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ABSTRACT 

Landslides are a common geological hazard causing immense damage to life and structures 

around the world. In the nation of Fiji, especially on the main island of Viti Levu, landslides 

repeatedly damage key pieces of infrastructure such as arterial roads. This study addresses the 

issue of understanding the properties and mechanism of landslides in tropical residual soils 

triggered mostly by tropical cyclones and long-duration rainstorms. The study firstly began by 

understanding landslides along Kings Road in Viti Levu, Fiji in the aftermath of a Tropical 

Cyclone. This road of national importance is repeatedly affected by landslides during major 

rainfall events. The second phase of the study investigated the engineering properties of tropical 

residual soils of varying parent lithologies prone to landslides along roads in Viti Levu. The 

landslides were found to be numerous, but small, shallow and of complex types whereby 

rotational and translational earth and debris landslides transformed into flows. Residual soils 

most prone to slope failure along Kings Road, Lololo Road and Namosi Roads in Viti Levu are 

cohesive, plastic, sensitive, have low permeability and low residual strength. Failures are mostly 

driven by the formation of a perched water table during heavy rainfall, leading to excess pore-

water pressures to trigger the landslide. The third phase of study examined a specific landslide 

(the Kasavu Landslide). Computer modelling of this showed how the Kasavu Landslide 

materials were highly sensitive to increasing groundwater levels, with failure mechanisms 

varying with location in different parts of the landslide. No relationship was apparent between 

the engineering properties of failure-prone residual soils and underlying lithologies, but this 

requires further study. Tropical cyclones and floods affect Fiji annually, hence a proactive 

approach is needed to managing landslides hazards along Fiji’s trunk routes by relevant 

authorities. Several recommendations with regards to slope monitoring and stabilization have 

been made in this thesis which relevant authorities can consider. Monitoring slopes via 
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Unmanned Aerial Vehicles, groundwater and precipitation are considered most useful for Fiji’s 

environment while relevant stabilization techniques not yet tried include use of soil nails and 

counterfeit drains. 



v 

 

ACKNOWLEDGMENTS 

First and foremost, I am grateful to the New Zealand Ministry of Foreign Affairs and Trade for 

awarding me the New Zealand Pacific Scholarship which enabled me to undertake my doctoral 

research at The University of Auckland. It has been a tough, but equally rewarding, 3 years 9 

months away from home and I would always be grateful to my sponsors for all the study abroad 

experience. Secondly, I extend my sincere appreciation to my supervisors, Dr. Martin Brook 

and Prof. Shane Cronin, who took on the supervision duties without much hesitation despite my 

limited background in engineering geology. Thank you for having the faith in me. Thirdly, my 

heartfelt gratitude to all the individuals who have been part of this project right from its inception 

to execution, in order of appearance: Prof. Michael Petterson, whose initial chat gave me the 

much needed confidence to pursue studies in engineering geology; Dr. Mark Stephens, for 

sharing with me his research on landslides in Ba and giving some initial research ideas; the now 

Late Mr. Peter Rodda for providing some key pieces of Fiji landslides literature; Assoc. Prof. 

Mark Dickson for taking on initial doctoral supervision duties;  Mr. Eddie de Vries and Mr. 

Wian Cadle for assisting with site-selection and providing relevant information for Kings Road; 

Dr. Kifle Kahsai and Mr. Greg Morris for assisting with information and fieldwork in Namosi; 

Dr. Paul Taylor for his hospitality during fieldwork in Fiji; Dr. Nick Richards for letting me tag 

along his engineering geology lab and field classes and answering relevant queries; Prof. 

Phillipa Black for her guidance on XRD and SEM analysis; and all the technical staff in School 

of Environment for their friendly assistance with lab work and use of field equipment. Finally, 

to all my teachers, family, friends and favourite artists, who have provided some light during 

the dark phases of my life, thank you! 

  



vi 

 

TABLE OF CONTENTS 

 

ABSTRACT ................................................................................................................ iii 

ACKNOWLEDGMENTS .............................................................................................. v 

Table of Contents ...................................................................................................... vi 

LIST OF FIGURES ...................................................................................................... x 

LIST OF TABLES ..................................................................................................... xvi 

Chapter 1: Introduction ............................................................................................. 1 

1.1 Introduction ................................................................................................................... 1 

1.2 Landslide Hazards in Fiji .............................................................................................. 2 

1.3 Aims and Objectives ..................................................................................................... 6 

1.4 Thesis Structure............................................................................................................. 8 

Chapter 2: Landslides in Fiji ................................................................................... 11 

2.1 Tectonic and Geological History ................................................................................ 11 

2.1.1 Tectonics .............................................................................................................. 11 

2.1.2 Geology ................................................................................................................ 13 

2.2 Geomorphology and Climate ...................................................................................... 15 

2.2.1 Geomorphology ................................................................................................... 15 

2.2.2 Climate ................................................................................................................. 18 

2.3 Soils ............................................................................................................................. 22 

2.3.1 Soil Classification ................................................................................................ 22 

2.3.2 Tropical Residual Soils ........................................................................................ 25 

2.3.3 Landuse and Landcover ....................................................................................... 34 

2.4 Landslides in Viti Levu ............................................................................................... 35 

2.4.1 Landslide Definition and Classification .............................................................. 35 

2.4.2 Factors Causing Landslides ................................................................................. 42 



vii 

 

2.5 Summary ..................................................................................................................... 47 

Chapter 3: Geomorphological Characteristics of Slope Failures in Northeast Viti 

Levu Island, Fiji, Triggered by Tropical Cyclone Winston in February 2016 ...... 49 

3.1 Introduction ................................................................................................................. 50 

3.2 Study Area ................................................................................................................... 52 

3.3 STC Winston ............................................................................................................... 54 

3.4 Methods ....................................................................................................................... 57 

3.5 Results ......................................................................................................................... 58 

3.6 Discussion ................................................................................................................... 65 

3.6.1 Slope Failure Characteristics and Mechanisms ................................................... 65 

3.6.2 Rainfall Thresholds .............................................................................................. 68 

3.6.3 Mitigation Measures ............................................................................................ 71 

3.7 Conclusion .................................................................................................................. 73 

3.8 Acknowledgments ....................................................................................................... 74 

Chapter 4: Engineering Characteristics of Soils Prone to Rainfall-induced Slope 

Failure in Viti Levu, Fiji Islands ............................................................................... 75 

4.1 Introduction ................................................................................................................. 76 

4.2 Study Area ................................................................................................................... 78 

4.3 Methods ....................................................................................................................... 81 

4.4 Results ......................................................................................................................... 82 

4.5 Discussion ................................................................................................................... 92 

4.6 Conclusion .................................................................................................................. 97 

4.7 Acknowledgements ..................................................................................................... 98 

4.8 Funding ....................................................................................................................... 98 

Chapter 5: Engineering Geomorphological Investigation of Kasavu landslide, 

Viti Levu, Fiji ............................................................................................................. 99 

5.1 Introduction ............................................................................................................... 100 

5.2 Study Area ................................................................................................................. 102 

5.3 Methods ..................................................................................................................... 103 



viii 

 

5.4 Results ....................................................................................................................... 105 

5.4.1 Geomorphology ................................................................................................. 105 

5.4.2 Geotechnical Properties ..................................................................................... 106 

5.4.3 Timeline of Slope Failure and Rainfall in the Kasavu Area .............................. 111 

5.5 Discussion ................................................................................................................. 114 

5.5.1 Geology and Geomorphology............................................................................ 114 

5.5.2 Rainfall Triggering ............................................................................................ 116 

5.5.3 Subsurface Drainage Characteristics ................................................................. 118 

5.6 Conclusion ................................................................................................................ 119 

5.7 Acknowledgements ................................................................................................... 120 

Chapter 6: Slope Stability Modelling of Kasavu Landslide ................................ 121 

6.1 Introduction ............................................................................................................... 121 

6.2 Slope Stability Modelling Approaches and Kasavu Landslide ................................. 123 

6.3 Site Characteristics and Model Setup ....................................................................... 125 

6.3.1 Site Parameterization ......................................................................................... 125 

6.3.2 Model Parameterization ..................................................................................... 127 

6.4 Modelling Methods ................................................................................................... 128 

6.4.1 Limit Equilibrium Method (SLIDE) .................................................................. 128 

6.4.2 Finite Element Method (RS2) ............................................................................ 131 

6.5 Results ....................................................................................................................... 133 

6.5.1 Limit Equilibrium Modelling (SLIDE) ............................................................. 133 

6.5.2 Finite Element Modelling (RS2) ....................................................................... 137 

6.6 Discussion ................................................................................................................. 142 

6.6.1 Limit Equilibrium Modelling ............................................................................ 142 

6.6.2 Finite Element Method ...................................................................................... 144 

6.6.3 Reliability of Model Outputs ............................................................................. 145 

6.6.4 Future Monitoring .............................................................................................. 147 

6.6.5 Slope Stability and Climate Change .................................................................. 148 

6.7 Conclusion ................................................................................................................ 149 



ix 

 

Chapter 7: Synthesis ............................................................................................. 150 

7.1 Introduction ............................................................................................................... 150 

7.2 Soil Engineering Properties....................................................................................... 153 

7.3 Rainfall Thresholds ................................................................................................... 155 

7.4 Landslide Monitoring ................................................................................................ 159 

7.4.1 Active Waveguides (AEWG) ............................................................................ 161 

7.4.2 Inclinometers ..................................................................................................... 162 

7.4.3 Shape Acceleration Array (SAA) ...................................................................... 163 

7.4.4 Tilt Meters.......................................................................................................... 163 

7.4.5 Tracking of GPS/GNSS Markers ....................................................................... 164 

7.4.6 Automatic Weather Stations (AWS).................................................................. 165 

7.4.7 Piezometers ........................................................................................................ 166 

7.4.8 Unmanned Aerial Vehicle (UAV) Imaging ....................................................... 166 

7.4.9 LiDAR ............................................................................................................... 167 

7.4.10 InSAR Monitoring ............................................................................................. 168 

7.4.11 Monitoring Summary ......................................................................................... 169 

7.5 Engineering Mitigation ............................................................................................. 170 

Chapter 8: Conclusion ........................................................................................... 180 

8.1 Research Findings ..................................................................................................... 180 

8.2 Study Limitations and Future Research .................................................................... 182 

8.3 Recommendations ..................................................................................................... 183 

References .............................................................................................................. 186 

 



x 

 

LIST OF FIGURES 

Figure 1.1: A) Location of Fiji in the South Pacific Ocean; B) Map of Fiji Islands showing the location 

of Viti Levu; C) Enlarged map of Viti Levu showing the island’s relief and topography. ............... 3 

Figure 2.1: Reconstruction of the outer Melanesian region showing tectonic setting of Fiji: A) at 

present; B) 10 Ma; C) 5 Ma (modified from Begg and Gray 2002; Rahiman and Pettinga 2008). 12 

Figure 2.2: Generalized geological map of Viti Levi with major faults (modified from Hathway 1993; 

Begg and Gray 2002). ..................................................................................................................... 15 

Figure 2.3: A) Terrain map of Viti Levu from Googleearth; B) Onshore-offshore fault map of Suva 

Harbour showing structural control on coastal morphology and the offshore continuation of 

onshore structural lineaments. Lower-hemisphere stereonets showing attitudes of representative 

fracture data (modified from Rahiman and Pettinga 2008). ............................................................ 17 

Figure 2.4: Map of Viti Levu showing location and mean annual rainfall at various climate stations 

(modified from Kumar et al. 2014; data courtesy of Fiji Meteorological Service). ........................ 20 

Figure 2.5: Tracks of cyclones traversing through Viti Levu from 1972 to 2016 (modified from 

Australian Government Bureau of Meteorology 2019). Note: All the cyclone tracks move 

southwards. ...................................................................................................................................... 22 

Figure 2.6: Some of the different soil colours derived from volcanic parent material in Viti Levu, Fiji. 

Haematite (iron oxide) gives the soils a red colour while goethite (hydrated iron oxide) gives soil a 

brown or ochreous colour. ............................................................................................................... 25 

Figure 2.7: A) Formation of residual of residual and sedimentary (transported) soils; B) Simplified 

profile of residual soil; C) Simplified profile of sedimentary soil (modified from Wesley 2010). . 27 

Figure 2.8: A typical residual soil profile in Viti Levu, Fiji (modified from Lovegrove and Fookes 

1972)................................................................................................................................................ 28 

Figure 2.9: Weathering sequence leading to formation of clay minerals from various primary minerals 

and rocks (modified from van der Merwe 1965; Gonzalez de Vallejo et al. 1981; Blight 2012). .. 29 

Figure 2.10: A) Effect of drying on plasticity of volcanic soils (from Fourie et al. 2012); B) The 

conventional plasticity chart and several tropical residual soils (from Wesley 2010); C) Shearing 

resistance angles of various clay minerals (from Fookes 1997). ..................................................... 33 

Figure 2.11: Commonly used terminology for describing landslide features (modified from USGS 

2004)................................................................................................................................................ 36 

Figure 2.12: Major types of landslide movements: Slides (A, B, C); Fall (D); Topple (E); Flow (F, G, 

H, I); Spread (J) (from USGS 2004). .............................................................................................. 37 

Figure 2.13: Five common types of soil slope failure along mountain roads (from Hearn et al. 2011a).

 ......................................................................................................................................................... 38 



xi 

 

Figure 2.14: Various types of landslides observed along main roads in Viti Levu, Fiji (classification 

based on Cruden and Varnes (1996)): A) Earth Slump; B) Earth Slump-Flow; C) Debris Slide-

Flow; D) Rock Fall; E) Block Slide; F) Earth Spread-Flow. ........................................................... 41 

Figure 3.1: A) Geological map of NE Viti Levu, Fiji [adapted from Hirst (1967) and Stratford and 

Rodda (2000)] showing locations of slope failures induced by STC Winston along Kings Road. 

Inset: Map of Viti Levu showing location of study area and the STC Winston path; B) 

Topographic map of NE Viti Levu with random locations of slope failures in the study area 

(modified from Fiji Lands Information System data). ..................................................................... 53 

Figure 3.2: A) Track map of Tropical Cyclone Winston through southwest Pacific Ocean from 11 to 24 

February 2016. Points of the cyclone centre are given in FJT (GMT+12) in day of month/hours 

format (dd/hh) (data from Weather Underground, 2017). Inset enlarged map of Viti Levu showing 

location of Fiji Meteorological Service climate stations; B) Radar imagery from Fiji 

Meteorological Service Nadi station showing STC Winston rainfall rates at 6.54 am, 20 February 

2016 (Image courtesy of Fiji Meteorological Service). ................................................................... 56 

Figure 3.3: Types of slope failures observed in the study area triggered by STC Winston and their 

morphometric features. Yellow dashed lines depict heard scarps and black dotted lines show 

bedrock exposed on failure surfaces: A) Debris slide on near-vertical batters on recent surficial 

deposits (S-1); B) Debris slump on natural hill slope with weathering grade (WG) IV residual soil 

on sedimentary rock (S-2); C) Complex 2 (Earth slide with a flow component) on excavated 

residual soil (WG V) on Mbarotu sandstone (S-5 and S-6); D) Complex 1 (Debris slide with a flow 

component) on natural hill slope with residual soil (WG V) on Lawalevu sandstone (S-57); E) 

Complex 3 (debris slump with a flow component) affecting part of battered hillslope with WG IV-

V residual soil on Wailoa conglomerate (S-25); F) Complex 2 (earth slide with a flow component) 

in excavated WG V residual soil on Mbarotu sandstone (S-7); G) Earth slump on battered WG V-

VI residual soil on Rokavukavu basalt (S-8); H)  Earth slide on excavated WG IV-V residual soil 

on Wailoa conglomerate (S-19); I) Complex 3 (debris slump with flow component) on part of 

excavated slope comprised of WG IV residual soil on Wailoa conglomerate (S-13); J) Complex 4 

(debris slump with flow component) on natural hill slope with WG V-VI residual soil on Wailoa 

conglomerate (S-16). ....................................................................................................................... 63 

Figure 3.4: A) Relationship between elevation and dimensions of the STC Winston induced landslides 

described in this study; B) Relationship between slope angle and dimensions of STC Winston 

landslides; C) Relationship between elevation and slope angle and area for the STC Winston 

landslides. ........................................................................................................................................ 64 

Figure 3.5: A) A 30-day time series plot of daily (bars) and cumulative rainfall (line) at Monasavu and 

Penang Rainfall Stations from 19 January to 19 February 2016 and tropical cyclone Winston (20 

to 21 February); B) A 13-month time series plot of monthly (bars) and cumulative rainfall (line) 

with mean values from Monasavu and Penang Rainfall Stations from February 2015 to February 

2016 (Data courtesy of Fiji Meteorological Service). ...................................................................... 69 



xii 

 

Figure 3.6: Current slope engineering methods identified along the Kings Road, Fiji: A) Gabions to 

stabilise a relict slope failure; B) Horizontal drains (arrowed) in retaining walls; C) Drainage 

channels at base of gabion retaining structures; D) Excavated slope batters with horizontal benches 

cut at several heights. ...................................................................................................................... 72 

Figure 4.1: Generalized geological map of Viti Levu, Fiji showing locations of sampled slope failures 

along KR, NR and LR. Inset map shows regional geologic setting of Fiji (adapted from Begg and 

Gray 2002). ...................................................................................................................................... 79 

Figure 4.2: Typical weathering profile of residual soils in Fiji (modified from Lovegrove and Fookes 

1972)................................................................................................................................................ 80 

Figure 4.3: Selected 2016 slope failures sampled, showing typical terrain and vegetation encountered: 

A) slumped blocks adjacent to pre-2016 slope failure along site KR2. Arrowed person added for 

scale; B) steep (60º) headscarp with planar failure surface exposed along reinstated site KR3; C) 

slumped blocks adjacent to settlement along reinstated section of site KR6; D) earthflow 

headscarp with water emerging at toe (site KR9); E) shallow translational slip under thin pine 

forest along site LR1; and, F) steep headscarp next to the reinstated site NR5. ............................. 84 

Figure 4.4: A) Clay minerals identified in NR1 soil samples using XRD pattern generated from CuKα 

radiation; B) SEM photomicrographs of KR2, KR7 and NR4 soil samples showing various 

minerals identified; E erionite, K kaolinite, S smectite, Q quartz. .................................................. 86 

Figure 4.5: Particle-size distribution graph of soil samples from the study area. ................................... 88 

Figure 4.6: Casagrande plasticity chart of soil samples from the study area. The A-Line is based on 

NZGS (2005). Vertical dashed lines represent boundaries between plasticity zones. .................... 89 

Figure 4.7: Activity plot of the relationship between PI and clay fraction for all samples (modified from 

Skempton 1953). ............................................................................................................................. 89 

Figure 4.8: Example Mohr-Coulomb failure envelope of LR2 soil sample obtained from ring shear 

testing. ............................................................................................................................................. 91 

Figure 5.1: Regional geology of the Kasavu Slip study area, in southeast Viti Levu, Fiji. Note: Waidina 

Sandstone (WS) transitions to Suva Marl (SM) towards south (coordinate system is Fiji Map Grid 

1986 Transverse Mercator). .......................................................................................................... 103 

Figure 5.2: Simplified geomorphological map of the December 2016 Kasavu Slip, showing position of 

section A-A’ and boreholes (see Fig. 5.4; coordinate system is Fiji Map Grid 1986 Transverse 

Mercator). ...................................................................................................................................... 105 

Figure 5.3: A) UAV photomosaic of the 17/18 December 2016 Kasavu Slip (section A-A’), and the 

section of the 28 February 2014 slip (B-B’); aerial image (B) of the headscarp of Kasavu Slip from 

December 2017, with concentric tension cracks visible (C); D) reinstated section of the 28 

February 2014 slip, with erosional piping tunnel and groundwater (E) exposed by trial pit; F) 

shallow earthflow formed on 27° slope in paddock close to December 2016 Kasavu Slip. ......... 108 

Figure 5.4: Cross-section (top) of the December 2016 Kasavu Slip, showing simplified stratigraphy 

from boreholes; cross-section (bottom) of the 28 February 2014 slip, showing approximate slip 

surface and reinstated batter. ......................................................................................................... 109 



xiii 

 

Figure 5.5: Engineering and mineralogical properties of Kasavu soil sample, including: A) particle size 

distribution graph; B) XRD plot showing minerals identified; C) soil index properties; W In-situ 

Moisture Content (%); D10 Effective Particle Size (μm); DD Dry Density (g/cm3); LL Liquid Limit 

(%); PL Plastic Limit (%); PI Plasticity Index; LI Liquidity Index; CI Consistency Index; ; D) soil 

geotechnical properties; UCS Unconfined Compressive Strength (kPa); φ'r Residual Friction Angle 

(°); Su Undisturbed Shear Vane (kPa); Sd Disturbed Shear Vane (kPa); SI Sensitivity Index; ECN 

Emerson Class Number; E) SEM image showing soil fabric; F) SEM image showing presence of 

mineral smectite, S. ........................................................................................................................ 110 

Figure 5.6: Historical land use change and road development in the Kasavu Slip area 1978 to 2018. The 

road alignment is along a low ridgeline marking the interfluve between west-draining and east-

draining catchments. Road-straightening of the area subject to recent slope failure occurred 

between 1978 and 1986. ................................................................................................................ 113 

Figure 5.7: Daily rainfall totals (vertical bars) for 2013-2017 and yearly cumulative rainfall amounts 

(blue). The black dashed lines represent the daily monotonic cumulative rainfall for each year. . 114 

Figure 5.8: A) A time series plot of daily (bar), cumulative (line) and 3-day (dashed line) total rainfall 

for February 2014; B) A time series plot of daily (bar), cumulative (line) and 3-day (dashed line) 

total rainfall for 17 November to 18 December 2016; C) A 12-month time series plot of monthly 

(bars) and cumulative rainfall (lines) from March 2013 to February 2014; D) A 12-month time 

series plot of monthly (bars) and cumulative rainfall (lines) from January to December 2016. ... 117 

Figure 6.1: A) View of the Kasavu landslide headscarp area, facing SW. Arcuate tension cracks extend 

across the sealed surface; B) View of the Kasavu landslide headscarp taken from the toe area, 

facing NW (photos taken on 12 January 2017).............................................................................. 124 

Figure 6.2: Kasavu landslide, showing the topographic section (A-A) used for modelling, and location 

borehole data used for model parameterization. ............................................................................ 125 

Figure 6.3: Lithological units used to construct the geological model for Kasavu landslide: A) Road fill 

exposed at the headscarp and failed clay-silty soil; B) Weathering profile of Waidina Sandstone 

bedrock exposed at a quarry 2.8 km south of the landslide, showing clay-silty soil layer overlying 

Waidina sandstone at different stages of weathering; C) Transported lobe of colluvium/clay at the 

landslide toe (photos taken on 12 January 2017). .......................................................................... 126 

Figure 6.4: Model set-up with low-groundwater table scenario in SLIDE. Horizontal grey arrows 

represent boundary limits of the model and blue triangles and line represent the water table. ..... 130 

Figure 6.5: Model set-up with high-groundwater table scenario in SLIDE. Horizontal grey arrows 

represent boundary limits of the model and blue triangles and line represent the water table. ..... 131 

Figure 6.6: Model set-up with low-groundwater table scenario (blue line and triangles) in RS2. ....... 133 

Figure 6.7: Model set-up with high-groundwater table scenario (blue line and triangles) in RS2. ...... 133 

Figure 6.8: Model output from SLIDE using the Janbu Simplified method under the low-groundwater 

scenario, showing the critical failure surface and respective FoS values in the headscarp and toe 

regions of the Kasavu landslide. .................................................................................................... 135 



xiv 

 

Figure 6.9: Model output from SLIDE using the Bishop Simplified method under the low-groundwater 

scenario, showing the critical failure surface and respective FoS values in the headscarp and toe 

regions of the Kasavu landslide. .................................................................................................... 135 

Figure 6.10: Model output from SLIDE using the Janbu Simplified method under the high-groundwater 

scenario, showing the critical failure surface and respective FoS values in the headscarp and toe 

regions of the Kasavu landslide. .................................................................................................... 136 

Figure 6.11: Model output from SLIDE using the Ordinary/Fellenius method under the high-

groundwater scenario, showing the critical failure surface and respective FoS values in the 

headscarp and toe regions of the Kasavu landslide. ...................................................................... 137 

Figure 6.12: Model output from RS2 showing horizontal displacement in Kasavu landslide under the 

low-groundwater scenario. ............................................................................................................ 139 

Figure 6.13: Model output from RS2 showing vertical displacement in Kasavu landslide under the low-

groundwater scenario. ................................................................................................................... 139 

Figure 6.14: Model output from RS2 showing total displacement in Kasavu landslide under the low-

groundwater scenario. ................................................................................................................... 140 

Figure 6.15: Model output from RS2 showing horizontal displacement in Kasavu landslide under the 

high-groundwater scenario. ........................................................................................................... 140 

Figure 6.16: Model output from RS2 showing vertical displacement in Kasavu landslide under the 

high-groundwater scenario. ........................................................................................................... 141 

Figure 6.17: Model output from RS2 showing total displacement in Kasavu landslide under the high-

groundwater scenario. ................................................................................................................... 141 

Figure 6.18: Plots of Strength Reduction Factor (SRF) vs Maximum Total Displacement showing 

critical SRF for the two modelled scenarios in RS2: A) low groundwater table and B) high 

groundwater table. ......................................................................................................................... 142 

Figure 6.19: A) Planar layer within road sub-base (arrowed) exposed by failure plane in headscarp; B) 

tension cracking (<10 mm separation) next to bund in road seal, indicating ongoing retrogressive 

slumping failure. ............................................................................................................................ 143 

Figure 6.20: Comparison of Bishop’s Simplified Method critical slip surfaces resolved in the toe area 

under the low water table (A) and high-water table (B) scenarios. ............................................... 144 

Figure 6.21: Different types of piezometers (Vallego and Ferrer 2011). ............................................. 148 

Figure 7.1: A) A core stone-bearing residual soil profile from Hong Kong (modified from Malone 

1990); B) Hydrogeological conditions in a complex residual soil profile (modified from Hencher 

and McNicholl 1995). This type of development could occur easily in Fiji, due to the commonly 

volcanic and volcano-sedimentary substrate, where dykes and contact features juxtaposed different 

rock textures and lithologies together. .......................................................................................... 154 

Figure 7.2: Comparison of rainfall intensity-duration data from this study and Terry (2007), with 

established global intensity-duration (ID) curves (modified from Jeong 2015)............................ 157 

Figure 7.3: Maximum landslide triggering thresholds for 1996 (solid line) and 1974 (broken line) for 

Wellington region in New Zealand (from Crozier 1999). ............................................................. 159 



xv 

 

Figure 7.4: Common simple methods of landslide monitoring (modified from Hearn and Hunt 2011).

 ....................................................................................................................................................... 161 

Figure 7.5: Illustration of permanently installed subsurface movement monitoring techniques; A) 

AEWG monitoring; B) SAA; and C) tilt meter (modified from Uhlemann et al. 2016). .............. 164 

Figure 7.6: Common failure surface forms in soiled slopes (from Hearn et al. 2011a). ....................... 171 

Figure 7.7: Example counterfort drain system in a UK road cutting in clay that could work in Fiji: A) 

shallow translational ‘type 3’ failure (i.e. an ‘overslip’) above the M11 in Essex, UK; B) 

excavation of the counterfort trenches downslope using a backhoe; C) cross-section of a 

counterfort drain; D) finished series of counterfort drains (modified from Macdonald et al. 2012).

 ....................................................................................................................................................... 179 

 



xvi 

 

LIST OF TABLES 

Table 1.1: Summary of geological formations and groups in selected study areas in Viti Levu, Fiji 

(adapted from Rodda and Band 1966)............................................................................................... 7 

Table 2.1: Distribution of land classes in Fiji (km2) (modified from Macfarlane et al. 2009). .............. 16 

Table 2.2: Long-term mean daily maximum and minimum temperatures (°C) for Suva and Nadi (1961-

1990) (Fiji Meteorological Service 2011). ...................................................................................... 19 

Table 2.3: Summary of soils in Fiji according to Soil Taxonomy Classification (from Morrison et al. 

1990)................................................................................................................................................ 23 

Table 2.4: Summary of the proposed new version of the Varnes classification system (from Hungr et 

al. 2014). ......................................................................................................................................... 39 

Table 2.5: Grouping landslides by area (Cornforth 2005). ..................................................................... 41 

Table 2.6: Main conditioning and triggering factors controlling the stability of rock and soil slopes 

(modified from Hearn 2011a). ......................................................................................................... 43 

Table 2.7: Various trigger factors of landslides, their definition and examples from literature (modified 

from Froude and Petley 2018). ........................................................................................................ 44 

Table 2.8: Summary table listing previously documented subaerial landslide events in Fiji (in 

chronological order), and their triggering and conditioning factors (modified from Stephens et al. 

2018)................................................................................................................................................ 45 

Table 3.1: Location, morphometric and lithological parameters of STC Winston induced slope failures 

in the study area; E elevation (m), L length (m), W width (m), S slope (°), An area (m2), UL 

underlying lithology, SD surficial deposits, MS Mbarotu sandstone, VG Vatukoro greywacke, RB 

Rokavukavu basalt, WC Wailoa conglomerate, LS Lawalevu sandstone. Complex 1, 2, 3, and 4 

refer to debris slide, earth slide, debris slump, and earth slump, respectively with all having a flow 

component. ...................................................................................................................................... 60 

Table 3.2: Comparing maximum daily rainfall during STC Winston with five strongest TC’s recorded 

in Fiji since 1971 (Data courtesy of Fiji Meteorological Service). ................................................. 70 

Table 4.1: Location, underlying lithology and topographic description of sampled slope failures in the 

study area. ........................................................................................................................................ 82 

Table 4.2: Summary of minerals present in the clay fraction of soil samples and their relative 

abundance. ....................................................................................................................................... 86 

Table 4.3: Summary of soil index properties. ......................................................................................... 87 

Table 4.4: Summary of soil geotechnical properties .............................................................................. 90 

Table 5.1: Approximate timeline of land development and slope failure in the vicinity of Kasavu Slip 

(information sourced from Fiji Roads Authority reports, Fulton-Hogan reports, historic aerial 

imagery, and news media). ............................................................................................................ 111 



xvii 

 

Table 6.1: Methods for analysis of slope stability (modified from Coggan et al. 1998). ..................... 123 

Table 6.2: Geotechnical properties of materials used in Kasavu Landslide (from Entec 2017). Fill 

colours in lithology column correspond to the lithological colour palette used for the models 

below. ............................................................................................................................................. 127 

Table 6.3: Characteristics of equilibrium methods of slope stability analysis (from Duncan and Wright 

1980 and Duncan 1996). ................................................................................................................ 129 

Table 6.4: Water table depths in meters below ground level (bgl) and lateral distance from the 

headscarp for the two groundwater scenarios (based on site observations). .................................. 131 

Table 6.5: Summary of FoS results obtained using the LEM methods in SLIDE modelling for the 

Kasavu landslide. The lowest FoS for the headscarp and toe areas under the two water table 

scenarios are in bold. ..................................................................................................................... 134 

Table 6.6: Displacement and Critical Strength Reduction Factor (SRF) values obtained from Finite 

Element Modelling (FEM) of Kasavu landslide under low and high groundwater scenarios. ...... 138 

Table 6.7: Recommended factor of safety (FoS) values (Savao 2004). ................................................ 146 

Table 7.1: Engineering properties of some tropical soils (modified from Rigo et al. 2006). ............... 155 

Table 7.2: Options for soil slope stabilization (modified from Hearn et al. 2011a). ............................ 174 

Table 7.3: Typical engineering management options for the failure types shown in Figure 2.13 

(modified from Hearn et al. 2011a). .............................................................................................. 175 

 



 

 

 

 

 

Co-Authorship Form 

 

 

 

  Last updated: 28 November 2017 

School of Graduate Studies 
AskAuckland Central 
Alfred Nathan House 
The University of Auckland 
Tel: +64 9 373 7599 ext 81321 
Email: postgradinfo@auckland.ac.nz 

This form is to accompany the submission of any PhD that contains published or unpublished co-authored 

work. Please include one copy of this form for each co-authored work. Completed forms should be 

included in all copies of your thesis submitted for examination and library deposit (including digital deposit), 

following your thesis Acknowledgements. Co-authored works may be included in a thesis if the candidate has 

written all or the majority of the text and had their contribution confirmed by all co-authors as not less than 

65%.  

 

 
 

CO-AUTHORS 
 

Name Nature of Contribution 

Martin S. Brook Contributed to research design and methods, assisted with figures, edited and 
commented on the manuscript throughout the drafting and revision process.   

Shane J. Cronin Contributed to fieldwork, edited and commented on the manuscript. 

            

            

            

            

 
 

Certification by Co-Authors 
 

The undersigned hereby certify that: 

 the above statement correctly reflects the nature and extent of the PhD candidate’s contribution to this 

work, and the nature of the contribution of each of the co-authors; and 

 that the candidate wrote all or the majority of the text.
 

Name Signature Date 

Martin S. Brook  24 July 2019 

Shane J. Cronin 

 

24 July 2019 

   

   

Please indicate the chapter/section/pages of this thesis that are extracted from a co-authored work and give the title 

and publication details or details of submission of the co-authored work. 

Chapter 3: Geomorphological characteristics of slope failures in northeast Viti Levu island, Fiji, triggered by Tropical 
Cyclone Winston in February 2016 

Publication details: Ram, A. R., Brook, M. S., & Cronin, S. J. (2018). Geomorphological characteristics of slope 
failures in northeast Viti Levu island, Fiji, triggered by Tropical Cyclone Winston in February 2016. New Zealand 
Geographer, 74(2), 64-76. DOI: 10.1111/nzg.12185  

Nature of contribution 
by PhD candidate 

Contributed to research design, executed fieldwork, compiled and analyzed data, 
constructed figures, drafted, submitted and revised the manuscript. 

Extent of contribution 
by PhD candidate (%) 

80 

mailto:postgradinfo@auckland.ac.nz


 

 

 

 

 

Co-Authorship Form 

 

 

 

  Last updated: 28 November 2017 

School of Graduate Studies 
AskAuckland Central 
Alfred Nathan House 
The University of Auckland 
Tel: +64 9 373 7599 ext 81321 
Email: postgradinfo@auckland.ac.nz 

This form is to accompany the submission of any PhD that contains published or unpublished co-authored 

work. Please include one copy of this form for each co-authored work. Completed forms should be 

included in all copies of your thesis submitted for examination and library deposit (including digital deposit), 

following your thesis Acknowledgements. Co-authored works may be included in a thesis if the candidate has 

written all or the majority of the text and had their contribution confirmed by all co-authors as not less than 

65%.  

 

 
 

CO-AUTHORS 
 

Name Nature of Contribution 

Martin S. Brook Contributed to research design and methods, assisted with figures, edited and 
commented on the manuscript throughout the drafting and revision process.   

Shane J. Cronin Contributed to fieldwork, advised on methods, edited and commented on the 
manuscript. 

            

            

            

            

 
 

Certification by Co-Authors 
 

The undersigned hereby certify that: 

 the above statement correctly reflects the nature and extent of the PhD candidate’s contribution to this 

work, and the nature of the contribution of each of the co-authors; and 

 that the candidate wrote all or the majority of the text.
 

Name Signature Date 

Martin S. Brook  July 24 2019 

Shane J. Cronin 

 

July 24, 2019 

   

   

Please indicate the chapter/section/pages of this thesis that are extracted from a co-authored work and give the title 

and publication details or details of submission of the co-authored work. 

Chapter 4: Engineering characteristics of soils prone to rainfall-induced slope failure in Viti Levu, Fiji 

Publication details: Ram, A. R., Brook, M. S., & Cronin, S. J. (2019). Engineering characteristics of soils prone to 
rainfall-induced slope failure in Viti Levu, Fiji. Quarterly Journal of Engineering Geology and Hydrogeology. DOI: 
10.1144/qjegh2018-140  

Nature of contribution 
by PhD candidate 

Contributed to research design, executed fieldwork and labwork, compiled and analyzed 
data, constructed figures, drafted, submitted and revised the manuscript. 

Extent of contribution 
by PhD candidate (%) 

80 

mailto:postgradinfo@auckland.ac.nz


 

 

 

 

 

Co-Authorship Form 

 

 

 

  Last updated: 28 November 2017 

School of Graduate Studies 
AskAuckland Central 
Alfred Nathan House 
The University of Auckland 
Tel: +64 9 373 7599 ext 81321 
Email: postgradinfo@auckland.ac.nz 

This form is to accompany the submission of any PhD that contains published or unpublished co-authored 

work. Please include one copy of this form for each co-authored work. Completed forms should be 

included in all copies of your thesis submitted for examination and library deposit (including digital deposit), 

following your thesis Acknowledgements. Co-authored works may be included in a thesis if the candidate has 

written all or the majority of the text and had their contribution confirmed by all co-authors as not less than 

65%.  

 

 
 

CO-AUTHORS 
 

Name Nature of Contribution 

Martin S. Brook Contributed to research design and methods, assisted with figures, edited and 
commented on the manuscript throughout the drafting and revision process.   

Shane J. Cronin Advised on lab methods, edited and commented on the manuscript. 

            

            

            

            

 
 

Certification by Co-Authors 
 

The undersigned hereby certify that: 

 the above statement correctly reflects the nature and extent of the PhD candidate’s contribution to this 

work, and the nature of the contribution of each of the co-authors; and 

 that the candidate wrote all or the majority of the text.
 

Name Signature Date 

Martin S. Brook  July 24 2019 

Shane J. Cronin 

 

July 24, 2019 

   

   

Please indicate the chapter/section/pages of this thesis that are extracted from a co-authored work and give the title 

and publication details or details of submission of the co-authored work. 

Chapter 5: Engineering geomorphological investigation of the Kasavu landslide, Viti Levu, Fiji 

Publication details: Ram, A. R., Brook, M. S., & Cronin, S. J. (2019). Engineering geomorphological investigation 

of the Kasavu landslide, Viti Levu, Fiji, 16(7): 1341–1351 DOI: 10.1007/s10346-019-01191-x  

Nature of contribution 
by PhD candidate 

Contributed to research design, executed fieldwork and labwork, compiled and analyzed 
data, constructed figures, drafted, submitted and revised the manuscript. 

Extent of contribution 

by PhD candidate (%) 
80 

mailto:postgradinfo@auckland.ac.nz


 

 

 

 

 

Co-Authorship Form 

 

 

 

  Last updated: 28 November 2017 

School of Graduate Studies 
AskAuckland Central 
Alfred Nathan House 
The University of Auckland 
Tel: +64 9 373 7599 ext 81321 
Email: postgradinfo@auckland.ac.nz 

This form is to accompany the submission of any PhD that contains published or unpublished co-authored 

work. Please include one copy of this form for each co-authored work. Completed forms should be 

included in all copies of your thesis submitted for examination and library deposit (including digital deposit), 

following your thesis Acknowledgements. Co-authored works may be included in a thesis if the candidate has 

written all or the majority of the text and had their contribution confirmed by all co-authors as not less than 

65%.  

 

 
 

CO-AUTHORS 
 

Name Nature of Contribution 

Martin S. Brook Contributed to model setup and execution, assisted with figures, edited and 

commented on the manuscript throughout the drafting and revision process.   

Shane J. Cronin Edited and commented on the manuscript. 

            

            

            

            

 
 

Certification by Co-Authors 
 

The undersigned hereby certify that: 

 the above statement correctly reflects the nature and extent of the PhD candidate’s contribution to this 

work, and the nature of the contribution of each of the co-authors; and 

 that the candidate wrote all or the majority of the text.
 

Name Signature Date 

Martin S. Brook  July 24 2019 

Shane J. Cronin 

 

July 24, 2019 

   

   

   

 

Please indicate the chapter/section/pages of this thesis that are extracted from a co-authored work and give the title 

and publication details or details of submission of the co-authored work. 

Chapter 6: Slope Stability Modelling of Kasavu Landslide  

Nature of contribution 
by PhD candidate 

Collected data needed for model setup, compiled, analyzed and interpreted model outputs, 
constructed figures, drafted and corrected the manuscript. 

Extent of contribution 
by PhD candidate (%) 

75 

mailto:postgradinfo@auckland.ac.nz


1 

 

1 CHAPTER 1: INTRODUCTION 

1.1 Introduction 

Landslides play an important role in long-term landscape evolution (Parker et al. 2011), but over 

shorter timescales, have a significant impact on life and property throughout the world (Greenbaum 

et al. 1995; Guzzetti et al. 2012; Bhandary et al. 2013). In the United States, landslides cause an 

estimated US$1–2 billion in economic losses and about 25–50 deaths annually, exceeding average 

losses due to earthquakes (Dai et al. 2002). In tropical and subtropical regions of the world, 

landslides are endemic, particularly when vegetation is removed, while the range of landslide types 

and causes vary, those triggered by rainfall are particularly common (Bhandary et al. 2013). Indeed, 

many developing countries in Central and South America, the Caribbean, the Pacific and southeast 

Asia are repeatedly exposed to rainfall-triggered landslides accompanying flood events. Harp et al. 

(2009) outlined the following two examples of particularly lethal landslides in developing countries: 

(1) intense, prolonged rainfall of October 29–31, 1998, from Hurricane Mitch, causing extensive 

flooding and landslides which killed an estimated 6,600 people and left more than 8,000 missing, 

12,000 injured, and 1.4 million people homeless in Honduras; (2) torrential rainfall from tropical 

storm Chata'an on July 2, 2002, that triggered several hundred landslides on the eastern volcanic 

islands of Chuuk State in the Federated States of Micronesia, killing 43 residents, destroying 231 

structures including homes, community centres, and medical dispensaries, and buried roads, crops, 

and water supplies. In addition to fatalities and destruction, major landslides also render 

communities and environments temporarily or permanently uninhabitable, such as the landslides in 

Nepal in 2002, that displaced 265,865 people (ICSU-ROAP 2008). 
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Growing population, expansion of settlements and construction of infrastructure lifelines over 

hazardous areas have increased the impact of landslides in both industrialized and developing 

countries (Guzzetti et al. 1999; Harp et al. 2009). In some cases, the construction itself exacerbates 

the hazard (e.g., over steepening of natural slopes). The impact is arguably greatest in developing 

countries due to their economic, social, political and cultural attributes, meaning that they are less 

readily able to rapidly recover and reconstruct (Greenbaum et al. 1995). Indeed, it has long been 

accepted that developing Pacific island countries are particularly prone to natural disasters (e.g. 

Blong and Johnson 1986). This is due to their isolation, high population densities, poor construction 

standards, inadequate mitigation and planning and lack of general hazard awareness among the 

inhabitants (ICSU-ROAP 2008; Jackson et al. 2017). Economic losses and fatalities from disasters 

such as landslides are thought to be more serious in Pacific Island communities than generally 

acknowledged, because most damage in isolated areas are under-reported (Guinau et al. 2005; 

Holland 2014). Worldwide, landslide activity is increasing and this trend is expected to continue in 

the 21st century for the following reasons: (1) increased urbanization and development in landslide-

prone areas; (2) continued deforestation of landslide-prone areas; and, (3) increased regional 

precipitation caused by changing climatic patterns (De Graff et al. 2012). Despite many decades of 

research and experience, predicting where and when landslides are likely to occur with sufficient 

accuracy and reliability remains a key mitigation challenge (Korup and Stolle 2014; van Westen 

2016). 

 

1.2 Landslide Hazards in Fiji 

Fiji is one of the largest Pacific Island states in the Southwest Pacific Ocean, consisting of two main 

islands and around 300 smaller islands (Fig. 1.1). The inland parts of the inhabited islands are 

sparsely populated, with villages and towns located mainly around the coast. Although scattered 
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communities occur throughout the islands, many areas are being cleared for cultivation, and the 

development of inland tracks and roads is taking place at a growing rate.  

 

 

Figure 1.1: A) Location of Fiji in the South Pacific Ocean; B) Map of Fiji Islands showing the location of 

Viti Levu; C) Enlarged map of Viti Levu showing the island’s relief and topography. 
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The Fiji Islands are relatively stable tectonically, in contrast to several Pacific island neighbours 

(Greenbaum et al. 1995). Fiji, like other Pacific islands of volcanic origin (e.g. Papua New Guinea, 

Samoa, Solomon Islands, Vanuatu and the Federated States of Micronesia), is particularly 

susceptible to rainfall-induced landslides due to its steep terrain, deep tropical weathering and 

continual and often unregulated urban and rural development (SOPAC 2006; Holland 2014). High 

intensity rainfall, especially during tropical cyclones and prolonged or repeated rainfalls in the ‘wet 

season’ results in numerous and damaging landslides causing loss of property and lives with serious 

impacts on the livelihoods of surrounding communities and the economy (MRD 1991; Lawson and 

Dau 1992; Greenbaum et al. 1995). Landslides in Fiji occur in conjunction with other natural 

disasters, particularly floods and cyclones, when the community is least able to cope. Many 

important lines of communication and lifelines, particularly roads, are closed by landslide debris 

and embankment failures (MRD 1991; Esler 2016). 

 

Despite being classified as one of the most landslide prone countries according to Global Risk Data 

(NGI 2013), studies on landslides in Fiji are rare (e.g. Reichenbach et al. 2018). A review of 

publications on landslide-prone tropical countries by Maes et al. (2017) in the Scopus database for 

January 2005 to January 2015 found only four publications on landslides and one on landslide risk 

reduction for Fiji. Apart from the recent work of Stephens et al. (2018), prior landslide studies in 

Fiji in the 1970’s to 1990’s mostly focused on the populous southern and south-eastern region of 

Viti Levu, where landslides were most likely to be reported. In particular, Crozier et al. (1981) 

located 74 individual landslides in the Wainitubatolu catchment in southern Viti Levu after cyclone 

Wally, most of which were described as debris flows. Lawson and Dau (1992) defined an empirical 

lower threshold of rainfall intensity and duration above which landslides have occurred in the past, 

and can be expected to occur in the future. This was based on reporting of landslide occurrences 
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and rainfall data recorded during three major storms that caused widespread landslides in southeast 

Viti Levu since 1979. Greenbaum et al. (1995) undertook a geographical information system (GIS) 

and remote sensing study of modelling landslide probability in southeast Viti Levu, based on the 

distribution of past landslides and their relationship to geology, soils, slope angle, aspect, elevation 

and forest cover. Greenbaum et al. (1995) emphasized that the probability map was useful, but of 

low resolution. The same drawbacks existed in the landslide hazard assessments completed in the 

Solomon Islands by Trustrum (1990) and Papua New Guinea by Robbins et al. (2013).  

 

It is notable that while the scientific investigation into landslide processes and mechanisms has 

advanced in more developed countries, the same cannot be said for developing nations in the tropics. 

This is generally due to a lack of funding and scientific expertise. A knowledge of the causes and 

incidences of landsliding is important as it can help planners: (1) make contingency plans to prepare 

for, and/or mitigate against, the effects of landslide events on infrastructure, housing and people; 

and, (2) avoid or minimize the risks associated with new developments (Harp et al. 2009; Korup 

and Stolle 2014). Several recent international conventions such as the “Sendai Framework for 

Disaster Risk Reduction 2016-2030” (United Nations 2015a) and the “Agenda 2030 on Sustainable 

Development Goals” (United Nations 2015b) require better management of natural disasters but for 

better management of disasters, data are needed. The latter is often lacking in Pacific Island states.  

Expansion of economic capability, infrastructure, and residential capacity requires significant 

investment. Thus, efforts to limit the negative effect of landslides and other natural hazards on these 

investments are crucial (Harp et al. 2009; De Graff et al. 2012). Despite the high frequency of 

landslides along Fiji’s road infrastructure corridors, little is known about the role geology and 

geomorphology plays in conditioning slope failures. Therefore, this study aims to address some of 

the existing gaps regarding engineering geological and geomorphological properties of failure-

prone soils in Fiji. It is envisaged that the results from this study will assist in the management of 
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landslide hazards along Fiji’s major roads, towards making road infrastructure more resilient, 

particularly when they are needed the most - during cyclones and floods. 

 

1.3 Aims and Objectives 

Fiji’s road infrastructure is readily affected by landslides during heavy rainfall events, which creates 

serious problems during natural disasters when aid needs to be distributed. A complex and variable 

suite of contributory factors determine the susceptibility of any given slope to fail. Material 

properties such as particle size distribution, permeability, shear strength and mineralogy, together 

with topographic properties such as slope gradient and shape, are key controls on slope failure 

(Henriques et al. 2015; Milne et al. 2015).  The primary aim of this thesis is to investigate the 

material and topographic properties of slope failures, and explore the existence of any lithological 

controls, in order to increase the understanding of landslide mechanisms in Fiji. While international 

literature exists on relationships between lithology and slope failures, Fiji has its own unique 

geologic, geomorphology and climate. Hence, studies from elsewhere (particularly temperate 

regions) are not easily applied locally. Lovegrove and Fookes (1972) observed a broad relationship 

between different bedrock types and the physical and geotechnical properties of the residual soils. 

However, clear investigation of the differences in geotechnical properties within sites of the same 

lithology is still lacking. 

 

To achieve these aims, three study locations showing contrasting lithological properties (Table 1.1), 

but similarly high incidences of slope failure activity were selected in Viti Levu:  

• Kings Rd (northeast-eastern Viti Levu) 

• Namosi Rd (southern Viti Levu) 

• Lololo Pine Area (northwest Viti Levu). 
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Table 1.1: Summary of geological formations and groups in selected study areas in Viti Levu, Fiji (adapted 

from Rodda and Band 1966). 

Study Area Geological Formations  Group (Subgroup) Age 

Kings Road, 

northeast Viti Levu, 

Fiji 

Surficial Deposits Undifferentiated Recent 

Vatukoro Greywacke Mba (Ba) Basaltic Group Pleistocene 

Rokavukavu Basalt Mba (Ba) Basaltic Group Pleistocene 

Wailoa Conglomerate  Ra Sedimentary Group Mio-Pliocene 

Mbarotu (Barotu) Sandstone  Ra Sedimentary Group Mio-Pliocene 

Waindina (Waidina) Sandstone Mendrausuthu 

(Medrausucu) Andesitic Group 

Mio-Pliocene 

Lawalevu Sandstone Wainimala Group  Miocene 

Namosi Road, 

southern Viti Levu, 

Fiji 

Namosi Andesite Mendrausuthu 

(Medrausucu) Andesitic Group 

Mio-Pliocene  

Tawavatu Tuff Wainimala Group Oligocene 

Lololo Pine Road, 

northwest Viti Levu, 

Fiji 

Vatukoro Greywacke Mba (Ba) Basaltic Group Pleistocene 

Note: Revised names as per Rodda (2003) are given in brackets.  

 

The Kings Rd and Namosi Rd have the highest incidences of slope failure in Viti Levu (E. de Vries, 

pers. comm 2016). Over 100 slope failures slips occurred in the Lololo Pine area due to the January 

2012 flood event (Stephens et al. 2018).  This study is based in Viti Levu because it is the largest 

Fiji island and is affected most by landslides. In addition, most of Fiji’s population reside in Viti 

Levu, the centre of country’s economic and development activities. A combination of laboratory 

and field-based analysis, together with modelling approaches were employed to gain an 

understanding of soil properties affecting slope failure mechanisms in selected study areas. The 

following were the objectives developed for the study: 
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1. Identify the nature (length, height, width, depth, and slope angle) and type (classification) of 

slope failures in response to recent major rainfall events. 

2. Sample the soil materials at slope failures across a range of litho-facies, and describe their 

geotechnical, index and mineralogical properties. 

3. Investigate if any lithological controls occur on engineering properties of soils which might 

influence the occurrence and distribution of slope failures in the study areas. 

4. Apply the knowledge obtained from the above objectives to understand in more detail the 

controls at a case study landslide. 

5. Undertake numerical modelling of the case study landslide in (4) to help determine its failure 

mechanism and current/future stability. 

6. Recommend possible affordable engineering solutions to mitigate slope failure hazards in the 

Fiji environment. 

 

1.4 Thesis Structure 

This thesis comprises the following eight chapters of an investigation into the nature and 

mechanisms of landslides in Viti Levu, Fiji: 

Chapter 1 (Introduction) provides the scope and the significance of this project as well as the thesis 

aims and objectives. 

 

Chapter 2 (Landslides in Fiji) gives background information on the climate, geology, 

geomorphology and residual soils of the study areas. It also provides a review of the characteristics 

and classification of landslides, with examples of different types of landslides encountered in the 

Fiji environment.  
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Chapter 3 (Geomorphological characteristics of slope failures in northeast Viti Levu island, Fiji, 

triggered by Tropical Cyclone Winston in February 2016) provides a field reconnaissance of Severe 

Tropical Cyclone (STC) Winston-induced landslides. It examines the characteristics and 

mechanisms of slope failures along 35 km stretch Kings Road which is the main transport corridor 

for northern and eastern part of the Viti Levu island, Fiji. The rainfall conditions triggering the 

landslides were compared with that previous studies and cyclones in Fiji. This chapter has been 

published as a journal article in New Zealand Geographer (2018, volume 74, pages 64-76). 

 

Chapter 4 (Engineering characteristics of soils prone to rainfall-induced slope failure in Viti Levu, 

Fiji Islands) reports on the mineralogical, geotechnical and index properties of soils from headscarp 

exposures of eighteen slope failures from tropical residual soils of differing parent rocks. In 

addition, it probes relationship with parent rock and soil properties. It is published as a journal 

article in Quarterly Journal of Engineering Geology and Hydrogeology (2019, 

doi.org/10.1144/qjegh2018-140).  

 

Chapter 5 (Engineering geomorphological investigation of Kasavu landslide, Viti Levu, Fiji) 

examines the preconditioning and triggering factors leading to the Kasavu landslide. This is a small, 

shallow rotational landslide that occurred along the Kings Road, in south-eastern Viti Levu, Fiji 

during prolonged rainfall from a tropical depression on 17-18 December 2016. Field investigations 

and geotechnical tests were carried out to understand the extent to which geomorphic and soil 

properties played a role in conditioning the current and future stability of the Kasavu failure site. 

This chapter has been published as a journal article in Landslides (2019, volume 16, issue 7, pages 

1341-1351). 
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Chapter 6 (Slope stability modelling of Kasavu landslide) analyses the current and future stability 

of Kasavu landslide (investigated in Chapter 5) using numerical modelling techniques namely the 

limit equilibrium method (LEM) and finite element method (FEM). Two-dimensional modelling of 

the landslide was undertaken using Rocscience SLIDE (LEM) and RS2 (FEM) software under high 

and low groundwater scenarios, to explore possible future re-activation of the Kasavu landslide. 

 

Chapter 7 (Synthesis) summarizes and contextualizes the findings of the thesis and explores 

possible options for slope stabilization and monitoring approaches in the Fiji environment. 

 

Chapter 8 (Conclusion) summarizes the major findings of the thesis, discusses study limitations 

and recommends avenues for future research. 
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2 CHAPTER 2: LANDSLIDES IN FIJI 

2.1 Tectonic and Geological History 

2.1.1 Tectonics 

The surface geological materials on which landslides develop in Fiji have experienced a varied 

tectonic history. The Fiji Platform is currently located between the Australian and Pacific tectonic 

plates in the southwest Pacific, midway between the east-dipping Vanuatu subduction zone in the 

north and the west-dipping Tonga-Kermadec subduction zone in the south (Fig. 2.1a; Rahiman and 

Pettinga 2006a). The islands are separated from the subduction zone by two discontinuous 

spreading centres, the Lau Basin to the east and the North Fiji Basin to the west (Hathway 1995; 

MRD 2011), and a series of transform faults including the Fiji Fracture Zone and the Mathew 

Hunter Ridge (MRD 2011). Many plate tectonic reconstructions for the SW Pacific during the 

Middle to Late Miocene show Fiji within a continuous NE facing volcanic arc, the Vitiaz Arc, 

which extended through the New Hebrides (Vanuatu) and Fiji to the then united Lau and Tonga 

Ridges (Fig. 2.1b; Johnson 1990; Begg and Gray 2002). Subduction of the Pacific Plate beneath the 

Indo-Australian plate began sometime between Early Eocene to Middle Eocene and continued until 

Late Miocene (Johnson 1990; Hathway 1993). By the Early Oligocene to Middle Miocene, Fiji was 

in line with similar arc-forearc systems in Lau-Tonga and Vanuatu, as part of a continuous NE-

facing Outer Melanesian arc in the north-eastern margin of the Indo-Australian plate (Hathway 

1995).  

 

The convergence along the Vitiaz Arc existed until the Middle to Late Miocene, when the arrival 

of the anomalously thick oceanic crust of the Melanesian Border Plateau at the subduction zone 
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caused a reversal in the direction of subduction (Fig. 2.1c; Hathway 1993). The blockage took place 

in the north and west of the Fiji arc at the portions of the trench along the Solomon Islands and 

northern New Hebrides (MRD 2011). Shortly after this reversal, back-arc spreading began to the 

west of Fiji, forming the North Fiji basin, with clockwise rotation of the New Hebrides to the 

southwest, away from Fiji, and anticlockwise rotation of the Fiji Platform (MRD 2011). Using stress 

and seismic data Begg and Gray (2002) concluded that the Fiji Platform has undergone ~50° 

rotation since ~5 Ma and is currently experiencing N-S compression. Formation of the Lau back-

arc basin to the east of Fiji causing separation of the Tonga Ridge from the remnant Lau Ridge 

probably began in the Early Pliocene (Gill 1976; Hathway 1993).  

 

 

Figure 2.1: Reconstruction of the outer Melanesian region showing tectonic setting of Fiji: A) at present; B) 

10 Ma; C) 5 Ma (modified from Begg and Gray 2002; Rahiman and Pettinga 2008).   
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The Pacific Plate recommenced subduction at the Tonga ridge by the Pliocene (MRD 2004). 

Inactive fragments of Vitiaz Trench still exist north of Fiji (Johnson 1990). Remnants of this 

subduction zone are preserved as part of the Vitiaz Trench, whilst Eocene-Miocene cores of the 

ancient arc system form part of the geological basement in Tonga (‘Eua), Fiji (Viti Levu) and 

Vanuatu (MRD 2011; Dickinson 2001). The fragmentation of the continuous, NE-facing eastern 

Melanesian Border Plateau has continued to the present (Hathway 1995). The magmatic, 

sedimentological, and structural processes that formed the Fiji Platform can be summarized as three 

distinct tectonic and volcanic phases of the Outer Melanesian Arc:1) Vitiaz Arc phase (35-8 Ma); 

2) transitional phase (8-3 Ma); and 3) present phase (8.3 Ma) (Figures 2.1a-c; Begg and Gray 2002). 

 

2.1.2 Geology 

In geological terms, Fiji's islands are relatively young, forming during the Cenozoic era. Fiji’s 

geologic history, outlined in detail in Hathway and Colley (1994) and Rodda (1994), comprises a 

series of volcanic and deep-shallow marine sedimentary sequences ranging in age from Late Eocene 

(Hathway 1993) to late Holocene, 1650 ± 60 years BP (Cronin and Neall 2001). Most of these rock 

sequences are found in Viti Levu (Fig. 2.2). The Yavuna Group formed in Upper Eocene to Lower 

Oligocene are the oldest rock sequences consisting of basaltic lavas and intrusive rocks with minor 

epiclastic conglomerates and limestones which occur in the southwestern Viti Levu (Hathway 1993; 

Greenbaum et al. 1995). Overlying this unit is the Wainimala Group of rocks formed in the Lower 

Oligocene to Middle Miocene. The Wainimala Group mainly consists of volcaniclastic rudites, 

lavas, reef limestones and thin-bedded sedimentary intervals (Hathway 1993; Greenbaum et al. 

1995). The Wainimala Group rocks are separated from the Yavuna Group by an unconformity 

(Hathway 1993; Hathway and Colley 1994; Rodda 1994) and outcrop in southern Viti Levu and on 

the small islands to the west (Hathway 1993). They form a broad, ENE-trending anticline, the core 
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of which is intruded stocks of the Colo Plutonic Suite from the Middle to Upper Miocene (Hathway 

1993). The Colo Orogeny rocks comprises mainly of low-potassium tholeiitic gabbro, tonalities and 

trondjhemites (Rodda 1994; Hathway 1995).   

 

Erosion of emergent land in the mid-Late Miocene contributed detritus to basin sedimentary 

sequences, via turbidity currents, forming sandstones and conglomerates of the Tuva Group 

(Hathway and Colley 1994; Rodda 1994), which unconformably overlies the Wainimala Group 

(Hathway 1993; Hathway and Colley 1994; Greenbaum et al. 1995). Possibly during latter stages 

of Tuva Group formation, or immediately after its deposition, the sediments were affected by a brief 

period of complex folding and faulting due to the commencement of sinistral rotation of the Fiji 

Platform (Hathway 1993). Several strike-slip basins developed at this time in Viti Levu, some of 

which remained as important sedimentary environments through to Early Pliocene (Stratford and 

Rodda 2000). In the Late Miocene and Early Pliocene, intermediate and basic high-K lavas of the 

shoshonite association were erupted, initially in northwest Viti Levu, forming rocks of the 

Koroimavua Volcanic Group, and later, together with calc-alkaline volcanic rocks, across the 

northern half of the island called the Ba Volcanic Group (Hathway 1993; Greenbaum et al. 1995).  

The island of Vanua Levu was built by coalescing tholeiitic to calc-alkaline volcanoes in the Late 

Miocene and Pliocene (Hathway 1993; MRD 2004).  The cessation of shoshonitic volcanic activity 

at about 3 Ma was followed by the eruption of alkali basalts in western Vanua Levu, Koro, and 

Taveuni, and a relatively high-K volcanic suite on Kadavu (Hathway 1993).  This period marks the 

final dissociation of the Fiji Platform from the old Vityaz Arc system also saw a major uplift across 

the Fiji Platform (Stratford and Rodda 2000). The youngest rocks in Fiji are subaerial volcanic 

ashes erupted on Rotuma less than 20,000 years B.P. (MRD 2004) and on Taveuni and Kadavu in 

the last ~2000 years B.P. (Cronin et al. 2001; Cronin et al. 2004). 
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Figure 2.2: Generalized geological map of Viti Levi with major faults (modified from Hathway 1993; Begg 

and Gray 2002). 

 

2.2 Geomorphology and Climate 

2.2.1 Geomorphology 

The Fiji Islands lie in the southwest Pacific Ocean between latitude 12° to 22°S and longitude 

177°W to 175°E (see Fig. 1.1). The archipelago comprises approximately 840 islands, but ~520 are 

small unnamed islets. Around 320 islands are named, and ~100 are permanently inhabited 

(Macfarlane et al. 2009). The islands are bound within an area of 650,000 km2, but collectively only 

3% (~18,300 km2) of this is dry land (Table 2.1; Leslie 1997). Fiji’s population, political, and 

economical centre is Viti Levu, the largest island of Fiji Group (10,400 km2) and is home to the 

largest city, Suva. Vanua Levu, located northeast of Viti Levu, is the second largest island (~5,540 

km2), and thus the two main islands represent 87% of the total Country’s land area (Leslie 1997; 

Agrawala et al. 2003).  Fiji’s remaining islands are small (<434 km2) and are divided into three 

main groups: Lomaiviti, Lau, and the Yasawas (Fig. 1.1). A total of 884,887 people were estimated 
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to be living in Fiji in the 2017 Population and Housing Census, with the urban population increasing 

from 37.2% in 1976 to 55.9% in 2017 (Fiji Bureau of Statistics 2018). Fiji is composed of islands 

that are largely of volcanic origin. The remainder constitute low-lying atolls and elevated reefs 

formed from coral and limestone strata (Agrawala et al. 2003; Terry 2007).  The volcanic islands 

are dominated by steep, mountainous country, deeply incised by rivers and streams (e.g. Morrison 

et al. 1990; Terry and Raj 1999; Terry et al. 2002).  The coastlines of the islands are flat and a few 

meters in altitude while for the interior of the islands, altitude typically varies in the range of 150–

600 m (Fig. 2.3a; Ramachandran et al. 2005).  The highest peak in Fiji is 1,324 m at Mount 

Tomanivi, which is in central Viti Levu.  Topographically, Fiji is divided into three major classes: 

plains and valleys (15.6%); low mountains and hills (15.5%) and high mountains (68.3%) (Table 

2.1; Macfarlane et al. 2009). A recent regional lineament study of Viti Levu by Rahiman and 

Pettinga (2008) shows that the island is dissected by complex lineament swarms composed of 

subparallel radiating lineament sets, which indicates that complex brittle deformation pervades the 

entire island (e.g. Fig. 2.3b). 

 

Table 2.1: Distribution of land classes in Fiji (km2) (modified from Macfarlane et al. 2009). 

Land Class Viti Levu Vanua Levu Other Islands Land Class 

TOTAL 

Flat land 1,664 (16%) 831 (15%) 366 (15.5%) 2,861 (15.6%) 

Undulating and hilly 

land 

1,768 (17%) 720 (13%) 354 (15%) 2,842 (15.5%) 

Steep, mountainous 

land 

6,968 (67%) 3,989 (72%) 1,640 (69.5%) 12,597 (68.3%) 

TOTAL 10,400 5,540 2,360 18,300 
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Figure 2.3: A) Terrain map of Viti Levu from Googleearth; B) Onshore-offshore fault map of Suva Harbour 

showing structural control on coastal morphology and the offshore continuation of onshore structural 

lineaments. Lower-hemisphere stereonets showing attitudes of representative fracture data (modified from 

Rahiman and Pettinga 2008).  
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2.2.2 Climate 

The Fiji Islands lie towards the southern margin of the Tropic of Capricorn, thus enjoy a tropical 

maritime climate without experiencing great extremes of heat or cold (Leslie 1997; Fiji 

Meteorological Service 2011).  The south east trade winds play a dominant role in the general 

climate; however, the archipelago has a vast range of islands that experience slightly differing 

conditions (Kumar et al. 2014). In particular, island relief strongly impacts easterly maritime 

airstreams to generate strong E-W rainfall contrasts across large mountains (Leslie 1997; Terry 

2007).  The easterly maritime airstream dominates throughout eight months of the year, causing 

seasonal climates ranging from hot and dry to warm and wet (Leslie 1997; Kumar et al. 2014). 

Little climatic differentiation occurs on the smaller islands (Fiji Meteorological Service 2011). 

Generally light or moderate winds are most common over Fiji; however, southeasterlies are strong 

and most persistent in winter (between May and October) (Mataki et al. 2006; Fiji Meteorological 

Service 2011). In summer (between November and April), the winds are generally light and variable 

with a predominant sea breeze during the day (Mataki et al. 2006).  

 

2.2.2.1 Temperature 

Due to the influence of the surrounding ocean, the diurnal and seasonal temperature changes are 

relatively small in Fiji (ABM and CSIRO 2011; Fiji Meteorological Service 2011).  During May to 

October (dry season) Fiji experiences cooler temperatures (averaging 22°C), and they are higher 

from November to April (rainy season; averaging 27°C; Leslie 1997; Agrawala et al. 2003). Inter-

annual fluctuations in temperature are relatively low, ranging from +0.5°C about the long-term 

mean (Agrawala et al. 2003). Average minimum temperatures in the smaller outlying islands are 2 

to 3°C higher than in Suva and Nadi, being moderated by the surrounding sea temperatures (Fiji 
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Meteorological Service 2011).  Coastal temperatures may reach night-time lows down to 18°C, and 

average day-time temperatures up to 32°C (Fiji Meteorological Service 2011). In the elevated 

central parts of the main islands, average night-time temperatures can be as low as 15ºC, with 

extreme lows of 8ºC and highs of 39.4ºC (Fiji Meteorological Service 2011).  The typical range of 

temperatures experienced on Viti Levu on the windward (Suva) and leeward (Nadi) side of the 

island is shown in Table 2.2. 

 

Table 2.2: Long-term mean daily maximum and minimum temperatures (°C) for Suva and Nadi (1961-1990) 

(Fiji Meteorological Service 2011).  

Month Suva Station Nadi Station 

Mean Daily 

Maximum 

Temperatures 

Mean Daily Minimum 

Temperatures 

Mean Daily 

Maximum 

Temperatures 

Mean Daily 

Minimum 

Temperatures 

January 30.6 23.6 31.6 22.7 

February 31.0 23.8 31.5 23.0 

March 30.6 23.5 31.1 22.6 

April 29.7 23.1 30.6 21.7 

May 28.3 21.9 29.8 20.1 

June 27.6 21.4 29.2 19.3 

July 26.5 20.4 28.5 18.3 

August 26.6 20.5 28.7 18.4 

September 27.0 20.9 29.4 19.3 

October 27.8 21.7 30.2 20.4 

November 28.8 22.5 30.9 21.5 

December 29.8 23.2 31.4 22.1 
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2.2.2.2 Rainfall 

Fiji is on the southern boundary of the tropics, so that easterly maritime airstreams and the southeast 

trade winds mainly carry moist air onto the islands, for most of the year (Fiji Meteorological Service 

2011; Kumar et al. 2014).  Viti Levu and Vanua Levu have mountains roughly oriented NE-SW, 

that strongly influence rainfall distribution (Agrawala et al. 2003; Mataki et al. 2006; Terry 2007).  

This orographic effect divides the major volcanic islands into leeward (dry) and (wet) windward 

sides (Morrison et al. 1990; Fiji Meteorological Service 2011).   

 

 

Figure 2.4: Map of Viti Levu showing location and mean annual rainfall at various climate stations (modified 

from Kumar et al. 2014; data courtesy of Fiji Meteorological Service). 

 

From April to November, the period of the southeast trade winds, the windward lowland (south-

eastern) regions of the main islands experience cloudy conditions, frequent rain, a moderate amount 

of sunshine, and even temperatures. In contrast, the leeward lowland (north-western) regions are 

dry, with clear skies, a limited temperature range, and abundant sunshine (Morrison et al. 1990; 

Leslie 1997). Annual rainfall in Viti Levu averages ~2,000 mm in ‘dry’ zones, to ~3,000 mm in 
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‘wet’ zones around the coast, to ~5,000 mm on the mountainous sites (see Fig. 2.4; Fiji 

Meteorological Service 2011). Fiji frequently experiences heavy rainfall (100 mm/day or more) 

during tropical storms and cyclones (e.g. Terry 2007). 

 

As outlined above, Fiji experiences a distinct wet season from November to April or May and a dry 

season from May to October (Kumar et al. 2014). This seasonal difference is largely associated 

with the South Pacific Convergence Zone (SPCZ), the main rainfall producing system for the 

region. This typically lies over Fiji in the wet season, but in the dry season moves a few hundred 

kilometres north east and weakens (Mataki et al. 2006; Kumar et al. 2014). The El Niño-Southern 

Oscillation (ENSO) is the most important influence on interannual rainfall variability, and generates 

higher and lower amounts of rainfall compared to normal (Kumar et al. 2006; ABM and CSIRO 

2011).  The prevailing phase of ENSO is characterised by the Southern Oscillation Index (SOI), 

with severe climate events associated with extreme phases of ENSO (Folland et al. 2002; Murphy 

et al. 2014). During a negative SOI (El Niño phase), periods of high temperature departures from 

the normal and reduced rainfall occur.  In the opposing positive SOI phase (La Niña), periods of 

lower temperature and higher than normal rainfall occur (Kumar et al. 2006).  

 

2.2.2.3 Tropical Cyclones 

For the island nations of the South Pacific, tropical cyclones can bring high wave energy, extreme 

winds, storm surges and torrential rain, inflicting severe damage on both human and natural 

landscapes (Terry 2007). Fiji lies in path of tropical cyclones especially from November to April, 

resulting in prolonged heavy rainfall and flooding of low-lying coastal areas (Agrawala et al. 2003; 

Mataki et al. 2006). On average, ten to fifteen cyclones per decade affect some part of Fiji, while 

two to four inflict severe damage (Fiji Meteorological Service 2011). At least ten tropical cyclones 

have traversed through Viti Levu from 1972 to 2016 (see Fig. 2.5). While the prevailing wind is 
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from the southeast, tropical cyclones and depressions tend to track from the north and west to the 

south and east (Agrawala et al. 2003). The combination of their severe nature and regular incidence 

means that tropical cyclones and their impacts are a major concern across the South Pacific (Terry 

2007). 

 

 

Figure 2.5: Tracks of cyclones traversing through Viti Levu from 1972 to 2016 (modified from Australian 

Government Bureau of Meteorology 2019). Note: All the cyclone tracks move southwards. 

 

2.3 Soils 

2.3.1 Soil Classification 

In Fiji, there is a strong association between soil type, topography and climate (Morrison et al. 

1990). Indeed, soils are separated into topographic groups and superimposed on this is a subdivision 

based on altitude and climate, in the Fiji Soil Taxonomic Unit Description Handbook (Leslie and 



23 

 

Seru 1998). There is a weaker correlation between soil patterns; geology and plant cover (Morrison 

et al. 1990). The topographic separation shows (i) soils developed on the relatively flat areas derived 

from river or marine deposition, (ii) soils developed on rolling to hilly land, and (iii) soils developed 

on steep slopes of hills and mountains (Morrison et al. 1990). Lowland soils (below 600 m, mean 

annual temperature over 22oC) are formed on beach sands, marine marshes, poorly and well drained 

floodplains, highly organic parent material, acidic and non-acidic terraces and peneplains. Soils 

from lowland rolling and hilly terrain are formed from young and weathered volcanic materials, 

volcanic ash over reef limestone, calcareous tuffs and marls, and from basic, intermediate and acidic 

parent rock. Upland soils (over 600 m, mean annual temperature 15-22oC) are formed on recent 

poorly and well-drained floodplains, raw volcanic materials and basic rocks (Leslie 1997).  

Morrison et al. (1990) grouped the soils genetically according to Soil Taxonomy Classification 

(Soil Survey Staff 1975) as summarized in Table 2.3.  Low erodibility is expected for most Fiji soils 

because Taxonomic groups (d), (e), (f) and (g) (Table 2.3) constitute 66% of the country's soils. 

These generally have moderately to well-developed surface soil structure and are moderately-well 

to well-drained (Morrison et al. 1990).  

 

Table 2.3: Summary of soils in Fiji according to Soil Taxonomy Classification (from Morrison et al. 1990). 

Group Soil Description Soil Taxonomy Classification 

a)  Young sandy soils formed around the coasts of the island Psarrments 

b)  Fertile, deep, agriculturally important alluvial soils occupying 

the valley bottoms 

Fluvents, Inceptisols and Mollisols 

c)  Shallow and moderately deep, dark coloured, nutrient rich soils 

on rolling and hilly land 

Mollisols, Alfisols and Inceptisols 

d)  Sandy and silty moderately deep to deep soils formed from 

volcanic materials (including ash) containing particles of 

unweathered parent material 

Andepts and Tropepts 

e)  Deep, highly weathered clay-rich soils, often acid and of low 

base status derived from basic parent materials 

Humitropepts, Dystropepts, 

Humults and Ustults 

f)  Deep, highly weathered oxide-rich clay soils of limited 

agricultural value 

Oxisols and Oxic subgroups of 

Alfisols and Ultisols 

g)  Deep sandy soils derived from acid parent materials having clay 

increases in the subsoil, usually strongly weathered and of low 

base status 

Ultisols 

h)  Gleys and peats occupying low-lying areas in valleys or on 

plateau 

Aguents, Aquepts, Aquolls, and 

Histosols 
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The two major groups of soil-forming materials on Viti Levu are tuffaceous sedimentary rocks and 

basic to intermediate volcanics, which occur predominantly in the hilly country with moderate to 

steep slopes (Twyford and Wright 1965). Soils derived from the basic/intermediate volcanic rocks 

and their associated sediments are generally reddish-brown to red, although black soils occur where 

the sediments are calcareous or where the volcanics are enriched in pyroxene phenocrysts (Fig. 2.6; 

Greenbaum et al. 1995). The thickness of the soil profile correlates generally with the age of the 

parent rock, although there are several exceptions to this pattern (Leslie 1997). Lawson (1993) 

found that even though there were no significant pedological differences due to parent rock type, 

there were pronounced differences in engineering properties. This highlights the difficulty of 

attempting to simply relate pedological classifications shown on regional soil maps to engineering 

behaviour and landslide distribution in Viti Levu (Greenbaum et al. 1995). 
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Figure 2.6: Some of the different soil colours derived from volcanic parent material in Viti Levu, Fiji. 

Haematite (iron oxide) gives the soils a red colour while goethite (hydrated iron oxide) gives soil a brown or 

ochreous colour. 

 

2.3.2 Tropical Residual Soils 

2.3.2.1 Origin and Formation 

Soils can broadly be grouped into two categories, residual and transported (i.e. sedimentary; Wesley 

2010; Blight 2012). Residual sols from the tropics are generally referred to as tropical residual soils 

(Singh and Huat 2013). While the precise definition of residual soils varies between countries (e.g. 

Singh and Huat 2013), it is generally accepted that residual soils are derived from the in-situ 

weathering and decomposition of rock (Wesley 2010; Blight 2012). This is in contrast to transported 

soils which have been eroded via agents of transportation i.e. gravity, wind, water etc., and 
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deposited at a different location for example in a lake or the sea (Fig. 2.7a; Wesley 2010; Singh and 

Huat 2013). The formation process (outlined in detail in Fig. 2.7a) tends to influence the contrasting 

properties of residual and transported soils in at least two ways: (1) the weathering process makes 

residual soils less dense and weaker unlike transported soils which become denser and harder 

through consolidation over time; (2) the systematic sorting process during erosion, transportation, 

and deposition makes transported soils reasonably homogeneous, whereas residual soils which have 

not undergone these processes are much more heterogeneous (Fig. 2.7b & c; Wesley 2010).  

 

The above factors mean there is a degree of predictability with transported soils that is absent from 

residual soils (Wesley 2010; Singh and Huat 2013). However, despite this recognition as being 

different from sedimentary (i.e. transported) soils, both soil types tend to be investigated and 

evaluated in the same way (Wesley 2010; Brink 2015). This is likely due to the historical 

development of soil mechanics, which primarily occurred in North America and Europe at locations 

where transported soils were dominant (Priddle et al. 2013; Brink 2015). Previously, most common 

textbooks on soil mechanics ignored the unique challenges associated with residual soils, however, 

recognition is emerging (e.g. Wesley 2010; Blight 2012; Huat et al. 2013) of the inherent 

differences between residual and transported soils (Priddle et al. 2013). 
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Figure 2.7: A) Formation of residual of residual and sedimentary (transported) soils; B) Simplified profile 

of residual soil; C) Simplified profile of sedimentary soil (modified from Wesley 2010). 

 

2.3.2.2 Weathering Process and Clays 

Many processes are involved in the formation of residual soils. These include incorporation of 

humus, physical and chemical weathering, leaching of insoluble materials, accumulation of 

insoluble residues, downward movement of fine particles and disturbance by root penetration, 

animal burrowing, free fall and desiccation (Fookes 1997). Consequently, climatic conditions, 

parent rock type, topography, biota, and time, all significantly influence residual soil formation 

(Singh and Huat 2013). Variations within these factors result in region-specific soil properties, 

meaning that material properties applicable to residual soils within one area are not always directly 

applicable to those formed at locations not subject to the same weathering processes (Blight 2012). 

Acting individually or together, these processes produce a succession of distinct horizons 



28 

 

approximately parallel to the land surface, which can be unconformable with the rock structure 

(Fookes 1997). The six-fold weathering sequence of horizons was proposed for residual soils in Fiji 

by Lovegrove and Fookes (1972) from observation made in southeast Viti Levu and is summarized 

in Figure 2.8.  

 

 

Figure 2.8: A typical residual soil profile in Viti Levu, Fiji (modified from Lovegrove and Fookes 1972). 
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One suggested weathering sequence leading to the formation of clay minerals is shown in Figure 

2.9, but the sequence may be arrested at any stage, and certain stages may be reversed as a result of 

changes in climate or drainage conditions (Blight 2012). In tropical regions, weathering of primary 

minerals is more intense due to higher temperatures, hence weathering occurs to greater depths than 

elsewhere (Fookes 1997; Singh and Huat 2013). Iron and aluminium oxides and hydrated oxides 

released by tropical subsurface weathering are dissolved less than in more acidic soils in temperate 

climates, and consequently, they tend to remain in situ (Fookes 1997; Fourie et al. 2012).  

 

 

Figure 2.9: Weathering sequence leading to formation of clay minerals from various primary minerals and 

rocks (modified from van der Merwe 1965; Gonzalez de Vallejo et al. 1981; Blight 2012). 
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Silica is lost in solution or combines with other weathering products to form 2:1 layer silicate clay 

minerals (mainly smectite), or more often silica deficient 1:1 layer silicate minerals (mainly 

kaolinite) (Fookes 1997; Singh and Huat 2013). Bases (K, Na, Ca, Mg) are either lost in solution 

or are incorporated into 2:1 layer silicate minerals (Fookes 1997). Previous studies (e.g. Chandra 

1970; Naidu et al. 1984; Knight 1986; Morrison and Bonato 2015) have reported kaolinite, smectite, 

goethite, gibbsite, haematite, vermiculite, allophane, halloysite, illite, feldspar and quartz as 

commonly occurring clay minerals in the soils of Viti Levu. 

 

2.3.2.3 Engineering Properties 

Due to differing weathering processes, engineering properties of residual soils may change with 

depth even though the entire profile has developed from an originally uniform parent rock (Fookes 

1997; Blight 2012). It is rarely possible to extrapolate engineering properties across different areas, 

even if the underlying geology is similar (Blight 2012; Brink 2015). Residual soils generally possess 

a number of characteristics that are not well covered by conventional soil classification systems, 

such as the Unified Soil Classification System (USCS; Wesley 2010; Fourie et al. 2012). 

Limitations of such classification systems include the lack of ability to identify and describe either 

the unusual clay mineralogy or the portion of weathered rock that may be present within residual 

soil profiles (Fourie et al. 2012; Priddle et al. 2013). Due to in-situ formation, residual soils 

generally possess significant microstructure (rock fabric) and material characteristics closely related 

to those of their parent rock, that can often be sensitive to disturbance such as that associated with 

material sampling (Wesley 2010; Fourie et al. 2012). In comparison, transported soils have received 

additional treatment beyond their in-situ weathering (e.g. sorting during transportation and 

consolidation effects), and are thus much less sensitive to disturbance and more suitable for testing 

via laboratory techniques (Wesley 2010). Accordingly, any focus on test results from disturbed or 
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remoulded samples may not appropriately describe the in-situ engineering properties or behaviour 

of a residual soil (Wesley 2010; Blight 2012).  

 

The usefulness of conventional index tests such as the Atterberg Limits for tropical residual soils 

has also been questioned. Various authors (e.g. Morin and Todor 1975; Northmore et al. 1992; 

Wesley 2010; Sunil and Krishnappa 2012; Brink and Hörtkorn 2016) have shown that particle size 

and plasticity measurements are strongly influenced by the method of sample preparation and 

mixing times, which destroys the in-situ character of the soil. Atterberg Limits define the boundaries 

between brittle, plastic and liquid behaviour of clays (grain size <2 μm), where the Plastic Limit 

(PL) is the minimum water content at which a soil can be rolled into a 3 mm diameter cylinder, it 

marks the transition between brittle and plastic states. The Liquid Limit (LL) is the minimum water 

content at which soil flows under its own weight, and it marks the transition between plastic and 

liquid states. The Plasticity Index (PI) = LL – PL is a measure of plasticity, i.e. the property of non-

returnable deformation in response to an applied force (Fookes et al. 2007). The effect of air-drying 

specimens prior to carrying out the Atterberg Limit tests has been observed to result in an apparent 

decrease in the LL and PI (Fig. 2.10a; Terzaghi 1958; Rouse et al. 1986; Wesley 2010). This may 

be attributed to increased cementation due to oxidation of the iron and aluminium sesquioxides, 

and/or dehydration of allophane and halloysite (Townsend 1985; Fourie et al. 2012; Brink 2015).  

Oven drying can have significant effects on properties of soils due to the presence of ‘structural 

water’ within the clay minerals (Northmore et al. 1992; Wesley 2010). 

 

Notwithstanding the above, Wesley (2010) argues that Atterberg Limits remain useful in evaluating 

and characterizing residual soils when values are plotted on plasticity chart (Fig. 2.10b), due to two 

reasons: (1) there is no difficulty in avoiding drying the soil; and, (2) particle size and Atterberg 

Limits can be referred to as the intrinsic properties of the soil, which reflect only the properties of 
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the material itself, and not the material in its natural (undisturbed) state. Soils that plot well below 

the A-line generally have good engineering properties, while those above the A-line are poor 

(Wesley 2010). If the plasticity chart is used for classification purposes, problems can arise with 

residual soils, especially clays of volcanic origin containing the clay minerals halloysite or 

allophane, which tend to plot below the A-line (Wesley 2010). These soils do not really behave as 

silts; due to their “quick” behaviour or dilatant characteristics, and at the same time they do not 

appear to be highly plastic.  
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Figure 2.10: A) Effect of drying on plasticity of volcanic soils (from Fourie et al. 2012); B) The conventional 

plasticity chart and several tropical residual soils (from Wesley 2010); C) Shearing resistance angles of 

various clay minerals (from Fookes 1997). 

 

Hence, deciding whether they should be designated as clays or silts is somewhat problematic. 

Unlike other clay minerals, halloysite and allophane are not of a platy nature and consequently do 

not exhibit a sharp decrease in their residual strength (Fig. 2.10c; Fookes et al. 1997; Wesley 2010). 

Hence, a division into clays, silty clays, and silts, as indicated in Figure 2.10b, would be a more 

useful division than one based on the Liquid Limit in the USCS Casagrande Plasticity chart (Wesley 

2010).  

 

From the above discussion it is apparent that tropical residual soils do not behave in a similar fashion 

to temperate zone soils, and consequently do not behave as expected when using conventional 

laboratory testing methods (e.g. Sunil and Krishnappa 2012; Brink and Hörtkorn 2016). In 

evaluating the properties of tropical residual soils, it is very important to first observe carefully their 

behaviour in the field, before looking at the results of laboratory tests (Wesley 2010; Brink 2015). 

In Fiji, tropical climatic conditions have caused deep weathering of various lithologies and 

produced clay-rich soils, which are highly plastic with low density (e.g. Knight 1986). Although 

previous investigations (e.g. Lupini et al. 1981) have found Fiji soils to have high residual shear 

strength, Lovegrove and Fookes (1972) identified the stability of deep cuttings in residual soil and 

weathered rock as one of the major geotechnical problems in Viti Levu. The water table in tropical 

residual soils is often relatively deep, and subject to fluctuations from climatic effects.  Hence, 

understanding of the pore pressure regime above the water table becomes an important component 

to understanding residual soil behaviour (Wesley 2010). Given the drained topographic locations in 

which tropical residual soils are usually found, their short-term behaviour is often controlled by 
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negative pore pressures (suctions or tensions between interparticle surfaces). These impart an 

increased apparent effective cohesion to the soil, together with any incipient (i.e. developing) 

cementing of grains by the precipitation of the compounds referred to above (Wesley 2010; Hearn 

2011a). These soils often have a density and cohesion that allow them to stand vertically in cuttings 

until their strength is reduced by a groundwater rise or surface water penetration (Hearn 2011a). 

 

2.3.3 Landuse and Landcover 

Over 90% of the Fiji’s population, both rural and urban, can be considered coastal dwellers, where 

the vast majority of services, infrastructure, agricultural production and social centres are located 

(Agrawala et al. 2003).  Although virtually covered with forest at one time, Fiji’s present land cover 

is largely human-induced with only ~59% natural forest remaining (Macfarlane et al. 2009).  The 

forestry sector is very active with extensive logging of native forests occurring accompanied by a 

replanting programme of mahogany and other hardwood species (Morrison et al. 1990).  The area 

of land agricultural use has increased by more than 200% over the past 30 years, partly due to 

marginal land being brought in arable use (Morrison et al. 1990). The wetter eastern and central 

parts of Viti Levu promote a growth of thick rainforest cover, whereas the west and north where 

not covered by sugar cane and other plantations is largely covered by talasiga grassland. In the wet 

zone, coconuts, ginger, cassava, taro, yaqona (kava), bananas and plantains, breadfruit and coffee 

along with dairy and beef cattle, poultry and pigs are produced (Macfarlane et al. 2009). In the 

intermediate rainfall zone, vegetables, cocoa, passionfruit, maize, some sorghum, tobacco, 

watermelons, sweet potatoes, Irish potatoes and turmeric are grown; beef cattle and horses are raised 

(Macfarlane et al. 2009). In the dry zone, sugar cane, irrigated rice, upland rice, pulses such as mung 

(Vigna radiata) and pigeon pea (Cajanus cajan), yams, citrus, masi, pineapples and mangoes are 

grown with goats, sheep and beef cattle the predominant livestock (Macfarlane et al. 2009). 

Agriculture has always been the largest sector in Fiji’s economy, but the tourism sector has grown 
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significantly over the years, and this stands to increase in the near future with the building of more 

hotels and resorts (Agrawala et al. 2003). 

 

2.4 Landslides in Viti Levu 

2.4.1 Landslide Definition and Classification 

‘Landslide’ refers to both forms and processes resulting in downslope movement of unstable slope-

forming material, including rock, soil, artificial fill, waste or a combination of these, under the 

influence of gravity often aided by water (Greenbaum et al. 1995; USGS 2004). Cruden and Varnes 

(1996) and De Blasio (2011) suggested a simple definition of the term as the movement of a mass 

of rock, debris, or earth down-slope. The commonly accepted terminology used to describe 

landslide features is illustrated in Figure 2.11. The type of slope movements has been divided into 

six categories: fall, topple, slide, spread, flow, and composites (Fig. 2.12; USGS 2004). Although 

many types of mass movements are included in the general term “landslide”, it is sometimes 

considered a misnomer because many types of slope movement do not involve sliding (USGS 2004; 

Conforth 2005). The more restrictive use of the term refers only to those mass movements where 

there is a distinct zone of weakness that separates the slide material from more stable underlying 

material (USGS 2004). In the literature, a wide variety of other terms such as landslips, mass 

movement, mass wasting, and slope failure are used interchangeably with the term “landslide” 

(Highland and Bobrowsky 2008; van Westen 2016).  

 

There are several ways in which landslides can impact mountain roads. Hearn (2011) describes the 

following five failures types as commonly observed along mountain roads which are illustrated in 

Figure 2.13:  

1) Failure Type 1- failures in the cut slope; 
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2) Failure Type 2- as failures in the fill slope; 

3) Failure Type 3- as failures of the natural hillside above the road (“overslip”), either due to 

the presence of slope instability that existed prior to construction or, more commonly, due 

to the removal of toe support by cut slope excavation (in this case the failure surface 

daylights either at, or close to, road level); 

4) Failure Type 4- as failures of the slope below the road (“underslip” or “drop out”) that 

regress and remove support for part or all of the road; or 

5) Failure Type 5- as failures of the entire slope upon which the road is constructed. These 

landslides usually pre-date road construction though occasionally they can be triggered as 

first-time failures during construction and operation as a result of river scour, heavy rainfall 

or seismicity (they often develop as extensions to type 4 failures).” 

 

 

 

Figure 2.11: Commonly used terminology for describing landslide features (modified from USGS 2004) 
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Figure 2.12: Major types of landslide movements: Slides (A, B, C); Fall (D); Topple (E); Flow (F, G, H, I); 

Spread (J) (from USGS 2004). 
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Figure 2.13: Five common types of soil slope failure along mountain roads (from Hearn et al. 2011a). 

 

A velocity scale was also developed by Varnes (1978) to complete the classification which was 

later updated by International Geotechnical Society’s UNESCO Working Party on World Landslide 

Inventory (WPI/WLI; 1995), and Cruden and Varnes (1996). The classification proposed by Varnes 

(1978) is the most widely accepted system classification of slope failure. This system has been 

updated and partly revised by Cruden and Varnes (1996) and it classifies landslide based on two 

factors: (1) the material type; and, (2) the type of movement.  The threefold criteria used to describe 

material types are: 

1) Rock- a hard or firm mass that was intact and in its natural place before the initiation of 

movement. 

2) Earth- material in which 80% or more of the particles are <2 mm, the upper limit of sand sized 

particles. 
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3) Debris- contains a significant proportion of coarse material; 20% to 80% of the particles are >2 

mm, and the remainder are <2 mm. 

 

Hungr et al. (2014) proposed that the characterization of materials in Varnes’ (1978) classification 

needed modifying, as the threefold division of materials is vague. They also highlighted that the 

Varnes (1978) classification is compatible neither with geological terminology of materials 

distinguished by origin or particle size, nor with geotechnical classifications based on mechanical 

properties. Therefore, a modified Varnes classification of landslides comprising of 32 landslides 

types was proposed by Hungr et al. (2014; Table 2.4). Introductions to the fundamental concepts of 

landslide mechanisms are provided by Turner et al. (1996), the USGS (2004), and Hearn (2011a), 

while formal definitions and mechanisms of 32 landslide types is described in detail by Hungr et 

al. (2014). The different types of landslides observed by the author along the main roads in Viti 

Levu have been summarized in Figure 2.14.  

 

Table 2.4: Summary of the proposed new version of the Varnes classification system (from Hungr et al. 

2014). 

Type of movement Rock Soil 

Fall 1. Rock/ice fall 2. Boulder/debris/silt falla 

Topple 3. Rock block topplea 

4. Rock flexural topple 

5. Gravel/sand/silt topplea 

Slide 6. Rock rotational slide 

7.Rock planar slidea 

8. Rock wedge slidea 

9. Rock compound slide 

10. Rock irregular slidea 

11. Clay/silt rotational slide 

12. Clay/silt planar slide 

13. Gravel/sand/debris slidea 

14. Clay/silt compound slide  

Spread 15. Rock slope spread 16. Sand/silt liquefaction spreada 

17. Sensitive clay spreada 

Flow 18. Rock/ice avalanchea 

 

19. Sand/silt/debris dry flow 

20. Sand/silt/debris flowslidea 

21. Sensitive clay flowslidea 

22. Debris flowa 

23. Mud flowa 

24. Debris flood 

25. Debris avalanchea 

26. Earthflow 

27. Peat flow 
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Type of movement Rock Soil 

Slope deformation 28. Mountain slope deformation 

29. Rock slope deformation 

30. Soil slope deformation 

31. Soil creep 

32. Solifluction 
a Movement types that usually reach extremely rapid velocities as defined by Cruden and Varnes (1996). The other 

landslide types are most often (but not always) extremely slow to very rapid. 

 

Previous landslide studies in Fiji (e.g. Crozier et al. 1981; Greenbaum et al.1995; Melzner 2006; 

Stephens et al. 2018) have identified debris flows as the most common type of landslide, although 

debris/earth rotational, translational slides and block slide are not uncommon. It is useful to 

construct composite classes such as “translational rock slide-earth flow” within the framework of 

the classification system, as many observed slope failures are compound, progressing from one 

failure mode to another as they move downslope and multiple material types (Hearn 2011a; Hungr 

et al. 2014). This is also a common phenomenon amongst landslides commonly observed along 

main highways in Viti Levu (e.g. Fig. 2.14). This transition commonly applies to the development 

of a slide into a debris flow or earthflow. There is currently no standard for grouping the size-

magnitude of landslides, but a useful reference is provided by Cornforth (2005) (Table 2.5).  
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Figure 2.14: Various types of landslides observed along main roads in Viti Levu, Fiji (classification based 

on Cruden and Varnes (1996)): A) Earth Slump; B) Earth Slump-Flow; C) Debris Slide-Flow; D) Rock Fall; 

E) Block Slide; F) Earth Spread-Flow. 

 

Table 2.5: Grouping landslides by area (Cornforth 2005). 

Descriptor Area, sq. ft. Area, sq.m. 

Very small <2,000 <200 

Small 2,000-20,000 200-2,000 

Medium 20,000-200,000 2,000-20,000 
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Descriptor Area, sq. ft. Area, sq.m. 

Large 200,000-2,000,000 20,000-200,000 

Very large 2,000,000-20,000,000 200,000-2,000,000 

Huge >20,000,000 >2,000,000 

Note: 1 sq. mile = 27,878,400 sq. ft. 1 acre = 43,560 sq. ft. Length is measured horizontally, not along the 

slope. If the size is near the border between categories, both sizes are mentioned (e.g. landslide of around 

20,000 sq. ft. is described as a small-to-medium landslide). For slopes steeper than 45° to the horizontal, it is 

recommended that vertical height replace horizontal length in the area calculation. For flow slides, it is 

recommended that the area be based on the eroded bowl on the initiation site, ignoring any further erosion 

further downslope in the valley below. 

 

2.4.2 Factors Causing Landslides  

Slope stability problems have been faced throughout history whenever humans or natural hazard 

events have disturbed soil slopes. Mass wasting is an erosion process that contributes to the 

geomorphic reshaping of the landscape to a more stable configuration (De Blasio 2011; Earle 2015). 

Landslides occur wherever the gravitational forces (shear force, SF) acting on a slope exceed the 

resisting forces imparted through the strength of slope materials (shear strength, SS) i.e. SF>SS. 

Thus, the chance of a slope failing is ultimately determined by two factors: the angle of the slope 

and the strength of the materials on it (Hearn 2011a). SF is determined by the angle of the slope and 

the weight of the material while SS is determined by properties of the slope material, such as 

geology, geometry (aspect and slope), (pore)-water conditions, friction and cohesion properties of 

soil, vegetation cover and any human modifications (Earle 2015). Down-slope movement is 

favoured by steeper slope angles which increases the SF, and anything that reduces the SS (Hearn 

2011a). Factors that determine the probability of landsliding for a particular area may be grouped 

into two categories: (1) the conditioning factors (internal factors) which make the slope susceptible 

to failure (marginally stable) without actually initiating it, such as geology, slope gradient and 

aspect, elevation, soil geotechnical properties, vegetation cover, long-term drainage patterns and 

weathering; and, (2) triggering factors (external factors, such as rainfall, human activities, 

earthquakes) which shift the slope from a marginally stable to an unstable state, thereby initiating 
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failure (Henriques et al. 2015). Table 2.6 summarizes the main conditioning and triggering factors 

of slope failures in rock and soil slopes. 

 

Table 2.6: Main conditioning and triggering factors controlling the stability of rock and soil slopes (modified 

from Hearn 2011a). 

Rock slopes Soil slopes 

Conditioning factors Triggering factors Conditioning factors Triggering factors 

Slope angle and height  

Rock structure 

orientation, including 
discontinuity patterns, 
in relation to 
topography (slope 
direction and angle  – 
kinematic feasibility) 

Rock mass strength 
and weathering 
grade* 

Presence of weak 
horizons within the 
rock mass, either 
more closely jointed 
or softer (more 
clayey) layers 

Presence of rock 
horizons/layers of 
varying permeability 
creating perched 
water tables 

Toe erosion by streams 
and rivers removing 
lateral support, or 
vertical support if 
undercut 

When degree of 
weathering, particularly 
along discontinuities, 
reaches a critical level 
(strength) 

Earthquake acceleration, 
leading to increased 
driving forces 

Heavy and/or prolonged 
rainfall. Increased 
water pressure along 
discontinuities 

External influences 
including excavations, 
fills and spoil dumps, 
drainage changes 

Slope angle and height 

Soil depth and the presence 
of any adversely 
orientated relict structures 
that are derived from the 
original rock fabric (if in 
situ weathered soil) or 
previous failure surfaces 
(if taluvium/ colluvium) 

Presence of a distinct soil 
layer/rock head 
boundary along which 
failure takes place 

Soil composition and 
strength, a function of 
grain size, particle 
arrangement and 
mineralogy, density and 
moisture content 

Presence of weak horizons 
and permanent 
groundwater seepages 

Prolonged/heavy rainfall 
leading to a rise in 
groundwater level and 
reduction in strength 

Intense (usually short-term) 
rainfall leading to 
saturation of surface soil 
layers and reduction in 
strength 

Toe erosion by streams and 
rivers removing lateral 
support 

Earthquake acceleration, 
leading to increased 
driving forces 

Deforestation, and other 
land use changes, can 
lead to increased surface 
water runoff, erosion and 
slope instability 

External influences, 
including excavations, 
fills and spoil dumps, 
drainage changes 

*Weathering grade obviously increases with time, but is taken here to be a constant factor over short engineering 

timescales. 

 

Table 2.7 defines various triggering factors of landslides mentioned in international literature. Table 

2.8 summarizes the main triggering and conditioning factors for landslides reported in Fiji. Data in 

Table 2.8 reveals that most of the landslides in Fiji are triggered during heavy rain during tropical 

cyclones (TC’s), storms and tropical depression. In contrast, earthquake-triggered (i.e. coseismic) 

landslides are a rare occurrence. High antecedent soil moisture conditions, steep slopes, steep road 

cuts, inadequate drainage in constructed areas, and deeply weathered soils profiles with expanding 

clays appear to be the most common conditioning factors for landslides in Fiji. This is for both 

forested and cleared areas, although some authors reported landslides to be more common in the 
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latter. Landslide occurrences are also conditioned by linear structures (roads, streams etc.), as well 

as geological structures such as faults, bedding and joints. 

 

Table 2.7: Various trigger factors of landslides, their definition and examples from literature (modified from 

Froude and Petley 2018). 

Trigger Definition Example 

Unknown No trigger or obvious cause specified. Brook (2018) 

Rainfall Rainfall raises pore pressure in slope materials triggering failure. Redshaw et al. 

(2019) 

Earthquake Strong ground motion associated with an earthquake weakens slope 

materials triggering failure (coseismic landslides). 

Roback et al. 

(2018) 

Illegal mining Unregulated or informal mining of slope materials in designated 

quarry or mine, where permission to extract material has not been 

granted. 

Zhao et al. (2016) 

Illegal hill cutting Hill cutting refers to the process of removing material from a 

hillslope for the purposes of altering its shape and/or to obtain slope 

material for use in construction, manufacture or farming. It is 

differentiated from mining because it occurs on slopes that are not 

within a designated site of mining or quarrying; instead hill cutting 

typically occurs on individual slopes on steep agricultural land or on 

man-made slopes such as those along transport routes. Hill cutting 

differs from construction because slope modification does not follow 

an engineering design to ensure slope stability. Hill cutting is 

assumed to be undertaken in an informal, unregulated manner (this 

is frequently noted in landslide reports). 

Khan et al. (2012) 

Legal mining Regulated and/or permitted mining of slope materials in designated 

quarry or mine, where permission to extract material has been 

granted and operations are managed. 

Hu et al. (2019) 

Mining (unknown) Slope materials are extracted from a designated quarry or mine, but 

the report does not make it clear whether the extraction is permitted 

or not. 

Dusková and 

Machácek (2014) 

Construction Permitted modification of a slope for the purposes of a construction 

project undertaken by professional labourers, following planning 

approval. 

Griffiths et al. 

(2004) 

Conflict and explosion Landslide triggered by the detonation of an explosive device during 

military combat. 

Wenner (1951) 

Leaking pipe Utility pipes carrying water have been damaged and leak water onto 

a slope surface or within the hillslope, compromising its stability. 

Hancox (2008) 

Garbage collapse Collapse of piles of municipal waste onto people, where stability of 

waste piles was disturbed by the passage of a person or persons. 

Blight and Fourie 

(2005) 

Recreation Triggered by passage of a person or persons walking or climbing 

over a hillslope for recreation. 

Heggie (2009) 

Human action 

(unspecified) 

Landslide report refers to a person or people present on a hillslope 

that collapses, without specifying the reason people occupied the 

slope or the landslide trigger. 

Confuorto et al. 

(2019) 

Animal activity Occupation of slope by animal triggering failure, either by weight 

and movement of animal on slope surface or by burrowing within the 

slope subsurface. 

Nyssen et al. 

(2015) 

Fire Naturally occurring or man-made fires, typically occurring in dry 

climates on vegetated terrain. 

Florsheim et al. 

(1991) 

Natural dam or Collapse of a riverbank or natural dam without an apparent trigger, Lee and Dai 
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Trigger Definition Example 

riverbank collapse but likely caused by pore pressures building over time to a critical 

threshold in response to water levels. Material typically fails into a 

body of water and often generates a flood wave. 

(2011) 

Freezing Heavy snowfall and expansion of water in hillslopes due to freezing, 

acting solely or together to destabilise the slope. 

Bardou and 

Delaloye (2004) 

Freeze–thaw 

(temperature change 

cold to hot), snowmelt 

Failure of slope materials in response to temperature rise, including 

landslides triggered by the melting of snow or permafrost (in a non-

volcanic setting). 

Naudet et al. 

(2008) 

Volcanic eruption Landslides (and mudflows) occurring in a volcanic environment 

triggered by volcanic activity such as explosions and volcano-

tectonic seismicity. This does not include events in active volcanic 

environments triggered by rainfall. 

Tommasi et al. 

(2005) 

Marine erosion Triggered by sea erosion (only) repeat wave impact. Colantoni et al. 

(2004) 

Agricultural activity Landslide primarily caused by impact of mechanization changing 

landscape configuration and/or water flow. 

Crosta and Prisco 

(1999) 

Seepage erosion Dislodgement of soil or rock particles resulting from water flowing 

through and emerging from a porous medium. 

Fox and Wilson 

(2010) 

Soil piping collapse 

 

Occurs during heavy rains, which would either increase water flow 

in natural soil pipes or cause blockage reducing the shear strength in 

surrounding soil causing failure. 

Azañón et al. 

(2005) 

Cyclic thermal 

stressing (non-freezing) 

Failures due to cyclic solar heating which can cause outward 

expansion 

Collins and Stock 

(2016) 

 

Table 2.8: Summary table listing previously documented subaerial landslide events in Fiji (in chronological 

order), and their triggering and conditioning factors (modified from Stephens et al. 2018). 

Event dates Location Trigger Conditioning factors Author(s) 

~1828  

(“About thirty 

years since”)  

Town within a few 

miles of Mbua, 

western Vanua 

Levu 

Not specified In some places a surface of loose 

rubble is found… a town… was 

buried by a landslip, when so much of 

the mountain face slid down 

(Williams, 1858: 10). 

Williams (1858) 

14/09/1953 Various locations 

between Navua 

and Nausori, 

southeast Viti 

Levu 

Earthquake Landslides located mostly in 

mountainous terrain and road cuttings 

in the epicentral zone of the 

earthquake. Most landslips within 10 

km west of earthquake epicentre. 

Houtz (1961, 

1962); Lawson 

(1991) 

19/01/1966  Yavuna area, 

western Viti Levu 

Rainfall  Most slips on recently and frequently 

fired areas and on slopes of 25-35°. 

Thin, coarse soil layers with limited 

infiltration capacity. 

Cochrane (1969) 

05/05/1979 &  

16-21/04/ 

1986  

Hilly, coastal 

terrain between 

Suva and Navua, 

south-eastern Viti 

Levu 

Persistent 

rainfall 

(tropical 

depressions) 

Landslides in man-made excavations 

seen to be larger in comparison to 

natural slopes. Most slips confined to 

2-5m of red residual tropical soils and 

weathered rock. Originate in hilly 

terrain, steep slope or heads of gullies 

and often channelled into natural 

drainage patterns. Failures occur 

along bedding and joints. 

Lawson and Dau 

(1992); Lawson 

(1993) 

01-

05/04/1980 

Galoa-

Korovisolou area, 

Serua Hills, 

Heavy rainfall 

from TC 

Wally 

Unstable road or excavation cuts, 

highly weathered bedrock and steeply 

dipping planar discontinuities, erosion 

Greenbaum et al. 

(1995) 
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Event dates Location Trigger Conditioning factors Author(s) 

Waidina River 

catchment, 

southern Viti Levu 

of soil road fills, unforested slopes. 

04/04/1980 Wainitubatolu 

catchment, Serua 

Hills, southern Viti 

Levu 

Heavy rainfall 

during TC 

Wally 

High antecedent moisture conditions, 

degree of weathering; older red clay-

rich regolith more prone to slips in 

comparison to younger brown 

granular regolith.  

Crozier et al. 

(1981, 1982); 

Howorth et al. 

(1981); Howorth 

and Prasad (1981) 

April 1980 

Exact date not 

given (n.d.) 

Various locations 

in northern Suva 

Peninsula, 

southeast Viti 

Levu 

Rainfall Most landslides on slopes >20° but 

notable exceptions. Weathered nature 

of bedrock facilitates solifluction with 

steeply dipping joints form failure 

plane. Planting of crops on steep 

hillsides especially cassava loosens 

soil and facilitates slips. 

Keefe (1980) 

April 1986 

(n.d.) 

Waimanu 

catchment, south-

eastern Viti Levu 

Heavy rainfall Slips mostly observed on steeper 

slopes by Morrison et al. (1990). 

Morrison et al. 

(1990); Nunn 

(1990) 

April 1986 

(n.d.) 

Navatuvula 

Village, interior of 

Viti Levu 

Heavy rainfall Slips mostly along road-cuts. Failure 

soil on sandstone cliff possibly 

occurred along downslope-dipping 

joint planes. Slips occurred both in 

cleared and forested areas. Swelling 

clay minerals contributing factor. 

Nunn (1998) 

15/04/1986 Korolevu Post 

Office compound, 

southern Viti Levu 

Rainfall Poor drainage, oversteepened slopes, 

and inadequate compaction of fill 

material. 

Whippy and Rao 

(1986) 

02-

03/01/1993 

Central and eastern 

Viti Levu 

Heavy rainfall 

associated 

with TC Kina  

Saturation of soil over impermeable 

rock. Failure mostly occurred on ‘cut 

and fill’ type roads. Above road level, 

failure planes controlled by geological 

structures such as faults, bedding and 

joints while below road level, heads of 

steep gullies. Failure of part or whole 

width of some roads attributed to 

failed drainage system such as 

blocked drains and culverts; ponding 

of water above heads of gullies or at 

the sides of roads; and inadequate 

compaction of the roads. Also, low 

strength of red lateritic soil. 

Howorth et al. 

(1993) 

04-

11/03/1997 

(TC Gavin) 

 

Nausori Highlands 

and Medrausucu 

ranges, western 

Viti Levu; Nabala 

Secondary School, 

Naduri, Vanua 

Levu;  

Heavy rainfall 

associated 

with TC Gavin  

In Naduri landslide event of 7th March 

1997, poor drainage in upper slope 

caused surface ponding, liquefaction 

and sliding along structural weakness 

(fault or shear zone) in soil (MRD 

pers. Comm., in Terry and Raj, 1999).   

Terry and Raj 

(1999) 

03-

05/05/1997 

(TC June) 

Edinburgh Drive, 

Suva, south-

eastern Viti Levu; 

Kioa Island and 

Sawani, south-

eastern Viti Levu 

Heavy rainfall 

associated 

with TC June 

At the Edinburgh Drive event in 

advance of TC June the bedrock was 

noted to be friable and highly 

weathered soapstone (Suva Marl). 

Terry and Raj 

(1999) 

<1994 

(n.d.) 

Navua catchment, 

southern Viti Levu 

Rainfall Linear structures such as main or 

logging roads, streams and faults play 

important role in landslide generation. 

Melzner (2006) 

14- Votua creek Heavy rainfall Few small shallow slips located in Ram (2013) 
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Event dates Location Trigger Conditioning factors Author(s) 

15/12/2009 catchment, 

southern Viti Levu 

from TC Mick disturbed areas of lower catchment 

with steep hillsides. Uprooting of 

vegetation by TC Mick also facilitated 

the slips. 

2009 & 

early 2012 

(n.d.) 

 

 

Lololo Pine 

Station, Drasa, 

Lautoka, Viti Levu 

Heavy rainfall 

coupled with 

excessive 

runoff  

Slips located on an earlier ancient 

large slide. Loading from commercial 

pine plantation located within failed 

material of ancient slide material 

combined with its cohesionless nature. 

Waqanisau and 

Seru (2012) 

25/01/2012 Western Ba river 

catchment, NW 

Viti Levu 

Heavy rainfall 

during La Niña 

episode 

Landslides mostly occurred within 

a plantation of Pinus caribaea 

(Caribbean pine) which were on 

second plantation cycle and on slopes 

oriented mainly to the northeast and 

east on (trade) windward slopes. 

Loading from high antecedent rainfall 

and pines could be contributing factor. 

Stephens et al. 

(2018) 

March 2017 

(n.d.) 

Denimanu 

Settlement, Yadua 

Island 

Heavy rainfall Landslide located on steep slope 

adjacent to newly constructed houses 

with inadequate drainage. 

Martin et al. 

(2018), Piggott-

McKellar et al. 

(2019) 

 

2.5 Summary 

Fiji’s largest volcanic island, Viti Levu is characterized mostly by hilly terrain with complex 

tectonic history and deeply weathered soil profiles which combined with tropical climate are highly 

prone to rainfall-induced slope failure during floods and tropical cyclones. Viti Levu is the centre 

of majority of the Fiji’s population and economic activities. With increasing population and 

economic activities in future, Fiji is bound to experience increased landslide hazards as construction 

of houses, roads and other infrastructure encroach hilly terrain. Recent village/household 

relocations inland to avoid increasing threats from sea level rise (e.g. Martin et al. 2018; Piggott-

McKellar et al. 2019) has also revealed threats from landslides in newly constructed village sites. 

Most of the slope failures reported for Fiji in previous literature have been in residual soils along 

roads in Viti Levu. With the Fijian government planning to increase and upgrade its existing road 

networks as part of 10- and 20-years development plan (e.g. Ministry of Economy 2017), landslide 

hazards along roads are bound to increase making understanding of landslide character and 

mechanisms in Fiji environment important. Although previous literature has reported on possible 
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triggering and conditioning factors of landslides in Viti Levu, no detailed investigation has been 

undertaken on landslide character and the role antecedent rainfall, geology and engineering 

properties of residual soils can play in conditioning and triggering slope failures. The next four 

results chapters (Chapters 3, 4, 5 and 6) in this thesis systematically investigate the role the 

aforementioned factors play in conditioning and triggering slope failures in residual soils along Viti 

Levu’s roads. 
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3 CHAPTER 3: GEOMORPHOLOGICAL 

CHARACTERISTICS OF SLOPE FAILURES IN 

NORTHEAST VITI LEVU ISLAND, FIJI, TRIGGERED 

BY TROPICAL CYCLONE WINSTON IN FEBRUARY 

2016 

Citation: Ram AR, Brook MS, Cronin SJ (2018) Geomorphological characteristics of slope failures 

in northeast Viti Levu island, Fiji, triggered by Tropical Cyclone Winston in February 2016. 

New Zealand Geographer 74(2):64-76. 

 

The highways circumnavigating Viti Levu play a pivotal role in Fiji’s socioeconomic 

development, and are a crucial link to transport aid during disasters. Slope failures triggered by 

heavy rainfall and tropical cyclones have led to considerable damage and fatalities along Viti 

Levu’s main roads in the past. Knowledge of slope instability mechanisms is key for the 

successful identification and management of slope failure hazards, however, there is a paucity 

of such information for Fiji’s main roads. Severe Tropical Cyclone (STC) Winston was the 

strongest cyclone on record to make landfall in Fiji and affected the Fiji Islands from the early 

hours of 20 February until 3 am, 21 February, 2016. We present a field reconnaissance 

examining the characteristics and mechanisms of slope failures induced by STC Winston along 

a 35 km stretch of the northern part of the Viti Levu’s ring road, “Kings Road”. Approximately 

61 distinct shallow, small-scale slope failures were identified most of which were of a complex 

type and included earth and debris slides (translational and rotational) with a minor flow 
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component. The trigger for the slope failures was the ~258 mm of rainfall in 24 hours after 30-

days of antecedent rainfall totalling 482 mm. This caused rapid increases in porewater pressures, 

especially at the contact of residual soils and the underlying weathered basement rock. Evidence 

of recurring slips along Kings Road indicates that contemporary slope instability is likely caused 

by elevated porewater pressure during high intensity rainfall events in clay-dominated soils.  

 

3.1 Introduction 

For 24 hours from 2 am on 20 February 2016, Severe Tropical Cyclone (STC) Winston was the 

strongest cyclone to ever make landfall in Fiji (Fiji Meteorological Service 2016) causing 

widespread flooding and landsliding. Wind gusts of up to 306 km/hr (Fiji Meteorological Service 

2016) caused structural damage as well as wind-loading-induced damage to forested areas and 

agriculture. Infrastructure losses were estimated to be FJ$246.8 million (US$121.7 million), half of 

which was attributed to the transport sector (Esler 2016). Approximately 30% of transport 

infrastructure losses were from slope failures (Fiji Roads Authority 2016). Although these were 

typified by small landslides (<2000 m2), they were of high economic and engineering significance 

due to their proximity to the main highway across northern Viti Levu, Kings Road. A slope failure 

typically involves a chain of events from pre-failure deformation, the failure event, and post-failure 

displacement (Skempton and Hutchinson 1969; Leroueil et al. 1996) with failure forming a rupture 

surface as a displacement or strain discontinuity (Leroueil et al. 1996; Hungr et al. 2014). Slope 

failures in the tropics are often triggered by extreme rainfall (Dahal et al. 2009; Harp et al. 2009; 

Bhandary et al. 2013; Robbins et al. 2013), with the response time of slope materials largely 

dependent upon the hydraulic conductivity, thickness and sensitivity of the surface soils (Lupini et 

al. 1981; Kim et al. 2004; Lanni et al. 2013). While granular soils tend to respond quickly to intense 

rainfall of short duration (Au 1998; Hakro and Harahap 2015), the typically clay-dominated Fiji 
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soils have been particularly sensitive to prolonged rainfall (Crozier et al.1981; Bronders 1994; 

Greenbaum et al. 1995; Terry 2007). Shallow landslides in Fiji are often triggered during rainstorms 

when porewater pressure increases at the interface of the soil horizon and underlying bedrock 

(Cochrane 1969; Crozier et al. 1981; Lawson and Dau 1992; Bronders 1994; Terry 2007). The 

increase of porewater pressure decreases the effective stress and thus reduces soil shear strength, 

eventually resulting in failure (e.g., Reid 1994; Craig 2004). 

 

Reviews of previous landslides in Fiji by Lawson and Dau (1992), Greenbaum et al. (1995), Terry 

(2007) and Stephens et al. (2018) reveal that rainfall-induced landslides are a common occurrence 

along Fiji’s major highways. Fiji’s highway network is the main means of transporting people, 

goods and services across individual islands. Slope failures along major transport routes triggered 

during heavy rainfall in wet seasons and cyclones can disrupt transport for several hours, days and 

weeks, when they are especially required during disaster response (e.g. Howorth et al. 1993; Fiji 

Roads Authority 2016). Hence, understanding of landslide hazards along the roads is important, 

with knowledge of slope instability mechanisms key to successful identification and management 

of slope failure hazards. Relatively few studies have attempted to understand the characteristics of 

slope failures along Fiji’s transport corridors and the rainfall thresholds inducing them (Stephens et 

al. 2018). Here, we report on a survey of the character and mechanisms of landslides triggered by 

the STC Winston of February 2016 along a 35 km stretch of Kings Road in northern Viti Levu, Fiji. 

The aims of this research are to: (1) describe the morphometric characteristics of slope failures; (2) 

describe the slope failure mechanisms; and (3) compare rainfall thresholds leading to landslide 

failure during STC Winston, with past studies in Fiji.  
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3.2 Study Area 

Fiji is situated within an unusually broad and complex area of the active tectonic boundary between 

the Indo-Australian and Pacific plates in the southwest Pacific (Hathway 1993; Greenbaum et al. 

1995). The archipelago of 332 predominantly volcanic islands (110 inhabited) totals ~18,300 km2 

in area. The country’s population of approximately 884,887 resides primarily on the two largest 

islands, Viti Levu and Vanua Levu (Fiji Bureau of Statistics 2018). Located close to the Tropic of 

Capricorn, the country experiences a tropical maritime climate with low temperature extremes (Fiji 

Meteorological Service 2006). There is a dry season from May to October and rainy season from 

November to April, determined by the movement of the South Pacific Convergence Zone, the main 

rainfall producing system for the region (Fiji Meteorological Service 2006; Terry 2007). On 

average, ten to fifteen cyclones per decade affect some part of Fiji in the wet season, while two to 

four result in severe damage (Fiji Meteorological Service, 2006). This study was focused on Viti 

Levu, the largest island in Fiji, specifically on the recently tar-sealed 34.5 km portion of the Kings 

Road between the villages of Barotu and Naseibitu in the northeast of the island (Fig. 3.1a).  

 

The Kings Road is one of the two major highways circumnavigating Viti Levu and it frequently 

experiences landslides during high rainfall. In one case, a landslide pushed a bus with six people to 

their deaths into the Wainibuka River near Nabulini village after a heavy rainfall event on 8 April 

2004 (Gopal 2014). Viti Levu is predominantly a steep, heavily-dissected volcanic island. The NE-

SW orientation of mountains in central Viti Levu produces an orographic effect on prevailing SE 

trade winds, producing dry leeward and wet windward conditions (Terry 2007). Annual rainfall in 

the dry zones is ~2,000 mm, whereas in the wet zones, it varies from 3,000 mm to 6,000 mm, from 

the coast to mountains (Fiji Meteorological Service 2006). The closest climate stations to the study 

area are at Penang (15 km northwest) and Monasavu (25 km southwest), which record average 

annual rainfalls of 2,450 mm and 4,880 mm, respectively.  
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Figure 3.1: A) Geological map of NE Viti Levu, Fiji [adapted from Hirst (1967) and Stratford and Rodda 

(2000)] showing locations of slope failures induced by STC Winston along Kings Road. Inset: Map of Viti 

Levu showing location of study area and the STC Winston path; B) Topographic map of NE Viti Levu with 

random locations of slope failures in the study area (modified from Fiji Lands Information System data). 
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Most of the Kings Road in the study area runs parallel to Wainibuka River, one of the major 

tributaries of Fiji’s largest fluvial system, the Rewa River. The topography of the study area is a 

mixture of floodplains adjacent to rivers, grading into hill country under mixed forest, scrubland, 

grassland and subsistence-based gardening (Fig. 3.1b). Many villages are located on the gentle 

hillslopes and narrow terraces alongside the Wainibuka River. The geology of the study area (e.g., 

Hirst 1967; Stratford and Rodda 2000), is predominantly underlain by Late Miocene-Early Pliocene 

Vatukoro Greywacke basement, with some areas underlain by Late Miocene Wailoa Conglomerate, 

Mid-Miocene Lawalevu Sandstone, Mio-Pliocene Barotu Sandstone and Early Pleistocene 

Rokavukavu Basalt and recent surficial sediments (Fig. 3.1a). All lithologies are moderately to 

strongly-weathered and the dominant soils are residual soils, up to several meters deep. Previous 

studies (e.g., Chandra 1970; Knight 1986) have reported the presence of Kaolinite, Gibbsite and 

Halloysite as commonly occurring clay minerals in the soils of Viti Levu. 

 

3.3 STC Winston  

The following meteorological summary of Severe Tropical Cyclone Winston (STC Winston) is 

obtained from Fiji Meteorological Service (2016) and all times are reported as local time 

(FJT=GMT+12) (Fig. 3.2a). STC Winston started as a tropical disturbance (TD09F) on 7 February 

2016 to the far northwest of Vanuatu, and two days later started affecting the Fiji Group. On 10 

February, the trough associated with TD09F brought rain over most parts of Fiji, with Nadarivatu 

recording 208 mm.  TD09F intensified to a tropical cyclone named “Winston” on 11 February (Fig. 

3.2a). As it moved south-southeast between 11-14 February, occasional heavy rain spread in front 

of the cyclone over most of Fiji. Penang Station recorded 131 mm of rainfall on 11 February. 

Winston entered Southern Lau waters (Fig. 3.2a) as a Category 2 cyclone on the evening of 15 
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February and exited around midday on 16 February.  It intensified to a Category 4 system on 18 

February, when it was located northwest of Niue (Fig. 3.2a).  Subsequently, it returned towards the 

Fiji Group, intensified to a Category 5 system on the evening of 19 February and re-entered Fiji 

territory through Northern Lau waters in the early hours of 20 February. The centre passed very 

close to Vanuabalavu (Fig. 3.2a) at about 6 am, passing Koro Island at around 2 pm, and made 

landfall in the Rakiraki area of Viti Levu at 7 pm (between Verevere and Barotu, Fig. 3.2b). It exited 

Viti Levu near Ba at around 9.30 pm, finally leaving Fiji waters by 3 am on 21 February (Fig. 3.2a). 

 

STC Winston is the strongest cyclone to ever make landfall in Fiji in recorded history with sustained 

wind speeds of up to 233 km/hr (125 knots) and gusts of up to 306 km/hr (165 knots); the highest 

ever recorded at a land-based station in Fiji, before winds toppled the station at Vanuabalavu (Fiji 

Meteorological Service 2016; Shultz et al. 2016). It was possibly the strongest ever recorded in the 

Southern Hemisphere (Royal Meteorological Society 2016), rivalling Cyclone Zoe 2002 and 

Cyclone Pam 2015 (Shultz et al. 2016). Storm intensification near Fiji was enhanced by 

atmospheric and oceanic conditions (Di Liberto 2016). The presence of extremely warm ocean 

temperatures was a product of lingering 2015/2016 El Niño conditions (similar to the 1997/1998 

“climate event of the century”; Shultz et al. 2016). The storm’s Tropical Cyclone Heat Potential 

(TCHP) was estimated at 75 kJ/cm2 (Masters and Henson 2016). STC Winston arrived after 

sustained dry conditions had been experienced in parts of the country (Fiji Meteorological Service 

2016), and radar imagery shows it brought rainfall intensities of up to 200 mm/hr (Fig. 3.2b). After 

minor amounts of rainfall between 15 and 19 February, Nadarivatu recorded 479 mm, Monasavu 

435 mm, and Penang 255 mm between 20 and 21 February (Fiji Meteorological Service 2016). 
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Figure 3.2: A) Track map of Tropical Cyclone Winston through southwest Pacific Ocean from 11 to 24 

February 2016. Points of the cyclone centre are given in FJT (GMT+12) in day of month/hours format 

(dd/hh) (data from Weather Underground, 2017). Inset enlarged map of Viti Levu showing location of Fiji 

Meteorological Service climate stations; B) Radar imagery from Fiji Meteorological Service Nadi station 

showing STC Winston rainfall rates at 6.54 am, 20 February 2016 (Image courtesy of Fiji Meteorological 

Service). 
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The consequences of STC Winston were devastating in Fiji. In addition to the high winds, storm 

surges, heavy swells, the torrential rains led to serious flooding (Fiji Meteorological Service 2016; 

Royal Meteorological Society 2016; Shultz et al. 2016). The government declared a State of Natural 

Disaster for 60 days and officially requested international assistance (Shelter Cluster Fiji, 2016).  

The cyclone impacted approximately 540,400 people or 62% of the country’s total population and 

44 fatalities resulted (Esler 2016).  Over 62,000 people were evacuated to 900 evacuation centres 

(Shelter Cluster Fiji 2016) and at least 30,369 houses, 495 schools and 88 health clinics and medical 

facilities were damaged or destroyed (Esler 2016). Power and communications systems were lost 

for approximately 80% of the nation’s population for several days (Esler 2016).  Of the 7,500 km 

of Fiji’s road network, up to 2,000 km was blocked by fallen trees and debris (Fiji Roads Authority 

2016), affecting travel for days. Crop destruction compromised the livelihoods of almost 60% of 

Fiji’s population (Esler 2016).  The country’s sugar industry suffered $83 million of losses, 

affecting over 200,000 people (Australian Canegrower 2016). Few crops survived in Penang and 

Rakiraki (Australian Canegrower 2016) while only 20% could be harvested in Lautoka 

(Agribusiness Intelligence Informa 2016). The total cost to the country’s economy due to STC 

Winston was estimated at FJ$1.99 billion (US$0.9 billion), excluding environmental costs (Esler 

2016). 

 

3.4 Methods 

A reconnaissance field survey of slope failures along Kings Road was undertaken in early April 

2016, 6 weeks after STC Winston. Each slope failure was located using a Trimble Juno 3B GPS 

which has an accuracy of ±1-4 m (Fig. 3.1a). Description of landslide characteristics consisted of 
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documenting dimensions, including slope angle using a clinometer from top of head scarp (easy to 

define) to the toe (less easy to define, as sometimes toe had been removed), approximate length 

(measured along the dip direction of slope from headscarp to slope failure toe), width (maximum 

failed length along the strike of the slope failures) and consequently, area. The elevation was also 

measured using GPS as height above mean sea level. The type of movement for each failure was 

also identified according to the classification described by Cruden and Varnes (1996) with 

assistance of descriptions in Hearn (2011a and 2011b). Weathering grades of exposed soil profile 

from landslide scarps were identified using descriptions from Hearn (2011a). Staff from Fulton-

Hogan Hiways Fiji and residents from villages close to slope failure sites were consulted to confirm 

that failures were indeed due to STC Winston. The presence of groundwater seepage and the type 

of vegetation was also noted. Precipitation information on STC Winston and five strongest tropical 

cyclones to cross Fiji in recorded history was obtained from the Fiji Meteorological Service for 

comparison. Daily and long-term precipitation records were obtained from the closest Fiji 

Meteorological Service climate stations at Penang and Nacocolevu (Fig. 3.2a). A linear regression 

analysis was done on exploratory basis to see if there is any correlation between landslide 

morphometric parameters (slope S, length L, width W, and area A). 

 

3.5 Results  

At least 61 slope failures were identified along the 34.5 km stretch of Kings Road in moderately to 

highly-weathered alluvial and residual soils within an elevation range of 4 m to 89 m (Table 3.1). 

Most of the failures are located within Mio-Pliocene Wailoa Conglomerate (52 %) and Mid-

Miocene Lawalevu Sandstone (28 %) with relatively few occurring on other lithologies namely, 

recent Surficial Deposits (2 %), early Pleistocene Rokavukavu Basalt (8 %), early Pliocene 

Vatukaro Greywacke (2 %), and Mio-Pliocene Mbarotu Sandstone (8 %).  All the failures were 
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small (min. 12 m2, max. 1125 m2, mean 81 m2) and shallow in nature (<5 m in depth), occurring on 

gentle to steep slopes (min. 5°, max. 50°, mean 23°). All occurred either by translational or 

rotational sliding of residual soils over a shear plane of underlying bedrock or alluvial material, 

with most developing a flow component.  

 

Following the Cruden and Varnes (1996; modified from Varnes 1978) classification scheme, the 

slope failures triggered by STC Winston can be categorized by failure mechanism and material-

type as follows: (1) debris slide, where unconsolidated material failed along a planar surface (Fig. 

3.3a); (2) debris slump, whereby intact blocks of material rotated along a concave failure surface 

that daylights out of slope (Fig. 3.3b), (3) earth slide, where soils failed along a planar surface, 

usually the underlying bedrock (Fig. 3.3h); (4) earth slump, where intact blocks of soil failed along 

a concave failure surface (Fig. 3.3g); (5) complex failure 1, a debris slide with a flow component 

(Fig. 3.3d); (6) complex failure 2, where an earth slide also had a flow component (Fig. 3.3c and 

3.3f); (7) complex failure 3, where a debris slump also had a flow component (Fig. 3.3e and 3.3i); 

and, (8) complex 4, where earth slumps had a flow component (Figure 3.3j). The majority of the 

failures were of Complex 1 type, followed by Complex 2 type (Table 3.1). All the failures occurred 

to cut slopes (Figures 3.3a to 3.3j)) and several slope failures were observed to have uprooted trees 

(e.g. Figure 3.3b, 3.3d, 3.3e, and 3.3i). Most of the failures were <16 m in length and <20 m in 

width (Fig. 3.4a). The slope failures displayed a weak but significant positive correlation between 

length and elevation (r = 0.28, p < 0.05) (Fig. 3.4a) as well as slope angle and length (r = 0.27, p < 

0.05) (Fig. 3.4b). A significant moderate positive correlation was also found between elevation and 

slope angle of slope failures (r = 0.56, p < 0.001) (Fig. 3.4c). The surface area (m2) of the slips were 

mainly 10-100 m2, along with a few larger outliers (Fig. 3.4c). 
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Table 3.1: Location, morphometric and lithological parameters of STC Winston induced slope failures in the 

study area; E elevation (m), L length (m), W width (m), S slope (°), An area (m2), UL underlying lithology, 

SD surficial deposits, MS Mbarotu sandstone, VG Vatukoro greywacke, RB Rokavukavu basalt, WC Wailoa 

conglomerate, LS Lawalevu sandstone. Complex 1, 2, 3, and 4 refer to debris slide, earth slide, debris slump, 

and earth slump, respectively with all having a flow component. 

Slip  Latitude (S) Longitude (E) E (m) L (m) W (m) S (°) A (m2) UL Slip Type 

1* 17°29'59.1" 178°14'27.9" 34 16 9 31 144 SD Debris Slide 

2 17°30'45.8" 178°14'38.6" 89 15 10 20 150 MS Debris Slump 

3 17°34'44.0" 178°14'34.8" 57 5 4 40 20 VG Complex 1 

4 17°35'17.9" 178°14'45.2" 56 12 3 45 36 MS Complex 2 

5 17°35'17.9" 178°14'45.2" 56 15 7 45 105 MS Complex 2 

6 17°35'17.9" 178°14'45.2" 56 15 5 45 75 MS Complex 2 

7 17°35'19.0" 178°14'44.9" 54 5 6 45 30 MS Complex 2 

8* 17°37'42.5" 178°15'26.1" 52 10 12 18 120 RB Earth Slump 

9 17°37'47.4" 178°15'28.3" 47 3 4 30 12 RB Debris Slide 

10 17°37'47.4" 178°15'28.3" 47 4 15 30 60 RB Debris Slide 

11 17°39'07.5" 178°15'35.6" 45 5 4 25 20 RB Complex 1 

12 17°39'10.2" 178°15'40.5" 56 6 10 33 60 RB Debris Slide 

13 17°39'22.4" 178°16'36.6" 46 7 20 23 140 WC Complex 3 

14 17°39'22.0" 178°16'41.9" 47 4 4 13 16 WC Complex 1 

15 17°39'22.0" 178°16'41.9" 4 5 20 22 100 WC Complex 1 

16 17°39'37.1" 178°17'03.0" 60 8 5 45 40 WC Complex 4 

17 17°39'40.61" 178°16'57.24" 52 5 5 11 25 WC Earth Slide 

18 17°39'39.17" 178°17'0.40" 46 5 5 15 25 WC Debris Slide 

19 17°39'37.10" 178°17'3.00" 60 6 4 45 24 WC Earth slide 

20 17°39'28.76" 178°17'7.71" 38 5 5 10 25 WC Complex 1 

21 17°39'27.38" 178°17'8.46" 39 5 5 10 25 WC Complex 1 

22 17°39'25.85" 178°17'9.32" 42 10 15 10 150 WC Complex 1 

23 17°39'19.78" 178°17'17.14" 38 5 5 10 25 WC Complex 1 

24 17°39'18.77" 178°17'27.06" 40 5 5 15 25 WC Complex 1 

25 17°39'18.6" 178°17'30.5" 47 10 17 23 170 WC Complex 3 

26 17°39'17.84" 178°17'33.90" 36 5 5 10 25 WC Complex 1 

27 17°39'17.2" 178°17'36.9" 58 4 15 50 60 WC Complex 1 

28 17°39'15.85" 178°17'44.13" 43 5 5 22 25 WC Complex 1 

29 17°39'17.07" 178°17'54.07" 48 5 5 22 25 WC Complex 1 

30 17°39'20.53" 178°17'59.78" 51 10 20 25 200 WC Complex 1 
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Slip  Latitude (S) Longitude (E) E (m) L (m) W (m) S (°) A (m2) UL Slip Type 

31 17°39'21.2" 178°18'01.0" 54 25 45 42 1125 WC Complex 1 

32 17°39'36.23" 178°18'1.60" 49 5 5 20 25 WC Complex 1 

33 17°39'38.0" 178°18'01.3" 65 10 15 37 150 WC Complex 1 

34 17°39'48.27" 178°18'19.71" 48 5 5 12 25 WC Complex 1 

35 17°39'49.1" 178°18'22.7" 59 4 9 45 36 WC Complex 3 

36 17°39'52.44" 178°18'29.09" 41 5 5 15 25 WC Complex 1 

37 17°39'53.59" 178°18'32.18" 38 10 15 14 150 WC Complex 1 

38 17°39'52.62" 178°18'45.68" 30 5 5 5 25 WC Complex 1 

39 17°39'46.60" 178°19'17.08" 59 5 5 22 25 LS Complex 1 

40 17°39'49.33" 178°19'18.73" 56 5 5 26 25 LS Complex 1 

41 17°39'51.0" 178°19'19.3" 57 10 3 40 30 LS Complex 1 

42 17°39'55.69" 178°19'21.05" 46 5 5 24 25 LS Complex 1 

43 17°40'5.06" 178°19'23.39" 44 5 5 25 25 WC Complex 1 

44 17°40'14.47" 178°19'25.23" 47 5 5 19 25 WC Complex 1 

45 17°40'28.70" 178°19'43.61" 31 5 5 14 25 WC Complex 3 

46 17°40'25.97" 178°19'53.32" 26 5 5 6 25 WC Complex 2 

47 17°40'26.9" 178°20'02.7" 48 7 5 15 35 WC Earth Slump 

48 17°40'31.19" 178°20'8.59" 53 5 5 22 25 WC Complex 1 

49 17°40'47.20" 178°20'7.02" 35 5 5 14 25 LS Complex 1 

50 17°40'50.17" 178°20'6.45" 37 10 15 14 150 LS Complex 1 

51 17°41'04.8" 178°20'14.3" 42 10 15 12 150 LS Complex 2 

52 17°41'2.31" 178°20'19.46" 31 5 5 14 25 LS Complex 1 

53 17°41'1.10" 178°20'22.37" 31 5 5 14 25 LS Complex 1 

54 17°40'58.97" 178°20'25.03" 35 5 5 15 25 LS Complex 1 

55 17°40'52.47" 178°20'39.87" 37 4 6 35 24 LS Complex 1 

56 17°40'51.90" 178°20'43.27" 42 10 20 11 200 LS Complex 1 

57 17°40'52.81" 178°20'49.75" 49 5 5 20 25 LS Complex 1 

58 17°40'54.87" 178°20'52.61" 52 10 15 19 150 LS Complex 1 

59 17°40'54.87" 178°20'52.61" 33 5 5 11 25 LS Complex 1 

60 17°41'2.91" 178°20'56.80" 33 10 20 11 200 LS Complex 2 

61 17°41'2.59" 178°21'0.06" 36 10 15 10 150 LS Complex 2 

*Benched slope 
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Figure 3.3: Types of slope failures observed in the study area triggered by STC Winston and their 

morphometric features. Yellow dashed lines depict heard scarps and black dotted lines show bedrock 

exposed on failure surfaces: A) Debris slide on near-vertical batters on recent surficial deposits (S-1); B) 

Debris slump on natural hill slope with weathering grade (WG) IV residual soil on sedimentary rock (S-2); 

C) Complex 2 (Earth slide with a flow component) on excavated residual soil (WG V) on Mbarotu sandstone 

(S-5 and S-6); D) Complex 1 (Debris slide with a flow component) on natural hill slope with residual soil 

(WG V) on Lawalevu sandstone (S-57); E) Complex 3 (debris slump with a flow component) affecting part 

of battered hillslope with WG IV-V residual soil on Wailoa conglomerate (S-25); F) Complex 2 (earth slide 

with a flow component) in excavated WG V residual soil on Mbarotu sandstone (S-7); G) Earth slump on 

battered WG V-VI residual soil on Rokavukavu basalt (S-8); H)  Earth slide on excavated WG IV-V residual 

soil on Wailoa conglomerate (S-19); I) Complex 3 (debris slump with flow component) on part of excavated 

slope comprised of WG IV residual soil on Wailoa conglomerate (S-13); J) Complex 4 (debris slump with 

flow component) on natural hill slope with WG V-VI residual soil on Wailoa conglomerate (S-16). 
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Figure 3.4: A) Relationship between elevation and dimensions of the STC Winston induced landslides 

described in this study; B) Relationship between slope angle and dimensions of STC Winston landslides; C) 

Relationship between elevation and slope angle and area for the STC Winston landslides. 
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3.6 Discussion 

3.6.1 Slope Failure Characteristics and Mechanisms 

From the 29 landslide types described in Cruden and Varnes (1996; modified and updated from 

Varnes 1978), at least five types of slope failures were identified in this study. All slope failures 

showed either rotational or translational modes of failure. Rotational slides occurred in 

homogeneous massive clays, especially where slopes were over-steepened or excavated by stream 

erosion, mechanical under-cutting or within engineering fill. Translational slides were mainly 

controlled by the presence of a weak layer or a textural discontinuity, that was generally steeper 

than the internal-friction angle (with an allowance for pore-pressure and earthquake body forces; 

cf. mechanisms described by Hungr et al. 2014). The slope failure types identified in this study are 

consistent with past rainfall events in Fiji (e.g. Cochrane 1969; Crozier et al. 1981; Whippy and 

Rao 1986; Nunn 1990; Lawson and Dau 1992; Bronders 1994; Howorth et al. 1993; Terry and Raj 

1999; Terry 2007). Although no failures were observed below road level in this study, our 

observations are similar to those of Howorth et al. (1993), where debris slides were reported above 

road-level and earth/mud flows occurred below road level following Cyclone Kina (2-3/01/1993). 

Lawson (1993), using the Varnes (1978) classification, identified slides, falls and flows as three 

principal groups of landslides on Viti Levu. Flows were the dominant mode of failure in natural 

terrain while slips affected excavated areas (Howorth et al. 1993). However, debris flows seem to 

be the predominant type of slope failure in the Fiji environment (e.g. Crozier et al. 1981; Terry and 

Raj 1999; Terry 2007; Stephens et al. 2018) 
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Hungr et al. (2014) noted that the terms “debris” and “earth” used in the Cruden and Varnes (1996) 

classification were incompatible with geological terminology as well as geotechnical 

classifications, and proposed a new classification of 32 landslide types. The term “debris” (>20-

80% material coarser than sand) applies to plastic and non-plastic materials with varying 

characteristics, while the term “earth” (>80% material finer than sand) is not recognised in either 

geological and geotechnical material descriptions (Hungr et al. 2014). Despite these 

inconsistencies, the older Cruden and Varnes (1996) system is preferred here, in order to enable 

better comparison with the existing literature. Even though the separation between earth and debris 

is crude, it means that a first-order rapid classification of large number of slope failures can be 

made, without the requirement for detailed description of materials. Nevertheless, the Hungr et al. 

(2014) landslide classification scheme is likely to be more informative to a wider engineering or 

geological audience. The significant positive correlation of L and S with E, and L with S implies 

that the sizes of landslide increase with steepness and elevation of landmass i.e. higher and steeper 

landmasses are more likely to undergo denudation or mass wasting processes resulting in larger 

landslides in the study area. 

 

The majority of the slope failures identified occurred in the two oldest lithologies in the study area 

that are likely to be relatively more weathered with higher clay contents compared with more recent 

sediments, and thus are more prone to failure. Humid tropical climates produce deep in-situ 

weathered soils due to intense chemical weathering and mechanical weathering to a lesser extent 

(Greenbaum et al. 1995; Terry 2007; Hearn 2011a). The soils observed in the study area were of 

weathering grades IV, V and VI which are usually classified as soil from an engineering perspective 

as they tend to behave more like soil than rock (Hearn 2011a). The weathering process weakens 

rocks, producing higher void ratios, decreasing bond strengths, therefore reducing mechanical 

strength, and promoting slope failure (Nova et al. 2003; Voulgari 2015). Chandra (1970) and Knight 
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(1986) found Viti Levu soils to be rich in clay indicative of strongly weathered and leached soil 

profiles with significant amount of Kaolinite and Halloysite. The latter mineral, if present within 

soils in the study, area could have an important influence on landslides. Soils rich in Halloysite are 

highly sensitive and though capable of supporting steep stable slopes, can fail under heavy rainfall 

(Moon 2016). In very sensitive clays, high degrees of remoulding and strength-loss results in flow-

slides (Hungr et al. 2014). Most of the failures identified along the Kings Road had a distinct flow 

component, reflecting the sensitive clays (e.g. Lupini et al. 1981). The latter creates conditions for 

retrogressive slope failure by removing support from a steep initial main scarp, and this process 

may repeat in a multiple-retrogressive fashion (e.g. Hungr et al. 2014). 

 

In addition to the above, other natural and anthropogenic factors appear to influence the failure of 

slopes along Kings Road. First, Hearn (2011a) revealed that 70% of slope failures affecting any 

given mountain road are due to relatively shallow instability in cut slopes and this is consistent with 

observations in this study, where road cuttings were often the location of slope failure. Second, 

uprooted trees were present at several failures, indicative of localised dynamic loading of soils, 

caused by tree-root motion induced by cyclone-force winds (Terry 2007). Finally, many other 

salient controls on slope failure have been identified in the literature, including both natural and 

anthropogenic factors. Natural factors predisposing a slope to fail include: high-intensity rainfall 

and soil saturation; erosion at the base of slopes; expansive and sensitive clays; old landslide 

deposits and existing landslide scarps; existing tension cracks; presence of tectonic faults; sharp 

textural contacts to basal lithologies; thick, clay-rich soils; steep slopes; and shallow-rooted 

vegetation along with common deforestation (cf., Cochrane 1969; Crozier et al. 1981; Lawson 

1993; Greenbaum et al. 1995; Terry 2007). Anthropogenic factors include: blocked drainage 

resulting from redirection of water flow; poor drainage design; backfilled slopes; uncompacted 

backfill behind retaining walls; steep slope cuts (>45°); benched and unprotected slopes; absence 



68 

 

of slope protection structures; construction or excavation adjacent to failed slopes; overloading of 

slopes with infrastructure; removal of failed and runout material at landslide toes. Many of these 

anthropogenic factors have been reported by earlier studies in Fiji (e.g., Lovegrove and Fookes 

1972; Whippy and Rao 1986; Lawson and Dau 1992; Howorth et al. 1993; Greenbaum et al. 1995; 

Terry and Raj 1999; Stephens et al. 2018), and were corroborated by our field reconnaissance. 

 

3.6.2 Rainfall Thresholds  

Slope failures are frequent in Viti Levu and mostly occur during the rainy season (November to 

April), when tropical cyclones are common (Lawson and Dau 1992; Terry 2007). Tropical cyclones 

may deliver rainfall at intensities and durations that exceed the maximum infiltration capacities of 

soils or subsoils (Bronders 1994; Terry 2007). Once critical porewater pressures are reached, 

tropical clays lose their structure and cohesion, and mass movements occur (Crozier et al. 1981; 

Bronders 1994). During STC Winston, slope failures were triggered by >258 mm of rainfall in 24 

hours following a 30-day antecedent rainfall total of 482 mm (average of the values obtained from 

the two closest Fiji Meteorological Service stations to the study area, at Penang and Monasavu; Fig. 

3.5a). This antecedent rainfall total is a little misleading, as the rain fell in the few days immediately 

prior to the cyclone, ending a period of drought (Fig. 3.5b). The >258 mm 24-hour rainfall total is 

remarkably similar to the 260 mm of rainfall reported in Stephens et al. (2018), for 24 January 2012. 

That event induced extensive debris flows in the Ba River catchment, and was preceded by three 

days of heavy rainfall.  

 

Terry (2007) using data from Lawson (1993) plotted a rainfall intensity-duration relationship for 35 

storms including 16 tropical cyclones between 1979 and 1990 that caused slope failures in the 

highlands of southern Viti Levu. Landslide-triggering rainfall intensity thresholds were noted to be 
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Figure 3.5: A) A 30-day time series plot of daily (bars) and cumulative rainfall (line) at Monasavu and 

Penang Rainfall Stations from 19 January to 19 February 2016 and tropical cyclone Winston (20 to 21 

February); B) A 13-month time series plot of monthly (bars) and cumulative rainfall (line) with mean values 

from Monasavu and Penang Rainfall Stations from February 2015 to February 2016 (Data courtesy of Fiji 

Meteorological Service). 

 

between 80 mm/hr for at least 30 min, to 10 mm/hr for over 24 hours. The average rainfall intensity 

of STC Winston was 11 mm/hr over 24 hours, exceeding the intensity threshold outlined in Terry 

(2007). The maximum rainfall of the cyclone (479 mm over 24 hrs) was less than that recorded for 
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Cyclone Wally in 1980 (641 mm; Terry 2007) which caused extensive landslides in Wainitubatolu 

catchment in southwest Viti Levu (details in Crozier et al. 1981). This reveals that for landslide 

assessments, the cyclone intensity is of less importance than the rainfall intensity. At least two (TC 

Hina and Meli) of the five strongest tropical cyclones to have ever traversed Viti Levu produced 

maximum rainfall intensities of 8 and 5 mm/hr, respectively, below the intensity required to trigger 

landslides (Table 3.2). It must be noted however that maximum rainfall intensities values are mean 

values calculated from highest daily rainfall values (see Table 3.2). Actual maximum rainfall 

intensity values of tropical cyclones could have been higher if measurements were made at greater 

time resolutions. Antecedent moisture conditions of soil also affect the rainfall intensity thresholds 

needed to trigger landslides (e.g. Crozier 1999; Ponziani et al. 2012), although this is not explored 

further here. 

 

Table 3.2: Comparing maximum daily rainfall during STC Winston with five strongest TC’s recorded in Fiji 

since 1971 (Data courtesy of Fiji Meteorological Service).  

TC 

Name 

TC 

Duration Category 

Minimum 

Pressure 

(hPa) 

Mean 

Wind 

Speed 

(knots) 

Highest 

Daily 

Rainfall 

(mm) Date 

Fiji 

Meteorological 

Service Station 

Mean 

Maximum 

Rainfall 

Intensity 

(mm/hr) * 

Winston 

11-24 

Feb, 

2016 5 864 160 308 

20 

Feb Monasavu 

13 

Hina 

11-20 

Mar, 

1985 5 910 120 189 

16 

Mar Nacocolevu 

8 

Meli 

24-31 

Mar, 

1979 5 920 110 120 

25 

Mar Matei 

5 

Oscar 

23 Feb- 6 

Mar, 

1983 5 920 110 301 

1 

Mar Nadi Airport 

13 

Bebe 

19-28 

Oct, 1972 4 925 100 346 

24 

Oct Suva 

15 

Gavin 

3-14 

Mar, 

1997 4 925 100 319 

8 

Mar Rarawai 

13 

*Calculated from Highest Daily Rainfall of TC’s 
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3.6.3 Mitigation Measures 

Of the 61 STC induced slope failures identified in this study, 59 had no slope engineering and only 

2 were benched (see Table 3.1 and Figure 3.3). The characteristic slope instability problems 

identified along the Kings Road are not unique to Fiji, but are prevalent in many tropical areas 

where both man-made and natural slopes are impacted by high-intensity, long duration rainfall 

events (e.g., Liu et al. 2012; Choi and Cheung 2013). Mitigating the impacts of slope failure on 

infrastructure in such geomorphic and socio-economic settings is challenging. Nevertheless, some 

landslide mitigation strategies have been applied to slopes adjoining the Kings Road, on a local 

basis (Fig. 3.6). Some of these examples include gabion barriers, horizontal drains, transport 

channels and small-scale debris-retaining structures (Fig. 3.6).  

 

In addition, a more strategic, regional approach to landslide mitigation could be to undertake a risk-

based assessment along the Kings Road, factoring both the likelihood of a slope failure with the 

consequences (e.g. Hungr et al. 2005). A risk instability score can thus be derived from the factors 

identified in this study, including: slope geometry, geotechnical properties (including soil strength, 

clay content and soil depths), basement and slope origin, along with the instability history of slopes. 

The risk score will help prioritise areas for ongoing slope risk management and remediation (e.g. 

Stewart et al. 2002). A well-known example is in Hong Kong, where a high concentration of 

developments on hilly terrain in close proximity to engineered slopes and high seasonal rainfall, is 

manifest by a collective death toll of 470 people due to landslides since the late 1940s (Choi and 

Cheung 2013). In response, the Hong Kong Government embarked on their Landslip Preventive 

Measure (LPM) Programme, to retrofit 4500 substandard man-made slopes between 1977 and 2010 

(Choi and Cheung 2013).  
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Figure 3.6: Current slope engineering methods identified along the Kings Road, Fiji: A) Gabions to stabilise 

a relict slope failure; B) Horizontal drains (arrowed) in retaining walls; C) Drainage channels at base of 

gabion retaining structures; D) Excavated slope batters with horizontal benches cut at several heights. 

 

Despite the high cost involved, key principles of the LPM Programme could be applied to the slope 

failures identified along the Kings Road. One technology from the Hong Kong programme not yet 

tried in Fiji, is the use of soil nails. These comprise steel reinforcing bars installed into the ground 

by means of drilling and grouting, binding the soil together to form an integral mass (Watkins and 

Powell 1992). They can be a robust and economical engineering solution for improving the stability 

of soil-cut slopes (Choi and Cheung 2013), while still allowing infiltration and drainage. They 

would also be compatible with the other engineering mitigation measures already in place. 
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3.7 Conclusion 

Understanding of landslide hazard characteristics is central to recent global efforts of reducing 

human impact from landslide disasters such as the ISDR-ICL Sendai Partnerships 2015–2025: 

Global Promotion of Understanding and Reducing Landslide Disaster Risk (Sassa et al. 2017). We 

have described a rapid reconnaissance study that was part of a post-event assessment of slope 

failures induced by STC Winston.  All the slope failures in the study were small and shallow in 

nature occurring on gentle to steep slopes, which occurred either by planar or rotational sliding of 

residual soils, with most developing a flow component.  The failures were most likely caused by 

elevated porewater pressure when rainfall rates exceeded soil infiltration rates, leading to high 

porewater pressures above permeability contrasts, such as the soil-bedrock contact. Despite the 

general pattern of drought conditions, rainfall for 3 days prior to STC Winston was considerable, 

and this probably led to saturation of soils in the study area. Even though the 24-hour rainfall 

intensity during STC Winston that triggered slope failures is comparable to earlier studies, in Fiji 

higher rainfall intensities have been produced by lower category cyclones. Many of the slope 

failures were located on older lithologies and were adjacent or within cuttings associated with road 

construction. Localised wind-loading of trees may have also destabilised some areas. The large 

number of landslides associated with STC Winston indicates that current slope stabilization 

methods are inadequate. More detailed geotechnical engineering studies are recommended, to better 

understand slope failure risks, given a range of antecedent and peak-intensity rainfall scenarios. Fiji 

faces tropical cyclones annually. Further studies on the specific combinations of failure mechanisms 

and soil properties would be valuable in contributing to long-term slope protection strategies along 

Fiji’s major transport routes. 
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4 CHAPTER 4: ENGINEERING CHARACTERISTICS OF 

SOILS PRONE TO RAINFALL-INDUCED SLOPE 

FAILURE IN VITI LEVU, FIJI ISLANDS 

Citation: Ram AR, Brook MS, Cronin SJ (2019) Engineering characteristics of soils prone to 

rainfall-induced slope failure in Viti Levu, Fiji. Quarterly Journal of Engineering Geology 

and Hydrogeology. DOI: 10.1144/qjegh2018-140. 

 

 

Fiji’s infrastructure is regularly impacted by rainfall-induced slope failures, but the engineering 

properties of failed soils are rarely described. We report mineralogical, geotechnical and index 

properties of soils from headscarp exposures of eighteen slope failures from tropical residual 

soils of differing parent rocks in Viti Levu, Fiji. Scanning electron microscopy (SEM) and X-ray 

diffraction (XRD) revealed kaolinite and smectite are the dominant clay minerals in the soils. 

Index properties included in-situ moisture content (28-114%), dry bulk density (0.7-1.5 g/cm3), 

Atterberg limits (25-56% plastic limit; 38-79% liquid limit), effective particle-size (0.4-12.6 μm) 

and clay fraction (0.6-19%). Geotechnical measurements included field compressive strength 

(127- 461 kPa), hydraulic conductivity (~10-7 m/s), shear-vane (16-128 kPa), ring shear (9.3 to 

17.4°) and Emerson dispersion. Collectively, results indicated most of the soils were cohesive, 

stiff, sensitive, and in a plastic state in the field. Soils plotted below the A-line on the plasticity 

chart as fine silts of intermediate to high plasticity, and can theoretically sustain >50º slopes. 

Failure of these soils following high rainfall events is influenced by low permeability and the 
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presence of expanding clays (e.g. smectite), causing temporary porewater pressure increases. No 

explicit relationships between soil properties and parent lithology were evident. 

 

4.1 Introduction 

Tropical soils include a wide variety of pedogenic materials, of which the engineering behaviour 

and material properties can vary significantly (Fookes 1997). In particular, high amount of rainfall 

combined with the deeply-weathered nature of tropical soils of Viti Levu, makes the largest volcanic 

island of the Fiji Group highly susceptible to rainfall-induced slope failures (e.g., Cochrane 1969; 

Crozier et al. 1981; Nunn 1990; Terry 2007; Stephens et al. 2018). Many of these are shallow 

failures (typically 1-5 m deep) and are usually confined to the wet season. Collectively, the 

landslides significantly impact the country’s infrastructure and economy (cf. Lawson and Dau 1991; 

Greenbaum et al. 1995). Single storm events are also highly efficient landslide-generators, for 

example Tropical Cyclone Winston in 2016 was the strongest cyclone on record in Fiji and caused 

widespread flooding and slope failures. Winston-related Infrastructure losses were at least FJ$246.8 

million (US$121.7 million), half within the transport sector alone (Esler 2016). While previous 

studies in Fiji have related slope failure occurrence to rainfall thresholds (e.g. Lawson and Dau 

1991; Terry 2007) and environmental factors (e.g. Cochrane 1969; Crozier et al. 1981; Stephens et 

al. 2018), few studies have explored the role that engineering characteristics of soils play in slope 

failure in Viti Levu. This is despite Lovegrove and Fookes (1972) highlighting that a key 

geotechnical issue was the stability of highway cuttings in residual soil and weathered rock in 

southeast Viti Levu. An important characteristic of residual soils (those formed by high-degrees of 

deep weathering of bedrock) is the low strength due to the destruction of bedrock coherence and 

cementation during the weathering process (Fookes 1997). Under dry conditions, residual soils 

appear to have high shear strength, but as they become saturated, their shear strength reduces 
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markedly, toward very low effective cohesion (Wesley 1990). Residual soils also tend to have 

higher permeability and porosity compared to the underlying parent rock, often leading to shallow 

failures and stripping of soil layers from bedrock contacts in high rainfall events (Wesley 2010). 

Residual soils, can however, have highly variable properties, depending on the bedrock geology, 

slope, vegetation and other factors (Fookes 1997), so that universal assessments of slope stability 

are problematic in areas of marked lithologic/soil heterogeneity.  

   

Most previous studies of the residual soils in Viti Levu, Fiji, (e.g., Lovegrove and Fookes 1972; 

Knight 1986; Bronders 1994) have emphasised different aspects of their engineering characteristics. 

These studies have not explicitly examined relationships between parent rock type and engineering 

characteristics of residual soils or focused on areas of slope failures. The aim of this paper is to 

present the results of an investigation of residual soils at eighteen slope failures across different 

lithological settings along three roads in Viti Levu: Kings Road (KR), Namosi Road (NR), and 

Lololo Road (LR). These sites are susceptible to rainfall-induced landslides and are immediately 

adjacent to highways of national strategic significance to Fiji. KR is one of the two major routes 

used by Viti Levu road commuters and tourists to travel around the eastern half of the island, LR is 

located within a major pine forest area and NR services the area of a large-scale copper mining 

lease. The objectives are to: (1) characterise the mineralogical, index and geotechnical properties 

of weathered residual soils prone to rainfall-induced slope failures in Viti Levu, Fiji; and, (2) to 

probe relationships between residual soil properties and parent rock lithology. This will help 

prioritize slope-failure mitigation strategies in the study area from a geotechnical standpoint. 
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4.2 Study Area 

Fiji is in the Pacific Ocean, approximately 3000 km east of Australia and 2000 km northeast of New 

Zealand. The archipelago totals ~18,300 km2 in land area spread over an area of 194,000 km2, 

comprising 332 predominantly volcanic islands of which 110 are inhabited, 222 are uninhabited 

and 522 additional islets. Viti Levu, the focus of this study, is the largest Fijian island at 10,300 

km2, and is where the majority of Fiji’s population of about 900,000 reside. Fiji’s geologic history 

includes a period of subduction forming an island arc, with later uplift, rotation, and deformation 

due to back-arc extension and shear deformation (Begg and Gray 2002). Fiji currently sits on a 

prominent offset of the convergent boundary between the Pacific and Australian tectonic plates. 

The geology of Viti Levu is mapped within six groups (Fig. 4.1; Hathway 1993; Rodda 1994). The 

oldest rocks, the Yavuna Group, formed in the Upper Eocene to Lower Oligocene. They occur in 

the southwestern Viti Levu and consist of basaltic lavas and intrusive rocks with minor epiclastic 

conglomerates and limestones. The overlying Wainimala Group, formed in the Lower Oligocene to 

Middle Miocene, mainly comprise volcaniclastic rudites, lavas including reef limestones and thinly-

bedded marine sediments. The Wainimala Group covers most of southern Viti Levu and forms a 

broad, ENE-trending anticline, the core of which was intruded by stocks of the Colo Plutonic Suite 

from the Middle to Upper Miocene. Rocks of the Colo Orogeny comprise the third group, and are 

mainly low-potassium tholeiitic gabbro, tonalities and trondjhemites. Erosion of the emergent 

landmass in the mid-Late Miocene formed sediments of the Wainimala Group. Intermediate and 

basic high-K lavas of the shoshonite association erupted in the Late Miocene and Early Pliocene, 

initially in northwest Viti Levu, forming rocks of the Koroimavua Volcanic Group. Later, calc-

alkaline lavas (termed the Ba Volcanic Group) erupted across the northern half of the island, 

comprising the sixth and youngest volcanic group of rocks (Rodda 1994). 
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Located close to the Tropic of Capricorn, Fiji experiences a tropical maritime climate with narrow 

temperature extremes (Fiji Meteorological Service 2006), a dry season from May to October and 

wet season from November to April. The NE–SW orientation of mountains in central Viti Levu 

produces an orographic effect on prevailing SE trade winds, producing dry leeward and wet 

windward conditions (Terry 2007). Annual rainfall ranges from 2000-6000 mm a-1, while 

temperatures range from 22°C to 27°C, for the dry and wet seasons, respectively (Leslie 1997). The 

wetter south-eastern and central parts of Viti Levu promote a growth of thick rainforest cover, 

whereas the west and north is under sugar cane and other plantation crops or covered by talasiga 

grassland and scrub. This study focuses on residual soils along KR, LR, and NR, across eastern, 

western and southern Viti Levu, respectively, with parent rocks belonging to Ba Volcanic Group, 

Wainimala Group, Medrausucu Group, Ra, and Verata Sedimentary Groups (Fig. 4.1).  

 

  

Figure 4.1: Generalized geological map of Viti Levu, Fiji showing locations of sampled slope failures along 

KR, NR and LR. Inset map shows regional geologic setting of Fiji (adapted from Begg and Gray 2002). 
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While KR falls in the intermediate rainfall zone of Viti Levu, NR is in the wet zone and LR in dry 

zone. Rock is typically moderately to strongly-weathered, and residual soils are formed more than 

several meters deep in many places. Previous investigations during road (e.g. Lovegrove and 

Fookes 1972), bridge (e.g. Amir- Ansari 2013) and dam (e.g. Knight 1986) construction in Viti 

Levu revealed that high tropical rainfall amounts, combined with hot and humid conditions, cause 

deep bedrock weathering, but to varying degrees depending on lithology. A six-stage weathering 

profile classification scheme was developed by Lovegrove and Fookes (1972) for southern Viti 

Levu, and this is adopted for this study (Fig. 4.2). 

 

 

Figure 4.2: Typical weathering profile of residual soils in Fiji (modified from Lovegrove and Fookes 1972). 
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4.3 Methods  

Soils were sampled using cores from the upper zone of residual soil profiles (Fig. 4.2) exposed 

within the headscarps of eighteen slope failures located on different parent rock types along the 

three roads. Additional soil samples were collected for x-ray diffraction (XRD) and scanning 

electron microscopy (SEM). Each slope failure was located using a Trimble Juno 3B GPS which 

has an accuracy of 1–4 m. Field description of soils was undertaken using the New Zealand 

Geotechnical Society Guidelines (NZGS 2005), and the vegetation and topography around the 

sampling sites was also noted (Table 4.1). A Geonor H60 hand-held shear vane tester and 

Eijkelkamp pocket penetrometer were used to obtain in-situ soil strength values. The field saturated 

hydraulic conductivity on headscarps of selected soil failures was measured using procedures 

outlined in Hatt and Le Coustumer (2008). For moisture content and dry bulk density, core samples 

were oven-dried to 105°C. Dry samples were crushed and sub-sampled for particle-size distribution 

analysis using a Malvern Mastersizer 2000. The Atterberg limits were obtained on the <0.425 μm 

fraction of soil samples using the procedure outlined in BS 1377-2 (1998). Residual friction angle 

was investigated for selected soil samples using a Bromhead ring shear apparatus (Bromhead 1979), 

whereby samples were remoulded close to their plastic limit.  Soil dispersion potential was 

investigated using the Emerson class number, following the procedure outlined in AS 1289.3.8.1 

(2006).  Recognising that the behaviour of soft and expansive soils is largely dominated by the 

amount and type of clay minerals present (Mitchell and Soga 2005), a PANalytical Empyrean X-

ray diffractometer was used to obtain XRD diffractograms for clay mineral identification. 

Additional analysis of clay minerals was carried out on air-dried soil samples using a FEI Quanta 

200 field emission environmental SEM (ESEM) to image the soil microfabric and characteristic 

clay mineral shapes.  
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4.4 Results  

Descriptions of the soil characteristics and environmental setting of the eighteen sites is reported in 

Table 4.1 and Figure 4.3. Sites ranged in elevations from 34 to 357 m above sea level. The KR sites 

were mostly under mixed vegetation while the LR and NR sites were within pine and rain forests, 

respectively. Although none of the residual soils at the sampling sites exposed the full weathering 

profile to bedrock, the visible zones were typical of V and VI of that outlined by Lovegrove and 

Fookes (1972; Fig. 4.2) with a diffuse boundary between the two zones (Fig. 4.3). Soil samples 

were obtained from zone VI, although some could have been taken from uppermost portion of V. 

A summary of the minerals found in the clay fraction of the soil samples from XRD and ESEM, 

and their relative abundances are reported in Table 4.2, with example XRD patterns for untreated, 

glycolated and heated clay soil from the NR1 site reported in Figure 4.4a. Kaolinite was the most 

common clay mineral in almost all samples, followed by smectite. Residual feldspar and quartz 

were also present in significant amounts in half of the samples analysed (Table 4.2). Interlayered 

clay minerals such as kaolinite-illite and smectite-chlorite occurred in high amounts in LR1 and 

NR2, respectively. Illite was identified in significant quantities in two samples, KR7 and NR1 (Fig. 

4.4a). Vermiculite occurred in trace amounts in KR8, and sample KR5 contained trace amounts of 

calcite. Imaging of the soil samples under ESEM confirmed the presence of these minerals as well 

as identifying an additional mineral, erionite (a type of zeolite) within the KR2 soil sample (Fig. 

4.4b).  

 

Table 4.1: Location, underlying lithology and topographic description of sampled slope failures in the study 

area. 

Site  Latitude (S) Longitude (E) E 

(m) 

NZGS Field Description Topography & 

Vegetation 

KR1 17°26'7.59" 178°13'42.30" 34 Silty CLAY, some sand; light brown. 

Firm, moist, low plasticity (VG). 

Flatland with sparse 

vegetation 
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Site  Latitude (S) Longitude (E) E 

(m) 

NZGS Field Description Topography & 

Vegetation 

KR2 17°29'59.10" 178°14'27.90" 34 Sandy SILT, some clay; yellowish 

brown, mottled black and white. Very 

soft, moist, low plasticity (SD) 

Hillslope with 

grassland 

KR3 17°35'17.90" 178°14'45.20" 56 Silty CLAY, minor sand; reddish 

brown, mottled black. Stiff, dry, low 

plasticity (BS). 

Adjacent to terrace 

with mixed 

vegetation 

KR4 17°37'47.40" 178°15'28.30" 47 Silty CLAY, some sand, trace organic 

matter; reddish brown, mottled black. 

Firm, moist, medium plasticity (RB). 

Adjacent to terrace 

with grassland 

KR5 17°39'22.00" 178°16'41.90" 40 Clayey SILT, some sand, minor gravel; 

light greyish brown. Firm, moist, low 

plasticity (WC). 

Hillslope near river 

terrace, mixed 

vegetation 

KR6 17°39'28.26" 178°16'48.66" 38 Silty CLAY, minor sand, trace gravel; 

organic brown. Firm, moist, low 

plasticity (WC). 

Hillslope near river 

terrace with 

grassland 

KR7  17°39'37.10" 178°17'3.00" 60 Silty CLAY, some sand; reddish brown, 

mottled orange, white and black. Firm, 

moist, low plasticity (WC). 

Gentle hillslope with 

grassland 

KR8 17°40'26.90" 178°20'02.70" 48 Sandy CLAY, some silt; reddish brown. 

Soft, moist, high plasticity (LS). 

Steep hillslope with 

disturbed forest 

KR9 17°44'14.94" 178°23'24.48" 34 Silty CLAY, trace gravel; brownish 

orange. Firm, moist, high plasticity 

(WT). 

Adjacent to river 

terrace with 

scrubland 

KR10 17°46'52.88" 178°26'23.52" 145 Silty CLAY, some sand; light brownish 

orange. Soft, moist, high plasticity (NS). 

Flatland with 

grassland 

KR11 17°58'07.80" 178°31'40.00" 58 Silty CLAY, some sand; greyish orange. 

Soft, moist, medium plasticity (WS). 

Hillslope near 

floodplain with 

mixed vegetation 

LR1 17°34'55.27" 177°40'8.81" 123 Silty CLAY, minor sand; light brownish 

orange, mottled white. Firm, moist, low 

plasticity (UB). 

Gentle hillslope with 

disturbed pine forest 

LR2 17°34'56.11" 177°40'5.25" 132 Silty CLAY, minor sand; light brownish 

orange, mottled white. Firm, moist, low 

plasticity (UB). 

Gentle hillslope 

within disturbed 

Pine forest 

NR1 18° 2'52.71" 178° 9'14.32" 295 Silty CLAY, minor sand; light grey, 

mottled yellow and white. Firm, moist, 

high plasticity (NA). 

Hillslope within 

forest 

NR2 18° 3'29.48" 178° 9'28.71" 357 Clayey SILT, minor organic matter; 

yellowish brown, mottled white. Soft, 

moist, low plasticity (NA). 

Hillslope within 

forest 

NR3 18° 6'37.15" 178°10'58.31" 275 Silty CLAY, some sand, trace organic 

matter; reddish brown, black on fracture 

surface. Firm, moist, low plasticity 

(TT). 

Hillslope within 

forest 

NR4 18° 6'51.81" 178°11'15.86" 277 Sandy SILT, some clay; light pinkish 

brown, mottled white. Firm, moist, low 

plasticity (TT). 

Hillslope within 

forest 

NR5 18° 7'48.85" 178°12'6.92" 70 Silty CLAY, trace organic matter; 

reddish brown, black on fracture 

surface. Firm, moist, low plasticity 

(TT). 

Hillslope within 

forest 

NOTES: E Elevation (m), VG Early Pliocene Vatukoro Greywacke (Ba Basaltic Group), SD Recent Surficial Deposits, BS Mio-

Pliocene Barotu Sandstone (Ra Sedimentary Group), RB Early Pleistocene Rokavukavu Basalt (Ba Basaltic Group), WC Late 

Miocene Wailoa Conglomerate (Ra Sedimentary Group), LS Mid-Miocene Lawalevu Sandstone (Wainimala Group), WT Early 

Miocene Wainimbuka Trachyte (Wainimala Group), NS Early Pliocene Nacua Sandstone (Verata Sedimentary Group), WS Mio-

Pliocene Waidina Sandstone (Medrausucu Group), UB Early Pliocene Undifferentiated basaltic and derived flows (Ba Volcanic 

Group), NA Mio-Pliocene Namosi Andesite (Medrausucu Group), TT Mid-Oligocene Tawavatu Tuff (Wainimala Group). 
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Figure 4.3: Selected 2016 slope failures sampled, showing typical terrain and vegetation encountered: A) 

slumped blocks adjacent to pre-2016 slope failure along site KR2. Arrowed person added for scale; B) steep 

(60º) headscarp with planar failure surface exposed along reinstated site KR3; C) slumped blocks adjacent 

to settlement along reinstated section of site KR6; D) earthflow headscarp with water emerging at toe (site 
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KR9); E) shallow translational slip under thin pine forest along site LR1; and, F) steep headscarp next to the 

reinstated site NR5. 
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Figure 4.4: A) Clay minerals identified in NR1 soil samples using XRD pattern generated from CuKα 

radiation; B) SEM photomicrographs of KR2, KR7 and NR4 soil samples showing various minerals 

identified; E erionite, K kaolinite, S smectite, Q quartz. 

 

Table 4.2: Summary of minerals present in the clay fraction of soil samples and their relative abundance.   

Site Kaolinite Kaolinite-

Illite 

Smectite Smectite-

Chlorite 

Illite Vermiculite Quartz Feldspar Calcite 

KR1 
  

+ + + 
   

+ 
  

KR2 
  

+ + + 
      

KR3 + + + 
        

KR4 + + + 
        

KR5 + + + 
 

+ + + 
    

+ + 

KR6 + + 
      

+ 
 

KR7 + + + 
 

+ + 
 

+ + 
 

+ + + 
 

KR8 + + + 
    

+ 
   

KR9 + + + 
      

+ 
 

KR10 + + + 
     

+ + + 
 

KR11  + + + 
 

+ + + 
      

LR1 
 

+ + + 
     

+ + 
 

LR2 + + + 
      

+ + 
 

NR1 + + 
 

+ + 
 

+ + + 
 

+ + + + + 
 

NR2 
   

+ + + 
     

NR3 + + + 
     

+ 
  

NR4 
  

+ + + 
   

+ 
  

NR5 + + + 
     

+ + 
  

Mineral abundance key (qualitative): + + + Abundant; + + Minor; + Trace. 

 

Table 4.3 summarizes the soil index properties of the samples. The in-situ moisture content of the 

samples ranged from 28 to 114%, the plastic limit (PL) 25 to 56% and the liquid limit (LL) 38 to 

79 %. Approximately half of the samples had field moisture contents close to the LL and based on 

Plasticity Index (PI) have medium to high plasticity except the low plasticity sample KR2. The 

samples have dry bulk density values ranging from 0.7 to 1.5 g/cm3 and effective particle-size (D10) 

ranged from 0.4 to 12.6 μm.  The particle-size distribution graph shows that for all the samples, 

their percentage fine fraction (<60 μm) is close to or greater than 35%, thus, the soils are cohesive 

(Fig. 4.5).  The amount of clay in the samples varied from 0.6 to 19% (Table 4.3), and all samples 

plot well below the A-line in the plasticity chart either as medium- to very-high plasticity fine silts 
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(Fig. 4.6). The percentage clay fraction and the PI was plotted together according to Skempton’s 

(1953) Activity Index (AI), defined as the ratio of the plasticity index to the percentage clay-sized 

fraction (Fig. 4.7). According to Skempton (1953), inactive clays have AI of <0.75, normal clays 

an AI of 0.75-1.25, and active clays an AI of >1.25. All the samples classify as active to highly 

active with AI values of ≥1.25 (Fig. 4.7). Liquidity index (LI) values varied from −0.4 to 2.4, 

indicating that some soils are over-consolidated and have a natural moisture content less than the 

plastic limit (LI<0), while other samples have a natural water content generally larger than the LL 

(LI>1.0). Consistency index values (CI) varied from −1.4 to 1.4, indicating varied soil properties 

from a stiff, semi-solid state (CI>1), to soils where the natural water content is greater than the 

liquid limit, with fluid-like behaviour (CI<0).  

 

Table 4.3: Summary of soil index properties. 

Site W (%) D10 

(μm) 

Clay 

(%) 

DD 

(g/cm3) 

LL 

(%) 

PL 

(%) 

PI (%) LI CI 

KR1 47.7 12.6 0.6 1.3 47.6 30.9 16.6 1.0 0.0 

KR2 28.4 7.4 1.0 1.4 39.1 31.3 7.9 -0.4 1.4 

KR3 71.4 0.4 15.4 1.0 79.1 56.3 22.7 0.7 0.3 

KR4 102.8 2.2 9.7 0.7 73.5 52.0 21.4 2.4 -1.4 

KR5 49.3 4.6 2.5 1.2 45.9 32.1 13.8 1.2 -0.2 

KR6 59.8 1.6 12.1 1.2 54.0 42.3 11.7 1.5 -0.5 

KR7 77.5 6.8 1.5 1.0 61.1 44.6 16.5 2.0 -1.0 

KR8 56.8 2.0 9.9 1.1 62.3 42.8 19.6 0.7 0.3 

KR9 50.7 1.9 10.7 1.3 50.0 36.5 13.6 1.0 0.0 

KR10 114.3 6.3 1.8 0.8 78.7 52.1 26.6 2.3 -1.3 

KR11 70.9 7.2 1.9 1.0 71.4 47.9 23.5 1.0 0.0 

LR1 61.2 0.4 19.2 1.0 71.7 47.7 24.0 0.6 0.4 

LR2 57.7 3.1 7.1 1.0 76.0 53.5 22.5 0.2 0.8 
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NR1 34.8 2.4 5.9 1.5 49.1 30.9 18.2 0.2 0.8 

NR2 36.8 6.6 1.7 1.4 38.3 25.6 12.7 0.9 0.1 

NR3 67.7 12.1 0.9 1.0 60.4 43.7 16.7 1.4 -0.4 

NR4 64.4 8.9 1.4 1.1 53.8 37.9 15.9 1.7 -0.7 

NR5 63.8 2.3 9.1 1.2 60.9 43.4 17.5 1.2 -0.2 

W In-situ Moisture Content (%); D10 Effective Particle Size (μm); DD Dry Density (g/cm3); LL Liquid Limit (%); PL 

Plastic Limit (%); PI Plasticity Index; LI Liquidity Index; CI Consistency Index 

 

 

Figure 4.5: Particle-size distribution graph of soil samples from the study area. 
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Figure 4.6: Casagrande plasticity chart of soil samples from the study area. The A-Line is based on NZGS 

(2005). Vertical dashed lines represent boundaries between plasticity zones. 

 

 

Figure 4.7: Activity plot of the relationship between PI and clay fraction for all samples (modified from 

Skempton 1953). 
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A summary of geotechnical properties is given in Table 4.4. The field unconfined compressive 

strength (UCS) of soils as obtained from the pocket penetrometer ranged from 127 to 461 kPa. The 

undisturbed (Su) shear vane test gave values 16 to 128 kPa and the disturbed testing (Sd) 9 to 37 

kPa. The former values corresponded to stiff to very stiff consistencies for almost all soils except 

LR1 and NR2, which exhibited soft and firm consistencies, respectively. Thus, the sensitivity index 

(SI) of soils ranged from 1.3 to 8.2, with most soils being moderately-sensitive to sensitive 

(Skempton and Northey 1952). Saturated hydraulic conductivity (Kfs) was measured on eight 

selected headscarp exposures, and varied from 0 to 8.51-7 m/s, typical for silty and clayey soils. The 

residual friction angle ('r) values from ring shear tests on four samples produced angles ranging 

from 9.3 to 17.4° (example in Figure 4.8). These are typical of tropical residual soils composed of 

platy clay minerals such as kaolinite and smectite (Rigo et al. 2006).  Finally, Emerson class 

numbers generally indicated reactive properties, such as minor dispersion (Class 2 and 3) or 

flocculation characteristics (Class 6).  

  

Table 4.4: Summary of soil geotechnical properties 

Site UCS 

(kPa) 

'r (°) Su 

(kPa) 

Sd 

(kPa) 

SI ECN Kfs (m/s) 

KR1 255 - 74.3 25.7 2.8 2  - 

KR2 304 - 53.0 9.7 7.7 2 8.51−7 

KR3 461 - 77.2 20.6 3.8 3 0 

KR4 323 - 71.8 15.5 5.2 3 5.67−7 

KR5 245 - 93.3 17.3 6.5 5 0 

KR6 362 12.0 128.0 28.5 4.5 2  - 

KR7 156 - 53.0 8.8 8.2 3 5.7−8 
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Site UCS 

(kPa) 

'r (°) Su 

(kPa) 

Sd 

(kPa) 

SI ECN Kfs (m/s) 

KR8 255 - 110.0 21.3 5.2 3 2.84−7 

KR9 255 - 54.3 21.5 2.5 6  - 

KR10 127 - 60.0 20.0 3.0 3  - 

KR11 215 9.3 101.7 23.3 4.6 3  - 

LR1 372 - 16.0 5.5 3.2 6 1.84−7 

LR2 392 14.6 93.3 34.7 2.8 6 1.13−7 

NR1 362 - 80.8 12.0 7.3 6  - 

NR2 225 17.4 42.5 37.5 1.3 3  - 

NR3 255 - 67.5 10.5 6.4 3  - 

NR4 274 - 52.5 10.0 5.3 3  - 

NR5 402 - 65.0 9.5 7.1 8  - 

UCS Unconfined Compressive Strength (kPa); 'r Residual Friction Angle (°); Su Undisturbed Shear Vane (kPa); Sd 

Disturbed Shear Vane (kPa); SI Sensitivity Index; ECN Emerson Class Number; Kfs Field‐saturated Hydraulic 

Conductivity (m/s). 

 

 

Figure 4.8: Example Mohr-Coulomb failure envelope of LR2 soil sample obtained from ring shear testing. 
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4.5 Discussion  

All the eighteen slope failures across the three study areas were from cut slopes adjacent to roads, 

reiterating the continued problems of designing cut slopes in Fiji, as initially described by 

Lovegrove and Fookes (1972).  Observations concur in-part with the Lovegrove and Fookes (1972) 

Fiji residual soil model, in that the road cuttings penetrate several different sub-zones of residual 

soils, with differences in soil textures and appearances only subtly detectable, visually.  The 

different depth-related variability in internal soil strength characteristics tend to mask other 

variability induced by different parent rock material. All the sites involved failure of cohesive soils, 

with almost all being kaolinite and/or smectite dominant. Kaolinite, essentially dominated by silica 

and alumina is often the residue following prolonged or severe chemical weathering (Nesbitt and 

Young 1989). Its predominance in the samples indicates that soils at most sites are intensely-

weathered with little difference noted between geologic age and location. Further, there is no 

explicit relationship between clay minerals and the underlying lithology. A 2:1 structured clay 

mineral such as smectite has weak interlayer bonding, which means it shrinks in dry periods and 

swells to several times its original volume when saturated and is extremely sensitive (Wesley 2010). 

While smectite and illite were not measured in all the soil samples, they are likely to be present in 

other horizons in these highly weathered residual soils. The presence of swelling clays in most sites 

studied is consistent with their very high in-situ moisture contents and the active to highly active 

nature of the clay fraction (cf. Skempton 1953). Although smectite was not detected at sites with 

very high in-situ moisture contents (e.g. KR4 and KR10), a large amount of short range order 

minerals mainly Fe and Al oxides and hydroxides (e.g. gibbsite and ferrihydrite) are also present in 

the clay fraction leading to high effective soil surface area thus high water holding capacity (cf. 

Fookes 1997).  
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Moreover, the high mobility and runout of many of the landslides studied is also associated with 

highly sensitive clay minerals. Sensitivity represents a loss of strength upon remoulding and is 

quantified as the ratio of undisturbed (Su) to disturbed (Sd) undrained strength (sensitivity index, 

SI), determined at the same moisture content. Values of <2 are insensitive, 4-8 are sensitive, 8-16 

are extra-sensitive, and >16 are considered “quick”, following Skempton and Northey (1952).  Most 

of the samples measured here are within the bounds of the sensitive to extra-sensitive categories 

(Table 4.3). Previous work in Fiji (Knight 1986) reported halloysite as a common clay mineral in 

the soils of Viti Levu. However, while Knight (1986) concluded that the halloysite soil’s high LL, 

PL and natural moisture content implied problematic behaviour, the soils were benign from a 

geotechnical standpoint. In contrast, Moon (2016) have implicated the presence of halloysite as a 

susceptibility factor for several slope failures in the Tauranga region of New Zealand, where 

sensitivity indices range from 5–20, with the highest values and most landslides triggered under 

rainfall-induced elevated porewater pressures. 

 

The index properties accord with previous results described by Lovegrove and Fookes (1972). They 

reported LL values of 67-82% for residual soils formed on tuff bedrock (our values are 62-79% for 

the Tawavatu Tuff; NR3, 4 and 5). Along Queen’s Highway in southern Viti Levu, Lawson (1993) 

found residual soils that were formed on conglomerate, sandstone and tuff developed highly to very 

plastic silts. While the reported clay content (12-26%) and moisture content (53-84%) are very 

similar to our study, both LL (68-118%) and PI (23-57%) values were much higher. In addition, 

Knight (1986) reported a range of index values (W 83%; PL 59%; LL 107%; PI 48; LI 0.35) for 

very wet halloysite clay in the extreme precipitation (5000 mm a-1) highlands of central Viti Levu.  

Likewise, Lupini et al. (1981) reported similarly high index properties (40% clay fraction; LL 90%; 

PI 37%) from kaolinite soil in Viti Levu. All the index values mainly overlap with the extreme 

upper end of the index property ranges reported here.  



94 

 

 

Unfortunately, a paucity of soil strength results exists for direct comparisons with previous work. 

Knight’s (1986) residual friction angle values ('r, 14-28°) accord with the 9.3-17.4º values from 

the present study. In addition, UCS values of 35-48 kPa were reported by Knight (1986) from the 

same wet, halloysite-rich soils, but these are much lower than the stiffer values reported here. The 

shear strength values reported by Knight (1986) of Su = 43.2-140 kPa, Sd = 15.7-35 kPa (SI=2.75 to 

4.11) closely correspond to the shear vane undisturbed and disturbed strength values identified here. 

Stephens et al. (2018) report a mean shear vane value of 28.0 kPa from headscarps above debris 

flows close to the LR1 and LR2 sites, although this appears low, and it is uncertain whether this 

was from undisturbed material. A final interesting comparison relates to the field-based hydraulic 

conductivity values, which are very similar to the data (10-6 m/s) reported by Bronders (1994), from 

auger-hole tests in sandy silt soils in southeast Viti Levu. This equates to 86.4 mm d-1, well below 

the maximum rainfall intensities reported in the literature for Fiji (e.g., Crozier et al. 1981; Lawson 

and Dau 1992; Stephens et al. 2018; >100 mm d-1). The corollary is that during intense storms, the 

soils rapidly reach a saturated condition, and much of the rainfall will runoff the slope (as overland 

flow) rather than infiltrate. Therefore, the intensity of the rainfall is probably less important than 

the duration and total accumulation of rainfall in these cyclones, along with the antecedent rainfall 

conditions.. 

 

Unlike coarse-grained materials where engineering properties are closely related to particle size, 

the properties of fine-grained soils are governed by both the size and composition of the particles 

(Wesley 2010). As highlighted elsewhere (e.g. Fookes 1997), because the soils in the present study 

contain a large coarse fraction, Atterberg limits (from the fine fraction) are a limited indicator of 

soil behaviour. Nevertheless, comparing the soils encountered here with Wesley’s (2009) review, 

the soils plot below the A-line and within Wesley’s (2009) “Tropical red clays” boundary on the 
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plasticity chart, thus behaving as silts. Due to their widely varying nature and properties, it has 

proved difficult to devise an adequate classification system for residual soils (Wesley 2009). In 

addition, index property tests were developed for primarily temperate soils and are usually sufficient 

for that purpose (Fookes 1997). Notwithstanding this, Brink and Hörtkorn (2016) cautioned against 

applying conventional testing procedures to tropical soils, with laboratory drying methods having 

important impacts on index results. For soils in southern Viti Levu, Lovegrove and Fookes (1972) 

observed that the LL of residual soils varied with mixing time and moisture condition before testing. 

A small increase in LL was noted after working for 30 minutes and air-drying of the samples. Knight 

(1986) also observed that air drying of soils yields higher LL values compared to samples not 

allowed to air dry before testing. Thus, attempting to relate residual soils and their properties to 

accepted classification systems (e.g. BS 5903, BSI 2015) based on LL or PL may be problematic, 

especially if the drying procedures vary (e.g. Mutaya and Huat 1993). 

 

A particular issue observed at the sites is the short-term stability of the road cuttings. Some of the 

slopes (e.g., Fig. 4.3) are currently sustaining angles of >º45, much steeper than might be expected 

in sedimentary soils. The failures are relatively shallow, but follow a near-planar failure surface, 

concurring with the observations of Wesley (2009). Lovegrove and Fookes (1972) also observed 

that short-term stability of road-cuttings are governed to a major extent by discontinuities in 

weathering zone IV. Thus, the relevance of residual friction angles reported here for any stability 

analyses can be questioned.  

 

Stability analyses of residual slopes along highways require reliable shear strength estimates 

(Hayden et al. 2018). However, correlations between residual strength and soil index properties and 

grading cannot be generalized as the residual strength of clays is largely determined by type of clay 

minerals and porewater chemistry (Lupini et al. 1981). While Moore (1991) found that the residual 
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shear strength of pure montmorillonite clays was 5.3° lower than the residual friction angle of pure 

kaolinite, slips and landslides in residual soils in Fiji and elsewhere generally occur during periods 

of heavy rainfall, due to temporary increases in the porewater pressure in the slope. Thus, following 

Wesley (2009), cohesion, and the rapid changes in porewater pressure that occur within residual 

soils mean that slope stability analysis and material strength must be considered in terms of effective 

stresses during and after rainfall conditions. 

 

Although residual soils from the same parent rock (Wailoa Conglomerate, Basalt (Ba Volcanic 

Group), Namosi Andesite, and Tawavatu Tuff) displayed similar index (e.g., W, LL, PL, PI and CI) 

and geotechnical (UCS and SI) properties, the small sample size is probably not fully representative 

of soils across the broad range of rock types that outcrop across Viti Levu. In addition, not all soils 

have properties exclusively controlled by their parent rock, as the weathering environment can 

significant influence soil properties (cf., Wesley 2009). In this study, field-estimated UCS displays 

significant moderate negative correlation with D10 (r = −0.57, P < 0.05) and a significant moderate 

positive correlation with percent clay (r = 0.68, P < 0.001), highlighting how stiffness of the Fiji 

soils increases with increasing clay fraction. Finally, it is apparent that results highlight the 

incongruence of qualitative field-based soil behaviour descriptions and strength measurements, 

compared with quantitative laboratory-based soil analyses, and this is consistent with previous 

studies (e.g. Hind 2017). For example, soils that plot below the A-line on the plasticity chart (as 

“silts”) are generally regarded to be good engineering materials as they tend to have low 

compressibility, high shear strength and do not display shrink-swell behaviour (Wesley 2009). 

However, descriptions and testing of the soils, indicated that they were clay-rich (up to 19%). This 

has emerged as a particular issue for fine-grained soils, whereby the same material is assigned to 

entirely different soil groups due to taxonomical differences between field-based guidelines (e.g. 

NZGS 2005) and laboratory testing procedures (e.g., Hind 2017).  
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4.6 Conclusion 

This study characterizes the mineralogical, index and geotechnical properties of weathered residual 

soils prone to rainfall-induced slope failures in Viti Levu, Fiji, and explored relationships with 

parent lithology. Eighteen slope failures belonging to various sedimentary and volcanic lithologies 

in three study areas KR, LR and NR were sampled. Tropical residual soils sampled from headscarp 

exposures within slope failures in Viti Levu show distinct engineering characteristics, which may 

be markedly different from those observed in soils developed from sedimentary materials in 

temperate environments. Overall, the residual soils are very highly weathered with crystalline clays 

dominated by kaolinite and smectite is also common. From conventional laboratory-based testing 

methods, the soils are characterised as being reasonably stable in that they are able to sustain steep 

slopes under dry conditions. However, these methods were developed for temperate conditions and 

should only be applied with caution to tropical environments like Fiji where soils are deeply 

weathered and are subjected to high rainfall. Residual soil slopes in Fiji upon wetting are easily 

prone to failure, despite their high water-holding capacity, high plasticity and low density.  No clear 

contrasts exist between parent rock lithology and soil index properties and behaviour across the 

study sites here, but this may reflect the similar overall age of much of the Fiji bedrock from a soil-

development perspective. The soils typically plotted well below the A-line on a plasticity chart, 

which is indicative of good engineering properties. However, the presence of expanding and high 

activity clay minerals (e.g. smectite) makes the soils sensitive and susceptible to slope failure. Such 

failures typically occur during high rainfall events, due to temporary increases in the porewater 

pressure in the slope. The presence of planar discontinuities within the residual soils is also an 

influence on slope stability at the road cuttings observed. While there is now a reasonable 

understanding of the strength and plasticity of the materials, the processes and mechanisms of initial 
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slope failure remain poorly understood. Finally, when evaluating the engineering properties of 

residual soils, findings indicate that careful field observations of soil behaviour should be made 

prior to laboratory-based testing programmes. Monitoring of rainfall and pore water pressure along 

road cuttings over several years could be used to determine variations over time, to help understand 

the role of pore water pressure as a driving mechanism of failure in Fiji soils. 
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5 CHAPTER 5: ENGINEERING GEOMORPHOLOGICAL 

INVESTIGATION OF KASAVU LANDSLIDE, VITI 

LEVU, FIJI 

 

Citation: Ram AR, Brook MS, Cronin SJ (2019) Engineering geomorphological investigation of 

the Kasavu landslide, Viti Levu, Fiji. Landslides 16(7):1341-1351. 

 

 

Rainfall-triggered landslides are prevalent along Fiji’s main roads, but detailed studies of factors 

pre-conditioning slopes to fail, and slope failure mechanisms are sparse. This study examines 

the factors leading to the Kasavu landslide, a small, shallow rotational landslide that transitioned 

into an earthflow along Kings Road in Viti Levu, Fiji. The Kasavu landslide was triggered on 17-

18 December 2016 by prolonged rainfall from a tropical depression. The extensive damage from 

the landslide resulted in closure of a section of Kings Road for over a year incurring significant 

financial costs to the Fijian government and public. Geotechnical tests revealed soils sampled 

from the Kasavu landslide headscarp to be very stiff, sensitive and close to the liquid limit. 

Although having a low clay content, the soils are highly active due to their smectite content. 

Geomorphic investigation revealed the landslide is located on a >21° slope near a ridgeline 

affected by piping and soil erosion processes, above a major floodplain. The primary trigger for 

the Kasavu landslide was daily rainfall of 176 mm followed by 3-day antecedent rainfall of 361 

mm. Pre-conditioning factors included the steep slope, expansive clays and piping erosion. 

Dynamic loading from heavy goods vehicles (HGVs) likely also to have played a role in slope 
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failure. Considering the current geomorphic setting and soil properties, further landslides in the 

area are possible. Thus, future management of this section of the Kings Road should consider 

drainage of the ridgeline, groundwater monitoring, together with provision of load support to 

existing slopes. 

 

5.1 Introduction 

Landslides cause loss of life and infrastructure damage, imposing large financial costs to societies 

in nearly every country of the world (Petley 2012; Massey et al. 2016; Stanley and Kirschbaum 

2017). Froude and Petley (2018) determined that 55,997 people were killed globally by non-seismic 

landslides over a 13-year period from January 2004 until December 2016. Although fatalities from 

landslides might not be common in Fiji, financial losses resulting from the widespread occurrence 

of landslides can be a huge burden on the country’s fragile economy, which already faces heavy 

losses from natural disasters such as tropical cyclones and floods annually (Stephens et al. 2018). 

For example, Tropical Cyclone (TC) Winston in 2016 cost the Fiji economy FJ$2 billion (US$1 

billion), 20% of Fiji’s Gross Domestic Product (GDP; Government of Fiji 2017). While landslides 

triggered by seismic, volcanic and mining activity are common in neighbouring Pacific Islands such 

as Papua New Guinea, the Solomon Islands and Vanuatu (e.g. Blong 1986; Stead 1990; Cronin et 

al. 2004; McAdoo et al. 2009), landslides in Fiji are almost exclusively rainfall-triggered (e.g. 

Crozier et al. 1981; Howorth et al. 1993; Terry 2007; Stephens et al. 2018).  Landslides in Fiji are 

common in both engineered and natural environments but create most damage when they affect 

critical infrastructure such as arterial roads (Lawson and Dau 1992; Greenbaum et al. 1995). Due 

to Fiji’s topography and low levels of development, the main road network is highly dependent on 

the main circum-island route, with few alternatives (Esler 2016). Fiji’s economy is largely based 

on tourism, agriculture and forestry; hence a reliable, functioning road network is critical for the 
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country’s economy and social development (Esler 2016; Government of Fiji 2017). With the 

country undergoing rapid growth, the Fiji Government plans to expand and modernize the existing 

road infrastructure as part of its 5-Year and 20-Year National Development Plan (Ministry of 

Economy 2017). Hence, it is important to develop an understanding of the processes and 

mechanisms of landslides that impact on road infrastructure. 

 

Detailed investigations of landslide event case studies have proven invaluable in developing more 

resilient transport routes and infrastructure (e.g. Lee and Fookes 2015; Hearn 2019). However, in 

Fiji, only a few studies have been published concerning the main highways, aside from early work 

by Lovegrove and Fookes (1972). Thus, the aim of this study is to document a field investigation 

of the engineering geomorphology of the Kasavu landslide, which occurred along the Kings Road 

in Viti Levu, Fiji (Fig. 5.1). The landslide on 17-18 December 2016 was triggered by prolonged 

rainfall from tropical depression (TD) 04 (12-20 December 2016) (Fiji Meteorological Service 

2017). The event occurred 10 months after the equally damaging TC Winston, the strongest cyclone 

to date in the Southern Hemisphere (Esler 2016; Ram et al. 2018). Several significant landslides 

were triggered on main roads by TD04, including Veisari along Queens Road in southern Viti Levu, 

and in Qamea Island in northern Fiji, but the Kasavu landslide caused the most damage.  The Kasavu 

landslide affected a section of the Kings Road that had to be closed for over a year, impacting 

nearby residents of Ba, Tailevu, Ra and Naitasiri provinces, which account for nearly half of Fiji’s 

population (Fig. 5.1). The objectives of the research reported here are to establish the nature and 

characteristics of the landslide, and to document the rainfall triggering conditions for its initiation.  
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5.2 Study Area 

Fiji is located in the southwest Pacific Ocean east of Vanuatu and west of Tonga, comprising 332 

predominantly volcanic islands, only a third of which are inhabited.  The largest island of the Fiji 

Group, Viti Levu (10,642 km2) is dominated by rolling hills and mountains with peaks over 1,300 

m. It is also where Fiji’s capital, Suva, is located and three-quarters of the country’s population of 

about 900,000 reside.  Fiji experiences a tropical maritime climate with mean annual rainfall of 

2000-6000 mm a-1 depending on location, and minimum-maximum temperatures ranging from 18 

to 32°C (Fiji Meteorological Service 2006). Fiji’s geologic history, outlined in detail in Hathway 

and Colley (1994) and Rodda (1994), comprises a series of volcanic and deep-shallow marine 

sedimentary sequences ranging in age from Late Eocene (Hathway 1993) to Holocene, 1,650+60 

years B.P. (Cronin and Neall 2001). Under the humid tropical climate, surface rocks are weathered 

to depths of tens of metres to produce lateritic soils (e.g. Lovegrove and Fookes 1972; Knight 1986). 

The Kasavu landslide is located along the Kings Road in southeast Viti Levu (178°31'40.00"E, 

17°58'07.80"S), Fiji, 22 km northeast of Suva and 6.5 km north of Nausori town (Fig. 5.1). The 

area is underlain by Mio-Pliocene Waidina Sandstone (WS) of the Mendrausucu Andesitic Group, 

which grades southwards into Suva Marl (SM) and westwards into Namosi Andesite (Fig. 5.1; 

Rodda and Band 1966). The Waidina Sandstone is derived from sediments of the Wainimala 

volcanics and comprises of well-stratified massive and pebbly siltstone and fine sandstone (Hirst 

1965). The site lies on the eastern flank of a low-lying ridge, which marks the interfluve between 

two adjacent catchments that are both tributaries of the Rewa River (Fig. 5.1). The geological map 

of Hirst (1964) shows that the lowlands adjacent to the ridgeline are drained to the northwest by an 

unnamed tributary of Wainikai Creek and drained in the southeast by the Wainawi Creek. The area 

surrounding the landslide is sparsely-populated with the vegetation cover mostly comprising of 

disturbed forest and grassland. Human activity comprises intensive farming in the floodplain to the 

northwest, and subsistence-based farming in the southeast including taro and coconut plantations. 



103 

 

The closest Fiji Meteorological Service climate station at the Nausori Airport, 9 km south of the 

Kasavu landslide reports a long-term (1957-2008) mean rainfall of 2934 mm a-1 (Kumar et al. 

2014), and mean minimum-maximum temperatures of 21.5°C to 28.5°C, respectively (Kumar et al. 

2013).   

 

Figure 5.1: Regional geology of the Kasavu Slip study area, in southeast Viti Levu, Fiji. Note: Waidina 

Sandstone (WS) transitions to Suva Marl (SM) towards south (coordinate system is Fiji Map Grid 1986 

Transverse Mercator). 

 

5.3 Methods 

The timeline of events leading up to the December 2016 Kasavu landslide and the aftermath was 

compiled from the data and information from Fulton-Hogan Highways Fiji, the Fiji Roads Authority 

and site visits by the authors. An engineering geomorphological map of the site was produced based 

on an unmanned aerial vehicle (UAV) survey of the site as well as terrestrial photographs. The 
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UAV imagery was processed using the structure-from-motion approach (SfM, e.g. James et al. 

2017) to provide a seamless georeferenced image of the whole site. In addition, a field survey in 

January 2017 was used to ground-truth landforms, and sample soil for laboratory analyses. A 

Trimble Juno 3B GPS (accuracy of ±1-4 m) was used to identify and locate features while in the 

field.  Landslide dimensions were obtained including slope, approximate length (measured along 

the dip direction of slope from headscarp to slope failure toe), width (maximum failed length along 

the strike of the slope failures) and consequently, area. Field descriptions of soil exposed on the 

landslide scarp was undertaken using the New Zealand Geotechnical Society Guidelines (NZGS 

2005). A Geonor H60 hand-held shear vane tester and Eijkelkamp pocket penetrometer were used 

to obtain in-situ soil strength values. Soil underlying the road fill on the landslide headscarp was 

sampled in aluminium cores for geotechnical investigation (Fig. 5.2). For moisture content and dry 

bulk density, core samples were oven-dried overnight to 105°C. Dry samples were crushed and sub-

sampled for particle-size distribution analysis using a Malvern Mastersizer 2000. The Atterberg 

limits were obtained on the <0.425 μm fraction of soil samples using the procedure outlined in BS 

1377-2 (1998). Residual friction angle was obtained on samples remoulded close to the plastic limit 

using a Bromhead ring shear apparatus (Bromhead 1979). Soil dispersion potential was investigated 

using the Emerson class number, as outlined in AS 1289.3.8.1 (2006). Additional soil samples were 

collected separately to identify clay minerals present in soil samples and to image soil microfabric. 

A PANalytical Empyrean X-ray diffractometer (XRD) was used to obtain diffractograms to identify 

clay minerals present in the clay fraction of soil sample. Air-dried soil samples were used to obtain 

images of the soil microfabric using a FEI Quanta 200 field emission environmental scanning 

electron microscopy (ESEM), and to confirm the presence of minerals identified from the XRD 

analyses. 

 



105 

 

 

Figure 5.2: Simplified geomorphological map of the December 2016 Kasavu Slip, showing position of 

section A-A’ and boreholes (see Fig. 5.4; coordinate system is Fiji Map Grid 1986 Transverse Mercator). 

 

5.4 Results  

5.4.1 Geomorphology 

The engineering geomorphology of the December 2016 Kasavu landslide is outlined in Figure 2. 

The landslide ranges in elevation from ~40 m at the head to 25 m at the toe with an average slope 

of ~21°, though it exceeds 45° in the headscarp area. The length and width of the landslide are both 

~45 m, hence the total area affected by the landslide is ~2,025 m2 or 0.2 ha. The landslide is 
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characterized by a headscarp, extending in planform in an arcuate pattern from the road centreline 

(which corresponds with the centre of the ridgeline; Fig. 5.2). Small slump blocks were observed 

detaching from the headscarp during the site visit as well as an additional landslide (in the process 

of being remediated) ~200 m to the south (Fig. 5.3a). Lateral scarps extend downslope either side 

of the Kasavu landslide headscarp for >20 m (Fig. 5.2).  Tension cracks extend parallel to the 

headscarp, and extend beyond the road centreline, indicating that incipient slumping, and 

retrogressive failure was ongoing (Fig. 5.2). Further down the landslide, the surface is characterized 

by multiple slumped blocks, transitioning to a zone of plastic flow, with a back-tilted power pole 

and a distinctive flow lobe at the landslide toe (Fig. 5.3b, c). The combination of features down the 

landslide indicates that it was an earth slump transitioning into an earthflow, following Cruden and 

Varnes (1996). Alternatively, it could be classed as a clay/silt rotational slide transitioning to a 

flowslide, following the classification scheme of Hungr et al. (2014). The landslide debris 

comprised of a mixture of road fill and underlying weathered soil, derived from the underlying 

Waidina Sandstone (Fig. 5.3d, e). In long-profile, the landslide failure surface follows a slightly 

concave-upward form, which then transitions downslope into a prograding lobe of debris in the 

earthflow zone (Fig. 5.3f; Fig. 5.4). The road embankment area affected by landslide was mostly 

covered by grassland and trees prior to failure. 

 

5.4.2 Geotechnical Properties 

Following the NZGS (2005) guidelines, the soil observed on the landslide headscarp can be 

described as silty CLAY, with some sand. It is greyish-orange in colour, soft, moist, and of medium 

plasticity. Borehole data from an undisturbed area adjacent to a tension crack immediately above 

the headscarp (BH02; Fig. 5.4) shows that the road fill is underlain by about a 1 m of clayey SILT, 

which is consistent with the field observations. Another core (BH04) below the headscarp shows 

the lateral continuation of this layer of clayey SILT, approximately following the pre-failure 
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topography (Fig. 5.4). At around 8 m bgl, the subsurface transitions into highly to completely 

weathered sandstone/siltstone.  The soil geotechnical properties of the December 2016 slip are 

summarized in Figure 5.5. The particle-size distribution graph (Fig. 5.5a) shows that the total 

percentage fine fraction (<60 μm) of soil is 26%, below the 35% threshold for a ‘cohesive’ 

definition. The clay fraction of soil contains abundant smectite and kaolinite minerals, as indicated 

by the XRD diffractogram (Fig. 5.5b). The soil index and geotechnical properties are summarized 

in Figure 5.5c and 5.5d, respectively. The in-situ moisture content (W) of soil was 71%, the plastic 

limit (PL) 48%, and the liquid limit (LL) 71 %. The soils have a Plasticity Index (PI) of 24% and 

plot below the A-line on the plasticity chart as fine silts of very-high plasticity. The samples had 

dry bulk density (DD) of 1 g/cm3 and effective particle-size (D10) of 7.2 μm. Using Skempton’s 

(1953) Activity Index (AI), which is the ratio of the PI to the percentage clay-sized fraction, 

indicates the soils are ‘active’ to ‘highly active’, with AI values of ≥1.25. The Liquidity Index (LI) 

of 1 and Consistency Index value (CI) of 0, indicates that the soil has a natural moisture content 

equivalent to LL, hence can display a fluid-like behaviour. The field unconfined compressive 

strength (UCS) of soils was 215 kPa, while the undisturbed field shear vane (Su) was 101.7 kPa, 

and the disturbed (Sd) was 23.3 kPa. Taken together, this shows the soil displays a very stiff 

consistency. The sensitivity index (SI) of soils was 4.6, classifying the soils as ‘sensitive’. The 

residual friction angle ('r) value from ring shear tests was 9.3°. Finally, soils had an Emerson class 

number of 3, and slightly dispersed in water when remoulded at a water content equivalent to the 

field capacity.  
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Figure 5.3: A) UAV photomosaic of the 17/18 December 2016 Kasavu Slip (section A-A’), and the section 

of the 28 February 2014 slip (B-B’); aerial image (B) of the headscarp of Kasavu Slip from December 2017, 

with concentric tension cracks visible (C); D) reinstated section of the 28 February 2014 slip, with erosional 

piping tunnel and groundwater (E) exposed by trial pit; F) shallow earthflow formed on 27° slope in paddock 

close to December 2016 Kasavu Slip.  
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Figure 5.4: Cross-section (top) of the December 2016 Kasavu Slip, showing simplified stratigraphy from 

boreholes; cross-section (bottom) of the 28 February 2014 slip, showing approximate slip surface and 

reinstated batter. 
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Figure 5.5: Engineering and mineralogical properties of Kasavu soil sample, including: A) particle size 

distribution graph; B) XRD plot showing minerals identified; C) soil index properties; W In-situ Moisture 

Content (%); D10 Effective Particle Size (μm); DD Dry Density (g/cm3); LL Liquid Limit (%); PL Plastic 

Limit (%); PI Plasticity Index; LI Liquidity Index; CI Consistency Index; ; D) soil geotechnical properties; 

UCS Unconfined Compressive Strength (kPa); φ'r Residual Friction Angle (°); Su Undisturbed Shear Vane 

(kPa); Sd Disturbed Shear Vane (kPa); SI Sensitivity Index; ECN Emerson Class Number; E) SEM image 

showing soil fabric; F) SEM image showing presence of mineral smectite, S. 
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5.4.3 Timeline of Slope Failure and Rainfall in the Kasavu Area 

The timeline of events reported in Table 5.1 and Figure 5.6 reveals some important characteristics 

of slope failure and rainfall in the Kasavu area since 2014. The December 2016 Kasavu landslide 

event was triggered by heavy rainfall associated with a tropical depression (Fig. 5.7). The slope 

failure initiated and then progressed over a period of two days (17-18 December), with the 

headscarp propagating southwest along the road centreline from the point of initial failure. A 

landslide of similar size, 200 m to the southwest preceded this event, occurring on 28 February 

2014 (Fig. 5.3a and Fig. 5.4b), associated with heavy rainfall from seasonal tropical depressions 

(Fig. 5.7). Although the February 2014 landslide was of similar size and process-origin, it was 

positioned on a bend in the Kings Road (Fig. 5.3a). Site surveys during the reinstatement works 

showed evidence of high groundwater levels, and in particular, the presence of a water-filled 

erosional piping tunnel exposed in a trial pit of ~1.5-2 m depth (Fig. 5.3d, e). Similarly, groundwater 

seepage was observed emerging at the base of road fill for at least a week following the December 

2016 landslide. The groundwater caused re-mobilization of failed material and runout to ~40 m 

beyond the landslide toe (Fig. 5.3f). 

 

Table 5.1: Approximate timeline of land development and slope failure in the vicinity of Kasavu Slip 

(information sourced from Fiji Roads Authority reports, Fulton-Hogan reports, historic aerial imagery, and 

news media). 

Timeline Activity in vicinity of Kasavu landslide 

1978 Aerial image shows road located along a low ridge adjacent to floodplain of a major river. 

Ridge eroding rapidly on both sides with forest in western slope and sparse vegetation on 

eastern slope 

1986 Aerial image shows part straightening of road alignment along the stretch of road affected 

by 2014 and 2016 slips  

1994 Increasing forest cover on the eastern slopes, lowering of slope conspicuous  
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Timeline Activity in vicinity of Kasavu landslide 

2004 Aquaculture farms with total size of ~4 ha commenced ~300 m west of slips 

2009 Further encroachment of forest vegetation in the east 

2013 Some vegetation cleared on part of western slope and a building constructed 

28 Feb 2014 Heavy rain from TD14F and TD15F triggers first rotational slip at Kasavu ~100m south of 

2016 slip taking away ~50 m length of eastern road embankment and also taking down 

powerline 

May 2014 Second lane being built along slip site and geotechnical investigation commences 

Mid-2016 First slip remediated 

17 Dec 2016 Heavy rain from TD04F triggers second rotational slip taking away ~50 m length of eastern 

lane of the Kings road and also takes down a powerline. Tension cracks seen extending 

along centreline mark running parallel to crown of the slip.  

18 Dec 2016 Further transverse-progressive slip on the southern end of the existing slip affecting another 

~40 m cracks no seen beyond centreline mark in second lane. Road restricted to single lane 

with 5 tonne weight restriction for safety.  

23 Dec 2016-05 

Jan 2017 

Monitoring of slip crown and adjacent cracks by FHH shows slip to be active and moving 

in order of few mm to cm per day  

23 Dec 2016 FRA CEO confirms spring at the bottom of the road fill and a creek at the slip base  

08 Jan 2017 Road closed for slip repair and detour arranged through Bau-Tikina Road with 30km/hr 

speed limit and 18 tonne weight limit. 

08 Feb 2017 Alert issued to public on several underslips discovered on Bau-Tikina Road 

March 2018- 

now 

Single lane bailey bridge plan commissioned (03/03/17), built and road reopened (14/04/17) 

to all legal load limits with a speed restriction of 15km/hr as a temporary remedial measure 

for slip site until long-term solution is reached. Geotechnical investigation ongoing. 
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Figure 5.6: Historical land use change and road development in the Kasavu Slip area 1978 to 2018. The road 

alignment is along a low ridgeline marking the interfluve between west-draining and east-draining 

catchments. Road-straightening of the area subject to recent slope failure occurred between 1978 and 1986. 
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Figure 5.7: Daily rainfall totals (vertical bars) for 2013-2017 and yearly cumulative rainfall amounts (blue). 

The black dashed lines represent the daily monotonic cumulative rainfall for each year. 

 

5.5 Discussion  

5.5.1 Geology and Geomorphology 

A broad range of conditioning factors and triggering mechanisms can determine the probability of 

slope failure at a given site (Greenbaum et al. 1995). Conditioning factors may include geology, 

geomorphology, vegetation cover, changes to long-term drainage and weathering, while triggering 

mechanisms can include rainfall, earthquakes and anthropogenic activity (Hervás and Bobrowsky 
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2009). Although land use changes and decreased vegetation cover often lead to an increased 

incidence of landslides (e.g. Glade 2003; Alcántara-Ayala et al. 2006), historical aerial images show 

that the density of vegetation around the Kasavu landslide actually increased over the last few 

decades (Fig. 5.6).  In tropical areas, vegetation generally has a positive effect in stabilising slopes 

by reducing water infiltration into the soil, extracting moisture from the soil and minimizing surface 

erosion (Wesley 2010). At the Kasavu site, the drainage, geomorphology and engineering properties 

of the materials appear more important than the vegetation cover. This section of Kings Road 

occupies a low ridgeline that is undergoing long-term slope erosion and retreat (e.g., Terry et al. 

2002), and the ridgeline was also modified by a cut-and-fill realignment during road straightening 

prior to 1986 (Fig. 5.6). The slopes below the ridgeline, above the adjacent floodplains, are 

susceptible to elevated groundwater tables during heavy rainfall, as indicated by daylighting 

groundwater below the ridgeline. However, rather than a wetting front infiltrating under gravity 

down the ridgeline (after Lumb 1962), a more likely scenario is a perched water table, causing 

elevated porewater pressure, and slope failure. The clayey, smectite-containing residual soils of this 

site are of low permeability, making them highly susceptible to perched water tables during 

prolonged and intense rainfall events (e.g. Shuzui 2001; Azañón et al. 2010). 

 

The extremely low residual strength of the soils appears to be a key factor influencing slope stability 

along the ridgeline of the Kasavu landslide, and should be included in any evaluation of the long-

term stability of existing and remediated slopes. Indeed, any soils of this type that have undergone 

strain through modification, loading or working will have essentially remoulded properties and low 

residual strength, and thus negligible cohesion (c.f. Bromhead 1979). Hence, the residual friction 

angles are one of the most useful parameters to guide the management of these soils, assuming that 

working and loading will readily break any existing inter-particle bonds within them. For the 

Kasavu landslide area, both the colluvium-mantled slopes from the 2016 slope failure, and the 
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remediated batters from the earlier February 2014 slope failure have angles of ~20-30°, well above 

the measured residual friction angle of 9.3°. Instability at this site is likely further compromised by 

the dynamic loading of the ridgeline during passage of large trucks, especially when the soil is 

saturated (e.g. Borowiec and Maciejewski 2014; Frangov et al. 2017).  

 

5.5.2 Rainfall Triggering 

The site and soil-specific conditioning factors of the Kasavu landslide are common to many areas 

of Fiji. However, failures are typically triggered by intense or prolonged rainfall. For the Kasavu 

site, rainfall thresholds are, however, not explicit, with 24 hr rainfall appearing less important than 

antecedent rain totals (Fig. 5.8). Rainfall thresholds in triggering shallow landslides in tropical 

regions are a key focus in predictive hazard assessments (e.g. Terry 2007; Guzzetti et al. 2008; 

Rahardjo et al. 2012; Segoni et al. 2018). Tropical cyclones and storms often deliver rainfall at 

intensities and durations that exceed the maximum infiltration capacity of tropical soils (Larsen and 

Torres-Sanchez 1992; Terry 2007). Apart from raising soil unit weight (Lan et al. 2003), elevated 

porewater pressures cause tropical clays to rapidly lose their structure and cohesion and fail (Crozier 

et al. 1981; Bronders 1994; Rahardjo et al. 2012). At Kasavu, the February 2014 landslide was 

triggered by 4-days of heavy rainfall (>10 mm/day) totalling 350 mm, while the December 2016 

landslide was triggered by 627 mm of rainfall over 6 days. The 24-hr rainfalls on the day of failure 

in February 2014 and December 2016 were 21 mm and 176 mm, respectively, while 30-day 

antecedent rainfall totals were 469 mm and 586 mm, respectively (Fig. 5.8a, b). The 24-hr rainfall 

values are much lower than the value (>258 mm) reported in Ram et al. (2018) for TC Winston-

induced landslides along Kings Road, but the 30-day antecedent rainfall totals are similar (482 mm 

in TC Winston). Focussing on the 3-day antecedent rainfall may be a more useful approach for 

landslide hazard forecasting in the study area. Both the February 2014 and December 2016 Kasavu 

landslides occurred after record values of 3-day antecedent rainfall (329 and 361 mm, respectively) 



117 

 

(Fig. 5.8a, b). From the 2013 to 2017 rainfall data from Nausori weather station, these two rainfall-

triggered landslides were the only times when a 3-day antecedent rainfall of 329 mm was neared or 

exceeded. The landslides also occurred during rainfall events that exceeded the mean long-term 

cumulative annual rainfall (Fig. 5.8c, d).  

 

 

Figure 5.8: A) A time series plot of daily (bar), cumulative (line) and 3-day (dashed line) total rainfall for 

February 2014; B) A time series plot of daily (bar), cumulative (line) and 3-day (dashed line) total rainfall 

for 17 November to 18 December 2016; C) A 12-month time series plot of monthly (bars) and cumulative 

rainfall (lines) from March 2013 to February 2014; D) A 12-month time series plot of monthly (bars) and 

cumulative rainfall (lines) from January to December 2016. 

 

These rainfall threshold values could potentially be used in a landslide early warning system, or 

landslide “watch” (e.g., Brunetti et al. 2010; Guzzetti et al. 2008) in areas of similar soil properties. 

However, this value may also need modifying due to a ‘ratcheting’ effect, as described by Toll et 

al. (2018). Indeed, Toll et al. (2018) noted for tropical soils in Singapore, that a series of rainstorms 

with only brief pauses between them led to progressive step-wise loss of strength during each 
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period, without time for recovery. To assess the reliability of rainfall thresholds further, the 

methodology proposed in Corsini and Mulas (2017) could be applied. 

 

5.5.3 Subsurface Drainage Characteristics 

Shallow landslides are mostly caused by transient pore pressures in response to rainfall processes 

(Kim et al. 2004; Lan et al. 2003). Following rainfall, it is often assumed that the saturated layer 

will descend toward the groundwater table, however geological conditions often make such simple 

approaches unrealistic (Wesley 2010). In residual soil profiles, hydraulic conductivity can vary 

vertically and laterally due to complex subsurface soil properties resulting from different degrees 

of weathering, soil-bedrock topography, remnant fabric and relict joints (e.g. Fookes 1997; Vieira 

and Fernandas 2004; Hencher 2010; Lanni et al. 2013). These permeability boundaries may 

concentrate groundwater flow and cause tunnel erosion and soil piping (e.g. Brand et al. 1986). 

While soil pipes are a form of natural drainage that could decrease slope failure susceptibility, the 

cavities produced may grow and weaken the overall strength of the subsurface, as well as rapidly 

filling during a rainfall event, especially when blocked by debris. Soil pipes may thus rapidly 

communicate high pore-water pressure upward and into the surrounding matrix to induce slope 

failure (Uchida 2004). The observations of groundwater seepage from below the road fill during 

the December 2016 Kasavu landslide (Table 5.1), and the erosional piping tunnel exposed by 

excavation in the February 2014 slip event (Fig. 5.3e), point towards perched water tables and soil 

pipes playing a key role in both landslides.  Soil pipes have been reported in tropical soils (e.g. 

Chappell 2010), and their role in conditioning landslide activity has been outlined in several studies 

(Brand et al. 1986; Uchida et al. 2001; Hencher 2010). While inactive or low activity pipe systems 

can be identified by the anomalous presence of alluvial sediments at depth in the geological profile, 

active pipe systems may simply comprise of voids that could be misinterpreted as core loss during 

ground investigation (Hencher 2010). Notably, “core loss” was logged by engineers in the BH04 
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core during December 2016 site investigation at the Kasavu landslide (Fig. 5.4a). Thus, given the 

observations, core loss, and the erosive nature of the soils identified, future investigations of 

incipient slope failures in Fiji should consider the possible role of soil piping, and possible 

mitigation measures such as improved drainage through installation of counterfort drains (e.g. 

Hutchinson 1977).  

 

5.6 Conclusion 

In many tropical areas of the world, climate and geomorphology compounded with human activities 

make the soils and slopes particularly prone to rainfall-induced failure. Through an engineering 

geomorphological investigation of the 17-18 December Kasavu landslide in Fiji, and via 

comparison with an earlier slope failure nearby, the 3-day antecedent rainfall (>329 mm) appears 

to be the most important triggering factor. While vegetation and land cover change can be excluded 

as a triggering factor, disturbance of the soil during the cut-and-fill road realignment had probably 

weakened the sensitive clay soils. At such sites, the residual strength properties of remoulded soils 

should be used as a guide in engineering design aimed at mitigating slope failure. The disturbance 

and compaction of residual soils containing smectite clay during construction may affect 

permeability. The soils are often dispersive, so that focussed subsurface water flow facilitates piping 

erosion in this environment. This both weakens slopes but may also lead to a more rapid saturation 

of upper slopes if pipes are clogged during rainfall events, as a result of sediment transport 

limitations. Thus, if core-loss is encountered during site investigations in such soils, further 

investigation should focus on identifying signs of subsurface soil piping. This case study serves to 

emphasize the importance of a thorough understanding of the geomorphological processes 

operating at a site, together with accurate characterization of material properties and their behaviour. 

Then, resilient design of critical transport infrastructure can be undertaken. 
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6 CHAPTER 6: SLOPE STABILITY MODELLING OF 

KASAVU LANDSLIDE 

The reactivation of Kasavu landslide will have major implications for the functioning of Kings 

Road, the main highway connecting at least half of the main island of Viti Levu in Fiji. Modelling 

is considered one of the valuable approaches in simulating landslide behavior. This study utilizes 

numerical modelling techniques to investigate the current and future stability of Kasavu 

landslide via limit equilibrium method (LEM) and finite element method (FEM) in Rocscience 

SLIDE and RS2 softwares, respectively. Considering the past instability of the site was congruent 

with increased groundwater levels, the modelling was undertaken with low and high groundwater 

scenarios. All the five LEM methods in SLIDE model consistently produced lowest factor of 

safety (FoS) values of ~1.0 with critical slip surface located in the toe region of the Kasavu 

landslide under both groundwater scenarios. The model outputs also produced similar FoS in 

the landslide headscarp region under high groundwater setup. The RS2 model although 

producing slightly higher FoS values compared to SLIDE (~1.4), also indicated the landslide to 

be potentially unstable under both groundwater scenarios with greatest displacement in toe and 

headscarp region of the landslide under high groundwater level. Collectively, the results from 

numerical models reveal the potential for Kasavu landslide to reactivate in future specially under 

high groundwater levels in absence of any stabilization and drainage works. 

 

6.1 Introduction 

Slope stability assessment is a fundamental step in safe design of structures on natural and man-

made slopes (e.g. Chowdury 1978; Duncan and Wright 1980; Abramson et al. 2001; Utili and 
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Crosta 2015). General approaches to the analyses of slopes can be divided into two main categories, 

back analyses and forward analyses. The aim of a back-analysis (e.g., Frayssines and Hantz 2009; 

Bozzano et al., 2012) is to forensically evaluate an existing slope failure via numerical experiments. 

This is in order to delineate the conditions that led to the slope failure occurrence, evaluate possible 

triggering mechanisms and determine what engineering approaches may stabilize the slope. The 

second general approach is a forward-analysis of slope failure potential (Duncan 1996). Typically, 

the aim with a forward-analysis is to understand the ongoing and future stability of a site, and to 

evaluate possible triggers of slope failure. This may include modelling of water table variability or 

dynamic loading from earthquakes, for instance (e.g. Stead et al. 2004). The aim here, is to 

undertake forward modelling of the Kasavu landslide, which was analysed from an engineering 

geological standpoint in the previous chapter. That aspect of the study involved field-based and 

laboratory investigations and analysis. Hence, the motivation for forward modelling of post-failure 

conditions at Kasavu landslide are four-fold because: 

1. it is larger than most of the shallow failures of limited spatial extent that have been identified 

in this study so far; 

2. it is well-constrained from a geotechnical standpoint;  

3. it is well-constrained topographically, from a UAV survey that was undertaken with 

adequate ground control; and,  

4. it is of ongoing strategic importance to Fiji given it is on the King’s Road, the main highway 

that circumnavigates the main island of Viti Levu, from Lautoka in the northwest to the 

capital, Suva, in the southeast. 
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6.2 Slope Stability Modelling Approaches and Kasavu Landslide 

There are several approaches into modelling the stability of slopes, and the main approaches are 

described in Table 6.1. The exact modelling approach can vary depending on several factors, 

including the nature of the main constituent materials forming the slope (e.g., soil and/or rock), and 

the parameters available to constrain the model. The advantages and limitations of different 

numerical modelling approaches (Table 6.1) have been outlined in detail in several published 

reviews (Coggan et al. 1998; Curran and Hammah 2006; Stead et al. 2006; Coggan et al. 2012). 

 

Table 6.1: Methods for analysis of slope stability (modified from Coggan et al. 1998). 

Analysis Method Input 

assumptions 

Advantages Limitations 

Stereographic and 

Kinematic 

Analyses 

Critical slope and 

discontinuity 

geometry; 

representative 

shear strength 

characteristics 

Simple to use and show failure 

potential. Some methods allow analysis 

of critical key-blocks. Can be used with 

statistical techniques to indicate 

probability of failure and associated 

volumes 

Suitable for preliminary design or for 

non-critical slopes, using mainly joint 

orientations. Identification of critical 

joints requires engineering judgement. 

Must be used with representative 

joint/discontinuity strength data. 

Limit Equilibrium 

Method (LEM) 

Representative 

slope geometry, 

material/ joint 

shear strength, 

material unit 

weights, 

groundwater and 

external 

loading/support 

conditions. 

Much software available for different 

failure modes (planar, circular, wedge, 

toppling, etc.). Mostly deterministic but 

some probabilistic analyses in 2-D and 

3-D with multiple materials, 

reinforcement and groundwater 

profiles. Suitable for sensitivity 

analysis of FoS to most inputs 

FoS calculations must assume instability 

mechanisms and associated determinacy 

requirements. In situ stress, strains and 

intact material failure not considered. 

Simple probabilistic analyses may not 

allow for sample/data covariance. 

Continuum -  

Finite Element 

Method (FEM) 

Representative 

slope geometry, 

wide range of 

constitutive 

criteria, including 

weakness plane, 

groundwater, 

shear strength / 

stiffness of 

discrete 

interfaces, in situ 

stress, support 

properties 

Allow for material deformation and 

failure, can model complex behaviour, 

capability of three-dimensional 

modelling, able to assess simulate both 

saturated and unsaturated (multiphase) 

flow/water pressures, recent advances 

in hardware mean that complicated 

models can now be PC-based and run in 

reasonable time periods, can 

incorporate coupled dynamic/ 

groundwater analysis, suitable for soil, 

rock or mixed soil rock analysis, time 

dependent deformation readily 

simulated  

Must be aware of model/software 

limitations including effects of mesh size, 

boundaries, symmetry and hardware 

restrictions (i.e. memory and time 

constraints) and data input limitations 

(such as effects of variation of critical 

input parameters etc.); simple structures 

can be simulated with interfaces, but not 

suitable for highly jointed-blocky media; 

well trained and experience users and 

familiarity with numerical analysis 

methods essential; validation through 

surface/ subsurface instrumentation 

important 

 

The stability of slopes is usually analysed by the limit equilibrium method (LEM) and the movement 

of slopes are typically analysed by the finite element method (FEM) (Duncan 1996). This study 

utilizes both approaches to investigate current and future stability of the recent Kasavu landslide 
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that was triggered on 17-18 December 2016 by heavy rainfall (details provided in the previous 

chapter). The experiments are conducted via two-dimensional modelling using Rocscience SLIDE 

(LEM) and RS2 (FEM) software. High groundwater tables (i.e. a rise in the piezometric surface) 

caused by heavy rainfall are likely to be a major trigger of future re-activation of the Kasavu 

landslide (Fig. 6.1, 6.2). Thus, the approach taken here is a forward-analysis of slope stability at 

Kasavu landslide, modelled under two scenarios: (1) high, and (2) low groundwater table.  

 

 

Figure 6.1: A) View of the Kasavu landslide headscarp area, facing SW. Arcuate tension cracks extend across 

the sealed surface; B) View of the Kasavu landslide headscarp taken from the toe area, facing NW (photos 

taken on 12 January 2017).  
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Figure 6.2: Kasavu landslide, showing the topographic section (A-A) used for modelling, and location 

borehole data used for model parameterization. 

 

6.3 Site Characteristics and Model Setup 

6.3.1 Site Parameterization 

Prior to slope stability analysis, slope geometry, appropriate shear strength properties, pore water 

pressures, and other soil and slope properties are established (Sayao 2004; Duncan 2014). This 

section describes the features used for construction of the geological model of the Kasavu landslide 

(Fig. 6.2) for input into Rocscience SLIDE and RS2 modelling software. The background on the 
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geology, geomorphology and land use of the Kasavu landslide has been given in previous chapter. 

It is known that the Kasavu landslide is currently stable and no significant movement of the 

landslide has taken place after its initial occurrence on 17-18 December 2016. The topography 

captured via UAV flights (Fig. 5.4) was used for simplified two-dimensional construction of 

landslide model geometry. The stratigraphy of the geological model was developed using 

geotechnical borehole data from the landslide provided in Entec (2017; Fig. 6.2), and detailed 

observations of soil type and character from site visits (Fig. 6.3). The geological model comprised 

five lithological units, four of which are beneath the ground surface (fill; clay-silty soil; highly-

weathered sandstone; moderately-weathered sandstone) while the fifth unit comprising of failed 

landslide material is positioned on top of the original ground surface (weak clay/colluvium) (Fig. 

6.3). 

 

 

Figure 6.3: Lithological units used to construct the geological model for Kasavu landslide: A) Road fill 

exposed at the headscarp and failed clay-silty soil; B) Weathering profile of Waidina Sandstone bedrock 
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exposed at a quarry 2.8 km south of the landslide, showing clay-silty soil layer overlying Waidina sandstone 

at different stages of weathering; C) Transported lobe of colluvium/clay at the landslide toe (photos taken 

on 12 January 2017).  

 

6.3.2 Model Parameterization 

Each unit was assigned physical properties as set out in Table 6.2. The values were adopted as best 

estimates of the site lithologies after reviewing the core logs and lab data reported in Entec (2017) 

with regards to the Kasavu landslide. The Mohr-Coulomb failure criterion was adopted to obtain 

strength values for soil units while the Hoek-Brown failure criterion was used to obtain appropriate 

strength values for rock lithofacies. All analyses are under static conditions and take no account of 

dynamic loading from earthquakes and/or heavy vehicles. Also, drought conditions (uncommon in 

this part of the island; Deo, 2011) are not considered here, either. 

 

Table 6.2: Geotechnical properties of materials used in Kasavu Landslide (from Entec 2017). Fill colours in 

lithology column correspond to the lithological colour palette used for the models below. 

Lithology Unit weight 

(kN/m3) 

Mohr Coulomb Hoek-Brown 

Friction 

angle (°) 

Cohesion 

(kPa 

Intact 

strength 

(kPa) 

mb s 

Fill 16 27 7.5 - - - 

Clay-silty soil 17 28 17.5 - - - 

Highly weathered 

sandstone 

16 35 10.5 - - - 

Moderately 

weathered 

sandstone 

20 - - 900 10 1 

Weak 

clay/colluvium 

20 20 5 - - - 
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6.4 Modelling Methods 

Once appropriate shear strength properties, pore water pressures, slope geometry, and other soil and 

slope properties are established, slope stability calculations can be performed. The following is the 

description of LEM and FEM methods and the approaches utilized for running the SLIDE and RS2 

models. 

 

6.4.1 Limit Equilibrium Method (SLIDE) 

In limit-equilibrium method (LEM), slope stability is analysed by calculating the factor of safety 

(FoS). The FoS is defined as the ratio of the resisting forces (shear strength) to the destabilizing 

forces (shear stress) along a potential failure surface: 

 

𝐹𝑜𝑆 =
𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒𝑠

𝑑𝑒𝑠𝑡𝑎𝑏𝑙𝑖𝑖𝑧𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒𝑠
=

𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ

𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠
    (Fookes et al. 2007).  

 

The slope is considered to be in an unstable or close to failing condition when FoS ≤1, whereas FoS 

values of ≥1 correspond to stable slopes (Duncan 2000; Zein and Karim 2017). However, unstable 

slopes can exist at FoS values >1, and due to inaccuracies of the analysis methods, as well as 

uncertainty or scatter in the soil strength parameters (Christian et al. 1994; Savao 2004). Thus, FoS 

values of <1.2 are often characterised as being close to failure. Establishing an allowable value for 

the factor of safety (FoS allow) depends on the consequences of failure in terms of property and 

human losses (Savao 2004).  

 

Various limit equilibrium procedures are used to calculate FoS values, and these are described in 

detail in Duncan et al. (2014) and summarised in Table 6.3 below. Equilibrium may be considered 

either for a single free body or for individual vertical or horizontal slices. In the latter termed 
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‘procedures of slices’, equilibrium equations are written and solved for each slice (Duncan et al. 

2014). Three static equilibrium conditions are available: (1) equilibrium of forces in the vertical 

direction; (2) equilibrium of forces in the horizontal direction; and (3) equilibrium of moments 

about any point. The limit equilibrium procedures all use at least some static equilibrium equations 

to compute the FoS. Some procedures use and satisfy all of the equilibrium equations, others use 

and satisfy only some. Different procedures make different assumptions to satisfy static equilibrium 

(e.g. Duncan et al. 2000).  

 

Table 6.3: Characteristics of equilibrium methods of slope stability analysis (from Duncan and Wright 1980 

and Duncan 1996). 

Method Characteristics 

Slope Stability Charts (Janbu 1968; Duncan et 

al. 1987) 

Accurate enough for many purposes 

Faster than detailed computer analysis 

Ordinary Method of Slices (Fellenius 1927) Only for circular slip surfaces 

Satisfies moment equilibrium 

Does not satisfy horizontal or vertical force equilibrium 

Bishop’s Modified Method (Bishop 1955) Only for circular slip surfaces 

Satisfies moment equilibrium 

Satisfies vertical force equilibrium 

Does not satisfy horizontal force equilibrium 

Force Equilibrium method (e.g. U.S. Army 

Corps of Engineers 1970) 

Any shape of slip surface 

Does not satisfy moment equilibrium 

Satisfies both vertical and horizontal force equilibrium 

Janbu’s Generalised Procedure of Slices (Janbu 

1968) 

Any shape of slip surface 

Satisfies all conditions of equilibrium 

Permits side force locations to be varied 

More frequent numerical problems than other methods 

encountered 

Morgenstern and Price’s Method (Morgenstern 

and Price 1965) 

Any shape of slip surface 

Satisfies all conditions of equilibrium 

Permits side force orientations to be varied 

Spencer’s Method (Spencer 1967) Any shape of slip surface 

Satisfies all conditions of equilibrium 

Side forces are assumed to be parallel 

 

The five limit equilibrium methods used in this study within SLIDE software are: 

Ordinary/Fellenius, Bishop Simplified, Janbu Simplified, Spencer, and GLE/Morgenstern-Price. 

The characteristics of these methods are summarized in Table 6.3. To calculate the FoS, a slip 

surface is assumed, and one or more equations of static equilibrium are used to calculate the stresses 
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and resulting FoS (Bhandary et al. 2019). A number of slip surfaces must be assumed and the 

surface with the minimum FoS is termed the critical slip surface (Duncan et al. 2014; Bhandary et 

al. 2019). Such a critical surface and the corresponding minimum FoS represent the most likely 

sliding surface (Duncan et al. 2014). In SLIDE, a 5-layer soil profile with strength properties as 

outlined in Table 6.2 was divided into 50 slices, set with tolerance of 0.005, with 75 maximum 

iterations. The general procedures are outlined in Duncan et al. (2014), as well as the software 

manual (Rocscience 2002). The model setup for low and high groundwater is shown in Figures 6.4 

and 6.5, respectively. The water table (i.e. piezometric surface) for the two model setups is given 

in Table 6.4. The same water table scenarios were utilised in the RS2 FEM approach. 

 

 

Figure 6.4: Model set-up with low-groundwater table scenario in SLIDE. Horizontal grey arrows represent 

boundary limits of the model and blue triangles and line represent the water table. 
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Figure 6.5: Model set-up with high-groundwater table scenario in SLIDE. Horizontal grey arrows represent 

boundary limits of the model and blue triangles and line represent the water table. 

 

Table 6.4: Water table depths in meters below ground level (bgl) and lateral distance from the headscarp for 

the two groundwater scenarios (based on site observations). 

 +5 m (road) +20 m (headscarp) +40 m (mid-lobe) +60 m (toe) 

Low 11.06 m 11.82 m 10.15 m 6.62 m 

High 0.62 m 0.10 m 0.53 m 0.74 m 

 

 

6.4.2 Finite Element Method (RS2) 

The Finite Element Method (FEM) is used to calculate the FoS approximately defined in the same 

way as that used in limit equilibrium analysis (Coggan et al. 1998). However, there is no 

presumption about the shape, location and geometry of the failure surfaces (Duncan et al. 2014). 

The main feature of FEM is using soil stress-strain behaviour for slope stability modelling by 

dividing the slope into a finite number of zones or elements and calculating forces and strains for 

elements using relevant laws for the materials in the slope (Zein and Karim 2017). To obtain 
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realistic stresses and displacements in excavated slopes and embankments, FEM must employ 

nonlinear stress–strain relationships (Duncan 1996). Griffiths and Lane (1999) identified the 

following advantages of FEM over conventional LEM: (1) it is not necessary to divide the domain 

into vertical slices; (2) since there are no slices, no assumptions are required for side forces between 

slices; and, (3) the FEM determines the locations of failure zones by calculation of stresses, without 

the search for a critical slip surface that is required in limit equilibrium analyses.  

 

To determine the FoS using the FEM, repeat analyses are performed, each time reducing the 

strength of the soil by a slightly greater factor, until an unstable condition results (Duncan et al. 

2014; Zein and Karim 2017). This unstable condition is determined by the failure of the solution to 

converge (Duncan et al. 2014). The term strength reduction (SRF) is used rather than FoS, although 

both are the same, in principle. Like the FoS, the SRF is the factor by which the shear strength must 

be divided so that the reduced strength is in a barely stable equilibrium with the applied shear stress 

(Duncan et al. 2014). The same general input parameters needed for LEM are sufficient for using 

FEM to evaluate slope stability (Duncan et al. 2014), hence the same input parameters used for 

modelling in SLIDE was used in RS2. The RS2 model was used following as specified in the 

software manual (Rocscience 2001). The model was setup under plain strain conditions with 500 

iterations, 0.001 tolerance and auto load steps.  A uniform mesh was used with 6 noded triangles as 

the element type, with approximately 10,000 mesh elements. The model setup for low and high 

groundwater is shown in Figures 6.6 and 6.7, respectively, with the same groundwater table set-up 

as used in SLIDE (see Table 6.4). 
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Figure 6.6: Model set-up with low-groundwater table scenario (blue line and triangles) in RS2. 

 

 

Figure 6.7: Model set-up with high-groundwater table scenario (blue line and triangles) in RS2. 

 

6.5 Results 

6.5.1 Limit Equilibrium Modelling (SLIDE) 

The FoS values modelled using the five limit equilibrium methods in SLIDE range from 0.995 to 

2.124 and are summarized in Table 6.5. Only selected model outputs that produced the lowest FoS 

values for each scenario are shown here (Figs 6.8-6.11) which correspond with the values reported 
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in Table 6.5. For the low water table scenario, the lowest FoS value for the landslide headscarp and 

toe area was obtained using the Janbu Simplified method (FoS=2.047; Fig. 6.8) and Bishop’s 

Simplified method (FoS=0.995; Fig. 6.9), respectively. For the high-water table scenario, the lowest 

FoS was calculated using the Janbu Simplified Method for the headscarp (FoS=1.332; Fig. 6.10) 

and using the Ordinary/Felleniius method for the toe (FoS=1.024; Fig. 6.11).  

 

Table 6.5: Summary of FoS results obtained using the LEM methods in SLIDE modelling for the Kasavu 

landslide. The lowest FoS for the headscarp and toe areas under the two water table scenarios are in bold. 

Scenario Ordinary 

/ Fellenius 

Bishop 

Simplified 

Janbu 

Simplified 

Spencer GLE / 

Morgenstern-

Price 

Low water 

table 

Headscarp 2.073 2.124 2.047 2.117 2.117 

Toe 1.011 0.995 1.017 1.015 1.017 

High water 

table 

Headscarp 1.517 1.512 1.332 1.508 1.508 

Toe 1.024 1.027 1.026 1.026 1.026 
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Figure 6.8: Model output from SLIDE using the Janbu Simplified method under the low-groundwater 

scenario, showing the critical failure surface and respective FoS values in the headscarp and toe regions of 

the Kasavu landslide. 

 

  

Figure 6.9: Model output from SLIDE using the Bishop Simplified method under the low-groundwater 

scenario, showing the critical failure surface and respective FoS values in the headscarp and toe regions of 

the Kasavu landslide.  
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Figure 6.10: Model output from SLIDE using the Janbu Simplified method under the high-groundwater 

scenario, showing the critical failure surface and respective FoS values in the headscarp and toe regions of 

the Kasavu landslide. 
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Figure 6.11: Model output from SLIDE using the Ordinary/Fellenius method under the high-groundwater 

scenario, showing the critical failure surface and respective FoS values in the headscarp and toe regions of 

the Kasavu landslide.  

 

The FoS values for critical slip surfaces in the toe area are all around 1.0, indicating that the 

prograding lobe of failed material is inherently unstable. Perhaps counter-intuitively, the FoS values 

developed for the toe area in SLIDE appear to be marginally higher under the high-water table 

scenario. Conversely, the FoS values in the toe area appear to be marginally lower on average, under 

the low water table scenario. Indeed, small differences (mean difference of 0.0148) are apparent 

when comparing the FoS for each of the five methods trailed (see Table 6.5). To explore this 

possible incongruity further, a paired-samples t-test was run comparing the five low water table 

FoS and the five high water table FoS for the toe area only. However, the test statistic was t=3.32, 

with p>0.01, which indicates that that with 99% confidence, the toe FoS values are not statistically 

different under either the high-water table, or low-water table scenarios. Indeed, the toe area is 

inherently unstable and close to failure for each scenario, and each calculation method. 

 

6.5.2 Finite Element Modelling (RS2) 

The results obtained from finite element modelling using RS2 software is summarized in Table 6.6 

below, with the corresponding model outputs shown in Figures 6.12-6.18, for both low and high 

groundwater scenarios. Since most of the displacement is seen in landslide headscarp and toe areas, 

only maximum displacement values from these areas have been reported in Table 6.6 to make 

interpretation of the model outputs more meaningful. Under the low groundwater scenario, the 

maximum horizontal displacement in the headscarp and toe were 0.008 m and 0.009 m, respectively 

(Fig. 6.12). For the high groundwater scenario, the maximum horizontal displacement value of 

0.116 m was obtained for the headscarp and 0.130 m for the toe area (Fig. 6.15). For maximum 
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vertical displacements, a value of −0.007 m (Fig. 6.13) was modelled for the low groundwater 

scenario, while −0.071 m was modelled for the high groundwater scenario (Fig. 6.16). The total 

maximum displacement under the low groundwater scenario was 0.010 m in the headscarp, and 

0.011 m in the toe area (Fig. 6.14), whereas corresponding values under the high groundwater 

scenario was 0.120 m and 0.140 m for the headscarp and toe, respectively (Fig. 6.17). A critical 

SRF of 1.40 was achieved for the low groundwater scenario at a maximum total displacement of 

0.148 m, while a critical SRF value of 1.47 at 0.218 m was attained under a high groundwater level 

(Fig. 6.18).  

 

Table 6.6: Displacement and Critical Strength Reduction Factor (SRF) values obtained from Finite Element 

Modelling (FEM) of Kasavu landslide under low and high groundwater scenarios. 

Scenario Horizontal 

displacement 

(m) 

Vertical 

displacement 

(m) 

Total 

displacement 

(m) 

Critical SRF 

value 

Low water 

table 

Headscarp 0.008 −0.007 0.010 
1.40 

Toe 0.009 −0.007 0.011 

High water 

table 

Headscarp 0.116 −0.071 0.120 
1.47 

Toe 0.130 −0.071 0.140 

 

Shear and tension conditions are seen to be present on both sides of the ridge on which the Kasavu 

slip is located, under both groundwater scenarios, However, these conditions are limited to the clay-

silty soil layer under a low-groundwater scenario and affect the deeper highly-weathered sandstone 

layer under a high groundwater scenario (Fig. 6.14 & 6.15).  While tension and shear seem to be 

equally distributed throughout all parts of the affected hillslope under high groundwater, the same 

cannot be said under low groundwater conditions, where the strain is pronounced in certain areas 

of the hillslope only. For the latter, most of the shear and overlying tension is focused at the contact 

zone between clay-silty soil and underlying highly-weathered soil at the headscarp area and western 

part of the hillslope. Shear and tension are also apparent between the clay-silty soil and overlying 

failed materials (weak clay/colluvium) on the eastern part of hillslope and the toe region (Fig. 6.15).  
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Figure 6.12: Model output from RS2 showing horizontal displacement in Kasavu landslide under the low-

groundwater scenario. 

 

  

Figure 6.13: Model output from RS2 showing vertical displacement in Kasavu landslide under the low-

groundwater scenario. 
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Figure 6.14: Model output from RS2 showing total displacement in Kasavu landslide under the low-

groundwater scenario. 

 

 

  

Figure 6.15: Model output from RS2 showing horizontal displacement in Kasavu landslide under the high-

groundwater scenario. 
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Figure 6.16: Model output from RS2 showing vertical displacement in Kasavu landslide under the high-

groundwater scenario. 

 

  

Figure 6.17: Model output from RS2 showing total displacement in Kasavu landslide under the high-

groundwater scenario. 
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Figure 6.18: Plots of Strength Reduction Factor (SRF) vs Maximum Total Displacement showing critical 

SRF for the two modelled scenarios in RS2: A) low groundwater table and B) high groundwater table.  

 

6.6 Discussion  

6.6.1 Limit Equilibrium Modelling 

The critical slip surface under all modelled scenarios are circular in shape and located within the 

loose colluvium/clay layer in the toe area. The same was observed for headscarp area except the 

slip surface intersects the fill layer mid-ridge extending to lower boundary of the clay-silty soil 

layer. This is consistent with previous field observations as the landslide being investigated 

occurred via a rotational mode affecting the same locations and layers (Fig. 6.19). The FoS for 

critical slip surfaces range from 0.995 to 1.017 under low groundwater scenario and 1.024 to 1.027 

under high groundwater scenario (Table 6.5) which shows that toe area is prone to failure regardless 

of groundwater condition (FoS is close to 1). The minimum FoS values obtained in the headscarp 

area ranged from 2.047 to 2.124 under low groundwater set-up and 1.332 to 1.517 for high 

groundwater set-up meaning that the headscarp area is prone to failure only under latter conditions.  
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Figure 6.19: A) Planar layer within road sub-base (arrowed) exposed by failure plane in headscarp; B) 

tension cracking (<10 mm separation) next to bund in road seal, indicating ongoing retrogressive slumping 

failure. 

 

The small differences in FoS values from the different LEM modelling scenarios that occur might 

be due to a modelling artefact using the circular search method applied here. For example, in the 

toe area, the Bishop’s Simplified Method has yielded particularly low FoS of 0.995 under the low 

groundwater table scenario, compared with FoS=1.027 under the high groundwater table scenario. 

This results in a FoS difference of 0.032. This appears to be due to a steeper critical slip surface 

resolved using the Bishop’s Simplified Method in the low water table scenario, compared with the 

high groundwater table scenario (Fig. 6.20). While the modelled FoS of critical slip surfaces do not 

differ much under the two groundwater scenarios, all the five modelled outputs show critical slip 

surface affecting a larger surface area under a high water table, when compared to a low water table. 

Indeed, this occurs for both the toe and headscarp area. Comparing all five of the LE methods 

trialled, the Bishop’s Simplified Method under the low groundwater table scenario is the only 
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experiment to develop a steep critical slip surface in the toe area (Fig. 6.9; 6.20). All nine other 

experiments yielded almost identical critical slip surfaces in terms of location and steepness. The 

reason for this is uncertain, but it maybe because there are no interslice shear forces included in the 

Bishop’s Simplified Method (Bishop 1955; Fredlund and Krahn 1977). Furthermore, with SLIDE, 

non-circular slip searches resolved using either a block search or path search may yield different, 

but not necessarily more representative, results. 

 

 

Figure 6.20: Comparison of Bishop’s Simplified Method critical slip surfaces resolved in the toe area under 

the low water table (A) and high-water table (B) scenarios. 

 

6.6.2 Finite Element Method  

The maximum total displacement (0.140 m) obtained for high groundwater level were ten-fold 

higher than the value (0.011 m) obtained for low groundwater level showing the significant 

influence high groundwater levels will have on the future stability of the slope. The same applies 

to maximum horizontal and vertical displacements. Maximum horizontal displacement values were 

positive in the headscarp and toe area under both scenarios, indicating deformation and movement 
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downslope in the future. Vertical displacement values in the headscarp area were all negative, 

indicating slumping and rotational failure as retrogressive failure progresses (Table 6.6). Moreover, 

the amount of downslope movement and slumping will increase with higher groundwater levels. 

The critical SRF values modelled by RS2 model were very similar (SRF=1.40-1.47) for the two 

groundwater scenarios. Nevertheless, the total maximum displacement required (0.218 m) to 

produce the critical SRF at a high groundwater level was nearly two-fold of the maximum 

displacement required (0.148 m) to produce the critical SRF under low groundwater level. The 

tension and shear are focused mostly in the headscarp and toe area, respectively, under both 

modelled scenarios. In addition, the western part of the ridgeline is also seen to have considerable 

shear and tension distribution close to ground surface, with the shear probably manifest by similar 

tension cracks (<10 mm separation) as seen on the road surface (Fig. 6.20). Thus, future slope 

failure initiated on the western side of the ridgeline may be important to mitigate against from an 

engineering standpoint in future. A site walkover to delineate any tension cracks, followed by 

installation of extensometers (e.g. Sättele et al. 2016) for crack monitoring would be pertinent in 

this regard.  

 

6.6.3 Reliability of Model Outputs  

The critical FoS outputs from the SLIDE modelling using five LE methods are generally in close 

correspondence with each other, while the critical SRF produced by RS2 using FE method is much 

higher than the FoS values. The observation here is consistent with previous studies such as Duncan 

et al. (2014), who made similar observations and recommended that SRF analyses should not be 

used independently as a method of slope stability analysis.  In addition, the critical FoS and SRF 

values modelled in this study are likely to be much lower than the calculated values due to several 

factors (see Table 6.7). The main factor is due to the omission of dynamic loading from vehicles 

and/or earthquakes, as well as from the effect of rainfall. Both these factors place additional forces 



146 

 

on the slope and lower the strength of slope materials, the corollary being a reduction in the FoS. 

Several studies (e.g. Borowiec and Maciejewski 2014; Frangov et al. 2017; Brook 2018) report the 

damaging effect that dynamic loading can have on saturated soils in reducing FoS values and 

triggering landslides. In addition, there are likely to be unmapped/logged discontinuities and 

geological structures within the residual soil profile, which could lead to failure, particularly when 

planar surfaces are dipping out-of-slope. There is also uncertainty regarding the representativeness 

of the soil strength parameters, as well as seepage conditions (Christian et al. 1994; Wesley 2010). 

Hence, the accuracy which the stability of slopes in residual soils can be evaluated by analytical 

methods may be somewhat limited. 

 

Table 6.7: Recommended factor of safety (FoS) values (Savao 2004). 

FoS allow Risk of human losses 

Negligible Average High 

Risk of economic 

losses 

Negligible 1.1 1.2 1.4 

Average 1.2 1.3 1.4 

High 1.4 1.4 1.5 

Note: FoS for recurrence time of 10 years; for higher risks and soft ground conditions, add 10% increase  

 

Given the uncertainties outlined above, the FoS values reported in Table 6.7 are somewhat arbitrary. 

Indeed, the slope design should not only consider the prevailing slope conditions, but also account 

for future changes, such as the possibility of slope toe removal, earthquakes, rainfall fluctuations 

and land use change (Duncan 2000; Savao 2004; Adams 2015). Previous research has shown that 

stability methods that satisfy all conditions of equilibrium (horizontal and vertical force equilibrium 

and moment equilibrium) result in a FoS with an accuracy of ±5 percent (Duncan 1992). As a result, 

stability methods that satisfy all conditions of equilibrium (e.g. Janbu 1968; Morgenstern and Price 

1965; Spencer 1967), can be considered to yield more accurate estimates of factor of safety (Tang 

et al. 1999). Nevertheless, despite the uncertainties outlined, both numerical modelling approaches 

utilised here (FEM and LEM) can be valuable in both back-analysis and forward-analysis of slope 
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stability, when used conjunction with each other (e.g. Calvello et al. 2008; Lollino et al. 2010; 

Acharya et al. 2015; Zein and Karim 2017; Bhandary et al. 2019). 

 

6.6.4 Future Monitoring 

The results of numerical modelling in this study combined with the field observations in Chapter 5 

(e.g., presence of soil piping) confirms that porewater pressure and groundwater table changes are 

a key driver of slope failure at the Kasavu site. It also reinforces the view that under current 

conditions, future failure of the site is likely under high rainfall conditions causing increased 

groundwater levels, and/or dynamic loading. Consequently, monitoring of rainfall, displacement 

and groundwater level changes in response to rainfall events will be useful for mitigation in the 

future. Such datasets could then also be used for more accurate modelling parameterization at the 

site, and provide a more detailed understanding of landslide mechanics at the Kasavu as well as 

other rainfall-triggered landslides in Fiji with similar geology and geomorphology.  

 

In addition to the feasibility of installing extensometers across tension cracks as outlined above, 

previous studies (e.g. Rinaldi et al. 2004; Corominas et al. 2005; Piccini et al. 2014; Fressard et al. 

2016) have successfully used piezometers (Fig. 6.21) to monitor groundwater fluctuations to assist 

in determining rainfall-triggering thresholds. Piezometric monitoring using telemetry at the Kasavu 

site would be useful, as then trigger-action response planning (TARP; e.g. Dick et al. 2015) could 

be undertaken to control dynamic loading from heavy vehicle traffic (i.e. decreased speed, single 

lane, total closure to heavy vehicles), once certain groundwater thresholds had been reached. The 

results of this study also reaffirm that the toe of a landslide can provide critical support of upslope 

material. Thus, removal or part-excavation of a landslide toe is likely to induce slope failure (e.g. 

Zhang et al. 2012; Liao et al. 2015).  
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Figure 6.21: Different types of piezometers (Vallego and Ferrer 2011). 

 

6.6.5 Slope Stability and Climate Change 

A study by Kristo et al. (2017) found a significant reduction in factor of safety of residual soil slopes 

in Singapore in the next 50 years due to future variations in rainfall patterns. Although no increase 

in rainfall trend has been observed in Fiji by Kumar et al. (2014), the report by Australian Bureau 

of Meteorology and CSIRO (2011) predicts cyclones with increased intensity will be experienced 

in Fiji. While no relationship has been observed between cyclone intensity and rainfall intensities 

using the coarse resolution rainfall data used in this study, this scenario is yet to be proven through 

more robust analysis via inclusion of more cyclones and rainfall data at finer time resolution. If the 

converse is true, higher rainfall intensities from greater intensity cyclones will likely result in 

increased slope failures hazards in Fiji environment. Recent trends have also identified slowing in 

tropical cyclone translation speeds (e.g. Kossin 2018) meaning high intensity rainfall are likely to 

have larger durations at any location where they make landfall. This will likely have considerable 

implications in terms of landslide hazard in Fiji, and therefore monitoring of slope deformation as 
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well as the groundwater conditions at particularly important sites will be important. Furthermore, 

landslide hazard is also exacerbated by land use change, as exemplified by the Kasavu site where 

the King’s Road was straightened by way of cut-and-fill of gullies along a ridgeline. Thus, land use 

change and infrastructure development due to the growing economy (e.g. Ministry of Economy 

2017) needs to be undertaken within the context of local geological, geomorphological and 

climatological conditions. 

 

6.7 Conclusion  

Both the FEM and LEM methods provide low FoS for the Kasavu landslide in current conditions. 

Thus, in the absence of any adequate slope stabilization, the slope is likely to fail in the future due 

to increased groundwater levels due to high rainfall. Both methods identify the colluvium in the toe 

are to be highly sensitive under both the low and high groundwater table scenarios, while the 

headscarp area is also sensitive under high groundwater levels. The model outputs generally accord 

with field observations. Due to errors associated with calculations in various FEM and LEM 

approaches, both modelling approaches should be used in conjunction with each other for better 

slope management. In addition, using a range of different LEM approaches is a useful practice as 

this provides a range of FoS. Nevertheless, future modelling could be enhanced by (1) incorporating 

groundwater records from piezometers, as well as (2) experimenting with dynamic loading and 

associated ground acceleration. A further series of modelling experiments could incorporate the 

effect of slope engineering (e.g. Geogrid reinforcement, soil nails) to determine their effects on FoS 

and SRF. 
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7 CHAPTER 7: SYNTHESIS 

 

7.1 Introduction 

This research was carried out with the overall aim of improving the understanding of the nature of 

landslide hazards in Fiji. This knowledge has an ultimate purpose to develop appropriate mitigation 

strategies to reduce landslide impacts on critical infrastructure in tropical countries. To address this 

aim, a series of specific objectives were developed in Chapter 1. These were each addressed in 

Chapter’s 3, 4, 5 and 6 of the thesis.  The aim of this chapter is to synthesize the main findings from 

the study and contextualize them within the international literature. Further, this chapter: discusses 

the possible application of rainfall thresholds for landslide prediction; outlines possible strategies 

for landslide monitoring; and suggests methods for engineering mitigation and management of 

slope failures in tropical environments similar to Fiji.  

 

The Kings Road is the major trunk route servicing the eastern half of Fiji’s main island, Viti Levu, 

and is frequently impacted by landslides during heavy rainfall events. This was the first study to 

focus on this important piece of local infrastructure (Chapter 3). The landslides induced by TC 

Winston during February 2016, gave a unique opportunity to study the type and characteristics of 

landslides in response to a single rainfall event, considering it traversed northern Viti Levu in close 

proximity to Kings Road. TC Winston was probably one of the strongest cyclones yet recorded in 

the Southern Hemisphere, perhaps second only to TC Mahina on 5 March 1899 (e.g. Nott et al. 

2014).  
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A case study of TC Winston-induced landslides in Chapter 3 revealed that at least 61 small, shallow 

landslides were induced by the cyclone along a 35 km section of the Kings Road. The landslides 

comprised of earth and debris material that mostly failed either by translational or rotational modes, 

with most of the failures also developing a flow component. Most of the landsides had more than 

one movement type, hence were classified as ‘complex’, which follows the approach of Cruden and 

Varnes (1996). While more landslides were observed in residual soils developed on older rock 

formations, other variables such as geological properties, topography, slope aspect, and site-specific 

vegetation are also important (e.g. Melzner 2006). Such variables have been included in landslide 

susceptibility modelling along transport corridors elsewhere (e.g., Conforti and Ietto 2019; Dang et 

al. 2019), but not in Fiji. It was clear from field reconnaissance results, that most Kings Road 

landslides were triggered by excess pore-water pressure, although the actual mechanism in which 

rainfall made the slope materials fail was unclear. This work led to an engineering investigation of 

failure-prone soils to gain insight into landslide mechanisms. 

 

Chapter 4 examined the role that the engineering properties of residual soil may play in the pre-

conditioning and triggering of landslides in Viti Levu. Field and laboratory investigations were 

undertaken of residual soils taken from landslide headscarps formed on various litho-types, along 

three roads in Viti Levu. The areas are commonly affected by landslides, and the focus was on the 

mineralogical, index and geotechnical properties of the slope materials. The results revealed soils 

to be generally cohesive, stiff, sensitive and in a plastic state in the field, with low permeability. On 

the plasticity chart (e.g. Hind 2017), the soils plotted below the A-line as fine silts of intermediate 

to high plasticity, and can theoretically sustain >50° slopes. The dispersive nature of the soils and 

the presence of high amounts of expanding clays such smectite, confirmed that excess pore-water 

pressure was likely the major driving mechanism behind the slope failures. 
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Detailed investigations of factors conditioning and triggering landslides is an important component 

of landslide hazard mitigation elsewhere (e.g. Gunn et al. 2013). However, such studies are rare in 

Fiji, hence Chapter 5 of the thesis presented a case study of the December 2016 Kasavu landslide 

along Kings Road in southeast Viti Levu. The study was undertaken from an engineering 

geomorphological perspective, providing a more detailed understanding of how site-specific factors 

and processes condition slope failure in Fiji. The chapter also examined the role of antecedent 

moisture conditions in facilitating the triggering of the landslide. It was revealed that rather than 

vegetation and landcover change, slope failure at Kasavu was mostly conditioned by steep slope 

angles along the ridgeline, together with the sensitive and expansive nature of soils. Piping erosion 

also probably played a role in the slope failure. Previous reworking of the site during a road 

realignment process also likely played a role, along with dynamic loading from HGVs near the 

headscarp. The obvious trigger of the landslide was the prolonged rainfall produced by the storm 

event (TD04F) over several days. However, a more detailed analyses of meteorological records 

indicated that the primary trigger for the Kasavu landslide was daily rainfall of 176 mm preceded 

by 3-day antecedent rainfall of 361 mm, immediately prior to the failure event.   

 

The future stability of the Kasavu landslide was explored via numerical modelling in Chapter 6, 

using both FE and LE methods of analysis, using RS2 and SLIDE, respectively. This was 

undertaken via simple experiments under low and high groundwater table scenarios. The FoS output 

from the modelling indicate that the current state of Kasavu landslide is unstable. This is especially 

so in the toe region of slopes under both low and high groundwater scenarios. Moreover, the 

headscarp area was also deemed unstable under a high groundwater table scenario. 

 



153 

 

7.2 Soil Engineering Properties 

The derivation of accurate geological ground models from site investigations is key to managing 

landslide hazards along transport corridors (Hencher and McNicholl 1995; Griffiths 2016). It has 

already been highlighted in Chapter 2 that the differing nature of weathering in residual soil profiles 

can result in highly variable soil engineering properties, both spatially and temporally. In this 

regard, the simplified residual soil profile proposed for southern Viti Levu residual soils in Fiji by 

Lovegrove and Fookes (1972; Fig. 2.8) is quite misleading because it shows different weathering 

zones as layers parallel to the surface topography. This idealized model denotes that strength and 

other geotechnical parameters are consistent for each weathering layer across a hillslope, an 

assumption that if adopted by engineers in the field, can lead to disastrous consequence as seen in 

Hong Kong (e.g. Malone 1990; Ho and Lau 2010). Weathering profiles in Hong Kong are seen to 

be more complex, whereby materials sampled in cores within meters of each other show very 

different weathering profiles (Fig. 7.1a). Such a scenario could easily be relevant to Fiji’s 

environment considering its geologic and tectonic history, and tropical climate (see Chapter 2). A 

complicated residual soil profile also has implications for understanding of the landslide 

mechanisms in response to rainfall triggering, as the water above and below the ground surface can 

take many different pathways (Fig. 7.1b). Indeed, the piping erosion visible close to the Kasavu 

landslide in Chapter 5 shows that variable hydrogeological processes must play a role in governing 

slope failure. 

 

While simple ground models are useful for slope stability modelling, detailed ground models are 

considered a better option for slope stabilization measures to be effective (Duncan et al. 2014). For 

the latter it might be helpful to establish a geotechnical database (e.g. Raper and Wainwright 1987; 

Entwisle et al. 2016; Howe 2016) for Fiji. Currently most site investigations are carried out by 

private companies on behalf of local governments and reports are treated as confidential. Opening 
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such information and collating it would be very valuable in light of further expansion of Fiji’s 

infrastructure as the population and economy grows (e.g. Ministry of Economy 2017; Government 

of Fiji 2017). In addition, it avoids duplicated investment in the tight financial constraints of a 

developing nation.  

 

 

Figure 7.1: A) A core stone-bearing residual soil profile from Hong Kong (modified from Malone 1990); B) 

Hydrogeological conditions in a complex residual soil profile (modified from Hencher and McNicholl 1995). 

This type of development could occur easily in Fiji, due to the commonly volcanic and volcano-sedimentary 

substrate, where dykes and contact features juxtaposed different rock textures and lithologies together. 

 

In addition to collation of existing data, targeted site investigations should be undertaken for high 

risk areas, specifically to account for the highly variable nature of tropical residual soils and their 

engineering properties (Table 7.1). Some of the variability in geotechnical properties of Fijian soils 

might be due different sample preparation and test procedures and is also highly variable with 

respect to different sampling depths. Future studies of failure-prone residual soils in Fiji could 
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incorporate a more detailed sampling plan to cover different weathering zones so that soil properties 

can be systematically characterized with depth (and laterally) (e.g. Rahardjo et al. 2004). An 

adequate number of samples from each lithology should also enable important contrasts in 

geotechnical properties to be identified between residual soils belonging to different lithologies 

(e.g. Rahardjo et al. 2012a). Given the highly varied properties of tropical residual soils obtained 

using conventional laboratory-based testing methods (Table 7.1), the importance of field 

observation and testing of tropical soils cannot be overemphasized (cf. Wesley 2010; Brink 2015). 

 

Table 7.1: Engineering properties of some tropical soils (modified from Rigo et al. 2006). 

Location Reference LL (%) PI (%) CF (%) ф'r (°) 

Zimbabwe Boyce (1985) 29-115 14-71 7-71 8.5-38.3 

Tanzania Bucher and Kyulule (1980) 36-112 19-48 _ 11.1-35.6 

Nigeria Bucher and Kyulule (1980) 75 46 _ 11.4 

Ghana Bucher and Kyulule (1980) 40-46 24-27 _ 21.8-29.2 

Java Wesley (1977) 95-213 30-57 65-83 24.5-39.0 

New Zealand Wesley (1992) 93-151 9-68 22-77 18.1-37.0 

Indonesia Wesley (1992) 175-197 42-77 _ 31.0-37.0 

Brazil Seraphim (1974), Simões 

(1991), Sousa Pinto et al. 

(1994), Sousa Pinto and Nader 

(1991), Rigo et al. (2006) 

20-128 6-93 2-69 4.2-33.5 

Fiji  Lupini et al. (1981), Knight 

(1986), Lawson (1993) 

75-108 27-48 8-40 18.0 

Fiji  This Study 38-79 8-27 1-19 9.3-17.4 

LL Liquid Limit (%); PI Plasticity Index; CF Clay Fraction (%); 'r Residual Friction Angle (°) 

 

7.3 Rainfall Thresholds 

Rainfall thresholds are defined as the minimum amount of precipitation needed to trigger landslides 

in a particular area (Guzzetti et al. 2008; Martinović et al. 2018; Segoni et al. 2018). Consistent 

with previous literature (e.g. Crozier et al. 1981; Greenbaum et al. 1995; Terry 2007; Stephens et 

al. 2018), this study also illustrates that higher than usual rainfall is the most significant trigger for 
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shallow landslides in the Fiji environment. Rainfall events of both high intensity-short duration 

(tropical cyclones), and low intensity-long duration (storms) are capable of triggering numerous 

small landslides in Viti Levu as seen in Chapter 3 and Chapter 5, respectively. In Chapter 3, it was 

seen that TC Winston, a high intensity-short duration event producing 258 mm of rainfall in 24 

hours triggered over 61 slope failures along a 35 km section of Kings Road. In contrast, the 

investigation of Kasavu slip in Chapter 5 revealed that the underslip failure was triggered by 627 

mm of rainfall over 6 days amounting to a mean of 104.5 mm/24 hours. A brief comparison of how 

these rainfall values compare with some earlier studies in Fiji has already been undertaken in the 

relevant chapters. The purpose of this section is to briefly revisit the idea on rainfall thresholds in 

this and previous studies, and explore possibilities for landslide monitoring and forecasting for Fiji.  

 

Rainfall thresholds are mostly empirically-defined using two methods, ‘intensity-duration (ID)’ and 

‘cumulated event rainfall-rainfall duration (ED)’ (Sarkar and Dorji 2019; Zhao et al. 2019). The ID 

threshold is widely used for landslide prediction and warning at local, regional and global scales 

(e.g. Dahal and Hasegawa 2008; Saito et al. 2010; Martelloni et al. 2012; Segoni et al. 2015; Rosi 

et al. 2016). A global threshold is independent of local morphological, lithological, and land use 

conditions, and of local or regional rainfall patterns and history (Chae et al. 2017). Several global 

thresholds are summarized in Figure 7.2, which also shows data for Fiji obtained from Terry (2007), 

who plotted an ID curve for 35 storms including 16 tropical cyclones between 1979 and 1990. These 

events had triggered slope failures in the highlands of southern Viti Levu (data originally from 

Lawson (1993)). The ID for the TC Winston induced-landslides (Chapter 3) and Kasavu landslide 

(Chapter 5) is also plotted on the graph. The plots reveal that ID thresholds for Fiji are higher than 

established global ID thresholds, which could imply: either (1) rainfall events in Fiji are of higher 

intensity than those generally experienced in the rest of the world; or, (2) it takes a higher rainfall 

intensity for a given duration to trigger landslides in Fiji compared to that in the rest of the world. 
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Although simple to implement, a major drawback of using rainfall thresholds such as ID and ED 

for landslide prediction is that it can cause a high number of ‘false’ or ‘missed’ warnings. This is 

because thresholds remain the same regardless of antecedent soil moisture condition (Ponziani et 

al. 2012; Sarkar and Dorji 2018). Errors associated with rainfall and the landslide information can 

affect the accuracy of threshold values (Melillo et al. 2018; Marra 2019), notwithstanding the fact 

that the values also need validation (Sarkar and Dorji 2019). Rainfall measurements from stations 

located further from landslide initiation points can introduce considerable errors in rainfall threshold 

values, especially where complex terrain is involved (e.g. Nikolopoulos et al. 2014).  

 

 

Figure 7.2: Comparison of rainfall intensity-duration data from this study and Terry (2007), with established 

global intensity-duration (ID) curves (modified from Jeong 2015). 
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These issues are further compounded by a lack of standard procedures for the identification of 

rainfall events, and objective definitions of various thresholds (Segoni et al. 2018). These problems 

are very much relevant to this study, since rainfall stations from which data was derived were not 

closely proximal to study sites. While the rainfall data for Kasavu landslide was obtained from a 

rainfall station 9 km away at a similar elevation, the data used for TC Winston-induced landslides 

along Kings Road was obtained from rainfall stations at a distance of 15-25 km at varying 

elevations. Hence, the latter is likely to be inaccurate. The data obtained for both case studies was 

also at coarse resolution i.e. daily rather than hourly (or higher) temporal resolution. Hence, 

calculated rainfall totals prior to landslides might not be precise, as landslides could have occurred 

at any part of the day. Thus, ID values established here for TC Winston-induced landslides and 

Kasavu should be best-treated as approximations. 

 

I recommend that future studies in Fiji on local (site-based) landslide monitoring and forecasting 

should apply their own targeted weather stations or a greater network of stations than previously 

used. This will enable collection of accurate rainfall data at landslide sites with high temporal 

resolutions, to enable the calculation of accurate rainfall thresholds. Adjusting the values based on 

dry and wet seasons might also be useful (Zhao et al. 2019). Regardless of the limitations of ID 

values in this study, the fact that 24-hour rainfall threshold for TC Winston was similar to an earlier 

study in Ba on the northern side of the island, and similar 3-day antecedent rainfall for Kasavu 

landslides shows that it could be possible for systematic application of ID for landslide hazard 

forecasting. This might be useful for Fiji as a developing Pacific Island nation, since resources for 

more sophisticated landslide monitoring and forecasting methods are scarce, and might not be 

feasible long-term. Integrating the moisture condition of soil via antecedent rainfall (e.g. Zhao et 

al. 2019), and hydrological monitoring (e.g. Canli et al. 2018; Mirus et al. 2018) into the rainfall 
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threshold models can be used to improve their accuracy and reduce the possibility of ‘false’ or 

‘missed’ warnings. The ‘Antecedent Water Status Model’ proposed by Crozier (1999) was found 

useful for the prediction of landsliding in Wellington, New Zealand (Fig. 7.3), and might be worth 

exploring for the Fiji environment. 

 

 

Figure 7.3: Maximum landslide triggering thresholds for 1996 (solid line) and 1974 (broken line) for 

Wellington region in New Zealand (from Crozier 1999). 

 

7.4 Landslide Monitoring 

As shown in Chapter’s 3 and 5 of the thesis, there is a clear need to monitor landslides and 

marginally stable slopes in Fiji to minimize impacts on infrastructure and avoid possible life and 

economic losses. A variety of monitoring techniques comprising of different instruments and 

emerging technologies with differing spatial and temporal resolutions can be used for slope 

monitoring (e.g. Hearn and Hunt 2011; Arbanas and Arbanas 2014; Chae et al. 2017). As in Fiji (as 

shown in this study), intense or prolonged rainfall is one of the primary triggering mechanisms for 
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landslides worldwide (e.g. Dowling and Santi 2014; Froude and Petley 2018). Therefore, 

understanding triggering mechanisms and failure potential in order to improve landslide forecasting 

is a major focus of research internationally (e.g. Huang et al. 2012; Uhlemann et al. 2016; 

Kirschbaum and Stanley 2018). Simple methods to monitor landslide movement might be more 

useful for a developing Pacific Island nation like Fiji (e.g. Fig. 7.4). Trees, other surface features, 

installed field monitoring tapes and stakes on the surface that can be periodically measured to detect 

movement, are useful. However, these can easily be damaged and provide data only as frequently 

as the site can be visited (Wieczorek and Snyder 2009). Indeed, these methods do not allow detailed 

monitoring of kinematic, hydrological, and climatic parameters for understanding movement 

response to climate events, which is required for landslide early warning (e.g. Hearn and Hunt 2011; 

Chae et al. 2017). Therefore, more sophisticated instruments which can record continuous 

movement, are much more useful. No single technique or instrument can provide complete 

information about a landslide, and therefore various combinations are usually employed (e.g. García 

et al. 2010; Brückl et al. 2013; Smethurst et al. 2017; Segalini et al. 2019). Some potentially useful 

slope monitoring approaches for sites in Fiji are outlined below. 
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Figure 7.4: Common simple methods of landslide monitoring (modified from Hearn and Hunt 2011). 

 

7.4.1 Active Waveguides (AEWG) 

Materials undergoing deformation generate acoustic stress waves (also known as acoustic emission 

[AE] and sub-audible noise) which can be captured and measured to determine the extent of material 

deformation (e.g. Dixon et al. 2015; Berg et al. 2018). AE monitoring using active waveguides 

(AEWG) is an established deformation monitoring technique. It is installed in a borehole that 

penetrates any shear surface or potential shear surface, and comprises a steel waveguide to transport 

AE signals generated at the shear surface to the ground surface with low attenuation and granular 

backfill (i.e. to generate high energy AE as the slope deforms) (Fig. 7.5a; Smith and Dixon 2014; 

Caicedo and Patino-Ramirez 2019). AE rates measured at the ground surface have been used as part 

of a Slope ALARMS system (Assessment of Landslides using Acoustic Real-time Monitoring 

Systems; (e.g., Dixon and Spriggs 2011; Berg et al. 2018), and have been found to be proportional 
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to slope displacement rates. This then, enables detection of accelerations and decelerations of slope 

movement (e.g. Smith et al. 2014; Smith and Dixon 2014). AE monitoring systems inform only 

about the behaviour of the installation borehole, hence provide a low spatial resolution, but deliver 

information on rates of subsurface deformation (i.e. accelerations and decelerations), with high 

temporal resolution (Uhlemann et al. 2016). A study by Dixon et al. (2015) found a direct 

relationship between AE rate and displacement rate, triggered by rainfall events on an active 

landslide at Hollin Hill, North Yorkshire, UK, and these could be useful in Fiji at larger sites. 

However, the signal-to-noise ratio could be problematic proximal to main roads. 

 

7.4.2 Inclinometers 

Instrumentation for monitoring movement throughout the depth of a landslide can be obtained from 

inclinometers (Wieczorek and Snyder 2009). Inclinometers (either portable or in-place) are placed 

in vertical boreholes through a landslide mass and suspected slip plane into the underlying 

undisturbed ground to monitor deformation and tilt of the borehole casing (Hearn and Hunt 2011). 

A hollow metal tube can be installed within a drilled hole, which can then be periodically measured 

to determine the variation of the original inclination of the tube (Wieczorek and Snyder 2009). 

These can be connected to data loggers so that movement can be regularly monitored and recorded 

on software, enabling subsurface motion to be determined as a function of depth and as a function 

of time (Hearn and Hunt 2011). Inclinometers can also be connected to telemetry for real-time 

reporting. Inclinometers provide relatively low spatial resolution as a survey of the casing only 

informs of deformation in the soil immediately surrounding the borehole (Uhlemann et al. 2016). 

Inclinometers would be useful along sections of the Kings Road where large, slow-moving 

rotational slips have been identified. 
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7.4.3 Shape Acceleration Array (SAA) 

SAA provide continuous subsurface deformation and operates in a similar manner to an in-place 

inclinometer in that it provides deformation vs. depth measurements with high temporal resolution 

(Uhlemann et al. 2016; Berg et al. 2018). It comprises of a string of MEMS (micro-electrical–

mechanical systems) sensors installed at regular intervals along the depth of a borehole, which 

penetrates any shear surface or potential shear surface (Smethurst et al. 2017; Fig. 7.5b). Each 

sensor monitors displacement in x-, y- and z-directions with high accuracy and temporal resolution 

(e.g. Smith et al. 2014; Swarbrick and Clarke 2015). 

 

7.4.4 Tilt Meters 

Tilt meters are typically installed to monitor small changes in surface inclination, related to 

rotational downslope movement of a landslide mass (Fig. 7.5c; García et al. 2010; Smethurst et al. 

2018). Each tilt meter usually consists of a dual axis inclinometer sensor with an accuracy of 0.1° 

mounted on a 0.5 m long coated iron stake, and connected to a data logger recording tilt angles 

(Uhlemann et al. 2016). High resolution tilt meters provide the same type of data as inclinometers, 

but at significantly higher resolution, i.e., between 1 mrad (≈1 mm/m) and 1 nrad (≈1 nm/m), 

depending on the tilt meter model (Chae et al. 2017). Tilt meters provide point measurements only, 

that are representative for a small area within the landslide (and thus low spatial resolution), and 

monitor tilt as opposed to actual deformation. However, they do log data with high temporal 

resolution, enabling correlation of movement with rainfall-induced instability (García et al. 2010; 

Uhlemann et al. 2016).  Chae et al. (2015) installed tilt meters to observe slope displacements 

affected by rainfall infiltration into the soil. Because the sensors were installed in a grid pattern both 

horizontally and vertically in the slope, they could measure fine movements of the soil layer with 

changes in the wetting front behaviour by rainfall infiltration along the soil depth. Tilt meters would 
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certainly be useful at some Fiji sites, and with telemetry, could provide real-time information to the 

Fiji Road Authority (FRA) and road contractors. 

 

  

Figure 7.5: Illustration of permanently installed subsurface movement monitoring techniques; A) AEWG 

monitoring; B) SAA; and C) tilt meter (modified from Uhlemann et al. 2016). 

 

7.4.5 Tracking of GPS/GNSS Markers  

Repeated survey of permanently installed markers (often spray-painted crossed or pegs) using RTK-

GPS (Real Time Kinematic Global Positioning System) and GNSS (Global Navigation Satellite 

System) is a standard method globally for monitoring surface deformation (e.g. Arbanas et al. 2018; 

Smethurst et al. 2018). This approach can provide a moderate spatial resolution, both, on local (i.e. 

marker) and global (i.e. slope) scales, because pegs can be installed rapidly. Also, deformation 

patterns can then aid the locating of more sensitive instrumentation (Uhlemann et al. 2016). 

Permanent GNSS stations allow for high spatial and temporal resolution centimetre-scale accuracy 

providing time-series of 3D topographical data (e.g. Komac et al. 2015; Arbanas et al. 2018). In 

New Zealand, such a system recently provided real-time monitoring information of slopes above 

the South Island’s State Highway 1 transport corridor, during reinstatement of the highway and rail 

line (Stringer and Brook 2019). This was fundamentally important for site safety, and would be of 
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use in Fiji when large, road-damaging slope failures occur, that require weeks or months of road 

reinstatement.  

 

7.4.6 Automatic Weather Stations (AWS) 

Automatic weather station (AWS) monitoring variables such as barometric pressure, humidity, 

precipitation, temperature, and wind speed and direction, with generally hourly frequency have 

been utilized widely elsewhere in landslide monitoring (Wieczorek and Snyder 2009; Uhlemann et 

al. 2016). Rainfall data is especially useful when related to rainfall triggering thresholds for 

landslide forecasting (Hearn and Hunt 2011; Smethurst et al. 2017). Ideally, an AWS will be set up 

close to the landslide. However, if this is not possible, data can be extrapolated from elsewhere. 

However, differences in distance, elevation, temperature, and wind and storm direction between the 

station and the landslide site can affect the accuracy of determining the actual precipitation affecting 

a landslide (Nikolopoulos et al. 2014; Segoni et al. 2018). Generally, if the recorded data is within 

several kilometres of the landslide and if there is no major topographic difference between the 

station and the landslide, then data can be extrapolated (Hearn and Hunt 2011; Wieczorek and 

Snyder 2009). As highlighted in Chapter 2, in Fiji the prevailing trade winds blow from the 

southeast towards the northwest, creating a strong windward–leeward component to the 

microclimate of Viti Levu. Therefore, extrapolation of meteorological variables over large distances 

should be undertaken with caution. In Fiji, there is a shortage of sufficient meteorological stations 

close to many sites, hence the requirement for AWS installation close to the targeted slope failures. 

Site-specific effects need to be considered due to the varied vegetation cover in Fiji. Indeed, 

meteorological instruments must be installed where vegetation or structures do not interfere with 

the accurate recording of data (Wieczorek and Snyder 2009; Uhlemann et al. 2016). 
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7.4.7 Piezometers 

As seen in Chapter 6 of this thesis, groundwater and pore water pressure have a major effect on 

slope stability in Fiji, making their measurement important.  Piezometers are instruments that are 

installed within the ground to measure the pressure of groundwater levels at specific depths 

(Wieczorek and Snyder 2009; Hearn and Hunt 2011). There are generally three types of 

piezometers: standpipe, open, and closed (Fig. 6.21; Vallego and Ferrer 2011). A standpipe is a 

perforated pipe open at both ends, that can be inserted to the whole depth of a borehole (Vallego 

and Ferrer 2011). Although simple and relatively cheap, the major drawback with the standpipe is 

the time delay for the water in the pipe to respond to the water pressure in the ground in fine-grained 

soils (Hearn and Hunt 2011). In addition, the standpipe is not sufficient to detect the actual pore-

water pressure within complicated geologic materials, due to layers of different types of soils and 

rocks affecting the variation of water levels (Hearn and Hunt 2011; Vallego and Ferrer 2011). Open 

and closed piezometers are more useful in this case, as they are installed within a drill hole isolated 

above and below by impermeable sediment. They are also more useful because they give pore-

water pressure at a specific depth (Vallego and Ferrer 2011). Water levels in the piezometer can 

either be logged manually (low temporal resolution) or automatically (high temporal resolution) 

(Uhlemann et al. 2016). Purchase, installation, and monitoring of closed piezometers can be 

relatively expensive and demanding, hence are better for high risk landslide sites (Wieczorek and 

Snyder 2009; Hearn and Hunt 2011). In Fiji, piezometers have already proved useful, and were 

particularly effective at the Monasavu Dam (Knight 1986), monitoring deformation of an 

halloysite-rich residual clay-cored embankment.  

 

7.4.8 Unmanned Aerial Vehicle (UAV) Imaging 

Landslides displacement can be ascertained by time-series analysis of images as well as digital 

elevation model (DEM) differencing (Wieczorek and Snyder 2009). During the last decade, rapid 
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development of small UAV (unmanned aerial vehicles) systems for monitoring purposes has 

occurred. These are low-cost, and along with emerging development of sensors with more 

effectiveness and miniaturization, this has revolutionized slope monitoring (Colomina and Molina 

2014; Rossi et al. 2018). UAV-based remote sensing has the following advantages: real-time 

applicability, flexible survey planning, high resolution, low cost, and it can collect information in 

inaccessible and dangerous environments without risk (Chang-Chun et al. 2011; Esposito et al. 

2017). The acquired imagery can be used for feature tracking within large landslides using the 

COSI-Corr (Co-Registration of Optically Sensed Images and Correlation; e.g., Turk 2018) (COSI-

Corr). It can also be used for structure-from-motion (SfM) processing of images and digital 

elevation model (DEM) production (Rossi et al. 2018). DEMs can then be “differenced” to 

determine deformation over time (e.g. Brook and Merkle 2019). As shown in Chapter 5 of this 

thesis, UAV was very useful for mapping an active slope failure in Fiji at Kasavu slip. 

 

7.4.9 LiDAR 

In recent years, LiDAR (light detection and ranging) has emerged as a useful tool for identifying 

landslide movement through acquisition and production of high-resolution 3D surface models (e.g. 

Mora et al. 2018; Pellicani et al. 2019). Acquisition and differencing of a time-series of LiDAR-

derived DEMs therefore allows 4-D modelling of slope deformation. A significant advantage of 

LiDAR lies in its capability to penetrate vegetation areas and acquire valuable information on 

topographic conditions (e.g. Pradhan and Bakar 2017; Görüm 2019). LiDAR can also be used to 

identify the morphologic signature of shallow landslides that mobilize into debris flows, deep-

seated landslide complexes, and the underlying lithologic control on topography (e.g. Ventura et al. 

2011; Pradhan and Sameen 2017). Depending upon the degree of slope, either vertical aerial or 

horizontal LiDAR coverage maybe preferable (Wieczorek and Snyder 2009). The main limitations 

of LiDAR systems for monitoring are: (1) high acquisition cost; (2) the lack of relative millimetre-
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accuracy capability when comparing different acquisitions at different times, which hampers slow 

displacement detection, unless permanent reflectors are installed in situ; (3) the lack of high-

frequency acquisition, due to the complex pre- and post-processing needs and to the relevant volume 

of point clouds in terms of data storage, which hampers fast displacement monitoring; (4) the lack 

of a robust 24/7 operability, due to the low signal to noise ratio generated by atmospheric effects 

such as rain, fog, mist, clouds and dust (Chae et al. 2017). LiDAR has already proven useful in Fiji 

to develop high resolution DEMs around road infrastructure in the Namosi area (Greg Morris, 

personal communication 2017) and the Nadi and Ba (SOPAC 2012) basins.  

 

7.4.10 InSAR Monitoring 

Space-borne InSAR (Interferometric Synthetic Aperture Radar) is a remote sensing technique using 

radar satellite sensors (Wieczorek and Snyder 2009; Hearn et al. 2018). It is useful for landslide 

monitoring (e.g. Hu et al. 2018) because of its 24-hour day and all-weather working capabilities, 

wide spatial coverage, fine spatial resolution, high measurement precision and no need for ground 

instrumentation (Intrieri et al. 2018). By exploiting the phase differences between two SAR images 

acquired over the same area but different times, InSAR can be used to construct Digital Elevation 

Models (DEMs) (e.g. Hu et al. 2018; Intrieri et al. 2018) and/or measure the ground movement that 

occurred during the time interval (Hearn and Duncumb 2018). For mapping ground movement, 

InSAR technology is usually referred to as differential InSAR (D-InSAR). Roberts et al. (2019) 

demonstrated that high-quality ground-surface motion field derived using spaceborne InSAR can 

help to characterize seasonal creep mechanisms in residual soils, and quantify spatial and temporal 

patterns of slope activity. Hearn et al. (2018) analysed InSAR satellite movement monitoring data 

a residential area of Limnes in Pissouri, SW Cyprus and the outcome vindicated the 

geomorphological interpretation and helped strengthen the ground model that identified slope 

failure as the underlying cause of property damage. Considering InSAR data is currently freely 
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available, it is a very promising technique to use to monitor slope failures across large areas of Viti 

Levu in future, particularly in response to tropical cyclone events (e.g. Chapter 3). 

 

7.4.11 Monitoring Summary 

The monitoring, observation and measurement timeframe of landslides depends on various factors, 

but it should last at least one annual meteorological cycle (Vallego and Ferrer 2011). Previous 

studies such as García et al. (2010) and Brückl et al. (2013) have related deformation measurements 

by GPS/GNSS, inclinometer, extensometer or tilt meter readings to rainfall events to study the 

deformation behaviour of rainfall-triggered landslides. In addition, Corsini et al. (2005) and Brückl 

et al. (2013) compare measurements of two or three of the conventional deformation monitoring 

techniques, showing good correlation between surface (e.g. GPS) and subsurface (e.g. inclinometer) 

deformation. Indeed, studies such as Dixon et al. (2015) and Uhlemann et al. (2016) show that a 

well-balanced suite of monitoring techniques that provides high temporal and spatial resolution on 

both measurement and slope-scale is necessary to fully understand failure and movement 

mechanisms. A study by Baroň and Supper (2013) after collecting information on 86 monitored 

landslides in 14 European and Asian countries found that classical and automated inclinometers, 

wire extensometers, dGPS, optical images and total stations were ranked as the most reliable sensors 

of displacement and deformation monitoring, with the highest early warning potential. The study 

also found that while the precipitation amount, pore-water pressure and air temperature were the 

most abundant hydro-meteorological monitoring parameters listed in the landslide sites, pore-water 

pressure and precipitation amount had the highest early warning potential. Nevertheless, in most 

projects the predominant factor driving the choice of instrumentation and techniques is their cost 

(Hearn and Hunt 2011; Smethurst et al. 2017) and this is applicable to Fiji as well. 
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7.5 Engineering Mitigation 

For any slope stabilization the first distinction to make is whether the materials forming the slope 

under consideration behave primarily as soil or rock (Hearn et al. 2011a). Following the NZGS 

(2005) guidelines, the threshold between soil and rock material is a UCS of 1 MPa. As confirmed 

in Chapter 4, the materials forming slope failures that were analysed in this study, are all <1 MPa, 

but of varying strength and engineering properties. Hence, engineering mitigation of these materials 

needs to focus on soil slope reinforcement and stabilization, and in addition, needs to account for 

variability in strength properties and weathering grades of these residual soils. Some possible 

methods to stabilize failed slopes are summarized below in Table’s 7.2 and 7.3. In residual soil 

profiles, it is often the weathering grade boundaries, which tend to form the basal slip surfaces of 

shallow rainfall-induced landslides in the humid tropics and subtropics (Hearn et al. 2011a; Hencher 

2012). In this study, although the boundaries weathering zones were not clearly defined in the field, 

most of failure surfaces occurred between weathering grades III and IV, and IV and V. Due to the 

variable nature of weathering and underlying rock structures, it is not uncommon for slope failures 

to occur partly through both rock and soil (Fookes 2007; Hearn et al. 2011a). Nevertheless, at the 

sites surveyed in Chapters 3, 4 and 5, residual soil failures passing through rock were not identified. 

 

Prior to any slope stability assessment or analysis, ground models need to be established which are 

essentially cross-sections of soil and weathered rock profiles showing relict rock jointing patterns, 

groundwater conditions and the depth and configuration of existing or potential failure surfaces 

(Hearn et al. 2011a; Bromhead et al. 2012). An example of this is shown for Kasavu slip in Ch. 5. 

In analysing the stability of existing slopes and developing a program of remedial or preventative 

work, the following should be considered: construction processes; new slopes or structures on or 

near the site; previous or continuing ground deformation; vibration and dynamic loading; climatic 

variability; vegetation or its removal; human or animal activities; variations in water content and 
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pore-water pressure; and, potentially, wave action (Hearn et al. 2011a; Duncan et al. 2014). Hearn 

et al. (2011a) describes four types of failure surfaces common on soil slopes (Fig. 7.6): 1) circular 

slip surfaces; 2) non-circular slip surfaces; 3) translational (planar) failures; and, 4) compound slip 

surfaces.  

 

 

Figure 7.6: Common failure surface forms in soiled slopes (from Hearn et al. 2011a). 

 

While circular slip surfaces are more likely in homogeneous slopes with cohesive soils, non-circular 

slips occur in granular soils and heterogeneous soils where soil strength varies with depth. 

Translational failures occur most frequently in cohesionless soils close to the slope surface, or where 

weak soils overlie a rock head surface at relatively shallow depth. Compound slip surfaces comprise 

of both planar and circular failure surfaces governed by weaker or stronger layer at depth (Fig. 7.6). 

In the sites studied in this project (Ch. 3, Ch. 5), all the mechanisms described by Hearn et al. 
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(2011a) were observed although circular and translational failure surface were more common as 

observed elsewhere in residual soils (e.g. Wesley 2011). 

 

The forces acting on an existing or potential failure surface can be divided into destabilizing 

(driving) forces and stabilizing (resisting) forces (Holtz and Schuster 1996; Fookes et al. 2007). 

The destabilizing forces comprise of the weight of the soil or weathered rock above an existing or 

potential slip surface and the water pressure force acting in a tension crack (Holtz and Schuster 

1996; Hearn et al. 2011a). Additional destabilizing factors can be wind loading, which was 

identified as important during TC Winston, in Chapter 3 and loading from rain and vegetation (e.g. 

Stephens et al. 2018). Surcharge loads for from traffic, retaining walls, spoil heaps, earthquake 

loads will also need to be considered in relevant areas (Hearn et al. 2011a; Duncan et al. 2014). In 

Fiji, dynamic loading from earthquakes is probably also an important slope failure trigger, as 

occurred during the M6.8 1953 Suva earthquake (e.g., Greenbaum et al. 1995; Rahiman and 

Pettinga 2006b). However, such coseismic effects on slope stability were not analysed in this thesis.   

 

Stabilizing forces consist of the mobilized shear strength of soil or weathered rock acting along the 

existing or potential slip surface, and the weight of soil at or near the toe of the slope (Hearn et al. 

2011a). It must be noted that soil strength of recently excavated or filled clay soils is modified due 

to changes in pore pressure (Hearn et al. 2011a; Bromhead et al. 2012). Stability of slopes therefore 

can be improved in three ways: 1) reducing the destabilizing (driving) forces – regrading, that is, 

removal and flattening; 2) increasing the stabilizing (resisting) forces – external support, for 

example, adding toe weight; and, 3) increasing soil strength – by removal and replacement with 

stronger materials, and soil reinforcement and drainage (e.g. Fookes et al. 2007; Waltham 2009; 

Hearn et al. 2011a). Measures commonly adopted in the stabilization of soil slopes and their 

limitations for low-cost roads have been summarized in Table 7.2. As described in section 2.4.1 in 
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Chapter 2 of this thesis, five types of landslides generally impact on roads: cut slopes above roads 

(type 1); fill slopes below roads (type 2); failure of hillsides above roads (type 3); regressive failure 

of slopes below roads (type 4); and, failure of entire hillsides comprising the road (type 5). The 

methods of engineering management commonly applied to each failure type is summarized in Table 

7.2. This study has found that types 1, 2, and 3 are common along Fiji’s roads, hence some 

applicable stabilization measures are described in more detail below. 

 

Slope failure type 1 (cut slopes) are usually least damaging to roads and are mostly dealt with in 

Fiji (see Chapter 3) and elsewhere, by routine clearance of the failed material (Fookes et al. 2007; 

Bromhead et al. 2012). In many cases, the process of failure itself often leads to the immediate 

removal of unstable material on top of the cutting, leading to reduction in slope angles and the soil 

mass (Holtz and Schuster 1996). The corollary is that gravitational force acting on slope is reduced 

hence the stability of the slope is instantaneously improved (Hearn et al. 2011a). However, the 

exposed failure surface will need revegetation to prevent erosion (Fookes et al. 2007; Hencher 

2012). In cases where a cut slope failure involves the entire height of the cutting, removal of the 

failed mass from the road and any side drains may still leave failed debris on the slope above, posing 

a potential future hazard (Hearn et al. 2011a; Bromhead et al. 2012). In such cases, the batters need 

to be cut back enough to reduce overall slope angles in the weaker materials, and to remove 

overhangs (Fookes et al. 2007). For small failures (<500 m3 in volume), it may prove most effective 

to remove the entire slipped mass and protect the slope from erosion by vegetation planting (Hearn 

et al. 2011a).  
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Table 7.2: Options for soil slope stabilization (modified from Hearn et al. 2011a). 

Requirement Technique Where? Limitations 

Reduce 
driving 
forces 

Regrade slope to 
reduce angle  

On any slope where 
reduction in cut slope 
angle is feasible 

Unlikely to be feasible in steep terrain, 
regraded surface will need erosion 
protection 

Drain surface  Anywhere where surface 
runoff is apparent, or 
water table/perched 
water table is at or close 
to the slope surface 

Will only reduce surface infiltration, 
therefore combine with other 
techniques 

Drain subsurface Anywhere where the 
water table can rise 
above the slip surface 

Depends upon depth to which drains 
can be constructed in relation to depth 
of water table beneath slope surface 

Increase 
resisting 
forces by 
application of 
an external 
force 

Construct retaining 
wall 

Anywhere where space 
and foundations allow 

Moderate cost; must be founded below 
slip surface; may need to be combined 
with other techniques 

Construct toe berm Anywhere where space 
allows 

Usually requires significant space at 
toe and may not be feasible in steep 
terrain 

Increase 
resisting forces 
by increasing 
internal 
strength 

Drain subsurface Anywhere if water table 
is above slip surface 

Depends upon depth to which drains 
can be constructed in relation to depth 
of water table beneath slope surface 

Install soil nailing  Usually used to steepen 
cut slope angle e.g. for 
road widening 

High cost; specialist installation 
equipment needed. Applicable mostly 
to unfailed slopes only. 

Use bio- 
engineering to 
enable roots to bind 
soil together  

Anywhere where slip 
surface is very shallow 
(less than 1m deep) 

Not suitable for deep-seated failures. 
Planting mix must include deep and 
strong-rooted shrubs. 

Use reinforced fill Anywhere where space 
is limited for 
conventional fill 

High cost; requires fill slope 
reconstruction 

 

 

Regarding vegetation planting of slopes (i.e. ‘biostabilisation’ or ‘bioengineering’), research in New 

Zealand found that tree roots provide up to 80 percent of the soil shear strength under saturated soil 

conditions (Watson et al. 1999). In Fiji, land degradation data reported by both Liedtke (1989) and 

Morrison and Clarke (1990) implies that native tree species are more likely to be effective,  
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Table 7.3: Typical engineering management options for the failure types shown in Figure 2.13 (modified from Hearn et al. 2011a). 

Failure 
type 

Engineering management 

Avoid Remove Stabilize Protect Accept 

1 These failures are often triggered 
as a result of slope excavation and 
therefore avoidance during route 
selection is usually not an option. 

Removal of slipped 
debris is an option in the 
case of the smaller 
failures if the remaining 
slope is stable and can be 
protected against erosion. 

Can be achieved usually 
through earthworks, 
drainage and retaining 
structures. 

Catchwalls or fences 
may be provided to 
protect road from falling 
debris. 

Small failures onto the 
road can be accepted if 
source removal, 
stabilization or protection 
is too difficult or costly 
compared to the damage 
inflicted. 

2 Shift road into hillside to avoid 
unstable fill slope below.  However, 
this may initiate type 1 and 3 
failures. 

Not usually practicable 
where large fill slopes 
are involved. Also, 
either partial or 
complete removal will 
result in loss of road 
width. 

This is usually achieved 
through excavation and 
recompaction, improved 
drainage or by the use of 
retaining structures founded 
beneath failure surfaces. 

Construction of road edge 
and road fill retaining 
walls founded beneath 
failure surfaces may 
isolate the road from the 
failing fill slope. 

Ongoing movements that 
cause progressive loss of 
all or part of the road 
cannot usually be 
accepted without loss of 
road function. 

3 These failures are often caused by 
slope excavation. Therefore, 
avoidance during route selection 
is usually not an option. In the 
worst cases, where landslides 
frequently cause road blockage, 
realignment might become cost-
effective in the longer term, if a 
suitable alternative exists. 

Not usually practicable 
given large volumes, 
access difficulties and 
uncertainties over the 
stability of the 
remaining slope. 

May not be practicable or 
economically feasible to 
achieve stabilization in the 
case of the larger slope 
failures, though 
improvements can be 
achieved through earthworks, 
drainage and retaining 
structures. 

Catchwalls or fences may 
be provided to protect 
road from rockfall debris, 
but these are unlikely to 
be appropriate for the 
larger soil slope failures. 

It is usually only 
feasible to accept 
ongoing movements if 
these are slow and can 
be accommodated by 
maintenance. 

4 Avoid through alignment 
selection (new roads) or 
realignment (existing roads) if a 
suitable alternative exists. Roads 
are often shifted into the hillside 
to avoid developing problems 
below. However, this may initiate 
type 1 and 3 failures. 

If the slope failure is local to 
the road, then stabilization by 
retaining structures and 
drainage may be possible, 
though unlikely at low-cost. 

Construction of road edge 
and road fill retaining 
walls founded beneath 
failure surfaces may 
isolate the road from the 
slope failure below. 

Ongoing movements that 
result in the progressive 
loss of all or part of the 
road cannot usually be 
accepted without loss of 
road function. 

5 Avoid through alignment 
selection (new roads) or 
realignment (existing roads) if a 
suitable alternative exists. 

Stabilization of large 
landslides is usually beyond 
the scope of low-cost roads. 

Road cannot usually be 
protected against ground 
movements. 

It is usually only feasible 
to accept ongoing 
movements if these are 
slow and can be 
accommodated by road 
surface and drainage 
repairs. A gravel road 
surface should be 
considered. 
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-compared with the exotics (Pinus radiata) typically cultivated in Fiji plantations. Stephens et 

al. (2018) recommended traditional agroforestry systems found on Pohnpei in the Federated 

States of Micronesia which create a multilayered structure above and below ground can be 

useful for mass movement mitigation in pine forest areas.  

 

Most researchers find vegetation to have positive effect on slope stabilization (e.g. Holtz and 

Schuster 1996; Punetha et al. 2019). However, Hearn et al. (2011) concluded that although 

biostabilisation is useful for erosion protection, its value for even shallow landslide stabilization 

is yet to be proven, as even with ideal growth conditions root development is limited by 

penetrable stratum. Much work is still required to improve the application of soil bioengineering 

for slope stabilization (e.g. Stokes et al. 2014; Giupponi et al. 2018). Thus, biostabilisation trials 

of selected slopes using a range of local fast-growing plant species along Kings Road for 

example, could be worth exploring. Stabilization of slopes by combined use of plants and 

structural and manufactured structural elements (biotechnical slope stabilization) can be more 

effective under extreme environmental conditions (Holtz and Schuster 1996; Ghosh and 

Bhattacharya 2018). This is especially true for Fiji, where most landslides are induced during 

tropical cyclones and storms regardless of presence and type of vegetation cover (see Fig. 3.3). 

 

For larger failures, significant excavation at the toe of the slope could cause regressive ground 

movements further up-slope, hence stabilizing the landslide debris may be a better option rather 

than removing it (Hearn et al. 2011a; Bromhead et al. 2012). The usual practice is to clear the 

landslide material from the road and side drains and to construct a wall to retain the remaining 

debris (Fookes et al. 2007). Masonry and gabion walls are most frequently used in this situation 

due to their ease of construction and relative low-cost (Hencher 2012). Both masonry and gabion 

walls have been used to stabilize and retain slopes in Fiji, as reported in Chapter 3. Indeed, 

masonry walls have greater stiffness and strength compared to gabion and are usually preferred 

where: 1) differential settlement is not anticipated in foundation; 2) drainage from seepages and 
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groundwater levels within the failed mass are low or can be controlled through drainage; and 3) 

masonry stone is available locally (Hearn et al. 2011a; Hencher 2012). A gabion wall may be 

more appropriate if any of these conditions are not met (Hearn et al. 2011a; Bromhead et al. 

2012). 

 

Slope failure type 2 (fill slopes) appears to be a key part of the slope issues identified at the 

Kasavu Landslide site in Chapter 5. There, cut and fill along the ridgeline to straighten the road 

had destabilized the slope profile. Elsewhere, such failures are usually initiated in the following 

six ways: 1) movements in the underlying natural ground; 2) movement along the natural 

slope/fill boundary where this has not been adequately benched; 3) undercutting and loss of 

support at the toe of the fill slope due to erosion; 4) saturation of the fill by uncontrolled rainfall 

runoff from the road due to a blocked roadside drain, or presence of poorly designed road 

camber; 5) inadequate compaction; and, 6) fill constructed a too steep an angle (Hearn et al. 

2011a). There are two options for remedial works. The first option is to excavate and, if 

necessary, replace the existing fill, ensuring adequate compaction and benching into the 

underlying hillside (Hearn et al. 2011a; Bromhead et al. 2012; Hencher 2012). A drawback with 

this approach can be the need for machine access to the base of the fill slope and for temporary 

storage of the excavated material prior to re-use (Fookes et al. 2007; Hearn et al. 2011a). Such 

an approach has been advocated for the remediation and reinstatement of the Kasavu Slip, 

analysed in Chapter 6 (e.g. Entec 2017), where a long-term factor of safety of 1.5 is required 

(Erasito Consultants 2017). Indeed, Entec (2017) have advised the Fiji Roads Authority (FRA) 

that the following approach should be followed at Kasavu Slip: 

1. Excavate failed material to tension cracks 

2. Install geotextile at base to act as filter 

3. Insert geogrid and a ‘megaflow’ horizontal drain (3% incline out of slope) above it 

4. Use well graded aggregate such as ‘GAP65’ (Arnold et al. 2007) between geogrid layers 

at 0.5 and 1 m vertical spacings 
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5. Hydroseed the final 1.5H:1V (i.e. 34°) slope. 

While this approach follows generally accepted international practice (e.g., Hearn et al. 2011a), 

the use of GAP65 aggregate could be problematic if it is not properly compacted (e.g. Raghuram 

and Basha 2016). In addition, following New Zealand Transport Authority standards (e.g. 

Arnold et al. 2007), the GAP65 aggregate would need to be either unweathered greywacke or 

basalt. Of critical importance is that the rock material used is clean and free from clay, otherwise 

swelling clays can rapidly degrade the aggregate (Li et al. 2017).  

 

The second option is to construct a below-road retaining wall founded beneath the slip plane in 

original ground (Hearn et al. 2011a; Hencher 2012). This option is costlier as at least half the 

road width is usually needed to excavate for the retaining wall foundation (Fookes et al. 2007). 

Regardless of costs, it is important to identify the cause of the failure and to take the necessary 

steps to ensure that it is remedied (Bromhead et al. 2012). A third option commonly employed 

on low-cost roads to reinstate access as quickly as possible following a type 2 failure, is to 

realign the road into the hillside. However, this may lead to triggering of types 1 and 3 failures 

(Hearn et al. 2011a).  

 

Slope failure type 3 (hillside above road, ‘overslips’) which result in significant and frequent 

movement of slopes onto the road, represent a recurrent hazard to traffic and an ongoing 

maintenance cost (Fookes et al. 2007; Hearn et al. 2011a). These are the typical slope failures 

identified and surveyed along the Kings Road in Chapter 3. In these cases, the principle 

stabilization methods include slope regrading, drainage and toe support by retaining structures 

(Hearn et al. 2011a; Bromhead et al. 2012; Hencher 2012). Nevertheless, limited regrading may 

be possible on steeper slopes due to access difficulties (Fookes et al. 2007; Hencher 2012). In 

addition, construction of drainage measures will depend on access for excavation plant, the 

drainage pattern on the slope, soil permeability, and any obstacle (Hearn et al. 2011a; Bromhead 
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et al. 2012). A mitigation option that was briefly introduced in Chapter 5 for Kasavu Slip was 

counterfort drains (Figure 7.7).  

 

 

Figure 7.7: Example counterfort drain system in a UK road cutting in clay that could work in Fiji: A) 

shallow translational ‘type 3’ failure (i.e. an ‘overslip’) above the M11 in Essex, UK; B) excavation of 

the counterfort trenches downslope using a backhoe; C) cross-section of a counterfort drain; D) finished 

series of counterfort drains (modified from Macdonald et al. 2012). 

 

These could be a useful in both ‘underslip’ and ‘overslip’ slope failure situations along the Kings 

Road. In effect, counterfort drains are narrow trenches that are excavated down-slope, and filled 

with coarse aggregates and geotextile. They act to concentrate surface and subsurface water flow 

in a constrained channel, lowering the pore water pressure on potential critical slip planes, and 

act as a reinforcing element in the slope (Hutchinson 1977). This could be an appropriate 

mitigation option at road cuttings in Fiji, at sites of ongoing instability along Kings Road, due 

to the low implementation cost, and simple design. Indeed, the simple numerical modelling 

experiments in Chapter 6 clearly identified that pore water pressure is a key control on stability 

at Kasavu Slip, and by extension sites of similar materials and geomorphology. 
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8 CHAPTER 8: CONCLUSION 

8.1 Research Findings 

This study was undertaken from the standpoint of understanding landslide processes and 

mechanisms in tropical soils. I targeted Fiji’s largest island, Viti Levu, in order to understand 

aspects of slope failure hazard, especially along Fiji’s vulnerable key transport routes. The 

following is a summary of the key outcomes of this thesis: 

o The Kings Road, the main highway that services northern Viti Levu, Fiji is mostly 

affected by rainfall-triggered landslides especially during Tropical Cyclones (high 

intensity-short duration rainfall events) and storms (medium/low intensity-long duration 

rainfall events) during the wet season. Although individual landslides are of small areal 

extent, they are extensive in number, with tens occurring per kilometre of road in places.  

o Most of the small landslides affecting Kings Road are shallow overslips associated with 

steep (>50°) slope batters and natural hill slopes. Underslip-type failures typically occur 

as cut and fill failures. Landslides are mostly complex, initiating via rotational and 

translational modes, then transitioning into flows. Their shallow nature points to a cause 

via perched water tables, rather than rising groundwater. However, the subsurface 

hydrogeology is variable, due to topography, weathering, along with natural geological 

and anthropogenic structures that lead to local sharp discontinuities in porosity and 

permeability. 

o Residual soils prone to slope failure along the sampled roads in Viti Levu (Kings Road, 

Lololo Road and Namosi Roads) are mostly fine-grained, plastic, and sensitive, have 

low permeability and are characterized by low residual strength. The presence of 

kaolinite in the clay fraction of most soil samples is due to the deep weathering in the 

humid tropical climate of Fiji. The widespread occurrence of expansive clays such as 
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smectite explains the sensitive behaviour of soils. The cohesive nature of the residual 

soils rich in expansive clays contributes to low permeability, and facilitates the formation 

of perched water tables during heavy rainfall leading to zones of locally-increased pore-

water pressure and eventual slope failure.  

o The engineering properties of Fijian residual soils are highly variable. Using the 

Casagrande plasticity chart to interpret and classify Fiji’s residual is problematic. For 

example, applying the NZGS (2005) field guide can classify soils as ‘clay–rich’, yet they 

plot as silts on the plasticity chart. This issue probably stems from the Casagrande 

plasticity chart being developed for temperate soils. Hence, I conclude that for tropical 

soils, the most important factors of soil behaviour should be field classifications, with 

laboratory testing programmes interpreted secondarily in the light of field information. 

The revised Casagrande chart proposed by Wesley (2010; Figure 2.10b) for tropical 

residual soils, is therefore useful in Fiji. 

o Remote sensing using Unmanned Aerial Vehicles (UAVs) are a valuable approach to 

geomorphological mapping, particularly for inaccessible and vegetated sites. UAV 

photogrammetry proved useful for Kasavu landslide, via data made available by Fulton-

Hogan Hiways Joint Venture, Fiji. Future monitoring of failure-prone slopes via UAV 

photogrammetry should prove useful for delineating areas of incipient failure. In some 

areas, vegetation cover is problematic for photogrammetric monitoring, but UAV-based 

light detection and ranging could prove useful. 

o Numerical modelling of the Kasavu landslide using limit equilibrium method (LEM) 

and finite element method (FEM) via SLIDE (Rocscience 2002) and RS2 software’s 

(Rocscience 2001), respectively indicated that such techniques are valuable tools in 

addition to field and laboratory analysis in understanding future failure mechanics.  

Ideally, both FEM and LEM approaches should be used in concert, so that a range of 

failure types and associated FoS values can be considered. Such modelling can provide 

useful insights into future landslide behaviour under various scenarios, and relevant 
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mitigation options can then be considered. In particular, at Kasavu, both the headscarp 

and toe area were identified as being unstable. 

 

8.2 Study Limitations and Future Research 

The following are some reflections on some of the limitations identified of the approach taken 

during the course of this study: 

o The fieldwork and sampling were restricted to publicly accessible sites along all the three 

sampled roads in Viti Levu. It would have been ideal to visit inland areas especially post-

TC Winston to see if any landslides occurred in other areas away from roads. However, 

entering privately-owned land adjacent to roads was problematic for several reasons and 

was avoided.  

o Due to time and resource constraints, only a limited number of landslides from different 

lithological units present along selected roads in Viti Levu were sampled. This made it 

difficult to establish meaningful relationships between the various soil index and 

geotechnical properties. Ideally, a more extensive sampling campaign is recommended 

in future across a broad range of lithological formations and units.  

o More detailed sampling of all the weathering zones exposed within a landslide headscarp 

would be useful, as the centre of headscarps were sampled here. If samples are taken 

from various weathering zones, this will provide scope for a broader variation in 

engineering and mineralogical properties. A cautionary note is that identifying different 

weathering zones within a profile can be challenging. 

o Due to the New Zealand Government’s biosecurity requirements, soil samples 

transported from Fiji had to be oven-dried prior to the measurement of Atterberg limits 

at The University of Auckland. As highlighted in Section 2.3.2.3 of this thesis, oven-

drying of soils prior to analysis can yield lower values of liquid limit than for air-dried 
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soils. Therefore, future studies should consider doing Atterberg tests in locally 

accredited laboratories using air-dried samples if possible. 

o The numerical modelling undertaken for Kasavu landslide used a simple two-

dimensional subsurface geological model. As discussed in section 7.2, such simple 

geological models reflecting a pattern of parallel weathering zones are an over-

simplification of reality. Hence, slope stability modelling utilizing 3-dimensional 

modelling approaches, constrained by borehole data distributed throughout a landslide 

would be an improvement. Piezometers would also be useful in constraining water table 

fluctuations within the context of any modelling, while various engineering 

reinforcement approaches could be incorporated. 

 

8.3 Recommendations 

Rainfall-triggered landslides in Fiji are likely to increase in future mainly due to growing 

infrastructure and anthropogenic activities on problematic slopes. While climate change might 

increase the frequency of landslides via increased intensity of climatic extremes (e.g. ABM and 

CSIRO 2011), its influence is likely to be overshadowed by landuse change (Froude and Petley 

2018). This is already evident from recent relocation of the Tukuraki village in Ba, northern Viti 

Levu, due to landslide hazards at the previous village site (Pacific Community 2017). In 

addition, a village in Yadua island is now facing new potential hazards from landslides after 

shifting settlements to steeper inland areas to avoid rising sea levels (Martin et al. 2018). The 

following are some recommendations mitigate landslide hazards in future in Fiji: 

o The recently adopted United Nations Sendai Framework on Disaster Risk Reduction 

2015–2030 emphasizes that relevant data are essential for effective policymaking for 

disaster management (Aitsi-Selmi 2016). However, many Pacific Island countries 

including Fiji still do not comprehensively record landslide events and fatalities, which 

leads to the underestimation of the impacts of landslides. Landslide casualties and losses 



184 

 

are either generally not recorded within loss statistics or are often merged together with 

other natural hazards such as floods and tropical cyclones. The focus on climate change 

related issues has garnered the attention of leaders in PICs in the last decade. However, 

slope failure hazards due to land use change are important, irrespective of any climate 

changes. Hence, there is an urgent need in Fiji to recognize landslides as a separate 

hazard and develop an appropriate landslide reporting database. Online databases such 

as that created by Froude and Petley (2018) and in New Zealand by Rosser et al. (2017) 

are examples of effective, useful, landslide databases. 

o The recurrence of landslides along key transport routes in Fiji such as Kings Road in 

Viti Levu, indicates that the Fiji Roads Authority (FRA) should be proactive in managing 

landslides. As of 2017, there were no standard set of procedures in FRA for the 

remediation of landslides, and a geotechnical database was non-existent (A. Goes, pers. 

comm 2017). Establishment of a geotechnical (and landslides) database could be very 

valuable in managing landslides hazards as discussed in section 7.2. A second issue in 

Fiji regarding reinstatement of landslide-prone roads is the ownership of land adjacent 

to affected routes. FRA policy is not to remediate landslide beyond the road boundary, 

as the responsibility rests ultimately with the landowners (e.g. FRA 2017). This approach 

is seemingly incongruous with the overslip slope failures identified in this thesis, which 

initiate well beyond the road boundary, on private land. 

o The Fijian government plans to increase road construction as part of major development 

projects (e.g. Government of Fiji et al. 2017; Ministry of Economy 2017), which means 

landslide hazard may be of increased importance along realigned sections.  Slumping, 

potholing, and flooding can render expensive paved roads virtually impassable in just a 

few years in such high-rainfall tropical environments (Laurance and Arrea 2017), and 

funding for ongoing maintenance is critically important. 

o Several landslide monitoring and stabilization options have been recommended in this 

study, but the choice between them for implementation would require also consideration 
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of budgetary constraints. Consequently, for many developing countries, the use of low-

cost rainfall threshold approaches to provide early warning of incipient slope failure 

should be explored, along with mitigation strategies such as biostabilisation using 

suitable native plantings. 

o A future study could target different tropical areas with similar climates, geology and 

geomorphology to gain greater insights into “variability” of failure prone tropical 

residual soils. 
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