (Figure 15) an 800 × 106 m3 slide, located upstream of Mica Dam on the west 
side of Kinbasket Lake, is moving at a rate of 0.7-8 mm/year. . Similar to the Dutchman’s Ridge slide, the 
slide is seated in gneiss with interbedded schist. The slope profile becomes steeper with increasing 
elevation, changing from 27° to 33°. The basal failure plane is thought to slope 16°. Unlike Dutchman’s 
Ridge, rapid acceleration and failure of the Little Chief Slide is unlikely due to the absence of a tectonic 
fault (Moore 1999). Distinct-element modeling has been carried out to analyse deformation and fatigue 
(Smithyman 2010). 
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Figure 15. Location of Dutchman and Little Chief Slides (from Moore, 1999). 

2.9. Background on Downie Slide 

Downie Slide is located in southeastern British Columbia, approximately 80 km north of 
Revelstoke, on the west side of Revelstoke Reservoir (Figure 1). This prehistoric landslide was first 
identified in 1956 by Armstrong (BC Hydro 1974, Piteau et al. 1978), and has since been studied by 
numerous engineers and geologists (Piteau et al. 1978, Brown and Psutka 1980, Lewis and Moore 1989, 
Imrie et al. 1992, Moore 1999), and is the subject of three theses (Psutka 1978, Kjelland 2004, Kalenchuk 
2010). Previous research on Downie Slide has focused on geomorphic zones based on air photograph 
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interpretation, ground instrumentation, and numerical modelling (Piteau et al. 1978, Kjelland 2004, 
Kalenchuk et al. 2009a, 2009b, 2012, 2013a). Local geology has also been described in detail (Brown and 
Psutka 1980, Read and Brown 1981, Scammell and Dixon 1988, Toraman 2014) and is summarized in the 
following section. 

2.9.1. Geology  

Downie Slide lies within the Monashee Complex in the Shuswap Terrane, which is a window in 
the Selkirk Allochthon, all of which are located in the southern Omineca Belt (Figure 16) (Carr 1995). The 
southern Omineca Belt tectonic event began in the Early Jurassic in response to the westward 
underthrusting of the North American plate, and included obduction of offshore terranes, thrusting, 
folding, crustal thickening, and metamorphism  (Carr 1995). The western Omineca Belt comprises gneiss 
of the Shuswap core complex, which evolved during early Tertiary regional extension  (Carr 1995). Two 
separate episodes of metamorphism occurred; one in the Early Proterozoic, and the other in the 
Cretaceous to Paleogene (Carr 1995). Shuswap core complex comprises Late Proterozoic to Mesozoic 
metamorphic amphibolite rocks, which are bound by ductile to brittle normal faults (Carr 1995). The 
metamorphic thermal peak occurred in the Late Cretaceous to Paleogene. The Monashee Complex, up 
to 5-km-thick, is the deepest crustal zone of the Shuswap core complex and is the footwall of the 
Monashee décollement. The décollement is a ductile thrust fault and has displaced the overriding rocks 
at least 100 km eastwards. The eastward-dipping Columbia River Fault zone separates the Monashee 
complex from the Selkirk Allochthon, which underwent Middle Jurassic deformation and subsequent 
Mesozoic plutonism and cooling (Carr 1995). The structural evolution of the Monashee Complex and 
Selkirk Allochthon, as outlined by Read and Brown (1981), is illustrated in the simplified graphic of Figure 
17 and includes the geologic history of the Downie Slide area from 200 Ma (Jurassic-Triassic) to present.  

The slide is just west of the Columbia River Fault Zone (Figure 18). The toe of the slide lies about 
70 m below the surface of Revelstoke Reservoir (Lewis and Moore 1989, Imrie et al. 1992, Moore 1999). 
On the east side of the reservoir and the fault are low-grade metamorphic Proterozoic to Middle Jurassic 
age rocks belonging to the Selkirk Allochthon (Scammell and Dixon 1988, Kjelland 2004). The landslide 
surface dips 18 - 20° eastward towards the reservoir, approximately parallel to the foliation of the 
underlying metamorphic rocks (Piteau et al. 1978, Brown and Psutka 1980, Imrie et al. 1992, Moore 
1999). An exception is the landslide toe where the slope dips about 40°.  

The slide is interpreted to be early postglacial in age (Moore 2010). Mazama O tephra, 
originating from the site of Crater Lake, Oregon, is present on the surface of the slide and constrains the 
initiation of failure to before 7690 YBP (Stantec Engineering 2009). 
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Figure 16. Location of Downie Slide (red dot) in relation to the Southern Omenica Belt (purple), 

Shuswap Terrane (yellow), and Monashee Complex (blue). Adapted from the Alberta 
Geological Survey (Price 2012). 
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Figure 17. Overview of Downie Slide history as described by Read and Brown (1981). 
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Figure 18. Plan view and cross-section of stratigraphic units in the Downie Slide area (from 

Brown and Psutka (1980). Downie Slide is located entirely in foliated schist and gneiss; 
shown here as unit 6. 
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Toraman (2014) reported a zircon U-Th/He age of 45-37 Ma and an apatite fission track age of 
48-14 Ma for the Frenchman Cap Dome, the gneiss dome on which Downie Slide resides. Extension of 
the area resulted in rapid exhumation, with near-isothermal decompression from metamorphic 
conditions followed by rapid cooling and exhumation via detachment tectonics at around 50-45 Ma. 
Initial cooling occurred during the Eocene, with an additional cooling event in the Plio-Quaternary. 
Frenchman Cap Dome rose to within 1-2 km of the surface via detachment tectonics in the Miocene (26-
5 Ma), with a rapid exhumation pulse occurring at 3 Ma, possibly related to continental glaciation 
(Toraman 2014). 

Three phases of major regional tectonic deformation were identified by Psutka (1978) in the 
Downie Slide area. Phase 1 involved small-scale, isoclinal first-generation folding. Phase 2, documented 
east of the head scarp, produced megascopic folds with limbs that are more open than those of Phase 1. 
Phase 3 is recorded by semi-brittle monoclinal flexures between the head scarp and the “knoll”, with 
thickened hinges and attenuated limbs west of the “knoll” suggesting more ductile deformation. A 
relative timeline of deformation events for the Selkirk Allochthon, Monashee Complex, and fault 
development is given in Table 3. 
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Table 3. Summary of deformation and metamorphism in the Downie Slide area (from Psutka, 
1978). 

Deformation 
event 

Deformation and metamorphism  
 

Tectonism 

D1 Development of a strong biotite, muscovite foliation in axial planes of 
Phase 1 mesoscopic and megascopic isoclinal folds 

Stratigraphy inverted by 
a Phase 1 nappe 
structure with a limb 
length exceeding 15 km 

Post- D1 
Pre- D2 

Possible garnet growth  

D2 West of Cataclastic Zone: 
Recrystallization of muscovite and 
biotite in the axial planes of tight 
Phase 2 folds 

Growth of kyanite and sillimanite in the 
axial planes of Phase 2 folds 

Metamorphism outlasts deformation 

Within Cataclastic Zone: 
Cataclastic foliation defined by 
polygonised quartz and micas 
axial planar to Phase 2 folds 

Kyanite oriented in axial planes of 
Phase 2 folds 

Locally cataclasis outlasts 
metamorphism 

Development of a Phase 
2 antiformal syncline 
with limbs exceeding 
15 km in length 

Possible thrusting along 
a shallow east dipping 
cataclastic zone 

D3 Generation of mesoscopic flexure 
(kinking) and flexural flow folds 

Metamorphic minerals annealed 

Cataclasis ceases 
Kyanite, micas crenulated but 
only partly annealed during 
Phase 3 

 

Post- D3 
Pre-D4 

Helicitic garnet growth over Phase 3 
crenulations 

  

D4 Local minor normal faulting 
 

Normal faulting, brittle folding 
Kink on a mesoscopic and 
microscopic scale 

Shearing 
Fracturing 

Possible late normal 
faulting east of the 
cataclastic zone, 
juxtaposing low grade 
rocks against high 
grade rocks 

2.9.2. Rock Mass Properties 

In general, the prominent schist and gneiss of the slide zone are less sound than rocks of the 
east series. Furthermore, hydrothermal alteration of micas to chlorite and sericite have lowered shear 
and compressive strengths. Exposed rock faces and talus blocks have approximately 3-mm-thick 
weathering rinds separated by red-brown iron oxide concentrations. Foliation dips steepest at the slide 
toe, flatter in the middle of the slide, and are flattest at the head scarp (Piteau et al. 1978). Direct shear 
testing of basal shear material yielded a residual strength along the surface of sliding of 13-29°, a friction 
angle of 21-24°, and cohesion of 0 MPa (Tom Stewart, personal communication, 2017).  The slide mass, 
comprised of schist and gneiss, has a strength less than 100 MPa (Tom Stewart, personal 
communication, 2017). 
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Piteau et al. (1978) split the rockslide into five general areas. The downstream toe (South Knob) 
area is a rounded ridge covered with slabby rock with highly-altered, significantly -weakened rock to 168 
m depth, whereas the upstream toe (North Knob) area has a prominent peak and relatively strong rock 
characterized by coarse garnet and kyanite.  Tension cracks up to 7-m-wide occur at the peak of the 
North Knob area (Piteau, 1978). Between the South Knob and North Knob areas, the rockslide material 
cap is about 24 m-deep with occurrences of ground-up mica schist (from moving rock), and comprises 
some foreign rock fragments (distinctive banding and lacking garnet and kyanite) and voids. In the 
middle of the slide, between the North Knob and upper slide (head) areas, there is excessive jointing to 
42 m-depth and oxidization on joint planes to depth of 113-m (Piteau et al. 1978). 

2.9.3. Surface material 

Piteau et al. (1978) found that the central area of the slide (between the head and toe areas) 
has a dense basal till overburden comprised of locally-sourced gravel and boulders, whereas other areas 
of the slide only contain isolated pockets of till. Glaciofluvial remnants were also identified in parts of 
the slide on undisturbed till (Piteau et al. 1978). Colluvium fills a 160-m-wide depression that separates 
the North Knob from the central area of the slide. However, the surface area between the South Knob 
and North Knob is muddy, with tilted trees, surface slumping, and dislocated terrace segments (Piteau et 
al. 1978). Evidence for a buried river channel was discovered during drilling at the toe of the South Knob, 
indicating of a localized rock slide or slump (Piteau et al. 1978).  

2.9.4. Characteristics of the Basal Slide Plane 

The foliation of interlayered mica schists, mica gneisses and quartzite dips towards the reservoir 
with two main shears parallel to the ground surface (Figure 19). The slide mass consists of large intact 
blocks, separated by steep open fractures (Moore 1999). The lower shear zone, comprises 15 to 20 m of 
crushed mica schist and gneiss, and clay gouge located at the base of the slide. The upper shear zone is 
described as narrow and discontinuous (Moore 1999). The lower shear has contributed most to the total 
downslope movement of the rock mass.  
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Figure 19. Representative cross-section through slide mass (2009 LiDAR), looking north. Inset 

shows typical rock mass inside the Adit 1 Main.  The shear zones (red) are from BC 
Hydro report E798 (Moore 2010). 

2.9.5. Geomorphology and Climate 

Multiple glaciations have contributed to the formation of the Columbia River Valley, with the 
erosion of the valley floor predating the Fraser Glaciation (20 Ka). During the last deglaciation, the valley 
south of Downie Slide was blocked by glaciofluvial debris, which, combined with isostatic depression, 
created a regional lake. This resulted in glaciolacustrine sediments deposited at 575 m elevation at 
Downie Creek (~ 3 km the south of Downie slide) around 10 thousand years ago. The movement of the 
Downie Slide forced the Revelstoke River towards the valley’s east bank, resulting in rapids and a 200-m-
deep canyon, which are now covered by the Revelstoke Reservoir. The valley in the Downie Slide area 
contains little valley fill, compared to the lower reaches of the valley, as late glacial processes were 
unconstrained by the topography. The widening of the valley, at the Downie Slide, is due to the 
presence of more easily erodible schist and phyllite bedrock .  The toe of Downie Slide overlies a gravel 
and sand river channel, which is assumed to be post-glacial, but could possibly be older (Fulton and 
Achard 1985). 

Downie Slide has a volume of approximately 1.4 x 109 m3 to 1.5 x 109 m3 (Brown and Psutka 
1980, Lewis and Moore 1989, Imrie et al. 1992, Moore 1999). It extends 3200 m (Piteau et al. 1978, 
Lewis and Moore 1989) to 3300 m (Moore 1999) from the now submerged toe to the head scarp, which 
itself is up to 125 m in height (Moore 1999). The slide extends 2400 m parallel to the Revelstoke 
Reservoir (calculated from 2009 BC Hydro LiDAR data). The maximum thickness of the slide mass is 
thought to be between 245 m (Psutka 1978, Lewis and Moore 1989, Imrie et al. 1992) and 270 m (Brown 
and Psutka 1980).  

The slide has been subdivided into geomorphic zones (Figure 20). Although there are different 
interpretations of zone boundaries, all researchers have recognized the upper, central, and lower slide 
masses. These zones are important as material strength, groundwater, and slide geometry affect the 
slope deformation mechanism (Kalenchuk et al. 2012). 
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Figure 20. Downie Slide domains proposed by: A) Piteau et al. (1978), B) Kalenchuk et al. (2009a, 

2012, 2013), and C) Moore (2010). 

The water table is parallel to the surface slope. The average hydraulic conductivity is 10-5 cm/s, 
with areas of low conductivity connected via highly conductive zones throughout the highly-fractured 
slide mass. Recharge of the water table is accomplished by an average annual precipitation of 1500 mm, 
most of which is delivered as snow (Moore 1999).  

Future climatic change may alter the mode, duration, and quantity of water input into the slope. 
Changes in pore-water pressures within the slope materials might affect the stability of the slope. 
Government of Canada data (Government of Canada n.d.) from 1899 to 1994 show a slight increase in 
annual precipitation at nearby Revelstoke, BC (Figure 21). The average precipitation over this period is 
1047 mm, with 641 mm and 406 cm falling as rain and snowfall, respectively (not all years had data for 
each category). Downie is at a higher elevation than Revelstoke and thus would have lower 
temperatures and receive more snow. The trend for Revelstoke shows a gradual increase in the total 
amount and percentage of snowfall, and a slight increase in total overall precipitation. This means that 
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more water will be temporarily stored as snow on the mountain, which, when melted quickly, will result 
in increases in water input to the slope during spring melt.  

There are two biogeoclimatic subzones on the slope, separated at approximately 1000 m asl.  
Both are  variants of the Southern Interior Mountains Ecoprovince: the Very Wet Cold Engelmann 
Spruce – Subalpine Fir Subzone in the upper slope and the Mica Very Wet Cool Interior Cedar – Hemlock 
in the lower slope (Stantec Engineering 2009). Mature growth forest cover has been noted in the central 
region and talus slopes (Piteau et al. 1978, Kalenchuk et al. 2009b, Kalenchuk 2010) and curved tree 
trunks, indicating slow movement, have been located in the northernmost (“lobe”) region, over-
steepened slopes at the north slide toe, and the depressed central area at the bottom of the slope 
(Piteau et al. 1978, Kalenchuk 2010, Kalenchuk et al. 2013a).  Growth rings from the oldest tree found 
on the slide indicate an age of ~ 900 years (Piteau et al. 1978).
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Figure 21. Top: total annual precipitation (blue), annual rain (red) and snow (green); bottom: 

percentage of precipitation falling as snow at Revelstoke, BC; average linear trends are 
show in corresponding colours. Data from Government of Canada (Government of 
Canada n.d.). Gaps are missing data. 
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2.9.6. Groundwater 

To stabilize the slope and reduce the risk of catastrophic failure into the reservoir, BC 
Hydro excavated two drainage adits totaling 2.4 km in length (Figure 2). These adits were used 
to radially drill drainage between 1977-1978 (4570 m of drain holes), and 1981-1982 (7925 m of 
drain holes) (Imrie et al. 1992). Piezometric levels dropped significantly during this time and 
have remained relatively stable, with the exception of a spike in levels in two areas of the slide 
that resulted in a drainage maintenance and upgrade in 2007-2008 (4142 m of drain holes) 
(McAffe and Moore 2009). Piezometric levels dropped significantly in response to adit drainage 
installation and have remained relatively stable since (Moore 2010). However, a steady increase 
in piezometric levels in two parts of the slide required the 2007-2008 drainage improvement to 
maintain compliance with the Conditional Water Licence (Moore 2010). Tests have shown that 
reducing the flow in drainage holes has increased piezometric pressure over 600 m away 
(Moore 1999), indicating changes in groundwater flow in one part of the slide can influence a 
large area around it. The system has become less efficient over time, potentially due to blockage 
of the drains by biogenic or abiogenic factors such as algae growth and mechanical crushing of 
the pipes by the very slow movement of the slide (Imrie et al. 1992, Moore 1999, Kalenchuk et 
al. 2013b). The slide continues to be monitored by BC Hydro to ensure its stability. 

2.9.7. Remote Sensing and Survey Monitoring 

Previous remote sensing activities carried out at the Downie Slide included the use of 
monuments, seismic traverses, photogrammetry, and rock noise surveys (Piteau et al. 1978). 
Monuments have been used to monitor surface movement (triangulation surveys) and provide 
distances with maximum errors of  5.5 cm and 122 cm for horizontal and vertical components, 
respectively (BC Hydro 1974). Geophysical seismic refraction surveys have detected three 
refraction surfaces that define at least four distinct layers (Figure 22). Photogrammetry, using 
targets just outside the head scarp, has been used to create contour maps of the slide area. 
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Figure 22. Inferred zone boundaries based on seismic traverses (Piteau et al. 1978). Cross-
sectional view looking south.  

2.9.8. Slope Deformation 

Since initiation, the slide has moved 250 to 300 m (Moore 1999), presumably along the 
lower shear zone. A theory for initial movement is that foliation shears exposed in the 
lowermost slopes of the river valley were undercut by river or meltwater channel erosion during 
early postglacial time (“early Holocene” as described in Walker et al. (2014)). Pore pressures also 
may have increased during ice-sheet decay (Piteau et al. 1978, Brown and Psutka 1980, Lewis 
and Moore 1989, Kjelland 2004, Kalenchuk et al. 2009b), exploiting areas of high fluid flow 
associated with the Columbia River Fault Zone (Stantec Engineering 2009). Historically, since the 
slide has been instrumented and monitored, slope movement has been slow, evident mostly as 
creep and rare debris flows or minor rock fall. Inclinometer and ground monuments show only 
small-scale movements. From 1965 to 1974, the rate of movement at the toe of the slide was 10 
mm/yr, decreasing to 2 mm/yr in 1974-1975 after adit dewatering (Moore 1999). The most 
significant changes to the monitored slope have occurred in response to drainage system 
development (Imrie et al. 1992, Kalenchuk et al. 2009b). 

Continuing slope movement differs spatially. Kalenchuk (2010) separated the slide into 
distinct zones, based partially on slope movement rates. She found that the upper area of the 
slope moved at a rate of approximately 23 mm/yr; the central region at 3 mm/yr; and the toe 
slump adjacent to the reservoir at 287.4 mm/yr. Even within these zones, however, differences 
are evident. 

 Piteau et al. (1978) discovered an approximate 10° counter-clockwise difference in the 
orientation of joint sets by comparing joints in the slide mass to those outside the slide mass, 
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and concluded that the slide rotated during failure. Inclinometer data presented in Kalenchuk 
(2010) show that the slide mass moves at different rates both horizontally and vertically. Joint 
set trends may be rotating in more than one direction. My characterization of the 3D geometry 
of planes of weakness will assist in future slope stability analyses. Of primary interest is relating 
the structures and domains identified in the subsurface (adit) with those identified on the slide 
surface structures. 

2.9.9. Modeling 

Early modeling of Downie Slide relied on a combination of photogrammetric surveys, air 
photograph interpretation, ground monitoring, and boreholes, with the results initially pointing 
towards a failure along schistose foliation (Piteau et al. 1978). Kjelland (2004) performed finite 
difference modeling of Downie using FLAC and created null, elastic isotropic, and plastic (Mohr-
Coulomb, strain-hardening/softening, and bilinear strain-hardening/softening ubiquitous joint) 
models. The FISH (short for FLACish) function was used to mimic glacial cycles, groundwater 
pressure, and material parameters. However, Kjelland’s work did not take into account the 
effect of erosion of the toe of the slope. Kalenchuk (Kalenchuk et al. 2009a, 2012, 2013a, 
Kalenchuk 2010) used 3D distinct element models (3DEC) incorporating shear surface geometry 
and shear zone stiffness. The models showed that the geometry of the basal sliding surface 
influences the deformation of the slope and that overall slide behaviour is affected by 
interactions between landslide zones.  The reinterpreted geomorphological boundaries and 
discontinuity characterization derived from my research will be used for further 3D distinct 
element and numerical modeling. 
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Chapter 3. Methodology 

3.1. Approach 

In this study, quantitative 3D data were collected and then analysed. The approach in 
this study is based on deductive reasoning; it is known that there are multiple domains at 
Downie Slide and that the slide mass is moving, albeit very slowly. The goal is to objectively 
define domains based on geomorphology and to identify areas of the landslide exhibiting 
compressive and extensional displacements. Inductive reasoning is used to appraise the 
usefulness of these remote sensing technologies in landslide investigations. Abductive inference 
is utilized to make an educated inference about surface-subsurface slide dynamics that are 
responsible for the slide domains. 

3.2. Strategy and Research Design 

3.2.1. Data Collection and Selection of Methods 

Data was collected for this study using remote sensing technologies capable of 
generating 3D point clouds (Table 4). Terrestrial-sourced data were acquired during two site 
visits, and aerial LiDAR data were generously provided by BC Hydro.  A combination of LiDAR 
and photogrammetry was used for this research. The decision to use Structure from Motion 
(SfM) to create photogrammetric models was based on the availability of a camera-equipped 
unmanned aerial vehicle (UAV).  Underground photogrammetry was designed so that either a 
conventional or SfM method could be used.  During data processing, it was found that SfM 
created comparable results in less time, eliminating the need for calibration (Preston 2014). The 
underground SfM technique and TDP lighting method were field-trialed at a local tunnel in a 
public park (Othello Tunnels, BC) prior to use in the thesis study area.  Widely accepted 
assessment criteria were used when choosing quantitative analytical methods for measuring 
lineament intensity and density, and qualitative methods for classifying landforms and 
movement rates (e.g. ISRM 1978, Howes and Kenk 1997). 
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Table 4. Remote sensing tools used in the research. 

Acquisition LiDAR Photogrammetry 
Above-ground TLS: RIEGL VZ-4000 

2009 airborne LiDAR 
 

UAV: DJI Phantom 4 (SfM) 

 

Underground TLS: FARO Focus3D × 330 
 

Canon EOS 5D + 20 mm lens  
(sub-hyperfocal) 

 

Processing LiDAR Photogrammetry 
Above-ground RiSCAN PRO 

CloudCompare 
ArcGIS (stitching & analysis) 

 

Maps Made Easy App (flight planning) 
Pix4D (point cloud & mesh production) 

CloudCompare 
RiSCANPRO 

 

Underground SCENE (stitching) 
PolyWorks (analysis) 

 

Agisoft Photoscan 
CloudCompare 

 

 

Available archived data includes site investigations, geological records made during adit 
construction, aerial LiDAR of the slide surface (2009 and 2015) and ADP of the scarp (2016).  
Access to underground adit exposures inside a deforming rock mass provided a unique 
opportunity to study the relationship between surface and underground movement and 
deformation using LiDAR and photogrammetry.  Access to the head scarp was limited, which is 
one of the reasons remote sensing was used to study this site. However, the ability to image the 
head scarp from land was limited, necessitating the use of ADP for better coverage.  

The data gathered from this remote sensing study was compared with archived BC 
Hydro data to ensure the interpretations are valid. Mapping of the remotely sensed adit data 
collected by two separate operators minimized bias. The results were also compared to past BC 
Hydro mapping carried out during the adit tunneling programs. 

3.3. Data Collection and Analysis Methods 

Mapping of discontinuities and geomorphology involved two tasks.  Geotechnical 
analysis of the scarp and the adit were done through on-site data acquisition, followed by off-
site processing. Data collection for the scarp entailed the use of long-distance TLS from two 
locations and a UAV. The morphology of the landslide was characterized from aerial LiDAR data 
supplied by BC Hydro.  

Three underground study areas were chosen in Adit 1 with different azimuths and 
surveyed to address possible orientation bias in structural measurements.  LiDAR scans and 
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short-range photogrammetry were performed in the same sections of the Main, North, and 
South arm of the adit to compare data collection techniques. 

Revelstoke was used as a base during the field site investigations. Archival data were 
made available from BC Hydro, and data were analyzed at Simon Fraser University’s Earth 
Sciences Department in the Engineering Geology and Resource Geotechnics Research 
Laboratory.  

Data for this study were acquired during two site visits in 2015 and 2016. Underground 
data were collected during the 2015 site visit, and the scarp scans and photographs were taken 
during the 2016 site visit. Scans and photogrammetry windows were mapped during the same 
days to ensure comparative datasets. Older archived data, obtained from BC Hydro in 2015, 
were analyzed over the course of this study.  Consultation with BC Hydro staff assisted with 
interpretation of archival data. 

3.3.1. Aerial Photographs 

Air photographs were used to investigate historic changes in the landslide.  Low-
resolution air photographs were obtained from GeoBC for the years 1996, 1997, 2001, and 
2003.  The air photographs had different nominal scales and were acquired in different seasons. 
The 1996 and 2003 photographs consisted of only one flight line, however 1997 and 2001 
photographs comprised two overlapping flight lines. Flight line details are summarized in Table 
5. 

Table 5. Air photograph flight line details. 

Date 
Number 

of 
photos 

Roll (Frame) Height (asl) Nominal 
scale Operation tag 

1996, 
Sept 11 

8 black & 
white 

30BCB96085 (130-133, 173-
176) 6403 m 15,000 B-055-FI-96 

1997, 
July 20 & 

Aug 5 
4 black & 

white 
15BCB97023 (232, 233) – July 

15BCB97067 (98, 99) - Aug 
8524 - 8527 m 
8653 - 8655 m 

40,000 
40,000 B-074-F-97 

2001, 
Aug 8 & 

Oct 7 

2 black & 
white 

2 colour 

15BCB01018 (213, 214) – Aug 
15BCC01001 (67, 68) - Oct 

7775 m - 7779 m 
6730 – 6737 m 

35,000 
30,000 

B-005-FC-01 
C-006-FI-01 

2003, 
July 19 & 

21 
5 colour 15BCC03004 (132-133) 

(149-151) 
72040 m* 

71970 - 71979 m* 30,000 C-009-XM-03 

*note: these value comes directly from GeoBC, however the height is more likely ~7200 m asl. 

Agisoft PhotoScan (Agisoft LLC 2014) was used to create orthophotos, dense point 
clouds, and meshes for each of the data sets. Orthophotos from 2009 and 2015 were made 
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available by BC Hydro. The outline of the slide area was mapped to determine if changes to the 
head scarp had retrogressed between 1996 and 2015.  The 1997, 2001, 2003, and 2009 
orthophotos were used to better constrain when those changes might have occurred.  However, 
comparisons of 1996 air photographs with the 2015 BC Hydro LiDAR acquisition showed no 
discernable changes in the landslide boundary.  For this reason, further comparisons of the data 
sets were abandoned. 

3.3.2. Above-ground Discontinuity Mapping 

UAV Photogrammetry and long-range Terrestrial Laser Scanning (TLS) were used to 
create 3D point clouds of the head scarp.  Window mapping was done to compare remote 
sensing results at the same area.  Discontinuity data were also used to determine scarp sub-
domains. Detailed above-ground methods are outlined in Chapter 5, section 5.3. 

3.3.3. Underground Discontinuity Mapping 

Sub-hyperfocal photogrammetry and TLS were used in a 2-km-long drainage adit in Downie 
Slide. Three sites were chosen to use both technologies.  Discontinuity mapping was compared 
between technologies, and used to determine domains. Detailed underground methods are 
outlined in Chapter 5, section 5.4. 

3.3.4. Geomorphic Domain Mapping 

Preliminary geomorphic domains were identified in 2009 airborne LIDAR using a 
geographic information system (GIS).  Multiple maps were created to assist in delineating 
domain boundaries and to evaluate slide damage including aspect, slope, and relative relief. 
Lineations were mapped and analysed to assess damage across the slope. Detailed methods are 
outlined in Chapter 4. 

3.3.5. Comparisons with Archival Data 

Archival data were used to assess the correlation of underground damage mapped by 
BC Hydro with surface damage identified from the 2009 LiDAR. Regions of slope movement 
were also analysed from monument movement rates and assessed against the identified surface 
damage. Detailed methods are outlined in Chapter 6. 

3.3.6. Remote Sensing Bias and Limitations 

Accessibility is a limiting factor when it comes to choosing a remote sensing method. 
Weight and power supply are unavoidable issues, although portability of systems can be 
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increased with battery packs. The requirement to have enough power to complete field work is 
limited by supplies of fuel or batteries and accessibility to the electrical grid. The large file sizes 
generated in the field require external electronic storage of data. In particular, scan files can be 
very large, resulting in problems in storage and processing of data. Although point clouds can be 
resampled at a lower resolution, lower resolution scans can compromise discontinuity mapping. 
Rychkov et al. (2012) describe the issues related to information management for TLS, and are 
similar to the issues faced with photogrammetric modeling. 

The ground resolution of a resultant model is governed by pixel size in photogrammetry, 
whereas in TLS it is a function of laser beam width and sampling interval (Sturzenegger and 
Stead 2009a). In photogrammetry, the precision accuracy is related to the geometry of the 
camera in relation to the object of interest and also on the ability to register the model 
(Sturzenegger and Stead 2009b). Control points improve the registration of  the model 
(Sturzenegger and Stead 2009a). 

Collection issues that can create biased remotely sensed data are occlusion, shadow, 
orientation bias (Figure 23), and scale (Lato et al. 2009, Sturzenegger and Stead 2009a, 2009b). 
Occlusion occurs when the object lies at a more oblique angle than the camera’s line of sight. 
Shadow occurs when objects in the foreground block out objects in the background, for example 
a tree or ridge blocking a more distant outcrop.  

 

Figure 23. Occlusion, shadow, and orientation bias caused by line of sight issues 
(Sturzenegger et al. 2007b). 
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Both occlusion and shadow issues can be resolved by combining scans from different 
angles. Combining airborne and terrestrial scanning resolves complex geometric shapes, 
effectively mitigates occlusion and shadow, and can greatly improve the accuracy of rockfall 
modelling (Lato et al. 2012). Using tie-points between datasets reduces difficulties from 
occlusion that can arise with flat (e.g. terrestrial derived) and steep (e.g. aerial derived) terrains 
(Heckmann et al. 2012). 

In the case of LiDAR, orientation bias occurs when the angle of the laser beam is 
coincident with the target angle, such as high-gradient mountain passes and vertical walls 
(airborne LiDAR) and flat landscapes (TLS). Orientation bias arises in photogrammetry when the 
line of sight is oriented to coincide with the dip of discontinuities so that a joint surface would 
only appear in the data as a line trace with no defined dip. 

Bias is introduced with scale, such that it is possible to map one apparently persistent 
feature that is actually made up of many smaller step-pathed discontinuities (Sturzenegger and 
Stead 2009b). Generally, there is less detail in remotely sensed models than from traditional 
field scanlines (Sturzenegger and Stead 2009a). 

With LiDAR, limitations also exist based on the method of measurement. There is a 
natural decay curve for effective measurement rates that is a function of the object distance and 
reflectivity of the target. Changing the laser wavelength or pulse repetition frequency can 
improve the desired point cloud density (Wehr and Lohr 1999). As LiDAR uses pulsed light, its 
effectiveness is hampered by poor weather such as rain, clouds, fog, or smoke. Rocks of low GSI 
value, little surface relief, or that are dark and wet can have reduced reflectivity (Sturzenegger 
and Stead 2009a, 2009b). 

Because photogrammetry involves passive reception of light, it cannot generate 
multiple returns through vegetation. To minimize errors, the analyst should ground-truth 
control points such as targets and common points.  A photogrammetric model is produced by 
stitching and geometrically correcting overlapping stereo-photographs, which introduces error 
during and after photograph acquisition. Sources of error can stem from blurry or damaged 
images or differences in exposure between stereopairs. When selecting stereopairs for analysis, 
differences in light exposure, can have a negative, spatially varying effect on areas of overlap. 
Thus, identical points in stereopairs might not be matched using the computer’s recognition 
algorithms, resulting in incomplete point clouds.  Acquisition and processing times are larger for 
conventional photogrammetry than for TLS (Westoby et al. 2012), thus time considerations 
need to be taken into account when determining what areas to utilize for photogrammetry 
when TLS is also an option. Additionally, the requirement for two or more camera stations limits 
the application of this method if only one viewpoint of the object is available. During post-
processing, there are also issues with meshing density, as larger triangles may over-smooth the 
data, reducing the structure of the resulting model (Lato et al. 2009). 
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Chapter 4. A Geomorphic Investigation of the Downie 
Landslide: A Combined GIS – LiDAR Approach for 
Geomorphic Domain Identification 

Abstract 

Airborne LiDAR data of the Downie Slide area were analyzed in a GIS environment, and 
aspect, slope, hillshade, and relative relief maps created. A detailed lineament analysis revealed 
surface evidence of slope damage. Displacement vectors derived from surface monitoring were 
superimposed on the GIS maps and a tentative correlation made between slope deformation, 
and large-scale structural and damage features. Twelve structural domains with distinct zones of 
compression and extension were defined within the landslide. 

4.1. Introduction  

Downie Slide is a very large (1.5 x 109 m3; Brown and Psutka 1980), extremely slow-
moving, translational rockslide located in southeastern British Columbia approximately 80 km 
north of Revelstoke on the west side of Revelstoke Reservoir. Catastrophic failure of this large 
landslide would have repercussions far from the failure site as turbidity would affect the 
Columbia River hydroelectric generating system. Any such disruption would be large as the 
Columbia River drainage basin accounts for 44% of hydroelectric power supply for both the USA 
and British Columbia (U.S. Energy Information Administration 2014, BC Hydro 2016).  

Some large, slow-moving landslides can fail catastrophically. Catastrophic failure of the 
northern flank of Monte Toc into the Vajont reservoir in 1963 created a major landslide-induced 
wave that overtopped the Vajont dam and destroyed settlements below, with the loss of 
approximately 2000 lives (Mantovani and Vita-Finzi 2003, Wolter 2014, Del Ventisette et al. 
2015).  This disaster was instrumental in the decision by BC Hydro to dewater and monitor the 
Downie Slide (Imrie et al. 1992). 

Monitoring of the Downie Slide began in 1965 (Piteau et al. 1978) and currently is done 
with survey monuments, piezometers, and inclinometers. However, ongoing slow movement in 
some areas has sheared through inclinometer casings and the drainage pipes have become 
clogged. In addition, some of the instruments are not favourably located for optimal slope 
monitoring. To assist in upgrading the Downie Slide monitoring system, surficial expressions of 
slide boundaries were investigated using high-resolution aerial LiDAR data processed in a GIS. 



 

48 

Large point clouds obtained with airborne LiDAR can be registered in three dimensions to create 
a digital elevation model (DEM), which can then be incorporated into a GIS for analysis.  

The Downie Slide comprises multiple domains, defined by previous researchers 
including Piteau et al. (1978), Kalenchuk (2010), and Moore (2010) (Figure 20). The boundaries 
of these domains and the extent of the northern slide limit are reinterpreted in this thesis using 
remote sensing data. 

4.2. Materials and Methods 

Landslide domains were defined by analysing 2009 airborne LiDAR collected by Eagle 
Mapping and commissioned by BC Hydro. The domains were mapped through a combination of 
nearest neighbour calculations to determine 3D spatial attributes and the distribution and 
orientations of lineaments.  Cross-sections were drawn through the slide mass to improve 
interpretations of the slope morphology.  

The DEM derived from the 2009 LiDAR data was provided by BC Hydro in xyz format and 
consisted of over 44 million data points, with a point spacing over the slide averaging 3 points 
per meter. Because of its large size, strips of flight-line DEMs were stitched together in a GIS for 
data analysis to produce a DEM with a pixel size of 2 m. ArcMap and ArcScene (ESRI 2014) were 
used to analyze the data.  A single file facilitated the creation of hillshade, slope aspect, slope 
grade, and relative relief maps.  DEM stitching created seams at the edges of DEM strips, 
therefore difference in the data at the edges of the strips were ignored. The high density of 
points was useful for nearest-neighbour calculations, and accurate topographic profiles could be 
drawn in areas of interest.  

Basal shear surfaces taken from BC Hydro Report E798 (Moore 2010) were projected 
onto the slide cross-sections  to infer the relationship of the shear surfaces on surface 
morphology. Dashed lines were constructed on the topographic profiles extending into the sub-
surface, in order to investigate the apparent orientation of potential slide control structures.  
The 2009 and 2015 datasets were compared in CloudCompare (EDF-R&D and Telecom ParisTech 
2016), but the 2015 resolution was too low to detect differences between the two. 

Aspect maps show the variation in land slope dip direction.  Aspect maps emphasize 
slope orientations, which assist in identifying ridges, troughs, and hummocky terrain.  Classified 
aspect maps based on cardinal and intercardinal directions (increments of 45°) were derived. 
Colours were chosen to highlight reverse ground tilting in order to highlight sharp slope breaks.  

Slope gradient maps show the rate of change of height values, which can help identify 
scarps and classify terrain.  Slope values were mapped by comparing nearest neighbour points 
to find the greatest change in height in the maximum downslope direction and were classified in 
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ArcGIS using the BC Terrain Classification System (Howes and Kenk 1997). Values for simple and 
complex topography are presented, respectively in Table 6 and Table 7. The colouration used for 
the aspect map was observed and then reversed and observed to prevent observational colour 
bias. 

Table 6. BC Terrain Classification System for unidirectional surfaces. 
BC Classification Value (°) Arc GIS Classification Break 

Value (°) 
Name 

0-3 3.5 Plain (p) 
4-15 15.5 Gentle Slope (j) 

16-26 26.5 Moderate Slope (a) 
27-35 35.5 Moderately Steep Slope (k) 
35-90 90 Steep Slope (s) 

 
Table 7. BC Terrain Classification System for complex topography. 

 Slope <15° Slope >15° 
Elongate rises and hollows Rolling Topography (m) Ridges (r) 
Non-linear rises and hollows Undulating Topography (u) Hummocks (h) 
Fan shaped sector of a cone Fan (f) Cone (c) 
Level stepped topography Terraces (t) - 
Hollows with a marked slope break Depressions (d) - 

 

Hillshade is a useful tool for revealing the topography of the landscape. The hillshade 
map illuminates geomorphic features by creating a 3D representation of the point cloud and a 
low angle sun position. Hillshade was applied to the DEM to highlight lineaments such as back-
tilted blocks, ridges, and major ground cracks.  Additionally, scarp boundaries were mapped, and 
generalized lineaments longer than 50 m were recorded at the boundary of the landslide. Single 
direction lines were drawn over lineaments and the azimuth directions recorded. Subjective 
visual investigation was also attempted to group lineaments.  Azimuth directions were plotted in 
rosette diagrams using DIPS (Rocscience 2016a). Density and intensity values for lineaments, 
based on Dershowitz and Herda (1992), were calculated to determine if there are differences 
between domains and were compared to average values for the slope (Equation 4 and Equation 
5). Cross-sections were also made through the slide mass to confirm interpretations of slope 
morphology. 

Equation 4. Lineament density. 

𝐿𝐿𝑅𝑅𝐸𝐸𝐸𝐸𝑇𝑇𝑡𝑡𝑅𝑅𝑇𝑇𝐸𝐸 𝐻𝐻𝐸𝐸𝐸𝐸𝑅𝑅𝑅𝑅𝑡𝑡𝑉𝑉, 𝐿𝐿20 =
𝑇𝑇𝑇𝑇𝑡𝑡𝑇𝑇𝑇𝑇 𝐸𝐸𝑉𝑉𝐸𝐸𝑉𝑉𝐸𝐸𝑟𝑟 𝑇𝑇𝑓𝑓 𝑇𝑇𝑅𝑅𝐸𝐸𝐸𝐸𝑅𝑅

𝑇𝑇𝑟𝑟𝐸𝐸𝑇𝑇
× 104 

 
Equation 5. Lineament intensity. 

𝐿𝐿𝑅𝑅𝐸𝐸𝐸𝐸𝑇𝑇𝑡𝑡𝑅𝑅𝑇𝑇𝐸𝐸 𝑅𝑅𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑅𝑅𝑅𝑅𝑡𝑡𝑉𝑉, 𝐿𝐿21 =
𝐶𝐶𝑉𝑉𝐸𝐸𝑉𝑉𝑇𝑇𝑇𝑇𝑡𝑡𝑅𝑅𝐶𝐶𝐸𝐸 𝑡𝑡𝑇𝑇𝑡𝑡𝑇𝑇𝑇𝑇 𝑇𝑇𝐸𝐸𝐸𝐸𝑙𝑙𝑡𝑡ℎ 𝑇𝑇𝑓𝑓 𝑇𝑇𝑅𝑅𝐸𝐸𝐸𝐸𝑅𝑅

𝑇𝑇𝑟𝑟𝐸𝐸𝑇𝑇
× 104  
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Drainage can influence slope behaviour through impact on groundwater pressure and 
surface/subsurface channelization. Groundwater pressure may be higher in the slide where 
additional water enters fractures in the rock, which may be reflected as a lack of surface water 
channels. At depth, increases in groundwater pressure can cause a reduction in effective stress, 
increasing the risk of sliding along discontinuities. Channelized surface water can modify 
landscape morphology, creating gullies and enhancing saturation of near-surface materials.  On 
the surface, debris flow failures can occur as funneling down channels due to increased 
saturation. Debris flows have occurred within the Downie Slide in the past theta . Potential 
overland stream path channels were mapped by determining flow directions based on slope and 
aspect, and flow accumulation across pixels, and then given Strahler stream orders. Stream path 
calculations are only an indication of where surface water would most likely flow given the 
topography of an area.  It is unknown if the stream paths currently carry water, as that would 
require on-site verification. The stream path lines were inspected and manually edited to ensure 
continuity and avoid false stream identifications (e.g. roadways). Stream path lineaments 
resulted in Strahler stream orders as grid coding from 0-8. Due to the high density of points only 
the highest ordered paths (5-8) were considered important. Values of stream length lower than 
5 m were omitted to ensure lengths longer than 2 pixels (4 m). The hillshade map was also cross 
referenced with the aspect and slope map to locate areas that resembled small ponds. The 
workflow for creating a Strahler stream flow map is outlined in Appendix B.   

Topographic roughness was determined by calculating relative relief values between the 
highest and lowest points in an area using a fishnet to group nearest-neighbour points. Polygons 
for fishnet cells were used to interpolate the resulting fishnet with the range of z-values from 
the DEM inside each fishnet cell. The cell sizes used in this study are 20, 50, and 100 pixels. The 
workflow for creating relative relief maps is outlined in Appendix B. 
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4.3. GIS Results 

The analysis of the surface morphologies yielded 12 distinct domains (Figure 24):  

• Scarp,  

• Talus Slopes,  

• Upper Hummocks,  

• Mid Hummocks,  

• Mid Plain,  

• South Knob,  

• South Toe,  

• Lower Channelized,  

• Ridge and Basin,  

• North Toe,  

• North Retrogression, and  

• Channelized North. 
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Figure 24. Domains identified in this study. 

4.3.1. Slope and Aspect 

CloudCompare  (EDF-R&D and Telecom ParisTech 2016) was used to calculate an 
average slope dip angle and dip direction of 15°/066°.  The strike of this plane is not aligned with 
the strike of the head scarp, which comprises a series of near en-echelon steps trending ~120° 
and 145°. Fitting a plane to the slope highlighted the noticeably lower middle portion of the 
landslide in both the down-slope and along-slope directions as well as the southern lateral 
trough (Figure 25).  
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Figure 25. CloudCompare point cloud model, scalar field depicts curvature with coolest 
colours depicting low curvature.  The approximate slide boundary is depicted 
by the hashed black line; the white square indicates an average slide slope plane 
of 15°/066° bisecting the slide mass. Topography higher and lower than the 
average slope is labeled.
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Slope and aspect values highlighted areas of slope changes and were instrumental in 
accurately identifying complex topography such as ridges and hummocky terrain. Slope value 
classifications in ArcGIS highlight plain and gentle slope areas in the middle of the slope surface 
(near A in Figure 26).  Steep and moderately steep slopes dominate the scarp boundaries (B). 
The upper slide is dominated by slope values between 15° and 35° (moderately steep to 
moderate slopes) with a variety of aspects and are classified as a hummocky region (C). 
Hummocks dominate the western part of the upper slope and extend from the northern slide 
boundary towards the south where the head scarp transitions into the southern side scarp. 
Similar hummocks are evident along the southern side scarp. In contrast, northwest-southeast-
trending linear ridges with slopes exceeding 15° extend across most of the mid north slide area 
(D). According to Shea and van Wyk de Vries (2008), hummocks and ridges indicate extension 
and compression, respectively.  A distinct block with an area of 268 m2 is evident on the slope 
map at E in Figure 26. The northern toe of the slide has the largest extent  of steep slopes, 
averaging 45° along a ~160 m length. Toe slope values of 50°-65° occur over a shorter distance 
(30-50 m) along the shoreline of the southern portion of the slide.  Roads are manifested by 
abrupt linear boundaries between flat and steeper slope values (e.g. F). River terraces outside 
the slide area (T), gently slope in the downstream direction and are present at ~580 m asl and 
~600 m asl. These terraces have been interpreted to be either glaciofluvial (Moore 2010) or 
glaciolacustrine (Fulton and Achard 1985) in origin. The reservoir surface in the LiDAR is at 572 
m asl. The mountainside outside the slide area shows lineaments parallel to the valley, which 
are interpreted to be glacial lineations and indicate the direction of past ice flow as 
approximately 153°. 



 

55 

 

Figure 26. Categorized slope values (top) highlighting domain boundaries (bottom). See 
text for descriptions of A-F and T. 
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Aspect values (Figure 27) highlight changes in slope direction, notably along ridges. The 
slide mainly dips towards the north-northwest. However, near its southern boundary an ~100-
300-m-wide area near A (Figure 27) tilts backward towards the side and main scarps. In the 
upper southern part of the slide, the surface tilts north towards the slide. This surface is 
interpreted to be a talus apron that transitions to a southern slope at B (Figure 27). Multiple 
lineaments at C slope steeply back towards the south side scarp over a distance of ~300 m, 
beyond which the slide mass again slopes northwards into a depressed area. The elongate bulge 
in topography at D is known as the “South Knob”. The aspect map also highlights elongated 
sinuous gullies in the middle of the slide at E. Back-tilted ground is apparent in the northeast 
portion of the mid-lower slide (F) possibly suggesting rotational displacement of the landslide 
mass. There is also a large area near the northern toe of the slide at G that is tilted backward, 
toward the slide itself, creating a linear depression 30 m deep, ~250 m wide, and 550 m long 
between the ~ 25-m-high, 200-900-m-long ridges.  Smaller back-tilted blocks are located in the 
north and south portions of the toe at H.  The head scarp in the west is clear, as is the southern 
side scarp.  The northern boundary of the landslide is less obvious. There are two potential 
boundaries, one at I following the trend of the scarp east and the other at J outside a large 
retrogression in a densely channeled area. Retrogression of the northern side scarp is apparent 
at K above the hummocky area.  
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Figure 27. Aspect map (top) highlighting sharp changes in aspect with  defined domains 
(bottom). 
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4.3.2. Relative Relief 

The fishnet polygon sizes affect the resolution of the relative relief (Figure 28).  The 
largest fishnet cell size (100 pixels) smooths the data and facilitates a first-order interpretation 
of slope morphology, whereas the map with the smallest fishnet cell size (20 pixels) is useful for 
highlighting small topographic variations within the 12 geomorphic domains. High relative relief 
is evident at the head and southern side scarps in all relief maps, as expected. The northern slide 
boundary has lower relief than the head or southern side scarps.  High relative relief is also 
evident in a 700-m-long and 200-m-wide area in the northern toe area at A in Figure 28 (the 
area commonly referred to as the ‘North Knob’).  High relative relief also occurs in narrow strips 
along the rest of the toe area of the slide (B).  Low relative relief dominates the central area of 
the slide (C), which is also an area of planar and gentle slopes. Moderately high relative relief is 
localized throughout the hummocky area of the upper slide (D) and in the area of the elongate 
ridges (E). 
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Figure 28. Relative relief map using 20, 50, and 100 cell fishnets (top left to right) with respect to the 12 geomorphic domains (bottom).
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4.3.3. Lineaments 

The hillshade map used for mapping lineaments includes a 2 x 2 m shaded grid, aligned 
north-south. Lineament mapping is based on differences in shading. Large lineations with high 
contrast shading are easily identified, whereas smaller, low-contrast lineations are more 
difficult. Areas were zoomed in to 1:2,500 scale for mapping. More subtle lineaments are less 
significant in the ongoing process of the slide movement as they have been weathered. 
Lineament mapping was stopped when all prominent (contrast shading) lineaments were 
identified.  Linear sections of the head scarp (n=10) and the south scarp (n=14) have preferential 
northwest-southeast and east-west trends, respectively (Figure 29). The northern scarp is only 
clearly defined at the top of the slide area (to the west) where it has northeast-southwest trends 
(n=10).  The orientations of the head scarp lineaments coincide with fold axial hinge trends from 
the third phase of tectonic deformation recognized by Brown and Psutka (1980).  

 

Figure 29. Rosette diagrams showing aerial scarp traces (apparent strike). Apparent dip 
direction is perpendicular to rosette lines (e.g. NE or SW for the North boundary 
lineaments). 
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Lineament density differs considerably across the landslide (Table 8 and Figure 30).  The 
majority of domains are within 1 standard deviation of the total slide’s averaged density and 
intensity.  However, the Channelized North, Mid Plain, and Lower Channelized domains have 
lineament densities within 2 standard deviations lower than the overall slide, whereas the South 
Knob domain has a higher lineament density and intensity and is within 3 and 2 standard 
deviations respectively of that of the overall slide.  The South Knob has the highest percentage 
of total lineament length and number of lineaments measured inside the slide (19 and 28%, 
respectively), as well as the highest lineament density and intensity (L20=3.5 and L21=149.3). 
Northwest-southeast glacial lineaments are dominant outside the slide area (A in Figure 30), 
whereas inside the slide area lineaments are multi-directional and unevenly distributed.  Highly 
fractured ground is evident in the south (B) where strong, closely spaced lineaments extend 
from the middle of the slide to the toe. Long (200 – 900 m), north-south lineaments are evident 
in the middle area of the slide (C) and correlate with the ridges present on the aspect map. Short 
(<60 m) lineaments with a range of directions dominate the hummocky upper slide area.  There 
are few lineaments in the central area of the slide, where slopes are planar or gentle. The large 
block at D in Figure 30 has few lineaments, whereas lineaments are common along the 
westernmost northern scarp at E where the two sections of the scarp are separated by a steep 
(55°-65°) slope that is 10-20 m high.  

Rosette diagrams  of apparent strike (90° from azimuth) of mapped lineaments for each domain 
are shown in Figure 31. All of the domains exhibit lineaments with strike directions to either the 
southwest or northeast. However, three domains have lineaments that strike in other 
directions.  The South Knob has a prominent set of east-west-striking lineaments related to 
highly fractured ground resulting from normal extensional faulting. The Ridge and Basin domain 
has north-south-striking lineaments, aligned with the dip direction of the ridges in the domain.  
The South Toe has north-south-striking lineaments, which may be associated with extensional or 
compressional ridges.  
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Table 8. Domain geometry and lineament characteristics including lineament density and intensity for each slide domain. 

 Domain 
name 

 Area 
(m2) 

% Area 
of 

entire 
slide 

Total 
length 

(m) 

% Length 
of entire 

slide 

Number 
of 

lines (n) 

% n of 
entire 
slide 

Average 
length 

(m) 

Min 
length 

(m) 

Max 
length 

(m) 

S.D. 
length 

(m) 

Lineament 
density, 

L20 
(x10-4m-2) 

Lineament 
intensity, 

L21 
(x10-4m-1) 

Channelized  
North 640000 9 1750 2 23 2 76 17 356 71 0.4 27 
Northern  
Retrogression 340000 5 3370 5 42 4 80 23 477 89 1.2 100 
Mid  
Hummocks 610000 8 4920 7 83 7 59 9 360 50 1.4 81 
Ridge & Basin 860000 12 7980 11 130 12 61 13 356 56 1.5 93 
North Toe 380000 5 2230 3 38 3 59 11 356 63 1.0 59 
Upper  
Hummocks 1200000 16 9820 14 194 18 51 9 477 50 1.6 82 
Mid Plain 610000 8 1380 2 22 2 63 19 191 46 0.4 23 
Lower  
Channelized 700000 9 3000 4 50 5 60 16 258 46 0.7 43 
South Toe 380000 5 3730 5 81 7 46 13 187 32 2.1 99 
South Knob 910000 12 1350 19 314 28 43 8 390 42 3.5 149 
Talus 670000 9 4690 7 105 9 45 9 223 37 1.6 70 
Scarp 160000 2 1680 2 25 2 67 17 261 61 1.5 103 
ENTIRE SLIDE 7460000 100 58080 100 1107 100 58 8 477 64 1.5 95 
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Figure 30. Lineaments overlaid on the hillshade map (top), excluding slide boundaries (see 

Figure 29). Lineament density and intensity values differ across the slide slope 
surface.  Preferential down-valley lineaments are observed outside of the slide. 
Domains are shown at bottom.
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Figure 31. Apparent strike rosette diagrams for lineaments in slide domains. Apparent dip directions are perpendicular to rosette lines.
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Values of lineament density and intensity differ among the domains (Figure 32). There is 
a large range of values for density (0.4 - 3.5 × 10-4 m-2) and intensity (22.6 - 103.4 × 10-4 m-1). 
Most mapped lineaments are less than 100 m long. Histograms of lineament length for the 
entire slide mass, and select domains with high, medium, and low L20 and L21 values are shown in 
Figure 33. Density and intensity values show covariance  (Figure 34), and the relationship is even 
stronger when only the main slide is considered and the Northern Retrogression, Channelized 
North, Talus, and Scarp domains are excluded (Figure 35). The main slide mass excludes the 
Northern Retrogression, Channelized North, and Talus as they are influenced by secondary 
failure. The Scarp domain is excluded from the main slide mass, because the aerial view is small 
as the majority of the domain is near-vertical. 

 

Figure 32. Mapped lineament data by landslide domain. A) percentage of total length, B) 
lineament intensity (L21, in x10-4 m-1), C) percentage of total number, D) 
lineament density (L20 , in x10-4 m-2). The values for each of the 12 slide domain 
lineament densities/intensities are given in  Table 8.
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Figure 33. Histograms of lineament length for the entire slide area and  for select domains 
with examples of high, medium, and low L20 (in x10-4 m-2) and L21 (in x10-4 m-2) 
values (South Knob, Upper Hummocks, and Mid Plain, respectively). 



 

67 

 
Figure 34. Lineament intensity and density values for the slide domains showing a linear 

relationship. 

 

Figure 35. Lineament intensity and density values for the main slide mass domains only 
showing a stronger linear relationship between intensity and density. The 
Channelized North, North Retrogression, Scarp and talus are excluded from 
the main slide mass.
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4.3.4. Profiles 

Profiles of the Downie Slide (Figure 36) provide insight into deformation patterns. Many 
topographic breaks coincide with domain boundaries. Profile 1, through the Upper Hummocks, 
is dome-like in shape; it is bounded by a sharp rise on the north and a curved scarp on the south 
(Figure 37).  The southern scarp is smoothly rounded, with a ~ 400-m-long debris field present in 
Profile 1. A 333-m-wide, 51-m-deep trough-like depression lies between the scarp and the 
middle of the slide and is partially filled in by the talus observed in the hillshade map.  The north 
scarp has a convex form that descends sharply towards the slide mass at an angle of 60°; it 
appears to have undergone secondary rotational failure after the main slide mass detached. 
Extensional surface features suggest normal faulting of slide material in the south. 

Profile 2, through the Mid Plain domain (Figure 38) is relatively flat compared to the 
other profiles across the slide (profiles 1, 3, and 4).  The trough in profile 2 is shallower (39 m) 
than that in profiles 1 and 3 (51 and 61 m, respectively), however, it is also wider (467 m across). 
In profile 2, the southern scarp is stepped, in contrast to the smooth curve in profiles 1 and 3. 
Extending topographic features of the Scarp domain below the topographic profile (dashed lines 
in Figure 38) suggests an extensional environment. The profile transects the upper part of the 
South Knob domain, which appears smooth, unlike in profile 3.  

Profile 3 (Figure 39) shows a well defined trough (61 m deep and 270 m wide) adjacent 
to the curved southern scarp. A large mound (South Knob) rises 90 m above the trough and 9 m 
above the south scarp.  The surface in the centre of the slide is 63 m lower than it is on the 
South Knob and northern Ridge and Basin domains in profile 3.  However, in profile 4 (Figure 
40), the depression is deeper at 70 m below the South Toe and 141 m below the North Toe.    
Correspondingly, the North Toe is 72 m higher than the South Toe. All four of the cross-slide 
profiles (1-4) show an absence of a defined northern scarp. The extension of slope morphology 
in profiles 3 and 4 indicates the Lower Channelized domain is dominated by a graben, as it is 
bounded by apparent normal faults to the north and south. In Profile 4, the lower shear trace 
(Moore 2010) indicates the slide mass excludes the Channelized North domain, however the 
area shows morphological evidence of damage, possibly in relation  to secondary failure of the 
Northern Retrogression. 

The four down-slope profiles (Profiles 5-8) show an average slope of ~17°. Profile 5 
(Figure 41) shows a head scarp angle of ~30-35° and a small depression (~ 20 m wide, 10 m 
deep), a flat area (~80 m wide), and two small peaks (~4 m and 10 m high) in the upper Talus 
domain. The lower south knob and toe are characterized by multiple ridges, which correspond 
to the area with a high density of lineaments. The toe of the slide displays a convex bulge.  
Extensional surface features indicate a series of normal faults. 

Profile 6 (Figure 42) has a head scarp angle of 32°, bordered by an undulating slope – 
the Upper Hummocks domain. The surface is relatively smooth across the Mid Plain and the 



 

69 

Lower Channelized domains. The profile ends in a convex toe bulge near the reservoir. 
Extensional features in the upper slide area indicate normal faulting 

Profile 7 (Figure 43) shows a steep near-vertical head scarp bordered by an ~25° dipping 
planar slope.  The upper surface of the slide exhibits a slight convex bulge that terminates in a 
peak 31 m high, ~ 2 km down from the head scarp. This break in slope corresponds to the 
upslope edge of the first ridge in the Ridge and Basin domain.  Below this domain, the angle of 
the slope increases towards the toe of the slide to ~25°.  

Profile 8 (Figure 44) extends downslope, parallel to the north scarp. The north scarp is 
nearly vertical, but relief through the Upper Hummocks domain is less than along profile 7. The 
hummocks also extend farther down the slope than in profile 7. There are no major breaks in 
slope, with the exception of a small (~ 5 m) bulge in the middle of the profile where the Upper 
Hummocks domain meets the Mid Hummocks domain. 

Profile 9 (Figure 45) extends from the north scarp to the toes of the slide and intersects 
profiles 2, 8, 3, 4, and 7 in that order. The northern portion of the profile is outside the slide area 
and is flat. At the margin of the slide, the surface drops 17 m at a 30° angle towards the semi-
planar Northern Retrogression domain.   Farther down the slope, the profile displays a bulge-like 
rise indicating compression and slight rotation of the edge of the northern block where it 
descends steeply (~38°) to the main slide mass.  The profile of the main slide mass undulates 
with an average slope of ~8° to the 12-m-high ridge, after which the slope steepens towards the 
toe at 20-25°. Although the northern boundary of the slide is evident in profiles 1, 2, and 9, its 
location is unclear in profiles 3 and 4. 

The average slope value of the Downie Slide slope surface, calculated in CloudCompare, 
illustrates the considerable differences in the slope morphology with the Lower Channelized, 
Mid Plain, and Mid Hummocks domains lower than the averaged slope plane. The average 
down-slope angle of ~17° for profiles 5-7 (Figure 41- Figure 43) is similar to the slope plane dip 
of 15° determined from CouldCompare. 
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Figure 36. Locations of topographic profiles (see Figure 37 -Figure 45) lines on the DEM 
(bare-earth LiDAR). Annotations indicate start (e.g. 1) and end (e.g. 1’) of 
profiles. 
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Figure 37. Profile 1 through the upper slide. This profile and the others that follow have vertical exaggeration of 2 in order to emphasize morphological features. 
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Figure 38. Profile 2 through the middle of the slide mass. 
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Figure 39. Profile 3 through the mid-slide area. 
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Figure 40. Profile 4 through the lower slide area. Dotted red line indicates the lower shear surface (Moore 2010). 
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Figure 41. Profile 5 through the southern section of the landslide. 
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Figure 42. Profile 6 through the middle section of the landslide. Dotted red line indicates upper and lower shear surfaces (Moore 2010). 
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Figure 43. Profile 7 through the northern section of the landslide. Dotted red line indicates upper and lower shear surfaces (Moore 2010). 
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Figure 44. Profile 8 through the northern section of the landslide, parallel to the northern retrogression. 
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Figure 45. Profile 9 through the northern retrogression’s largest block, the North Block. 
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4.3.5. Aerially Identified Surface Drainage 

Stream path analysis (Figure 46) indicates extensive surface drainage through the centre 
of the slide mass.  Stream paths are deflected by the long ridges in the north-centre of the slide 
mass at A and a network of incised streams is evident where the streams have cut through the 
ridge at B. This central area also has the highest stream order segment, suggesting most water 
in the slide mass is flowing downslope into the mid section of the slide.  In the south, surface 
drainage paths flow away from the slide mass at C, toward the scarp, and collect flow down the 
trough. In the north, D, there is a less organized stream flow network around the longitudinal 
ridges and the North Knob, which also contains three identified ponds at E, F, and G with surface 
areas of 3786 m2 (986 m asl), 3400 m2 (797 m asl), and 1950 m2 (833 m asl), respectively. There 
is a 7317 m2 pond at the toe of the slide in the southern mid-slide area next to M-103. Another 
small pond (1950 m2) is located in the middle of the slide, at the edge of the hummocky upper 
area, at J before it transitions to the plain-gentle sloped mid-slide area at 1152 m asl. In the 
south, a 2883 m2 pond (at 1162 m asl) is present at the edge of the hummocky area before the 
region of dense and intense lineaments. The total identified surface water area on the slope is 
~0.02 km2. The ponds were verified on 2009 and 2015 orthophotos, taken at the end of the 
snow-melt season and during late summer, respectively.  Therefore, it is presumed these ponds 
persist year-round.  There are no identifiable ponds at the same elevation on the immediately 
adjacent slopes outside the slide area. The aerially identified surface drainage should, where 
possible, be considered alongside piezometer data to interpret the groundwater regime inside 
the slide mass; however, the current piezometer network does not cover the entire slide. 

All domains exhibit flow paths in line with the slope direction (Figure 47). However, 
there is a secondary easterly flow direction, which is significant in the South Knob, Ridge and 
Basin, and South Toe domains.  A third flow direction, to the southeast, is evident in the South 
Toe, but is less pronounced in other domains.  
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Figure 46. GIS-derived stream paths, and ponds (top). Also shown is the network of 
piezometers. Bottom The 12 geomorphic domains are shown for reference. 
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Figure 47. Rosette diagrams showing orientation ofstream paths within slide domains. 
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4.4. GIS Identified Geomorphic Domains  

There is a strong relationship between lineament density and intensity values for the slide 
domains, which is related to similar average cumulative length of lineaments within domains. The 
lineament measurements, derived from the scarp outline, suggest structural control exerted by the 
monoclinal fold axis documented by Brown and Psutka (1980). The domains differ in surface area. The 
largest three domains, the Upper Hummocks, the South Knob, and Ridge and Basin represent over one-
third of the landslide total area (Figure 48). 

 

Figure 48. Areal distribution of geomorphological domains. 

 
The Scarp domain (Figure 49) has a steep slope and high relative relief.  It is located along the 

southern and western margins of the slide area. This domain has a lineament density of 1.5 ×10-4 m-2 
and lineament intensity of 103 ×10-4 m-1. It is the smallest domain at less than 0. 2 km2 (Figure 48).   
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Figure 49. Extent and relief of the Scarp domain. 

 
The Talus domain (Figure 50) is adjacent to the Scarp domain and has a moderately steep to 

moderate slope with an aspect facing the centre of the slide mass. Within this domain, talus overlies 
slide material. The relative relief is moderately high to moderate. At its southern limit, this domain is 
separated from the main slide mass by a large trough that extends ~2.5 km from the reservoir towards 
the head scarp and continues to the west where it separates the Upper Hummocks and Scarp domain 
for an additional 1 km. The 3.5-km–long, up to 60-m–deep (profile 3) and 467-m–wide (profile 2) trough 
indicates extension and normal faulting is occurring in this area between the scarp and the main slide 
mass. The trough represents accommodation space created as the main slide mass pulled away from the 
scarp. Drainage channels extend from the scarp into the trough, and there is a pond where the Talus 
domain meets the Mid Plain domain. This domain has a lineament density of 1.6 ×10-4 m-2 and intensity 
of 70 ×10-4 m-1. 
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Figure 50. Extent and relief of the Talus domain. 

 
The Upper Hummocks domain (Figure 51) is located in the upper western area of the main slide 

mass and was identified based on its non-linear rises and hollows with slopes greater than 15° and 
moderately high relative relief. This domain ends abruptly against the Mid Plain domain to the south, 
but is transitional into the Mid Hummocks domain to the north. Channelization in this domain is 
moderate to poor. The domain has a lineament density of 1.6 ×10-4 m-2 and intensity of 82 ×10-4 m-1. The 
Upper Hummocks domain is the largest domain at 1.2 km2. It is likely that this domain represents the 
terminus of secondary slide failure, caused by retrogression of the head scarp. 
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Figure 51. Extent and relief of the Upper Hummocks domain. 

The Mid Hummocks domain (Figure 52) is similar to the Upper Hummocks domain, but has 
lower relative relief (Figure 28).  It has moderate to poor channelization, and there is a pond where the 
domain abuts the Ridge and Basin domain. The Mid Hummocks domain has a lineament density of 1.4 
×10-4 m-2 and intensity of 81 ×10-4 m-1. Similar to the Upper Hummocks domain, the Mid Hummocks are 
thought to be caused by secondary slide failure, however, the source of this failure is believed to be the 
northern boundary of the slide, failing towards the southeast. The Mid Hummock domain is associated 
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with the Northern Retrogression and is believed may pre-date the formation of the Upper Hummock 
domain based on inspection of the hummocks at the boundary between the two domains. 

 

Figure 52. Extent and relief of the Mid Hummocks domain. 

The Mid Plain domain (Figure 53), located in the middle of the slide mass, has a smooth and 
planar appearance with low relative relief. The slope has a northeastern aspect. Stream analysis 
indicates channelization is moderate in the upper (eastern) part of the domain and is strong in the 
western part. This domain has a lineament density of 0.4 ×10-4 m-2 and intensity of 23 ×10-4 m-1. 
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Figure 53. Extent and relief of the Mid Plain domain. 

The South Knob domain (Figure 54) rises above the surrounding surface of the slide (Figure 25); 
it is an elongate 90-m–high (profile 3), 1.4-km–long hill, bordered on the south by a trough where it 
meets the Talus domain, and on the north by the depression of the Lower Channelized domain. The 
South Knob increases in width from 400 m on the west to 800 m on the east. It is highly fractured; some 
of the mapped lineaments coincide with steep fractures in the southern section of the slide, indicating 
significant normal fault displacements due to north-south extension as the slide mass moves away from 
the southern scarp. Stream flow paths are controlled by the lineaments. The stream paths do not 
connect to one another. There is no surface expression of standing water, indicating the water may be 
entering the slide mass through the lineament network. This domain has a lineament density of 3.5 ×10-4 
m-2 and intensity of 149 ×10-4 m-1. The South Knob domain has lower relative relief in the east where it 
adjoins with the flat Mid Plain and higher relief on the west where it borders the South Toe (Figure 28). 
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Figure 54. Extent and relief of the South Knob domain. 

The South Toe domain (Figure 55) is an ~200-m–long, 1.2-km–wide area that transitions from a 
low-relative relief, gentle slope (10°) to high relative relief where it descends 100 m at an angle of 40° to 
Revelstoke Reservoir. The observed back-tilting is assumed to be extensional, caused by the toe moving 
forward into the reservoir, creating a depression to the west. Extension has been confirmed by on-site 
investigation (Tom Stewart, personal communication, 2016). A pond is present in the northern area of 
this domain within a 15 m depression. The South Toe domain is separated from the Lower Channelized 
domain by an ~50 m, moderately steep ~30° slope. It has a lineament density of 2.1 ×10-4 m-2 and 
lineament intensity of 99 ×10-4 m-1. 
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Figure 55. Extent and relief of the South Toe domain. 

The middle and lower parts of the slide include a lower channelized area, referred to as the 
Lower Channelized domain (Figure 56). This domain is a 600-m-wide, 1.4-km-long depression occurring 
in the lower slide between the raised North and South Knobs. This domain is characterized by a gentle to 
moderate (3.5° - 15.5°) sloping surface, moderate to low relative relief and a well-developed drainage 
pattern. Steep slopes are present adjacent to well-developed gullies. There is no evidence of surface 
ponding.  The South Toe domain has a lineament density of 0.7 ×10-4 m-2 and lineament intensity of 43 
×10-4 m-1. 



 

91 

 

Figure 56. Extent and relief of the Lower Channelized domain. 

The Ridge and Basin domain (Figure 57) is located in the middle north area of the slide and is 
distinguished by long lineaments (Figure 33) with alternating northeast and southwest aspects.  The 
longest ridge is 761 m long and over 10 m high. In profile, these ridges appear as large back-tilted blocks, 
suggesting that they may have been compressed and tilted upwards as the Mid Plain block pushed into 
them. Drainage in the domain is poor with poorly-developed surface channels and two ponds. Relative 
relief varies from low, where the domain meets the Mid Hummocks domain, to high, where the ridges 
are located (Figure 28). The azimuths of the seven back-tilted blocks trend south-southeast (between 
146° and 187°; average 164°). This trend is approximately 11° different from that of the glacial 
lineaments on the surrounding slope (153°; Figure 58). They differ ~35° from the axial hinge trends 
(Brown and Psutka 1980) at the head scarp. This domain has a lineament density of 1.5 ×10-4 m-2 and 
intensity of 93 ×10-4  m-1. 
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Figure 57. Extent and relief of the Ridge and Basin domain. 
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Figure 58. Glacial lineaments compared to ridges in the Ridge and Basin domain. 

The North Toe domain (Figure 59) has a northeastern aspect, moderate to high relief, and 
descends ~25° from the Ridge and Basin domain towards Revelstoke Reservoir (Figure 28). There are no 
ponds in this domain and it is not well channelized. This domain has a lineament density of 1.0 ×10-4 m-2 
and lineament intensity of 59 ×10-4 m-1.  
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Figure 59. Extent and relief of the North Toe domain. 

The Northern Retrogression domain includes an area of secondary retrogression outside the 
main slide mass that consists of multiple failed blocks (Figure 60). It has moderate to moderately high 
relative relief, except for the largest block, which has low relief. The distance from the uppermost 
northern regression boundary and the mountain crest is approximately 400 m. A trough between the 
retrogressive block and the main slide mass extends 1.5 km along the upper slope into the Mid 
Hummocks domain and is ~25 m wide and 10-25 m deep. The Northern Retrogression domain is 
characterized by steep to moderately steep slopes, although the blocks themselves have gentle to 
moderate slopes. The upslope boundary of the largest block (the north block, Figure 60) is 40 m wide 
and drops 20-25 m to the main slide mass, indicative of extensional normal faulting and back-tilting 
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(profile 1). The north block abuts the Channelized North domain. At this boundary the north block has 
two prominent lineaments, which have similar assumed dip directions as the back-tilted blocks in the 
Ridge and Basin domain, suggesting active compression in the lower section of the north block. The 
surface stream paths on the north block have the same northeast orientation as those outside the slide 
mass. The domain has a lineament density of 1.2 ×10-4 m-2 and intensity of 100 ×10-4 m-1.  

 

Figure 60. Extent and relief of the Northern Retrogression domain with largest block (North 
Block) indicated. 
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The Channelized North domain (Figure 61) is a highly channelized area, which appears to have 
been influenced by retrogression of the North Block and may be a secondary failure. Moderately low to 
low relief and gentle to moderate slope characterize this domain, with high relief mostly restricted to 
gullies. The domain is bordered to the north by a gully up to 14 m deep and has a lineament density of 
0.4 ×10-4 m-2 and intensity of 27 ×10-4 m-1. 

 

Figure 61. Extent and relief of the Channelized North domain. 

  



 

97 

4.5. Discussion 

This study used LiDAR to redefine geomorphic domains of the Downie Slide. Multiple maps were 
created from a DEM in ArcGIS. Lineaments mapped inside the slide mass were compared with the 
orientation of the scarps and glacial lineations to determine structural controls. All domains have some 
lineaments with similar azimuths to that of the North Scarp.  Those of the South Knob most closely 
resembles the orientation of the South Scarp. The orientation of prominent lineaments in the Ridge and 
Basin domain are similar to glacial lineaments mapped outside of the slide.  Linear ridges within the slide 
area are not glacial in origin as the slide is Holocene in age. It also is unlikely that the ridges represent 
folds that were rotated during slope failure, because the difference between the ridge azimuths and the 
average axial hinge trend at the head scarp is large (>30°). The ridges are likely large kilometer-long 
back-tilted blocks created by movement of the slide itself. It is possible that some glacial lineaments are 
preserved on the slide, but they would have been rotated and deformed during slope failure.  Multiple 
smaller blocks, which are restricted to the northern lower slide area, are possibly a product of a 
succession of slumps. 

The nature of the slide material also affect the nature of the slide surface. Thrust faults and 
ridges indicate compressive environments, whereas normal faults and hummocks indicate extensional 
environments (Shea and van Wyk de Vries 2008); the dominating environment suggests the profile 
(steep or shallow) of the underlying shear surface. Additionally, the heterogeneity of the slide will 
determine if a hummocky or structure-rich, ridged surface will dominate. The ridges in the northern part 
of the slide have been formed by compression and shearing of intact rock slabs, while the adjacent 
hummocks indicate extension and secondary failure.  The large trough and open fractures in the South 
Knob indicate extension, an environment that continues underneath the Talus domain. The Northern 
Retrogression domain is also a product of extension. Convex bulges at the toes of the slide, indicate 
compression. The planar middle area of the slide is a massive block that has experienced neither 
extension nor compression. Overall, the primary slide mass appears to be compressional in the north 
and extensional in the south. 

Shear surface profiles (Moore 2010) were only available for matching with three of the 
topographic profiles. In profile 4 (Figure 40), the lower shear is depicted as concave across the slide 
mass and appears stepped underneath the north toe.  In profile 6 (Figure 42), the lower shear is near 
vertical where it descends in front of the head scarp and is shown as a convex slope break where the 
Talus domain meets the Upper Hummocks domain. The profile of the lower shear surface remains 
relatively smooth until about 500 m from the reservoir, where it curves upward.  The upper shear 
surface is similar to the lower shear surface, but starts in the middle of the Talus domain.  It changes 
shape near the reservoir, appearing to kink upward and then dip into the lower shear.  Above the curves 
of the lower and upper shear surface is a convex toe bulge. The lower shear surface in Profile 7 (Figure 
43) descends into the slide mass at the boundary of the Talus and Upper Hummocks domains.  A small 
inflection is observed, which may have caused the convex bulge above.  The lower shear surface remains 
relatively smooth, continuing a decent of ~ 10° angle. A kink is present in the lower shear immediately 
below the upper slope face of a long ridge that trends northwest across the slide. The lower shear 
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surface then continues downslope at ~ 10° until it reaches within ~875 m of the reservoir. Here, the 
lower shear surface quickly changes direction, moving upwards at a shallow angle into the slide mass. In 
contrast, the upper shear surface begins at the boundary between the Upper Hummocks and Mid 
Hummocks, and has a smooth profile dipping ~ 10° until it is below the Ridge and Basin domain where it 
exhibits small undulations. The sudden changes in the lower shear surface may have contributed to the 
development of the Ridge and Basin domain. The sudden reduction in the shear surface slope likely 
caused compression of slide material.  The Mid Plain domain appears to have smooth, surface-parallel 
shear surfaces below it, which may have resulted in the translational movement of this slide block with 
little damage, resulting in few lineations (Figure 30).   

Areas likely to be poorly drained correspond to compressional zones of the slide.  Elevated 
groundwater pressures in poorly drained areas of the slide may be of concern because the subsurface 
drainage system is experiencing reduced efficiency due to clogging and shearing. The presence of ponds 
suggests there is an abundance of water in the northern part of the slope, notably in the transitional 
area from the Upper Hummocks domain to the gentle central slope, and the ridge-dominated northern 
area of the slide. Artesian conditions, reported at borehole S27 (Figure 62), confirm the presence of high 
groundwater pressure in the area.  The Mid Plain domain is relatively smooth and has a dendritic 
drainage pattern. Concentrations of surface flow in the middle of the slide are likely, as this area is 
topographically low. Surface drainage is well established in the central and southern areas of the main 
slide mass. Although ponds can form in grabens, only the Lower Channelized domain has evidence for 
grabens (see section 4.3.4). However, this domain has well established drainage flow paths and no 
evidence of standing surface water. 
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Figure 62. Location of piezometer borehole S27 that showed artesian conditions and surface 
water for the Mid Hummocks and Ridge and Basin domains. 

 

The key findings from this study are that: 

- a reinterpretation of LiDAR data has yielded 12 distinct geomorphic domains at 
Downie Slide, 

- extension and compression both operate at the Downie Slide, respectively 
dominating the southern and northern parts of the slide, 

- areas of compression correlate with zones of poor drainage,  

- the lower shear surface appears to have played a role in domain topography, and 

- multiple large slope failure events have occurred at this site. 

The analysis suggests that, not only is the Downie Slide composed of multiple blocks that are 
interacting with one another, but there have been multiple failure events marked by retrogression of 
the head scarp and north slide boundary. The secondary failures occurred after the main failure, but 
their exact ages are unknown. 
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Chapter 5. Surface and Subsurface Remote Sensing 
Techniques 

Abstract 

This chapter compares the use of terrestrial laser scanning and photogrammetry for imaging and 
studying scarps and underground excavations (drainage adits) at the Downie Slide. The data are then 
integrated to determine their relation to the structure and kinematics of the slide. Both the scarp and 
underground drainage adits expose different structural elements, but certain discontinuity sets are 
common to both.  This indicates that some structures are pervasive throughout the slide.  Two large 
blocks, lying ~60-120 m from the head scarp, were also mapped and one was found to have similar 
discontinuity orientations to those in the head scarp face, suggesting detachment and translation of the 
block with little to no toppling. 

5.1. Introduction 

Combining remote sensing technologies to evaluate and monitor geomorphic disturbance can 
assist in characterizing slopes. This study utilizes data sets derived from surface and subsurface remote 
sensing to assist in characterizing a large deep-seated landslide. 

In this study, terrestrial laser scanning (TLS) and photogrammetry were used to create point 
cloud models from which discontinuities were mapped. Above-ground and below-ground models were 
created by imaging, respectively, the head scarp and a dewatering adit. The objective of this study is to 
identify domains of the adit and the head scarp using discontinuity data obtained through remote 
sensing. 

5.2. Characterization of the Head Scarp 

The Downie Slide head scarp was mapped using point clouds acquired from long (over 2 km) and 
medium (~ 500 m) ranges using a VZ-4000 RIEGL TLS and a DJI Phantom 4.  The UAV and TLS scans were 
compared to address issues of occlusion and shadow.  TLS was done from the ground looking up 
towards the head scarp in a westerly direction, whereas the UAV provided an oblique birds-eye view of 
the head scarp. A Structure from Motion (SfM) technique was applied to the UAV data. The head and 
side scarps of the Downie Slide are difficult and dangerous to access, making remote sensing a good tool 
for evaluating geotechnical data such as discontinuity orientation, persistence, and spacing. The use of 
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multiple viewpoints provided an opportunity to compare results generated by the two methods with 
previous work on the slide.  

5.2.1. Previous Work on the Downie Slide Head Scarp 

Past investigations of the Downie Slide landslide scarps have shown that folding is a major 
control on failure.  Three phases of deformation were identified in the Downie Slide area (Psutka 1978, 
Brown and Psutka 1980). Phase 1 produced small-scale, isoclinal folds. Phase 2, documented east of the 
head scarp, produced megascopic folds with limbs that are more open than those of Phase 1. Phase 3 is 
recorded by semi-brittle monoclinal flexures between the head scarp and “knoll” (North Knob), with 
thickened hinges and attenuated limbs west of the knoll suggesting increased ductile deformation.  
Phase 3 folding controls the bedrock outcrop pattern increasingly from east to west. Foliation in the 
area of the slide dips ~ 20° east towards the Columbia River.  It has also been postulated that the slide 
occurred in the eastern limb of a large anticlinal structure containing lesser folds with orientations to the 
west and north (Dolmage Campbell and Associates 1973), with the northern part of the head scarp 
exhibiting the northern-trending folds. In addition it has been suggested that folding observed in the 
head scarp decreases in intensity and dies out partway down the slide (Dolmage Campbell and 
Associates 1973). Fractures with minor displacement are mainly confined to schist units and have 
variable strikes with 20-60° easterly dips (Dolmage Campbell and Associates 1973). Joints controlling 
block cleavage in the scarp have 3-4.5 m spacing, 3-6 m persistence, and a variety of orientations.   
Kalenchuk et al.  (2013) found that the head and south scarp breaks are controlled by three joint sets 
with orientations of approximately 22°/292°, 72°/075°, and 89°/155° (Figure 63). 

The base of the scarp, where the north side and head scarps meet, is underlain by schist units 
(Dolmage Campbell and Associates 1973). Limestone is present north of the slide and marble crops out 
southwest of the head scarp, also outside the slide area.  
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Figure 63. Joint sets control the shape of the scarps(modified from Kalenchuck et al.  2013). The 
blue joint is foliation and is not shown in the oblique photograph. 

5.2.2. Surface-based LiDAR 

TLS creates a 3D image of an object from surface light reflections. Point spacing is a function of 
the distance from the object, the angle of incidence, and the wave frequency used for the scan.  A RIEGL 
VZ-4000 was used to capture large LiDAR data sets at medium to long distances from the slide head 
scarp. Under optimal atmospheric conditions, the instrument can scan highly reflective materials up to a 
distance of 4 km.  The point clouds were coloured by the RIEGL VZ-4000’s on-board camera and included 
information on the spatial location of the objects and their reflectance. Two locations were chosen to 
compare density and coverage: a long-distance scan from monument 107 (M-107), located ~2 – 2.5 km 
from the head and side scarps; and medium-distance TLS scans at a distance of ~500 m from the head 
scarp near monument M-019 (Figure 64). The work plan for acquiring and managing the data is outlined 
in Figure 65. Three TLS scans were taken and one UAV survey flown;  all were registered using the 
known location of M-107. The scans were used to compare head scarp sub-domains as well as to 
compare the maps produced by the TLS and UAV-SfM.   

 The long-distance scan was taken on July 5, 2016, to enable large-scale mapping of the head 
scarp. The TLS was attached to the permanently affixed M-107, which provided a wide view of the head 
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and side scarps, as well as highly persistent discontinuities. The scan was performed at 30 kHz with point 
spacing less than 20 cm, resulting in 2.3 million points when cleaned of vegetation. All TLS point clouds 
were combined with photographic imagery of the site in RiSCAN PRO v. 2.3 to produce true-colour and 
reflectance 3D models. All point clouds, from both the TLS and the UAV, were registered to align with 
the scan from M-107, as the monument’s position is closely monitored by BC Hydro.   Table 9 presents 
all scan and acquisition information. Discontinuity planes and traces were mapped directly on the point 
clouds without the use of a mesh.

 

Figure 64. Location of TLS scan positions and mapping windows for TLS (windows 1 and 2) and UAV 
(windows A, B, C, and D) for head scarp analysis. The base map is the hillshade 2009 
airborne LiDAR surface.
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Figure 65. Process for acquiring and managing scarp point clouds.
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Table 9. Data acquired and used in this study. 

Location Method Device Scan 
frequency Object 

Object  
Distance 

m 

Window  
Height 

m 

Window  
Width 

m 

Point  
Spacing 

m 

Number  
of points 

M-019 

TLS  RIEGL  
VZ-4000  

30 kHz 
Head scarp—window 1 510  30 70 0.02 2.8 M 

Head scarp—window 2 420 32 128 0.0 9.5 M 

M-107  150  kHz 

Head scarp—all 2000-2.500 60 1150 < 0.02 2.3 M 

Head scarp—window 1 
~2500 

30 70 0.12 128,484 

Head scarp—window 2 32 128 0.11 209,450 

Aerial  SfM  
DJI 

Phantom 
4  

n/a  

Head scarp—window 1 n/a 32 128 0.25 110,531 

Head scarp—window 2 n/a 30 70 0.62 499,313 

Head scarp—window A n/a 74 83 0.13 815,350 

Head scarp—window B n/a 78 71 0.15 505,367 

Head scarp—window C n/a 56 68 0.12 314,058 

Head scarp—window D n/a 29 63 0.08 281,823 

North Adit 

TLS  
FARO 

Focus3D x 
330 HDR  

193 THz  

Adit 1 wall   ~ 1  

2.3 12 0.001  18 M 

Main Adit 2.6 10.8 0.001 16 M 

South Adit 2.2 5.6 0.001 11 M 

North Adit 

SfM 

Canon 
EOS 5D 
and 20 

mm lens   

n/a 

2.3 12 .0 0.0006 271 M 

Main Adit 2.6 10.8 0.0009 142 M 

South Adit 2.2 5.6 0.0009 147 M 
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Two detailed scans were taken on July 4, 2016, from the location of monument 19 (M-019) to 
provide high-density point clouds.  This was the closest accessible site to the head scarp, as the upper 
one-third of the slide was covered by large rock blocks that limited the field of view. Two of the 
medium-distance (500 m) mapping windows of the head scarp were scanned from a single site near M-
019 at 150 kHz with point spacing of 0.02 to 0.03 m through the only accessible opening between the 
trees.  Window 1 is 30 m high and 70 m across and comprises 2.8 million points; window 2 is 32 m high 
and 128 m across with 9.5 million points (Figure 66 and Figure 67). Window 1 provided a point cloud of 
two large rock blocks that detached from the head scarp. The area of the two scans from M-019 also 
formed parts of the UAV SfM and long-distance TLS (M-107) point clouds.
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Figure 66. Photo-stitched imagery from the M-019 medium-range (500 m) scan for Window 1. Two large blocks are visible in the 
foreground, and a small portion of the head scarp is visible in the background.
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Figure 67. Photo-stitched imagery from the M-019 medium-range (500 m) scan for Window 2, showing a portion of the head scarp. 



 

109 

5.2.3. UAV Photogrammetry 

Photogrammetry creates a 3D model by matching features in overlapping images. Point spacing 
in this case is a function of the focal length of the camera lens and the distance of the camera from the 
object. UAV photographs were taken over a two-day period on July 5 - 6, 2016, providing imagery from 
different positions relative to the scarp. 141 images were taken on July 5 under overcast and slightly 
cloudy conditions, and 128 images were taken on July 6 under predominantly sunny conditions.  A DJI 
Phantom 4 UAV was used with Maps Made Easy (Drones Made Easy 2016) and Pix4D (Pix4D 2016) to 
acquire the point cloud data.  The UAV was launched from M-019 to maximize operator line-of-sight 
with the drone. The drone was flown at a safe distance from the scarp, as there was a concern that the 
vertical face might generate turbulent winds.  

The resulting SfM UAV point cloud has 6 million points. It was georeferenced to the TLS scan 
from M-107 (Figure 64) and used to select head-scarp window mapping areas. The northern section of 
the head scarp was selected for detailed window mapping as it was the largest area devoid of shadows 
or occlusion and had the highest point density (Figure 68), a result of both lighting and lack of 
vegetation.   Four large windows (Windows A, B, C, and D) of exposed rock were selected for mapping 
from the point cloud (Figure 69). The dimensions of each window are listed in Table 9. The window data 
were analyzed in PolyWorks (InnovMetric 2015) to select discontinuity planes and traces and to 
measure discontinuity orientation, spacing, and persistence (ISRM 1978), the latter taken as the 
measured trace length.  

Discontinuity planes were mapped onto the model by selecting points forming each plane, and traces 
were mapped by selecting at least three points along the linear trend of the discontinuity; the resulting 
dip and dip direction were then extracted from the selected points. Discontinuity sets were identified 
using Dips 7 (Rocscience 2016a). Fisher K values (k) are for a 1% circle size. Fracture density (P20) and 
fracture intensity (P21) (Dershowitz and Herda 1992) were calculated for joint sets in selected mapping 
windows (Equation 6 and Equation 7). Persistence measurements were compared between windows 
and joint sets using histograms.
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Figure 68. Density distribution of UAV head-scarp point cloud. Warmer colours depict higher densities. 
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Figure 69. Locations of selected window mapping areas shown on the UAV point cloud model.
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Equation 6. Fracture density. 

𝑃𝑃20 =
𝑡𝑡𝑇𝑇𝑡𝑡𝑇𝑇𝑇𝑇 𝐸𝐸𝑉𝑉𝐸𝐸𝑉𝑉𝐸𝐸𝑟𝑟 𝑇𝑇𝑓𝑓 𝑇𝑇𝑅𝑅𝐸𝐸𝐸𝐸𝑅𝑅

𝑇𝑇𝑟𝑟𝐸𝐸𝑇𝑇 𝑇𝑇𝑓𝑓 𝑤𝑤𝑅𝑅𝐸𝐸𝐻𝐻𝑇𝑇𝑤𝑤
 

 

Equation 7. Fracture intensity. 

𝑃𝑃21 =
𝑡𝑡𝑇𝑇𝑡𝑡𝑇𝑇𝑇𝑇 𝑇𝑇𝐸𝐸𝐸𝐸𝑙𝑙𝑡𝑡ℎ 𝑇𝑇𝑓𝑓 𝑇𝑇𝑅𝑅𝐸𝐸𝐸𝐸𝑅𝑅
𝑇𝑇𝑟𝑟𝐸𝐸𝑇𝑇 𝑇𝑇𝑓𝑓 𝑤𝑤𝑅𝑅𝐸𝐸𝐻𝐻𝑇𝑇𝑤𝑤

 

Cloud-to-cloud distance was computed between the long-distance (2-2.5 km) TLS scan with a 
known location (M-107) and the SfM point clouds in CloudCompare.  Initial cloud-to-cloud distances for 
exposed rock was less than 10 m, however there were vertical and horizontal offsets of over 25 m due 
to the limitations of the UAV’s internal GPS in mountainous terrain. Scans were coarsely registered using 
five manually identified tie points in RiSCAN PRO, resulting in a distance of point clouds less than 0.59 m 
with a σ of 0.77 m for bare-rock exposures on the head scarp. Bare-rock exposures on six parts of the 
rock face were used to align point clouds in CloudCompare, with the resulting transformation matrix 
applied to the entire UAV scan, thus mitigating the influence of vegetation. This resulted in a final mean 
distance between the UAV and the long-distance TLS point clouds of 0.47 m with a σ of 0.40 m; most 
rock faces have a cloud-to-cloud absolute distance of less than 0.15 m. 

In this study, six discontinuity sets were identified. Because some of the sets are absent at 
specific sites, sets 1 through 6 are not always represented in each mapped window. The same 
discontinuity set numbering system is used at site locations throughout this study.  

5.2.4. Joint Data from the Head Scarp 

Large Rock Blocks and Major Scarp Discontinuities 

The long-distance scan from M-107 provided maximum coverage of the head scarp, including 
multiple large, ~20 m wide blocks at a distance of 66 - 120 m from the scarp.  Photographs from the UAV 
show prominent horizontal discontinuities in the large blocks, surrounded by colluvium. The area in 
which the blocks lie was also captured in window 1 of the medium-range (500 m) scans from M-019 
(Figure 70).  The visible parts of the two rock blocks were mapped in window 1. It should be noted that 
this view only captured the down-slope face of the blocks. There were 36 and 25 measurable 
discontinuities in Blocks 1 and 2 respectively. Both blocks had one similar discontinuity set (set 4). Block 
1 has a prominent set 5 (n=18), while Block 2 had a prominent set 1 (n=10) with, respectively, average 
set dips and dip directions of 46°/031° and 54°/224° (Figure 71). Block 2 also had a less prominent set 
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(set 6, n=8). Blocks are scattered throughout the upper third of the slide, however, these two blocks 
were the only ones visible at this range near the head scarp.  

 

Figure 70. Plan view of two blocks (seen in Figure 66) in front of the head scarp imaged at medium-
range (500 m) in window 1 in RiSCAN PRO. Laser scanner view was from the northeast 
looking towards the scarp.  Inset shows location of scan window  in red.
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Figure 71. Discontinuity mapping of two rock blocks (Figure 66 and Figure 70) in front of the head scarp viewed from M-019 using a TLS 
point cloud.
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The wide scan from M-107 provided details on several major, sub-vertical discontinuities 
spanning the full height of the scarp (Table 10).  Of these discontinuities, four are located in the middle 
of the head scarp with an average dip of 68° to the southeast, and one is located in the northern side 
scarp and has a similar dip but towards the east (Figure 72). Two of the major discontinuities (62°/085° 
and 70°/120°) are evident in window 2 of the southern medium-range (500 m) scan. The UAV model 
confirmed the locations of the major head scarp discontinuities. The significance of these structures as a 
potential contribution to formation of  slide domains is explored in Section 6.3. 

 
Figure 72. Locations and orientations of major (very high persistence), 30-40-m-high 

discontinuities mapped from M-107 TLS data.  Dips are displayed in degrees. 
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Table 10. Major discontinuities of the scarp (locations indicated in Figure 72). 

Dip (°) Dip Direction (°) Height (m) 
62 085 40 
70 120 40 
76 124 35 
75 125 30 
50 128 41 

UAV Mapping 

UAV window mapping (Figure 73 and Table 11) revealed five discontinuity sets in each of the 
windows in the northern head scarp. There is good agreement among four of the five sets (Figure 74), 
with moderate variability in set 3. Persistence histograms for the five discontinuity sets show agreement 
between mapping windows (Figure 75). Set 1 has medium persistence, except in window B in which it 
has higher persistence than in the other windows, although there were few discontinuities measured in 
this window. Sets 2 and 4 have dominantly medium to low persistence in all windows. Set 3 has medium 
persistence in all windows, although window B has few data points. Set 6 has generally medium to low 
persistence except in window B where it is medium to very high. There is no set 5 in windows A-D, which 
has a similar dip direction as set 6 but a steeper dip. Maps of the northern head scarp indicate this area 
is mostly within one structural domain.  However, some variability exists within set 6 in window B, which 
has over four times as many very highly persistent discontinuities as set 6 in the other windows. This 
may indicate the presence of a fracture zone with an average very high persistence length of 38 m and σ 
of 13 m. 

Joint set spacing (ISRM 1978) in the UAV windows  is moderate to extremely wide, with no 
significant variation in set spacing observed between windows (Table 11). Set 1 for windows A, B, and D 
is very wide to extremely wide, whereas in window C it is extremely wide.  Set 2 displays more variability 
among windows; it is wide to extremely wide in windows A and C, moderate to extremely wide in 
window D, and only extremely wide in window B.  Set 3 is very wide to extremely wide in window A, 
extremely wide in windows B and D, and wide in window C. Set 4 is wide to extremely wide in windows 
A and D, and wide to very wide in windows B and C. Set 6 is very wide to extremely wide in window A, 
wide to extremely wide in window B, and wide to very wide in windows C and D. 

Fracture density has a limited range, from 0.001 to 0.014 m-2, and is high in set 6 for all 
windows. Fracture intensity has a larger range, from 0.006 to 0.087 m-1. Sub-horizontal set 6 has the 
highest fracture intensity. The similarity in persistence, spacing, fracture density, and fracture intensity 
indicates that windows A-D are all probably within the same structural domain.
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Figure 73. Stereonets of discontinuities in the head scarp derived from UAV window mapping. Pole vectors are plotted in lower 
hemisphere equal area projection with 1.0% circle size for contour distribution.  Lettering of stereonets A through D corresponds to window 
locations shown in Figure 69.
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Table 11. Mapped discontinuity sets in UAV head scarp windows (see Figure 69 for window 
locations).1 

Window Window 
area (m²) Set Number 

(n) 
Total 

length 
(m) 

Fracture 
density 

(P20), m-2 

Fracture 
intensity 
(P21), m-1 

Dip 
(°) 

Dip 
direction 

(°) 
k-value 

(%) Spacing 

A 6164 

1 22 96 0.004 0.015 39 052 29.08 VW-XW 
2 25 235 0.004 0.038 86 266 30.07 W-XW 
3 21 124 0.003 0.020 77 196 22.91 VW-XW 
4 16 85 0.003 0.014 86 308 28.19 W-XW 
6 43 259 0.007 0.042 21 195 19.51 VW-XW 

B 5528 

1* 4 50 0.001 0.009 15 022 46.42 VW-XW 
2 8 68 0.001 0.012 87 084 31.63 XW 
3* 5 40 0.001 0.007 76 349 38.68 XW 
4* 3 25 0.001 0.005 90 309 65.94 W-VW 
6 22 484 0.004 0.087 35 202 27.22 W-XW 

C 3810 

1 7 31 0.002 0.008 39 020 27.28 XW 
2 9 41 0.002 0.011 79 090 37.20 W-XW 
3 13 65 0.003 0.017 76 004 30.95 W 
4 8 22 0.002 0.006 89 310 43.30 W-VW 
6 27 191 0.007 0.050 34 203 23.00 W-VW 

D 1863 

1 14 88 0.008 0.047 22 046 36.40 VW-XW 
2 27 91 0.014 0.049 84 081 28.99 M-XW 
3 7 30 0.004 0.016 74 004 28.10 XW 
4 10 47 0.005 0.025 87 308 33.04 W-XW 
6 22 109 0.012 0.059 29 189 18.12 W-VW 

                                                            
2 Set numbers denoted with an asterisk (*) should be taken with caution as they have a limited number 
of data points. Density spread of the set orientations are indicated by k-values. Spacing is classified 
according to ISRM (1978) as moderate (M), wide (W), very wide (VW), and extremely wide (XW). 
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Figure 74. Agreement in defined discontinuity sets in windows for different remote-sensing methods. The UAV window 2 had too few 
measurements to determine joint sets. 
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Figure 75. Histograms of persistence for UAV windows A-D for the five discontinuity sets. 
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Comparison Mapping 

Mapping of windows 1 and 2 in the M-019 scans yielded two or three discontinuity sets, 
depending on the method employed, and with different amounts of scatter (Figure 76). Agreement in 
the defined sets is better  for window 1 than for window 2 (Figure 74). Window 1 was mapped using all 
three methods, making the absence of set 1 in the long-distance TLS scan notable. The UAV data from 
window 2 yielded few discontinuities due to shadow and therefore were excluded from the analysis. All 
of the methods, with the exception of the UAV in window 2, displayed a very prominent discontinuity 
set (set 5). Set 4 is the second most prominent set in most of the windows for all the methods, except 
for the long-distance TLS scan, where it is absent and is replaced by a set with an orientation closer to 
set 2 in window 2 (Figure 74).  In all cases, more discontinuities were mapped from the medium-range 
TLS than using other methods (Table 12).  

The LiDAR scans taken from M-019 also provided detailed reflectance information, as they were 
acquired under overcast conditions that minimized direct reflectance of sunlight. Both seepage and 
vegetation result in lower reflectance values (Tuckey 2012), thus photographs were checked to ensure 
identified seepage areas were not covered by vegetation. A 6-m-wide seepage zone is evident in 
window 1 (Figure 77). Reflectance data did not reveal any seepages in window 2.
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Figure 76. Comparisons of scarp mapping of the two windows using the medium-range (500 m) TLS scan from M-019, the long-range scan 
(2.5 km), the TLS scan from M-107, and UAV SfM. The lower hemisphere, equal angle projection stereograms show pole vectors 
with a Fisher distribution circle counting size of 1%. Contours are omitted from the southern SfM stereogram for window 2 
because there were too few data. Slope dip direction/dip: 052°/77° for window 1 and 016°/75° for window 2. 
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Table 12. Comparison of medium-range (500 m) mapping results for different windows and mapping techniques. 2 

Window 1 
Method Set Number (n) Dip (°) Dip direction (°) k-value (%) 

TLS M-019 

1 17 37 027 37.79 

4 27 87 318 46.47 

5 65 56 230 33.05 

TLS M-107 
4 5 87 132 64.02 

5 32 71 230 37.99 

UAV 

1 14 41 049 30.00 

4 12 83 134 42.65 

5 33 79 235 23.55 
Window 2 

Method Set Number (n) Dip (°) Dip direction (°) k-value (%) 

TLS M-019 
4 68 77 298 28.67 

5 217 56 209 28.45 

TLS M-107 
2 19 69 096 31.16 

5 53 66 212 35.17 

UAV* 1 6 24 199 31.28 

  2 4 67 112 72.28 

  3 2 84 181 70.82 

                                                            
3note: the UAV model (*) resulted in fewer planes for window 1 due to shadow. 
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Figure 77. Medium-range scan (500 m) of head-scarp window 1 showing LiDAR reflectance values. Note possible 6-m-wide seepage area 
at lower right.
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5.3. Characterization of Structure in the Adit 

Two dewatering adits were installed in the Downie Slide between 1974 and 1982 (Imrie et al. 
1992). Adit 1, the longer of the two, consists of three sections: Main, North, and South (Figure 78). The 
adit is located between two fairly flat shear planes (Imrie et al. 1992), the main shear plane below the 
adit and a secondary shear above it.  

 Underground mapping provided discontinuity data at three locations in the drainage adit  
(Figure 78), selected to take advantage of the different trends of each section of the adit system in order 
to reduce orientation bias. The adits are ~ 2.5 m in width and height, and there is a ventilation system 
running the length of the roof.  Shotcrete covers large areas of the adit; thus visibility of exposed rock 
was limited. Three different windows, in the Main, North, and South branches of the adit, were selected 
for mapping (Figure 78). Both short-range TLS and TDP were used at each of the three locations. 
Conventional photogrammetry of the adit requires the use of a sub-hyperfocal technique, as the depth 
of field using the f = 20 mm focal length lens is less than the hyperfocal distance (the closest object that 
can be in focus when the lens is focussed at infinity).  A Structure from Motion (SfM) technique was 
applied to the adit data, eliminating the need for sub-hyperfocal photogrammetry calibration (Preston 
2014).   

Different methods were used to create 3D point clouds for the TLS and TDP models (sections 0 
and 5.3.3). Dip and dip directions of discontinuities were exported to, and plotted on, stereonets in Dips 
7 (Rocscience 2016a) to define joint sets. The sites were examined for evidence of schistose units to 
compare the orientation of the foliation to that previously mapped in the head scarp (Dolmage 
Campbell and Associates 1973).  



 

126 

 

Figure 78. Locations of TDP and TLS scanning locations in Downie Adit 1 (pink dots). 
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5.3.1. Previous Investigations in the Adit 

The original mapping of the adit (Bourne and Imrie 1980) was done in 1978, when it was 
constructed. Bourne and Imrie (1980) described the rock type, condition, and geology observed in the 
walls and roof of the adit and produced stereonets of joints and foliation. Subsequently, large parts of 
the adit were covered with shotcrete, limiting sections of the adit that could be used in the current 
study. The descriptions by Bourne and Imrie (1980) of the areas investigated in this study are provided 
in Table 13.  Each section was described as moderately blocky to blocky seamy and having three joint 
sets, including foliation. However, joints in the South and Main locations are described as generally 
planar, whereas the foliation in the North adit is described as folded. This study compares the remote 
sensed data to the original field mapped stereonets. 

Table 13. BC Hydro geological mapping description of adit areas investigated in this study 
(Bourne and Imrie 1980). 

Adit area Description from BC Hydro Report H 1227 (Bourne and Imrie 1980) 
South • Blocky, seamy, close to very close jointed and loose 

• J1 - Joints and Foliation: Undulating, often filled with ½” to 1” (1.27 – 2.54 cm) micaceous 
clayey gouge spaced 1 to 5 ft (0.3 – 1.5 m).  

• J2 – Joints: Planar, steeply dipping often with green or tan altered surfaces and occasional 
hydro-thermal pyrite. Can also occur with altered zones with up to 5” (12.7 cm) of kaolinized 
and fractured quartzite gneiss. 

• J3 – Joints: Smooth, steeply dipping often with green or tan altered surfaces. 
Main • Moderately blocky and seamy 

• J1 – Joints and Foliation: Joints generally planar and smooth, continuous and open. Foliation 
shears occur in mica schist and quartzite gneiss and contain from ¼” to 6” (0.64 – 15.24 cm) of 
clay gouge 

• J2 – Joints: continuous, planar open to ¼” (0.64 cm). Joint surfaces chlorite altered. Several 
joints filled with quartz which is weathered and fractured. 

• Random joints which occur in mica schist. Joints wavy and smooth with tan colour surfaces. 
North • Moderately blocky seamy and loose 

• J1 – Joints and Foliation: Foliation folded and often seamy with seams spaced 2” to 3’ (5.08 – 
91.44 cm) in Mica Schist with micaceous clayey gouge. 

• J2 – Joints: Smooth planar steeply dipping often with green or tan altered surfaces. 
• J3 – Joints: Smooth steeply dipping often with green or tan altered surfaces. 
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5.3.2. Underground LiDAR 

A FARO Laser Scanner Focus3D × 330  (FARO Technologies Inc. 2013) was used to perform short-
range 360° scans along Adit 1. The scanner is a class 1 laser product with a wavelength of 1550 nm 
(frequency ~193 THz) and a beam divergence of about 0.011°.  The scanner was chosen for its portability 
(5.2 kg) and ease of use in the narrow tunnel. Multiple scans were loosely spaced at 3 m intervals. 
Spheres with a known radius of 72.5 mm, magnetically attached to the overhead ventilation system, 
were used as temporary reference points for stitching adjacent scans together. Spheres were oriented in 
unique arrangements to ensure the correct adjacent scans were stitched and were located 
approximately 6 m apart, with a 1.5 m offset from the initial station. The TLS provided close spacing of 
points reflected from the adit wall, using the speed of light to measure distance. Water on portions of 
the adit floor caused some problems with reflectance, which were resolved during processing of the 
point clouds. Post-processing involved stitching and registering consecutive scans. Scene (FARO 
Technologies Inc. 2015) was used to stitch, and CloudCompare (EDF-R&D and Telecom ParisTech 2016) 
was used to clean and orient the model with respect to the direction of the adit. Figure 79 illustrates the 
high level of detail achieved in the scans. The TLS was oriented by aligning scanned tunnel sections with 
the adit plan alignment as recorded in BC Hydro Report H1227 (Bourne and Imrie 1980).  After 
orientation, the TLS point clouds were mapped using PolyWorks’s IMSurvey (InnovMetric 2015).  Point 
cloud densities differed based on the distance of the wall from the scanner, from ~ 1 mm point-to-point 
distances adjacent to the adit wall, to 1.5 mm, 1.5 m down the adit wall.  Overlapping scans further 
increased point cloud density.   

Adit joint planes and traces were manually mapped in PolyWorks’s IMSurvey (InnovMetric 2015) 
and imported into Microsoft Excel to calculate the strike and dip from the resultant i, j, k, x, y, and z 
values, where i, j, and k are unit vectors parallel to the plane’s normal vector, and x, y, and z are 
coordinates of a plane’s points. The formula and spreadsheet were derived from the Geological Society 
of America’s strike and dip spreadsheet (Geological Society of America n.d.).  The measurements are 
deemed to be reliable; discontinuity planes measured in the underground TDP and TLS point clouds 
were compared with field measurements using a Brunton compass and found to be in good agreement. 
The resulting stereonets were then compared to data acquired from TDP (see Section 5.3.3) to ensure 
agreement between methods.
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Figure 79. CloudCompare point cloud model of the west wall of the North adit viewed towards the southwest; reflectance from standing 
water seen at the left side of the scan (i).  Triangulation of a selected wall section (ii) shows good detail of the rock face fractures. 
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5.3.3. Underground Photogrammetry 

Underground photogrammetry of the adit required the use of a sub-hyperfocal technique 
(Figure 80), which was performed by SFU doctoral student,  Davide Donati.  A 5D Canon 22.3 Megapixel 
camera with a ƒ = 20 mm focal length lens was used to photograph the three selected underground 
areas for window mapping. Object distance calculations are summarized in Appendix C.  A lattice (Figure 
80), constructed from plastic, was assembled and used to ensure equal spacing between camera 
stations and to measure the strike of the rail lines running the length of the 2-km-long Adit 1. The 
orientation of the resulting TDP model was determined by assuming the line of the lattice represented 
the adit strike. A high luminescent LED lighting system consisting of one AdamTech LED light and two LD-
160 LED video lights with white soft diffusers was used in conjunction with overhead lighting to fully 
illuminate the area of interest: one below the camera pointing up, and two adjacent to the camera 
pointing towards the area of interest (Figure 80).   

 

Figure 80. Underground TDP setup along the adit rail bed. The white plastic lattice assembly can 
be seen along the ground. 

The distance from the adit wall was about 1 m, which provided a depth of field of 0.80 m – 1.34 
m. Camera stations were spaced 40 cm apart along the lattice, and alternated distance from the adit 
wall. The lattice structure used to place the camera stations was instrumental in ensuring the adit wall 
was within the depth of field. The regular offset pattern of the lattice fixed the point cloud in 3D space, 
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eliminating unwanted degrees of freedom. The vertical image fan setup (Figure 80) was used in order for 
the camera to cover the entire height of the tunnel. Images had an overlap of 80% horizontally and 60% 
vertically. The large overlaps were used to increase the number of images and provide redundancy.  

The resultant models were oriented based on the strike of the lattice assembly and verified by 
matching a sample of hand-measured joints. Manual Brunton compass readings were taken of a 
selection of planes to verify correct model orientation.  The manual readings were compared with 
virtual readings of the same planes extracted from the photo model and found to agree closely, 
indicating that the models are correctly registered. The photographs were aligned and stitched in 
PhotoScan (Agisoft LLC 2014) and registered to camera station locations to ensure the alignment of the 
model. The resulting point clouds had a point-to-point distance averaging 5 mm and up to 2 mm in high-
density areas.  The planes and traces of discontinuities were measured in CloudCompare. 

5.3.4.  Joint Data from the Adit 

The three study sites are at different tunnel bearings (Table 14), and the different orientations 
are reflected in the placement of the adit bearing line in the stereonets. Measurements for adit bearings 
are slightly different between methods and is discussed in section 5.4.2.  One side of the adit was 
chosen at random for each study site.  Three discontinuity sets were mapped in the three windows.  
Each window is approximately 2 m high and 5-12 m wide (Table 15). Fifty to 300 discontinuities were 
mapped in each of the windows (Figure 81). The mapped discontinuities defined three main joint sets in 
each of the stereonets. The mapped joint sets follow the same numbering sequence as the sets 
measured at the surface. 

Table 14. Adit bearing measurements used to orient each of the remote sensing data sets. 

Location BC Hydro (°) TLS (°) TDP (°) 
South 134 133 140 
Main 056 055 045 
North 344 339 349 
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Table 15. TLS and TDP sets and densities for adit windows. 

Window 
Window 

area 
(m²) 

Set 

TLS TDP 

Number 
(n) 

Density 
(P20) 

Dip 
(°) 

Dip 
direction 

(°) 
Number 

(n) 
Density 

(P20) 
Dip 
(°) 

Dip  
direction 

(°) 

Main 28 
1 11 0.390 21 069 47 1.667 18 078 
2 12 0.426 75 257 13 0.461 88 260 
3 15 0.532 82 182 9 0.319 82 155 

North 28 
1 77 2.750 07 268 23 0.821 02 187 
3 25 0.893 88 194 11 0.393 72 207 
4 45 1.607 78 144 20 0.714 63 142 

South 13 
1 62 4.794 24 038 39 3.015 29 050 
2 45 3.479 79 270 37 2.861 74 283 
3 22 1.701 69 188 34 2.629 67 205 
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Figure 81. Comparison of adit discontinuity sets derived using different measurement methods (TDP, TLS (this study), and hand mapping 
(Bourne and Imrie 1980)) for three sections of the adit. Locations are shown in Figure 78. BC Hydro joint sets are summarized 
in Table 13. TDP and TLS sets are summarized in Table 15. 
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Discontinuity orientations and the number of discontinuity sets agree between the windows and 
the different acquisition methods. Discontinuity set 1 shows a high concentration of poles in all data 
sets. In general, more discontinuities were mapped using TLS, with the exception of set 1 in the Main 
adit window, which represents the foliations. The number of set 1 discontinuities mapped using TDP in 
the Main adit is due to the higher visibility of foliation.  

Terzaghi weightings were applied to data to account for sampling bias for the orientation of the 
adit wall plane.  To ensure the weighting factor did not become excessively large, a bias angle of 25° was 
used.   The weighting results in the same resultant sets for the Main and South adit sites for both the 
TDP and TLS windows.  However, the weighting identifies a set 2 for the North adit site for both TDP and 
TLS windows with respective set dip and dip directions of 87°/258° and 71°/090°.  This set is 
approximately 090° from the bearing of the adit plane and is thus over represented by the use of 
Terzaghi weighting. When mapping the 3D models, bias is severely removed because the model is 
manipulated to map surfaces from different angles. Also, the adit wall is slightly curved, further reducing 
the issue of bias from mapping along a plane, and increasing the potential for overweighting.  A 
comparison of weighted and unweighted adit sets is in Appendix F. 

Both the South and North adit sites have a blocky rock mass, whereas the Main adit site has 
extremely close to moderate foliation spacing (ISRM 1978). Foliation was only observed at the Main adit 
site (Figure 82).  TDP Main foliation dips ranged from 7 to 44° with an average 24° and a σ of 8° towards 
north-northeast. In contrast, TLS Main foliation dips have a smaller range (16°-30°), but the same 
average and a σ of 5°. The Main and South locations have similar discontinuity sets with similar 
orientations, whereas only the North location has a set 4 (Figure 74).  
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Figure 82. Foliation in the main adit. Foliation spacing descriptions according to ISRM (1978). 
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5.4. Comparison and Integration of Surface and Underground Data 

5.4.1. Surface Domains 

Blocks 

In photographs taken by the UAV, the large blocks in window 1 have similar 
discontinuity orientations to those of the scarp 60-120 m behind them.  Interestingly, the 
discontinuity sets in each block more closely match those of adjacent sections of the scarp than 
each other. The discontinuity stereonet for Block 1 matches that of the window 1 stereonet, 
indicating preservation of rock structure during translational movement of the block.  Block 2 
has discontinuity sets similar to those of window 2. However, it is unlikely Block 2 originated 
from window 2; it would have traveled at least 225 m northwest, near-parallel to the scarp; the 
maximum vertical displacement from window 2 to the location of Block 2 is 7 m, and Block 2 is 
at a higher elevation than most of window 2. Instead, Block 2 may have toppled or rolled to its 
current position from window 1. 

Head-Scarp Domains 

The difference in the number and orientation of discontinuity sets in the UAV windows 
in the northern head-scarp area and the medium-range (500 m) mapping in the middle head 
scarp area suggests the presence of two structural domains. UAV mapping provided consistent 
orientations for five discontinuity sets over the ~400 m of windows in the northern head scarp.  
However, although set 5 (56°-79° towards the southwest) is evident in all windows and sub-
vertical set 4 is apparent in most windows, window 2 is missing set 1 (~40° towards northeast) 
(Figure 76).  Window 2 had some vegetation and shadow. As a result, the SfM point cloud could 
not rectify the geometry of the discontinuities. 

5.4.2. Adit Domains 

TDP and TLS maps were matched for each window.  Direct comparison with the legacy 
BC Hydro data is difficult as there were fewer joints mapped over a larger area in the adit. Three 
joint sets were identified in the adits (Table 15 and Figure 81). In all cases, and as expected, TDP 
and TLS yielded a larger number of discontinuities than had been measured by Bourne and Imrie 
(1980), resulting in denser pole clusters.  All methods and windows yielded similar results for 
discontinuity set 1. TLS data were more scattered in the North adit, possibly due to differences 
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in sample size, as there were over three times as many discontinuities mapped using TLS than 
TDP.  

The TLS and TDP adit data were mapped by different people. Select plane orientations 
were verified against field measurements obtained by a Brunton compass. To ensure that the 
same planes were mapped, the number and location of planes were compared and found to be 
in good agreement with joint sets mapped by BC Hydro (Bourne and Imrie 1980). However, 
small differences exist between discontinuity set orientations and the number of discontinuities. 
These differences may stem partly from the fact that the TLS adit bearing was measured from 
adit plans, whereas the TDP values were referenced to the strike of the lattice structure that 
was aligned with the rail lines running along the centre of the adit.  However, the difference in 
the bearing is small (Table 14) and cannot fully account for the differences. Other factors that 
may play a role include the number of measurements and a potential difference in the creation 
of point cloud models. In the latter case, the densities in the point cloud and resolution of 
asperities can impact the averaging of planes.  

Although there are similarities among the discontinuity sets in windows generated by 
the TLS and TDP methods, the North window has a discontinuity pattern that is somewhat 
different from that of the Main and South windows. Set 4 only exists in the North window, and 
set 1 is nearly horizontal (2°-7°) in the North window compared to dips of 18°-21° and 24°-29° in 
the Main and South windows, respectively. There is also a difference in the dip angle for set 3 in 
the Main (82°) and South (67°-69°) windows. Otherwise, the two windows can be considered to 
belong to a single structural domain. 

5.4.3. Integration of Head Scarp and Adit Domains 

Planes mapped in the adit are all less than 1 m in length, except for the foliation.  The 
largest adit window mapped is less than 10 m wide and 3 m high, which could skew fracture 
intensity results if compared to head-scarp data.  Therefore, fracture intensity values were only 
used in analyzing the head scarp.  Fracture density values for the adit system (Table 15) are tens 
to thousands of times larger than those in the head scarp UAV SfM windows (Table 11), owing 
to the higher point cloud density (Table 9) of the sub-hyperfocal photogrammetry and close-
range TLS. Sets with medium to very low persistence (i.e. up to 10 m in trace length) are the 
maximum measured length in the adits, whereas 25 of the head scarp discontinuities have very 
high persistence (i.e. greater than 20 m). 

The major (~40 m-long) persistent, near-vertical discontinuities spanning the height of 
the scarp, which were captured by the scarp-wide, long-distance TLS, were verified in the mid-
range (500 m) scans, but similar discontinuities were not present in any of the more northern 
UAV windows (A-D). This is surprising because, although the UAV windows of the northern head 
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scarp showed very highly persistent discontinuities (> 20 m), they did not match those identified 
by the long-range TLS in the southern head scarp; instead, most of the very high persistence 
discontinuities in windows A-D are from joint set 1. The long-range TLS captured 1800 m of 
scarp data, whereas the total length of scarp mapped by the medium-range TLS is 210 m, and by 
the UAV 285 m, which is only 27.5% of the long-distance scan coverage.  

There is some agreement between the discontinuity sets measured in the windows of 
the head scarp (windows 1, 2, A-D) and those measured in the adit (Main, North, South) about 2 
km away. Set 1 is present in almost all windows, except for head scarp window 2.  Set 2 is well 
represented in adits Main and South, as well as in the head scarp windows A-D.  

Foliation in bedrock surrounding the Downie Slide dips approximately 20° to the east 
but is variable due to undulations and folding (Psutka 1978, Brown and Psutka 1980), and schist 
has been previously described as having 20-60° dips (Dolmage Campbell and Associates 1973).  
Foliation in the Main adit dips approximately 24°, consistent with the dip for set 1 in the South 
adit. Set 1 in head-scarp window 1 dips more steeply (38°, σ=7° for TLS from M-019 and 43°, 
σ=9° for the UAV SfM). Set 1 in UAV head-scarp window D also dips on average 24°, whereas 
windows A and C have higher set 1 dips (41°, σ=9° and 41°, σ=11°, respectively). Set 1 in window 
B was based on only two values, which is clearly insufficient to reliably define a set. 
Nevertheless, the presence of these discontinuities in all windows, except window 2, which have 
similar orientations as the foliation observed in the Main adit window, indicates that foliation is 
widespread and variably dipping throughout the slide mass and is integral to slope instability.  
Planes with an orientation of this particular set (set 1) are nearly absent in the window of the 
medium-range scan from the southern scarp (window 2), consistent with previous mapping that 
showed that the percentage of schist beds decreases towards the east (Dolmage Campbell and 
Associates 1973).  

Every discontinuity set measured in UAV windows A-D had predominantly medium (3-10 
m) persistence, again consistent with mapping by  Dolmage Campbell and Associates (1973). 
Although Kalenchuk et al.  (2013) found that the scarp breaks are controlled by three joint sets 
of approximately 22°/112° (K1), 72°/255° (K2), and 89°/335° (K3) (Figure 63), no match for K1 
was found in this study. The closest sets to K2 in this study are set 5 in window 1 and set 2 in 
window A.  Sets 4 and 3 in windows A-D are the closest sets to K3. Folding, previously identified 
in the head scarp (Dolmage Campbell and Associates 1973, Psutka 1978, Brown and Psutka 
1980), may contribute significantly to the change in the structural domains between adjacent 
portions of the head scarp. 

Based on this study, three structural sub-domains may exist in the head scarp: windows 
A-D, window 1, and window 2 (Figure 83). Similarly, there may be a change in domains among 
the adit sites, with the North window belonging to a different domain than the South and Main 
windows. The two adit domains identified in this study correlate with the Ridge and Basin 
domain and the Lower Channelized domain (Chapter 4). The three identified structural domains 
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in the head scarp are labeled as HS1 (from UAV windows A-D), HS2 (from window 1), and HS3 
(from window 2) (Figure 83). HS1 differs from HS2 and HS3 as it lacks a set 5 and has sets 3 and 
6. HS2 differs from HS3 in that is has a set 4 and lacks a set 1 (see Figure 74). 

 

Figure 83. Red outlines of scarp and adit domains overlain on the domain map derived 
from aerial LiDAR (Chapter 4). 



 

140 

Chapter 6. Integration of Remote Sensing with Legacy 
Field Data 

6.1. Comparison of Above- and Below-Ground Regions  

The underground domains revealed by TLS show similarities with the above-ground 
airborne LiDAR lineaments and domain boundaries.  Comparisons of the two show that the 
airborne LiDAR may be a useful indicator of internal slope deformation and damage.  In Chapter 
5, the Main and South adit sites were found to be in a different domain from the North adit site, 
consistent with the existence on the surface of the distinct Lower Channelized and Ridge and 
Basin domains (Figure 83). 

Areas of underground damage were assessed from BC Hydro reports. These areas were 
subsequently compared to lineaments observed in the airborne LiDAR DEM.  Areas of damage in 
the adit were taken from rock support descriptions (McAffe and Moore 2009) where the 
conditions of the adit shotcrete or bolts were not described as “good condition overall”, and 
their locations were compared with surface lineaments identified in Chapter 4.  Above-ground 
lineament mapping is consistent with damage identified in the adit, which indicates that the 
damage extends deep into the slide mass.  Damage in the adit is concentrated in the 
southernmost section of the South adit, corresponding to the ground surface area with high 
lineament density (L20) and lineament intensity (L21), i.e. the South Knob domain, (Figure 84).  
Damage was not noted in either the Main or North adits. The surface lineaments in this area are 
approximately 150 m above the level of the adit.  The combined information from Adit 1 
appears to agree with the three domains identified in the aerial LiDAR imagery.
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Figure 84. Comparisons of ground surface lineaments in the LiDAR and damage in the adit.
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6.2. Surface Slide Movement Rates 

Surface slope movements were analysed by examining BC Hydro archival data.  There 
are data extending back to 1976 for numerous monuments in the landslide area as well as 
reference monuments outside the slide area.  Information on 3D movement was available. For 
this study, only the horizontal displacements for the years after reservoir filling were used to 
identify where the slide was moving in different directions in response to the current 
groundwater regime. For each set of data, the total horizontal displacement for the period since 
the data acquisition were translated into a yearly rate. 

Varnes velocity classes (Hungr et al. 2014) have been  applied to the horizontal 
displacement rates of surface monuments provided by BC Hydro.  Data were available for the 
period of 1985 through 2015, after filling of the reservoir. The easting and northing components 
of movement were integrated to determine the overall movement vector and magnitude. 
Monument movement vectors have a horizontal error of ±0.5 cm and vertical error of ±1 cm 
(Tom Stewart, personal communication, 2016).  However, measurements were only considered 
valid if the long-term displacements were greater than the standard error of the data. Values 
were calculated for each monument in Excel using the STEYX function (Equation 8). Graphs were 
created to visually confirm the validity of the data. The average yearly slope displacement rates 
were classified based on the Varnes (1996) Classification System  (Hungr et al. 2014) (Table 16). 
The azimuth of movement was determined from the vector sum of the total easting and 
northing movement vectors over the period of measurement. 

Equation 8. Calculation of standard error for resolving valid monument movement. 

𝑆𝑆𝑇𝑇𝐸𝐸𝑆𝑆𝑆𝑆 = � 1
(𝐸𝐸 − 2) �∑

(𝑉𝑉 − 𝑉𝑉�)2 −
[∑(𝑥𝑥 − �̅�𝑥)(𝑉𝑉 − 𝑉𝑉�)]

∑(𝑥𝑥 − �̅�𝑥)2
2

� 

𝑤𝑤ℎ𝐸𝐸𝑟𝑟𝐸𝐸 𝑥𝑥 = 𝑉𝑉𝐸𝐸𝑇𝑇𝑟𝑟 𝑇𝑇𝐸𝐸𝐻𝐻 𝑉𝑉 = 𝐸𝐸𝑇𝑇𝑅𝑅𝑡𝑡𝑅𝑅𝐸𝐸𝑙𝑙 𝑇𝑇𝑟𝑟 𝐸𝐸𝑇𝑇𝑟𝑟𝑡𝑡ℎ𝑅𝑅𝐸𝐸𝑙𝑙 𝐸𝐸𝑇𝑇𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡 𝐶𝐶𝑇𝑇𝑇𝑇𝑉𝑉𝐸𝐸 
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Table 16. Varnes Velocity Classes. 

Rate of movement (mm/s) Velocity Class Description 

< 5 × 10-7 1 Extremely slow 

5 × 10-7 to 5 × 10-5 2 Very slow 

5 × 10-5 to 5 × 10-3 3 Slow 

5 × 10-3 to 5 × 10-1 4 Moderate 

5 × 10-1 to 5 × 101 5 Rapid 

5 × 101 to 5 × 103 6 Very rapid 

> 5 × 103 7 Extremely rapid 

 

Displacements larger than the standard errors (e.g. Figure 85) were considered valid and 
plotted on the LiDAR DEM (Figure 86).  These data indicate that the northern slide domains are 
more stable than the southern domains and that the highest rates of movement (Varnes 
velocity class 2, Table 16) are located at the middle of the slide toe. There appears to be no 
discernible relationship between the measured rate of movement and L20 or L21 values (Figure 
32), implying that the lineament density and activity relate to the historic landslide 
mechanism/displacement. Overall, Downie Slide is a very slow-moving (Hungr et al. 2014) 
landslide. 
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Figure 85. Example of data analysis for a surface survey monument movement where the average change over time is larger than the 
standard error.
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Figure 86. Direction and amplitude of monument movement on the Downie Slide since 
filling of the reservoir. Domains identified from Chapter 4 are outlined in 
black. 
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6.3. Major Lineament Controls 

Lineaments along the slide boundary (Chapter 4) were compared with lineaments 
internal to the slide (Figure 87). Lineaments with trends similar to the trend of sections of the 
northern scarp are present across the slide mass, whereas lineaments with trends similar to the 
trend of the south scarp were observed only in the southern part of the slide. No prominent 
features appear to have trends similar to the head scarp. Similarly, the trends of major 
discontinuities in the head scarp and side scarp (Chapter 5) were compared with slide deposit 
features (Figure 88). The side scarp discontinuity has a similar trend to some domain boundary 
divisions in the middle of the slide, as well as the ridges in the Ridge and Basin domain. It also 
mirrors a long (1.5 km) section of the eastern reservoir bank opposite the landslide (Figure 88). 
The major head scarp discontinuities have similar dip directions of approximately 124°. Features 
with similar trends are present across most of the slide mass and have orientations similar to 
that of the north scarp strike (Figure 87), suggesting that the major lineaments observed in the 
head scarp contribute to the slide domains. 
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Figure 87. Lineaments within the slide mass with similar trends to slide boundary 
lineaments. 
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Figure 88. Major lineaments identified in the long-range (2.5 km) TLS scan of the head 
and side scarps and linear features in the aerial LiDAR with the same trends. 

6.4. Secondary Head-scarp Failure Analysis 

Discontinuities control the local rockfall hazard below the head and side scarps, as they 
form the release planes along which failure might occur. The Swedge code (Rocscience 2016b) 
was used to determine potential structural reasons for the  ~ 1.2 km2 Upper Hummocks domain.  
Input geometry parameters (Table 17) were taken from the TDP in the Main adit for the foliation 
basal plane and from aerial LiDAR for the lateral wedge boundaries. The analysis showed that, 
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kinematically, a wedge geometry is formed with a maximum wedge volume of 34 × 106 m3 
(Figure 89). The depth of the rock mass involved is shallow, of the order of tens of meters 
(maximum 40 m). The likelihood of a conventional rock wedge failure is extremely low, but it 
appears that multiple retrogressive structurally controlled failures, involving the three joint sets, 
may have led to a post-failure retrogression of the main head scarp. Basal sliding planes with 
dips greater than 18° did not produce a wedge.  Because the average dip of the foliation is 24°, 
failure is presumed to have been secondary and only kinematically possible after detachment of 
the main slide mass. The hummocky nature of this domain is counter to a single conventional 
wedge/block failure and implies that the main role of the structures may have been as release 
planes for a more weak rock failure. 

Table 17. Swedge visualization of secondary head scarp failure/retrogression. 

Feature Dip Dip direction Other 
Slope 20 080 Height = 400 m ; Length=2100 m 

Upper face 16 080 Bench width = 1300 m 
Tension crack 50 079 Distance from crest = 780 m 

Joint 1 80 030 (head scarp) 
Joint 2 50 135 (north scarp) 

Basal plane 18 078 (schist plane from Adit 1 Main) 
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Figure 89. (A): Swedge visualisation of head scarp retrogression. (B): vertical view and (C) 
oblique view of Aerial LiDAR hillshade of the head scarp and Upper Hummocks 
domain. 

The orientations of the Swedge structures are a simplification of the north and head 
scarp boundaries. The head scarp used for Joint 1 in the Swedge visualisation is actually 
stepped, with six aerial LiDAR mapped lineaments corresponding to multiple different joint sets. 
(Table 18); the two most prominent orientations correspond to the identified sets 5 and 6.  Joint 
2, representing the north scarp, has a similar orientation as set 4, and the aerial LiDAR 
lineaments used for the tension crack at the back of the head scarp have a similar orientation as 
sets 2 and 5.   It is theorized that the major secondary failure dominating the upper third of the 
slide is controlled by unravelling of the slide mass along a combination of joint sets 2, 4, 5, and 6.  
The secondary failure created the Upper Hummocks domain after the main slide failure, as the 
removal of adjacent slide mass allowed for dilation and de-buttressing of joint sets. 
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Table 18. Head-scarp lineaments constituting the secondary failure wedge release. 

LiDAR 
azimuth 

(°) 
Length 

(m) Location Swedge 
joint 

Dip 
direction (°) 

Corresponding 
joint set 

Set 
value Difference 

115 368 

Head 
scarp 

J1 025 6 017 8 
339 106 J1 249 2 267 18 
325 527 J1 235 5 223 12 
270 92 J1 180 3 186 6 
282 158 J1 192 6 197 5 
307 212 J1 217 5 223 6 
359 111 

Head 
scarp 

TC 269 2 267 2 
130 66 TC 040 5 043 3 
178 172 TC 088 2 087 1 
127 68 TC 037 5 043 6 
43 474 

North 
J2 133 4 132 1 

48 1214 J2 138 4 132 6 
57 327 J2 147 4 132 15 

6.5. Comparison of Slope Lineaments and Underground Mapping 
Discontinuity Sets 

The discontinuities mapped in Chapter 5 (Table 19) were compared to lineaments 
mapped from the airborne LiDAR in Chapter 4.  Set 1 is sub-horizontal (i.e. foliation) and thus 
could not be compared with the lineaments.  The strikes of sets 2-6 were averaged, plotted in 
Dips (Rocscience 2016a), and compared to the strongest lineaments mapped in Chapter 4 
(Figure 31).  Only sets 2, 3, and 5 in Chapter 5 are similar to the trends of features mapped in 
Chapter 4 (Figure 90). Interestingly, sets 2 and 3 are not well represented in the southern scarp 
domains in windows 1 and 2, whereas set 5 is only represented in those windows. Every 
mapped domain has a trend within ~10° of the strike for set 5, and eight were within 5°. Set 5 
has an average dip of 66°.  Set 3, with an average dip of 76°, is only well represented by the 
South Toe domain.  Set 2, with an average sub-horizontal dip of 80°, is only well represented by 
the South Knob domain. The seven back-tilted blocks in the Ridge and Basin domain have 
azimuths ranging from 146° to 187° (Chapter 4), which very roughly correlates to set 2 (Table 
19). The Ridge and Basin domain has additional ESE-WSW trending lineaments, giving an 
apparent strike of 80° for those features, which does not correspond to any of the measured 
discontinuity sets.
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Table 19. Tabulated discontinuity set strike and dip from Chapter 5. 

Domain Method 
Strike Dip 

Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 

Main 
TLS 

Sub-horizontal 

167 092    21 75 82    
TDP 170 065    18 88 82    

South 
TLS 180 098    24 79 69    
TDP 193 115    29 74 67    

North 
TLS  104 054   7  88 78   
TDP  117 052   2  72 63   

A UAV 176 106 218  105 39 86 77 86  21 
B UAV 354 259 219  112 15 87 76 90  35 
C UAV 360 274 220  113 39 79 76 89  34 
D UAV 351 274 218  99 22 84 74 87  29 

1 
TLS - 500 m   228 140  37   87 56  
TLS - 2.5 km   042 140     87 71  

UAV   044 145  41   83 79  

2 
TLS - 2.5 km 006   122   69   66  
TLS - 500 m   208 119     77 56  

  Corresponding trends matching 
average strikes: Average dip: 

  
  177 096 042 133 107 24.5 80 76 83 66 30 
  357 276 222 313 287       

 



 

153 

 

Figure 90. Comparison of (A) averaged strikes of joints identified in Chapter 5 and (B) surface lineament trends identified in Chapter 4.
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The stream paths documented in Chapter 4 show a preference for flow towards 045°, 
similar to the dip direction of set 5 in Chapter 5. Three domains (Ridge and Basin, South Knob, 
and South Toe) also have a preferred stream flow direction of 095°, which is within 10° of the 
dip direction of set 2 (087°). All other domains exhibit a 095° flow direction, with the exception 
of the Mid Hummocks, Scarp, and Channelized North domains, which have no preferred stream 
flow direction.  The Scarp domain is the only domain with a 005° flow direction, which is similar 
to the dip direction of set 3. 

Fold axial hinges in the head scarp that trend 045°-055° (Brown and Psutka 1980) match 
well with the trend of north boundary lineaments, as mentioned in Chapter 4. They also align 
well with the strike of set 4, which was mostly evident in the head scarp windows. The major 
discontinuities cross-cutting the head scarp (Chapter 5) match with the orientations of the fold 
axial hinges. 

Major discontinuities in the head and side scarps  (Figure 88) have similar orientations 
to lineaments present within the slide mass. The 30-41-m-long discontinuities measured in the 
head scarp have strikes of 30°-38° and dip angles of ~70°-76°, similar to the orientation of set 4. 
The major (40-m-long) discontinuity measured in the southern side scarp dips 62° to the north-
northeast (085°); the strike is similar to that of set 2 (357°), although the latter has a much 
shallower dip angle ( ~18°). 

Lineaments of the north scarp have a similar trend orientation to the strike of set 5, 
which have a 66° average dip. The dip angle of the north scarp along profile 1 is ~60°. Head-
scarp lineaments have a similar orientation to set 4 discontinuities; however, the slope of the 
head scarp is 30-35° in profiles 5 and 6, far less than the average dip of 83° set 4 discontinuities. 

Glacial lineaments have an average trend of 153°, which is ~20° different from the 
average strike of sets 2 (177°) and 5 (133°). These lineaments do not correspond to any of the 
identified joint sets and are thus controlled by topography. It is possible that glacially-derived 
lineaments have been preserved in the slide mass but have been rotated. Any glacial features in 
the Upper and Mid Hummocky domains has been obliterated by secondary failures. The most 
likely location to see evidence for preservation of glacial lineaments is the Mid Plain domain as it 
is believed to have moved laterally without significant compression or extension; however, the 
domain is near-devoid of any strong lineaments. 

All joint sets identified in Chapter 5 are expressed as landslide features (Table 20). Joint 
set 1 is assumed to correspond to the foliation and the basal sliding surface, as identified in the 
Main adit and from previous investigations (Dolmage Campbell and Associates 1973, Psutka 
1978, Brown and Psutka 1980). Joint set 2 is present as lineaments and stream paths in the 
Ridge and Basin and the South Knob domains, as well as stream flow paths in the South Toe.  Set 
2 also affects the stepped orientation of the head scarp and is also represented in the south 
scarp. Joint set 3 is only evident in lineaments in the South Toe domain and in Scarp domain 
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stream flow paths. Joint set 4 matches the phase 3 deformation fold axial hinges in the head 
scarp and may have played a significant role in slide detachment, as it is aligned with the 
orientation of the north scarp and is also present as major discontinuities that cross it in the 
head scarp.  Joint set 5 is prominent in all domains, in stream flow paths, and in the orientation 
of the head scarp. Joint set 6 is only represented as discontinuities in the head scarp (lateral 
release).  

Table 20. Joint set orientations in Chapter 5, matched with features identified in this 
thesis. 

Joint set 
(Chapter 5) 

Domain 
lineaments 
(Chapter 4) 

Domain  
stream flow 
(Chapter 4) 

Major 
discontinuity 
(Chapter 5) 

Other 

1 

 

   Basal sliding 
surface (foliation) 

2 

 

South Knob 
 

Ridge and Basin 

South Knob 
 

Ridge and Basin 
 

South Toe 

South scarp Head scarp  
(rear release) 
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3 

 

South Toe Scarp   

4 

 

North Scarp  Head scarp Fold axial hinges 
in head scarp 

5 

 

All domains All domains  
Head scarp 

(both rear and 
lateral release) 

6 

 

   Head scarp 
(lateral release) 
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Chapter 7. Conclusions and Recommendations for 
Further Research 

7.1. Conclusions 

Geomorphology of the Downie Slide was interpreted using airborne LiDAR and 
compared and contrasted with data obtained from the underground and head scarp areas of the 
slide. Twelve geomorphic domains were identified. Divergent surface movement, distinct 
topographic zonation, and structural differences in the adit suggest the Downie Slide has moved 
and is moving today in distinct domains. Insight into the landslide displacement mechanism was 
gained; secondary historic failures have occurred, increasing the size of the landslide; the head 
scarp and northern boundary both appear to have retrogressed since the initial pre-historic 
failure. Potential failure mechanisms within each domain relating to observed geomorphic 
processes, lineations and damage, surface drainage, shear zone profiles, and structural domains 
to boundaries are summarized in Table 21.  

Improved data were obtained on the structural geology of the landslide and its influence 
on slope movements. Joint set 1 appears to be the basal sliding surface along foliation in mica 
schist, which underlies the Downie Slide. Joint set 2 is the rear release plane for the primary and 
secondary failures.  Joint set 4 provides the northern lateral release plane for the slide, and a 
combination of joint sets 5 and 6 provide the stepped-shaped lateral release necessary for the 
continued retrogression of the head scarp along the southern margin of the slide. The Ridge and 
Basin, South Knob, and South Toe domains have additional distinct lineaments and stream flow 
paths, suggesting that these areas have moved differently from the rest of the slide mass. 

To determine if the slide is rotating, and by how much, discontinuity information for the 
scarps and lineaments external to the slide were compared to structures observed inside the 
slide area derived from aerial LiDAR and underground photogrammetry and terrestrial laser 
scanning. There was no evidence for rotation of lineaments mapped in Chapter 4. However, of 
the strike for set 4 discontinuities in the adit are offset 13° clockwise compared to the strike of 
set 4 in the head scarp. Also, the large lineaments mapped in the head scarp (Figure 72)  strike 
within 23°-31° of set 4 in the adit, while the one in the south scarp strikes within 20° of set 2. 
Both of these comparisons indicate an ~20° clockwise rotation of the slide mass relative to the 
head scarp. 
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Table 21. Potential failure mechanisms for each domain. 

Domain Geomorphic process 
Lineation/ 

damage 
Surface drainage Shear zone at depth 

Structural boundaries of 
domains 

Talus Colluvium filling in 
accommodation space 
where slide is moving 
away from the scarp 
release plane 

Non-intact 
rock 

Drainage comes 
from the scarp 
and flows 
through rocks 

Ponding where 
Talus meets Mid 
Plain 

Extension and 
normal faulting 
suspected to be 
occurring 
underneath the 
Talus 

This domain covers the 
separation of the slide mass 
from the mountainside 

Scarp Detachment of rock 
blocks 

N/A Seepage 
observed from 
scarp face 

Retrogression into 
scarp face is possible 
along foliation 

Blocks formed from joint 
sets described in section 6.4 
contribute to wedge-
shaped raveling 
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Domain Geomorphic process 
Lineation/ 

damage 
Surface drainage Shear zone at depth 

Structural boundaries of 
domains 

Upper 
Hummocks 

Hummocky (non-linear 
rises and hollows with 
slopes > 15°)  

Remnants of secondary 
failure (retrogression of 
head scarp) 

Hummocks overlap the 
Mid Hummocks domain 

Lobate 
features 
indicate 
eastward 
movement 

Moderate to 
poor channel 
development, 
water likely 
entering voids 
between broken 
rock blocks 

Deceleration where 
domain meets head 
scarp, with a smooth 
profile though the 
domain – based on 
downhill profile 
(Moore 2010) 

Low confidence in 
accuracy of profile 
under this domain 

The terminus of this 
secondary slide failure is 
where the domain abuts 
the Mid Plain and Mid 
Hummocks domains 

Mid 
Hummocks 

Hummocky (non-linear 
rises and hollows with 
slopes > 15°)  

Remnants of secondary 
failure (from north 
boundary) 

Pre-date Upper 
Hummocks domain  

Lobate 
features 
indicate 
southeastward 
movement  

Moderate to 
poor channel 
development, 
water likely 
entering voids 
between broken 
rock blocks 

Pond abutting 
Ridge and Basin 
domain indicates 
water moving 
through this area 

Very low confidence 
on basal profile as 
the Mid Hummocks 
are suspected to 
cover the 
northernmost  
extension of the 
translationally 
moving Mid-Plain 
and western limit of 
the Ridge and Basin 
domain 

The terminus of this 
secondary slide failure is 
where the domain abuts 
the Mid Plain and Ridge and 
Basin domains 
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Domain Geomorphic process 
Lineation/ 

damage 
Surface drainage Shear zone at depth 

Structural boundaries of 
domains 

Mid Plain Smooth and planar 
surface profile 

Low relative relief 

Translational movement 
as a single block along the 
basal shear, may 
represent the uppermost 
extent of the initial slide 
failure 

Very low 
damage, 
almost no 
lineations 

Strong to 
moderate 
channelization 
suggests this 
area has a well-
established 
drainage 
network  

Smooth profile 
though the domain – 
based on downhill 
profile (Moore 2010) 

True boundary to the east 
and north are covered by 
hummocks from secondary 
failure events 

Boundary with South Knob 
indicated by fracture 
network 

Boundary with depressed 
Lower Channelized domain 
by increase of slope  

Boundary of Ridge and 
Basin domain by aspect 
highlighted ridge-features 
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Domain Geomorphic process 
Lineation/ 

damage 
Surface drainage Shear zone at depth 

Structural boundaries of 
domains 

South Knob Elongate hill 

Normal fault 
displacement due to 
north-south extension 

Highly 
fractured rock 

Water enters 
slide through 
pervasive 
fractures 

Due to cluster of 
normal faults, the 
shear zone is likely 
stepped 

A representative 
shear profile based 
on real (not model) 
data may verify this 
assumption 

Boundary to the south is 
covered by Talus domain 

Boundary with South Toe 
by change in both lineation 
orientations and surface 
water drainage observed 

Boundary with Channelized 
Lower by apparent fault 
(graben) 

South Toe Extensional failure into 
reservoir 

North-south 
ridges 

Pond indicates 
water is not 
flowing through 
slide mass 
(contrary to 
South Knob 
domain) 

Steep descent at 
southeast boundary 
(lateral release 
plane) 

Boundary with South Knob 
by change in both lineation 
orientations and surface 
water drainage observed 

Boundary with Channelized 
Lower by steep slopes 
(assumed continuation of 
graben feature) 
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Domain Geomorphic process 
Lineation/ 

damage 
Surface drainage Shear zone at depth 

Structural boundaries of 
domains 

Lower 
Channelized 

Depressed area 

Graben feature (from 
profiles) 

Low damage Well-developed 
gullies and no 
surface ponding 
could suggest 
large volumes of 
water moving 
through area 
efficiently 

Deceleration of 
shear profile halfway 
through the domain 
in the downhill 
direction, and dips 
towards the 
southeast (Moore 
2010) 

Bounded by graben faults 
on the north and south (see 
profiles in section 4.3.4) 

Western boundary with 
Mid Plain domain by 
increase of slope 

Ridge and 
Basin 

Compressional domain 
with back-tilted ridges 

Long 
approximate 
north-south 
lineaments 

Poorly 
developed 
surface channels 
and two ponds 
suggest poor 
drainage of area 

Very abrupt 
deceleration in 
downhill shear 
profile (Moore 2010) 

Western boundary covered 
by secondary failure 
hummocks 

Distinct from unidirectional 
steep slope of North Toe 
domain 

Boundary with Channelized 
Lower domain by apparent 
fault (graben)  
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Domain Geomorphic process 
Lineation/ 

damage 
Surface drainage Shear zone at depth 

Structural boundaries of 
domains 

North Toe Approximately 25° 
unidirectional slope 

May be a single block, 
tilted by the advancement 
of the Ridge and Basin 
domain 

May be locked in place 
against the east-dipping 
Columbia River Fault 

 No ponds and 
poorly 
developed 
channelization 
suggests 
overland flow 

Shear is steeped in 
both the downhill 
and cross-slide 
directions (Moore 
2010) 

Distinct from 
multidirectional slopes of 
Ridge and Basin domain 

Boundary with Channelized 
Lower domain by apparent 
fault (graben) 

Distinct from Channelized 
North domain by 
channelization and slope 
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Domain Geomorphic process 
Lineation/ 

damage 
Surface drainage Shear zone at depth 

Structural boundaries of 
domains 

North 
Retrogression 

Secondary retrogression 
with steep slopes 
between down-dropped 
blocks 

Retrogression may 
continue into future as 
400 m away from the 
mountain crest 

Back-tilted 
block 
lineaments 
indicating 
compression 
at the 
northeast 

Stream 
channelization is 
the same as 
outside the slide 
mass, flowing 
away from main 
slide mass 

Shear is possibly 
curved in east from 
deceleration 
compression that 
results in back-tilting 
and stepped in the 
north-south 
direction 

A representative 
shear profile based 
on real (not model) 
data may verify this 
assumption 

Boundary from Channelized 
North domain by back-
tilted blocks and steep drop 

Boundary from Mid 
Hummocks and Upper 
Hummocks by steep slope, 
differentiated by 
hummocky relief 

Northern boundary based 
on slope and aspect map as 
well as lineaments 
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Domain Geomorphic process 
Lineation/ 

damage 
Surface drainage Shear zone at depth 

Structural boundaries of 
domains 

Channelized 
North 

Shallow secondary failure 
from influence of 
northern retrogression 
domain 

Low damage Highly 
channelized 
gullies with flow 
away from slide 
mass appears to 
be draining 
northern section 
of slide 

Shear plane from 
initial slide is not 
extended under this 
area (Moore 2010), 
however impact of 
Northern 
Retrogression 
suggests potential of 
development of 
shear closer to the 
surface 

Boundary from Northern 
Retrogression domain by 
back-tilted blocks and steep 
drop 

Distinct from North Toe 
domain by channelization 
and slope 
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Domain boundaries identified in this study (Figure 91) most closely resemble those of 
Moore (2010); notably, the North Toe and Ridge and Basin domains. However, the current 
domain mapping is similar to earlier mapping by Piteau et al. (1978) in that both include the 
northern extension of the slide. The Northern Retrogression and Talus domains are represented 
in all past domain maps.  The southern domains closely match a domain boundary depicted by 
Moore (2010), although heir the domain is split into the South Knob and the South Toe. The Mid 
Hummocks and Mid Plain domains somewhat match Moore’s domain in the mid-slide area. The 
Upper Hummocks domain is nearly identical to one of Kalenchuk’s (2010) domains. Comparisons 
of lineament density and intensity among mapped domains (Figure 92) shows a strong 
agreement for the southern slide area.  The distribution of density and intensity varies across 
the slide mass among domains identified in this and previous studies.  The size and shape of the 
domains affect the lineament intensity and density of an area.  For example, very high L20 and L21 
values exist for a small (0.03 km2) area despite the low percentage of both the total of slide 
lineaments (PTN) and total of slide lineament length (PTL) based on Kalenchuk (2010) 
boundaries.  Larger domain boundaries for the same region for all other mapping (Piteau et al. 
1978, Moore 2010, Westin – this study) show the overall region as having L20 and L21 values that 
more closely align with PTN and PTL values. This highlights the bias created by having small 
domain sizes. A further comparison of domain boundaries is available in Appendix G. The most 
significant differences between domains presented in this thesis and previous studies are: 

• the number of domains (12), 

• the extension of the northern slide boundary limit, 

• highlighting of secondary failures from retrogression of the northern slide 
boundary, and 

• dividing the southern slide domain into the South Knob and South Toe domains. 
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Figure 91. Downie Slide views. Top L-R: A) 2009 LiDAR hillshade, B) 2009 orthophoto, C) 2015 orthophoto. Bottom: comparison of 
domains, L-R: D) Piteau et al. (1978) E) Moore (2010) F) Kalenchuk (2010) G) Westin (this thesis).
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Figure 92. Comparisons of lineament analysis for domains defined in previous Downie Slide work  and this study.
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This thesis has provided evidence that the Downie Slide is a complex, very slow-moving, 
multi-domain landslide with multiple stages of failure. Geomorphic properties of the slide were 
compared with subsurface slide domains.  Remotely sensed information was augmented with 
pre-existing information about the Downie Slide to demonstrate the advantage of combining 
remote sensing with traditional methods to characterize this large landslide. Adit damage 
observations were linked to surface lineaments to show that surface movements continue to 
depths greater than 150 m, possibly through the entire slide mass.  

This study identified domains at Downie Slide that are sparsely monitored.  Most of the 
monitoring system at Downie Slide is located at the toe, where most of the recorded movement 
is taking place (Figure 93). Monitoring records show no movement on most of the northern slide 
mass, however there have been large secondary failures from the northern boundary and scarp, 
respectively, resulting in the Mid Hummocks and Upper Hummocks domains. The sparsity of 
borehole data for the upper slide and hummocky areas increases the uncertainty of shear plane 
shape and the underlying failure mechanism. 

Slide activity, areas of damage, and representative coverage is important in determining 
future deployment of BC Hydro monitoring investigations.  The Northern Retrogression domain 
may be  good candidate for installation of future monitoring instrumentation as it is sparsely 
monitored and appears to have impacted the formation of both the Channelized North and Mid 
Hummocks domains. Although multiple domain interpretations have included the Northern 
Retrogression domain (Figure 91), there is no installed monitoring on the largest block and the 
extent of a shear plane at this location and how it relates to the primary failure’s basal shear 
plane is unknown. Additionally, the interaction between the Northern Retrogression and the 
Channelized North domain is worthy of investigation to determine the potential affect of further 
retrogression along the slide’s northern boundary.  The adjacent Ridge and Basin domain 
appears to have experienced compression (Figure 93) in the past and exhibits no current signs of 
real movement. The slide toe has the highest monument movement rates, however, these 
appear to be due to movement of surface material and does not pose a large-scale failure risk. 
Damage in the adit, relating to aerial-observed lineations of the South Knob domain, indicates 
continued extensional movement (Figure 93) and should continue to be monitored.  Drilling 
core in the underrepresented domains in the northern and western slide areas could assist in 
better defining the basal shear surface profile.   
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Figure 93. Domains, surface movement since reservoir filling, locations of 
instrumentation, and extension and compression for the Downie Slide.
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7.2. Future Research and Recommendations 

7.2.1. Determination of Slide Age 

This study suggests multiple failures have occurred at Downie Slide. Definitive dating of 
each failure event may be supported through a variety of Quaternary dating methods.  Surface 
exposure dating would assist in setting a date to the scarps, in particular, comparing the age of 
the south and head scarps, as well as the steep drops along the northern boundary.  This may 
also assist in constraining a date for secondary failures by utilizing the rock blocks that comprise 
the Upper Hummocks and Mid Hummocks domains.  In theory, rock blocks closer to the head 
scarp may have younger ages than blocks abutting the Mid Plain domain, and the Mid 
Hummocks pre-date the Upper Hummocks. 

Dendrochronology may be of use in areas where vegetation is disrupted by failure, 
however, it is possible for vegetation to remain intact when failure blocks move translationally. 
Vegetation type and height can indicate the relative ages of the slide domains, with pioneer 
species such as birch trees occupying recently disturbed areas. Radiocarbon dating organics, 
deposited in the six ponds identified in this study, may assist in constraining the formation of 
these features. As the ponds are spread widely across the slide surface they may indicate 
different ages, particularly where they lie in hummocky terrain.  

Dating of volcanic tephra has been conducted in earlier research (Stantec 2009), 
however, if the collection of material comes from a domain that has experienced little damage 
(such as the Mid Plain) the tephra may pre-date the failure. Volcanic ash dated to post-Fraser 
Glaciation was found on the central slide and south toe areas with a thickness of 2.5 cm (Stantec 
2009). A depression in the upper slide area contained only ash dated at 2350 YBP, indicating this 
is the youngest area of the slide and that ground surface movements will continue (Stantec 
2009). Piteau et al (1978) determined that Mt. Mazama ash found on the east side of the 
reservoir indicated that the alluvial fan it was found in developed after the slide, otherwise it 
would have been destroyed by rubble.  However, if Downie Slide never reached the east bank, 
the alluvial fan containing the ash may have existed before the first slide failure. 

7.2.2. Determination of the Shear Surface 

The general location of the basal shear surfaces is well constrained in the lower slide. 
However, the reliability of the shear surface profile is less well known in the upper slide.  An 
improved definition of the rupture surfaces will assist in understanding future slide movement.  
The shear surfaces may be  comprised of connected segments along foliation resulting in a 
stepped profile, potentially differing from  interpolated surfaces presented by earlier 
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researchers.  Furthermore, past shear surface interpretations have not constrained the slide as 
multiple failure events, and have resulted in a singular continuous basal shear and an upper 
shear.  However, it is unlikely that these shear planes exhibit a continuation of the main slide’s 
smoothed profile underneath the secondary failure zones of the Upper Hummocks, Mid 
Hummocks, Northern Retrogression, and Channelized North domains. 

Similarly, the shear zone thickness variation in the zones has only been estimated by 
extrapolating borehole data.  This may result in a smoothed simplification of the true shear 
thicknesses across much of the slide mass.  The higher availability of data from the lower slide 
indicates highly variable thicknesses within slide domains closer to the toe (Kalenchuk 2010), 
however the northern and upper slide areas have a more simple , smooth-range  of shear 
thickness. Increasing the number of borehole data in these areas (as described in section 7.1) 
could assist with developing realistic geomechanical models and improved understanding slope 
movement and the implications of rock mass damage. Shear thickness may show  higher 
variation in the under-sampled areas. 

7.2.3. 3D Modeling 

Discontinuity data, including orientation, spacing, location and persistence, were 
extracted from the 3D models of the adit and head scarp. The remotely sensed data were 
compared with data acquired using traditional field techniques and will be employed as input 
data for future 3D-distinct element and lattice spring numerical modeling. A 3D model of the 
blocks at the base of the scarp would yield insights into the failure mechanism of these large (> 
15 m x 30 m) blocks and retrogression of the head scarp. Furthermore, mapping of structures 
exposed along the entire head scarp will assist in determining how slope displacement  is 
occurring and where the exact subdomain boundaries are located. A model depicting the time-
lapse evolution of the Downie Slide failure could  assist in understanding the past movement of 
separate domains and the initiation of secondary failures. 

An updated volume estimate will be useful in determining the total hazard of Downie.  
The volume of additional of secondary failures to the slide mass can only be done once the basal 
shear of the Northern Retrogression domain and the extent of damage to the Channelized North 
domain are established.  

Verifying the corresponding compressional areas with low drainage can be linked with 
piezometric data.  This study confirmed that areas identified as compressional and low drainage 
correlated with artesian well conditions.  However, this is only one well, and a further analysis of 
piezometric data will assist in determining the extent of hydrologic conditions across the slide. 
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7.2.4. Change Detection Monitoring 

Use of remote sensing technologies to create 3D models can assist with change 
detection surveys.  Repeat surveys can be compared to determine zones of accumulation or loss 
of slide material. Large data sets can be gathered in relatively little time and from safe distances.  

During this study, airborne LiDAR from 2009 was compared with a 2015 data set.  
However, the resolution of the latter was too low to conduct a comparative analysis. Future 
high-resolution airborne LiDAR may be useful for identifying slope changes, particularly at areas 
involving movement (south and toe), secondary failure (scarps and northern boundary), and 
domains with little to no instrumentation. 

Aerial LiDAR detects oblique large-scale features.  For information on block detachment 
from the head scarp or on adit heave, TLS or photogrammetry would be more useful for creating 
comparative data sets. A database to compare last-return scans would be valuable and enable 
quick change detection after each scan is taken. Photographs linked to areas of concern would 
enable ease of comparing visual changes in the slide. 

7.2.5. Improvements in Sub-hyperfocal Photogrammetry 

The TDP camera orientation was performed using a strip approach with only two 
vertical camera stations per horizontal location in the adit for sub-hyperfocal photogrammetry, 
which may have caused some issues with occlusion. A longer strip, starting at the adit floor and 
moving to the roof would overcome this problem, but it would increase the time required to use 
this method.  

7.2.6. Infrared Thermography 

Thermography was attempted at Downie Slide, however the distance to the head scarp 
was too large. However, UAV imagery revealed groundwater seeping out of portions of the head 
scarp. A thermal camera might provide additional information on seepage.   I suggest the use of 
a long-distance thermal camera, such as a FLIR SC7650, to image seepage and areas of 
weakened rock.  Previous studies have successfully located seepage (Vivas 2014) and areas of 
possible damage in rock (Wua et al. 2005, Teza 2014). Because materials absorb radiation 
differently (Wua et al. 2005), observing a cooling cycle of a rock mass can identify areas of 
damage and vegetation, possibly pinpointing future rockfall zones.  Areas with 
weakened/fractured rock may experience increased heat exchange with the air (Teza et al. 
2012). Weathered rocks absorb more humidity than bare rock, and former rockfall areas emit 
maximum energy, whereas vegetation emits lower energy than rock (Mineo et al. 2015).   
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Thermal anomalies on the surface of a dry landslide can highlight fracture patterns and 
voids related to differential air temperatures between the surface and open rock cracks 
(Frodella and Morelli 2012, Gigli et al. 2014, Martino and Mazzanti 2014, William Frodella et al. 
2014, Baroň et al. 2014, 2015). Monitoring changes in thermal anomalies over time can assist in 
forecasting landslide hazards (Martino and Mazzanti 2014, William Frodella et al. 2014) and may 
prove useful in determining future raveling of the head scarp and in improving rock mass 
characteristics for modeling. 
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Appendix A  
 
TLS Field and Data Processing Procedures 

Following is a TLS recipe for success based on (Kemeny and Turner 2008, Abellán et al. 2014): 

FIELD PROCEDURES 

1. In the field, the specifications of the instrument being deployed, the object being 
imaged, and the environmental conditions need to be taken into account. The setup and 
positioning of stations are suggested to ensure the required point cloud density is 
obtained while minimizing occlusion.  Kemeny and Turner (Kemeny and Turner 2008) 
suggest:  

a. the distance from the scanner to the slope is at least the height of the slope,  
b. the angle between the scanner and the strike of slope or wall should be reduced 

so that the horizontal field of view (FOV) is less than 50°, and 
c. the FOV overlap for stitching point clouds should be greater than 20%.  

2. Register/georeference the scan.  The decision on how to register the scan is often based 
on the type of scanner being employed.  Some scanners may require multiple control 
targets (such as ground-control points) and back-sighting using a compass, a technique 
often used in photogrammetry, while other scanners can obtain a known GPS 
coordinate and, combined with the pitch and yaw, give the 3D point location for the 
point cloud. Independent validation of point cloud orientation must also be established. 

3. Point spacing is affected by the scanners FOV in respect to the strike of the slope or 
wall. It is recommended that a maximum spacing of 2 cm for area of interest for 
geotechnical applications, 5 cm for high slopes, and 10 cm for digital terrain models 
(DTMs).   

4. Non-TLS information that should be recorded include field notes containing location, 
geology, rock mass information not derived from point cloud.  Additionally, photographs 
should be taken to pair with the point cloud.  This enables the mapping of traces that 
may not be apparent as surfaces in the point cloud.  

DATA PROCESSING 

5. Manage all the associated scan data by creating a dedicated folder containing raw TLS 
files, registered point cloud, images, and notes. 

6. Stitch data only if necessary as it will take up processing space, many geotechnical 
measurements can be made without the need for stitching point clouds.  To reduce lag-
time on stitched data, use the triangulated surface only (recommended for DTMs). 

7. Adhere to best practices for the selected software being used when extracting rock 
mass characterization info. 



 

190 

Appendix B  
 
Aerial LiDAR Values & Workflows 

BC Hydro files only had positional data attached to them. Therefore the method for 
creating a DEM of the files in csv required the average spacing between points to be derived for 
each of the files to create multipoints for each file with the associated x,y,z values. The 
multipoints were then interpolated to form a raster. Full directions are available online: 
http://support.esri.com/technical-article/000011466. Point spacing is discussed in Chapter 2, 
section 2.5.1. 

  

http://support.esri.com/technical-article/000011466
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Table B1. Point data for each of the 31 supplied DEM files.  

Datafile Number 
of Points 

Point 
Spacing 

(m) 
Z Min 

(m asl) 
Z Max 
(m asl) 

Shape Length 
(m) 

Shape Area 
(m2) 

1 36152 2.57 1564.43 1814.16 2338.4 238033.4 
2 165332 1.37 1286.99 1604.44 2616.1 308374.3 
3 277946 1.05 1050.81 1467.43 2614.4 307740.5 
4 273 3.11 1035.99 1078.37 237.8 2636.4 
5 270903 1.47 1599.26 1883.28 3129.7 589217.1 
6 1098178 0.95 1454.04 1839.40 3998.4 999180.2 
7 1612447 0.79 1273.22 1652.43 3998.4 999180.1 
8 2859441 0.59 1084.26 1473.65 3998.4 999180.2 
9 1174911 0.72 980.96 1253.53 3221.6 610977.2 

10 187071 1.28 1312.15 1624.42 2611.4 306018.3 
11 2004891 0.71 1151.49 1622.20 3998.4 999180.2 
12 2025143 0.70 1011.17 1456.21 3998.4 999180.2 
13 2669384 0.61 927.45 1273.78 3998.4 999180.2 
14 2779697 0.59 760.27 1120.28 3963.5 981777.4 
15 40985 1.61 1061.88 1313.58 1993.7 106793.1 
16 3633308 0.52 882.50 1313.41 3998.4 999180.2 
17 2911310 0.59 734.22 1154.89 3998.4 999180.1 
18 2621079 0.62 620.15 1012.46 3998.4 999180.2 
19 2293669 0.66 571.99 928.08 3998.4 999180.2 
20 287309 1.06 572.07 744.10 2512.3 320598.5 
21 1621943 0.78 572.09 1025.74 3939.8 969922.2 
22 2520514 0.63 571.92 920.46 3998.4 999180.2 
23 2585871 0.62 571.90 751.01 3998.4 999180.2 
24 2560848 0.62 571.92 762.66 3998.4 999180.2 
25 654589 0.70 571.90 771.88 2477.0 320722.7 
26 1543945 0.72 571.75 713.87 3589.4 794774.1 
27 2290514 0.66 571.93 749.76 3998.4 999180.2 
28 1014107 0.82 649.79 794.62 3367.9 684089.5 
29 161034 1.08 693.47 804.18 2021.1 186718.7 
30 113666 1.02 635.34 726.19 1491.0 118717.1 
31 4510 1.91 714.10 743.09 611.5 16432.0 
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Figure B1. Workflow for creating relative relief map. 2009 DEM values are used to create a fishnet with a defined cell height and width using polygon geometry 
type.  The attribute table is changed to ID = FID +1.  Zonal Statistics as Table tool is used with Statistics = Range. Join data from zonal statistics 
table (with inputs 1 = Id and 3 = ID) into fishnet label then export as a database table. Interpolation IDW is performed with input fishnet label and 
range as z-value. Output is map of relative relief.
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Figure B2. Workflow for creating Strahler stream flow map. The 2009 DEM values are used to calculate 
the direction of stream flow based off of slope and aspect information.  Flow accumulation 
is used and then conditional evaluation of the flow accumulation.  Strahler stream orders 
are assigned to the flows and made into line vectors. 
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Appendix C  
 
Object Distance Calculator for Sub-Hyperfocal Photogrammetry 

 

Figure C1. Object distance calculator used for sub-hyperfocal photogrammetry in the Downie Slide 
adit. 
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Appendix D  
 
Ethics 

Data Confidentiality 

A BC Hydro Asset and Engineering Records Access Request Form for external party 
confidentiality was signed on August 24, 2015, by SFU students who were accessing archived BC 
Hydro documents.  Hard copies were verified for electronic copying by a BC Hydro staff 
member. The agreement stipulates confidential disposal of all copies of the BC Hydro records 
upon project completion. 

Health and Safety 

An SFU Safety Form and SFU Assumption of Risk Form were reviewed and signed by 
Simon Fraser University students involved in on-site data collection.  The forms were submitted 
to the Department of Earth Sciences. Key information in the Safety Form included team contact 
details, general site location and description, accommodation details, and travel itinerary. It also 
contained phone numbers for check-in, on-site, and emergency contacts, as well as information 
on the nearest medical hospital. An SFU Geotechnical Research Group Field Level Risk 
Assessment was also completed to identify risks and mitigation measures.  Individual 
Assumption of Risk Forms outlined descriptions of expected hazards and risks and required 
disclosure of medical and relevant personal information. Additionally, daily on-site orientations 
were led by BC Hydro personnel during site visits. Inside the adit, oxygen was monitored at all 
times, and regular check-in times were coordinated with a safety watch at the adit entrance.  On 
site transportation was provided by BC Hydro personnel in BC Hydro vehicles.  At least one BC 
Hydro employee escorted team members on the slide. 

Environmental Responsibility 

Transportation from Simon Fraser University to and from the site was by motor vehicle.  
Car-pooling was done to reduce rental costs and fuel consumption.  Only designated roadways 
were used. A generator was brought to the field as a backup in case batteries failed. On-site fuel 
spill kits were made available by BC Hydro, but no fuel spills occurred.  Remote sensing is non-
invasive, enabling the electronic removal of vegetation, while leaving it intact onsite. 
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Appendix E  
 
Reliability, Validity, Generalizability, and Limitations 

 

Reliability 

The data sets generated in this study can be used for future research.  However, future 
datasets may yield slightly different results, because the site is changing and some differences 
can be expected to develop over time, particularly in the scarp area.  Improvements in aerial 
LiDAR technology can increase the resolution of the bare-earth imagery of the slide and enable 
more detailed geomorphic mapping. Future aerial LiDAR surveys, however, depend on the 
season it is obtained due to vegetation density, snow and weather. 

Generalizability 

The results of this study are generalizable to other large deep-seated gravitational slope 
failures. Specifically, providing three-dimensional data to characterize the surface and to map 
inaccessible areas is widely applicable. Large areas can be analysed, and data can be compared 
over time to identify areas that are changing.  

Limitations of the Study 

The study was restricted to one landslide. Studies of other comparable slope failures 
might provide additional insights into the movement of Downie Slide.  Dutchman’s Ridge is a 
nearby slide mass in similar rock types (gneiss and schist) and with an underground tunnel. 
Additionally, studies of landslides in different rocks might add value to this study. 

A more complete analysis of data from the underground adits might yield more 
informative results. Only the largest adit was investigated and only at three locations. Most of 
the adit walls were covered in shotcrete, making a complete analysis impossible and limiting the 
conclusions that could be drawn from the underground as a whole. 

A flood washed out a bridge and damaged dirt roads on the slide in the week preceding 
the first site visit.  A return visit was not possible until the snow had melted from the scarp face 
the following year. 

Although high-density terrestrial LiDAR scans of the head scarp were successfully made 
at a 500-m distance, they covered only a small portion of the scarp due to the presence of forest 
cover and obscuring rock blocks. This led to the use of the UAV to obtain a detailed point cloud 
of the head scarp.  However, UAV imaging can be limited by the resolution of the camera and 
the distance from the slope. Strong winds can occur in scarp areas; therefore, it may be 
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necessary to fly the UAV far enough away from the area of interest to prevent it from crashing 
into the cliff face. For this reason, it is preferable to also use TLS to validate the results.  

There is a natural decay curve for effective measurement controlled by the distance to, 
and reflectivity of, the target. Changing the laser wavelength or pulse repetition frequency can 
assist in obtaining the desired point cloud density (Wehr and Lohr 1999). This study minimized 
these problems by scanning during day with no fog and during periods of little to no rainfall, and 
by selecting frequencies that optimize the distance and material type to generate the highest 
accuracy possible. To avoid issues with TDP common points, locations of the pictures were 
recorded. Additionally, a portable light system ensured adequate and even illumination of the 
adit wall.  
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Appendix F  
 
Comparing Sets with Terzaghi Weighting 

Table F1. Adit discontinuity data sets and density information for TDP and TLS measurements without and with Terzaghi weighting applied. Note the appearance of Set 2 in the North window when weighting is applied.  

 

   No weighting With Terzaghi weighting (25° bias angle) using adit bearing  

Window 
Window 

Area 
(m²) 

Set 

TLS TDP TLS TDP 

Number 
(n) 

Density 
(P20) 

Dip 
(°) 

Dip 
Direction 

(°) 

Number 
(n) 

Density 
(P20) 

Dip 
(°) 

Dip 
Direction 

(°) 

Number 
(n) 

Density 
(P20) 

Dip 
(°) 

Dip 
Direction 

(°) 

Number 
(n) 

Density 
(P20) 

Dip 
(°) 

Dip 
Direction 

(°) 

Main 28 
1 11 0.390 21 069 47 1.667 18 078 11 0.390 21 070 47 1.667 19 080 
2 12 0.426 75 257 13 0.461 88 260 12 0.426 75 258 13 0.461 88 261 
3 15 0.532 82 182 9 0.319 82 155 15 0.532 82 178 9 0.319 83 153 

North 28 

1 77 2.750 7 268 23 0.821 2 187 77 2.750 8 267 23 0.821 2 189 
2 - - - - - - - - 32 1.143 71 090 10 0.357 87 258 
3 25 0.893 88 194 11 0.393 72 207 25 0.893 88 194 11 0.393 76 207 
4 45 1.607 78 144 20 0.714 63 142 45 1.607 78 143 20 0.714 63 104 

South 13 
1 62 4.794 24 038 39 3.015 29 050 62 4.794 25 038 39 3.015 30 050 
2 45 3.479 79 270 37 2.861 74 283 45 3.479 79 269 35 2.706 74 282 
3 22 1.701 69 188 34 2.629 67 205 21 1.624 71 191 34 2.629 69 207 
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Appendix G  
 
Comparison of Downie Slide Domains 

Table G1. Comparison of previously determined Downie Slide domain boundaries against this study. 

Study Number of domains Common boundaries with this study Different boundaries with this study 
Piteau et al. 1978 5 

6 if including 0.02 km2 Linear 
Furrow 

South scarp 
Head scarp 
Western portion of northern boundary 
Extent of northern boundary overlaps 
with most of this study’s Channelized 
North domain 

Limit of upper hummocky area 
Groups together Mid Hummocks, Talus, Mid Plain, and half of 
Ridge and Basin domains 
Groups together South Knob and South Toe domains 
Groups together North Toe, half of Ridge and Basin, and most of 
Channelized North domains 
Smaller corresponding Lower Channelized domain area 

Moore 2010 8 South scarp 
Head scarp 
Majority of Northern Retrogression 
domain 
Similar boundaries for Talus domain 

Groups together South Knob and South Toe domains 
Excludes Channelized North 
Groups together Mid Hummocks and Upper Hummocks domains 
Groups together Mid Plain with parts of Mid Hummocks and 
Ridge and Basin domains 
Larger North Toe domain 
Smaller Lower Channelized Domain 

Kalenchuk 2010 13 South scarp 
Head scarp 
Upper Hummocks domain 
Part of Northern Retrogression 
domain 

A separate linear domain depicting the trough 
Smaller South Knob domain 
Larger Lower Channelized domain 
Disagreement with all mid-slide and northern slide domain 
boundaries 
Segregation of smaller (0.03 km2) domains within the Northern 
Toe and Ridge and Basin domains  
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