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Abstract 

Characterization of unstable rock slopes can pose a high level of risk toward the 

geoscientist/engineer in the field due to inaccessibility and safety issues. During recent 

decades, rapidly developing remote sensing (RS) techniques, including Terrestrial Laser 

Scanning (TLS), Terrestrial Digital Photogrammetry (TDP), and Unmanned Aerial 

Vehicle Structure-from-Motion (UAV-SfM) are being progressively employed for 

landslide investigation and risk assessment. These methods allow acquisition of three-

dimensional (3D) data sets from previously inaccessible terrain with sub-centimeter 

accuracy. This research describes an innovative approach to investigate the preliminary 

engineering geological characterization of a large (~5.5 Mm3), destructive landslide that 

occurred on August 2nd, 2014 near Jure in Sindhupalchok, ~70 km northeast of 

Kathmandu, Nepal. Various methods have been employed including traditional field 

surveys, RS techniques and preliminary 2D/3D numerical modelling with the objective of 

understanding conditioning factors, slope failure mechanisms, and identifying/mitigating 

future hazards at the site. With four years of RS data, analysis of strength degradation 

and progressive weakening of the rock mass is investigated by linking process of 

erosion and deposition using 3D change detection algorithms. The slope is still 

potentially in an unstable state, undergoing progressive rockfalls/slides with the most 

recent major event (~20,000 m3) in August 2017. Results throughout this thesis, 

including 2D/3D rock engineering mapping and modelling have been integrated into an 

interactive 3D Virtual/Mixed Reality (VR/MR) Jure Landslide geodatabase model, 

enabling an immersive and enhanced engineering 3D geovisualization experience. A 

comparative 2D/3D, and VR/MR rockfall simulations has been undertaken and 

developed within an augmented reality Microsoft HoloLens. Moreover, this thesis 

concludes on how VR/MR techniques can be employed to conduct discontinuity 

mapping on virtual outcrops and provide a game-changing way that geoscientists can 

communicate landslide investigation and risk assessment in all stages of rock 

engineering.   

Keywords:  landslides; Jure Landslide; Nepal; rockfalls; geohazards; remote sensing’ 

engineering geology; slope stability; hazard mapping; engineering geomorphology; 

change detection; virtual reality; mixed reality; augmented reality; virtual geodatabase 



iv 

Dedication 

 

 

 

 

 

 

Dedicated in memory of Sally Stead  



v 

Acknowledgements 

First of all, I would sincerely thank my senior supervisor, Dr. Doug Stead for 

everything he has done to make this research possible. He has a way of truly bringing 

the best out of anyone he meets with his enthusiasm, support, guidance, knowledge, 

and overall curiosity for engineering geology. I’m very grateful that I have been able to 

come across and conduct research with Dr. Doug Stead, he always has believed in my 

abilities and gave me invaluable knowledge and confidence that I will utilize for the rest 

of my life as I begin my career in geotechnical engineering. I’d also like to thank my co-

supervisor, Dr. Nick Rosser for everything he has contributed during my research, 

especially during field work in Nepal. He is one of the most intelligent, kind, and 

supportive individuals I have ever met. Thank you for inviting me to Durham University 

and welcoming me along with your geohazard field school in Nepal during field work, I 

truly enjoyed meeting everyone and being able to chat about research over some local 

UK craft and food (even though black pudding is not actually pudding…)! I’d also like to 

acknowledge my supervisory committee, Dr. Glyn Williams-Jones and Dr. Brendan 

Dyck. Both of you have provided endless support and guidance whenever I needed 

anything during my research, and for that, I thank you. I would also like to thank my 

external examiner, Dr. Scott McDougall, for reviewing and providing insightful 

comments. His expertise and research in geohazards as an assistant professor at the 

University of British Columbia has been an ideal match for my research topic. 

I would also like to thank individuals that have helped tremendously during field 

work in Nepal including colleagues Ram and Dammar from the National Society for 

Earthquake Technology (NSET). Ram, thank you very much for your field assistance 

hiking the Jure Landslide during field work, translating and for personally touring me 

around Kathmandu, it was truly a once in a lifetime experience being able to see the 

local traditions (including endless Dal Bhat and tasting rice beer!). Thank you to The Last 

Resort (TLR) and the Yellow House for providing amazing hospitality. Lastly, I would like 

to sincerely thank Dr. Jack Williams, it was an absolute pleasure conducting field work 

with you in 2018 and I wouldn’t have asked for a more capable, intelligent, kind, and 

humorous individual such as yourself (and thanks for pointing out my massive Canadian 

hockey/field work bag to everyone in Nepal and UK, I know your parents truly enjoyed 

it!). 



vi 

It was important to enjoy going into the office everyday to work on my research, 

this was made possible with my supportive and intelligent colleagues within the SFU 

geotechnics group including: Emre, Taylor, Omar, Lauren, Ryan, Christian, Megan, 

Emily, and John. I would sincerely like to thank Dr. Davide Donati for always being the 

most cheerful, humble, and patient colleague. You have always been there to bounce 

ideas off of each other and provide technical support with any complex software, 

numerical modelling codes, geotechnical techniques, and have taught me everything I 

know to operate and process advanced remote sensing equipment data. The amount 

you taught me during our field work (for your P.h.D., research) road trips to Alaska, 

Yukon, and throughout the Canadian Rockies is irreplaceable (especially our ‘fun’ border 

experience and our encounter with the TripAdvisor owl).  

Thank you to my family: Miroslaw (father), Barbara (mother), Slawek (brother), 

Chris (brother), and Monica (sister). You have all been understanding, patient, and 

supportive in every decision I have made in my life, I don’t know if I would’ve been able 

to accomplish my B.Sc., while playing university hockey or complete my M.Sc., without 

all of you in my life. 

Finally, to my beautiful, warm-hearted, and amazing fiancée Jessica, you truly 

are my rock. You have always believed and supported me every step of the way ever 

since we met 10 years ago. I’m grateful to have you in my life, thank you for being so 

patient and moving so far away from home for me. 

 

 

 

 

 

 

 

 



vii 

Liability 

This thesis was prepared as part of a graduate Master’s degree. The material in 

it reflects the judgement of the author in light of the information available at the time of 

document preparation. It is an academic exercise and should not be used by any parties 

for decision making on risk or risk management in the study areas, nor any other area. 

Any use which an external party makes of this document or any reliance on decisions to 

be based on it is the responsibility of such parties. The writer and Simon Fraser 

University accept no responsibility for damages or injury, if any, suffered by any party as 

a result of decisions made or actions based on this document. 



viii 

Table of Contents 

Approval .......................................................................................................................... ii 

Abstract .......................................................................................................................... iii 

Dedication ...................................................................................................................... iv 

Acknowledgements ......................................................................................................... v 

Table of Contents .......................................................................................................... viii 

List of Tables ................................................................................................................... x 

List of Figures................................................................................................................. xi 

List of Acronyms .......................................................................................................... xxvi 

 Introduction .............................................................................................. 1 

1.1. Study Site Background .......................................................................................... 2 

1.2. Research Objectives ............................................................................................. 4 

1.3. Thesis Structure .................................................................................................... 5 

 Literature Review ..................................................................................... 8 

2.1. Geohazards ........................................................................................................... 8 

2.2. Strength Degradation, Seismic Fatigue and Progressive Slope Failure ................. 9 

2.3. Remote Sensing Techniques for Rock Slope Characterization and Monitoring .... 10 

2.3.1. Light Detection and Ranging (LiDAR) .......................................................... 11 

2.3.2. Photogrammetric Techniques ...................................................................... 12 

2.3.3. Monitoring: Change Detection Analysis ....................................................... 15 

2.4. Engineering Geomorphology ............................................................................... 17 

2.5. Numerical Modelling ............................................................................................ 21 

2.6. Virtual/Mixed Reality ............................................................................................ 23 

2.6.1. Applications of VR/MR in Geoscience and Geological Engineering ............. 25 

 Background Site Description: Jure Landslide, Nepal.......................... 28 

3.1. Study Area and Topography ................................................................................ 28 

3.2. Climate and Hydrological Conditions ................................................................... 33 

3.3. Geology and Tectonics ........................................................................................ 35 

3.3.1. Seismic History ............................................................................................ 39 

3.4. Previous Work Conducted at the Jure Landslide Study Area ............................... 42 

 Engineering Geological Characterization of the Jure Landslide ........ 50 

4.1. Conventional Engineering Geological Field Techniques ...................................... 51 

4.1.1. Field Estimation of the Unconfined Compressive Strength .......................... 51 

4.1.2. Geological Strength Index (GSI) .................................................................. 55 

4.1.3. Discontinuity Mapping .................................................................................. 60 

4.1.4. Engineering Geomorphological and Terrain Mapping .................................. 69 

 Characterization of the Jure Landslide using Remote Sensing ......... 85 

5.1. Terrestrial LiDAR (TLS) ....................................................................................... 85 

5.2. Terrestrial Digital Photogrammetry ...................................................................... 89 



ix 

5.3. UAV-SfM ............................................................................................................. 93 

5.4. Remote Sensing Discontinuity Mapping .............................................................. 98 

5.5. Slope Monitoring at Jure using Remote Sensing Change Detection .................. 105 

5.6. Geographic Information System (GIS) ............................................................... 114 

5.6.1. Engineering Geomorphological Mapping ................................................... 114 

5.6.2. Lineament Analysis ................................................................................... 119 

5.6.3. Terrain Classification Mapping (TCM) ........................................................ 122 

5.6.4. Numerical and Rockfall Modelling Slope Geometries................................. 123 

 Preliminary Geomechanical Modelling of the Jure Landslide .......... 127 

6.1. Limit Equilibrium Modelling of the Jure Slope .................................................... 128 

6.1.1. Slide: 2D Limit Equilibrium Modelling Software .......................................... 128 

6.1.2. Slide3: 3D Limit Equilibrium Modelling Software ......................................... 132 

6.1.3. Swedge 6.0: 3D Surface Wedge Limit Equilibrium Software ...................... 134 

6.2. Continuum Modelling of the Jure Slope ............................................................. 135 

6.2.1. RS2: 2D Finite Element Modelling Software ............................................... 135 

6.2.2. RS3: 3D Finite Element Modelling Software ............................................... 142 

6.2.3. FLAC3D: 3D Finite Difference Modelling Software .................................... 149 

6.3. Discontinuum Modelling of the Jure Landslide ................................................... 155 

6.3.1. UDEC: 2D Distinct Element Code Software ............................................... 155 

6.3.2. 3DEC: 3D Distinct Element Code Software ............................................... 159 

 Virtual/Mixed Reality Jure Landslide Geodatabase ........................... 164 

7.1. Objectives and Vision ........................................................................................ 164 

7.2. Virtual Jure Landslide Geodatabase: Geovisualization ...................................... 165 

7.3. Holographic Discontinuity Mapping of the Jure Landslide .................................. 176 

7.4. Virtual 3D Rockfall Modelling of the Jure Landslide ........................................... 182 

7.4.1. 2D Rockfall Modelling ................................................................................ 185 

7.4.2. 3D Holographic Modelling Application ....................................................... 186 

 Discussion and Conclusions .............................................................. 193 

8.1. Research Summary ........................................................................................... 193 

8.1.1. Chronology of Events at the Jure Landslide ............................................... 196 

8.2. Main Contributions of the Dissertation ............................................................... 201 

8.3. Recommendations for Future Work ................................................................... 203 

References ................................................................................................................. 206 

Appendix A. ............................................................................................................... 222 

Appendix B ................................................................................................................ 223 

Appendix C ................................................................................................................ 224 

Appendix D ................................................................................................................ 225 

Appendix E. ............................................................................................................... 226 



x 

List of Tables 

Table 2.1. Advantages and disadvantages of existing surface distance  
measurement methods within CloudCompare and sources                       
of uncertainties modified after Lague et al., 2013. .................................. 16 

Table 2.2. Description of the various types of engineering geomorphological      
maps after Fookes et al., 2007. .............................................................. 19 

Table 3.1. Review of relevant geoscience publications in proximity to Jure    
Landslide study site. ............................................................................... 49 

Table 4.1. Summary table of field-based tests to estimate the unconfined 
compressive strength (UCS). At the Jure Landslide the Proterozoic 
phyliite unconfied strength ranges from R3-R5 with an average of          
R4 (80 MPa), (Table modified after Marinos and Hoek, 2000). ............... 52 

Table 4.2. Summary of discontinuity sets and properties identified at the Jure 
Landslide during 2018-2019 field work following the ISRM (1978) 
guidelines.  Overall average slope orientation 35o/136o (Dip/Dip 
Direction)................................................................................................ 63 

Table 5.1. Summary of 2016 to 2019 TLS data survey parameters for this         
study. ..................................................................................................... 87 

Table 5.2. Photogrammetry survey parameters for Jure Landslide. ........................ 89 

Table 5.3. Summary of M3C2 change detection and volume estimate results   
derived from yearly remote sensing data obtained at the Jure        
Landslide site. ...................................................................................... 113 

Table 6.1. Summary of numerical modelling software employed for            
preliminary simulation of rock slope failure in this research. ................. 127 

Table 6.2. Rock mass material and discontinuity properties used in                        
the numerical models of the Jure Landslide. ........................................ 132 

Table 7.1. Summary table of 2D RocFall 6.0 (RocScience, 2018i) and         
holographic Unity® (2019) comparative analysis results. ..................... 192 

 



xi 

List of Figures 

Figure 1.         Introductory poem describing the deep sorrow and loss due to the                               
destructive August 2nd 2014 Jure Landslide (Modified after Van                         
der Geest and Schindler, 2016)…………………………………………...xxvii 

Figure 1.1. A) Overview map of Jure study site outlined in red (27°46'9.50"N, 
85°52'10.40"E) (Inset map: Star indicates Jure landslide study site).       
B) Satellite imagery of Jure landslide site (Modified after: Google        
Earth Pro, 2019). C) Photograph taken on the day of the landslide        
(red dashed line shows location of Arniko highway) with flooding 
upstream (Modified after www.ekantipur.com) ......................................... 3 

Figure 2.1. Example of progressive slope failure, strength degradation and       
seismic fatigue with preparatory factors gradually reducing the              
rock mass (resisting force) over time (10-100,000 years), ultimately 
leading to a catastrophic slope failure potentially triggered by a          
small event (e.g. seasonal temperature or freeze/thaw cycle)          
(Gischig et al., 2015). ............................................................................. 10 

Figure 2.2. Principles of TLS data acquisition showing pulse laser              
measurement of the time of flight (Jaboyedoff et al., 2012). ................... 11 

Figure 2.3 Terrestrial Digital Photogrammetry (TDP) position reconstruction             
of 3D models using the concept of stereoscopic parallax            
(Sturzenegger, 2010). ............................................................................ 13 

Figure 2.4. Conventional Terrestrial Digital Photogrammetry (TDP) setup         
(Modified after Birch, 2006). ................................................................... 13 

Figure 2.5. Flow chart with proposed methodology for the use of UAV-SfM                 
in landslide site investigation (Modified after Giordan et al., 2014). ........ 14 

Figure 2.6. Importance of the interplay between the rock cycle,                 
geomorphological process and landforms                                          
(Griffiths and Stokes, 2008). ................................................................... 18 

Figure 2.7. Various types of engineering geomorphology maps described                  
by the Geological Society of London (1982) and                                 
Fookes et al., 2007. ................................................................................ 20 

Figure 2.8. Flowchart illustrating three levels of landslide analysis and                
modes of failure they apply to with increasing complexity                       
(Stead et al., 2006) ................................................................................. 21 

Figure 2.9. Example of A & B) Virtual Reality (VR) in training of mine                
personnel for underground rock support and C) Mixed-Reality               
(MR) where the virtual objects (mine site) are presented together           
with the real world (A&B modified after Van Wyk and de Villiers,          
2009; C) modified after http://canadianminingmagazine.com/bgc-
engineering-and-loook-develop-mixed-reality/) ....................................... 24 

Figure 2.10. Simplified representation between the difference of                             
Virtual Reality (VR) on the far right, real-world environment                     
on the far left, and Mixed Reality (MR) environment in which                  
real world and virtual world objects are presented together                    
(Modified after Milgram et al., 1994). ...................................................... 25 



xii 

Figure 2.11. Finger Food, Enbridge, and Microsoft collaboration in                       
redefining pipeline assessment process through mixed-reality       
holographic rendering. The interactive holograph includes            
interactive datasets such as LiDAR, inclinometers, and                     
machine learning. (Modified after 
https://www.fingerfoodatg.com/enbridge/). ............................................. 27 

Figure 3.1. A) Panoramic view of the August 2nd 2014 landslide that                     
dammed the Sunkoshi river forming a landslide dammed lake              
(view from southeast side of the river) (modified after 
www.ekantipur.com). B) Jure Landslide in Nepal study site with              
the geographic location of the area provided in the inset map. ............... 29 

Figure 3.2. A) Photograph before (2012) the Jure landslide with identified               
locations (1-4) of housing, farming, Arniko highway and Sunkoshi 
hydropower plant (Modified after MoI, 2014). B) After the                    
August 2nd 2014 landslide (Modified after Zhang et al., 2017). ............... 30 

Figure 3.3. Historical satellite imagery of the Jure Landslide. A) Multiple 
rockfall/slides slope failures occur throughout the slope and                      
highway (2004). B) Rockfalls and large mid-slope landslide                    
scar (2012). C) August 9th, 2014 Jure Landslide dammed lake.                 
D) Slope is still experiencing progressive rockfall/slides with a                   
large (20,000 m3) movement above the southwest headscarp              
(Modified from Google Earth Pro, 2019). Inset is photograph                    
taken during March 2018 fieldwork (360 Photo). .................................... 31 

Figure 3.4. Geomorphological units in Nepal with study area outlined                         
by dashed square. Note the study area is located within the               
Midlands region (Modified after Dhital, 2015). ........................................ 32 

Figure 3.5. Schematic cross-section of the Nepal Himalayas. Study area                   
located with star (Modified after Zhang et al., 2016). .............................. 33 

Figure 3.6. A) August 2nd, 2014 Jure Landslide study area including basin                   
map, digital elevation model (Modified after Shrestha, 2016).                   
B) Koshi river system (Modified after Kattelmann, 1991). ....................... 34 

Figure 3.7. Average rainfall data (1976-2005) collected and obtained from                     
the Bahrabise gauging station in Nepal illustrating that Koshi                    
Basin receives ~3000 mm (>80%) of rainfall during the monsoonal 
season (June-September) (Modified after Pokharel et al., 2014). ........... 35 

Figure 3.8. Regional geological map of Central Nepal including the main               
thrusts, tectonics, and Jure Landslide study area outlined by                   
red dashed lined box (Modified after Yin, 2006). .................................... 36 

Figure 3.9. A) Simplified geological map of the Koshi region. Jure Landslide                 
study area is outlined with a dashed black box. (Modified after              
Dhital, 2015). B) Geological map along the Arniko highway                         
with the study area outlined in pink. Note dominate Kuncha                        
Formation within the Lesser Himalayan Sequence (Modified                 
after Regmi et al., 2016). ........................................................................ 38 

Figure 3.10. Historical earthquakes in Nepal (>Mw 7.0) within last 1000 years.            
A) Map of Himalayan mountain range with distribution of earthquakes 
(dark circles indicate >Mw 8.0). b) Temporal recorded earthquakes             



xiii 

from 1200 to 2000. Note the first earthquake recorded as early as              
1255 (Rajendran, 2005). ........................................................................ 39 

Figure 3.11. Map of large (Mw>7) earthquakes along the MFT that have           
devastated Nepal in the past 100 years. (Modified after                        
Bollinger et al., 2014). ............................................................................ 40 

Figure 3.12. A) 2015 Gorkha earthquake location map with epicenter                         
(Mw=7.8), aftershock (Mw=7.3) indicated with red circles,                             
and triggered co-seismic landslides (purple circles)                                            
(Kargel et al., 2016). B) Main shock of the April 25th 2015                              
M=7.8 Gorkha earthquake followed a series of Mw>6 aftershocks                
(red circles), including an Mw=7.3 event on May 12th 2015                              
(Greenwood et al., 2016). ....................................................................... 41 

Figure 3.13. Photographs showing the 2015 Langtang debris avalanche                            
that was triggered by the 2015 Gorkha earthquake. A) Oblique                        
northwest view of Langtang landslide and the location of the                     
destroyed village in the foreground (~200 fatalities). B) Overview               
of the Langtang landslide and river tunnel through the ice and                 
debris. (Modified after Collins and Jibson, 2015). ................................... 42 

Figure 3.14. Evidence of ongoing instability at the Jure Landslide.                                      
A) Pistol-butted, disturbed and inclined trees in the crown of                           
the landslide (B) with seepage/creeks observed above the headscarp          
(C) and clear evidence of slope damage with tension cracks (D) and                 
large fractures and perched blocks; all indicating the slope remains                   
in an unstable condition (Modified after MoI, 2014). ............................... 43 

Figure 3.15. A) Photograph taken on the day of the August 2nd 2014 Jure                               
Landslide and B) Landslide dammed lake created by the debris                  
(modified after Pokharel et al., 2014). ..................................................... 44 

Figure 3.16. Photographs of damage that occurred due to the 2015 Gorkha 
earthquake. A) Penstock of Bhote-Koshi Hydropower plant                                     
damaged by rockfalls. B) Flood scouring along penstock                       
after rockfalls punctured and burst the pipe (Basnet, 2016). ................... 45 

Figure 3.17. Estimated flood inundation area due to the Jure Landslide dam                  
breach with impacts on the regional area ~30 km downstream.                   
Maximum flood inundation depth approximatley 21 m                  
(Shrestha, 2016). ................................................................................... 46 

Figure 3.18. Conceptual diagram highlighting hypothetical cascading                         
hazard process at the Jure Nepal Landslide (Note river                            
flows in opposite direction). A) Initial August 2nd, 2014,                          
Landslide potentially triggered by seismic activity or monsoonal 
precipitation that can cause a landslide-dammed lake (LDL) and 
upstream lake development (flooding). B) Shows how after the             
initial triggering event, the LDL could catastrophically fail, leading                 
to do downstream flooding and debris that could cause significant 
damage to infrastructure and societal impacts to population                  
(Modified after Kirschbaum et al., 2019). ................................................ 47 

Figure 3.19. Surface deformation at the Jure Nepal Landslide linked to                          
co-seismic activity (2015 Gorkha Earthquake sequence) measured                   



xiv 

from COSMO-SkyMed SAR imagery (May 5-29, 2015)                     
(Kirschbaum et al., 2019). ...................................................................... 48 

Figure 4.1. Flowchart of the methodology used in the different stages                          
of the 2014 Jure Nepal Landslide site investigation                               
(Mysiorek et al., 2019a). ......................................................................... 50 

Figure 4.2. Field estimate techniques used at Jure Landslide for estimating                    
the unconfined compressive strength (UCS) during fieldwork.                      
A) Schmidt hammer Type-L and geological hammer testing                   
exposed outcrop within the headscarp. B) Schmidt hardness              
value conversion chart to determine the UCS of the intact rock                         
(Deere and Miller, 1966). ........................................................................ 53 

Figure 4.3. Average Schmidt hammer rebound number values obtained                    
at the Jure Nepal Landslide. Background source OpenStreetMap            
(ESRI, 2017). ......................................................................................... 54 

Figure 4.4. Geological Strength Index (GSI) chart (Marinos and Hoek, 2000). ......... 56 

Figure 4.5. GSI estimates obtained during field work at the Jure Landslide.               
A) GSI values and B) field station ID. ..................................................... 58 

Figure 4.6. Example of various GSI estimates throughout the Jure field site                   
(Figure 4.4 and 4.5). A) Poorly interlocked, heavily broken                      
phyllite rock mass  with moderately weathered and altered                    
discontinuity urfaces (360 Photograph). B) Interlocked, partially                  
disturbed very blocky phylllite rock mass with fair discontinuiy                  
surface conditions. C) Well interlocked metasandstone                               
rock mass with slightly weathered, iron stained discontinuity                 
surface conditions. ................................................................................. 59 

Figure 4.7. Schematic of the ISRM (1978) suggested primary parameters                 
for the quantitative description of discontinuities and rock masses            
during field work (example of a scanline survey)                                    
(Hudson and Harrison, 1997). ................................................................ 61 

Figure 4.8. A) Structural measurements (Dip/Dip Direction) obtained during                    
field work (red circle represents location of figure (C))                                  
(360 Photograph). B) Equal angle stereonet of plotted                       
orientations Total number of joints = 75. C) Example of                       
major discontinuity sets during March 2018 field work. ........................... 62 

Figure 4.9. A) Gigapan stitched panoramic high-resolution photograph                       
of the 2014 Jure Landslide taken on April 7th, 2019 at ~1.5 km                 
from mid-slope using Canon 5DSR with f =400 mm lens                         
(Interactive Photo Here). Highly persistent (10-20 m)                      
discontinuity set four (J4) (45o/145o) locations outlined in red                  
(B) (C) and approximate dip of slopes displayed illustrating the           
observed  ‘two stepped’ slope morphology. ............................................ 64 

Figure 4.10. Scanline mapping survey location employed during March 25th,              
2018, field work at the Jure Landslide field site. ..................................... 65 

Figure 4.11. Limited outcrop exposures identified throughout the Jure Landslide              
study site due to difficult site access, active rockfall hazards, and           
rugged terrain as displayed in (A) and during traversing up fresh            
rockfall talus (B). C) Discontinuity scanline mapping survey               



xv 

conducted ~100 m northwest of Jure headscarp by draping 30 m               
of measuring tape along the exposed outcrop. C) Three dominant  
discontinuity sets were identified and plotted in stereonets                   
using DIPS. ............................................................................................ 66 

Figure 4.12. Kinematic analysis based on  the discontinuity sets identified             
during field surveys at the Jure Nepal landslide. Analysis                   
shown for A) Planar Sliding, B) Wedge and C) Direct toppling           
failure mechanisms. ............................................................................... 68 

Figure 4.13. Example of information provided by a terrain symbol including              
texture, type of surficial material, surface expression,                 
geomorphologic process, and qualifiers portrayed on a                      
terrain map. This symbol indicates a glaciofluvial (FG) terrace (t)            
that is composed of sandy gravel (sg) which has been modified              
by slow downslope failures (F) that are no longer active (I)               
(Howes and Kenk, 1997). ....................................................................... 69 

Figure 4.14. 2018-2019 Field work showing GPS ground-truthed                         
traverses in blue. The Jure Landslide has been divided                         
into three main zones based on topography, morphology,                      
and location with the landslide rock avalanche event                    
including: Crown (1450-1700 masl), Mid-Slope (1170-1450 masl),           
and Depositional (800-1170 masl) zones. .............................................. 70 

Figure 4.15. Field observations in the Jure Landslide Crown zone                        
(Centre Inset shows photograph locations). A) Terraced                    
weathered bedrock dissected by gullies with cobble-boulders                   
from debris torrents. B) Hummocky terraced colluvium boulder             
gravelly sand overlying steep bedrock with gully erosion and                   
active creek containing seasonal debris torrents. C) Weathered               
bedrock overlying steep Phyllitic bedrock located within a rapid               
mass movement exposed headscarp. D) Weathered bedrock                
that is heavily terraced. SunKoshi River as Fluvial active plain              
with progressive bank erosion. ............................................................... 72 

Figure 4.16.  Field observations within the Jure Landslide Crown zone                  
headscarp (Middle Inset photograph shows locations).                            
A) Evident instability features within and directly above headscarp 
including disturbed trees and weathered/fractured colluvium cones.              
B) Colluvium cone with pistol-butted trees directly above headscarp            
with evident tension cracks (Inset). C) Example of multiple bedrock 
boulders overhanging headscarp above loose talus. D) Post-failure            
mass wasting event containting layer of heavily weathered/oxidized 
resdiual soil that is terraced. ................................................................... 74 

Figure 4.17. Field work observations in the Jure Landslide Crown Zone.                     
A) Active creek above headscarp facing downslope (draining                   
over edge) with subangular gravel-cobble clasts. B) Active flowing            
creek view up-slope standing near headscarp. C) Ponding of water         
along poorly maintained/slumping road, disturbed trees, and active           
creek draining into north headscarp. D) View facing downslope with 
disturbed trees, cobble-boulder clasts within active creek/gully. ............. 75 

Figure 4.18. Jure Landslide A) Gigapan stitch; B) Seepage and surface runoff;               
C) Seepage in southern headscarp. ....................................................... 76 



xvi 

Figure 4.19. Field work to ground-truth the Mid-Slope zone of the Jure                     
Landslide. A)  View from southern headscarp (1705 masl).                             
B) Small path with weathered bedrock and evident colluvium                   
debris throughout (large boulder). .......................................................... 78 

Figure 4.20. Field work to ground-truth the mid-slope southern section of                         
the Jure Landslide (Inset shows location in red of field station).                   
Note the disturbed trees, gravel-boulder size subangular clasts                
within  colluvium material derived from mass wasting debris                    
slides/falls. ............................................................................................. 79 

Figure 4.21. Field observations in the Mid-Slope zone of the Jure Landslide                     
Mid-Slope Zone, (Middle inset photograph shows locations).                        
A) Damaged Iteni village in close proximity to the exposed                          
landslide scar. B) Iteni village immediately above a very steep                  
slope showing rebuilding after 2014 Landslide. C) Terraced                    
weathered bedrock surficial material with D) Debris flows/torrents 
dissecting throughout and active water at Thadechaur village. ............... 80 

Figure 4.22. Field observations within the exposed scar of the Jure Landslide               
Mid-Slope zone. Inset photograph shows heavily damaged                       
Iteni Village. Example of terrain symbols along the scar area                        
including steep exposed bedrock (Rs) in the rapid mass                     
movement (rockfall) involving  falling, bouncing, and rolling                           
(R”b) with a Colluvium cone (Cc) and fan (Cf) at moderately                        
steep slope (k) composed of boulder-gravel mixed subangular                     
fragments (bgx) (For description of terrain symbols refer to                  
Appendix B; Howes and Kenk, 1997). .................................................... 81 

Figure 4.23. Engineering geomorphological field observation within the                      
northern section of the exposed scar of Jure Landslide                          
Mid-Slope zone A) Anthropogenic terraced surficial material                
comprising weathered bedrock mixed sandy-gravely angular               
fragments dissected by gullies containing cobble-boulder clasts             
and active creeks. B) Major gully along slumping along road                       
and terraced surficial material exposing discontinuity set 4.                           
C) Gigapan stitched (link) panorama showing overview of                           
Jure Landslide in 2019 wand locations of A, B, D inset.                            
D) Exposed discontinuity set 4 and major gully along road                         
with seepage along surface. ................................................................... 82 

Figure 4.24. Location of field work to ground-truth Jure Landslide Deposition                 
zone. Note the star indicates March 23, 2018, field observation                
station 360 view: Link. ............................................................................ 83 

Figure 4.25. Engineering geomorphological field observations within the                        
Jure Landslide Deposition Zone A) Overview 2019 Gigapan                      
stitched (link) panorama with clinometer slope angle/direction                     
and location of B, C, D insets. B) Colluvium talus cone dissected                   
by gully/creek with active debris fall/torrents comprising                          
gravely-sand matrix with subangular cobble-boulder phyllitic               
bedrock. Note the seepage and surface runoff along exposed               
bedrock. C) View looking southeast (downslope) within the                 
Colluvium fan deposit with evident deposition 50 m up the                    



xvii 

opposite valley wall. D) Dissected colluvium fan with                          
active water/debris torrents (field assistant 6ft tall for reference). ........... 84 

Figure 5.1. A) Jure Landslide TLS remote sensing field stations. TLS                       
stations along Arniko highway (O, P, Q, R) were collected                  
yearly (2016, 2017, 2018, 2019) with each year merged                          
(O, P, Q, R) into separate single point cloud slope models.                   
TLS stations (1, 2, 3) at higher elevation (~950 masl) were                
collected during 2018 and 2019 field visits to reduce occlusion                
with each year merged into a separate single point cloud                       
slope model. B) Example of TLS and Long-range TDP from                
station 1 (2018 field visit). C) Example of TLS and Long-range              
TDP from station O (2019 field visit). ...................................................... 86 

Figure 5.2. Simplified TLS data processing workflow within RiSCAN Pro                  
(Riegl, 2018). ......................................................................................... 88 

Figure 5.3. A) Jure Landslide TDP remote sensing field stations with                       
survey parameters outlined in Table 5.2.  B) TDP 2018 field                    
station R mounted on Gigapan robotic head. C) TDP 2018                        
field station 1 east of Sunkoshi River. ..................................................... 90 

Figure 5.4. Jure Landslide TDP GigaPan stitched panormas from                             
A) 2019 Station 1 (Link). B) 2018 Station Q (Link). C) 2017                        
Station Q (Link). D) 2016 Station Q (Link). ............................................. 91 

Figure 5.5. March 2018 TDP data acquisition and processing.                                   
A) Scanline mapping at exposed outcrop 100 m northwest                            
of headscarp (TDP station 5, 6, 7). B) Close-range TDP 3D                      
point cloud model with field scanline survey and example of                      
3 windows that have been mapped. ....................................................... 92 

Figure 5.6. DJI Mavis Pro UAV utilized during 2018 and 2019 Jure                             
Landslide field work to capture Hi-resolution imagery and                       
4K video for SfM 3D models. Data in inset obtained from 
https://www.dji.com/ca/mavic. ................................................................ 93 

Figure 5.7. Left :Photograph of Jure Landslide UAV take-off showing                         
field stations employed, March 22nd, 2018 (Station 1; bottom                       
right photograph) and April 8th, 2019 (Station 2,3; top right                         
photo station 3. ...................................................................................... 94 

Figure 5.8. 2019 UAV-SfM textured point cloud with zoom in of                             
headscarp (top). ..................................................................................... 95 

Figure 5.9. Example of final georeferenced and aligned annual 3D                               
point cloud and mesh RS models of the Jure Landslide.                               
Note that 2017 TLS data has been omitted in this example                          
as it contained major occlusions with gaps in data due to                               
the line of sight and angle of slope. However, this model                         
has still been aligned as it contains vital information on the                     
headscarp and depositional areas which were subsequently                 
utilized in change detection analysis and understanding the                      
evolution of the post-failure slope morphology. ...................................... 97 

Figure 5.10. Mapping of major geological structures at the Jure Landslide                   
using remote sensing data. A) 2019 UAV/TLS surveys indicate                  
four major geological structures in addition to discontinuity                         



xviii 

sets IV, II, and foliation planes (2019 GigaPan Stitch Link)                              
B)  Lateral release surface (SL1) along the southern section                     
of the headscarp. C) Large scale structure identified as                             
potential Northern Lateral release (NL1) structure.                                   
D) Major cross-cutting feature that can be traced from the                     
landslide headscarp to the toe. ............................................................... 99 

Figure 5.11. 2018 TDP 3D point cloud of scanline outcrop with insets                      
showing the zoomed-in scanline location and the 3 selected               
mapping windows. ................................................................................ 100 

Figure 5.12. Example of Window 1 manual mapping on TDP point cloud                      
with identified step-path geometry. Inset of stereonet. .......................... 101 

Figure 5.13. Zoom in of manual mapping in Window 2 on TDP scanline                      
outcrop with inset showing discontinuity sets on an equal angle         
stereonet. ............................................................................................. 102 

Figure 5.14. Zoom in of manual mapping on TDP scanline outcrop in                       
Window 3 with inset of equal angle stereonet. ...................................... 103 

Figure 5.15. A) 2018 TDP point cloud of scanline outcrop. B) Automatic                     
“Facets: Kd-tree” plugin for mapping of discontinuities and              
subsequent comparison with VR/MR holographic mapping. ................. 104 

Figure 5.16. Full slope scale change detection (M3C2) results comparing                  
2016 vs 2019 RS point clouds at the Jure Landslide with AOI                
indicated............................................................................................... 106 

Figure 5.17. Example of 2017 TLS RS point cloud data of the Jure Landslide                  
with major gaps (occlusion) in data due to line-of-sight from                  
Arniko Highway. ................................................................................... 107 

Figure 5.18. AOI 1 change detection results along southern headscarp                       
(dashed white line) from A) 2016 to 2019, up to 48 m erosion                    
along scarp face and ~7 m eroded above headscarp with a                     
mass-wasting event of surficial material. B) 2018 to 2019                        
change detected of up to 10 m along scarp and 3 m along                     
exposed secondary failure. .................................................................. 108 

Figure 5.19. TDP Gigapixel-imagery panorama stereopairs of the Jure                
Landslide showing progressive erosion along the southern                     
scarp face (AOI 1). Note the evolution of the post-failure scarp                 
face, eroding nearly 48 m (414,480 m3) from 2016 to 2019, with               
a large mass-wasting event August 2017 (B). Links to Gigapan            
imagery for: A) 2016 (link). B) 2017 (link). C) 2018 (link).                            
D) 2019 (link). ...................................................................................... 109 

Figure 5.20. A) Change detection results for the Jure Landslide from                      
2016 to 2019 with up to 5 m erosion recored in AOI 2 and                       
7.2 m erosion along AOI 3. B) 2019 photograph of AOI 2.                        
C) 2019 photograph AOI 3. .................................................................. 110 

Figure 5.21. Change detection results for the Jure Landslide showing                
accumulation of debris creating a progressively greater                           
volume of material directly below the southern scarp.                               
A) 2019 imagery with inset showing 2016 to 2019 maximum                
deposition up to 18 m correlating to an estimated volume                         



xix 

of 315,850 m3. B) 2019 oblique photograph of talus cone                  
extent. .................................................................................................. 111 

Figure 5.22. Change detection analysis results at Jure Landslide site                            
from 2018 to 2019. Note the erosion along the talus cone                      
(yellow) and accumulation (green). Major erosion of material                    
identified just below the northern headscarp (star B), with                     
maximum erosion of up to ~7.5 m and an estimated detached               
volume of 60,500 m3. ........................................................................... 112 

Figure 5.23. 2019 UAV-SfM orthomosaic image of the Jure Landslide. .................... 114 

Figure 5.24. Example of 2018 TLS remote sensing data raster DEMs                         
(0.5 m pixel size) of the Jure Landslide imported into                          
ArcMap and ArcScene to create A) Hillshade                                           
B) Slope and C) Aspect maps. ............................................................. 115 

Figure 5.25. Morphological maps of the Jure Landslide showing slope                     
directions and angles, and breaks and changes in slope along                                 
with gullies, ridges, and cliffs for A) 2016 (hillshade displayed)                    
and B) 2019 (orthomosaic and hillshade displayed). Background                     
satellite imagery (0.31 m resolution) obtained from TerraColor                 
(ESRI, 2017). ....................................................................................... 117 

Figure 5.26. Engineering geomorphological maps of the Jure Landslide                     
(combined morphological and morphographic) based on an                    
integrated field, mulitisensor remote sensing data, and GIS                   
investigation for A) 2016 and B) 2019. ................................................. 118 

Figure 5.27. Rosette plots of the lineaments mapped on the 2019 RS data.                   
A) Full site scale mapping (N=128). B) Focused only on                      
headscarp lineations (N=35). ............................................................... 119 

Figure 5.28. Lineament analysis conduted throughout the Jure landslide                         
site on the 2019 remote sensing data (displayed as hillshade                        
with 100 m contours). ........................................................................... 120 

Figure 5.29. Regional scale lineaments identified trending NW-SE                            
transecting through the Jure Landslide site identified in                             
A) Google Earth Pro imagery and B) ASTER GDEM                                
(METI and NASA) 20 m resolution GIS slope aspect map. ................... 121 

Figure 5.30. Jure Landslide Terrain Classification Map (TCM) integrated                         
with engineering geomorphological map. Polygons draped                       
on background of 2019 UAV-SfM orthomosaic and hillshade. .............. 122 

Figure 5.31. Pre-failure surface reconstruction of the 2014 Jure Landslide by 
extracting both downslope and along slope profiles to interpolate                    
the height of material lost. Figure with 2016 RS (0.5 m pixel)                   
hillshade. .............................................................................................. 123 

Figure 5.32. Jure Landslide pre-failure slope geometry assumed for                      
preliminary numerical modelling. A) Extended slope geometry                  
(~500 m) at the toe and headscarp following the natural topography             
in Google Earth. B) Final pre (red) and post (blue) failure geometry 
utilized for preliminary modelling. ......................................................... 124 

Figure 5.33. A) Three potential rockfall source zones, paths, and deposition                
identified through M3C2 change detection and extracted slope                



xx 

profiles (Insets) utilized for 2D and 3D holographic rockfall                   
modelling. B) 2019 Gigapan panorama showing example of the                
three source zones. .............................................................................. 126 

Figure 6.1. Simplified toolbox and workflow utilized for preliminary numerical 
simulation of the Jure Landslide. .......................................................... 128 

Figure 6.2. Slide sensitivity back analysis performed to determine material                     
properties mimicking the 2014 Jure Landslide. A) Sensitivity plot 
indicating that the FOS is extremely sensitive to fluctuation in                 
cohesion (blue). B) Sensitivity analysis further investigating                
cohesion, with strong correlation (0.98) indicating that slope is             
unstable (FOS=1) at ~0.45 MPa. .......................................................... 130 

Figure 6.3. Global minimum slip surface at the Jure Landslide obtained from 
Spencer’s limit equilibrium method with a FOS=1. The overall rock             
mass parameters of the phyllite bedrock material displayed above.         
All critical circular failure surface shown with default grid search 
approach. ............................................................................................. 131 

Figure 6.4. Simplified workflow showing importing 3D RS slope geometries               
of the Jure Landslide and extruding volume within Slide3. .................... 132 

Figure 6.5. Example of 2D Slide file geometry and results (bottom left)                   
imported directly into Slide3 followed by extruding the slope into                  
the third dimension for direct comparison of 2D and 3D slope                  
stability results. Note that it appears that Slide3 as expected                 
computes a slightly higher FOS, due to the “end effects” of the                
3D geometry. Video example to import of Slide model into Slide3 
provided: Link. ...................................................................................... 133 

Figure 6.6  Wedge failure formed between large scale features (X1) identified             
on the exposed scarp face that can be traced from the crown to                  
the toe dipping ~46o in a 089o direction and along the northern                 
extent of the scar, with  geological feature (NL1) dipping ~65o in                    
a 240o direction. J4 (45o/145o) forming the rear release surface.              
The line of intersection (sliding direction) of the wedge slides in the            
160o trend with a 190 dip. This wedge failure may then have allowed 
sliding along SL1, which may have been the sequence of failure             
events of the Jure Landslide. Swedge 6.0 model displayed                  
(Rocscience, 2018h) ............................................................................ 134 

Figure 6.7. Jure Landslide scenario 1: Homogenous rock mass model                        
in RS2. .................................................................................................. 136 

Figure 6.8. Jure Landslide scenario 2: Assumed basal rupture surface                       
in RS2. .................................................................................................. 136 

Figure 6.9. Jure Landslide scenario 3: Assumed basal rupture and rear                   
release surface in RS2. ......................................................................... 137 

Figure 6.10. Results of Jure Landslide RS2 scenario 1 assuming a                       
homogenous rock mass . A) Maximum shear strain of (3.3e-002) 
simulated  near the headscarp and at the daylighting rupture                  
surface. B) Total displacement (maximum displacement of 1.8 m)            
with deformed mesh and critical SRF=1. .............................................. 138 



xxi 

Figure 6.11. Results of Jure Landslide simulation in RS2 scenario 2,                        
assuming a basal rupture surface indicate a maximum                        
shear strain (9.2e-002) distributed from the headscarp                           
and directed towards basal rupture surface. Critical SRF=0.95,                 
indicative of unstable slope conditons. ................................................. 139 

Figure 6.12. Jure Landslide RS2 scenario 2 showing failed elements                       
(shear and tension) and a maximum total displacement                           
results of 15 mnear the headscarp. Note the high accumulation                     
of shear failure along the basal rupture surface and tensile failure              
located near the headscarp where instability features                            
(e.g. tension cracks, pistol-butted tress, mass-movements)                  
were observed during March 2018 field work. ...................................... 140 

Figure 6.13. Jure Landslide RS2 scenario 3. A) Deformed mesh and                       
Maximum shear strain (7.8e-002) contours are simulated near                 
the intersection of both discontinuities as well as at the crest of                   
the slope (3.2e-002) with a notable decrease in SRF=0.82.                       
B) Total displacement contours show a maximum of                                 6 
m movement. ....................................................................................... 141 

Figure 6.14. A) Jure Landslide pre-failure interpolated mesh. B) Import                      
into RS3 with extended topography based on natural surface             
morphology. ......................................................................................... 143 

Figure 6.15. Jure Landslide RS3 scenario 1 model showing tetrahedra mesh. ......... 144 

Figure 6.16. Jure Landslide RS3 scenario 2 model with extruded basal                  
rupture and rear release surface. ......................................................... 145 

Figure 6.17. Maximum shear strain simulated using RS3 for Jure                              
Landslide Scenario 1. A) 3D model illustrating high                             
concentration of shear strain along the present day                               
headscarp location and appears to extend towards the                            
daylighting rupture surface. B) Maximum shear strain                              
viewed in the XZ plane, note SRF=1.2 which is                                  
considered stable. ................................................................................ 146 

Figure 6.18. Simulated total displacements for RS3 models of Jure                          
Landslide Scenario 1. Note the total displacement contours            
focused within the top section of the landslide showing up                         
to 9 m movement. ................................................................................ 147 

Figure 6.19. Jure Landslide scenario 2 modelled using RS3. Note                               
the SRF= 0.93, which indicates the slope is  ‘unstable’.                            
A) Maximum shear strain contour displayed (left) with XZ                        
cross-sectional plane (A-A’) displayed on right. Note the                     
accumulation of strain along the basal rupture surface,                      
headscarp, and daylight surface. B) Maximum total displacement                 
of 13 m displayed in 3D model (left) and XZ cross-sectional                  
plane view. ........................................................................................... 148 

Figure 6.20.  FLAC3D Jure Landslide scenario 1 model setup with failure            
outline. ................................................................................................. 150 

Figure 6.21. FLAC3D Jure Landslide scenario 2 model setup with                            
rear release and basal rupture surface. ................................................ 151 



xxii 

Figure 6.22. FLAC3D simulation results for the Jure Landslide scenario 1                          
A) Maximum principal strain rate within the landslide scar,                      
showing  localized accumulation along the north scarp                             
mid-slope which may be related to identified discontinuity                      
set, DS4.  (inset shows 2018 field work photograph).                                
B) Maximum displacement of 1.5 m simulated throughout                             
the upper displaced section of the landslide. ........................................ 152 

Figure 6.23. Jure Landslide FLAC3D scenario 2. Minimum principal                               
strain rate contours appear to be strongly controlled by the                       
addition of the basal rupture and rear release surface. This                       
is clearly evident with the strain localized along the headscarp                       
and daylighting surface. ....................................................................... 153 

Figure 6.24. Jure Landslide FLAC3D scenario 2 results. Zone state                         
illustrating location of shear failure as well as amount of                          
tension failure. ...................................................................................... 153 

Figure 6.25. Jure Landslide FLAC3D scenario 2. Displacement contours                     
appear to be strongly controlled rear release along the                               
headscarp and along the top left (SW) section which may                      
relate to the progressive retrogression indicated by M3C2                    
remote sensing change detetcion results in AOI 1 (inset). .................... 154 

Figure 6.26. FLAC3D displacement vectors for Jure Landslide scenario                    
showing down-slope movement direction with concentration                           
of displacement  along intersection of basal and rear release                    
surfaces. .............................................................................................. 155 

Figure 6.27. Jure Landslide UDEC preliminary scenario 1 model setup. .................. 156 

Figure 6.28 Jure Landslide UDEC model scenario 2 model setup. .............................. 157 

Figure 6.29. UDEC model results of Jure Landslide for Scenario 1 Note                           
that the velocity vectors display speed (numerical time) and                               
orientation of movement that begins along the headscarp                              
and moving out of the slope at the daylighting surface.                         
FOS=1.02. Results agree with the the Slide Limit Equilibrium                    
and RS2 scenario 1 analyses. .............................................................. 158 

Figure 6.30. UDEC model results for Jure Landslide UDEC scenario 2.                     
Note the displacement vectors (distance and direction) begin                     
along the headscarp (~6.5 m) followed by increasing                  
displacement along the basal rupture surface before moving out of the 
slope at the daylighting surface (~14 m). Note the FOS has decreases 
indicating an unstable slope state (FOS=0.87). .................................... 159 

Figure 6.31. Jure Landslide 3DEC scenario 1 model setup. ..................................... 161 

Figure 6.32. 3DEC model of Jure Landslide: Scenario 2 with structures. ................. 161 

Figure 6.33.  Jure Landslide 3DEC scenario 2 results illustrating time-lapse                 
of the detachment of the upper failed surface sequence from                    
A-D. Note the orientation and direction of displacement vectors 
downslope and daylighting at the basal rupture surface. ...................... 163 

Figure 7.1. Microsoft HoloLens headset utilized for an immersive MR                     
Jure Landslide geodatabase experience                  
(https://www.microsoft.com/en-ca/hololens/hardware).......................... 166 



xxiii 

Figure 7.2. Holographic User-Interface (UI) menu embedded within                         
the virtual Jure Landslide Geodatabase. Each button contains             
further submenus and presents results of interest as interactive 
holograms. Note that this is one of multiple sub-menus with the              
Jure 2018 fieldwork emphasised. ......................................................... 167 

Figure 7.3. Interactive holographic remote sensing (e.g. TLS, TDP, UAV)                    
and field (Brunton compass) equipment models embedded                        
within the virtual Jure Landslide geodatabase. Equipment has                    
been made in Sketchup (Trimble, 2019) and Blender® (2019)                
before importing into Unity® (2019). Note the Brunton and                
holographic scanline outcrop. ............................................................... 168 

Figure 7.4. Example of virtual Jure Landslide TLS field survey stations.                       
A Riegl VZ-4000 TLS has been enlarged to illustrate the GPS                   
field station icons as displayed in the inset. .......................................... 169 

Figure 7.5. Example of Jure Landslide virtual geodatabase where the                     
user is able to effectively view and interact with numerical                     
modelling results. RS2 model scenario 3 (basal rupture and                          
rear release surface) cross-sections are shown located at the                 
correct location at the Jure Landslide (aligned in Figure by                  
simple hand-gesture drag and drop in the virtual world). ...................... 170 

Figure 7.6. Virtual Jure Landslide geodatabase. A) Example of holographic               
menu and virtual rock table with samples. B) High-resolution              
holographic 3D rock samples on virtual table with example of                
rock sample,S7, obtained during 2018 field work (inset 1) and             
equivalent 3D model (inset 2). .............................................................. 171 

Figure 7.7. Example of virtual Jure Landslide geodatabase M3C2                         
change detection results draped over 3D holographic Jure                  
Landslide remote sensing model. ......................................................... 172 

Figure 7.8. Example of the interactive virtual Jure Landslide geodatabase               
with the author visualizing a holographic outcrop, results                       
(e.g. field and remote sensing) (red line on outcrop where                     
author conducted field scanline), remote sensing equipment                 
(e.g. TLS, TDP, UAV), and terrain map. ............................................... 173 

Figure 7.9. First person immersive view of the virtual Jure Landslide                   
geodatabase, where the user is able to walk or fly throughout                    
the region. Inset shows as if standing at red circle with TLS                
locations. .............................................................................................. 174 

Figure 7.10. Importing Google Earth imagery of the Jure Landslide region                 
into A) PhotoScan (Agisoft, 2018) to create a B) SfM dense                       
point cloud with C) holographic model. ................................................. 175 

Figure 7.11. Workflow for developing a VR/MR virtual geodatabase                     
(Onsel et al., 2019). .............................................................................. 176 

Figure 7.12. Jure Landslide outcrop that has been utilized for comparative                        
analysis between field, remote sensing, and holographic                   
discontinuity mapping. Note field mapping commenced                      
March 25th, 2018. ................................................................................. 178 



xxiv 

Figure 7.13. First person view of the author conducting holographic                    
discontinuity mapping along the scanline outcrop with                               
a virtual Brunton compass. ................................................................... 180 

Figure 7.14. Third person view (multiple users mapping) holographic                        
discontinuity mapping within the Jure Landslide geodatabase                   
at the scanline outcrop. By utilizing EasymapMR software,                         
the user can obtain real-time structural orientation                       
measurements that are plotted as poles on a virtual                          
stereonet (Mysiorek et al., 2019a). ....................................................... 180 

Figure 7.15. First person view of the user conducting holographic                             
fracture mapping along a virtual outcrop. The 3D polyline                      
can be saved and exported with various information embedded                      
within the file. ....................................................................................... 181 

Figure 7.16. Flowchart of research methodology utilized to conduct a             
comparative 2D/3D holographic rockfall modelling analysis. ................ 184 

Figure 7.17. Example of potential rockfall source zone 1 at the Jure                  
Landslide site. A) CQR estimates based on field and                        
remote sensing model visualization. B) Representative                             
2D RocFall 6.0 slope model setup with CQR estimates                
(blue=bedrock; yellow=talus; green=talus + vegetation). ...................... 186 

Figure 7.18. Virtual Jure Landslide holographic rockfall modelling                  
application with interactive menu, comparative 2D results,                     
and M3C2 displacement results draped over the holographic                  
RS point cloud. ..................................................................................... 187 

Figure 7.19. Virtual Jure Landslide holographic rockfall modelling                        
application scaled to table-top size for effective communication                
in an office setting. ............................................................................... 188 

Figure 7.20. Holographic Jure Landslide virtual rockfall modelling                         
application simplified comparative analysis workflow                         
illustrating an immersive, effective and efficient way to 
model/communicate rockfall hazards and results. ................................ 189 

Figure 7.21. Jure Landslide virtual rockfall modelling application.                                  
A) multiple users analyzing the holographic rockfall                            
simulation, extracting individual rockfall data (e.g. bounce                  
height, velocities, etc.) simply by air-tap gesture on rock of                         
interest with charts plotted in real-time. B) zoom in of rock                       
bounce height (red), translational velocity (blue), and angular                 
velocity (green) chart. C) zoom in rock bounce (blue) relative                        
to slope surface (red). .......................................................................... 190 

Figure 7.22. Virtual Jure Landslide holographic rockfall modelling source                    
zone 1 showing comparative 2D and 3D MR simulation with                     
start, end, and comparison cross-sectional results. Note that                           
it appears holographic rockfall modelling calculates slightly                        
higher magnitude bounce height, and translational velocity,                     
with a lower rotation velocity. The 2D rockfall is only ableto                        
travel down the extracted 2D profile and relies on the CQR                       
input, whereas the Unity holographic modelling software                       
travels down the 3D topography differently on each run. ...................... 191 



xxv 

Figure 8.1. Hypothesized sequence of events culminating in the                       
catastrophic 2014 Jure Landslide. A) 2004 pre-failure                        
instability noted with surficial debris/rock slides (indicated                             
by arrow). B) Major rockfalls and large mid-slope scar                           
identified October 24th, 2012. C) 2014 Jure Landslide                       
complex multi-stage failure. D) Progressive post-failure                           
erosion and retrogression of headscap. ............................................... 199 

Figure 8.2. Two similar landslide events in history. A) August 2nd,                           
2014, Jure Landslide in Nepal (Imaged modified after 
www.ekantipur.com). B) July 28th, 1986, Valpola (Mount                            
Zandila) landslide (Central Alps, Italy) (Image modified                            
after Crosta et al., 2004). ...................................................................... 200 

 

 



xxvi 

List of Acronyms 

AR Augmented Reality 

DEM Digital Elevation Model 

DFN Discrete Fracture Network 

FoS Factor of Safety 

GIS Geographic Information System 

GPS Global Positioning System 

GSI Geological Strength Index 

JRC Joint Roughness Coefficient  

LDL Landslide-Dammed Lake 

LiDAR Light Detection and Ranging 

masl Meters above sea level 

MBT Main Boundary Thrust 

MCT Main Central Thrust 

MFT Main Frontal Thrust 

MHT Main Himalayan Thrust 

MR Mixed Reality 

SfM Structure from Motion 

STDS South Tibetan Detachment 

TDP Terrestrial Digital Photogrammetry 

TLS Terrestrial Laser Scanning 

UAV Unmanned Aerial Vehicle 

VR Virtual Reality 

 



xxvii 

 

/Executive Summ  

Figure 1. Poem describing the deep sorrow and loss due to the destructive 
August 2nd, 2014, Jure Nepal Landslide (Modified after Van der Geest 
and Schindler, 2016). 

ary/Image 



1 

 Introduction 

Large landslides are among the most catastrophic of natural hazards, causing 

billions of dollars of damage and thousands of fatalities around the world every year 

(Clague and Roberts, 2012; Froude and Petley, 2018). With a large increase in global 

population and development in potentially unstable mountainous areas, losses due to 

landslides will continue to increase (Petley et al., 2007; Petley, 2012; McAdoo et al., 

2018). Early landslide studies in the literature often focused on developing landslide 

classifications (Varnes, 1978; Cruden, 2003), and although important, classifications 

alone do not provide a complete understanding of the complexity of large catastrophic 

landslides (Wolter, 2014). Considerable advances in remote sensing (RS) technology, 

data collection approaches, field equipment, monitoring and numerical modelling 

techniques in addition to workstation computational power have all over the last decade 

improved our understanding of the causes, triggers, and mechanics of landslides 

(Clague and Roberts, 2012; Stead and Eberhardt, 2013; Wolter, 2014). The factors that 

may potentially control the development of large landslides, such as strength 

degradation, seismic amplification/fatigue, and progressive slope failure have studied by 

numerous authors (e.g., Eberhardt et al., 2004; Stead et al., 2006; Rosser et al., 2007; 

Clague and Stead, 2012; Kromer et al., 2015; Stead and Wolter, 2015; Gischig et al., 

2015 a,b; Williams, 2017). 

While geotechnical structural mapping is a fundamental task in rock slope 

characterization, unstable rock slopes can pose a high level of risk to the 

geoscientist/engineer employing traditional engineering geological field surveys 

(scanline, discontinuity measurements, Geological Strength Index (GSI), rock sampling, 

etc.) due to inaccessibility and safety concerns. Rapidly developing RS techniques, 

including Terrestrial Laser Scanning (TLS), Terrestrial Digital Photogrammetry (TDP), 

and Unmanned Aerial Vehicle Structure-from-Motion (UAV-SfM) are routinely employed 

for landslide site characterization. These methods allow acquisition of high resolution 3D 

data sets from previously inaccessible terrain, at sub-centimeter accuracy, that can be 

utilized for various rock engineering purposes including geotechnical mapping and 

monitoring (Sturzenegger and Stead 2009 a, b; Sturzenegger, 2010; Jaboyedoff et al., 

2012; Abellan et al., 2014; Kromer et al., 2015; Stead and Wolter, 2015; Greenwood et 



2 

al., 2016; Williams, 2017). Notwithstanding these recent technological advances, there is 

a continued need to develop new and efficient approaches for discontinuity mapping, 

rock slope characterization and remote sensing data visualization.  

The research presented in this thesis uses a variety of remote sensing 

techniques to characterize the 2014 Jure (Nepal) Landslide including TLS, TDP, UAV-

SfM in addition to analysis of satellite imagery and traditional engineering 

geological/geomorphological mapping. Geotechnical data obtained for site 

characterization is used as input for preliminary 2D and 3D numerical analysis of Jure 

landslide, including kinematic, limit equilibrium, continuum and discontinuum numerical 

modelling. Research conducted here has been integrated into an interactive 

Virtual/Mixed reality (VR/MR) geodatabase of the Jure slope, enabling an enhanced 

engineering geological site investigation where each chapter is presented within a virtual 

thesis. Furthermore, an innovative workflow to conduct and compare various field/RS 

techniques (such as discontinuity orientation, terrain, hazard, change detection), and a 

comparative 2D/3D virtual rockfall analysis using remote sensing 3D holograms (while 

remaining immersed in a VR/MR reality environment) are presented. The proposed 

VR/MR approach to slope investigations allows improved visualization, communication 

and understanding of complex geohazard phenomena. The ability to store and view both 

field and high-resolution RS 3D datasets in a VR/MR environment provides the 

geoscientist/engineer with an immersive and enhanced experience that can be utilized to 

not only complement, but improve traditional field/RS data at all stages of a rock 

engineering investigation and interpretation.  

1.1. Study Site Background 

The Jure Landslide is located in Nepal in South Asia within the Himalayan 

Mountain Range. This mountain range reaches altitudes from 64 masl in southern plains 

to ~9000 masl in the North (Dhital, 2015; Zhang et al., 2016). The rugged Himalayan 

region is extremely susceptible to slope failure due to steep topography, unfavorable 

geology, intense physical weathering, active tectonics and heavy precipitation during the 

monsoon season. Landslides are common events within the Himalayan region that 

destroy property, cause fatalities and substantial economic loss (Petley et al., 2007; 

Petley, 2012). The main triggers of these mass wasting events are often earthquakes, 

unfavorable orientation of geological structures, and heavy precipitation (Petley, 2012; 
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McAdoo et al., 2018). Anthropogenic activity (e.g., Agriculture and poorly constructed 

roads) also can play a key role in decreasing slope stability (Petley et al., 2007; McAdoo 

et al., 2018). 

The Koshi River basin, situated within the central Himalayas, extends over an 

area of 71,500 km2, and has a history of high landslide activity with a total of ~7000 

landslides identified in the past 23 years (Zhang et al., 2016). This study will focus on the 

preliminary engineering geological characterization of a large (5.5 Mm3), destructive 

landslide that occurred on the early morning of August 2nd, 2014 near Jure village in the 

Sindhupalchowk district, approximately ~70 km northeast of Kathmandu, Nepal (Figure 

1.1). Steep, inaccessible slopes can pose extreme risk to geoscientists or engineers 

during fieldwork due to difficult vehicle access, fast flowing rivers, and landslides. A safe 

and efficient approach during fieldwork is to combine traditional engineering geological 

mapping with recent advances in state-of-the-art remote sensing equipment allowing 

detailed slope characterization. 

 

Figure 1.1. A) Overview map of Jure study site outlined in red (27°46'9.50"N, 
85°52'10.40"E) (Inset map: Star indicates Jure landslide study site). 
B) Satellite imagery of Jure landslide site (Modified after: Google 
Earth Pro, 2019). C) Photograph taken on the day of the landslide 
(red dashed line shows location of Arniko highway) with flooding 
upstream (Modified after www.ekantipur.com) 
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1.2. Research Objectives 

The aim of this M.Sc. research is the preliminary engineering geological 

characterization the 2014 Jure Landslide, using an integrated GIS, RS, numerical 

modelling, and VR/MR approach. Recent advances in state-of-the-art remote sensing 

equipment, complemented with traditional field engineering geological methods allow a 

more detailed understanding of the slope failure mechanism at the Jure Landslide and 

its future stability related to secondary hazards such as rockfalls.  

The main objectives of the research are to: 

➢ Investigate the potential slope failure mechanisms. 

➢ Evaluate slope hazards related to post-failure rockfall activity.  

➢ Develop a Virtual/Mixed reality Jure Landslide site geodatabase. 

These objectives are accomplished through: 

➢ Developing engineering geomorphological, hazard, GIS terrain slope stability 

maps of Jure landslide from satellite imagery, ground/air-based remote sensing 

and field mapping techniques. 

➢ Acquisition and interpretation of three-dimensional point cloud models (TLS, 

TDP, UAV-SfM) of Jure Landslide based on four years of remote sensing data.  

➢ Slope change detection to monitor current deformation at Jure Landslide utilizing 

high resolution point cloud data. 

➢ Preliminary 2D and 3D slope stability analysis and rockfall modelling of Jure 

Landslide using kinematic, limit equilibrium and numerical modelling methods. 

➢ Creation of a VR/MR Jure Landslide geodatabase study site allowing interactive 

field site integration of georeferenced results, virtual geotechnical mapping and 

development of a 3D holographic rockfall application. 
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1.3. Thesis Structure 

The thesis first introduces the objectives of the research followed by information 

on the background to the study site, and the methods employed and the results of the 

research. 

Chapter 1 provides an overview of the study site, why this location has been 

chosen (motivation/statement of the problem), and the associated research objectives. 

Chapter 2 provides a review of relevant literature including geohazards, damage 

in rock slopes, methods for site characterization and monitoring including traditional and 

remote sensing techniques. Relevant slope stability analysis computer numerical 

modelling techniques are described together with potential Virtual/Mixed reality 

applications in geoscience.  

Chapter 3 focusses on providing a detailed background site description of the 

Jure Landslide including location, topography, climate, hydrological, tectonics, geological 

and geomorphological context. Although limited engineering geological research/work 

has been conducted at the study site, chapter 3 presents a detailed review of the 

literature on the Jure Landslide and the surrounding region. 

Chapter 4 describes the results of the field site characterization undertaken at the 

Jure landslide as part of this research using conventional engineering geological 

techniques. Chapter 5 then presents the results of detailed site characterization using a 

range of remote sensing techniques including TLS, TDP, UAV-SfM, and slope change 

detection methods. GIS analysis will be described with final detailed terrain and 

engineering geomorphological maps. 

Chapter 6 describes preliminary, first investigative analyses of the Jure Landslide 

using geomechanical modelling including preliminary results of kinematic analysis, limit 

equilibrium, continuum, and discontinuum methods. The main goal of this section is to 

integrate preliminary numerical modelling results in an immersive VR/MR Jure Landslide 

geodatabase for effective and enhanced communication. 

Chapter 7 presents an innovative VR/MR approach applied to the Jure Landslide 

where all of the data sets collected, analyzed and interpreted during the two years of this 
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research are incorporated into an interactive 3D holographic Jure Landslide field site 

geodatabase. An innovative workflow allowing comparison of field discontinuity mapping 

data with remote sensing and holographic mapping techniques is demonstrated. A new, 

innovative MR 3D holographic rockfall modelling application, developed by the author is 

presented, allowing a detailed comparative analysis with 2D rockfall modelling. The 

primary objective of this chapter is to advance the field of geohazard identification, 

modelling, mitigation, and communication using an innovative interactive holographic 

Jure Landslide geodatabase. This approach can easily be adapted to a wide range of 

engineering/geoscience problems in the fields of mining, surface/underground rock 

excavations, site investigation, or natural hazard projects. 

Chapter 8 provides a summary of the research conducted, the main contributions 

and conclusions of the dissertation, as well recommendations for future research. 

The results of this M.Sc. project have been published in various conference 

proceedings (three as 1st author) including:  

• Mysiorek, J., Onsel, I.E., Stead, D. and Rosser, N. 2019. Engineering 

geological characterization of the 2014 Jure Nepal landslide: An 

integrated field, remote sensing Virtual/Mixed Reality approach, Proc. 

American Rock Mechanics Association Symposium, New York, June 

2019, ARMA Paper 19-38, 12 pp. 

• Mysiorek, J., Onsel, I.E., Stead, D. and Rosser, N. 2019. Engineering 

Geological Characterization of the 2014 Jure Nepal Landslide: The Future 

of Interactive Mixed Reality Field Sites, Hazard Identification and 

Mitigation through Game Engines, Proc. Canadian Geotechnical 

Conference, GeoStJohns, St Johns, Newfoundland, Sept 2019, Paper 

473, 8 pp. 

• Mysiorek, J., Stead, D., Onsel, I.E., Donati, D., and Rosser, N. 2020. 

Virtual Site Investigation Techniques: Engineering Geological 

Characterization of the 2014 Jure Nepal Landslide through an Interactive 

Virtual and Mixed Reality Site Geodatabase, Proc. Canadian 

Geotechnical Conference, GeoCalgary, Calgary, Alberta, Sept 2020, 

Submitted Abstract. 
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• Onsel, I.E., Chang, O., Mysiorek, J., Donati, D., Stead, D., Barnett, W. 

and Zorzi, L. 2019. Applications of mixed and virtual reality techniques in 

site characterization, Proc. Vancouver Geotechnical Society Symposium, 

Vancouver, British Columbia, May 2019, 8 pp. 

• Onsel, I.E., Chang, O., Mysiorek, J., Donati, D., Zhao, K., Stead, D., 

Barnett, W., Zorzi, L., Shaban, A., Kang, H. and Gao, Fuqiang. 2019. 

Applications of Mixed and Virtual Reality Techniques in Engineering 

Geology, Proc. American Geophysical Union Fall Meeting, San 

Francisco, California, December 2019, Submitted Abstract. 

Furthermore, this research was presented at the Nepal Geotechnical Society 

(NGS) during the monthly lecture series (April 2019) in order to effectively communicate 

preliminary results and potential future hazards at the Jure Landslide site to 

Engineers/Geologists, academia, and concerned communities in Nepal. Links to the 

papers can be found: ARMA, 2019; CGS, 2019; VGS, 2019. 

https://www.dropbox.com/s/fyilva86wpkyxzn/Mysiorek%20et%20al.%2C%202019.%20ARMA.pdf?dl=0
https://www.dropbox.com/s/68n18c19a8k5znf/Mysiorek%20et%20al.%2C%202019__GeoStJohns2019_473.pdf?dl=0
https://www.dropbox.com/s/1lb4y46f9nuh7zv/Applications%20of%20Mixed%20and%20Virtual%20Reality%20Techniques%20in%20Site%20Characterization.pdf?dl=0
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 Literature Review 

This chapter presents an overview of high rock slope damage, strength 

degradation, conventional mapping, remote sensing, numerical modelling and VR/MR 

used for landslide and rock slope characterization. 

2.1. Geohazards 

Geological hazards (geohazards) take various shapes and forms including 

earthquakes, violent volcanic eruptions, catastrophic mass wasting events and floods. 

These geohazards are extremely costly in terms of damage to infranstructure and 

human casualties. With a continuously growing population developing in potentially 

unstable mountainous areas, the cost, causalities and geohazard risk continues to 

increase (Petley et al., 2007; Clague and Stead, 2012; Petley, 2012; McAdoo et al., 

2018; Froude and Petley, 2018).  

Due to the threat towards the public and property, mass wasting events such as 

large catastrophic landslides have been rigorously studied over the last two centuries to 

provide a better understanding of slope stability and failure mechanisms (e.g. Clague 

and Stead, 2012; Wolter, 2014). Early landslide studies in the literature often focused on 

the development of classifications for various mass movements with a description of 

their mechanism, cause, and triggering factors (Clague and Stead, 2012; Wolter, 2014). 

A detailed description of the classification for landslide mechanisms, causes, and 

triggers can be found in the updated Varnes classification (Hungr et al., 2014). A 

detailed review of current international landslide site investigation research including 

field, state-of-the-art remote sensing, and numerical modelling of slope failure 

processes, mechanisms, factors and triggers can be found in Clague and Stead (2012). 

Landslide classifications, although clearly important, do not adequately address 

the complexity and development of rock slope instabilities (Wolter, 2014; Stead et al., 

2019). Hence, it is apparent that landslide research requires a stronger emphasis on 

landslide mechanisms, dynamics, kinematics, controlling factors and triggers in order to 

understand potential spatial and temporal variation of landslide hazard and risk (Wolter, 

2014; Stead et al., 2019). Geological and structural features including faults, folds, 

bedding planes, intrusions, veins, discontinuities usually play a vital role in providing the 
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required kinematic freedom for slope failure (Stead and Wolter, 2015; Stead et al., 

2019). Exogenic (e.g. glacial/fluvial erosion, precipitation, weathering) and endogenic 

(e.g. brittle fracturing of intact rock, lithological, ductile deformation) have been described 

in detail in the literature by numerous authors (Whalley, 1974; Eberhardt et al., 2004; 

Stead et al., 2006; Clague and Stead, 2012; Leith, 2012; Stead and Wolter, 2015; 

Gischig et al., 2015 a,b; Stead et al., 2019). A brief description of the recent research on 

slope instability is provided in the following sections in order to place the research on the 

Jure Landslide in context.  

2.2. Strength Degradation, Seismic Fatigue and 
Progressive Slope Failure 

When identifying the strength degradation and progressive weakening of a rock 

mass, it is important to not only consider the spatial variations of damage, but also the 

accumulation of damage with time which can eventually lead to the destabilization of a 

slope (Stead and Eberhardt, 2013; Gischig et al., 2015a; Kirschbaum et al., 2019). The 

various processes that condition slopes for large catastrophic failure have been 

discussed in terms of causes and triggers, or internal (endogenic) and external 

(exogenic) factors (Whalley, 1974; Leith, 2012; Wolter, 2014, Stead and Wolter, 2015; 

Stead et al., 2019). Endogenic processes originate within the crust, and include 

earthquakes, volcanism, and isostasy. Conversely, exogenic processes originate above 

the ground and include glacial debuttressing, slope steeping/undercutting, weathering, 

heavy precipitation, and human activity (Stead and Eberhardt, 2013; Wolter, 2014; 

Gischig et al., 2015a). All these processes weaken the rock mass forming the slope 

through material fatigue, stress concentration, fracture propagation, crack dilation, and 

rock mass alteration (Wolter, 2014). As shown in Figure 2.1, these processes gradually 

weaken the rock slope over long periods of time, inducing significant incremental 

damage such as brittle fracture propagation through intact rock bridges, discontinuity 

asperity degradation and dilation until catastrophic failure, potentially triggered by a 

minor event (e.g. increased precipitation, minor earthquake, etc.) (Heim, 1932; Wolter, 

2014; Gischig et al., 2015a). Stead and Eberhardt (2013) and Kirschbaum et al. (2019) 

provide a detailed overview of the key role damage plays in the evolution of high 

mountain large landslides and also a review of how factors such as kinematics, slope 

topography, and time may affect landslide evolution. 
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Figure 2.1 Example of progressive slope failure, strength degradation and 
seismic fatigue with preparatory factors gradually reducing the rock 
mass (resisting force) over time (10-100,000 years), ultimately 
leading to a catastrophic slope failure potentially triggered by a 
small event (e.g. seasonal temperature or freeze/thaw cycle) 
(Gischig et al., 2015). 

2.3. Remote Sensing Techniques for Rock Slope 
Characterization and Monitoring 

A comprehensive slope characterization of high mountain rock slopes is required 

to gain a better understanding of the stability and deformation behaviour which may 

depend on multiple factors including lithology, geomorphic processes, geological 

structures, stress distribution, hydrology, and groundwater regime fluctuations (Stead et 

al., 2019). However, characterization of unstable rock slopes can pose a high level of 

risk toward the geoscientist due to inaccessibility, ongoing instability (i.e., rockfalls), and 

various other safety concerns that prevent the comprehensive collection of rock slope 

investigation data by means of traditional field methods. Due to the ability to rapidly 
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collect high resolution data sets from inaccessible terrain, this research relies heavily on 

RS techniques for the mapping and characterization of the Jure Landslide. It should be 

emphasized that RS methods should not be considered an alternative to field-based 

traditional methods, but as a complementary site investigation method. Detailed site 

investigation must still, wherever possible, be implemented in the field to gather reliable 

rock mass parameters including intact rock strength, joint aperture, roughness, infill, and 

discontinuity alteration, all rock slope characteristics that require the geoscientist to 

directly access the rock slope face.  

2.3.1. Light Detection and Ranging (LiDAR) 

Terrestrial Laser Scanning (TLS), also referred to as Light Detection and 

Ranging (LiDAR), involves the emission of a laser pulse which travels towards a desired 

object and is reflected back to the laser scanner. By analyzing the direction and attitude 

of the scanner (pitch, roll and yaw), and the time of arrival of each back-scattered signal, 

the position of multiple reflective surfaces in 3D space are automatically computed and 

stored as point clouds (Figure 2.2) (Shan and Toth, 2008; Jaboyedoff et al., 2012; Donati 

et al., 2017).  

 

Figure 2.2 Principles of TLS data acquisition showing pulse laser measurement 
of the time of flight (Jaboyedoff et al., 2012). 
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The range, resolution, repeatability and high accuracy 3D point cloud 

representation of a slope attainable has made TLS one of the most utilized techniques in 

rock slope characterization (Sturzenegger and Stead, 2009 a,b; Sturzenegger et al., 

2011; Oppikofer et al., 2009; Donati, 2019) and displacement monitoring (Rosser et al., 

2005; Rosser et al., 2007; Kromer et al., 2015; Williams, 2017). The reader is referred to 

Abellan et al. (2014) and Stead et al. (2019) for the basic principles of TLS remote 

sensing techniques described in: Shan and Toth. (2008), Sturzenegger and Stead 

(2009a, b), Sturzenegger, (2010); Jaboyedoff et al. (2012), Abellan et al. (2014), Donati 

et al. (2017) and Williams (2017).  

2.3.2. Photogrammetric Techniques 

Photogrammetric technique enables reconstruction of three-dimensional rock 

slope geometries using multiple photographs obtained from varied locations and angles. 

These main techniques used in practice include conventional Terrestrial Digital 

Photogrammetry (TDP) and Structure-from-Motion (SfM) from both ground and airborne 

platforms. 

Terrestrial Digital Photogrammetry  

Terrestrial Digital Photogrammetry (TDP) allows for creation of detailed three-

dimensional models that can be used to map geological structures (Sturzenegger, 2010; 

Brideau et al., 2011; Wolter et al., 2014). TDP allows construction of 3D models by 

exploiting the concept of stereoscopic parallax, which is the apparent displacement of 

specific points in photographs taken from structured camera stations (Figure 2.3) (Birch 

2006; Sturzenegger, 2009a; Sturzenegger, 2010; Sturzenegger and Stead, 2012).  
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Figure 2.3 Terrestrial Digital Photogrammetry (TDP) position reconstruction of 
3D models using the concept of stereoscopic parallax 
(Sturzenegger, 2010). 

TDP requires a registration system (e.g., grid, total station, GPS), careful camera 

calibration, and structured placement of stations at a known distance from the object 

with a set distance from one another, with multiple photographs taken from each station 

as an image strip or fan (Figure 2.4). Careful survey planning is crucial for a successful 

photogrammetric model and to maximize depth accuracy and provide the best image 

matching, a 1:5 to 1:8 base-length ratio should be utilized (i.e., the distance between 

camera stations and distance to the required slope target) (Figure 2.4) (Birch, 2006; 

Sturzenegger, 2010). 

 

Figure 2.4. Conventional Terrestrial Digital Photogrammetry (TDP) setup 
(Modified after Birch, 2006). 
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Structure-from-Motion (SfM) 

Structure-from-Motion (SfM), is a relatively new low-cost photogrammetric 

technique that allows for the generation of high-resolution 3D point clouds (Westoby et 

al., 2012; Williams, 2017). Compared to TDP, SfM topographic reconstruction relies on 

the successive automatic matching of features identified in multiple overlapping images 

captured from several different viewpoints either by ground-based (e.g., multiple camera 

stations) or air-assisted (e.g., helicopter, airplane, UAV) techniques (Westoby et al. 

2012). Camera positions/orientations and calibration parameters are automatically 

estimated to identify the position in space of the feature through an iterative bundle block 

adjustment procedure (Snavely et al., 2008; Westoby et al. 2012). Various software 

codes are available that perform SfM (e.g., Metashape, Agisoft LLC, 2019; PIX4D, 

2019), which follow a seamless workflow (feature identification, camera 

position/orientation) for sparse and dense point cloud 3D model reconstruction (Westoby 

et al., 2012). 

A major recent development in geoscience studies is the use of Unmanned 

Aerial Vehicles (UAVs) to create SfM 3D point cloud models. UAVs are becoming very 

popular as they provide a low-cost, quick, and safe alternative to obtain high-resolution 

data with minimized occlusion areas in inaccessible sites (Figure 2.5) (Giordan et al., 

2014; Stead and Wolter, 2015; Greenwood et al., 2016; Williams, 2017). 

 

Figure 2.5. Flow chart with proposed methodology for the use of UAV-SfM in 
landslide site investigation (Modified after Giordan et al., 2014). 
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2.3.3. Monitoring: Change Detection Analysis 

Rock slope failures are often linked to progressive slope deformation, periods of 

creep, and brittle fracture damage that can be observed from monitoring changes in 

slope geometries. One method by which this is done is by comparing remote sensing 

models collected at different times to one another, identifying areas that have gained 

(deposition) material and areas which have lost (erosion) material (Stead et al., 2006; 

Kromer et al., 2015). With the recent advances in remote sensing technology, the ability 

to obtain accurate high-resolution 3D datasets enables engineers and geoscientists to 

identify and predict early detection of precursory rockfalls along fractures (Rosser et al., 

2005; Rosser et al., 2007; Kromer et al., 2015; Williams, 2017), forecast slope failure in 

open pit mines (Rose and Hungr, 2007; Dick et al., 2015), understand underlying failure 

mechanisms in deep seated landslides (Agliardi, 2002), and to ultimately reduce the 

significant risks associated with rock slope failures (Kromer et al., 2015). 

Unravelling rock slope surface change and linking progressive rock slope 

instability with geomorphic processes of erosion and deposition, requires the comparison 

of a minimum of two point clouds, collected at different times (Lague et al., 2013). 

Various computer software can be used to successfully import remote sensing surface 

geometry and conduct surface change detection with algorithms including the IMInspect 

module of PolyWorks using a geometrical comparison of surface models (Lim et al., 

2005; Rosser et al. 2005; Oppikofer et al., 2008; Kromer et al., 2015) and the open 

source 3D point cloud and mesh processing software CloudCompare (Lague et al., 

2013; Ondercin, 2016; James et al., 2017; Williams, 2017; Sala et al., 2019). Lague et 

al. (2013) provide a detailed description of the main advantages and disadvantages of 

the approaches/algorithms used in CloudCompare to measure the distance between two 

points clouds and these are summarized in Table 2.1. For a more detailed review of the 

uncertainties and adaptation of the Multiscale Model to Model Cloud Comparison 

(M3C2) algorithm (Lague et al., 2013) within CloudCompare, refer to Williams (2017) 

and Williams et al. (2018). 
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Table 2.1. Advantages and disadvantages of existing surface distance 
measurement methods within CloudCompare and sources of 
uncertainties modified after Lague et al., 2013. 

Change 
Detection 
Algorithm 

Advantages  Disadvantages References 

DEM of 
difference (DoD) 

-Very Fast  
-Explicit calculation of 
uncertainties related to point 
cloud registration, data 
quality, and point cloud 
roughness 
-Able to provide surface 
change on large-scale near 
horizontal surfaces (i.e. flood 
plains, river channels) 

-Missing data 
interpolated (added 
uncertainty on grid 
elevation)  
-Not suitable for rough, 
3D surfaces or with 
overhanging locations 
(cliffs and river bank 
failure) 

-Channel beds (Lane et 
al., 2003; Milan 
et al., 2007; Wheaton et 
al., 2009) 
-Cliff erosion (Rosser et 
al., 2005; Abellán et al., 
2010; O’Neal and 
Pizzuto, 2011) 

Direct cloud-to-
cloud (C2C) 

-The simplest and fastest 
direct 3D comparison method 
-Ideal for rapid change 
detection on dense point 
clouds 
-Does not require gridding, 
meshing or calculation of 
surface normals 

-Not suitable for 
accurate distance 
measurements  
-No spatially variable 
confidence intervals 
calculated  
-Sensitive to roughness 
and point spacing 

-River bank erosion 
(Lague et al., 2013) 
-ICP cloud matching 
(Besl and McKay, 
1992; Yang and 
Medioni, 1992) 

Cloud-to-model 
distance (C2M) 

-Works well on flat surfaces 
-Test for statistically 
significant change and 
spatially variable confidence 
intervals in tunnel 
deformation 

-Time consuming 
manual inspection of 
missing data that 
introduces uncertainty 
difficult to quantify. 
-Mesh construction 
smooths out details in 
model 
-Has not been 
addressed in the case 
of rough natural 
surfaces 

-Surface change 
(Cignoni and 
Rocchini, 1998; 
Monserrat and 
Crosetto, 2008) 
-Tunnel deformation 
(Van Gosliga et al., 
2006) 

Multiscale Model 
to Model 
Comparison 
(M3C2) 

-Directly computes distance 
on point clouds without the 
need of meshing/gridding 
-Computes confidence 
interval for each 
measurement related to point 
cloud roughness and 
registration error 
-Tracks 3D variations in 
surface orientation between 
two point clouds 

-Imposes maximum 
cylinder length to 
decrease processing 
time, which is critical for 
determining accuracy of 
change at edges in 
point clouds 
-Cylinder radius and 
length on change 
detected often 
overlooked in analysis 
(Williams, 2017) 

-Rockfalls (Ondercin, 
2016; Sala 2018) and 
modified M3C2 
methods for coastal cliff 
erosion (Rosser et al., 
2007; Williams, 2017; 
Williams et al., 2018). 
-River bank erosion 
(Cook, 2017) and 
badlands erosion with 
modified M3C2-PM 
(precision maps) 
(James et al., 2017) 
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2.4. Engineering Geomorphology 

The consideration of past geological events along with actively evolving 

geomorphologic processes is important in understanding landslide initiation and failure 

propagation in an unstable slope (Wolters et al., 2016).  Engineering geomorphology is 

the application of a broad time-scale geomorphological theory and methods to rock 

engineering studies, wherein mass movements are part of a larger system of landscape 

evolution. The main purpose of this method is not only to provide information on past 

geomorphic processes that may have influenced the instability, but also to describe how 

the landscape has evolved to its present-day morphology and assess potential future 

risks (Fookes et al., 2005, 2007; Griffiths et al., 2012, 2015; Stead & Eberhardt, 2013; 

Wolters et al., 2016; Hearn, 2019). This engineering geomorphological approach is part 

of a larger framework pioneered by Brunsden et al. (1975), Doornkamp et al. (1979), the 

Geological Society of London (1982), and Fookes et al. (2005, 2007). Griffiths et al. 

(2012) describe and review case studies on the ability to apply engineering 

geomorphology mapping for understanding of landscape evolution into engineering 

geological practices and site investigations (including landslides). Furthermore, Griffiths 

et al. (2012) highlights that the interplay of the links between geology and 

geomorphological processes (weathering, erosion, deposition) should also be 

considered when investigating the present-day landscape (Figure 2.6). 
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Figure 2.6. Importance of the interplay between the rock cycle, 
geomorphological process and landforms (Griffiths and Stokes, 
2008). 

 Engineering geomorphological maps are designed to show the form of the land 

(sub-divided into facets/polygons), the properties of the soil/rock material, and the 

processes currently active (Fookes et al., 2007). The Geological Society of London 

(1982) recognized two main stages in developing an engineering geomorphological map 

including morphological mapping and geomorphological interpretation. These two main 

stages are subdivided into six types: morphological, morphographic, 

morphochronological, morphogenetic, resource, and hazard maps. Engineering 

geomorphological maps are summarized in Table 2.2 and displayed in Figure 2.7. A final 

engineering geomorphological map may contain elements from each map type, or 

alternatively a specific type of map may be developed for the scope of the project 

(Cardinali et al., 2002; Hearn, 2002; Griffiths et al., 2015; Wolters et al., 2016; Francioni 

et al., 2017).   
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Table 2.2. Description of the various types of engineering geomorphological 
maps after Fookes et al. (2007). 

Type of Map Description  

Morphological  Record and display only the shape (morphology) of the landform, 
including breaks/change in slope (concave/convex), slope direction, 
and channel width without interpretation 

Morphographic Collect and display similar information as morphological map, however, 
the correct scale, shape, and description are symbolized and 
interpreted 

Morphochronological Emphasize the age of processes, landforms and materials to one 
another 

Morphogenetic Relict and active processes that have created the observed landscape 

Resource Display range of available natural resources 

Hazard  Location of the natural or man-made hazards 
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A) Morphological Map 

B) Morphographic Map 

C) Morphochronological Map 

D) Morphogenetic Map 

E) Resource Map 

F) Hazard Map 

Figure 2.7. Various types of engineering geomorphology maps described by the Geological Society of London (1982) and Fookes et al. (2007). 
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2.5. Numerical Modelling 

During the last decade, considerable advances in the characterization of high 

mountain rock slopes have been made with resulting increase in our understanding of 

landslide mechanisms and processes using numerical modelling techniques (Stead et 

al., 2006; Stead and Coggan, 2012; Stead and Eberhardt, 2013). Based on the 

complexity of the failure mechanism, slope stability analysis can be divided into three 

levels: Kinematic and Limit Equilibrium, Continuum and Discontinuum, and Hybrid 

Methods (Figure 2.8) (Stead et al., 2006; Stead and Coggan, 2012).  

 

Figure 2.8. Flowchart illustrating three levels of landslide analysis and modes 
of failure they apply to with increasing complexity (Stead et al., 
2006) 

Prior to modelling a rock mechanics problem, it is essential for geoscientists to 

fully understand the capabilities, advantages and limitations of the wide range of 

numerical applications available. The following is a brief overview of the methods that 

are used this research. For a comprehensive description and the advantages and 
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limitations of each method, refer to: Stead et al. (2006), Stead and Coggan (2012), 

Stead and Wolter (2015), and Donati et al. (2017). 

The simplest and most common method for the preliminary slope analysis 

includes kinematic and limit equilibrium as they require few input parameters and can be 

used to identify feasible failure methods and the shape of potentially unstable blocks 

(Stead et al., 2006; Stead and Coggan, 2012; Donati et al., 2017).  

Continuum numerical methods may be employed for the analysis of both soil and 

rock slopes when the stability of the slope is governed by the rock mass strength (Stead 

and Coggan, 2012). The most common continuum approaches are the finite element 

(FEM) or finite difference (FDM) methods (Stead and Coggan, 2012; Stead and Wolter, 

2015). The most popular codes used in rock engineering for each approach are RS2 

(2D)/RS3 (3D) (Rocscience, 2018b,c), and FLAC/FLAC3D (Itasca, 2002), respectively 

(Stead and Coggan, 2012; Stead and Wolter, 2015). In both FEM and FDM, Shear 

Strength Reduction (SSR) analyses can be utilized to evaluate the stability of the slope. 

SSR reduces the material and discontinuity shear strength parameters until the slope 

becomes unstable. A wide variety of constitutive models allow the user to simulate 

various types of material behavior and obtain potentially different failure mechanisms. 

Both FEM and FDM have the ability to incorporate discrete structures such as faults and 

joints, but it is recommended to utilize discontinuum numerical modelling codes in blocky 

ground or if there are >20 discontinuities in the model (Itasca, 2002). 

Discontinuum numerical methods may be considered where the stability of the 

slope is controlled by geological structures (e.g., faults, folds, joints, discontinuities, etc.) 

(Stead and Coggan, 2012; Donati et al., 2017). The most common discontinuum 

approaches are 2D UDEC (Itasca, 2018) and 3DEC (Itasca, 2016a), that allow for 

assembly of individual blocks to be modelled (Stead et al., 2006; Donati et al., 2017). 

Single blocks can experience large displacements, deformation, rotation and 

detachment (Stead and Coggan, 2012; Donati, 2017). 
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2.6. Virtual/Mixed Reality 

In recent years, there has been a significant increase in the use of rapidly 

developing Virtual (VR) and Mixed (MR) Reality techniques in a wide range of industrial, 

medicine, mining, and commercial applications. With continuously increasing 

computational power and improved technology, these techniques can simulate real and 

virtual world environments with an outstanding degree of a realism and interactiveness 

(Van Wyk and de Villiers, 2009). However, to date the applications within rock 

engineering and geosciences remain limited.  

A VR environment consists of virtual objects such as computer-generated 

graphic simulations of underground excavations or rock slopes. In VR methods, the user 

is totally immersed within a digital or virtual environment, creating a world in which the 

physical laws of gravity, material properties, and time can be easily modelled by the user 

(Milgram et al., 1994). An example of the use of VR in rock engineering is in the training 

of mine personnel to safely and efficiently practice and experience day to day operations 

in underground rock support (Van Wyk and de Villiers, 2009) (Figure 2.9 A,B)  



24 

 
 

 

Figure 2.9. Example of A & B) Virtual Reality (VR) in training of mine personnel 
for underground rock support and C) Mixed-Reality (MR) where the 
virtual objects (mine site) are presented together with the real world 
(A&B modified after Van Wyk and de Villiers, 2009; C) modified after 
http://canadianminingmagazine.com/bgc-engineering-and-loook-
develop-mixed-reality/) 

In a MR environment, the real world and virtual world objects are presented 

together within a single realm (Milgram et al., 1994) (Figure 2.9 C). A simplified 

representation between the difference of VR, MR, and the real world on a Continuum is 

presented in Figure 2.10. 
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Figure 2.10. Simplified representation between the difference of Virtual Reality 
(VR) on the far right, real-world environment on the far left, and 
Mixed Reality (MR) environment in which real world and virtual world 
objects are presented together (Modified after Milgram et al., 1994). 

As VR/MR technology rapidly advances, it is important to develop and apply 

these new methodologies in rock engineering practice. The MR hardware in this 

research utilizes the Microsoft HoloLens (Microsoft, 2017). The Microsoft HoloLens is a 

fully untethered Windows 10 computer which is attached to transparent glasses and 

uses physical input, object recognition, location and spatial sound to immerse and 

enhance the users’ environment. The HoloLens, by continuously scanning the 

immediate surroundings and discretizing it into an interactive mesh, allows the user to 

become part of the virtual environment. A detailed review of VR/MR techniques applied 

in various disciplines is provided by Swan and Gabbardl (2005), Nejromger et al. (2007), 

Billinghurst et al. (2014), and Onsel et al. (2018). 

2.6.1. Applications of VR/MR in Geoscience and Geological 
Engineering 

More recently, site investigation in geosciences has led to acquiring large high- 

resolution 3D data by means of field techniques, remote sensing, and numerical 

modelling. Unfortunately, these datasets are usually communicated by 2D projector 

screens and/or paper reports to clients, stakeholders, and academia. As VR/MR 

technology and hardware continues to advance and become widely available, this 

provides geoscientists an opportunity to create an immersive, interactive way to 

communicate complex 3D geoscience data efficiently and effectively. The virtual 

geoscience conference (VGC) (http://virtualoutcrop.com/vgc2018) series is an excellent 

resource that covers VR/MR applied to Earth sciences and many exciting new 

https://www.microsoft.com/en-ca/hololens/hardware
http://virtualoutcrop.com/vgc2018
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developments in geomatics techniques and immersive computer visualization in the 

geosciences (Kromer et al., 2018). 

VR and MR environments have been progressively utilized in geoscience 

academia, allowing multi-user students/teacher, real-time interactions with complex 

geological problems, and mimic real world ‘field trips’. Geoscience education is like no 

other discipline as it covers a wide range of topics that are difficult to demonstrate in field 

exercises including tectonics, mountain evolution, geological structures, hydrogeology, 

surface and subsurface process, climatic evolution, geotechnics and natural hazards 

(Kundu et al., 2017). Not only does this allow students to visit sites across the world 

safely in the classroom, it also provides the opportunity to learn hands on activities, 

integrating virtual holographic tools (e.g. Brunton compass, GPS, field book, etc.) while 

immersed in a safe VR/MR environment.  

An excellent example of a fully immersive VR centre is the at the University of 

Pretoria mining engineering facility (https://www.up.ac.za/) and at the University of Leeds 

where students can conduct geological mapping in a virtual landscape 

(http://www.see.leeds.ac.uk/virtual-landscapes/index.htm).  

To date, MR techniques utilizing the Microsoft HoloLens has enabled realistic 3D 

interactive and immersive experiences with georeferenced environments such as an 

office, boardroom, or built holodeck. Trimble provides an excellent example of improved 

mine operation collaboration and communication through MR (video).  Recently, BGC 

Engineering in Vancouver have developed the Ada PlatformTM (Ada) and has utilized this 

technology for a variety of projects including an engineering mining landscape that can 

be visualized and communicate the life stages of an Alberta oil sands mine 

(https://www.youtube.com/watch?v=-WYJfbktnl8) from mining through to closure and 

environmental reclamation (https://bgcengineering.ca/3d-visualization.html). Finger 

Food, Enbridge, and Microsoft have recently collaborated to redefine the pipeline 

assessment process through holographic rendering of geological hazards; this has 

allowed expert assessment and visualization of various datasets including LiDAR, 

inclinometer, and pipe integrity (Figure 2.11) (https://www.fingerfoodatg.com/enbridge/).  

https://www.up.ac.za/
http://www.see.leeds.ac.uk/virtual-landscapes/index.htm
https://www.youtube.com/watch?time_continue=44&v=8aC5AVpzOIU
https://www.youtube.com/watch?v=-WYJfbktnl8
https://bgcengineering.ca/3d-visualization.html
https://www.fingerfoodatg.com/enbridge/
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Figure 2.11. Finger Food, Enbridge, and Microsoft collaboration in redefining 
pipeline assessment process through mixed-reality holographic 
rendering. The interactive holograph includes interactive datasets 
such as LiDAR, inclinometers, and machine learning. (Modified after 
https://www.fingerfoodatg.com/enbridge/). 

The Engineering Geology and Resource Geotechnics Group 

(http://www.sfu.ca/~tafgrc/), at Simon Fraser University (SFU) has been advancing the 

development of direct applications of VR/MR techniques in rock engineering case 

studies including rock slopes/landslides, open pits, tunneling, underground mining and 

virtual core logging (Onsel and Ozturk, 2013; Onsel et al., 2018; Mysiorek et al., 2019 

a,b; Onsel et al., 2019). Onsel et al. (2018, 2019) have developed innovative VR/MR 

applications that have had a direct impact in the rock engineering including the 

development of virtual joint roughness profiles/coefficients from virtual outcrops and 

direct mapping of rock outcrops with EasyMap MR (joint project between SRK 

Consulting and SFU). 

https://www.fingerfoodatg.com/enbridge/
http://www.sfu.ca/~tafgrc/
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 Background Site Description: Jure 
Landslide, Nepal                                                                                                                                      

This chapter presents an overview of the geological and geomorphological 

conditions at the 2014 Jure Landslide study site in the Sindhupalchok district, Nepal. 

Details including the location, impact, topography, historical satellite imagery, and 

climate are presented with the objective of understanding the factors conditioning slope 

instability, slope failure mechanisms, and future slope hazards. A review of published 

work relevant to the Jure Landslide is presented. 

3.1. Study Area and Topography 

The country of Nepal is located within the Himalayan mountain range of South 

Asia. This region is susceptible to continuous slope failure and hazardous rockfalls due 

to unfavorable geology, steep slopes, physical weathering, active tectonics and yearly 

monsoonal precipitation (Acharya et al., 2016).  

This research focuses on a large (~5.5 Mm3) destructive landslide that occurred 

in the early morning of August 2nd, 2014 along the Sunkoshi River (27°46'9.50"N, 

85°52'10.40"E), near the village of Jure, ~70 km northeast of Kathmandu in the 

Sindhupalchok district (Figure 3.1). The landslide dimensions are approximately 1500 m 

in length, 500 m in width down valley, and 780 m in height with the headscarp located at 

1575 masl. The overall slope morphology appears to be structurally controlled with the 

average slope dipping at approximately 35° towards the southeast (136°). 
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Figure 3.1. A) Panoramic view of the August 2nd 2014 landslide that dammed the 
Sunkoshi river forming a landslide dammed lake (view from 
southeast side of the river) (modified after www.ekantipur.com). B) 
Jure Landslide in Nepal study site with the geographic location of 
the area provided in the inset map.  

The landslide destroyed over two dozen houses, resulting in ~150 fatalities, and 

the displacement of more than 400 families (Champati et al. 2014) (Figure 3.2). The 

debris destroyed the Arniko Highway, a major trade and strategic route between Nepal 

and China, before depositing in the Sunkoshi River. Debris and mud splash were 

identified more than 50 m above the river on the opposite valley wall (Figure 3.2). The 

debris dammed the Sunkoshi River for almost 12 hours, forming a 3 km long, 8 Mm3 

landslide-dammed lake (LDL), causing damage to the Sunkoshi and Sunima hydropower 

A) 

B) 

http://www.ekantipur.com/
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plants, downstream and upstream of the landslide site, respectively (Figure 3.2 B) (MoI, 

2014; Acharya et al., 2016).  

 

Figure 3.2. A) Photograph before (2012) the Jure landslide with identified 
locations (1-4) of housing, farming, Arniko highway and Sunkoshi 
hydropower plant (Modified after MoI, 2014). B) After the August 2nd 
2014 landslide (Modified after Zhang et al., 2017).   
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Due to combination of the quick response by the Nepal Army who undertook 

repeated explosive blasting of the landslide dam and major rainfall, the water breached 

the dam 37 days after the failure (September 7th, 2014) without causing any major 

outburst flooding downstream (Shrestha and Nakagawa, 2016). 

Historical satellite imagery indicates that the Jure slope had previously 

experienced mass wasting events in 2000, 2004, and in 2012 (Figure 3.3). Following the 

main Jure Landslide event in 2014, the slope has continued to experience progressive 

failure. In August 2017, an estimated ~20,000 m3 slope failure occurred at the site 

involving the sliding of a layer of heavily weathered/oxidized residual soil resulting in 

retrogression of the main landslide headscarp which can be identified on satellite 

imagery and was observed during March 2018 field work (Figure 3.3 D). 

 

Figure 3.3. Historical satellite imagery of the Jure Landslide. A) Multiple 
rockfall/slides slope failures occur throughout the slope and 
highway (2004). B) Rockfalls and large mid-slope landslide scar 
(2012). C) August 9th, 2014 Jure Landslide dammed lake. D) Slope is 
still experiencing progressive rockfall/slides with a large (20,000 m3) 
movement above the southwest headscarp (Modified from Google 
Earth Pro, 2019). Inset is photograph taken during March 2018 
fieldwork (360 Photo). 

https://momento360.com/e/u/c2cedad2a2b1457dad6f932fa6d0c240?utm_campaign=embed&utm_source=other&utm_medium=other&heading=-14.700000000000001&pitch=-6.2&field-of-view=75


32 

The topography of Nepal rises from south to north from ~60 masl in southern 

plains to ~9000 masl in the North (Dhital, 2015; Zhang et al., 2016). The Nepal region 

can be subdivided into several geomorphological units, from north to south: Terai, 

Siwalik Hills with Dun Valleys, Mahabharat Lekh, Midlands, Fore Himalaya (Transition 

Belt), Great Himalaya, Inner Himalaya, Tibetan Marginal Range, and Tibetan Plateau 

(Figure 3.4) (Upreti, 1999; Dhital, 2015; Zhang et al., 2016; Zhang et al., 2017). Each of 

these units has distinct characteristics (altitude, topography, climate, vegetation, rock 

type, etc.) that have unique vulnerability to mass wasting events. For further detailed 

explanation of each geomorphological unit, refer to Upreti (1999), and Dhital (2015). 

  

Figure 3.4. Geomorphological units in Nepal with study area outlined by dashed 
square. Note the study area is located within the Midlands region 
(Modified after Dhital, 2015). 

From a physiographic perspective, the Jure Landslide is located within the 

Midlands region (Figure 3.4 and Figure 3.5). This geomorphic domain is predominantly 

characterized by alluvial, colluvial, and residual soils overlying a range of sedimentary, 

low-grade metamorphic and crystalline Higher and Lesser Himalaya rock sequence 

(Upreti, 1999; Dhital, 2015). A red coloured residual soil, ranging in thickness from a few 

meters to tens of metres can be observed throughout this humid subtropical region 

(Dhital, 2015). The red colour is due to oxidation of iron bearing minerals (pyrite, chlorite, 
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biotite, hornblende, etc.) in the Proterozoic phyllite, amphibolite, metasandstone and 

schist bedrock (Dhital, 2015). The Himalayan topography show a clear two-step 

morphology, with the first step corresponding to Middle Mountains (geological structure 

and lithology controlled) and the inner step to the Higher (Greater) Himalaya (topography 

controlled) (Figure 3.5) (Zhang et al., 2016). 

 

Figure 3.5. Schematic cross-section of the Nepal Himalayas. Study area located 
with star (Modified after Zhang et al., 2016). 

3.2. Climate and Hydrological Conditions 

The climate in the Koshi River basin varies from tropical in the southern basin 

where elevation does not exceed 1000 masl to a subtropical climate zone located in the 

northern basin, where elevation ranges between ~1000 and 2000 masl (Figure 3.6 A) 

(Zhang et al. 2016). Hydrologically, the Sunkoshi River comprises several smaller river 

systems (Dushkoshi, Likhu Khola, Tamakoshi and Indrawa) and is the main river running 

through the Koshi valley (Figure 3.6 B) (Kattelmann, 1991). 
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Figure 3.6. A) August 2nd, 2014 Jure Landslide study area including basin map, 
digital elevation model (Modified after Shrestha, 2016). B) Koshi 
river system (Modified after Kattelmann, 1991). 

The Sunkoshi river is called the Poqu (Boqu) in Tibet, the Bhote Koshi River 

downstream of the Nepal-China border (Friendship Bridge), and the Sunkoshi where it 

mixes near Bahrabise (Figure 3.6 A) (Kattelmann, 1991; Shrestha, 2016).  

The Koshi Basin has an elevation ranging between 200 and 2500 masl where 

warm air moving northward from the Indian Ocean rises and forms a high precipitation 

zone (Zhang et al., 2016). The majority of precipitation occurs between June and 

September during the monsoon season. Rainfall rates vary throughout the basin, with 

the southern slopes of Himalayas oriented windward, resulting in concentrated 

precipitation (>1500 mm annually) whereas the north facing (leeward) slopes form rain 

shadows with reduced annual rainfall down to ~250 mm (Zhang et al. 2016). Yearly 

rainfall data obtained from the Bahrabise gauging station (~7 km northeast of Jure) 

shows that this catchment receives approximately 3000 mm of rain annually with more 

than 80% of the precipitation occurring during the monsoon (Pokharel et al., 2014) 

(Figure 3.7). Rainfall data recorded at the Bahrabise station before and after the August 
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2nd, 2014 Jure Landslide indicate that very intense rainfall, over 140 mm, occurred 

between July 30th and July 31st, 2014 (Pokharel et al., 2014). 

 

Figure 3.7. Average rainfall data (1976-2005) collected and obtained from the 
Bahrabise gauging station in Nepal illustrating that Koshi Basin 
receives ~3000 mm (>80%) of rainfall during the monsoonal season 
(June-September) (Modified after Pokharel et al., 2014). 

3.3. Geology and Tectonics 

The Himalayan mountain range is the largest orogenic belt on Earth, extending 

approximately for 2500 km from Pakistan through Afghanistan, India, China, Nepal, and 

Burma (Dolp, 2014). This mountain range, formed as a result of collision between the 

northward drift of the Indian Plate towards the Eurasian Plate (continental/continental) 

during the Tertiary (~50 Ma) (Molnar and Tapponnier, 1975; Dhital, 2015; Regmi, 2016). 

The Koshi River basin lies in a complex geological setting with major east-west trending 

geological structures. Major thrust systems that separate the main lithological units, from 

south to north are the Himalayan Frontal Fault (HFF) (also called Main Frontal Thrust 

(MFT), Main Boundary Thrust (MBT), Main Central Thrust (MCT), South Tibetan 

Detachment System (STDS) and Yarlung Zangbo Suture Zone (YZSZ) (Figure 3.8) (Yin, 

2006; Dhital, 2015; Zhang et al., 2016). 
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Figure 3.8. Regional geological map of Central Nepal including the main thrusts, tectonics, and Jure Landslide study 
area outlined by red dashed lined box (Modified after Yin, 2006). 
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Within the Koshi River basin, the Himalayan geology can be sub-divided into four 

major morpho-tectonic zones based on characteristic lithology and structure (Upreti, 

2001; Dhital, 2015; Zhang et al., 2016) (Figure 3.8): 

➢ Gangetic Plain: Southern border of Nepal, bordering India, represents the 

Pleistocene to Holocene sediment great alluvial tract of the Himalayan rivers. 

The alluvial sediment comprises of ~150 m thick deposits. In the north, lies the 

Siwalik belt of older and thicker molasses sediment forming distinct foothills 

(Dolp, 2014). The MFT separates the Sub-Himalayan belt from the Gangetic 

Plain. 

➢ Sub-Himalaya and Lesser Himalaya: North of the Siwalik belt, confined by the 

MBT lies the Lesser Himalayan Zone (Zhang et al., 2016). The Lesser Himalaya 

is 60 to 100 km wide and includes over 20 km of thick meta-sedimentary and 

metamorphic rock (Dolp 2014). The Lesser Himalaya sequence of meta-

sedimentary rocks are divided into the Kuncha Group (Precambrian phyllites, 

semi-schists, meta-greywacke, and phyllitic quartzite) and Nuwakot Group 

(Paleozoic flysch, quartzite, dolomite, with appearance of stromatolites) (Zhang 

et al., 2016). The width of the Lesser Himalaya zone becomes narrower towards 

the east as the MCT of continental subduction and brings high grade 

metamorphic rocks to the surface, covering the Lesser Himalayan (Dhital, 2015; 

Zhang et al., 2016). 

➢ Higher Himalaya: North of the MCT, high grade metamorphic rocks and igneous 

Precambrian to Miocene rocks are dominant including granite amphibolite 

gneiss, granite gneiss, and migmatite (Dolp, 2014). Two zones are distinguished, 

the Central Crystalline Zone and the overlying, fossiliferous Tibetan Sedimentary 

Zone. The South Tibetan Detachment System (STDS) separates the Tethys 

Himalaya (limited to the very North near the border of Tibet) over the Higher 

Himalaya. The sedimentary rocks include sandstone, shale and limestone with a 

small area of metamorphic rocks (well-developed slate and schist) near Mount 

Everest base camp (Zhang et al., 2016).  

For further detailed explanation on the regional geology of Nepal, refer to: Yin (2006), 

Dahal and Hasegawa (2008), Dolp (2014), Dhital (2015), Regmi (2016), Zhang et. al. 

(2016). 
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Bedrock at the Jure Landslide comprises Lesser Himalayan rocks of the Kuncha 

formation which includes Proterozoic low-grade metamorphic rocks (phyllite, phyllitic 

quartzite, metasandstones) characterized by a silky metallic, greenish-blue-gray luster 

(Figure 3.9) (Upreti, 1999; Champati, 2014; Dhital, 2015; Regmi, 2016). 

The Jure Landslide is situated within the Koshi River basin, in a complex 

geological setting with major E-W trending geological structures. Three main regional 

faults MFT, MBT and MCT are in proximity to the study area (Figure 3.8). As a result, the 

rock mass is strongly folded, foliated and jointed due to thrusting and faulting associated 

with the overriding Higher Himalayan crystallite thrust sheet which created dominantly 

sub-horizontal anisotropic structure throughout the Jure Landslide (Yin, 2006; Dhital, 

2015; Zhang et al., 2016). 

Figure 3.9. A) Simplified geological map of the Koshi region. Jure Landslide 
study area is outlined with a dashed black box. (Modified after 
Dhital, 2015). B) Geological map along the Arniko highway with the 
study area outlined in pink. Note dominant Kuncha Formation within 
the Lesser Himalayan Sequence (Modified after Regmi et al., 2016). 
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3.3.1. Seismic History  

Nepal is in a seismically active region with a long history of devastating 

earthquakes; these events have played a critical role in triggering geohazards such as 

landslide, debris flows, and rockfalls reported since 1255 (Figure 3.10) (Rajendran, 

2005). 

 

Figure 3.10. Historical earthquakes in Nepal (>Mw 7.0) within last 1000 years. A) 
Map of Himalayan mountain range with distribution of earthquakes 
(dark circles indicate >Mw 8.0). b) Recorded earthquakes from 1200 
to 2000. Note the first earthquake was recorded as early as 1255 
(Rajendran, 2005). 

Four large earthquakes have affected Nepal in the past 100 years: the 1905 

Kangra earthquake (Mw=7.8), the 1934 Bihar-Nepal earthquake (Mw=8.1), the 1950 

Assam earthquake (Mw=8.6) and the 2015 Gorkha earthquake (Mw=7.8) (Figure 3.11) 

(Bollinger et al., 2014; Dahal, 2015).  
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Figure 3.11. Map of large (Mw>7) earthquakes along the MFT that have 
devastated Nepal in the past 100 years. (Modified after Bollinger et 
al., 2014). 

Seismic-induced landslides are amongst the most hazardous of natural disasters. 

The damage from an earthquake-triggered landslide is sometimes more devastating 

than the actual damage relating to the rupture and ground-shaking from the earthquake 

(Petley, 2012; Wolter et al., 2016). Although the influence of seismicity on natural slope 

stability has been the subject of considerable research, the interaction between seismic 

waves and slopes is not well understood (Wolter et al., 2016). 

2015 Gorkha Earthquake Sequence  

The Gorkha earthquake (Mw=7.8) occurred on April 25th, 2015, with its epicenter 

located ~77 km north west of Kathmandu, and at approximately 15 km focal depth 

(Dahlquist et al., 2019). The seismic event generated a 140 km rupture segment along 

the Main Himalayan Thrust, which was followed by a series of Mw>6 aftershocks, 

including an Mw=7.3 event on May 12th, 2015 (Figure 3.12) (Greenwood et al., 2016). 

The strong ground shaking during the main shock lead to approximately 25,000 

landslides, with at least 220 occurring during the aftershock (Roback et al., 2018; 

Dahlquist et al., 2019). 
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Figure 3.12. A) 2015 Gorkha earthquake location map with epicenter (Mw=7.8), 
aftershock (Mw=7.3) indicated with red circles, and triggered co-
seismic landslides (purple circles) (Kargel et al., 2016). B) Main 
shock of the April 25th 2015 M=7.8 Gorkha earthquake followed a 
series of Mw>6 aftershocks (red circles), including an Mw=7.3 event 
on May 12th 2015 (Greenwood et al., 2016).  

As a consequence of the earthquake, nearly 9000 people were killed, and 

500,000 homes destroyed resulting in millions of displaced people (Greenwood et al., 

2016). The major distribution of seismic-induced landslides occurred away from the 

heavily populated areas, with the majority north of the intersection (hinge) on the down-

dropped block (Figure 3.12 A).  

The largest, and most destructive landslide that was triggered by the 2015 

earthquake was the Langtang debris avalanche located in the Langtang Valley of 

Rasuwa district (Collins and Jibson, 2015). The sequence of this landslide began with a 

large mass of ice detaching from the snout of the glacier during seismic shaking which 

then descended into the valley entraining a mixture of rock and soil (~2 Mm3) destroying 

the village of Langtang and causing an estimated >200 fatalities (Collins and Jibson, 

2015). 

 



42 

 

Figure 3.13. Photographs showing the 2015 Langtang debris avalanche that was 
triggered by the 2015 Gorkha earthquake. A) Oblique northwest view 
of Langtang landslide and the location of the destroyed village in the 
foreground (~200 fatalities). B) Overview of the Langtang landslide 
and river tunnel through the ice and debris. (Modified after Collins 
and Jibson, 2015). 

3.4. Previous Work Conducted at the Jure Landslide Study 
Area 

Despite the size, loss of life, and continuous impact on the Arniko highway and 

Sunkoshi River, the Jure Landslide has yet to be investigated in detail. As a result, 

limited geotechnical, geological, geomorphological and hydrogeological data are 

available and the understanding of the potential failure mechanism(s) of the landslide 
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and future stability is limited. However, there have been several reports published in 

close proximity to this site that have been extremely useful throughout this M.Sc. 

research including: Champati et al., 2014; MoI, 2014; Pokharel et al., 2014; Jaboyedoff 

et al., 2015; Acharya et al., 2016; Basnet, 2016; Shrestha and Nakagaw, 2016. 

The Ministry of Irrigation (MoI) of the Nepal Government investigated the 

condition of the post-landslide topography, loss of life, and proposed mitigation 

measures for the Jure Landslide (MoI, 2014). A preliminary investigation began August 

27th, 2014 and provided information on the general rock type (phyllite, schist and 

quartzite), rainfall data, and recognized four important geological structures. The report 

included high resolution photographs obtained at various locations throughout the 

landslide area, identifying large unstable hanging blocks, tension cracks, and 

groundwater seepage located at the headscarp of the landslide, suggesting that the 

slope remains potentially unstable (Figure 3.14). 

 

Figure 3.14. Evidence of ongoing instability at the Jure Landslide. A) Pistol-
butted, disturbed and inclined trees in the crown of the landslide (B) 
with seepage/creeks observed above the headscarp (C) and clear 
evidence of slope damage with tension cracks (D) and large 
fractures and perched blocks; all indicating the slope remains in an 
unstable condition (Modified after MoI, 2014). 
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The Nepal’s Engineers Association (NEA) published a technical report discussing 

crisis management as well as a subsequent engineering investigation of Jure that 

included the entire Sunkoshi riverbank downstream up to the Indo-Nepalese border 

(Pokharel et al., 2014). The deposit from the Jure Landslide dammed the Sunkoshi River 

for approximately 12 hours forming a 3 km long landslide-dammed lake (LDL) with an 

estimated volume of 8 Mm3 (Acharya, 2016). The report provided detailed emergency 

mitigation planning related to a potential landslide-dam break flooding with focus on the 

assessing the dam stability, evaluating the potential dam breach process and 

mechanism, predicting dam-break flood parameters and suggesting mitigation 

measures. The NEA team modelled the various dam-breaks using the Hydrologic 

Engineering Centre’s River Analysis System (HEC-RAS) to determine the discharge 

downstream and the geotechnical properties of the dam material. The report provided 

recommendations for further geotechnical investigation, soil/rock sampling/testing and 

stability analysis of the slope that should be undertaken (Figure 3.15) (Pokharel et al., 

2014).  

 

Figure 3.15. A) Photograph taken on the day of the August 2nd 2014 Jure 
Landslide and B) Landslide dammed lake created by the debris 
(modified after Pokharel et al., 2014). 

Basnet (2016) investigated earthquake and monsoon induced slope failure 

effects on the hydropower project along the Sunkoshi valley. Basnet (2016) conducted 

field work along the Sunkoshi Valley to document co-seismic landslides caused by the 

Mw=7.8 Gorkha earthquake. Field assessment on the Jure Landslide included collecting 

rock samples, and documenting information on the hydropower structure damage. 
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Structural damage was discussed focusing on interpretation of field reconnaissance 

photographs (Figure 3.16). 

 

 

Figure 3.16. Photographs of damage that occurred due to the 2015 Gorkha 
earthquake. A) Penstock of Bhote-Koshi Hydropower plant damaged 
by rockfalls. B) Flood scouring along penstock after rockfalls 
punctured and burst the pipe (Basnet, 2016).  

 

A preliminary stability assessment of the Jure Landslide was conducted using 

kinematic analysis, limit equilibrium and Phase2 2D finite element modelling methods. 

These slope analyses mainly focused on the upper section of the landslide, with one 

main discontinuity and tension crack striking parallel to the slope investigated (Basnet, 

2016). The main discontinuity and high groundwater conditions were found to be the 

most important factors influencing slope failure. Further work was suggested to compare 

rock mass parameters and obtain further data on discontinuities for future modelling. 
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Shrestha (2016) performed hazard assessment following the formation and 

breaching of the Jure Landslide deposit (referred to as Sunkoshi). In the study, flood 

hazards due to the potential dam breach were analyzed: flood inundation maps were 

computed using an erosion-based dam breach approach, and a flow map produced from 

the numerical simulations and Geographical Information Systems (GIS) tools. Results 

indicate that the estimated volume of water released from the dam was ~4.5 Mm3 with a 

peak flow discharge of 6436 m3/s. Areas in the river valley up to 3 km upstream were 

inundated. It was concluded that the dam breached 37 days after and it had 

considerable impacts ~30 km downstream from the Jure Landslide dam (Figure 3.17). 

More recently, Kirschbaum et al. (2019) investigated how cascading hazard 

processes (which refer to a primary triggering event such as an earthquake or heavy 

rainfall, followed by a chain of consequence) cause further hazards that can have 

potential impacts on populations in proximity or downstream of the main triggering event 

(Figure 3.18). In their study, it was emphasized that High Mountain Asia (HMA) is 

Figure 3.17. Estimated flood inundation area due to the Jure Landslide dam 
breach with impacts on the regional area ~30 km downstream. 
Maximum flood inundation depth approximatley 21 m (Shrestha, 
2016). 
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extremely vulnerable to such cascading hazards due to the climatic setting, seismic 

activity, especially relating to glacial lakes (Kirschbaum et al., 2019). 

 

Figure 3.18. Conceptual diagram highlighting hypothetical cascading hazard 
process at the Jure Nepal Landslide (Note river flows in opposite 
direction). A) Initial August 2nd, 2014, Landslide potentially triggered 
by seismic activity or monsoonal precipitation that can cause a 
landslide-dammed lake (LDL) and upstream lake development 
(flooding). B) Shows how after the initial triggering event, the LDL 
could catastrophically fail, leading to do downstream flooding and 
debris that could cause significant damage to infrastructure and 
societal impacts to population (Modified after Kirschbaum et al., 
2019). 

Kirschbaum et al. (2019) noted that remote sensing techniques can be utilized to 

characterize, identify, and monitor potential cascading hazard processes impacting 

HMA. The August 2nd, 2014, Jure Landslide is one of six case studies across HMA in 

this study that outlines how remote sensing data may inform the interaction between 

various elements in the cascading hazard chains, improving integration of monitoring, 
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modelling and observation data for potential future hazards. Results indicate that by 

using COSMO-SkyMed X-Band InSAR data, it appears that the Jure Landslide had been 

reactivated following the 2015 Gorkha earthquake, with surface deformation of ~0.3 m 

near the headscarp (Figure 3.19). 

 

Figure 3.19. Surface deformation at the Jure Nepal Landslide linked to co-
seismic activity (2015 Gorkha Earthquake sequence) measured from 
COSMO-SkyMed SAR imagery (May 5-29, 2015) (Kirschbaum et al., 
2019). 

 

Further relevant publications that have focused on the Jure study area site are 

summarized in (Table 3.1). 
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Table 3.1. Review of relevant geoscience publications in proximity to Jure 
Landslide study site. 

Publication Focus of Work 

Analysis of Jure Landslide dam, Sindhupalchowk 
using GIS and remote sensing (Acharya et al., 2016) 

-Uses GIS and remote sensing (Google Earth and 
USGS satellite imagery) to create a land-use affected 
area GIS map due to the Jure landslide and the lake 
formed. The most affected area includes the farm land 
(terraced), steep slopes and forested area. 

Sunkoshi Landslide in Nepal and its possible 
impact in India: A remote sensing based appraisal 
(Champati and Chattoraj, 2014) 

-Uses satellite imagery and hydrological data to assess 
the potential downstream flood danger if the 8.25-10.50 
Mm3 of water dammed by Jure landslide were to 
catastrophically breach the 35 m high dam.  
-Recommended flood monitoring and evacuation 
protocol at the Koshi Barrage (important hydrological 
structure bordering India/Nepal).  

Characterization of the Jure (Sindhupalchowk, 
Nepal) Landslide by TLS and field investigations 
(Jaboyedoff et al., 2015) 

-Uses TLS and satellite imagery (SRTM) to analyze the 
volume (~5 Mm3), discontinuity sets ((165o/60o), 
(250o/60o), (075o/45o)), and estimated Fahrböschung 
angle of 22o – 24o. 

Nepal Engineers’ Association Pulchowk. A report 
on study of Sunkoshi Landslide Dam in Jure, 
Sindhupalchowk. (Pokharel et al., 2014) 

-Immediate emergency mitigation planning to potential 
dam-break flood by assessing the landslide dam 
stability (geological/geotechnical parameters) and dam 
breach modelling (HEC-RAS).  

ICIMOD rapid field investigation: Jure Landslide 
Dam site Jure, Sindhupalchowk District, Nepal. 
(Khanal and Gurung, 2014). 

-Uses RS IRS-P6 LISS-IV Mx images to map 
(dimensions) the landslide, dam, and lake using post-
event imagery. The landslide had max width of 0.81 
km, total length 1.26 km, and area of 0.71 km2. 

Assessment of the Sunkoshi (Nepal) Landslide 
using multi-temporal satellite images (Roy et al., 
2014) 

-Utilized high-resolution WorldView (2.4 m) satellite 
images from 2001-2014 to conclude that the slope was 
previously unstable with smaller landslides prior. 

Case study report: loss and damage from a 
catastrophic landslide In Sindhupalchok District, 
Nepal (Van der Geest and Schindler, 2016). 

-Conducts an investigation on the loss and damage 
from the Jure Landslide with the main focus on how 
effective were the preventive and coping measures and 
the major constraints. 

Rockfall hazard and risk assessment along Arniko 
Highway, Central Nepal Himalaya (Regmi et al., 
2016) 

-Uses GIS and field geological mapping to create 
hazard and risk slope stability maps along the Arniko 
highway within Sindhupalchowk district. Jure landslide 
has been classified has a very high risk/hazard zone. 

Characterization of landform evolution and slope 
response to the 2015 Earthquake sequence and 
annual monsoon in Central Nepal. (Hutchinson, 
2018) 

-M.Sc. thesis investigating the evolution and controls of 
co- and post-seismic mass movements at two case 
study slopes North of the Jure Landslide (Tushare and 
The Last Resort) using remote sensing, change 
detection, and rockfall modelling. 
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 Engineering Geological Characterization 
of the Jure Landslide 

Engineering geological characterization of high mountain slopes such as Jure 

Landslide is constrained by both accessibility throughout the study site area and safety 

issues. In this research traditional engineering geological field methods are therefore 

complemented by extensive remote sensing techniques, including TLS, TDP and UAV-

SfM allowing a comprehensive investigation of the landslide. Results from integrated 

field and remote sensing discontinuity surveys and rock strength estimation are used as 

input for 2D/3D numerical analyses and VR/MR geovisualization/data processing. The 

methodological strategy applied in the characterization of the Jure Landslide is 

summarised in Figure 4.1.  

 

Figure 4.1. Flowchart of the methodology used in the different stages of the 
2014 Jure Nepal Landslide site investigation (Mysiorek et al., 2019a). 
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4.1. Conventional Engineering Geological Field Techniques 

Conventional engineering geological field-based mapping techniques are a 

fundamental requirement to characterize the rock mass quality, slope damage, current 

geomorphological processes and overall their implications for slope stability. The 

traditional field-based techniques allowed for a complete description of the rock mass 

(lithology, Geological Strength Index; Marinos and Hoek, 2000, block size/shape, 

number of discontinuity sets, weathering) and discontinuity characteristics (orientation, 

persistence, joint roughness coefficient, seepage, infill, and spacing) at approximately 

150 safely accessible field locations. Furthermore, intensive engineering 

geomorphological terrain mapping following the Terrain Classification System (Howes 

and Kenk, 1997) and Geological Society of London (1982) guidelines was employed for 

the mapping of surficial materials, landforms and geomorphological processes. These 

techniques provide useful information on rock mass strength properties and morphology 

at all accessible areas throughout the site and are a vital part of the site characterization 

to obtain the input parameters for subsequent hazard mapping and numerical modelling. 

Field work was conducted at the Jure Landslide between March 18th to March 

30th, 2018 and March 29th to April 12th, 2019. The engineering geology field station was 

the basic unit of the field mapping, with each station being given specific labels to allow 

on site organization and data storage on an IPad using the GISKit application (Garafa, 

2017) and a traditional field-book. UTM coordinates were obtained from an Oregon 550t 

Garmin GPS (typical accuracy +/- 3 m). The location of the stations was constrained by 

the accessibility at each site; however, attempts were made to fully traverse the entire 

extent of the site with evenly spaced field stations supplemented by stations located at 

features of interest. Field mapping involved both considerable hiking in steep/rugged 

terrain, and access through a narrow, poorly maintained 4x4 trail in the northern section 

of the slope. A complete summary table of all measurements acquired, and the field GIS 

maps of the traversed locations are presented in Appendix A. 

4.1.1. Field Estimation of the Unconfined Compressive Strength 

Several field-based procedures can be used to estimate the unconfined 

compressive strength (UCS) (Hoek and Brown, 1997; Marinos and Hoek, 2001; Hack 

and Huisman, 2002; Hoek and Brown, 2019) (Table 4.1).  
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Table 4.1. Summary table of field-based tests to estimate the unconfined 
compressive strength (UCS). At the Jure Landslide the Proterozoic 
phyliite unconfied strength ranges from R3-R5 with an average of R4 
(80 MPa), (Table modified after Marinos and Hoek, 2000). 

 

Due to international regulations and limitations on the importing/exporting of the 

required rock samples for laboratory testing, a geological hammer and a Type-L Schmidt 

hammer were used at each field station (on both in-situ bedrock and landslide debris 

specimens) to obtain estimates of the unconfined compressive strength (Figure 4.2 A).  

The Schmidt Hammer and Geological Hammer Strength Tests 

Originally used for non-destructive testing of concrete strength, the Schmidt 

hammer was first used for testing rock hardness by Deere and Miller (1966). The 

apparatus consists of a spring-loaded shaft that delivers a known impact force to the 

surface being tested. After the shaft strikes the surface of interest, the Schmidt hardness 

rebound value (R) can be read directly from the instrument casing and by reference to a 

conversion chart, can be used to determine the UCS of the intact rock (Deere and Miller, 

1966) (Figure 4.2 A and B). The empirical correlation between the R value and UCS has 
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been linked to the specific rock lithology, degree of weathering, distance from faults and 

the joint separation/spacing in the rock mass being tested (Tansi et al., 2000; Kahraman, 

2001; Dincer et al., 2004; Greco and Sorriso-Valvo, 2005). Non-rock engineering 

purposes for field estimate of strength were also conducted by striking exposed outcrops 

with a standard geological hammer which allowed correlation of field strength based on 

conversion table 4.1. 

 

Figure 4.2. Field estimate techniques used at Jure Landslide for estimating the 
unconfined compressive strength (UCS) during fieldwork. A) 
Schmidt hammer Type-L and geological hammer testing exposed 
outcrop within the headscarp. B) Schmidt hardness value 
conversion chart to determine the UCS of the intact rock (Deere and 
Miller, 1966). 

Field-based tests to estimate the UCS have been performed at ~50 stations 

throughout the Jure Landslide on exposed rock fractures, rock faces adjacent to the 

fractures, and landslide debris specimens following the guidelines of Hoek and Brown 

(1997) and British Standards (1981) (Figure 4.2 A). Wherever possible, the Schmidt 

hammer was used in the horizontal position (rock face vertical) to obtain twelve readings 

(omitting the highest and lowest) and averaging the ten remaining rebound values to 

increase the sampling density and minimize the sensitivity and bias with local variation. 

The average Schmidt hammer rebound value (R) calculated at each station ranged from 

21 to 47, with the lower rebound values located within the headscarp and along the 
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potential fault system located mid-slope and striking perpendicular to the slope dip 

direction (Figure 4.3). A standard conversion chart (Figure 4.2 B) was utilized to estimate 

the UCS, providing a range in values from 25 to 150 MPa with the average value 

corresponding to a R4 classification (UCS = 80 MPa) for the Proterozoic phyllitic bedrock 

(Table 4.1). Obtained rebound values are summarized in Appendix A. 

 

Figure 4.3. Average Schmidt hammer rebound number values obtained at the 
Jure Landslide. Background source OpenStreetMap (ESRI, 2017).  
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4.1.2. Geological Strength Index (GSI) 

During the last fifty years, several rock mass strength classification systems have 

been developed in engineering rock mechanics including the Rock Mass Rating (RMR) 

(Bieniawski 1973, 1978, 1989), and the Norwegian Geotechnical Institute’s Tunneling 

Quality (Q) Index (Barton et al., 1974; Barton and Bar, 2015). Hoek and Brown (1997) 

recognized that these methods that although useful for estimating rock mass support 

requirements did not adequately relate the rock mass strength to field geological 

observations particularly for very weak rock masses. This led to the development of a 

new rock mass characterization system called the Geological Strength Index (GSI) that 

places a greater emphasis on field geological observations of rock mass characteristics  

i.e., the degree of fracturing (or blockiness) and the condition of the joint surface (Figure 

4.4) (Marinos and Hoek, 2000; Wyllie and Mah, 2004; Hoek and Brown, 2019) and 

provides the rock mass strength parameters for subsequent use in rock engineering 

design and numerical models. Modified GSI tables were subsequently published by 

Marinos and Hoek (2011) for heterogeneous and tectonically deformed sedimentary rock 

known as “flysch” (extended version published by Marinos (2017) and Marinos and 

Carter (2018)), for ophiolites (Marinos et al., 2005), and for tectonically undisturbed 

molassic rocks (Hoek et al., 2005). More recently, research has been conducted by Day 

(2016) to address the characterization and importance in deep excavations in high-

stress environments of intrablock structures (healed structures) that are currently not 

included with the GSI charts using a proposed new composite-GSI (CGSI) method. 

Reference should be made to Marinos et al. (2005) for additional applications and 

limitations of GSI charts for underground opening and rock slopes. 

Once a GSI index value has been estimated, it can be entered into a set of 

empirically developed equations to estimate the rock mass properties that can be used 

in conjunction with the UCS of intact rock (σci,), and petrographic constant (mi), to 

determine the empirical Hoek-Brown failure envelope shear strength parameters of the 

rock mass in addition to the rock mass compressive strength (σcm) and deformation 

modulus (E). The RocData code (Rocscience, 2018d) allows the engineer/geoscientist 

to conveniently undertake this procedure. Updated values of mi are found in Marinos and 

Hoek (2000) and are explained in detail by Hoek and Brown, (1997); Marinos and Hoek, 

(2000), Wyllie and Mah, (2004), Hoek and Brown, (2019). 
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Figure 4.4. Geological Strength Index (GSI) chart (Marinos and Hoek, 2000). 
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GSI field station estimates at the Jure Landslide were based on the mapped rock 

mass structure and discontinuity surface conditions (Figure 4.4) at 13 safely accessible 

outcrops using an incremental range of 10 (i.e., 0-10, 10-20, 20-30 etc.…) (Figure 4.5). 

As shown in Figure 4.5, estimated GSI values ranged from 20-70 with the lower values 

(20-30) located within the exposed headscarp, near tension cracks and faults where a 

poorly interlocked, heavily broken phyllite rock mass contains moderately-heavily 

weathered and altered discontinuity surfaces (Figure 4.6 A). The majority of the values 

obtained within ~100 m of the landslide consisted of estimated GSI values of 35-45 in 

interlocked, partially disturbed very block phyllite rock mass with fair discontinuity 

surface conditions (Figure 4.6 B). The highest GSI values (60-70) were located >100 m 

from the landslide in a well interlocked metasandstone rock mass  containing slightly 

weathered, iron stained discontinuity surface conditions (Figure 4.6 C). The GSI 

estimates were utilized to derive rock mass strength properties and provide inputs to 

numerical models of the rock slopes (see Chapter 6). 
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Figure 4.5. GSI estimates obtained during field work at the Jure Landslide. A) GSI values and B) field station ID.
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Figure 4.6. Example of various GSI estimates throughout the Jure field site 
(Figure 4.4 and 4.5). A) Poorly interlocked, heavily broken phyllite 
rock mass  with moderately weathered and altered discontinuity 
urfaces (360 Photograph). B) Interlocked, partially disturbed very 
blocky phylllite rock mass with fair discontinuiy surface conditions. 
C) Well interlocked metasandstone rock mass with slightly 
weathered, iron stained discontinuity surface conditions. 

https://momento360.com/e/u/40be0d31a62d4e7a9b0f3240bc100e22?utm_campaign=embed&utm_source=other&utm_medium=other&heading=89.10200543094685&pitch=24.395410625127038&field-of-view=75
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4.1.3. Discontinuity Mapping 

In most rock slopes, the rock mass behaves as a discontinua particularly near 

the slope surface where confining stresses are very low compared to the intact rock 

strength and discontinuity characteristics largely determine rock slope stability (ISRM, 

1978; Tuckey, 2012; Donati, 2019). It is therefore critical that in addition to lithological 

description of the rock mass, the structure of the rock mass and the discontinuity 

characteristics (Stead et al., 2006; Tuckey, 2012; Donati, 2019). A discontinuity is the 

general term to describe any structure having effectively zero tensile strength in a rock 

mass including most types of joints, weak bedding/schistocity planes and faults (ISRM, 

1978). However, it is important to recognize that the term ‘discontinuity’ is used to 

denote potential planes of weakness without any genetic connotation (i.e., unlike the 

words ‘fault’, ‘fracture’, or ‘joint’, which imply the discontinuities were formed in different 

ways) (Hudson and Harrison, 1997). 

Engineering geological landslide investigations are generally carried out in 

various stages depending on the degree of detail required for the project and also the 

time and budget allocated. In this research project, field work was conducted following 

the ISRM (1978) suggested methods for the quantitative description of discontinuity 

characteristics including recording the orientation, persistence, roughness, spacing, 

discontinuity sets, block shape, block size, aperture, infill, seepage, strength, 

weathering, and termination type (Figure 4.7). These discontinuity characteristics directly 

influence the rock mass and the overall susceptibility of discrete blocks to sliding or 

toppling (ISRM, 1978; Hudson and Harrison, 1997; Tuckey, 2012). Discontinuity data 

can be collected with field measurements at exposed outcrops using spot mapping, 

areal (window or cell) mapping or detailed line (scanline) survey methods (Hudson and 

Harrison, 1997). Although these methods may provide reliable data, it should be 

acknowledged that only a 2D slice through the 3D rock mass is often sampled, leading 

to various sources of bias that need to be taken into consideration (Tuckey, 2012). To 

overcome such bias, common practice is to perform two surveys (multiple exposures) at 

different orientations (preferably nearly right angles) to improve confidence that a 

realistic characterization of the 3D nature of the rock mass structure has been obtained 

(Terzaghi, 1965; ISRM, 1978; Priest and Hudson, 1981; Hudson and Harrison, 1997; 

Tuckey, 2012). 
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Figure 4.7. Schematic of the ISRM (1978) suggested primary parameters for the 
quantitative description of discontinuities and rock masses during 
field work (example of a scanline survey) (Hudson and Harrison, 
1997). 

 

At each field station, preliminary discontinuity mapping was undertaken obtaining 

the attitude of each discontinuity plane as a dip and dip direction using a Clar (Brunton) 

compass according to the ISRM (1978) guidelines. A discontinuity was recorded as a set 

where measurements were repeated at minimum of 5 times. Lithology, structures, water 

conditions, surface roughness, and type of infill were recorded to estimate the shear 

strength of the discontinuities. The rock mass blockiness and shape were also 

determined based on the discontinuity orientation, persistence, and spacing. 

Preliminary discontinuity mapping undertaken during field work at the Jure 

Landslide included over 80 discontinuities mapped throughout the field site wherever 

accessible with their orientation (dip/dip direction), plotted on equal angle stereonets 

using DIPS 7.0 (Figure 4.8) (Rocscience, 2018a).  
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Figure 4.8. A) Structural measurements (Dip/Dip Direction) obtained during field work (red circle represents location of 
figure (C)) (360 Photograph). B) Equal angle stereonet of plotted orientations Total number of joints = 75. C) 
Example of major discontinuity sets during March 2018 field work.  

https://momento360.com/e/u/981c96f678dd43158f17b4a0828c5cf1?utm_campaign=embed&utm_source=other&utm_medium=other&heading=78.3778333037604&pitch=12.556839508623828&field-of-view=75
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Gradual erosion, slope failure and fracturing of blocks and progressive rockfall 

has left the slope with a marked ‘two’ stepped morphology (Figure 4.9 A). The upper 

section (headscarp) and mid-slope are characterized by higher slope angle (~60°). 

Whereas, the estimated overall slope orientation prior to the landslide dips 

approximately 35° towards the southeast (136°). Four dominant discontinuity sets are 

prevalent over much of the study area (Figure 4.8 and Table 4.2) (Discontinuity sets 

referred to as DS and/or J). The first discontinuity set (DSI) strikes E to NE and dips sub-

vertically (82°) and may have provided a lateral release rupture surface. The second 

discontinuity set (DSII) strikes NNE and dips sub-vertically (75°) and may contribute to 

the rear release surface and the exposed stepped morphology of the slope. The third 

discontinuity set (DSIII) strikes SW and dips at ~25° in the NW quadrant (into the slope 

face), it has low persistence (1-3 m) and an undulating, slickensided roughness. The 

fourth (DSIV) discontinuity set comprises highly persistent (10-20 m) geological 

structures that strike ENE (45°/145°) (Figure 4.9). This set may be part of a regional fault 

system (Figure 4.9A). The Proterozoic phyllite foliation is folded dipping up to ~25°, out 

of the slope. Table 4.2 provides a summary of the dominant discontinuity sets and field 

mapping characteristics obtained from the Jure Landslide field work site investigation. 

Table 4.2. Summary of discontinuity sets and properties identified at the Jure 
Landslide during 2018-2019 field work following the ISRM (1978) 
guidelines.  Overall average slope orientation 35o/136o (Dip/Dip 
Direction). 

Discontinuity 
Set (DS) 

Dip 
(o) 

Dip 
Direction 

(o) 

Persistence 
(m) 

Spacing 
(mm) 

Roughness 
(Primary/ 

Secondary) 

Aperture 
(mm) 

JRC1 

I  82 177 Low (1-3) Wide 
(600-
2000) 

Planar, 
Smooth 

Partly open 
(0.25-0.5) 

4-6 

II 75 098 Medium (3-10) Moderate 
(200-
600) 

Stepped, 
Rough 

Open (0.5-
2.5) 

8-10 

III  25 310 Low (1-3) Wide 
(600-
2000) 

Undulating, 
Slickensided 

Tight (0.1-
0.25) 

6-8 

IV  45 145 High (10-20) Very 
Wide 

(2000-
6000) 

Undulating, 
Rough 

Tight (0.1-
0.25) 

8-10 

1Joint Roughness Coefficient (JRC) 
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Figure 4.9. A) Gigapan stitched panoramic high-resolution photograph of the 
2014 Jure Landslide taken on April 7th, 2019 at ~1.5 km from mid-
slope using Canon 5DSR with f =400 mm lens (Interactive Photo 
Here). Highly persistent (10-20 m) discontinuity set four (J4) 
(45o/145o) locations outlined in red (B) (C) and approximate dip of 
slopes displayed illustrating the observed  ‘two stepped’ slope 
morphology. 

Scanline Discontinuity Survey 

Due to difficult site access, hazardous terrain (rockfalls) and limited outcrop 

exposure throughout the Jure Landslide field site, only a single discontinuity scanline 

mapping survey was conducted ~100 m northwest of the headscarp on March 25th, 2018 

(Figure 4.10 and Figure 4.11). 

55o 

55o 

30o 

80o 

http://www.gigapan.com/gigapans/000d324b6b708c0ea69ba15e5244dbea/options/nosnapshots,hidetitle,fullscreen/iframe/flash.html?height=250&fbclid=IwAR2x0hNi3Cr_4c2uizIwlelmWExlJnKbrXtgGfybJgtVPKJTQ9glVY7mUuE
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Figure 4.10. Scanline mapping survey location employed during March 25th, 
2018, field work at the Jure Landslide field site. 

 

Scanline mapping involved stretching a 30 m length measuring tape along an 

exposed outcrop face and mapping every geological feature that intercepts the linear 

traverse following the ISRM guidelines (Figure 4.11 C). To correct for sample orientation 

bias, a Terzaghi weighted correction was applied when plotted discontinuity poles on 

stereonets using DIPS (Tuckey, 2012; Rocscience, 2018a). Three discontinuity sets 

were identified at the scanline outcrop and show similar orientations as the spot mapping 

throughout the Jure Landslide (Table 4.2). Due to the low discontinuity sample size and 

line survey orientation bias, the fourth discontinuity set (DSIV/J4) identified during spot 

mapping was not recognized in the scanline survey (Figure 4.9 and Table 4.2). Spot 

mapping incorporated a larger sampling size and covered a wide extent of the Jure 

Landslide study site. To allow subsequent investigation of the slope failure mechanism 

and kinematic analysis, the scanline and spot mapping data has been integrated into 

one data file. 
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Figure 4.11. Limited outcrop exposures identified throughout the Jure landslide study site due to difficult site access, active rockfall hazards, and rugged terrain as 
displayed in (A) and during traversing up fresh rockfall talus (B). C) Discontinuity scanline mapping survey conducted ~100 m northwest of Jure headscarp by 
draping 30 m of measuring tape along the exposed outcrop. C) Three dominant discontinuity sets were identified and plotted in stereonets using DIPS.  

A B 

C D 
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Kinematic Analysis 

The first step in a slope stability analysis using field discontinuity data obtained at 

the Jure Landslide site includes a kinematic analysis using the DIPS software 

(RocScience, 2018a) to evaluate the potential failure mechanisms including planar 

sliding, wedge, and toppling failure. All the measured discontinuities are plotted on a 

stereonet, then classified into sets and the mean orientation acquired for further 

analysis. To assess the kinematic stability of the Jure Landslide slope, discontinuity 

orientation data obtained from both spot mapping and scanline mapping were 

considered for the kinematic analysis in DIPS. A 20° friction angle and 20° lateral limit 

was used for the kinematic analysis. The 20° friction angle was selected to implicitly 

consider the effects of progressive reduction of strength, seismic fatigue, and ground 

water pressure within the discontinuities. The dip/dip direction of the slope plays a critical 

role in controlling kinematic stability, and with a complex stepped morphology of the 

slope, localized variations can create complicated combinations of failure modes. 

Therefore, two scenarios were investigated: Scenario one considers the overall slope 

orientation (35°/136°) reconstructed from the headscarp to the valley bottom while the 

second scenario, referred to as ‘worst case’, represents the highest slope gradient 

observed within the exposed scarp face (65°/136°). 

The kinematic analysis performed using the ‘worst’ case scenario suggests that 

sliding and wedge failures are both feasible failure mechanisms. Planar sliding is 

possible along the highly persistent discontinuity set DSIV (45°/145°) if the worst case 

scenario is considered, and much less likely when the overall gradient scenario is 

considered (Figure 4.12 A). The intersection of discontinuity sets DSI (82°/177°) and 

DSIV (45°/145°) may promote wedge failure for both scenarios with sliding along both 

planes in the direction of 094°/28° (trend/plunge) (Figure 4.12 B). In addition, in the worst 

case scenario, the intersection of discontinuity sets DSII (75°/098°) and DSIV (45°/145°) 

also form wedge failures with a sliding direction of 145°/45° (trend/plunge) (Figure 4.12 

B). Based on kinematic analysis and spatial relationship between the mapped 

discontinuity sets, toppling failures appear unlikely to occur at this site (Figure 4.12 C). 
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Figure 4.12. Kinematic analysis based on  the discontinuity sets identified during 
field surveys at the Jure Nepal landslide. Analysis shown for A) 
Planar Sliding, B) Wedge and C) Direct toppling failure mechanisms. 
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4.1.4. Engineering Geomorphological and Terrain Mapping 

During field work campaigns, features such as tension cracks, disturbed (e.g. 

pistol-butted, inclined, jack-straw) trees, gullies, scarps, trenches, and breaks in slope 

direction/angle were mapped on the GISkit iPad app and field book wherever accessible. 

The trend, width, depth and length were recorded for tension cracks, drainage features, 

and trenches using a Brunton compass, clinometer, GPS and measuring tape. 

Furthermore, the texture, surficial material (colluvium, bedrock, anthropogenic etc.), 

surface expression (fans, hummocky, undulating, terraced etc.), and geomorphological 

processes (gully erosion, rapid mass movement, irregularly sinuous river channel, etc.) 

were documented in order to create terrain symbols that have been portrayed into 

distinct polygons on a Terrain Classification Maps (TCM) according to Terrain 

Classification System for British Columbia (Howes and Kenk, 1997) (Figure 4.13).  

 

Figure 4.13. Example of information provided by a terrain symbol including 
texture, type of surficial material, surface expression, 
geomorphologic process, and qualifiers portrayed on a terrain map. 
This symbol indicates a glaciofluvial (FG) terrace (t) that is 
composed of sandy gravel (sg) which has been modified by slow 
downslope failures (F) that are no longer active (I) (Howes and Kenk, 
1997). 

Both Engineering Geomorphological Maps (EGM) and TCM have been 

constructed and are described in Chapter 5. These maps relied heavily on an integration 

of detailed field ground-truthed information, remote sensing data acquisition, air photo 
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interpretation, and GIS analysis. Preliminary mapping was completed prior to the 2018 

field work using available satellite imagery, with 50-75 % of the mapped area ground-

truthed in the field either on foot or by vehicular access (Figure 4.14). Due to 

inaccessibility and active hazards (e.g., rockfalls/slides, active creeks, debris flows, etc.) 

ground-truthed transects were not able to cross through the exposed landslide scar area 

at all locations. Wherever applicable, attempts to accurately estimate the surficial 

materials, surface expression, geomorphological process, and slope breaks have been 

made using engineering geological judgment in all non-accessible locations. The Jure 

Landslide can be divided into three main zones based on topography, morphology, and 

location within landslide rock avalanche event (e.g., initiation, transition, deposition) 

including the Crown (1450-1700 masl), Mid-Slope (1170-1450 masl), and Depositional 

Zones (800-1170 masl) (Figure 4.14). 

 

Figure 4.14. 2018-2019 Field work showing GPS ground-truthed traverses in 
blue. The Jure Landslide has been divided into three main zones 
based on topography, morphology, and location with the landslide 
rock avalanche event including: Crown (1450-1700 masl), Mid-Slope 
(1170-1450 masl), and Depositional (800-1170 masl) zones. 

 Field Observations in the Crown Zone 

The altitude in the Crown zone ranges from 1450 to 1700 masl with ~70% of the 

area ground-truthed during field work (Figure 4.14). The majority of the surficial material 
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surrounding the exposed landslide scar area is dominated by a mantle of variable 

thickness veneer (0.5 to 5 m) anthropogenic terraced farmed land (rice fields benched at 

~1.5 m height and 1 m width) (Figure 4.15 A). The overall slope dips ~45o towards the 

southeast. This surficial material comprises a red coloured residual soil with subangular 

mixed fragments with a silty sand matrix to gravel-cobble sized clasts. The red colour is 

due to oxidation of iron bearing minerals (pyrite, chlorite, biotite, hornblende, etc.) in the 

Proterozoic phyllite bedrock of the Kuncha formation (Dhital, 2015). The geomorphic 

process dominating much of this area is gully erosion with active flowing water 

containing subangular cobble-boulders from rapid debris torrents (Figure 4.15 B). It is 

important to note that these observations were taken during the dry-season (March-

April), with ~80 % more precipitation occurring during the monsoon (Pokharel et al., 

2014). This indicates that the active creeks/gullies would substantially increase in water 

flow, actively eroding and dissecting the surficial material and transporting/depositing 

large debris torrents/flows towards the exposed landslide scar/headscarp. Appropriate 

terrain symbols for the surrounding crown zone would include: 

Example and Application:                  𝒔𝒈𝒙𝑫𝒕𝒔-𝑽𝑹𝒕 

 

Weathered bedrock (D) containing mixed sandy-gravel angular fragments (sgx) that is 

heavily altered by anthropogenic terraces (t) dissected by gullies (V) containing cobble-

boulders from debris fall/torrent (t) with overall steep (>35o) slope (s) (Figure 4.15 A). 

Example and Application:                
𝐛𝐠𝐬𝐂𝐯𝐭𝐡

𝐑𝐬
 -𝑹𝑽𝒕 

Colluvium hummocky terraced veneer (Cvth) containing boulder gravelly sand (bgs) 

overlying steep bedrock (Rs) dissected by gully erosion (V) with rapid debris torrents 

(RVt) (Figure 4.15 B).  

Example and Application:                  
𝐬𝐠𝐱𝐃𝐭

𝐑𝐬
 -𝑹"𝒇 

Weathered bedrock (D) that is terraced containing angular sandy gravel fragments (sgx) 

overlying steep bedrock (Rs) located within a rapid mass movement initiation zone (R”) 

of surficial material by falling, bouncing, and/or rolling (f) (Figure 4.15 C).
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Figure 4.15. Field observations in the Jure Landslide Crown zone  (Centre Inset shows photograph locations). A) Terraced weathered bedrock dissected by gullies 
with cobble-boulders from debris torrents. B) Hummocky terraced colluvium boulder gravelly sand overlying steep bedrock with gully erosion and 
active creek containing seasonal debris torrents. C) Weathered bedrock overlying steep Phyllitic bedrock located within a rapid mass movement 
exposed headscarp. D) Weathered bedrock that is heavily terraced. SunKoshi River as Fluvial active plain with progressive bank erosion. 
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Within and in close proximity (0.1 to 20 m) to the exposed headscarp are various 

slope instability features such as tension cracks, colluvium slumps (young vegetation 

indicating recent movement (e.g., ferns), disturbed (inclined, jack-straw, pistol-butted, 

etc.) trees, loose heavily weathered/fractured bedrock overhanging the scarp and 

evidence of post-failure mass wasting events (Figure 4.16) (360o field view within 

headscarp link). Following the main Jure Landslide event in 2014, the slope has 

continued to experience progressive instability. In August 2017, an estimated 20,000 m3 

slope failure occurred at the site involving the sliding of a layer of heavily 

weathered/oxidized residual soil resulting in retrogression of the main landslide 

headscarp which can be identified on satellite imagery and was observed during March 

2018 field work (Figure 4.16 D) (360o field view above headscarp link). 

Appropriate terrain symbols for Figure 4.16 would include: 

Example and Application:             
𝐱𝐠𝐛𝐂𝐜𝐤

𝐑𝐬
 - Fr 

Colluvium (C) cone (c) made up of mixed angular fragments (x) ranging from gravel-

boulders (gb) overlying steep bedrock (Rs) located within a slow mass movement zone 

(F) of large-disintegrating bedrock masses (r) by sliding/rolling/falling with presence of 

tension cracks (k) (Figure 4.16 A, B). 

Example and Application:                 
𝐬𝐠𝐃𝐭𝐰

𝐑𝐤
 – R”s 

Sandy-gravel (sg) weathered bedrock (D) terraced (t) with a mantle (w) of variable 

thickness (zero to few meters) overlying moderately steep (k) sloped bedrock (R) located 

within rapid mass movement debris slide initiation zone (R”s) (Figure 4.16 D).                                      

 

https://momento360.com/e/u/3ed3673501fb4d48af1b0329236c5a87?utm_campaign=embed&utm_source=other&utm_medium=other&heading=0&pitch=0&field-of-view=75
https://momento360.com/e/u/c2cedad2a2b1457dad6f932fa6d0c240?utm_campaign=embed&utm_source=other&utm_medium=other&heading=-101.44087203328635&pitch=-30.846107866690602&field-of-view=75
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Figure 4.16.  Field observations within the Jure Landslide Crown zone headscarp (Middle Inset photograph shows locations). A) Evident instability features within 
and directly above headscarp including disturbed trees and weathered/fractured colluvium cones. B) Colluvium cone with pistol-butted trees directly 
above headscarp with evident tension cracks (Inset). C) Example of multiple bedrock boulders overhanging headscarp above loose talus. D) Post-
failure mass wasting event containting layer of heavily weathered/oxidized resdiual soil that is terraced. 
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In addition, several steep (~35°) active creeks/gullies span the entire Crown zone 

and are oriented in the downslope direction (southeast) draining directly into the 

headscarp (Figure 4.17). These creeks display evidence of active geomorphological 

process such as gully erosion with active flowing water comprising subangular cobble-

boulders from rapid debris torrents (Figure 4.17 A, B). Ponding of water is also evident 

throughout the Crown zone, mainly where slopes reduce gradient either due to natural 

surface morphology or anthropogenic terraces/hiking trails (Figure 4.17 C).  

 

Figure 4.17. Field work observations in the Jure Landslide Crown Zone. A) Active 
creek above headscarp facing downslope (draining over edge) with 
subangular gravel-cobble clasts. B) Active flowing creek view up-
slope standing near headscarp. C) Ponding of water along poorly 
maintained/slumping road, disturbed trees, and active creek 
draining into north headscarp. D) View facing downslope with 
disturbed trees, cobble-boulder clasts within active creek/gully. 

Groundwater seepage and surface runoff are common along the failure surface 

exposed along the crown zone (Error! Reference source not found. The surface runoff w

ater travels down well-defined gullies before running downslope along discontinuity set 

four (DSIV) that dips ~45o (Figure 4.18). It was also noted during field work that water is 

flowing downslope above the headscarp and may be partially intercepted by high angle 

discontinuity set two (DSII) or dilated fractures/tension cracks, allowing infiltration into 

the bedrock. Water then travels vertically (~50 m) through the discontinuity network 
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within the subsurface phyllitic bedrock before being intercepted and discharging as 

seepage along shallow dipping out of slope foliation planes (Error! Reference source n

ot found. Water may be a major factor in slope stability by reducing the shear strength 

of the slope due to increase the pore water pressure. With a major increase of water flow 

during the monsoonal season and continuous fracture dilation/mass wasting events, the 

water has and will continue to dissect the overall surface slope morphology resulting in 

strength degradation and possible hydromechanical fatigue (Gischig et al., 2015; 

Eberhardt et al., 2016).  

 

Figure 4.18. Jure Landslide A) Gigapan stitch; B) Seepage and surface runoff; C) 
Seepage in southern headscarp. 

http://www.gigapan.com/gigapans/5d3c284d51c557bf8162b40ac0a520df/options/nosnapshots,hidetitle,fullscreen/iframe/flash.html?height=250%22%20frameborder=%220%22%20height=%22275%22%20scrolling=%22no%22%20width=%22100%25%22%3e%3c/iframe


77 

 

Field Observations in the Mid-Slope Zone  

The Mid-Slope zone is downslope of the Crown zone and ranges in altitude from 

1170-1450 masl (Figure 4.14). Throughout the southern section of the Jure Landslide, 

engineering geomorphological field observations were conducted along a very steep trail 

guided by locals from the nearby Iteni and Thadechaur villages which are both located 

within the mid-slope zone (Figure 4.19 A). 
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Figure 4.19. Field work to ground-truth the Mid-Slope zone of the Jure Landslide. 
A) View from southern headscarp (1705 masl). B) Small path with 
weathered bedrock and evident colluvium debris throughout (large 
boulder). 

The surficial material is characterised by a similar mantle of variable thickness 

(0.5 to 5 m) of weathered bedrock as observed in the northern Crown zone (Figure 4.15) 

(i.e. anthropogenic terraced farm land). The geomorphic process that characterises 

much of this area includes major gullies containing subangular cobble-boulder bedrock 

colluvium material produced from various mass wasting events (Figure 4.20).  

785 masl 

1705 masl 
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Figure 4.20. Field work to ground-truth the mid-slope southern section of the 
Jure Landslide (Inset shows location in red of field station). Note the 
disturbed trees, gravel-boulder size subangular clasts within  
colluvium material derived from mass wasting debris slides/falls. 

 

The Iteni and Thadechaur villages are located within the Mid-Slope zone and 

have been re-building since the 2014 Jure Landslide event; both villages were heavily 

damaged due to the landslide debris. Twenty-one houses in the Thadechaur village 

were completely destroyed by the landslide debris (Figure 4.21 A,B and Figure 4.22) 

(MoI, 2014). The surficial material is terraced and comprises silty-sand matrix to gravel-

cobble sized clasts dissected by active creeks/gullies (Figure 4.21 C, D). These creeks, 

which were the main source of village water provided preferential flow paths for debris 

flows form the Crown zone. 
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Figure 4.21. Field observations in the Mid-Slope zone of the Jure Landslide Mid-Slope Zone, (Middle inset photograph shows locations). A) Damaged Iteni village in close 
proximity to the exposed landslide scar. B) Iteni village immediately above a very steep slope showing rebuilding after 2014 Landslide. C) Terraced weathered 
bedrock surficial material with D) Debris flows/torrents dissecting throughout and active water at Thadechaur village. 
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Figure 4.22. Field observations within the exposed scar of the Jure Landslide 
Mid-Slope zone. Inset photograph shows heavily damaged Iteni 
Village. Example of terrain symbols along the scar area including 
steep exposed bedrock (Rs) in the rapid mass movement (rockfall) 
involving  falling, bouncing, and rolling (R”b) with a Colluvium cone 
(Cc) and fan (Cf) at moderately steep slope (k) composed of boulder-
gravel mixed subangular fragments (bgx) (For description of terrain 
symbols refer to Appendix B; Howes and Kenk, 1997). 

Engineering geomorphological field observations were made at higher elevation 

(1250 to 1450 masl) along the northern section of the Mid-Slope zone in proximity to the 

Jure Landslide scar. The terrain is dominated by weathered bedrock surficial material 

(D) containing mixed sandy-gravel angular fragments (sgx) that is heavily altered by 

anthropogenic terraces (t) dissected by gullies (V) containing cobble-boulders from 

debris fall/torrent (t) with overall steep (>35o) slope (s) (Figure 4.23 A). A major gully 

(300 m width x 800 m length) occurs in this area, trending southeast, and discharging at 

the valley floor as an active creek with water seepage identified (Figure 4.23 B,C). 

Discontinuity set four was identified at this location characterised by highly persistent 

(10-20 m) geological structures (Figure 4.23 D). These major discontinuities strike ENE 

(45°/145°) and may represent structures associated with regional faulting. The stepped 

morphology of the Jure Landslide and overall topography appear to be controlled by 

these structures (Figure 4.23 C).  



82 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.23. Engineering geomorphological field observation within the northern section of the exposed scar of Jure Landslide Mid-Slope zone A) Anthropogenic terraced surficial 
material comprising weathered bedrock mixed sandy-gravely angular fragments dissected by gullies containing cobble-boulder clasts and active creeks. B) Major gully 
along slumping along road and terraced surficial material exposing discontinuity set four. C) Gigapan stitched (link) panorama showing overview of Jure Landslide in 
2019 locations of A, B, D inset. D) Exposed discontinuity set 4 and major gully along road with seepage along surface. 

 

http://www.gigapan.com/gigapans/000d324b6b708c0ea69ba15e5244dbea/options/nosnapshots,hidetitle,fullscreen/iframe/flash.html?height=250%22%20frameborder=%220%22%20height=%22275%22%20scrolling=%22no%22%20width=%22100%25%22%3e%3c/iframe%3e
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Field Observations with Jure Landslide Depositional Zone  

The landslide Depositional zone ranges in elevation from 800 masl along the 

SunKoshi River to 1170 masl in the exposed Jure Landslide field site (Figure 4.24).  

 

Figure 4.24. Location of field work to ground-truth Jure Landslide Deposition 
zone. Note the star indicates March 23, 2018, field observation 
station 360 view: Link. 

The Deposition zone is ~800 m wide, 700 m long, and ranges from 5 to 15 m in 

debris thickness (Figure 4.25 A). The colluvium talus cone deposit near the exposed 

bedrock has a slope gradient of ~40° (Figure 4.25 B) and transitions ~150 m downslope 

into a fan deposit (~15°) crossing the Sunkoshi River (Figure 4.25 C). The overall 

deposit is hummocky and dissected by gullies (trending southeast) with active debris 

falls/torrents (Figure 4.25 D). The surficial material is composed mainly of subangular-

angular phyllite, phyllitic quartzite, and metasandstone colluvium derived from the 2014 

Jure Landslide (Figure 4.25). The matrix consists of gravely-sand with clasts ranging 

from cobble to boulder size. Groundwater and surface water are clearly visible along the 

exposed bedrock and throughout the talus cone/fan gullies including water seepage from 

within the bedrock and surface runoff along discontinuity set four (Figure 4.25 A, B, C, 

and D). 

https://momento360.com/e/u/9dc2f8313f6d43f09bd9b9c2e4915f30?utm_campaign=embed&utm_source=other&utm_medium=other&heading=-68.89682043881439&pitch=-35.60062311330556&field-of-view=95
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Figure 4.25. Engineering geomorphological field observations within the Jure Landslide Deposition Zone A) Overview 2019 Gigapan stitched (link) panorama with clinometer slope angle/direction and 
location of B, C, D insets. B) Colluvium talus cone dissected by gully/creek with active debris fall/torrents comprising  gravely-sand matrix with subangular cobble-boulder phyllitic bedrock. 
Note the seepage and surface runoff along exposed bedrock. C) View looking southeast (downslope) within the Colluvium fan deposit with evident deposition 50 m up the opposite valley 
wall. D) Dissected colluvium fan with active water/debris torrents (field assistant 6ft tall for reference). 

http://www.gigapan.com/gigapans/7f55e3367c2f77ccfbed420a75cab850/options/nosnapshots,fullscreen/iframe/flash.html?height=250%22%20frameborder=%220%22%20height=%22300%22%20scrolling=%22no%22%20width=%22100%25%22%3e%3c/iframe%3e
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 Characterization of the Jure Landslide 
using Remote Sensing  

Remote sensing techniques, including TLS, TDP, UAV-SfM are being 

increasingly used in slope stability investigations and risk assessments due to their 

ability to acquire high-resolution data sets in inaccessible terrains. For this research, 

traditional fieldwork surveys at the Jure Landslide site due to inaccessibility had to be 

complemented by extensive application of remote sensing undertaken in 2018 and 2019. 

Additionally, RS data acquired using TLS, TDP, and helicopter assisted SfM were 

available from previous work undertaken in 2016-17 as part of Simon Fraser University-

Durham University collaborative research. 

 The field station was the basic unit of the RS surveys, where each station had 

UTM coordinates obtained from an Oregon 550t Garmin GPS (accuracy +/- 3 m) with 

corresponding labels directly organized and embedded on an GISKit IPAD application. 

GPS-derived Ground Control Points (GCP) targets were placed and surveyed across the 

site wherever accessible. 

In total, the data collected provided a four-year period of high-resolution imagery 

and geo-referenced point cloud slope geometries (~15 mm), that have been utilized for 

site characterization, change detection analysis, GIS, and development of a VR/MR Jure 

Landslide Geodatabase. 

5.1. Terrestrial LiDAR (TLS) 

From 2016 to 2019, TLS surveys were carried out using a Riegl VZ-4000 

scanner, with a maximum range up to 4 km (Riegl, 2018). TLS surveys were undertaken 

at four field stations (O, P, Q, R) along the Arniko highway (~830 masl elevation, ~600 m 

line-of-sight distance from mid-slope, with an average of ~1.5 cm final point cloud 

spacing (Figure 5.1 A,C). Because of the irregular two-stepped morphology of the slope, 

TLS scans were acquired in 2018 and 2019 from three additional stations (1, 2, 3) at a 

higher elevation east of the Sunkoshi river on the adjacent slope to reduce occlusion 

(~960 masl, ~1500 m from mid-slope, achieving ~2 cm final point cloud spacing (link) 

(Figure 5.1 A, B).  

https://tinytake.s3.amazonaws.com/pulse/jmysiore-sfu/attachments/10481753/TinyTake29-04-2019-03-47-56.mp4
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Figure 5.1. A) Jure Landslide TLS remote sensing field stations. TLS stations along Arniko highway (O, P, Q, R) were collected yearly (2016, 2017, 2018, 2019) with each year merged (O, P, Q, R) into 
separate single point cloud slope models. TLS stations (1, 2, 3) at higher elevation (~950 masl) were collected during 2018 and 2019 field visits to reduce occlusion with each year merged into a 
separate single point cloud slope model. B) Example of TLS and Long-range TDP from station 1 (2018 field visit). C) Example of TLS and Long-range TDP from station O (2019 field visit).  
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A summary of the 2016 to 2019 TLS data survey parameters is provided in Table 5.1. 

Table 5.1. Summary of 2016 to 2019 TLS data survey parameters for this study. 

Date (s)  ID Latitude (N)  Longitude (E) Elevation 
(masl) 

Angular 
Resolution 
(°) 

Points Mean 
Point 
Spacing 
(mm)1 

15-11-
2016 

O 

27°45'56.01" 85°52'39.20" 820 
 

0.0097 
 

21,435,118 
 

18 

04-10-
2017 

27°45'55.79" 85°52'38.48" 818 0.0070 96,512,152 25 

23-03-
2018 

27°45'56.17" 
 

85°52'37.55" 
 

821 
 

0.0065 28,733,668 
 

15 

05-04-
2019 

27°45'56.16" 
 

85°52'37.53" 
 

820 0.0070 99,380,007 
 

20 

15-11-
2016 

P 

27°45'54.73" 
 

85°52'37.95" 
 

816 
 

0.0091 17,307,586 
 

18 

04-10-
2017 

27°45'53.06" 
 

85°52'34.01" 
 

813 0.0075 26,374,509 
 

25 

23-03-
2018 

27°45'53.42" 
 

85°52'34.64" 
 

804 
 

0.0036 56,847,123 
 

15 

05-04-
2019 

27°45'53.43" 
 

85°52'34.48" 
 

840 0.0083 23,146,515 
 

20 

14-11-
2016 

Q 

27°45'49.29" 
 

85°52'27.48" 
 

815 0.0025 16,865,560 
 

18 

04-10-
2017 

27°45'50.11" 
 

85°52'29.08" 
 

812 0.0062 37,879,088 
 

25 

21-03-
2018 

27°45'49.57" 
 

85°52'28.50" 
 

831 0.0051 50,807,395 
 

15 

08-04-
2019 

27°45'49.53" 
 

85°52'29.28" 
 

838 0.0141 35,626,157 
 

20 

15-11-
2016 

R 

27°45'45.71" 
 

85°52'23.67" 
 

803 0.0147 8,957,588 
 

18 

04-10-
2017 

27°45'45.02" 
 

85°52'23.06" 809 0.0035 29,101,470 
 

25 

21-03-
2018 

27°45'45.72" 
 

85°52'23.73" 814 0.0045 18,455,066 
 

15 

08-04-
2019 

27°45'46.39" 
 

85°52'23.25" 
 

814 0.0014 18,414,026 
 

20 

22-03-
2018 

1 

27°45'55.40" 
 

85°53'0.87" 
 

938 
 

0.0081 82,755,457 
 

20 

07-04-
2019 

27°45'55.26" 85°53'0.87" 937 0.0084 76,612,104 13 

22-03-
2018 

2 

27°45'48.43" 
 

85°52'57.84" 
 

968 0.0092 35,613,620 
 

20 

07-04-
2019 

27°45'48.29" 85°52'57.81" 963 0.0073 42,789,322 13 

22-03-
2018 

3 

27°45'35.80" 
 

85°52'29.21" 
 

928 0.0087 69,066,915 
 

20 

07-04-
2019 

27°45'36.14" 85°52'29.35" 932 0.0082 38,943,863 13 

1Mean point spacing (mm) of final merged point cloud for toe (O, P, Q, R) and east of river (1, 2, 3) for individual years. 



88 

TLS Data Processing 

TLS data required various processing steps to generate final georeferenced 3D 

point clouds. Initially, scans were georeferenced using the scanner’s internal GPS unit. 

However, due to the low accuracy of the internal GPS, the point clouds acquired from 

each station (e.g., O, P, Q, R) were poorly aligned with each other. Coarse registration 

first required manually matching points from individual scans to merge the point clouds 

to within ~50 cm. Multi-Station Adjustment (MSA) was then undertaken in RiSCAN Pro 

(Riegl, 2018) based on an iterative closest point (ICP) algorithm that minimizes the 

distance between separate point clouds by determining a least-squares plan until they 

align to within ~2 cm. 

Point clouds were filtered to remove extraneous points (e.g., power lines, 

buildings, etc.) and vegetation using an automated terrain filter algorithm tool within 

RiSCAN Pro (Riegl, 2018). However, care was taken using the automatic terrain filter by 

manually editing as this technique sometimes fails to distinguish between bedrock and 

low-lying vegetation, which would potentially remove important information along the 

slope (Abellan et al., 2014). TLS points clouds were exported into CloudCompare (2019) 

and then further aligned with various RS point clouds including TDP and 

Helicopter/UAV-SfM models for rasterization and analysis. A simplified workflow of the 

TLS Data processing is displayed in Figure 5.2. 

 

Figure 5.2. Simplified TLS data processing workflow within RiSCAN Pro (Riegl, 
2018). 
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5.2. Terrestrial Digital Photogrammetry  

TDP stations were implemented at the same locations as TLS along the Arniko 

highway (e.g., O, P, Q, R) in 2016/2017 and at a higher elevation east of the Sunkoshi 

river (e.g. 1, 2, 3) in 2018/2019 using a 50 MP Canon 5DS-R camera (f=100-400 mm 

telephoto lens) mounted on a Gigapan robotic head to collect image fans (Figure 5.3). 

Additionally, a Canon 7D camera was used during March 2018 field work to capture 

overlapping images from multiple stations (e.g., 5, 6, 7) approximately 100 m northwest 

of the headscarp to produce a three-dimensional model of the exposed outcrop to be 

utilized for field scanline mapping. Photogrammetry models were georeferenced by 

defining ground control points. The f=200 mm images were used to produce full slope 

models whereas the f=400 mm images were utilized for detailed window mapping. Table 

5.2 summarizes the parameters for each survey. 

Table 5.2. Photogrammetry survey parameters for Jure Landslide. 

ID Camera Camera Specifications1 Distance to 
Mid-Slope (m) 

Ground 
Pixel Size 
(mm)* 

Year (s) 
Acquired 

O Canon EOS 
5DS-R 

50 MP; f=200mm; f/8 780 16 2016,2017, 
2018,2019 

P Canon EOS 
5DS-R 

50 MP; f =200mm; f/8 715 15 2016,2017, 
2018,2019 

Q Canon EOS 
5DS-R 

50 MP; f =200mm; f/8 615 12 2016,2017, 
2018,2019 

R Canon EOS 
5DS-R 

50 MP; f =200mm; f/8 680 14 2016,2017, 
2018,2019 

1 Canon EOS 
5DS-R 

50 MP; f =200mm, 400mm; f/8 1380 28;14 2018,2019 

2 Canon EOS 
5DS-R 

50 MP; f =200mm, 400mm; f/8 1435 30;15 2018,2019 

3 Canon EOS 
5DS-R 

50 MP; f =200mm, 400mm; f/8 1020 21;11 2018,2019 

4 Canon 7D 18 MP; f =55mm; f/8 400 30 2019 

5, 6, 7 Canon 7D 18 MP; f =55mm; f/8 100 15 2018 
1Megapixels (MP) and focal length (f) refer to camera sensor resolution and lens, respectively.                                                                                 

*Values displayed refer to different focal length (f) utilized outlined under Camera Specifications column. 

TDP Data Processing 

TDP Gigapixel imagery acquired at the toe of Jure Landslide (O, P, Q, R) and 

east of the Sunkoshi River (1, 2, 3) have been utilized to create Hi-resolution panoramic 

stitched photographs (GigaPan Systems, 2013) (Figure 5.4). 
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Figure 5.3. A) Jure Landslide TDP remote sensing field stations with survey parameters outlined in Table 5.2.  B) TDP 2018 field station R mounted on Gigapan robotic head. C) TDP 2018 field station 1 
east of Sunkoshi River. 
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Terrestrial Digital Photogrammetry (TDP) 

UAV-SfM 

2019 Canon 5DSR 200 mm lens Jure Landslide Gigapan Stitch 

Figure 5.4. Jure Landslide TDP GigaPan stitched panormas from A) 2019 Station 1 
(Link). B) 2018 Station Q (Link). C) 2017 Station Q (Link). D) 2016 Station 
Q (Link). 

http://www.gigapan.com/gigapans/000d324b6b708c0ea69ba15e5244dbea/options/nosnapshots,hidetitle,fullscreen/iframe/flash.html?height=250%22%20frameborder=%220%22%20height=%22275%22%20scrolling=%22no%22%20width=%22100%25%22%3e%3c/iframe
http://www.gigapan.com/gigapans/2befb4d47307e4d415873ab88f122c69/options/nosnapshots,hidetitle,fullscreen/iframe/flash.html?height=250%22%20frameborder=%220%22%20height=%22275%22%20scrolling=%22no%22%20width=%22100%25%22%3e%3c/iframe
http://www.gigapan.com/gigapans/5d3c284d51c557bf8162b40ac0a520df/options/nosnapshots,hidetitle,fullscreen/iframe/flash.html?height=250%22%20frameborder=%220%22%20height=%22275%22%20scrolling=%22no%22%20width=%22100%25%22%3e%3c/iframe
http://www.gigapan.com/gigapans/2befb4d47307e4d415873ab88f122c69/options/nosnapshots,hidetitle,fullscreen/iframe/flash.html?height=250%22%20frameborder=%220%22%20height=%22275%22%20scrolling=%22no%22%20width=%22100%25%22%3e%3c/iframe
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TDP Photographs obtained during 2018 field work at the scanline outcrop survey 

stations (5, 6, 7) were used to create SfM 3D point clouds in PhotoScan (Agisoft, 2018) 

(Figure 5.5 A,B). Point clouds were then imported into CloudCompare (2019) for further 

analysis including rock mass characterization and discontinuity orientation. Results of 

manual and automatic discontinuity mapping techniques will be provided in subsequent 

chapters where a comparative analysis between field, RS, and VR/MR virtual outcrop 

mapping techniques will be presented. 

 

Figure 5.5. March 2018 TDP data acquisition and processing. A) Scanline 
mapping at exposed outcrop 100 m northwest of headscarp (TDP 
station 5, 6, 7). B) Close-range TDP 3D point cloud model with field 
scanline survey and example of 3 windows that have been mapped. 
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5.3. UAV-SfM 

Neither TLS nor TDP remote sensing techniques allowed for data acquisition 

near the Crown zone due to unfavourable lines of sight resulting in occlusions. A DJI 

Mavic Pro UAV with 4K (12 MP) imaging was therefore deployed in 2018 and 2019 with 

permission of the Nepal Army/Sindhupalchok district authorities to capture 4K video and 

overlapping images and create a robust SfM point cloud model (Figure 5.6). Details of 

the UAV platform utilized in this research study are displayed in Figure 5.6. 

 

Figure 5.6. DJI Mavis Pro UAV utilized during 2018 and 2019 Jure Landslide 
field work to capture Hi-resolution imagery and 4K video for SfM 3D 
models. Data in inset obtained from https://www.dji.com/ca/mavic. 

Data was collected with continuous 4k video and minimum 60 % overlapping 

images taken both manually and during automatic flight paths at an elevation of 10 m 

above surface with multiple capture angles at three take-off locations ( Figure 5.7). 

https://www.dji.com/ca/mavic
https://www.dji.com/ca/mavic
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                        Figure 5.7. Left: Photograph of Jure Landslide UAV take-off showing field stations employed, March 22nd, 2018 (Station 1; bottom right photograph) and April 8th, 2019 (Station 2,3; top right 
photo station 3. 
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In addition to the UAV photogrammetry surveys, data was also obtained of the 

Jure Landslide site in 2016 (SFU-Durham collaboration) using a helicopter assisted 

photogrammetry survey in which four GoPro cameras mounted on the helicopter skids 

and collecting images every 0.5 seconds. During the flight, the helicopter circled the 

entire Jure Landslide study site, with cameras pointed towards the mid-point below the 

helicopter to create sufficient overlap between images. 

UAV-SfM Data Processing 

Still-frames were extracted from the 4K UAV videos and images from both the 

helicopter and UAV flights utilized to create SfM 3D point clouds in PhotoScan (Agisoft, 

2018). These models were able to cover the entire Jure Landslide site area with high-

resolution textured ~1.5 cm spacing point cloud models (Figure 5.8) (Video: Link). 

 

Figure 5.8. 2019 UAV-SfM textured point cloud with zoom in of headscarp (top). 

https://youtu.be/7sfXZJ-ho9Q
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In addition to the UAV’s onboard GPS, ground control points (GCP) targets were 

placed throughout the site wherever accessible with distance of GCP measured 

manually as well as using handheld GPS. 

SfM models were georeferenced and aligned to the TLS data in CloudCompare 

and have been further utilized for rasterization, discontinuity mapping, change detection 

analysis, orthomosaic generation and holographic VR/MR geovisualization.  

Outputs included triangulated mesh, 2D orthorectified mosaic image covering the 

project area, and DEMs (0.5 m) in TIF file format. An example of annual final 

georeferenced and aligned RS point cloud models/mesh (TLS, TDP, and UAV-SfM) are 

illustrated in Figure 5.9. 
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Figure 5.9. Example of final georeferenced and aligned annual 3D point cloud and mesh RS models of the Jure Landslide. Note that 2017 TLS data has been omitted in this example as it contained major 
occlusions with gaps in data due to the line of sight and angle of slope. However, this model has still been aligned as it contains vital information on the headscarp and depositional areas 
which were subsequently utilized in change detection analysis and understanding the evolution of the post-failure slope morphology.

2016 TDP SfM  2018 UAV-SfM  2018 TLS 2019 UAV-SfM 
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5.4. Remote Sensing Discontinuity Mapping 

Slope Scale Structural Mapping 

Major structure discontinuity orientation, persistence and spacing are all key 

elements in further understanding and characterizing the potential structures controlling 

the stability of the slope. Orientations of major structural features have been manually 

extracted from point clouds in CloudCompare (2019) using a multi-sensor remote 

sensing approach including 2019 TLS and UAV-SfM models of the Jure Landslide 

(Figure 5.9). It was essential to utilize a combination of remote sensing models for 

discontinuity mapping as although the terrestrial LiDAR models may show more detail, 

they often lack the ability to resolve small linear cracks and other features that can be 

more easily identified in the textured UAV point cloud overlays. In addition, high 

resolution TDP Gigapan stitch panoramas have aided in identifying unrecognizable 

features in the 3D TLS models.  

Structural mapping indicated that four major structures that may have controlled 

the slope failure mechanism (Figure 5.10 A). Along the southern section of the 

headscarp, a major structure (SL1) dipping at approximately 43° with a dip direction of 

052° forms the lateral release surface and limits the extent of the exposed scar surface 

(Figure 5.10 B). The northern limit of the landslide scar is formed by a major structure 

(NL1) dipping at approximately 65° toward 240°. Major gullies are observed trending in 

the similar orientation (Figure 5.10 C) to this structure. A major cross-cutting feature (X1) 

was identified on the exposed landslide scarp face and can be traced from the failure 

crown to the toe dipping ~46° in a 089° direction (Figure 5.10 D). In addition, sub-vertical 

joints belonging to discontinuity sets, II and IV appear to form the landslide back scar, 

while the folded phyllite foliation which dips out of the slope (~25°) and acts as the basal 

rupture surface (Figure 5.10 A).  

Small Scale Window Mapping  

As part of this research study, a comparative analysis was undertaken between 

field mapping at the scanline outcrop on March 25th, 2018, and office-based remote 

sensing and MR/VR holographic discontinuity mapping (Figure 4.11). The purpose of the 

detailed small-scale outcrop mapping was to identify and characterize the main 
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Figure 5.10. Mapping of major geological structures at the Jure Landslide using remote sensing data. A) 2019 UAV/TLS surveys indicate four major geological structures in addition to discontinuity sets IV, 
II, and foliation planes (2019 GigaPan Stitch Link) B)  Lateral release surface (SL1) along the southern section of the headscarp. C) Large scale structure identified as potential Northern Lateral 
release (NL1) structure. D) Major cross-cutting feature that can be traced from the landslide headscarp to the toe.

http://www.gigapan.com/gigapans/d3e60b0b10dd1f834cad0eb7decf4a51/options/nosnapshots,hidetitle,fullscreen/iframe/flash.html?height=250%22%20frameborder=%220%22%20height=%22275%22%20scrolling=%22no%22%20width=%22100%25%22%3e%3c/iframe
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discontinuity sets and to outline the advantages, disadvantages, and limitations between 

the various mapping techniques. To enable comparison, field mapping, and remote 

sensing discontinuity mapping (both manual and automatic detection), the discontinuity 

orientations were exported as .csv files and imported into the DIPS 7.0 software 

(Rocscience, 2018a). This allowed identification of discontinuity set orientations for 

subsequent comparison with holographic mapping techniques.  

The 2018 TDP 3D remote sensing textured scanline outcrop point cloud model 

was imported and registered in CloudCompare (2019) to allow virtual extraction of 

discontinuity surfaces along the field scanline survey and from three windows, both 

manual and automatic detection was used (Figure 5.11). Remote sensing 3D point cloud 

orientations were registered using GCP’s placed throughout the outcrop and using 

known locations and distances that had been noted during manual field mapping along 

the scanline survey.  

 

Figure 5.11. 2018 TDP 3D point cloud of scanline outcrop with insets showing 
the zoomed-in scanline location and the 3 selected mapping 
windows. 
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For manual discontinuity orientation mapping the ‘Compass’ CloudCompare 

plugin was used requiring manual selection for fitting of planes on recognizable 

discontinuity surfaces (Thiele et al., 2017; Mohammad et al., 2018). Orientation 

measurements were collected at the same locations as conducted during 2018 fieldwork 

with the three selected windows being used in order to minimize orientation bias (Figure 

5.11). A total of 45 measurements were collected on the RS model along the same 

scanline used in the field, and 214 orientation measurements carried out within the three 

windows. All three discontinuity sets identified during the field survey are also recorded 

in the manual RS mapping with similar orientations determined. However, discontinuity 

set DSII has an ~3° steeper dip and ~10° difference in dip direction compared to field 

mapping. This minor difference may be due to small scale undulations on the measured 

discontinuity surface relative to the size of the compass measuring plate and the fitted 

disc used in RS methods. The ability to rotate the model in various directions, enabled a 

slightly larger sampling visualization area which may also influence minor differences. 

Three discontinuity sets were identified in Window 1, all of which had been previously 

noted in field mapping, with discontinuity set DSII slightly oriented ~10° further north 

(Figure 5.12). An additional discontinuity set, DSV, not identified during field discontinuity 

mapping was recorded. This set may be related major structure (NL1) discussed 

previously as part of the major structure RS mapping conducted along the northern 

extent of the landslide scar (Figure 5.10 C). 

 

Figure 5.12. Example of Window 1 manual mapping on TDP point cloud with 
identified step-path geometry. Inset of stereonet. 
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Manual mapping of Window 2, located in the top right section of the exposed outcrop 

identified three main discontinuity sets in addition to discontinuity set, DSV (Figure 5.13). 

A slight variation in the orientation of DSII, was noted compared to field mapping with a 

slightly shallower dip (~8°) while discontinuity set DSIII had a dip difference of ~10° and 

dip direction of 130°. 

 

Figure 5.13. Zoom in of manual mapping in Window 2 on TDP scanline outcrop 
with inset showing discontinuity sets on an equal angle stereonet. 

 

Manual extraction of 90 geological orientations within Window 3 located in the mid-upper 

left section of the exposed outcrop identified all three discontinuity sets including 

discontinuity set V and illustrates similar a stereonet as Window 1 (Figure 5.14). 
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Figure 5.14. Zoom in of manual mapping on TDP scanline outcrop in Window 3 
with inset of equal angle stereonet. 

An automated plane detection CloudCompare plugin called ‘Facets: Kd-tree’ was 

also used to detect and extract the spatial orientations of planar discontinuity surfaces 

on the same rock outcrop (Dewez et al., 2016). The Facets plugin subdivides distinct 

structures in the point cloud into individual planes and categorizes them based on similar 

orientation (dip/dip direction) using the CloudCompare ‘Stereogram’ tool, the results 

being exported as .csv and shape files (Dewez et al., 2016; Mohammad et al., 2018).  

The automatic detection method extracted over 1360 geological orientations, with all 

three discontinuity sets identified (Figure 5.15). The orientation of discontinuity set DSI,  

was ~5° (dip and dip direction), discontinuity set II was ~9° (dip and dip direction), and 

discontinuity set III was ~10° (dip and dip direction) in variation compared to field 

mapping (Figure 5.15). 
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Figure 5.15. A) 2018 TDP point cloud of scanline outcrop. B) Automatic “Facets: 
Kd-tree” plugin for mapping of discontinuities and subsequent 
comparison with VR/MR holographic mapping. 
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Manual CloudCompare ‘Compass’ mapping technique along the exposed 

scanline outcrop shows close agreement (+/- 5°) with the field Brunton compass 

mapping which is probably due to the ability of the rock engineer/geoscientist to reliably 

fit planes manually, avoiding errors due to the automated fitting method. The automated 

plane detection technique has the potential to substantially reduce labour required in 

characterizing the orientation of geological structures by means of field and manual 

computational methods. However, it is important to note that there are various limitations 

and error with the automated method and the results can vary significantly according to 

the input parameters used in the software including the expected RMS, minimum 

surface area detected, maximum angular deviation, and degree of fit on plane 

(Sampaleanu et al., 2017). Furthermore, automated techniques have a bias in favour of 

discontinuities that are slope-parallel, due to exposed the planar surface areas being 

more easily and readily detected/recognized as a structure (Sampaleanu et al., 2017). 

5.5. Slope Monitoring at Jure using Remote Sensing 
Change Detection 

Post-Failure Evolution of the Jure Landslide: Quantification and Interpretation 

Large landslides, such as the Jure slope failure, are among the most destructive 

natural events (Clague and Roberts, 2012). Characterizing the post-failure stability 

conditions of large landslides is essential to properly identify, monitor, mitigate, and 

communicate potential future hazards such as rockfalls and reactivation of accumulated 

talus material (e.g., cascading and/or secondary hazards). The consequences and 

impacts related to post-failure rockfalls can sometimes be equal to or even more 

devastating than the initial landslide event itself (Kirschbaum et al., 2019). As part of this 

research, four years of remote sensing 3D point cloud geometry data had been obtained 

on the Jure Landslide. This has allowed analysis of rock slope erosion/degradation and 

progressive weakening of the rock mass providing a better understanding of the post-

failure evolution of the Jure Landslide (Figure 5.9). Comparison of different temporal 

slope point clouds was undertaken using change detection algorithms in CloudCompare 

(2019) including the Multiscale Model to Model Cloud Comparison (M3C2); this allowed 

to identify locations of change, whether lost (eroded) or accumulated (deposited) 

material (James et al., 2017). 
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Slope-scale monitoring was first conducted by comparing the multi-sensor 

merged 2016 RS data (TLS + Helicopter-SfM) against the most recently acquired 2019 

3D point cloud (TLS + UAV-SfM) to determine movements that have occurred post 2014 

Jure Landslide. Input parameters for the change detection included a subsampled point 

cloud (0.5 m), low projection radius (1.0 m), and 1.3 m normals which resulted in an 

apparent limit of 95% level of detection confidence (LOD95%) of ~0.08 m.  

Change detection results have been utilized to clearly depict three (i.e., 1, 2, 3) 

important areas of interest within the crown that have experienced major progressive 

erosion with a maximum of 48 m, one area mid-slope along northern scarp experienced 

up to 9 m erosion (star B) and also two main locations throughout the crown and mid-

slope (star A) area that have accumulated up to 17 m of deposited material above the 

existing landslide debris (Figure 5.16). Note that active gully/debris flows have incised 

the depositional area near the toe (~13 m), and the area just below this is heavily altered 

by anthropogenic activity due to rebuilding of Arniko highway and quarry. 

 

Figure 5.16. Full slope scale change detection (M3C2) results comparing 2016 vs 
2019 RS point clouds at the Jure Landslide with AOI indicated. 
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These areas of detected slope change have been further analyzed by monitoring 

yearly remote sensing data (e.g., 2016 to 2017; 2017 to 2018; 2018 to 2019) with the 

M3C2 plugin and the estimated volume of each area of interest calculated using the 

2.5D volume plugin tool in CloudCompare (2019). The 2017 TLS point cloud, although 

utilized for detailed AOI study, was omitted from the full slope scale analysis due to large 

gaps (occlusions) in the dataset (Figure 5.17). 

 

Figure 5.17. Example of 2017 TLS RS point cloud data of the Jure Landslide with 
major gaps (occlusion) in data due to line-of-sight from Arniko 
Highway. 

The first area of interest (AOI 1) is located along the southern headscarp which 

has experienced major erosion and mass wasting events (e.g. rockfalls, debris slides) 

over the 4-year monitoring period (Figure 5.16). From 2016 to 2019, the maximum 

measured erosion and retrogression of the scarp face due to major rockfall activity was 

~48 m, with ~7 m due to a large mass-wasting event of heavily weathered/oxidized 

residual soil above the headscarp that occurred in August 2017 (Figure 5.18 A). The 

estimated total volume released from this area is nearly 414,480 m3, with the 2017 

mass-wasting event above the headscarp accounting for ~20,000 m3 of the material. 

The majority of the erosion occurred between 2016 to 2017, with a maximum erosion of 

~30.5 m and estimated volume of 230,775 m3 of material. Between 2018-2019, the 

scarp continues to appear to be still quite active, with ~10 m erosion and a volume of 
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~14,360 m3 being detached (Figure 20 B, Figure 5.19 D). The progressive erosion and 

retrogression of the southern headscarp is clearly visible on the high-resolution TDP 

imagery taken during yearly field work (Figure 5.19). 

 

Figure 5.18. AOI 1 change detection results along southern headscarp (dashed 
white line) from A) 2016 to 2019, up to 48 m erosion along scarp face 
and ~7 m eroded above headscarp with a mass-wasting event of 
surficial material. B) 2018 to 2019 change detected of up to 10 m 
along scarp and 3 m along exposed secondary failure. 
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Figure 5.19. TDP Gigapixel-imagery panorama stereopairs of the Jure Landslide showing progressive erosion along the southern scarp face (AOI 1). Note the evolution of the post-failure scarp face, 
eroding nearly 48 m (414,480 m3) from 2016 to 2019, with a large mass-wasting event August 2017 (B). Links to Gigapan imagery for: A) 2016 (link). B) 2017 (link). C) 2018 (link). D) 2019 (link). 

 

http://www.gigapan.com/gigapans/c84feb3c5b6087087b3793e27d008d78/options/nosnapshots,hidetitle,fullscreen/iframe/flash.html?height=250%22%20frameborder=%220%22%20height=%22275%22%20scrolling=%22no%22%20width=%22100%25%22%3e%3c/iframe
http://www.gigapan.com/gigapans/5d3c284d51c557bf8162b40ac0a520df/options/nosnapshots,hidetitle,fullscreen/iframe/flash.html?height=250%22%20frameborder=%220%22%20height=%22275%22%20scrolling=%22no%22%20width=%22100%25%22%3e%3c/iframe
http://www.gigapan.com/gigapans/871910022f06d56c63e7955dc17e8b39/options/nosnapshots,hidetitle,fullscreen/iframe/flash.html?height=250%22%20frameborder=%220%22%20height=%22275%22%20scrolling=%22no%22%20width=%22100%25%22%3e%3c/iframe
http://www.gigapan.com/gigapans/000d324b6b708c0ea69ba15e5244dbea/options/nosnapshots,hidetitle,fullscreen/iframe/flash.html?height=250%22%20frameborder=%220%22%20height=%22275%22%20scrolling=%22no%22%20width=%22100%25%22%3e%3c/iframe
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Two important areas that have continued to experience progressive erosion from 

2016 to 2019 are depicted in the areas of interest along the middle (AOI 2) and northern 

headscarp (AOI 3), where localized displacements of material of up to 5 m and 7.2 m 

were detected, respectively (Figure 5.20). Both areas have experienced post-failure 

rockfalls/rockslides, with an estimated detachment of material from 2016 to 2019 of 

5,950 m3 (AOI 2) and 17,480 m3 (AOI 3). In 2018-2019, both areas continued to 

progressively erode, with a maximum of 3.5 m erosion in AOI 2 and up to 2 m erosion 

within AOI 3. 

 

Figure 5.20. A) Change detection results for the Jure Landslide from 2016 to 
2019 with up to 5 m erosion recored in AOI 2 and 7.2 m erosion 
along AOI 3. B) 2019 photograph of AOI 2. C) 2019 photograph AOI 3. 
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With the progressive erosion of a large quantity of material near the southern 

headscarp (Figure 5.16), it appears that debris is accumulating directly below the scarp 

face, which has developed a large talus cone of heavily fractured colluvium material 

(Figure 5.21). Up to 18 m of debris has accumulated with an estimated volume increase 

of 315,850 m3 between 2016 and 2019 (Figure 5.21). The majority of the accumulation 

(~115,400 m3) took place between 2016-2017, which correlates to the major scarp 

erosion and surfical failure above the southern scarp (Figure 5.18). 

 

Figure 5.21. Change detection results for the Jure Landslide showing 
accumulation of debris creating a progressively greater volume of 
material directly below the southern scarp. A) 2019 imagery with 
inset showing 2016 to 2019 maximum deposition up to 18 m 
correlating to an estimated volume of 315,850 m3. B) 2019 oblique 
photograph of talus cone extent. 
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From 2018-2019, debris has continued to accumulate at the talus cone with an 

increase of up to 9 m. There also appears to be the beginning of local erosion of the 

talus the cone of up to a maximum 10 m along the southern edge (Figure 5.22). This 

accumulation of fractured/weathered phyllitic material in the talus cone above the 

bedrock that is dipping downslope may represent a secondary/cascading slope hazard, 

as could become remobilized as a slurry debris/rock flow during monsoonal precipitation 

and/or seismic activity. This hazard should be subjected to continued monitoring and 

additional site investigation. The last major area that has clearly shown significant 

erosion (star B) is directly below the northern scarp face which has detatched up to 10 m 

with approximately 160,600 m3 material being removed (Figure 5.16). The majority of 

this erosion occurred between 2018-2019, accounting for up to ~7.5 m maximum erosion 

(Figure 5.22).The increasing activity of this and other regions is important to note and 

emphsises the need for continued slope monitoring. 

 

Figure 5.22. Change detection analysis results at Jure Landslide site from 2018 
to 2019. Note the erosion along the talus cone (yellow) and 
accumulation (green). Major erosion of material identified just below 
the northern headscarp (star B), with maximum erosion of up to ~7.5 
m and an estimated detached volume of 60,500 m3.  
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The main goal of this analysis was to further understand and characterize the 

post-failure Jure Landslide site. The change detection monitoring results have clearly 

identified that the slope is still active, with areas of major continued erosion and 

accumulation within the selected remote sensing monitoring window (2016-2019). Three 

important potential rockfall areas (AOI 1,2,3) are further analyzed in subsequent 

chapters using 2D/3D holographic rockfall modelling to better understand the future 

potential risk and enhance rockfall risk monitoring, modelling, mitigation, and effective 

communication through immersive MR geovisualization. A summary showing the 

maximum change and volume at each location for each monitoring year is provided in 

Table 5.3. 

Table 5.3. Summary of M3C2 change detection and volume estimate results 
derived from yearly remote sensing data obtained at the Jure 
Landslide site. 

Location 2016-2019 2016-2017 2017-2018 2018-2019 

Max 
Change 
(m)1 

Volume 
(m3) 1 

Max 
Change 
(m) 1 

Volume 
(m3) 1 

Max 
Change 
(m) 1 

Volume 
(m3) 1 

Max 
Change 
(m) 1 

Volume 
(m3) 1 

AOI 1 (south 
scarp) 

-48 414,500 -31 230,800 -6 3100 -10 14,500 

AOI 2 (mid-
scarp) 

-5 6,000 -1 2200 -1 2000 -4 880 

AOI 3 
(northern 
scarp) 

-7 17,500 -22 6100 -4 8,000 -2 3000 

Star A (Talus 
Cone) 

+17 315,800 +12 115,400 N/A N/A +9 15,200 

Star B (North 
erosion under 
scarp) 

-9 160,600 N/A N/A N/A N/A -8 60,500 

1Max change and volume identified throughout AOI, with negative as erosion (loss) and positive as deposition (gain). 
N/A represents gaps in 2017 data and has been omitted from results. 
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5.6.  Geographic Information System (GIS) 

ArcMap and ArcScene (ESRI, 2017) version 10.6 were utilized to manage, 

analyze, and visualize all the data collected (field and remote sensing) throughout this 

research study at the Jure Landslide site. The remote sensing stations, hiking tracks, 

rock samples, structural measurements, damage/morphological features, GSI and 

Schmidt hammer values have been all embedded within GIS and exported into the 

VR/MR Jure Landslide Geodatabase. Multi-sensor remote sensing data raster DEMs 

(0.5 m pixel size) for 2016-19 were exported from CloudCompare and allowing creation 

of GIS hillshade, slope, aspect, and curvature maps. The GIS thematic maps are used to 

improve the understanding and identification of the geological/geomorphological features 

(Figure 5.24) at the Jure Landslide site. The purpose of the thematic maps was to 

enable construction of detailed engineering geomorphological/terrain maps, lineament 

analysis, to extract various cross-sectional slope profiles and pre-failure geometries for 

input into numerical models, and to extract profiles of potential rockfall source zones, 

paths, and depositional areas for direct import into 2D/3D holographic rockfall analysis. 

5.6.1. Engineering Geomorphological Mapping 

Engineering geomorphological maps have been constructed based on a 

combination of field and 2016 to 2019 remote sensing thematic maps/detailed 

orthomosaic images obtained from 2016, 2018, and 2019 helicopter/UAV assisted SfM 

models (Figure 5.23). 

 

Figure 5.23. 2019 UAV-SfM orthomosaic image of the Jure Landslide. 
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Figure 5.24. Example of 2018 TLS remote sensing data raster DEMs (0.5 m pixel size) of the Jure Landslide imported into ArcMap and ArcScene to create A) Hillshade B) Slope and C) Aspect maps.  
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Construction of engineering geomorphological maps of the Jure Landslide site 

was completed according to Geological Society of London (1982) guidelines. 

Morphological maps show changes and breaks in slope angle along with gullies, ridges, 

and cliffs whereas morphographic maps are the interpretations of these descriptive 

maps.  

Two morphological maps are shown in Figure 5.25 A and B for 2016 and 2019 

respectively, with the final engineering geomorphological maps displayed in Figure 5.26 

A and B. The differences between the 2016 and 2019 maps highlights several features 

of post-failure evolution of the Jure Landslide, including the headscarp retrogression, 

debris lithology, mass movements, and the structures controlling the overall landslide 

scar morphology and landslide kinematics (Figure 5.26).  

The first noticeable difference is the retrogression of the headscarp;  the 

northernmost section has eroded ~36 m in a northerly direction whereas in the 

southernmost section it has eroded ~40 m in a northwesterly direction (Figure 5.26). 

Directly behind the southernmost headscarp, a large debris slide event trending in a 

downslope southeasterly direction comprises heavily weathered/oxidized surficial 

material that can also be identified in the 2016 to 2019 maps (Figure 5.26). 

Debris/rockslides that occurred between 2016 and 2019 are also apparent along the 

road ~200 m east of the exposed northern scar at an elevation of 1140 m (Figure 5.26).  

Major gully systems channelizing debris torrents (Figure 4.25 C) downslope and 

into the exposed scar are evident within and in close proximity of the Jure Landslide site, 

mimicking the structurally controlled morphology of the exposed scar noted in the field 

and in RS data. Interestingly, these gullies are in the same general orientation of the 

headscarp, i.e., trending in three directions (NW-SE; NNE-SSW; and E-W). The gullies 

appear covered by talus in the mid-slope location between 2016 and 2019 (Figure 5.26).  

Changes in slope break, both in convexity and concavity, from 2016 to 2019 

within the exposed scar have clearly shifted ~23 m in the NW direction (Figure 5.25). 

This change may be linked to continuous erosion of material identified in the change 

detection analysis with eroding of scarps (convex break-of-slope) in the NW direction 

and accumulation of talus directly below (concave slope). This has also led to the 

accumulation of a debris 
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Figure 5.25. Morphological maps of the Jure Landslide showing slope directions and angles, and breaks and changes in slope along with gullies, ridges, and cliffs for A) 2016 (hillshade displayed) and B) 
2019 (orthomosaic and hillshade displayed). Background satellite imagery (0.31 m resolution) obtained from TerraColor (ESRI, 2017). 
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Figure 5.26. Engineering geomorphological maps of the Jure Landslide (combined morphological and morphographic) based on an integrated field, mulitisensor remote sensing data, and GIS investigation 
for A) 2016 and B) 2019. 
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apron covering much of the scar area within the crown/mid-slope, with debris being 

channelized within major gullies incising the depositional area. 

 Lastly, the depositional area appears to have developed abundant vegetation on 

the talus, which indicates that most of the material is being stored within the higher 

elevation scar area and channelized in the gullies towards the Arniko Highway. Evident 

anthropogenic development of the gravel quarry and Arniko highway has dramatically 

altered the surficial material and morphology from 2016 to 2019 (Figure 5.26). 

5.6.2. Lineament Analysis 

Mapping of lineations throughout the Jure Landslide study site (Figure 5.28) has 

been conducted by utilizing the 0.5 m pixel 2019 multi-sensor remote sensing (TLS and 

UAV) raster data, GIS thematic maps, and orthomosaic images in ArcMap 10.6 (ESRI, 

2017) and then imported to DIPS 7.0 software (Rocscience, 2018a) for further analysis 

and generation of rosette plots. 

A total of 128 lineament orientations were extracted from the 2019 RS Jure 

Landslide site (Figure 5.28). Lineaments show two predominant structural orientations 

trending at NW-SE (Trend T1) and NNE-SSW (Trend T2) (Figure 5.27A). If only the 

lineaments forming the headscarp are considered (35 lineaments), an additional, E-W 

structural trend (T3) can be recognized (Figure 5.27B). The orientation of the structural 

trends T3 suggest that it is strongly structurally controlled by discontinuity set I. 

 

Figure 5.27. Rosette plots of the lineaments mapped on the 2019 RS data. A) Full 
site scale mapping (N=128). B) Focused only on headscarp 
lineations (N=35). 
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Figure 5.28. Lineament analysis conduted throughout the Jure landslide site on 
the 2019 remote sensing data (displayed as hillshade with 100 m 
contours). 

The orientation of the observed structural trend T2 suggests that it is strongly controlled 

by discontinuity set DSIII (Table 4.2). No mapped joint sets appear to control the 

orientation of structural trend T1, however, results of remote sensing major structure 

mapping (Section 5.3.1) identified a structures along the northern extent of the scar 

which correlated to a major scale geological feature (NL1) dipping ~65o in a 240o 

direction with major gullies trending in a similar orientation. Further analysis of satellite 

imagery highlights that this feature may be correlated to major structures that control the 



121 

orientation of valleys and ridges at a regional scale (Figure 5.29). Furthermore, T1 (and 

NL1) may be related to the Main Central Thrust (MCT) system, suggesting a regional 

scale control (Figure 3.8). 

 

Figure 5.29. Regional scale lineaments identified trending NW-SE transecting 
through the Jure Landslide site identified in A) Google Earth Pro 
imagery and B) ASTER GDEM (METI and NASA) 20 m resolution GIS 
slope aspect map. 
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5.6.3. Terrain Classification Mapping (TCM) 

Construction of a detailed Terrain Classification Map (TCM) of the Jure Landslide 

(according to the Terrain Classification System for British Columbia, Howes and Kenk, 

1997) was based on a combination of field observations (Section 4.1.4), Google Earth 

topographic imagery, and 2019 remote sensing data (Figure 5.30). For detailed 

information regarding field observations refer to Section 4.1.4 and for detailed 

description of terrain units refer to Appendix B.   

 

Figure 5.30. Jure Landslide Terrain Classification Map (TCM) integrated with 
engineering geomorphological map. Polygons draped on 
background of 2019 UAV-SfM orthomosaic and hillshade. 
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5.6.4. Numerical and Rockfall Modelling Slope Geometries 

To determine the potential factors that may have influenced the Jure Landslide 

slope failure using preliminary geomechanical modelling, an inferred pre-failure surface 

has been constructed in ArcMap 10.6 (ESRI, 2017). To create a pre-failure geometry, 

extraction of slope profiles was undertaken in ArcMap 10.6 (ESRI, 2017) using the 2016 

RS raster DEM in both perpendicular and down slope directions (Figure 5.31). Using the 

derived slope profiles, the lateral limits of the Jure Landslide have been identified 

enabling interpolation of the displaced material prior to failure. 

 

Figure 5.31. Pre-failure surface reconstruction of the 2014 Jure Landslide by 
extracting both downslope and along slope profiles to interpolate 
the height of material lost. Figure with 2016 remote sensing (0.5 m 
pixel) hillshade. 

To avoid boundary effects in the interpolated slope geometry used in numerical 

analysis, the slope was extended ~500 m at the toe and headscarp following the natural 

morphology of the terrain (Figure 5.32 A). The final slope profile that will be utilized 

throughout subsequent geomechanical modelling section has been exported from 

ArcMap 10.6 (ESRI, 2017) with the post-failure slope (blue) and pre-failure geometry 

(red) (Figure 5.32 B). 
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Figure 5.32. Jure Landslide pre-failure slope geometry assumed for preliminary 
numerical modelling. A) Extended slope geometry (~500 m) at the 
toe and headscarp following the natural topography in Google Earth. 
B) Final pre (red) and post (blue) failure geometry utilized for 
preliminary modelling.   
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Rockfall Modelling Slope Geometry 

Change detection analysis with acquired 2016 to 2019 multi-sensor remote 

sensing point cloud data of the Jure Landslide described in previous sections has been 

utilized to identify three main potential AOI (e.g., 1, 2, 3) that have experienced 

progressive post-failure mass-wasting (e.g. rockfalls) events (Figure 5.16).  

After construction and comparison of the remote sensing point clouds in 

CloudCompare, a Raster Digital Elevation Model (DEM) (0.5 m pixel size) of the 2019 

remote sensing data was imported into ArcMap 10.6 (ESRI, 2017) to create hillshade, 

slope and aspect maps. The purpose of these thematic maps was to further inform 

engineering judgment of potential rockfall path locations from the previously identified 

source zones by using interpreted slope breaks, gullies, talus, and to subsequently 

implement these slopes into Unity/HoloLens holograms.  

After determining the potential source zone, path and depositional areas, the 

interactive profile graph generated using the 3D Analyst tool was used to derive a 2D 

graphical representation of three slope profiles (Figure 5.33 A). Representative rockfall 

path slope profiles were exported from ArcGIS (ESRI, 2017) as .txt files, allowing direct 

import as geometries for slope stability rockfall analysis (Figure 5.33 B).  

These three important potential rockfall areas (AOI 1,2,3) have been further 

analyzed in more detail with comparative analysis between available 2D software and a 

recently developed fully 3D holographic rockfall modelling software (developed by the 

author for this research study) to better understand the future potential risk and enhance 

rockfall risk monitoring, modelling, mitigation, and effective communication through an 

immersive MR geovisualization field site in subsequent chapters. 
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Figure 5.33. A) Three potential rockfall source zones, paths, and deposition 
identified through M3C2 change detection and extracted slope 
profiles (Insets) utilized for 2D and 3D holographic rockfall 
modelling. B) 2019 Gigapan panorama showing example of the three 
source zones. 
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 Preliminary Geomechanical Modelling 
of the Jure Landslide 

Preliminary first investigative two- and three- dimensional slope stability 

numerical modelling toolbox approach has been employed to assess the possible failure 

mechanism at the Jure Landslide study site. Discontinuity sets and major north/south 

lateral structures identified in both field and remote sensing analysis have been 

integrated into geomechanical models. 2D/3D continuum and discontinuum models were 

increased in complexity by adding each major structure to investigate the impact and 

importance that individual features have on the overall slope stability. It is important to 

note that modelling in this research is strictly of a preliminary investigative nature due to 

a high degree of parameter uncertainty; numerous assumptions have been made due to 

an absence of borehole and piezometer data and limited information on hydrogeology, 

rock mass and joint parameters. Each numerical code is used not to precisely simulate 

the actual failure but as a tool to test research questions and to provide a background for 

potential future work that could be undertaken at the site. Table 6.1 summarizes the 

numerical modelling software utilized and Figure 6.1 shows a simplified workflow. 

Table 6.1. Summary of numerical modelling software employed for preliminary 
simulation of rock slope failure in this research. 

Software Method Description 

Swedge, Slide & Slide3 Limit Equilibrium Requires limited input parameters and can 
provide preliminary estimate of factor of 
safety, and shape of unstable blocks (Donati 
et al., 2017). 

RS2 & RS3 
(Rock and Soil Analysis) 

Implicit Finite Element 
Method (FEM) 
(Continuum) 

Continuum approach particularly suited to 
homogenous or highly fractured rock, where 
the stability is governed by rock mass strength 
(Stead and Coggan, 2012). Joint networks 
and discontinuities can be included. Uses 
Shear Strength Reduction (SSR) method to 
estimate the stability. 

FLAC3D 
(Fast Lagrangian Analysis 
of Continua) 

Explicit Finite Difference 
Method (FDM) 
(Continuum) 

Simulates the response of 3D continuum 
materials that undergo plastic deformation 
when the yield limit is reached. Discrete 
interfaces can be included. 

UDEC & 3DEC 
(Distinct Element Code) 

Distinct Element Method  
(Discontinuum) 

Discontinuous code highly suited to modelling 
rock for slopes where displacements are 
controlled by structures (e.g. joints, faults). 
Individual blocks can rotate, slide, and detach 
from each other (Donati et al., 2017). 
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6.1. Limit Equilibrium Modelling of the Jure Slope 

6.1.1. Slide: 2D Limit Equilibrium Modelling Software 

Slide is a 2D limit equilibrium (LEM) slope stability software developed by 

Rocscience (2018f) for evaluating the factor of safety of circular or non-circular failures in 

rock or soil slopes. Slide utilizes the method of slices technique, which discretized the 

unstable mass into slices that are treated as free body and horizontal and vertical 

component of the force along with the moments are calculated.  

Figure 6.1. Simplified toolbox and workflow utilized for preliminary numerical 
simulation of the Jure Landslide. 
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As emphasised throughout this research, data for use as slope analysis input 

parameters are limited for the Jure Landslide site, however, estimates of the Mohr-

Coulomb shear strength parameters for the Jure rock mass were made based on field 

mapping (acquired field strength testing and GSI estimates) and using the RocProp and 

RocData software (RocScience, 2018d,e). In addition, limit equilibrium back analysis 

using Slide allowed estimation of the material strength at slope failure. The field UCS 

estimates (Schmidt and geological hammer) collected during field work (Chapter 4.1) 

combined with rock mass mapping were utilized to derive rock mass strength properties 

and provide input data for numerical models, Assuming initial (GSI = 55; UCS = 85 MPa) 

and second reduced (damaged) set of properties for the poorly interlocked, heavily 

broken rock mass with moderately-heavily weathered and altered surfaces near the 

exposed headscarp (GSI = 20; UCS = 35 MPa). Residual = Peak cohesion and friction 

angle have been assumed and joint normal/shear stiffness have been inputted as 

recommended for default values in each software. LEM models have been restricted to 

circular grid search, with future analysis could undertake block search. Moreover, no 

water table nor seismic coefficients have been added for simplicity in the modelling, 

therefore, all models remain dry-conditions.  

The geomechanical model was used as a basis to perform a back-analysis of the 

Jure landslide to provide a preliminarily estimate of the rock mass material strength at 

slope failure (Figure 6.3). A sensitivity analysis was then performed to assess the 

influence of friction angle and cohesion on the Factory of Safety (FOS) (Figure 6.2). 

From these initial limit equilibrium results, it appears that the slope is strongly sensitive 

to changes in cohesion (Figure 6.2 A) with a high degree of correlation (~0.98) indicating 

that failure (FOS<1) will potentially occur with a cohesion ~0.45 MPa (Figure 6.2 B).  

Slide software allows the user to run the model using several methods that 

calculate the FOS (Rocscience, 2018e). As displayed in Figure 6.3, the Bishop simplified 

(FOS=1.00), Janbu simplified (FOS=0.94), and the rigorous Spencer method 

(FOS=0.99) all give similar FOS. Each method satisfies different conditions such as 

moment equilibrium, horizontal force equilibrium, vertical force equilibrium, interslice 

normal (E) and interslice shear (X). The similar FOS from the different methods implies 

that the landslide is not sensitive to interslice force assumptions in the methods with the 

rigorous Spencer method being the preferred method due to it satisfying both force and 

moment equilibrium conditions. 
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After analyzing the results and obtaining a FOS=1 (Figure 6.3), the following 

properties of the rock mass and the discontinuity properties used in numerical modelling 

for the Jure Landslide are summarized Table 6.2. 

 

Figure 6.2. Slide sensitivity back analysis performed to determine material 
properties mimicking the 2014 Jure Landslide. A) Sensitivity plot 
indicating that the FOS is extremely sensitive to fluctuation in 
cohesion (blue). B) Sensitivity analysis further investigating 
cohesion, with strong correlation (0.98) indicating that slope is 
unstable (FOS=1) at ~0.45 MPa. 
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Figure 6.3. Global minimum slip surface at the Jure Landslide obtained from 
Spencer’s limit equilibrium method with a FOS=1. The overall rock 
mass parameters of the phyllite bedrock material displayed above. 
All critical circular failure surface shown with default grid search 
approach. 
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Table 6.2. Rock mass material and discontinuity properties used in the 
numerical models of the Jure Landslide. 

Material Background Rock Mass  Damaged Rock Mass  

Density (kg/m3) 2600 2600 

Bulk Modulus (GPa) 3.1 2.9 

Shear Modulus (GPa) 1.9 1.5 

Cohesion (MPa) 0.45 0.20 

Friction Angle (o) 27 25 

Tensile Strength (MPa) 0.05 0.03 

Poisson’s Ratio (v) 0.25 0.25 

Discontinuities   

Normal Stiffness (GPa/m) 2 1 

Shear Stiffness (GPa/m) 0.1 0.01 

Cohesion (MPa) 0.015 0.002 

Friction Angle (o) 20 15 

Tensile Strength (MPa) 0 0 

 

6.1.2. Slide3: 3D Limit Equilibrium Modelling Software 

Slide3 is the most recent 3D limit equilibrium slope stability program created by 

Rocscience (2018g) for evaluating the FOS for 3D rock or soil slopes. The software 

allows the user to incorporate support, loading and groundwater into the model and 

analyzes the stability of 3D slip surfaces using the method of vertical columns solving 

the forces and moment equilibrium in two orthogonal directions and determining the 

vertical forces that mobilise the shear and normal forces on the base of each column. 

Slide3 allows the user to import a slope geometry (.obj) and generate external volume 

from the surface into the third dimension by extruding the volume downwards Figure 6.4.   

 

Figure 6.4. Simplified workflow showing importing 3D RS slope geometries of 
the Jure Landslide and extruding volume within Slide3. 
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However, for the purpose of preliminary investigative modelling, an extremely 

useful feature in Slide3 is the comparison of the 2D Slide slope stability results with 

equivalent 3D Slide models by simply extruding a slope using a Slide import (Figure 6.5; 

Demonstration video provided: Link).  

 

Figure 6.5. Example of 2D Slide file geometry and results (bottom left) imported 
directly into Slide3 followed by extruding the slope into the third 
dimension for direct comparison of 2D and 3D slope stability 
results. Note that it appears that Slide3 as expected computes a 
slightly higher FOS, due to the “end effects” of the 3D geometry. 
Video example to import of Slide model into Slide3 provided: Link. 

Back-analysed material properties obtained during the 2D Slide analysis are 

included with the imported geometry, allowing the Slide3 model to be analyzed (Figure 

6.5). Slip surface options in Slide3 are selected with the surface type = sphere, search 

method = grid search, external geometry composite surface and surface altering 

optimization enabled. After computing the original Slide file, Slide3 automatically centres 

the grid in the model and results are displayed in Figure 6.5. The Spencer FOS for the 

Slide file is slightly lower (0.99) compared to Slide3 Spencer FOS (1.04). It appears that 

the 3D extruded slope models, as expected, tend to compute higher FOS; this is due to 

the “end effects” of the 3D surfaces. Data such as the shear stress contours and base 

normal stress can be viewed in 3D and at specific user selected column data view, 

which is useful in determining the potential depth of failure and where the shear stress is 

accumulating (Figure 6.5). 

https://youtu.be/xq_Dk3SMFVA
https://youtu.be/xq_Dk3SMFVA
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6.1.3. Swedge 6.0: 3D Surface Wedge Limit Equilibrium Software 

A preliminary analysis limit equilibrium stability analysis was undertaken in 

Swedge 6.0 (Rocscience, 2018h) using the previously described major structures 

(Chapter 5.4). It appears that wedge failure is kinematically feasible between NL1 and 

X1, forming a wedge with a sliding direction along the line of intersection plunging at 

approximately 19o plunge to 160o (Figure 6.6). However, wedge failure is not 

kinematically feasible between NL1 and SL1. It appears that the landslide may have 

involved a complex multi-staged failure, with the northern part of the unstable slope 

failing initially (wedge between NL1 and X1 with sliding direction of 160o at ~19o plunge), 

providing kinematic freedom to the southern part of the slope to fail (through sliding 

along SL1). The slope failure at the crown followed by failure to the south may have 

been almost instantaneous, based on a single Mw=3.3 local magnitude shock recorded 

at the time (August 2nd, 2014 at 2:36 am) as a result of the Jure Landslide slope failure 

(MoI, 2014) (Appendix C).  

 

Figure 6.6  Wedge failure formed between large scale features (X1) identified on 
the exposed scarp face that can be traced from the crown to the toe 
dipping ~46o in a 089o direction and along the northern extent of the 
scar, with  geological feature (NL1) dipping ~65o in a 240o direction. 
J4 (45o/145o) forming the rear release surface. The line of 
intersection (sliding direction) of the wedge slides in the 160o trend 
with a 190 dip. This wedge failure may then have allowed sliding 
along SL1, which may have been the sequence of failure events of 
the Jure Landslide. Swedge 6.0 model displayed (Rocscience, 
2018h) 
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6.2. Continuum Modelling of the Jure Slope 

6.2.1. RS2: 2D Finite Element Modelling Software 

RS2 9.0 is a Rocscience (2018b) software for 2D finite element method (FEM) 

analysis for soil and rock applications. Mainly developed for support and tunnel 

design, it can also be used for a wide range of geotechnical applications such as 

excavation design, slope stability, groundwater seepage, and probabilistic analysis. 

RS2 is fully compatible with Slide and allows import/export between both software for 

comparison of results. The shear strength reduction (SSR) method reduces the 

shear strength of the slope material until it becomes unstable (SSR=1) and failure is 

defined when the model does not converge to a solution and equilibrium cannot be 

maintained. SSR has been focused on the slope, excluding the steep topography 

across the Sunkoshi River ~1640 m to 1840 m to avoid unwanted boundary effects. 

Failure Criterion & Mesh 

The Mohr-Coulomb failure criterion has been assumed for RS2 analysis to 

allow input of the back-analysis material parameters obtained from sensitivity 

analysis in the 2D and 3D limit equilibrium models (Table 6.2). The pre-failure slope 

geometry was interpolated from the 2016 RS raster DEM, as described in Section 

5.6.4 and imported into RS2 2D continuum modelling. 

Field Stress & Model Boundary Conditions 

Field stress has been inputted based on the slope surface with field stress 

type as gravity and ground surface enabled. The model boundary conditions have 

been assumed based on Rocscience recommendations with focus on area of 

interest where the Jure Landslide occurred. 

Final Scenarios Model Setup 

RS2 numerical modelling has been conducted considering three main scenarios 

for slope stability analysis applied to the Jure Landslide, Figure 6.7, 6.8 and 6.9. The 

model results for each scenario will be presented and discussed in order to identify 

potential failure mechanisms that could have led to failure of the slope. 
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Scenario 1: Assumed Homogenous Rock Mass, Figure 6.7. 

 

Figure 6.7. Jure Landslide scenario 1: Homogenous rock mass model in RS2. 

Scenario 2: Assumed Basal Rupture Surface, Figure 6.8. 

 

Figure 6.8.  Jure Landslide scenario 2: Assumed basal rupture surface in RS2. 
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Scenario 3: Assumed Basal Rupture and Rear Release Surface, Figure 6.9. 

 

Figure 6.9. Jure Landslide scenario 3: Assumed basal rupture and rear release 
surface in RS2. 

Results and Discussion of RS2 Scenarios 

RS2 Model, scenario 1: Assumed Homogenous Rock Mass, Figure 6.7. 

As displayed in Figure 6.10 A, the maximum shear strain results from scenario 1 

show accumulation of high strain along the circular failure surface with an SRF=1. The 

location of high strain is localized near the post-failure headscarp, and the simulated 

deformed mesh corresponds roughly to the current observed extent of the slope failure 

in the upper section of the landslide. The total displacement contours show a maximum 

displacement of 1.8 m (Figure 6.10 B). 
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Figure 6.10. Results of Jure Landslide RS2 scenario 1 assuming a homogenous 
rock mass . A) Maximum shear strain of (3.3e-002) simulated  near 
the headscarp and at the daylighting rupture surface. B) Total 
displacement (maximum displacement of 1.8 m) with deformed 
mesh and critical SRF=1. 
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RS2 model, scenario 2: Assumed Basal Rupture Surface, Figure 6.8. 

The simulated maximum shear strain results with inclusion of the main basal 

rupture surface discontinuity indicate a more localized concentration of shear strain at 

the crest of Jure slope where the post-failure topography headscarp is located (Figure 

6.11). The maximum shear strain (9.2e-002) appears to be distributed from the 

headscarp and directed towards the basal discontinuity surface. It is important to note 

that with the basal rupture discontinuity added, the critical SRF has decreased to 0.95, 

indicative of unstable conditions and slope failure (Figure 6.11). 

 

 

 

 

 

 

 

 

 

 

 

 

Total displacement contours indicate an increase in the maximum displacement 

of 15 m near the top section of the landslide (Figure 6.12). As displayed in Figure 6.12, 

failed elements (shear (x), tension (o)) indicate a high accumulation of shear failure near 

the basal rupture surface a tight cluster of tensile failure located at the present day 

headscarp. The location of tensile failure may be correlated with the slope damage 

features observed in the during March 2018 field work (section 4.1.4; Figure 4.16).  

Figure 6.11. Results of Jure Landslide simulation in RS2 scenario 2, assuming a 
basal rupture surface indicate a maximum shear strain (9.2e-002) 
distributed from the headscarp and directed towards basal rupture 
surface. Critical SRF=0.95, indicative of unstable slope conditons. 
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Within and in close proximity (0.1 to 20 m) of the exposed headscarp a range of slope 

instability features were observed including tension cracks, colluvium slumps, disturbed 

trees, loose heavily weathered/fractured bedrock overhanging the scarp and evident 

post-failure mass wasting events (360o field view within headscarp link). 

 

Figure 6.12. Jure Landslide RS2 scenario 2 showing failed elements (shear and 
tension) and a maximum total displacement results of 15 mnear the 
headscarp. Note the high accumulation of shear failure along the 
basal rupture surface and tensile failure located near the headscarp 
where instability features (e.g., tension cracks, pistol-butted tress, 
mass-movements) were observed during March 2018 field work. 

Scenario 3: Basal Rupture and Rear Release Surface, Figure 6.9. 

The final model scenario considered includes both the main basal rupture 

surface and the rear release surface. Maximum shear strain (7.8e-002) contours are 

simulated  near the intersection of the two  discontinuities as well as at the crest of the 

slope (3.2e-002) with a notable decrease in SRF = 0.82 (Figure 6.13 A). The deformed 

mesh appears to agree with the observed current stepped slope geometry at the top 

section and the total displacement (maximum 6 m) contours indicate the slope failure 

may  have been strongly structurally controlled by the rear and basal rupture surfaces 

(Figure 6.13 B). 

https://momento360.com/e/u/3ed3673501fb4d48af1b0329236c5a87?utm_campaign=embed&utm_source=other&utm_medium=other&heading=0&pitch=0&field-of-view=75
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Figure 6.13. Jure Landslide RS2 scenario 3. A) Deformed mesh and Maximum 
shear strain (7.8e-002) contours are simulatednear the intersection 
of both discontinuities as well as at the crest of the slope (3.2e-002) 
with a notable decrease in SRF=0.82. B) Total displacement 
contours show a maximum of 6 m movement. 
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Discussion of the Results of the RS2 Modelling Scenarios 

A preliminary investigation of the potential factors that may have caused the Jure 

Landslide has been conducted in RS2 FEM analysis. Three scenarios have been 

modelled and analyzed, namely: Homogeneous rock mass, basal rupture surface, and 

basal rupture and rear release surface. The numerical model scenarios illustrate that as 

the major structures are progressively input into the model, the maximum shear strain 

tends to concentrate near the present day headscarp with the maximum shear strain 

being simulated along the discontinuities (Figure 6.11). Failed elements indicate high 

concentrations of shear failure near the basal discontinuity and a localized cluster of 

tensile failure located at and behind the present day headscarp/crest (Figure 6.12). In 

the final scenario including both a basal and rear release surface, the SSR decreases 

and clearly defines an unstable state (SRF=0.82) and total displacement at the toe of the 

top section of the landslide (Figure 6.13). At this stage in the geomechanical modelling 

analysis, a combination of simulated shear strain, total displacement, deformed mesh, 

SSR, and failed elements (tensile) location in scenario 3 appears to illustrate the 

dominant failure mechanism of 2014 Jure Landslide slope failure may have been 

structurally controlled by the basal rupture and rear release structures. 

6.2.2. RS3: 3D Finite Element Modelling Software 

Rock and Soil for 3-dimensional analysis (RS3) is a relatively new 3D finite 

element (FEM) continuum numerical modelling program created by Rocscience (2018c). 

This code can be used for a wide range of applications from geotechnical structures for 

civil and mining applications as well as underground excavations, tunnel/support design, 

groundwater seepage and slope stability analysis. New features such as dynamic 

analysis and automatic shear strength reduction are included within the software. RS3 

material strength models include Mohr-Coulomb, Generalized Hoek-Brown, Drucker-

Prager and Cam Clay. The advantage of the 3D numerical software is that it adds 

versatility to the slope stability modelling of complex high mountain hazards such as Jure 

Landslide. Instead of importing/creating a simple (X, Y) geometry, the user is able to 

import a complex and realistic Rhinoceros (Robert McNeel & Associates, 2019) and 

Griddle (Itasca, 2016b) mesh. Also, after the analysis is computed, RS3 offers various 

viewing and displaying options for analyzing results easily in either 3D or 2D cross-
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sections (plots of stresses, displacements, strains, velocity vectors, etc.). Material and 

discontinuity input parameters are summarized in Table 6.2. 

Failure Criterion and Model Mesh 

A continuous, homogeneous, pre-failure conceptual Jure Landslide 3D mesh 

model investigated in this research study was created in Rhinoceros and a surface 

remesher/volume mesh generated with Griddle (Figure 6.14 A). This was constructed by 

importing the Meshlab (Cignoni et al., 2008) generated 3D mesh of the pre-failure 

interpolated topography into Rhinoceros, where the surface was extended ~500 m in all 

directions by following the natural topography X, Y, Z satellite imagery coordinates 

obtained in Google Earth and available DEMs (Figure 6.14 B). This step is important in 

order to avoid unwanted boundary effects. 

 

Figure 6.14. A) Jure Landslide pre-failure interpolated mesh. B) Import into RS3 
with extended topography based on natural surface morphology. 

Field Stress and Boundary Conditions 

Field stress has been input as gravity calibrated with the assumed “Auto 

Restrain” tool that automatically applies boundary restraints along the model with the 

ground surface free (no restraints) on the slope surface. The Mohr-Coulomb failure 

criterion, material type = plastic has been assumed for RS3 analysis with gravity and 

body force initial element loading. RS3 does not allow direct import of mesh and requires 

the user to use the mesh settings within the software. For all scenarios, a 10-Noded 

Tetrahedra elements with a graded mesh was used. A shear strength reduction (SSR) 

analysis was selected with the SSR search area defined around the area of interest.  
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Model Scenarios in RS3 

Two main RS3 model scenarios were considered for slope stability analysis on 

the Jure Landslide. RS3 results for both scenarios will be presented and discussed to 

identify potential failure mechanisms that could have led to failure of the slope. 

RS3  Model Scenario 1: Assumed Homogenous Rock Mass, Figure 6.15. 

 

Figure 6.15. Jure Landslide RS3 scenario 1 model showing tetrahedra mesh.RS3  

Model Scenario 2: Basal Rupture and Rear Release Surface, Figure 
6.16. 

 The two major geological structures have been incorporated into the RS3 model 

for scenario 2. The first being a basal rupture surface dipping ~25o toward 140o and 

daylighting at the first ‘step’ out the landslide surface. The second structure is the rear 

release surface (DS1) dipping ~77o toward 144o. RS3 is a FEM continuum approach and 

cannot model explicit joint boundaries. However, the user is able to incorporate 

discontinuities by assigning a 2 m thick extruded material layer and assigning joint 

properties for each interface (Figure 6.16). 
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Figure 6.16. Jure Landslide RS3 scenario 2 model with extruded basal rupture 
and rear release surface. 

 

Discussion of RS3 Scenario Model Results RS3 model, scenario 1: Assumed 

Homogenous Rock Mass 

The maximum simulated shear strain results from scenario 1 show 

concentrations of high shear strain along the circular failure surface with a SRF = 1.2 

(Figure 6.17 A). The location of the high shear strain is localized near the post-failure 

headscarp and corresponds to the observed current down-dropped topography in the 

upper section of the slope when viewed in the zx plane (Figure 6.17 B). As displayed in 

Figure 6.18, the total displacement contours from scenario 1 show a maximum 

displacement of 9 m near the top-section of the landslide and the majority of movement 

occurs within the post-failure landslide location. 
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Figure 6.17. Maximum shear strain simulated using RS3 for Jure Landslide 
Scenario 1. A) 3D model illustrating high concentration of shear 
strain along the present day headscarp location and appears to 
extend towards the daylighting rupture surface. B) Maximum shear 
strain viewed in the XZ plane, note SRF = 1.2 which is considered 
stable. 
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Figure 6.18. Simulated total displacements for RS3 models of Jure Landslide 
Scenario 1. Note the total displacement contours focused within the 
top section of the landslide showing up to 9 m movement. 

 

RS3 model, scenario 2: Assumed Basal Rupture and Rear Release Surface 

In Scenario 2, the maximum shear strain contours have increased values near 

the headscarp and agree closely with the observed lateral limits of the present day 

topography, with the model indicating unstable conditions SRF=0.93 (Figure 6.19 A). 

Furthermore, the simulated total displacement has slightly increased near the 

headscarp, with a maximum total displacement increase of 13 m (Figure 6.19 B). Viewed 

in the XZ cross-sectional plane the concentration of shear strain along the basal rupture 

surface and behind the present day headscarp is clear. 
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Figure 6.19. Jure Landslide scenario 2 modelled using RS3. Note the SRF= 0.93, which indicates the slope is  ‘unstable’.  
A) Maximum shear strain contour displayed (left) with XZ cross-sectional plane (A-A’) displayed on right. Note 
the accumulation of strain along the basal rupture surface, headscarp, and daylight surface. B) Maximum total 
displacement of 13 m displayed in 3D model (left) and XZ cross-sectional plane view.
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6.2.3. FLAC3D: 3D Finite Difference Modelling Software 

Fast Lagrangian Analysis of Continua (FLAC3D) is a command-driven 3-

dimensional finite difference method (FDM) code from Itasca (2002a) which simulates 

the response of a continuum material (e.g., soil or rock) that undergo plastic flow when 

yield limits are reached. The material is represented by 3D mesh polyhedral elements 

that behave according to a linear or non-linear stress/strain law in response to boundary 

conditions or applied forces (Itasca, 2002). The grid can deform and material can 

yield/flow. FLAC3D can be applied to engineering design, geotechnical slope stability 

analysis in soil, intact rock, and rock masses are either massive or so 

fractured/weathered that can be considered isotropic. FLAC3D is also able to simulate 

discontinuities (faults/joints), however, FLAC3D is not suitable for simulating large 

displacements in discontinuous materials. It is recommended to utilize discontinuum 

numerical modelling code such as 3DEC in blocky ground or if there are >20 

discontinuities in the model (Itasca 2002a).  Further details describing FLAC3D explicit 

FDM code can be found in the “Theory and Background” manuals (Itasca, 2002a). 

The same pre-failure mesh that was utilized for the RS3 modelling (Figure 

6.14Figure 6.14) has been incorporated into FLAC3D. However, despite FLAC3D being 

based on a continuum approach, the user is able to incorporate discrete discontinuities 

as ‘interfaces’ previously created with Rhinoceros (Robert McNeel & Associates, 2019) 

and Griddle (Itasca, 2016b). Following the generation of discontinuity ‘interfaces’, 

Griddle (Itasca, 2016b) remesher/volume mesh was utilized. Griddle automatically 

exports FLAC3D file formats that recognize these discontinuities as faults and/or joints. 

These interfaces have been organized in FLAC3D with the command ‘zone interface’ 

followed by ‘IF_Basal_Rupture’ and ‘IF_Rear_Release_Surface’. The user is able to 

specify various joint properties (cohesion, friction angle, shear/normal stiffness, etc.) for 

each ‘interface’ using the FLAC3D command ‘zone interface ‘#’ node property’. Material 

and discontinuity input parameters are summarized in Table 6.2. 

Boundary Conditions 

Gravity had been set to -9.81 m/s2 in the z-direction. Boundary conditions set 

with the ground surface free to move in all directions, the base restrained (velocity = 0) in 

all directions and each side of the model restrained (velocity = 0) in the x/y direction. 
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This was completed by applying the command “Zone face apply” at each x, y, and z 

location as described above. 

FLAC3D Model Scenarios 

Two main FLAC3D scenarios have been modelled for slope stability analysis of 

the Jure Landslide. 3D FLAC3D results for both scenarios will be presented and 

discussed to identify potential failure mechanisms that could have led to failure of the 

slope. 

Scenario 1: Assumed Homogenous Rock Mass, Figure 6.20. 

 

Figure 6.20.  FLAC3D Jure Landslide scenario 1 model setup with failure outline. 

Scenario 2: Basal Rupture and Rear Release Surface 

Two major geological structures have been incorporated into the FLAC3D model 

for scenario 2, the first basal rupture surface dipping ~25° in a ~140° direction, and the 

second the rear release surface (DSI) dipping ~77° in a ~144° direction (Figure 6.21). 
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Figure 6.21. FLAC3D Jure Landslide scenario 2 model setup with rear release 
and basal rupture surface. 

Results and Discussion of FLAC3D Scenarios 

Two main FLAC3D model scenarios have been simulated for slope stability 

analysis on the Jure Landslide. FLAC3D results for both scenarios will be presented and 

discussed to identify potential failure mechanisms that led to failure of the slope. 

FLAC3D Model Scenario 1: Assumed Homogenous Rock Mass, Figure 6.20 

Simulated maximum strain in FLAC3D models of scenario 1 indicate a high strain 

concentration along the scarp and localized near the post-failure headscarp (Figure 6.22 

A). Localized strain appears to be more developed on the right (North) side of the 

landslide (Figure 18 A). This strain accumulation along the North side of the landslide 

approximately mid-slope could be correlated with observed discontinuity set, DSIV, that 

is present as highly persistent (10-20 m) geological structures striking ENE (45o/145o). 

This discontinuity set may represent  a regional fault and could have controlled the 

geomorphic evolution and the stability of the ‘stepped’ slope morphology (Figure 4.9 A). 
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The FLAC3D simulated total displacement contours show a maximum displacement of 

1.5 m near the mid-section of the slope and increased movement in proximity to the 

present day headscarp (Figure 6.22 B). The displacement and strain appear be confined 

within the Jure Landslide scar surface.  

 

Figure 6.22. FLAC3D simulation results for the Jure Landslide scenario 1 A) 
Maximum principal strain rate within the landslide scar, showing  
localized accumulation along the north scarp mid-slope which may 
be related to identified discontinuity set, DS4; Inset shows 2018 field 
work photograph. B) Maximum displacement of 1.5 m simulated 
throughout the upper displaced section of the landslide. 
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FLAC3D Model Scenario 2: Basal Rupture and Rear Release Surface 

With the addition of the basal rupture and rear release structures, the minimum 

principal strain rate appears to be highest along the headscarp and along the daylighting 

failed surface (Figure 6.23).  

 

Figure 6.23. Jure Landslide FLAC3D scenario 2. Minimum principal strain rate 
contours appear to be strongly controlled by the addition of the 
basal rupture and rear release surface. This is clearly evident with 
the strain localized along the headscarp and daylighting surface. 

With the addition of the basal and rear release structures, the model has become 

unstable. This is observed in the displacement/vectors as well as the command ‘zone 

state’. This allows the user to identify location and type of failure that has occurred 

(Figure 6.24). The model with both the basal and rear release structures has failed 

mainly in tension along the present day failure surface, as well as shear failure in 

northern section where wedge failure may potentially have initiated. 

 

Figure 6.24. Jure Landslide FLAC3D scenario 2 results. Zone state illustrating 
location of shear failure as well as amount of tension failure. 
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Displacement appears to be strongly controlled by the addition of the basal and 

rear release structures as the displacement contours increase along the headscarp. This 

is expected as the observed main rear release surface, with similar orientation, 

persistence as displayed in Figure 6.25, will have a major impact on the kinematics of 

the structurally controlled failure mechanism. Also note that there appears to be a higher 

concentration of displacement contours on the top left (SW) corner of the landslide, this 

is interesting as a recent mass movement has occurred August 2017 at this location 

(Figure 6.25 inset).  

 

Figure 6.25. Jure Landslide FLAC3D scenario 2. Displacement contours appear 
to be strongly controlled rear release along the headscarp and along 
the top left (SW) section which may relate to the progressive 
retrogression indicated by M3C2 remote sensing change detetcion 
results in AOI 1 (inset). 

Maximum downslope (x) displacement in this area is approximately 1.6 cm and 

the displacement vectors indicate movement appears to be concentrated within the top 

section where it is constrained by the two input structures (Figure 6.26). With addition of 

the two mapped geological structures, the FLAC3D scenario 2 model appears to 

emphasise the importance of structural control on landslide kinematics. The FLAC3D 

code for both Scenario 1 (Homogeneous) and Scenario 2 (basal and rear release 

structures) can be found in Appendix D. 

 



155 

 

Figure 6.26. FLAC3D displacement vectors for Jure Landslide scenario showing 
down-slope movement direction with concentration of displacement  
along intersection of basal and rear release surfaces. 

6.3. Discontinuum Modelling of the Jure Landslide  

6.3.1. UDEC: 2D Distinct Element Code Software 

The Universal Distinct Element Code (UDEC) is a 2D numerical program based 

on the distinct element method for discontinuum modelling (Itasca, 2018). UDEC 

simulates response of discontinuous medium (assemblage of discrete blocks) such as a 

jointed rock mass subjected to dynamic or static loading. Discontinuities are considered 

boundary conditions between blocks (which can be rigid or deformable) that allow large 

displacements and rotation. The primary use of UDEC is for rock engineering projects 

such as progressive failure of rock slopes and analyzing influence of joints, bedding 

planes, and on the stability of slopes and underground excavation. The program is best 

used when geologic structures are well-defined from geologic mapping or observation 

and is ideal for potential modes of failure directly related to discontinuous features 

(Itasca, 2018). 

Preliminary modelling of the Jure Landslide has been conducted for two 

scenarios, the first again being a homogenous rock mass and the second with addition 
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of the basal and rear release surface. The geometry was based on the pre-failure 

interpolated surface obtained from the 2016 (0.5 pixel) raster DEM in ArcMap 10.6 

(ESRI, 2017) (Figure 5.32). A Mohr-coulomb plasticity constitutive model with triangular 

mesh and edge length of 10 had been assumed. The material and discontinuity input 

parameters are summarized in Table 6.2 

UDEC Model Scenario 1: Assumed Homogenous Rock Mass 

 

Figure 6.27. Jure Landslide UDEC preliminary scenario 1 model setup. 

UDEC Model Scenario 2: Assumed Basal Rupture and Rear Release Surface 

Two major geological structures have been incorporated into the UDEC scenario 

2 model the first a basal rupture surface dipping ~25o in the ~140o direction, and the 

second being the rear release surface (DSI) dipping ~77o in the ~144o direction (Figure 

6.28). 
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Figure 6.28 Jure Landslide UDEC model scenario 2 model setup. 

 

Discussion of UDEC Results for Model Scenarios 1 and 2. 

UDEC Model Scenario 1: Assumed Homogenous Rock Mass 

Results of preliminary UDEC modelling of scenario 1 of the Jure Landslide 

include FOS and numerical velocity vectors (Figure 6.29). As displayed in Figure 6.29, 

the FOS with no structures input is still in a “stable” condition (FOS = 1.02), indicating 

that the slope is at the point of failure. The distribution of the simulated velocity vectors 

agree with the observed lateral (i.e., downslope) extent of the landslide area (Figure 

6.29).  
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Figure 6.29. UDEC model results of Jure Landslide for Scenario 1. Note that the 
velocity vectors display speed (numerical time) and orientation of 
movement that begins along the headscarp and moving out of the 
slope at the daylighting surface. FOS = 1.02. Results agree with the 
the Slide Limit Equilibrium and RS2 scenario 1 analyses. 

UDEC Model Scenario 2: Assumed Basal Rupture and Rear Release Surface 

Results of the preliminary UDEC modelling of scenario 2 of the Jure Landslide 

include FOS and displacement vectors (rather than velocity for interpretations). Adding 

the two major geological structures (Basal and rear release) results in a reduced FOS to 

an unstable slope (FOS=0.87) (Figure 6.30). The displacement vectors initially appear to 

be oriented downslope along the rear release surface with a maximum displacement of 

6.5 m, followed by increasing displacement directed out of the slope where the basal 

rupture surface daylights (maximum displacement ~14 m) (Figure 6.30). The orientation 

of the displacement vectors appears to agree with the observed the Jure Landslide scar 

morphology, again emphasising the structural control on the failure mechanisms. The 

UDEC codes for both Scenario 1 (Homogeneous) and Scenario 2 (Jointed) can be found 

in Appendix D. 
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Figure 6.30. UDEC model results for Jure Landslide UDEC scenario 2. Note the 
displacement vectors (distance and direction) begin along the 
headscarp (~6.5 m) followed by increasing displacement along the 
basal rupture surface before moving out of the slope at the 
daylighting surface (~14 m). Note the FOS has decreases indicating 
an unstable slope state (FOS = 0.87). 

6.3.2. 3DEC: 3D Distinct Element Code Software 

A three-dimensional numerical program based on the distinct element code 

(3DEC) method for discontinuum modelling (DEM) was used in this research for a 

preliminary investigative analysis of the Jure Landslide (Itasca, 2016a). The code 

simulates the response of a discontinuum material (such as a jointed rock mass) to static 

or dynamic loading. The material is represented as collection of three-dimensional 

discrete blocks. Rigid or deformable stress-strain criteria can be individually specified for 

the various material making up the discrete blocks and deformable blocks are meshed 

by using finite difference elements. 3DEC uses an explicit time-stepping scheme to solve 

the equations of motion (Itasca, 2016a). Discontinuities between the blocks are treated 

as boundary conditions along which large displacements, deformation, rotation, and 

detachment is able to be simulated. 3DEC is based on a Lagrangian calculation scheme, 
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meaning that is highly suited to model the large displacements and deformation of a 

blocky/discontinuous problems such as the Jure Landslide. For more detail on the 3DEC 

(DEM) code, refer to “Theory and Background” manuals (Itasca, 2016a). 

The same pre-failure geometry utilized for RS3 and FLAC3D modelling (Figure 

6.14) has been incorporated into 3DEC. However, in addition to the rear and basal 

release surface, an additional two major structures have been incorporated as the south 

and north lateral release surfaces (Figure 5.10). For simplicity and as a first modelling 

attempt, structures have been created manually with the ‘JSET’ followed by mesh 

command (Itasca, 2016a). Material and discontinuity input parameters are summarized 

in Table 6.2, and each model was run first with elastic properties until an equilibrium 

state was reached. An elasto-plastic constitutive model was then assigned to the 

material and discontinuities and the model run to simulate failure.  

Boundary and Initial Conditions 

Gravity was set to -9.81 m/s2 in the z-direction. Boundary condition setup were 

applied after all block-cutting was complete and the mesh for deformable blocks 

generated using the ‘GEN EDGE’ command. Mechanical boundary conditions are 

applied with the ‘BOUNDARY’ command followed by either ‘x, y z’ zero range. Using this 

command, the base of the model was restrained (velocity x,y,z =0) and each side of the 

model restrained (velocity=0) in the x/y direction, with no boundary conditions assigned 

to ground surface. 

Final Scenarios Model Setup 

Two main 3DEC model scenarios were modelled for slope stability analysis of 

the Jure Landslide. 3DEC results for both scenarios are presented and discussed to 

identify potential failure mechanisms that led to failure of the slope. As a preliminary 

model, the north and south lateral dip/dip direction are ~10° modified to provide 

kinematic freedom at both sides of the landslide (chapter 5.4) (Figure 6.32). 
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 Scenario 1: Assumed Homogenous Rock Mass, Figure 6.31. 

 

Figure 6.31. Jure Landslide 3DEC scenario 1 model setup. 

Scenario 2: Basal Rupture, Rear Release, North and South Lateral, Figure 6.32. 

   

Figure 6.32. 3DEC model of Jure Landslide: Scenario 2 with structures. 
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 Discussion of 3DEC Results for model scenarios 1 and 2.  

3DEC Model Scenario 1: Assumed Homogenous Rock Mass. 

Results of preliminary 3DEC modelling of scenario 1 of the Jure Landslide in 

3DEC indicate that the slope does not reach an unstable state after reaching equilibrium 

state (FOS<1). 3DEC is ideally suited to study potential modes of failure directly related 

to the presence of discontinuous features, not continuous material such as scenario 1. 

The intended use is for analysis in rock engineering slope stability projects from 

progressive failure to the understanding of the influence of discontinuities. Therefore, the 

model will not fail or show results related to the potential failure mechanism of Jure 

Landslide and will be further analyzed with the addition of a basal, rear, and lateral 

release surfaces. 

3DEC Model Scenario 2: Basal Rupture, Rear Release, North and South Lateral. 

Results of preliminary 3DEC modelling for scenario 2 of the Jure Landslide in 

3DEC illustrate that movement is directed downslope (displacement vector orientation) 

and the maximum displacement as the slope starts to detach is ~5 m (Figure 6.33).  

A concentration of displacement contours occurs near the intersection of the 

basal and rear release surface as well as at the crest of the slope. With the damaged 

discontinuity parameters (Table 6.2), scenario 2 simulates failure with the top section of 

Jure Landslide moving downslope agreeing closely with the current stepped geometry of 

the slope The presence of lateral, basal, and rear release surfaces provided the 

necessary kinematic freedom for the Jure Landslide to occur; these surfaces, as with 

most large landslides in rock, show the importance of structural control on the failure 

mechanism. 

The 3DEC code written for scenario 1 (homogeneous), scenario 2 (structures + 

lowered parameters) can be found in Appendix D. 
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Figure 6.33.  Jure Landslide 3DEC scenario 2 results illustrating time-lapse of the detachment of the upper failed surface sequence from A-D. Note the orientation and direction of displacement vectors 
downslope and daylighting at the basal rupture surface.
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 Virtual/Mixed Reality Jure Landslide 
Geodatabase 

With computational technology continuously advancing and rapidly developing 

remote sensing techniques able to acquire progressively larger amount of high 

resolution data-sets in rock engineering investigation, the need to efficiently store, 

model, interpret and most importantly, communicate information is a challenging task. 

Over the last decade, there has been a significant increase in the use of Virtual (VR) and 

Mixed (MR) Reality techniques in a wide range of disciplines. However, to date the 

applications within rock engineering and geoscience remain limited (Onsel et al., 2018). 

Notwithstanding these recent advances, there is a continued need to develop new and 

effective VR/MR approaches for virtual discontinuity mapping, rock slope 

characterization, 3D holographic rockfall modelling and remote sensing data 

visualization. 

This chapter demonstrates potential applications of VR/MR techniques in 

geotechnical data collection, analysis, visualization, and communication by integrating all 

the research data collected and analysis results obtained within a virtual Jure Landslide 

field site geodatabase. An innovative workflow using VR/MR methods integrated with 

field, remote sensing, GIS, and numerical modelling is presented which can be adapted 

for various engineering tasks whether natural hazards or surface/underground rock 

excavation projects. Furthermore, this chapter will not only demonstrate the VR/MR 

capability of effectively storing, interpreting, and communicating large quantities of 

spatial 3D, temporal datasets, but will also present innovative methods to conduct and 

compare discontinuity mapping on virtual outcrops and a recently developed fully 3D 

holographic rockfall modelling application. 

7.1. Objectives and Vision 

The primary goal of this chapter is to demonstrate how the use of a holographic 

Jure Landslide geodatabase can: 

• Allow manipulation of large, high-resolution datasets that revolutionizing 

how future landslide investigations are conducted and communicated. 
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• Be applied in a wide range of rock engineering projects, from site 

investigation, to the construction and post-construction phases.  

This chapter poses two main questions which must be addressed and presents the 

authors vision/solutions to these questions through the use of VR/MR technology. 

1. How can the risk to the engineer/geoscientist due to inaccessibility and safety 

issues during field site characterization of unstable rock slopes be reduced? 

Vision/Solution: This chapter demonstrates the ability to create efficient and effective 

VR/MR workflows to enable safe and reliable site characterization, holographic rockfall 

modelling, and interact with multiple users on virtual datasets (i.e., outcrops, results, 

GPS locations, etc.) in the safety of the office. 

2. We spend substantial amounts of money on field work and to purchase/rent state 

of the art remote sensing equipment to obtain many datasets, unfortunately, 

these results are most commonly communicated and interpreted via. 2D paper 

reports or computer screens (e.g., presentations). How can we improve the 

analysis and communication of site investigation data? 

Vision: As humans, we live in a 3D world, in which our brains are genetically programed 

to interact and process information in the third dimension. Imagine the ability to store 

and view all your data as fully 3D virtual/interactive holograms while immersed with 

multiple users within a VR/MR realm. This has been accomplished in this research, by 

integrating the entire M.Sc. research into one user friendly holographic Jure Landslide 

geodatabase application which enables an enhanced engineer experience that can be 

utilized to not only complement, but improve all stages of a rock engineering 

investigation, geohazard identification, modelling, mitigation, and communication.  

7.2. Virtual Jure Landslide Geodatabase: Geovisualization 

As VR/MR technology continue to advance, it is important to develop and apply 

these new methodologies in rock engineering and geosience displines. In this chapter, 

Unity® (Unity Technologies, 2019) game engine software has been integrated into the 

MR hardware Microsoft HoloLens (https://www.microsoft.com/en-ca/hololens/hardware) 

(Figure 7.1) to create the virtual Jure Landslide Geodatabase. The Microsoft HoloLens is 

https://www.microsoft.com/en-ca/hololens/hardware
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a fully untethered Windows 10 computer which is attached to transparent glasses and  

uses physical input, object recognition, location and spatial sound to immerse and 

enhance the users environment. The HoloLens, by continuously scanning the immediate 

surroundings and discretizing it into an interactive mesh, allows the user to become part 

of the virtual environment (Microsoft, 2018).  

 

Figure 7.1. Microsoft HoloLens headset utilized for an immersive MR Jure 
Landslide geodatabase experience (https://www.microsoft.com/en-
ca/hololens/hardware). 

 

Field work survey stations (GPS embedded) and the results of conventional field 

mapping, remote sensing, GIS, change detection, and numerical modelling for the Jure 

Landslide described in previous chapters have all been integrated into an interactive 3D 

VR/MR model of the site, enabling an immersive and enhanced engineering 

geovisualization experience. The user is able to utilize hand and voice gestures by 

wearing Microsoft HoloLens glasses to observe the field site environment and easily 

move around the landslide to observe different engineering geological features, survey 

stations, and to augment the models with geotechnical data of interest. While immersed 

in the Jure Landslide geodatabase, a hand and voice movable holographic user-

interface (UI) menu that contains all the data obtained is always user oriented with 

buttons linked to various results of interest (Figure 7.2). 

https://www.microsoft.com/en-ca/hololens/hardware
https://www.microsoft.com/en-ca/hololens/hardware
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Figure 7.2. Holographic User-Interface (UI) menu embedded within the virtual 
Jure Landslide Geodatabase. Each button contains further 
submenus and presents results of interest as interactive holograms. 
Note that this is one of multiple sub-menus with the Jure 2018 
fieldwork emphasised. 

 

While immersed in the virtual Jure Landslide geodatabase, the engineer or 

geoscientist can effectively communicate/visualize data and equipment utilized 

throughout the field investigation, accessing all the information stored by selecting the 

appropriate button (Figure 7.2). The user is able to interact with high-resolution 

holographic models of remote sensing and field equipment within the virtual realm simply 

by selecting the appropriate field equipment button within the menu (Figure 7.2), either 

by a hand air-tap gesture or through voice recognition (Figure 7.3). Being able to bring 

remote sensing equipment to meetings across the world is challenging due to both the 

cost and potential for damage during shipping. With the virtual geodatabase, the user 

can simply bring only the Microsoft HoloLens which contains all the information and can 

fit within carry-on luggage. 
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Figure 7.3. Interactive holographic remote sensing (e.g. TLS, TDP, UAV) and 
field (Brunton compass) equipment models embedded within the 
virtual Jure Landslide geodatabase. Equipment has been made in 
Sketchup (Trimble, 2019) and Blender® (2019) before importing into 
Unity® (2019). Note the Brunton and holographic scanline outcrop. 

 

Jure Landslide fieldwork GPS-embedded stations can be viewed as holographic 

icons by simply selecting either remote sensing or traditional methods (Figure 7.2) with 

the ability to interact individually with each station, observing the techniques utilized, 

input parameters, and being fully immersed as though standing in the field (Figure 7.4). 
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Figure 7.4. Example of virtual Jure Landslide TLS field survey stations. A Riegl 
VZ-4000 TLS has been enlarged to illustrate the GPS field station 
icons as displayed in the inset. 

Holographic models of numerical modelling (i.e., Limit Equilibrium, Continuum, 

Discontinuum) results are also easily accessed and communicated by selecting the 

desired slope stability button (Figure 7.2). While immersed in the virtual Jure Landslide 

geodatabase, results can either be viewed as 2D model cross-sections located at the 

correct locations in the rock slope or as 3D holographic models overlain on the terrain 

(Figure 7.5). The holographic representation of model results can be easily rotated, 

scaled and oriented to provide the best viewing angle for analysis and communication 

with multiple users (Figure 7.5). 
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Figure 7.5. Example of Jure Landslide virtual geodatabase where the user is 
able to effectively view and interact with numerical modelling 
results. RS2 model scenario 3 (basal rupture and rear release 
surface) cross-sections are shown located at the correct location at 
the Jure Landslide (aligned in Figure by simple hand-gesture drag 
and drop in the virtual world). 

While immersed within the virtual Jure Landslide geodatabase, the user is able to 

visualize and interact with the various rock samples that have been collected during field 

work for analysis (e.g., Schmidt hammer, geological hammer, UCS, identification) by 

selecting the rock sample button (Figure 7.6 A). Once selected, high-resolution 3D 

holographic textured rock sample models appear throughout the Jure Landslide where 

they have been obtained (e.g., GPS embedded location icons with details on date 

acquired, 360o immersive view, rock type/description, and UCS results). If desired they 

can then be organized for inspection on a “virtual rock sample table” which shows each 

sample scaled and oriented by simple air-tap hand gestures (Figure 7.6 B). 
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Figure 7.6. Virtual Jure Landslide geodatabase. A) Example of holographic 
menu and virtual rock table with samples. B) High-resolution 
holographic 3D rock samples on virtual table with example of rock 
sample, S7, obtained during 2018 field work (inset 1) and equivalent 
3D model (inset 2).  
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By selecting the M3C2 change detection button on the virtual menu (Figure 7.2), 

slope monitoring results are overlain on the holographic remote sensing point cloud at 

either a 1:1 scale and/or simply scaled down to the desired size by hand/voice gestures 

(Figure 7.7). The user can interact with the holographic results to identify areas of 

erosion, deposition, progressive rockfall sources, travel, and depositional paths (Figure 

7.7). Furthermore, for this research study (which will be described in section 7.4), the 

author developed a 3D holographic rockfall application where the user is fully immersed 

within the virtual environment and able to model, analyze, compare, mitigate, and extract 

real-time rockfall data (i.e., bounce height, translational and rotational velocity, etc.) in 

the safety of the office. 

 

Figure 7.7. Example of virtual Jure Landslide geodatabase M3C2 change 
detection results draped over 3D holographic Jure Landslide remote 
sensing model. 

Hand-draggable holographic remote sensing 3D point clouds of the Jure 

Landslide (Figure 5.9) have been imported into the virtual geodatabase. Once the 

desired remote sensing technique is selected, the equipment utilized (i.e. TLS, TDP, 

UAV) appears beside the user at 1:1 scale with the virtual holographic 3D model that 

can be scaled and oriented to any size of interest. In addition, GPS field location icons 

are displayed throughout the landslide where survey stations were conducted, and once 

the icon is selected, a readily available holographic information menu with type of 

equipment, resolution, final point cloud spacing, and date acquired appears in front of 

the user. Furthermore, holographic discontinuity mapping has been conducted on the 

scanline outcrop mapped during March 25th, 2018 field work (Figure 4.10) and further 
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mapped using remote sensing methods (Figure 5.13) by selecting the holographic Jure 

Landslide geodatabase menu button (scanline outcrop) (Figure 7.2). Once selected, a 

virtual outcrop appears, and the engineer/geoscientist can begin to collect real-time 

orientation measurements (Figure 7.8). A detailed description and workflow on the 

comparative field, remote sensing, and holographic discontinuity mapping will be 

described in section 7.3. 

 

Figure 7.8. Example of the interactive virtual Jure Landslide geodatabase with 
the author visualizing a holographic outcrop, results (e.g. field and 
remote sensing) (red line on outcrop where author conducted field 
scanline), remote sensing equipment (e.g., TLS, TDP, UAV), and 
terrain map.  

In addition to using the MR Jure Landslide holographic geodatabase 

environment, the author developed an innovative VR approach to improve and further 

enhance the field site environment (Figure 7.9). One of the key challenges when 

developing a virtual world environment is to create a high-resolution 3D textured 

basemap that mimics the real-life topography. Online topographic satellite data is limited 

for this region of Nepal, therefore, to create this fully immersive virtual environment, a 

regional scale DEM (extending 20 km in all directions from the Jure Landslide site) has 

been captured from terrain data acquired in Google Earth Pro, 2019. Within Google 

Earth Pro, the user creates an invisible (Opacity 0%) survey tour over the area of 
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interest, followed by changing the time between features to 1 second, camera tilt 45o, 

and camera range 250o. Still frames were exported (.jpg) at the highest resolution and 

images imported into PhotoScan (SfM) software (Agisoft, 2018) (Figure 7.10 A). The 3D 

model was then exported in .ply format including the texture as a .jpg file (Figure 7.10 B). 

The model was imported into CloudCompare (2019) and then aligned to the previously 

georeferenced remote sensing models Figure 7.10 B. The (.fbx) model is imported with 

(.jpg) file format textures (modifying texture map files to show additional thematic maps 

including slope, aspect, and elevation) and then exported into Unity® (2019). 

Furthermore, the holographic models have been scaled down to table-top size, with the 

ability to interact with the MR holographic landslide or rock slope model (Figure 7.10 C). 

Vegetation, trees, water, wind, and even vehicles have been added to make the 

immersive experience as realistic as possible. The user can select the “first person 360° 

view” which enables icons located throughout the field site where 360° photographs 

were taken, simply clicking the icon will fully immerse the user as if they are standing in 

the field (link). the user can travel throughout the virtual regional landscape simply by 

using hand and voice gestures such as “fly” or “go” to area of interest (Figure 7.9). 

 

Figure 7.9. First person immersive view of the virtual Jure Landslide 
geodatabase, where the user is able to walk or fly throughout the 
region. Inset shows as if standing at red circle with TLS locations. 

https://momento360.com/e/u/9dc2f8313f6d43f09bd9b9c2e4915f30?utm_campaign=embed&utm_source=other&utm_medium=other&heading=100.98508959658463&pitch=-32.07120440237956&field-of-view=75
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Figure 7.10. Importing Google Earth imagery of the Jure Landslide region into A) 
PhotoScan (Agisoft, 2018) to create a B) SfM dense point cloud with 
C) holographic model.  
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A summary of the general workflow required to create an immersive virtual Jure 

Landslide geodatabase environment is shown in Figure 7.11. An interactive 

demonstration of the Jure Landslide geodatabase can be viewed at: Link.  

 

Figure 7.11. Workflow for developing a VR/MR virtual geodatabase (Onsel et al., 
2019). 

7.3. Holographic Discontinuity Mapping of the Jure 
Landslide 

It is important to clarify the potential role of VR/MR in engineering and 

geoscience: 

1. This purpose of this technology should not be seen as replacement for 

traditional geotechnical techniques for obtaining, analyzing, storing, mapping, 

and modelling datasets for site investigations. Rather, it should be considered 

as another tool in a progressively growing engineering/geoscience toolbox, 

that can be utilized to complement existing field methods at all stages in a 

rock engineering investigation. 

https://youtu.be/c-qsNz2S_0g
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2. VR/MR in not simply useful for visualization of data in 

engineering/geoscience. In this section the author will demonstrate how the 

virtual Jure Landslide geodatabase can be employed to extract and compare 

useful discontinuity orientation measurements on fully 3D georeferenced 

virtual outcrops, enabling the user to acquire data on previously 

inaccessible/dangerous slopes, by simply utilizing hand and voice gestures to 

‘fly’ to the top of a 50 m slope while in the safety of the office. Furthermore, 

the author will demonstrate how a fully 3D holographic rockfall modelling 

application developed as part of this thesis research can be utilized to not 

only visualize a table-top sized hologram of a 1 km high slope, but also to 

interact with a holographic rockfall simulation, observing individual rock 

results (i.e. paths, bounce height, rotational/translational velocity, etc.) that 

can be plotted and extracted in real-time. This application clearly 

demonstrates the potential power of VR/MR technology in engineering and 

geoscience. 

During field work for site investigation, by an engineer/geoscientist, potentially 

hazardous areas may need to be accessed (e.g. rockfall, debris flows, re-activated 

landslides, cliffs, etc.) to obtain data for rock mass characterization (e.g., scanline 

mapping, field strength testing, discontinuity measurements, rock samples, etc.). In the 

case of landslide site investigation at locations that have not been studied in depth nor 

mitigated such as the Jure Landslide, this can potentially be a major concern. Imagine if 

the engineers or geoscientist had the ability to accurately map large unstable 

slopes/outcrops with multiple users having a wide-range of experience collaborating in 

the safety of the office, to obtain real-time reliable datasets such as structural 

orientations and other geological features (e.g., faults, fractures, persistence) that can be 

exported for future analysis. This can now be completed using remote sensing data 

combined with an innovative VR/MR holographic discontinuity mapping (e.g., orientation, 

length, persistence) workflow embedded within the Jure Landslide geodatabase and 

using the newly developed EasymapMR (Onsel et al., 2019). 

To test the ability of the virtual outcrop discontinuity mapping and understand the 

advantages, disadvantages, and limitations, a comparative analysis has been 

undertaken for the scanline outcrop mapped during field work at the Jure Landslide on 

March 25th, 2018 (Figure 7.12). The comparative analysis includes mapping undertaken 
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manually in the field with a Brunton compass (chapter 4.1.3), remote sensing manual 

(Compass plugin) and automatic (Facets: Kd-tree plugin) extraction of geological planes 

in CloudCompare (chapter 5.4), and finally while immersed in the virtual Jure Landslide 

geodatabase on a georeferenced holographic outcrop.  

 

Figure 7.12. Jure Landslide outcrop that has been utilized for comparative 
analysis between field, remote sensing, and holographic 
discontinuity mapping. Note field mapping commenced March 25th, 
2018. 

Field scanline mapping followed the ISRM (1978) guidelines and involved 

stretching a 30 m measuring tape along the exposed outcrop face and mapping every 

geological feature that intercepted the scanline (Figure 4.11 C). For the purpose of 

comparing the accuracy between field, remote sensing, and holographic methods, a 

ground control point was placed along the scanline survey, with each method then 

comparing orientation measurements at the known reference location (field orientation 

(Dip/Dip Direction: 84o/185o). 
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For manual discontinuity orientation mapping on remote sensing imagery, the 

‘Compass’ CloudCompare plugin was used which required manual selection of 

discontinuities and fitting of planes by the rock engineer/geoscientist (Figure 5.13). Forty 

five discontinuity measurements were collected on the remote sensing model along the 

same scanline as used in the field survey, and 210 measurements were taken within 

three discontinuity mapping windows (Figure 5.11). The discontinuity orientation 

recorded at the reference point location using manual mapping on a remote sensing 

model was: Dip/Dip Direction: 85o/186o. 

 An automated plane detection CloudCompare plugin called ‘Facets: Kd-tree’ 

was also used to detect and extract the spatial orientation of planar discontinuity 

surfaces on the remote sensing model of the same rock outcrop (Dewez et al., 2016). To 

allow comparison, field, and remote sensing (Manual & Automatic) orientations were 

exported as .csv files and imported into the DIPS 7.0 software (Rocscience, 2018a) to 

allow plotting on an equal angle stereonet, identification of discontinuity sets and their 

orientation (Dip/Dip Direction) for comparison with subsequent holographic mapping. 

Results of the automated method showed that over 1360 geological orientations were 

extracted with a measured reference point orientation of: Dip/Dip Direction of 82o/180o. 

Virtual holographic discontinuity mapping is conducted by simply selecting the 

Jure Landslide geodatabase menu button (scanline outcrop) (Figure 7.2). Once 

selected, a virtual georeferenced outcrop appears, and the user can begin to collect real-

time orientation measurements at any location (e.g. the user simply views the plane of 

interest with the Microsoft HoloLens headset to allow automatic orientation 

measurement). The use can also fly virtually to the top of a 100 m outcrop to make 

measurements (Figure 7.14) (Mysiorek et al., 2018a; Onsel et al., 2019). The orientation 

measurement tool instantaneously collects the dip and dip direction wherever the user is 

looking along the virtual holographic outcrop, followed by simply conducting an air-tap 

hand gesture or with the virtual Brunton compass and data is displayed in real time onto 

a stereonet which can be saved and exported as comma separated values (.csv) files for 

further analysis (Figure 7.13) (Mysiorek et al., 2019a; Onsel et al., 2019). In addition to 

orientation measurements, the user can within EasymapMR also draw polylines along 

features of interest (e.g. faults, fractures, lithological contact, etc.), with information such 

as feature type, length, persistence all user defined prior to exporting and saving the 

georeferenced polyline (Figure 7.15). This feature can and has been utilized to create 
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polygons for terrain and engineering geomorphological maps of the Jure Landslide site. 

The holographic virtual discontinuity mapping at the reference point obtained an 

orientation of Dip/Dip Direction of 83o/186o. 

 

Figure 7.13. First person view of the author conducting holographic 
discontinuity mapping along the scanline outcrop with a virtual 
Brunton compass. 

 

Figure 7.14. Third person view (multiple users mapping) holographic 
discontinuity mapping within the Jure Landslide geodatabase at the 
scanline outcrop. By utilizing EasymapMR software, the user can 
obtain real-time structural orientation measurements that are plotted 
as poles on a virtual stereonet (Mysiorek et al., 2019a). 
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Figure 7.15. First person view of the user conducting holographic fracture 
mapping along a virtual outcrop. The 3D polyline can be saved and 
exported with various information embedded within the file. 

Field, remote sensing (manual and automatic), and holographic mapping all 

identified three discontinuity sets within +/- 5o mean pole orientation (dip/dip direction). 

For comparison, a reference point was measured with a Brunton compass in the field 

(84o/185o), remote sensing (manual (85o/186o) and automatic (82o/180o) and holographic 

(83o/186o), with the maximum difference obtained using the CloudCompare automatic 

plugin ‘Facets: Kd-tree’. It appears that the HoloLens and manual CloudCompare 

‘Compass’ mapping techniques show the best agreement which is probably due to the 

ability of the rock engineer/geoscientist to reliably manually fit planes, avoiding error due 

to automated fitting methods. The HoloLens allows the user to be immersed within the 

geological rock slope environment, able to walk around and inspect the outcrop to map 

discontinuities at a much wider range of persistence scales than possible in the field 

(Figure 7.14). The holographic mapping technique not only provides close agreement 

with traditional field and manual remote sensing discontinuity orientations, but also 

allows interactive mapping and communication while immersed in an interactive Jure 

Landslide geodatabase. Such an approach improves communications at multiple levels 

from the engineer to the client and stakeholder. A live video demonstration of the 

interactive Jure Landslide geodatabase virtual holographic discontinuity and fracture 

mapping can be viewed at: link.  

https://youtu.be/YFx5ficw3L8
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7.4. Virtual 3D Rockfall Modelling of the Jure Landslide 

Large landslides, such as the Jure slope failure, are among the most destructive 

natural events (Clague and Roberts, 2012). Being able to characterize the post-failure 

stability conditions of large landslides is essential to properly identify, monitor, mitigate, 

and communicate potential future hazards such as rockfalls and reactivation of 

accumulated talus material (e.g. cascading and/or secondary hazards). The 

consequences and impact related to post-failure rockfalls can sometimes be equal to or 

even more devastating than the initial landslide event itself (Kirschbaum et al., 2019). By 

obtaining four years of remote sensing 3D point cloud geometry data this research has 

allowed analysis of rock slope erosion/degradation and progressive weakening of the 

rock mass, a better understanding of the post-failure evolution of the Jure Landslide and 

identification of potential future rockfall prone locations (Figure 5.9). 

The identification and mapping of potential rockfall source zones using traditional 

on-site engineering field methods is time-consuming and often can pose a high level of 

risk due to access and safety issues. More recently, rapidly developing remote sensing 

techniques including TLS, TDP, UAV-SfM are being increasingly employed for 

geohazard investigation, as they allow acquisition of high-resolution 3D point clouds 

across otherwise inaccessible or hazardous terrain (Sturzenegger, 2010; Jaboyedoff et 

al. 2012; Abellan et al. 2014; Kromer et al. 2015). The development of new, efficient 

approaches to process, simulate, interpret, and effectively communicate rockfall 

modelling results has therefore become an important area for further research.  

Since the 1980s rockfall hazard mitigation, including ditches, gabions, high-

strength steel cable fences, and meshing has been widely used to substantially improve 

the safety of unstable slopes (Wyllie, 2014a). However, in order to identify the correct 

placement and design of mitigation measures, it is critical to obtain reliable information, 

including detachment location, path, deposition area, impact energy, and trajectory of 
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the rockfalls from both field visits and computer simulation modelling programs (Wyllie, 

2014a). 

This section will describe an innovative approach developed by the author that 

employs VR/MR environments to identify, model, mitigate, compare, and communicate 

rockfall computer simulation results. A comparative analysis has been undertaken 

between the 2D RocFall 6.0 software (RocScience, 2018i) and the recently developed 

3D holographic rockfall modelling software within Unity® (2019) game engine to analyze 

the accuracy and reliability of the Unity code and to better understand the future 

potential risk. This holographic approach will approach enhance rockfall risk monitoring, 

modelling, mitigation, and the effective communication of results through an immersive 

MR geovisualization field site. Change detection analysis with acquired remote sensing 

datasets of the Jure Landslide described in section 5.5 has been utilized to identify 3 

potential areas of interest (e.g. 1, 2, 3) that experienced progressive post-failure mass-

wasting (e.g. rockfalls) events (Figure 5.16; Figure 5.33). The workflow utilized for the 

holographic rockfall modelling in this research is displayed in Figure 7.16.  
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Figure 7.16. Flowchart of research methodology utilized to conduct a comparative 2D/3D holographic rockfall modelling analysis.
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7.4.1. 2D Rockfall Modelling 

Rockfalls can be simulated using various conventional modelling programs 

including RocFall 6.0 (RocScience, 2018i), PIERRE2D (Mitchell, 2015), and 3D codes 

such as RAMMS Rockfall (Bartelt et al., 2016), PIERRE3D (Gischig et al. 2015), and 

Unity® (2019). The goal for this research study is not to rigorously test rockfall modelling 

programs, but rather to propose a new, innovative method to enhance rockfall risk 

monitoring, modelling, mitigation, and effective communication, through an immersive 

MR field site. For this study, the author has utilized one of the most well known, 

validated, and powerful rockfall modelling software RocFall 6.0 (RocScience, 2018i) to 

compare and use as reference with the holographic rockfall modelling application.  

RocFall 6.0 (RocScience, 2018i) is a 2D rockfall computational program that 

simulates rockfall behavior on slopes with the ability to include rockfall barriers. 

Interpreting the change detection results described in section 5.5, the author has 

identified three potential rockfall source zones, paths, and areas with varied coefficients 

of restitution (CQR), which form key input parameters to rockfall modelling programs 

(Figure 7.17 A) (Ondercin, 2016; RocScience, 2018i). Representative rockfall path slope 

profiles were exported from ArcGIS (ESRI, 2017) as .txt files, allowing direct import as 

geometries for slope stability rockfall analysis (Figure 5.33 A). A cubic rock shape 

(based on simplified rock samples collected in the field and measured dimensions of 

blocks in the point clouds) were considered for simulating ten individual rockfalls at each 

location. The rockfall model results depend greatly on the coefficients of restitution 

(CQR) assigned in the software to model the nature of block impact and energy 

distribution. Three different material types with corresponding CQR (bedrock, talus, and 

talus with vegetation) have been identified and input along the 2D RocFall  slope profiles 

based on visual examination of the remote sensing models (Figure 7.17). A low cost, 

stone-filled gabion retaining wall was implemented during the second simulation to 

examine how it would influence the probability of a rock travelling down slope and 

impacting infrastructure beneath the landslide scar (Figure 7.17 B). After running the 

three area of interest (source zones 1,2 and 3) rockfall simulations, results (bounce 

height, velocity, paths) were exported and referenced into Unity® for direct comparison 

in a MR holographic environment. For a detailed description of rockfall input parameters 
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and CQR for RocFall 6.0, the reader is referred to Wyllie (2014a, b) and Ondercin 

(2016). 

 

Figure 7.17. Example of potential rockfall source zone 1 at the Jure Landslide 
site. A) CQR estimates based on field and remote sensing model 
visualization. B) Representative 2D RocFall 6.0 slope model setup 
with CQR estimates (blue = bedrock; yellow = talus; green = talus + 
vegetation). 

7.4.2. 3D Holographic Modelling Application 

To accomplish a reliable, thorough, and visually realistic 3D comparative rockfall 

analysis, the software selected for developing the rockfall simulations was the freely 

available personal edition version (2018.2.13) of Unity® (Unity Technologies, 2019). This 

game engine provides various functionality, has an active online support community, and 

includes a routinely tested, state-of-the art physics engine that is ideal for rockfall 

simulation (NVIDIA Corporation, 2017; Unity Technologies, 2019). This game engine 

can import high-resolution, fully georeferenced 3D slope mesh geometries developed 

from remote sensing point cloud data and simulates rockfalls that can be then analyzed 

in VR/MR environments.  

While immersed in the Jure Landslide geodatabase, the engineer/geoscientist 

can select displacement results that are draped over the holographic remote sensing 

point cloud at either a 1:1 scale and/or scaled down to desired size for effective 

communication and the ability to interact in a group setting with various audiences 

(Figure 7.18). The user is fully immersed within the virtual environment and feels as if 
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they are standing at the toe of the 1 km high Jure Landslide slope while colour coded 

rocks travel down the slope (Figure 7.19). 

 

Figure 7.18. Virtual Jure Landslide holographic rockfall modelling application 
with interactive menu, comparative 2D results, and M3C2 
displacement results draped over the holographic RS point cloud. 
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Figure 7.19. Virtual Jure Landslide holographic rockfall modelling application 
scaled to table-top size for effective communication in an office 
setting. 

The user has the ability to fully interact with the rockfall simulation by simply 

clicking the menu to start/pause (single and/or multiple) rockfalls, to add various 

mitigation structures (in real time at any location within the slope), and to visualize the 

rocks as they travel down the holographic Jure Landslide slope (Figure 7.19).  

Furthermore, the comparative rockfall modelling analysis can be visualized by multiple 

engineers/geoscientists in the MR Jure landslide geodatabase environment, analyzing 

and comparing the 2D and real-time 3D Unity rockfalls as an interactive team (Figure 

7.20). 
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Figure 7.20. Holographic Jure Landslide virtual rockfall modelling application 
simplified comparative analysis workflow illustrating an immersive, 
effective and efficient way to model/communicate rockfall hazards 
and results. 

The user is able to not only visualize, but also to interact with the holographic 

rockfall simulation, observing individual rock results (paths, bounce height, velocity, etc.) 

that are plotted in real-time (Figure 7.21). Results of individual rocks or multiple rocks 

can be exported and graphed on one chart, with the user able to identify various values 

of interest to potentially recommend mitigation at certain locations based on worst (e.g., 

highest bounce location, highest energy, path interesting area of concern, etc.), average, 

or best-case scenario.  
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Figure 7.21. Jure Landslide virtual rockfall modelling application. A) multiple 
users analyzing the holographic rockfall simulation, extracting 
individual rockfall data (e.g., bounce height, velocities, etc.) simply 
by air-tap gesture on rock of interest with charts plotted in real-time. 
B) zoom in of rock bounce height (red), translational velocity (blue), 
and angular velocity (green) chart. C) zoom in rock bounce (blue) 
relative to slope surface (red).  

When comparing results at each source zone location between the 2D RocFall 

6.0 (Rocscience, 2018i) and the 3D holographic rockfall simulation, it appears that the 

holographic rockfall modelling calculates slightly higher magnitude bounce height (~10 

m) and translational velocity (~5 m/s), with a lower rotational velocity (~35 rad/s) (Figure 

7.22 and Table 7.1).  
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Figure 7.22. Virtual Jure Landslide holographic rockfall modelling source zone 1 
showing comparative 2D and 3D MR simulation with start, end, and 
comparison cross-sectional results. Note that it appears 
holographic rockfall modelling calculates slightly higher magnitude 
bounce height, and translational velocity, with a lower rotation 
velocity. The 2D rockfall is only able to travel down the extracted 2D 
profile and relies on the CQR input, whereas the Unity holographic 
modelling software travels down the 3D topography differently on 
each run. 

Overall, the comparative analysis confirms that the holographic rockfall 

simulation performs acceptably, however, further detailed comparison is recommended 

against various 3D software to validate and calibrate the module. In both the 2D and 3D 

holographic rockfall simulations, it appears that there is potential that if a rockfall occurs, 

it may reach the Arniko Highway. The positive effect of a low-cost stone filled gabion 

(possibly filled with abundant fractured phyllitic debris from the Jure Landslide) with a 

ditch along the slope toe and directly beside the highway has been simulated within a 

holographic environment.  A general summary of the rockfall results is provided in Table 

7.1, with further 2D and 3D holographic rockfall results and graphs are provided in 

Appendix E. 
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Table 7.1. Summary table of 2D RocFall 6.0 (RocScience, 2018i) and 
holographic Unity® (2019) comparative analysis results. 

 

 

It is important to note that the objective of the rockfall comparison was to 

determine if the holographic rockfall simulation performed satisfactorily. Every time the 

holographic rockfall program is simulated, slightly different results are obtained (as in 

real life if a rockfall were to initiate, it would likely travel down a slightly different path 

each time as the surface morphology is fully 3D and the rock would react/fracture 

differently each time). The 2D RocFall 6.0 (RocScience, 2018i) is an accepted and 

routinely used in engineering practice; it is important to note, however, that the rocks will 

only travel down the user selected 2D profile and results depend on input and location of 

CQR. The 2D RocFall 6.0 (RocScience, 2018i) and Unity® (2019) holographic rockfall 

modelling software have been described in this section, however, this workflow could be 

implemented for various geohazards, including landslides, avalanches, lava and debris 

flows using other 2D/3D computer programs. 

This chapter demonstrates how this new virtual holographic rockfall modelling 

technique, as one part of a larger Jure Landslide geodatabase, can advance the method 

that rockfall identification, modelling, and mitigation are conducted and communicated to 

various stakeholders including academia, government, consulting clients, and 

communities living in potentially hazardous areas. The authors vision is that complex 3D 

problems will be solved in fully holographic 3D programs, and suggests that over the 

next decade, VR/MR techniques will significantly advance both in terms of hardware and 

software capabilities, revolutionizing the way engineering/geoscientists conduct 

geohazard site investigations. A video holographic rockfall demonstration is available at: 

Link. 

https://youtu.be/mfzE-iguzPg
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 Discussion and Conclusions 

8.1. Research Summary 

Nepal is located in South Asia within the rugged Himalayan region that is 

extremely susceptible to slope failure due to steep topography, unfavourable geology, 

intense physical weathering, long seismic activity history, heavy monsoonal precipitation, 

and poor construction of roadways. Landslides are one of the most common events 

within the Himalayan region that destroy property, cause fatalities and substantial 

economic loss (Petley et al., 2007; Petley, 2012).  

The Koshi River basin, situated within the central Himalayas, extends over an 

area of 71,500 km2, and has a history of major landslide activity, with a total of ~7000 

landslides identified in the past 23 years (Zhang et al., 2016). This research focused on 

the first detailed engineering geological characterization of a large (~5.5 Mm3), 

destructive landslide (Jure Landslide) that occurred on the early morning of August 2nd, 

2014 near Jure village in the Sindhupalchowk district, ~70 km northeast of Kathmandu, 

Nepal. Geologically, the Jure Landslide bedrock comprises Lesser Himalayan rocks of 

the Kuncha formation. This formation includes Proterozoic low-grade metamorphic rocks 

(phyllite, phyllitic quartzite, metasandstone) characterized by a silky metallic, greenish-

blue-gray luster (Dhital, 2015). The Jure Landslide is situated within a complex 

geological setting with major east-west trending geological structures (regional fault 

systems including MFT, MBT, and MCT) in proximity to the study area. As a result, the 

rock mass is strongly folded, foliated and jointed due to thrusting and faulting, with 

dominantly sub-horizontal anisotropic structures throughout the Jure Landslide (Yin, 

2006; Dhital, 2015; Zhang et al., 2016). The landslide is ~1500 m in length, 500 m width 

down valley, and 780 m in height with the headscarp located at 1575 masl. The overall 

slope morphology dips at ~35° towards the southeast (136°) and appears to be 

structurally kinematically controlled by a rear release, basal rupture, south and north 

lateral release surface. The Jure Landslide destroyed over two dozen houses, resulting 

in ~150 fatalities, and displacing more than 400 families (Champati et al., 2014) (Figure 

3.2). The debris destroyed the Arniko Highway, a major trade and strategic route 

between Nepal and China, before depositing in the Sunkoshi River. Debris and mud 

splash were identified more than 50 m above the river on the opposite valley wall. The 
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debris dammed the Sunkoshi River for almost 12 hours, forming a 3 km long, 8 Mm3 

landslide-dammed lake (LDL), causing damage to the Sunkoshi and Sunima hydropower 

plants, downstream and upstream of the landslide site, respectively (Acharya et al., 

2016). Due to combination of a quick response by the Nepal Army applying repeated 

explosive blasting on the landslide dam and major rainfall, the water breached the dam 

37 days after the failure (September 7th, 2014) without causing major outburst floods 

(Shrestha and Nakagawa, 2016). Historical satellite imagery confirms that the slope had 

intermittently experienced mass wasting events in 2000, 2004, and 2012 (Figure 8.1).  

In spite of the size, loss of life, and continuous impact on the Arniko Highway and 

Sunkoshi River, the Jure Landslide had yet to be investigated in detail. As a result, 

limited geotechnical and hydrogeological data are available and understanding of both 

the cause of the landslide and potential future stability requires further work. 

This research represents a first in-depth investigative analysis including 

engineering geological characterization of the Jure Landslide using traditional fieldwork 

surveys complemented by extensive remote sensing techniques (e.g., TLS, TDP, and 

UAV-SfM), GIS, engineering geomorphological/terrain mapping, 2D/3D numerical 

modelling and a innovative VR/MR Jure Landslide geodatabase is developed. The 

research had three main objectives: 

1. Investigate the potential failure mechanisms that led to the 2014 event. 

2. Evaluate slope hazards related to post-failure rockfall activity. 

3. Develop an innovative VR/MR Jure Landslide site geodatabase. 

Each objective was completed using a combination of the following methods and results. 

➢ Conventional engineering geological field-based techniques represented a 

fundamental component of the research allowing characterization of the rock 

mass quality and discontinuities, damage, current geomorphological processes 

and overall implications for the Jure Landslide slope stability. These methods 

provided useful information on rock mass strength properties and morphology for 

input parameters for hazard mapping and subsequent numerical modelling. 
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➢ Field estimates to determine the UCS have been performed at ~50 stations with 

a Schmidt and geological hammer, results indicate that the average value 

correlates to a R4 classification (UCS = 80 MPa). 

➢ GSI estimates ranges from 20-70 with the lower values (20-30) located within the 

exposed headscarp, near tension cracks and faults where the geology consists 

of poorly interlocked, heavily broken rock mass with moderately-heavily 

weathered and altered surfaces. The average value (35-45) within ~100 m 

proximity of the landslide scar, and the highest values (60-70) located >100 m 

(Figure 4.6).  

➢ Field discontinuity mapping included over 80 discontinuity orientations obtained, 

both with spot mapping and scanline mapping. Four main discontinuity sets were 

identified and kinematic analysis identified indicated a combination of sliding and 

wedge failures are as potential failure mechanisms (Table 4.2). 

➢ Engineering geomorphological and terrain field mapping was conducted to 

characterize the Jure Landslide, identifying surficial material, geomorphic 

processes, instability features, trends of geological structures and slope breaks. 

The Jure Landslide can be divided into three main zones: Crown (1450-1700 

masl), Mid-Slope (1170-1450 masl), and the Deposition zone (800-1170 masl) 

(Figure 4.14). Engineering geomorphological maps (morphological and 

morphographic) were conducted from 2016 to 2019, with instability features 

identified directly above the crown (e.g., pistol butted, disturbed trees, active 

creeks/gullies draining into the headscarp with evident rapid debris torrent 

cobble-boulder sized clasts) (Figure 4.17). The Mid-slope zone includes both the 

Iteni and Thadechaur villages that were damaged from the 2014 event, the 

majority of this land comprises weathered bedrock anthropogenic terraced 

farmland dissected by active creeks/gullies (Figure 4.20). When comparing the 

landslide post-failure evolution from 2016 to 2019, the first notable difference 

appears to be the retrogression of the headscarp, changes in slope break due to 

continuous erosion and deposition within the scar. Furthermore, lineament 

analysis in GIS shows three predominant structural orientations trending NW-SE 

(Trend T1), NNE-SSW (Trend T2) and E-W (T3) (Figure 5.28). 



 

196 

➢ Extensive remote sensing field surveys, including TLS, TDP, and UAV-SfM, were 

employed obtaining four years of 3D point clouds of the Jure Landslide which 

were utilized for discontinuity mapping, GIS, change detection analysis, 2D/3D 

numerical modelling and to construct the VR/MR Jure Landslide geodatabase. 

➢ In addition to the four main discontinuity sets, major structural orientations that 

potentially controlled the failure of the slope include a cross-cutting feature (X1), 

a south lateral release (SL1) and a north lateral release (NL1). 

➢ The slope remains in a potentially unstable state, as progressive erosion of the 

headscarp, rockfalls and minor slope failure events have been identified by 

M3C2 change detection analysis using four years (2016-2019) of remote sensing 

(TLS, TDP, UAV-SfM) point cloud data. Moreover, three main areas of interest  

have been identified as potential rockfall source zones, with up to a maximum of 

48 m retrogressive erosion within the southern headscarp from 2016 to 2019 

(Figure 5.16). 

➢ Preliminary 2D/3D numerical modelling has been undertaken, with the major 

landslide failure mechanism potentially structurally controlled by the main basal 

rupture, rear release surface, south and north lateral release (Figure 5.10).  

➢ An innovative VR/MR Jure Landslide geodatabase has been developed, 

integrating all the data collected for this research study into a virtual realm, 

enabling an immersive and enhanced engineering 3D geovisualization 

experience (Chapter 7). Moreover, this thesis demonstrates two newly developed 

techniques, including a comparative analysis with virtual discontinuity mapping 

and a 3D holographic rockfall modelling application based on the change 

detection source zone data for 2016 to 2019.  

8.1.1. Chronology of Events at the Jure Landslide 

When investigating the strength degradation and progressive weakening of a 

rock mass, it is crucial not only to consider spatial variations of damage, but also the 

accumulation of damage with time which can eventually lead to the destabilization of a 

slope (Figure 2.1) (Stead and Eberhardt, 2013; Gischig et al., 2015a). With the results 

obtained from this research study, a potential chronology of the various processes that 
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conditioned the Jure Landslide slope for large catastrophic failure in 2014 can be 

constructed in terms of causes and triggers, or internal (endogenic) and external 

(exogenic) factors as follows (Whalley, 1974; Wolter, 2014; Gischig et al., 2015a; Stead 

et al., 2019). 

1. Nepal is in a seismically active region with a long history of devastating 

earthquakes that have been recorded since 1255 (Figure 3.10) (Rajendran, 

2005). More recently, four large earthquakes have affected Nepal in the past 

100 years including the Kangra earthquake (Mw = 7.8), the 1934 Bihar-Nepal 

earthquake (Mw = 8.1), the 1950 Assam earthquake (Mw = 8.6) and the 2015 

Gorkha earthquake (Mw = 7.8) (Figure 3.11) (Bollinger et al., 2014; Dahal, 

2015). The accumulation of seismic fatigue (driving force; endogenic) over a 

long period of time potentially has played a critical role in progressively 

weakening of the rock mass forming the Jure Landslide slope, inducing 

significant incremental damage such as brittle fracture propagation, 

discontinuity asperity degradation and dilation, seismic amplification, stress 

concentration, and material fatigue. 

2. Yearly rainfall rates vary throughout Nepal, with the southern facing slopes 

such as the Jure Landslide orientated windward, resulting in ~3000 mm of 

rain annually with more than 80% occurring during the monsoon (June to 

September) (Figure 3.7) (Pokharel et al., 2014). The substantial rainfall 

during the monsoon (weathering) potentially travels both as surficial overland 

flow (leading to mass-wasting events during 2004 and 2012 prior to the 

catastrophic 2014 Jure Landslide) and drains into the rock mass through 

seepage and through the fracture network. This increase in rainfall raises the 

groundwater levels and pore water pressure, leading to rock mass alteration 

and reduced shear strength of the rock mass (reducing the effective stress). 

Abundant seepage is evident throughout the present day slope surface along 

the foliation planes, which potentially played a role in planar sliding along the 

basal rupture surface. 

The Jure Landslide can be classified as a multi-stage structurally controlled 

complex failure, with first the failure of a large block along the headscarp, followed 

almost instantaneously (based on local seismic activity correlating to one shock during 
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the failure) by failure of the northern headscarp (Figure 8.1 C). The first stage may have 

involved planar failure (leading to a rock avalanche), comprising of sliding along the 

daylighting basal rupture surface detaching from the rear release surface and confined 

by the south and north lateral release surfaces. Following the initial release of rock by 

planar sliding, the northern headscarp may have failed as a pentahedral wedge failure 

formed by the rear release surface (DSI), a major cross-cutting discontinuity feature 

(X1), the slope face, foliation planes, and the upper slope face. The relatively low 

spacing and discontinuity persistence resulted in small block sizes that may explain the 

high degree of rock fragmentation noted in the debris talus. Sliding along the south 

lateral release may have been the final stage in the slope failure, due to kinematic 

freedom provided by detachment of blocks during stages 1 and 2. In addition, change 

detection analysis with acquired remote sensing point clouds shows that the slope is 

potentially experiencing post-failure progressive retrogression of the headscarp in three 

principal areas (rockfall source zones,1, 2 and 3) (Figure 8.1 D). The highly fractured 

and weathered phyllitic surficial material along the headscarp has been exposed since 

the 2014 Jure Landslide, with further possible movement due to the 2015 Gorkha 

earthquake (Mw=7.8) and undergoing weathering, and annual monsoonal precipitation 

as discussed by Kirschbaum et al., (2019) using COSMO-SkyMed X-Band InSAR 

(Figure 3.19). 
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Figure 8.1. Hypothesized sequence of events culminating in the catastrophic 2014 Jure Landslide. A) 2004 pre-failure instability noted with surficial debris/rock slides (indicated by arrow). B) Major 
rockfalls and large mid-slope scar identified October 24th, 2012. C) 2014 Jure Landslide complex multi-stage failure. D) Progressive post-failure erosion and retrogression of headscap. 
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The failure mechanism of the Jure Landslide, its triggers, runout, and present day 

morphology all appear to be very similar to that of the Valpola (Mount Zandila) landslide, 

which occurred on July 28th, 1986 near Valtellina (Central Alps, Italy) (Azzoni et al., 

1992; Crosta et al., 2003, 2004) (Figure 8.2).  

The Valpola debris avalanche was related to previous instability, fractured 

metamorphic rock material, seismic activity, unfavorable major geological structures, and 

heavy rainfall (Crosta et al., 2003, 2004). The landslide travelled downslope and ran up 

the opposite side of the valley wall (300 m) before blocking the Adda River valley 

creating a large landslide dammed lake (Azzoni et al., 1992; Crosta et al., 2003, 2004). 

Furthermore, the energy released by the landslide during its failure was similar to the 

Jure Landslide also recorded by seismic stations both in Italy and Switzerland, with a 

local event of Magnitude 3.3 impact recorded (Crosta et al., 2004). 

 

Figure 8.2. Two similar landslide events in history. A) August 2nd, 2014, Jure 
Landslide in Nepal (Image modified after www.ekantipur.com). B) 
July 28th, 1986, Valpola (Mount Zandila) landslide (Central Alps, Italy) 
(Image modified after Crosta et al., 2004). 
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8.2. Main Contributions of the Dissertation 

The main contributions of this research are relevant not only to the Jure 

Landslide for potential future analysis, but also to various geohazard site investigations 

throughout the world and include: 

➢ Detailed field mapping has provided information for the site characterization by 

manually traversing the Jure Landslide site, highlighting the geology, 

geomorphology, structural, hydrogeology, and active slope processes. The 

importance of developing detailed terrain and engineering geomorphological 

maps is highlighted. Field mapping techniques, although time consuming, are 

clearly one of the most important methods for a thorough and complete site 

investigation as without it, assumptions must be made through remote sensing 

data. 

➢ State of the art remote sensing equipment (TLS, TDP, Helicopter/UAV-SfM) has 

been applied for the first time at the Jure Landslide demonstrating the usefulness 

of this approach in landslide characterization. A detailed description of the data 

acquisition, processing, modelling, and interpretation is provided. 

➢ The importance of conducting slope monitoring with remote sensing change 

detection analysis for understanding the post-failure evolution of the Jure 

Landslide is highlighted. Quantification and interpretation of slope processes 

based on four years of multi-sensor remote sensing data has Identified three 

main areas of interest (rockfall zones) that appear to have experienced 

progressive erosion. These source zones allowed development of a 3D 

holographic rockfall modelling application and has clearly deemed important in 

understanding the risks correlated to post-failure slope stability. 

➢ A detailed workflow for characterizing the post-failure stability conditions of a 

large landslide to properly identify, monitor, model and effectively communicate 

potential future hazards such as rockfalls (e.g., cascading and/or secondary 

hazards) is presented. 

➢ Preliminary investigative analysis on the potential slope failure mechanisms at 

Jure are presented using a 2D/3D geomechanical modelling toolbox approach. 
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Simplified 2D/3D Limit Equilibrium, Continuum, and Discontinuum workflows for 

analysing complex slope failures with high parameter uncertainty are described 

(where minimal input parameters, previous work, or borehole/piezometers data 

are available).  

➢ The importance of utilizing various methods to complement each other including 

field, remote sensing, change detection, numerical modelling, and VR/MR for 

geohazard site investigation. Moreover, this research highlights the interlinked 

relationship of geomorphic processes, including seasonal debris flows due to 

monsoonal precipitation in a seismically active region that shapes the 

morphology of the slope.  

➢ An innovative VR/MR site characterization workflow is developed and outlines 

the use of a holographic Jure Landslide geodatabase containing all the data 

collected, analyzed, modeled, and interpreted throughout this research 

embedded within a virtual world as holographs. The research in this thesis 

demonstrates how a VR/MR approach has major potential for manipulation of 

large, high-resolution big-datasets and revolutionize not only how future landslide 

investigations are conducted and communicated, but also can be applied in a 

wide range of rock engineering projects, from site investigation, to the 

construction and post-construction phases. The Jure Landslide research 

provides a useful case-study to illustrate the potential application of VR/MR 

techniques in geotechnical data collection, analysis, visualization and effective 

communication that can be implemented for future work not only at the Jure 

Landslide, but also to plan future landslide site investigation studies. 

➢ Clearly demonstrates procedures to undertake holographic discontinuity mapping 

and fracture mapping based on virtual outcrops while immersed with the VR/MR 

Jure Landslide geodatabase with multiple users. Highlights the advantages, 

disadvantages, and limitations with a comparative analysis between discontinuity 

mapping in the field, on remote sensing computer programs (manual and 

automatic), and on virtual outcrops with EasyMapMR software (developed in 

collaboration with SRK Vancouver) (Mysiorek et al., 2019a). 
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➢ Presents a fully 3D VR/MR holographic rockfall modelling application developed 

by the author as part of this research. The application of this approach is based 

on post-failure potential rockfall source zones identified in remote sensing 

change detection analysis. Constraint for the newly developed holographic 

rockfall application is provided by well known, calibrated 2D rockfall 

computational program RocFall 6.0 (RocScience, 2018i), with results embedded 

in correct referenced profiles as virtual (interactive) cross-sections on the 

holographic Jure Landslide slope. This new VR/MR virtual holographic rockfall 

modelling technique, as one part of a larger Jure Landslide geodatabase, can 

potentially advance the way rockfall identification, modelling, and mitigation are 

conducted and communicated to various stakeholders including academia, 

government, consulting clients, and communities living in potentially hazardous 

areas. The authors vision is that complex 3D problems will be solved in fully 

holographic 3D programs and suggest that over the next decade, VR/MR 

techniques will significantly advance both in terms of hardware and software 

capabilities and have the potential to revolutionize the way engineers and 

geoscientists conduct geohazard site investigations. A video holographic rockfall 

demonstration is available at: Link. 

8.3. Recommendations for Future Work 

It is important to note that this project is a first investigative analysis, with high 

uncertainty due to the limited previous research at the site. Numerous assumptions have 

been required to undertake preliminary numerical modelling; as such these models may 

be regarded as exploratory models only with the objective of improving understanding of 

possible failure mechanisms involved in the Jure Landslide. Future work that is 

recommended includes: 

➢ Monitoring and Mitigation: 

o Further multi-sensor remote sensing (TLS, TDP, UAV-SfM, 

Thermal, Hyperspectral, etc.) surveys at the Jure Landslide site 

should be undertaken, preferably at the same field stations to 

allow continued change detection analysis in order to assess if the 

slope is still experiencing ongoing post-failure movements in the 

https://youtu.be/mfzE-iguzPg
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identified areas of interest. These remote sensing techniques, 

namely TLS and UAV multi-sensor approach, have deemed highly 

successful for this research in acquiring robust datasets with 

minimal gaps/occlusions. Inspection of volume changes on the 

talus cone directly below the southern headscarp should be 

undertaken on a frequent basis. At this location, material appears 

to be eroding from source 1 above (AOI1) and accumulating as 

fragmented debris directly below. The possibility of this debris 

being mobilized with further accumulation and monsoonal 

precipitation to initiate a rock/debris flow (cascading/secondary 

hazards) should be considered in future studies and continued 

monitoring/mitigation undertaken. 

o Implementing borehole slope monitoring equipment to warn and 

identify if further movement is occurring is a recommended 

practice for large landslides (e.g., inclinometers, piezometers) but 

can be costly in remote mountainous areas. Wireline 

extensometers above the headscarp and across tension cracks 

provides a low-cost alternative when combined with remote 

sensing change detection. A practical and important action would 

be communicating areas of concern within the Crown zone to local 

inhabitants that live in proximity to the Jure Landslide as they 

continuously walk above the headscarp and could conduct simple 

visual examination of cracks, potentially warning if noticeable 

movement has occurred. Furthermore, the feasibility of diverting 

creeks draining into the headscarp (using local inexpensive 

methods) should be investigated as these change the landslide 

debris with surface runoff. Any diverted water must be routed 

carefully. 

➢ Preliminary geomechanical modelling in this thesis has been 

implemented in order to project into the virtual Jure Landslide 

geodatabase as holographic models for effective communication. 

Therefore, further advanced modelling could include fluctuating water 

table (e.g., elevated table for monsoon), seismic input, and rock mass 



 

205 

anisotropy (e.g., foliation). In addition, geotechnical laboratory testing of 

rock samples for reliable input parameters for numerical modelling. 

➢ Future testing of the application of VR/MR methods for geotechnical and 

geoscience research and consulting. Further investigation on virtual 

discontinuity mapping techniques and developed VR/MR holographic 

rockfall modelling application, preferably validated with other 3D rockfall 

software and/or at a field tested rockfall site with abundant 

accelerometers attached to individual rocks such as the Nicolum Quarry 

site near Hope, BC (Wyllie and Shevlin, 2015) (Video can be found at: 

link). 

➢ Holographic geohazard (e.g., landslide runout, debris flow, avalanches, 

lava flows, etc.) modelling with various 3D modelling software. 

➢ Further investigation on landslides that generate local seismic events to 

investigate the potential relationships between waveforms and landslide 

characteristics (e.g., volume, velocity, type of movement, etc.). 

➢ Development and application of machine learning (ML) approaches for 

the semi-automated discontinuity mapping across large multi-sensor 

remote sensing datasets and with direct input into a VR/MR site 

investigation database. 

This research study presents a preliminary engineering geological 

characterization of the Jure Landslide utilizing a combined field, remote sensing, GIS, 

numerical modelling, and VR/MR approach. The research has provided important 

insights on the potential failure mechanisms, site characterization, post-failure stability, 

as well as new innovative methods for rock engineering investigation. The techniques 

employed throughout this thesis can not only be applied to further investigation of 

landslide hazards in Nepal but can also be implemented for various rock engineering site 

investigations throughout the world to effectively characterize, and most importantly, 

efficiently communicate complex sites. 

https://youtu.be/GwXHBdo9Zl4
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Appendix A.   

Supplementary Field Data 

Description: 

The accompanying PDF provides a complete summary table of all field measurements 

obtained, field GIS locations/maps and traversed GPS maps. 

Filename: 

JMysiorekMSc_AppendixA_FieldData.pdf 
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Appendix B 

Descriptive Terrain Symbols (Howes and Kenk, 1997) 

Description: 

The accompanying PDF provides a complete summary of terrain symbols with 

description utilized in this research. 

Filename: 

JMysiorekMSc_AppendixB_TerrainSymbols.pdf 
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Appendix C 

Local Jure Landslide Seismic Recorded Activity 

Description: 

The accompanying PDF provides a complete seismic data recorded from Taplejung to 

Pyuthan District stations on August 2nd, 2014 AD morning with National Earthquake 

Centre Summary table of intensity. 

Filename: 

JMysiorekMSc_AppendixC_SeismicData.pdf 
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Appendix D 

Geomechanical Modelling Codes 

Description: 

The accompanying PDF provides a numerical modelling codes utilized for preliminary 

Jure Landslide modelling in this research. 

Filename: 

JMysiorekMSc_AppendixD_GeomechanicalCodes.pdf 
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Appendix E.   

Supplementary Rockfall Simulation Data 

Description: 

The accompanying PDF provides 2D and 3D holographic rockfall results and graphs. 

Filename: 

JMysiorekMSc_AppendixE_Rockfall.pdf 

 


