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ABSTRACT 

The focus of this study is the ongoing slope failures in soft sediment coastal cliffs in the Ōrere Point 

bay, east Auckland. Some of the weak materials exposed in the cliffs appear to be sensitive to changes 

in moisture content, and therefore, extreme weather events can pose a threat to slope stability in this 

area. For example, on 8 March 2017, a 1-in-100-yr rainfall event called the ‘Tasman Tempest’ brought 

~210 mm of rain to the area in 24 hours, followed soon after by 157 mm of rain from ex-tropical cyclone 

Debbie. This led to significant slope failures at Ōrere Point in the months following the 2017 rainfall 

events, that were preceded, and followed, by periods of quiescence. In the present study, particular 

attention is paid to the morphology, failure history, triggering factors, and failure mechanisms of the 

Ōrere Point cliffs. The cliffs are formed of Plio-Pleistocene alluvial materials, deposited in a 

palaeovalley formed within Mesozoic greywacke. Field investigations included shear vane, 

penetrometer, and sedimentary logging, complemented by a ground penetrating radar (GPR) survey and 

unmanned aerial vehicle (UAV) surveys.  Soils sampled in the field were also analysed using laboratory 

testing for soil index properties and microtexture, as well as a limited programme of shear strength 

testing. At least one weathered tephra layer of indeterminate age was identified during this study in the 

cliffs at Ōrere Point, which might be significant for stability. Indeed, elsewhere on the North Island 

(Bay of Plenty), such tephra layers exhibit a fundamental control on cliff instability. Characteristic 

failures at Ōrere Point include rotational slumps, which transition to earthflows. The conceptual model 

of cliff recession here is thus controlled by the rotational failures. These form a series of embayments, 

causing adjacent sections of exposed cliff to gradually lose lateral support and fail. In addition to the 

prevailing porewater conditions, the material properties probably part-control the exact volume and 

morphology of the cliff failures. Reducing porewater pressure in the cliffs through drainage at the Ōrere 

Point township would be advantageous for cliff stability. 
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CHAPTER 1: INTRODUCTION 

1.1 INTRODUCTION 

Landslides (and coastal landslides in particular) are amongst the costliest and most economically 

impactful global geologic hazards (Froude & Petley, 2018) and occur frequently in New Zealand. 

Coastal erosion on hillsides and cliffs from increasing storm- wave activity is an increasing, and often 

overlooked, threat (Leshchinsky et al., 2017). However, such events are often ignored or receive scant 

recognition because of the country's sparse population, particularly in mountainous and coastal areas 

where human activity is minimal (Rosser et al., 2017). Despite this, there have been at least six hundred 

deaths attributed to non-coseismic landslides in New Zealand since 1843 (Rosser et al., 2017), and this 

is more than the 458 deaths attributed to earthquakes in the same period. Therefore, in terms of fatalities 

and economic losses (e.g., Robinson et al., 2018), landslides constitute a highly impactful natural hazard 

in New Zealand. Indeed, landslide damage is estimated at an annual cost of NZ $250-300 million, which 

equated in 2017 to 0.1-0.12% of the nation's GDP (Rosser et al., 2017).  However, these figures may be 

substantially higher because data on mass movement is sparse or incomplete. Coastal landslides are of 

increasing interest in New Zealand (e.g., Bevan et al., 2021), especially where residential properties are 

built close to the edges of soft cliffs (e.g., Kluger et al., 2016; Palma et al., 2020). 

A recently compiled database of available information on landslides in New Zealand, the National 

Landslide Database, identified at least 22,575 public landslide records (including impacted locations), 

information on landslide source and deposits, and linear landslide features (Rosser et al., 2017). 

However, this is very likely to be a gross underestimate by at least one or two orders of magnitude, as 

Massey et al. (2020) subsequently reported 29,557 landslides from the 2016 Kaikoura earthquake alone. 

There can also be several follow-on costs associated with such geologic hazards, such as subsequent 

road (Stringer et al., 2021) and business closures (Fumagalli et al. 2021). These are particularly difficult 

to quantify but can be especially burdensome to small or rural communities (Dominati et al., 2014; 

Robinson, 2018). 
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Examples of the costly cascading effects of mass movement in New Zealand include the closure of State 

Highway 3 at the Manawatu Gorge in 2011 for thirty-three days, which cost road users an estimated 

$NZ2 million in lost productivity and fuel costs and led to the subsequent abandonment of the road 

(NZTA, 2022). Typically, shallow landslides in New Zealand can cause extensive loss of topsoil cover, 

leading to soil degradation and loss of productive pasture, which in turn impacts the country's primary 

industries, often irreparably (Rosser & Ross, 2011). Moreover, this leads to increased sedimentation in 

watercourses and consequent degradation of river habitats and diminished water quality (Dymond et 

al., 2017). Therefore, the capture of available data on landslides is critical in providing information on 

the magnitude and temporal distribution of landslide events, their geographic distribution, and triggers. 

This project is focused on coastal landslides in soft materials in the Ōrere Point area, ~40 km east of 

Auckland city.  

 

Figure 1.1: Geological Map of Ōrere Point depicting the stratigraphic sequence at the locale (GNS 
Science, 2001), with legend showing local geology only. 

 

1.2 COASTAL LANDSLIDES IN THE AUCKLAND REGION 

Much of the Auckland coastline is underlain by rocks ranging from Permian-Jurassic to Early Miocene 

in age or overlying residual soils. (Figure 1.1). However, in many areas to the east of Auckland city, sea 

cliffs are formed on Late Pliocene and Pleistocene Tauranga Group sediments which form ‘infill’ within 
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paleovalleys cut into the underlying, older bedrock (Figure 1.1; 1.2). These softer, younger materials 

are prone to coastal erosion and failure (e.g., Palma et al., 2020). In early 2017, heavy rainfall occurred 

in the Auckland region, caused by the 'Tasman Tempest' storm event in March and ex-Tropical Cyclone 

Debbie in April. These storms triggered landslides over much of the Auckland region (Brook, 2018; 

Palma et al., 2020), the coastal suburbs built on soft cliffs, with minimal set-back distances to the cliff 

edge (Palma et al., 2020). 

 

Figure 1.2: Stratigraphic log of Tauranga Group alluvial sediments, which have been tentatively 
identified as those comprising an infilled palaeovalley at Ōrere Point (GNS Science, 2001). 
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The Auckland region includes approximately 3,300 km of coastline, with much of its coastal geology 

comprising soft, highly weathered sedimentary cliffs, a blend of topography, land-use changes, and 

variable precipitation patterns (Palma et al., 2020). Much of the development in the Auckland region 

has taken place close to the margins of cliffs in coastal areas such as Sunkist Bay in Beachlands and 

Ōrere Point near Clevedon in South Auckland (Figure 1.3). Generally, these eastern suburbs are on lee 

coasts, so receive much less wave energy than the Tasman Sea coast in the west of the region (Brookes 

and Green, 2001). However, at Ōrere, the coasts occasionally receive larger waves from the northeast, 

across the Hauraki Gulf (Figure 1.3). The risk to coastal property is compounded because unlike parts 

of the UK, where considerable setback distance from the cliff edge is sometimes followed (e.g., Barton 

and Garvey, 2011), such setback distances in the Auckland region are anathematic.  

 

Figure 1.3: Overview of the wider Auckland Region, including localities discussed in this chapter. The 
yellow inset highlights the subject area at Ōrere Point. 
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1.3 SUSCEPTIBILITY TO COASTAL LANDSLIDES IN AUCKLAND: RAINFALL 

TRIGGERING 

Rainfall has been investigated as a trigger in inducing elevated pore water pressure in Pleistocene 

sediments at Sunkist Bay, Beachlands (Palma et al., 2020). This study concerned coastal landslides 

associated with the one in a hundred-year rainfall event colloquially named the 'Tasman Tempest' 

beginning the 8th of March 2017. This weather event was followed one month later by extra-tropical 

Cyclone Debbie on the 5th of April 2017. These events produced, respectively, 210 mm and 157 mm 

over 24 hours (Palma et al., 2020).  

The 'Tasman Tempest' comprised three distinct periods of high-intensity rainfall occurring between the 

7th and 8th, the 10th and 11th and finally, the 12th of March (Table 1.1). This series of deluges triggered 

thousands of landslides across southeast Auckland, including the area around Kawakawa Bay and Ōrere 

Point. The heaviest rainfall occurred between the 7th and 8th of March, during which 266 mm was 

recorded (Lee, 2020). Widespread slope failure in the region deposited silt within several key reservoirs 

in the Hunua Ranges and severely impacted the filtration capabilities of the region's water supply 

system. 

The landslides triggered by this event predominantly initiated on slopes with angles of between 20˚ and 

40˚, with much of the failure occurring within residually weathered soils of the basement Waipara 

Group greywacke. Most failures initiated during this time on grazed slopes or plantations (Lee, 2020). 

However, rainfall of between one and two hundred millimetres within twenty-four hours was sufficient 

to trigger failures in areas with a wide range of land cover types. Events such as these suggest a 

significant correlation between one in a hundred-year rainfall events and slope failures within a wide 

range of soil and rock types. 
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Table 1.1: 'Tasman Tempest' rainfall statistics derived from rain-radar data (GNS Science, 2020).  

Rainfall period Max Rainfall (mm) Return period (yrs) Standard error 

(yrs) 

1 hour 100 670 ~ 18 

3 hours 131 182 25 

12 hours 188 64 35 

24 hours 266 107 33 

24 hours (rainfall from landslides) 200-220 36 8.5 

 

1.4 SUSCEPTIBILITY TO COASTAL LANDSLIDES IN AUCKLAND: GEOLOGY 

Many of the studies carried out on landslide susceptibility in the Auckland region have been focused on 

densely populated city suburbs (Brook, 2018; Palma et al., 2020), and little research or numerical 

analysis has been carried out in soft Pleistocene alluvial sediments overlying the basement rock to 

characterise the dynamics and triggering mechanisms of slope failure in such materials. Though some 

studies have been conducted into landslides at Ōrere Point, southeast Auckland (Brown, 1941; Lash, 

1971; Pain, 1978), recent climate trends and increasing urban expansion necessitate a further 

understanding of the causes and temporal distribution of slope instability in the Auckland region. Soft 

sediments at Ōrere Point provide an appropriate proxy for coastal sediments in neighbouring, highly 

densely populated areas of the Auckland region. 

The cliffs between the Ōrere Point settlement and the Thames Estuary represent an in-filled palaeovalley 

and comprise soft Pleistocene alluvial terraces, unconformably overlying the Triassic Waipapa 

greywacke basement (Brown, 1941; Lash, 1971). These sediments form large, loosely cemented 

conglomerate beds, clay and ash lenses and fine silts and sands. Lash (1971) identified a fine, wind-

blown ash layer in the upper portion of the cliff. Weak, geotechnically inconsistent sediments with 

variable susceptibility to elevated pore pressure mean heavy rainfall can affect the mechanical properties 

of the sediments comprising the cliffs at Ōrere Point. Much of the central North Island is blanketed in 
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rhyolitic pyroclastic successions derived from eruptions originating in the Taupo Volcanic Zone (TVZ); 

much of this material may have been altered to halloysite-rich clay soils, which are found in highly 

sensitive soils and possess a low remoulded shear strength. Hence, these can contribute to widespread 

flows and slides (Kluger et al., 2016).  Such layers may act as impermeable barriers to water flow during 

high-intensity rainfall events, leading overlying layers to become oversaturated and subsequently fail. 

1.5 COASTAL EROSION AND CLIMATE CHANGE IN THE AUCKLAND REGION 

As has occurred overseas (e.g., Barton, 2015; Leshchinsky et al., 2017), coastal erosion and landslide-

driven cliff recession has emerged as a key issue in the Auckland region (Carpenter et al., 2020) Indeed, 

Auckland Council (the unitary authority), recently published ‘erosion susceptibility lines’ for 3200 km 

of coasts across the region, predicted for 2050, 2080, and 2130. This is based on sea level rise forecasts 

recommended by the Ministry for the Environment and NIWA national guidance (Carpenter et al., 

2020).  The rate of cliff toe erosion, the frequency of landslides and cliff top recession in response to 

sea level rise will depend on geology, cliff height, morphology, landslide mass and volume (Barton, 

2015). Barton, 2015 illustrated the interaction of these factors for soft rocks, developing conceptual 

models of three categories of coastal landslide (Figure 1.4).  

 

Figure 1.4: Conceptual models of relationship between erosion rate and size, frequency, and type of 
cliff failure in soft rock cliffs (Barton, 2015): (a) continuous; (b) cyclic; (c) episodic. 
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1.5.1 Category A Coastal Landslides 

According to Barton (2015), Category A coastal landslides have low cliffs fronted by a single steep 

slope, with recession occurring by isolated falls from the cliff face (Figure 1.4a). These are typified by 

the low London Clay cliffs on the Essex (UK) coastline. The low clay cliffs will continue to conform 

to a single angle of repose whatever the rate of marine erosion. 

1.5.2 Category B Coastal Landslides 

These coastal landslides are typified by medium height cliffs undergoing cyclic failure in the form of 

periodic large slumps (Barton, 2015; Figure 1.4b). The slumped masses produced by the initial failure 

provide a sort of ‘passive pressure support’ to the intact cliff. This then protects the toe from wave 

energy, and therefore reduces the rate of marine erosion at the cliff toe. Notwithstanding these aspects 

of their process-morphology, such cliffs can undergo gradual erosion and recession. This can occur 

through slumping and sliding of soft materials, often saturated by rainfall, which occurs over seasonal, 

or even decadal cycles. This forms colluvium on the cliff and toe. Such coastal landslides have been 

described in southern England by Hutchinson (1971), as those soft cliffs where the marine erosion rate 

exceeds the supply of colluvium from subaerial erosion. Barton (2015) posits that an increase in the rate 

of erosion due to sea level rise, will reduce the cyclic period. This also seems plausible for any such 

cliffs in the Auckland region. The geotechnical and strength properties of such cliffs are likely an 

important control on weathering and recession. 

1.5.3 Category C Coastal Landslides 

These are large, complex landslides covering a variable lithostratigraphy, which may include two or 

more slide-prone horizon (Figure 1.4c; Barton, 2015). These types of coastal landslides are of episodic 

frequency. The time interval between major failure events may be hundreds or even thousands of years. 

The triggering events or precise geotechnical conditions that initiate coastal landslide activity may be 

poorly understood. However, Barton (2015) outlines that future sea level rise will lead to reactivation 

activity, and as these landslides are very large, consequences may be dramatic in terms of landscape 
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change.  Stratigraphy, structural geology, geotechnical properties, and geomorphology will all part-

control how these failures respond to sea level rise. A classic example in the UK is the St Catherine’s 

Point landslide on the Isle of Wight (e.g., Hutchinson, 1991), while the Ohuka landslide on the Waikato 

coast provides a comparable New Zealand example (e.g., Bevan et al., 2021). 

In addition, while wave erosion may play a substantial role in ongoing coastal landslide displacement, 

high levels of antecedent rainfall, and/or high-intensity rainfall (Barton, 2015) can also be important. 

This can lead to short-term elevated ground water tables, and sometimes perched water tables above 

less permeable stratigraphic horizons, and pore water pressure increases. Thus, the interplay between 

geology, wave action and climate are important, as reported half a century ago at the Folkestone Warren 

landslides, southeast England (Hutchinson, 1969). Some of these themes and case study examples are 

explored in more detail in Chapter 2. 

1.6 OBJECTIVES 

The study aims to provide an evaluation of two characteristic forms of mass movement at Ōrere Point, 

Auckland: a predominant debris slump from a low-relief cliff, and a series of shear failures resulting in 

an earth slump to a more stable configuration. Few past studies have been conducted into the 

mechanisms of coastal erosion and slope dynamics at Ōrere Point (Pain, 1968), and our understanding 

of the processes and methodologies used to characterise and model them has advanced substantially 

since. This study will complement contemporary studies into coastal and urban landslides in the 

Auckland region (Amora, 2015; Brook, 2018; Palma et al., 2020) and will employ such methodologies 

as utilising structure-from-motion (SfM) models from unmanned aerial vehicle (UAV) imagery in 

monitoring slope stability over narrow and wide temporal scales (Brook et al., 2017). As a small locale 

on the fringes of the Auckland urban area, future residential development in the area is foreseeable. 

Therefore, this research will seek to address a deficiency in available geomorphological data into the 

mechanisms of mass movement in the vicinity of the coastal community at Ōrere Point. A variety of 

traditional and contemporary techniques will be used in the study to analyse slope stability at Ōrere 
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Point, to further knowledge of the processes responsible for triggering mass movement in the area and 

temporal scales on which these are likely to occur.  

The following objectives are the focus of this research project:  

• Identify and delineate characteristics of slope failure mechanisms at Ōrere Point.  

• Characterise the mineralogical properties of the selected sediment samples through scanning 

electron microscopy (SEM) analysis.  

• Assess the strength of materials comprising the coastal cliffs at Ōrere Point using field and 

laboratory techniques, such as soil shear strength calculation, particle size analysis, and the 

determination Atterberg Limits of the sampled materials.  

• Compare and contrast the geomorphology of different slope failures.  

• Use structure-from-motion (SfM) imagery and historic aerial imagery to examine coastal 

landslide geomorphology.  

• Assess viable monitoring and mitigation techniques for the slopes at Ōrere Point. 

1.7 STUDY AREA 

1.7.1 Location 

Ōrere Point is a largely rural township of Auckland, located approximately 44 km to the ESE of 

Auckland's CBD, with the greater Kawakawa-Ōrere area home to around 1992 people (2018 Census 

Place Summaries: Stats NZ, 2018). The area surrounding Ōrere Point settlement has been farmed since 

the 19th century (Papers Past, n.d.), with clifftop holiday homes and permanent residential dwellings 

replacing pastureland in in the mid-20th century (Figure 1.5). Much of the settlement is situated between 

40 and 50 m asl, atop a coastal cliff trending east to west overlooking the northern portion of the Thames 

Estuary and southern Hauraki Gulf Islands (Auckland Council GeoMaps, n.d.). The community is set 

along a bay of approximately 1250 m east to west along cliffs of up to 40 m in height and of a gradient 

of up to 80° in places. A sandy pebbly beach extends from the base of the cliff seaward between 

approximately thirty and forty meters. This beach is inundated during high tide, where the shoreline 
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rises as far as the base of the cliffs. To the east of the settlement, the Ōrere River meets the Hauraki 

Gulf, where it forms two distinctive sand bars which remain visible only at low tide. A wave-cut 

platform extends out to the far east of the bay at Ōrere Point, as the coastline abruptly trends southward 

for approximately fifteen hundred meters. Beyond the western extent of the cliffs and towards the north-

west of the settlement, rugged islets and headlands punctuate the coastline, with a notable topographic 

high of approximately eighty meters towards this area bounding the bay and coastline at Ōrere Point. 

Table 1.2 below details the history of slope instability in the area.  

Table 1.2: Historical accounts of slope instability at Ōrere Point 

  

 

 

 

 

 

 

 

 

 

 

Year Key Event(s) 

1951 May – aerial imagery shows several small homesteads established along Howard Road; cattle seen 
grading the area between Howard Road and the cliffs; active erosion is seen along the largely 
vegetated cliffs (Whites Aviation Ltd, 1951).  

1952 April – aerial imagery shows areas along the cliffs at Ōrere Point free of vegetation where active 
erosion is taking place; natural course of the Ōrere River can be seen before reclamation 
measures were undertaken (Whites Aviation Ltd, 1952).  

1956 March – aerial imagery shows continued development along Howard Road; continued cliff erosion 
in the form of rotational slumping is seen along the cliffs; some slope debris accumulated towards 
the base of the cliffs above the mean high-water line (Whites Aviation Ltd, 1956).  

1961 December – evidence of a change in the character of the Ōrere Point settlement from a farming 
community to a coastal holiday settlement; cliffs at site 2 are highly incised by fresh rotational 
landslide embayments; approximately 40 m-wide fresh clay / silt rotational landslide seen at the 
cliffs to the north of 93 Howard Road; landslide debris accumulated along the beach (Whites 
Aviation Ltd, 1961).  

1965  February – evidence of revegetation and preceding slope quiescence at displacements along the 
cliffs to the centre of the bay (Whites Aviation Ltd, 1965).  

1972 August – new engineering measures to redirect the Ōrere River and provide reclamation for the 
beach car parking area are seen to the west of the beach; cliffs are largely stable and vegetated, 
with some active erosion remaining to the centre of site 2 (Whites Aviation, 1972).   

1987 September – aerial imagery shows increased cliff stability and continued revegetation; minimal 
slope debris present above the above the mean high-water line at the beach (Whites Aviation, 
1987).  

1988 March – increased vegetation present along the cliffs; increased cliff stability (Retrolens.co.nz) 

2006  October – in the three months leading up to October 2006, several landslides onto the beach 
were reported. A local resident was quoted as describing the cause as a “stormwater problem 
which definitely needs further work” (NZ Herald, 2006).  

2017 March to April – a series of storm events preceded landslide reactivation to the centre of the bay 
at site 2, marking the most recent period of significant mass movement at Ōrere Point.  



12 
 

 
 

Figure 1.5: Ōrere Point settlement and coastline aerial imagery showing the growth of the community 
between 1960 and 2015. (Retrolens.co.nz). 

 

The Ōrere Point community and cliffs to the north comprise Pleistocene alluvial terraces, which 

unconformably overlie the Auckland region's basement rock, the Jurassic greywackes of the Waipapa 

Formation (Lash, 1971). Older Miocene Waitemata Group rocks are absent at the locale, with the 

Pleistocene alluvial sediments outcropping to the west of the bay in immediate proximity to the 

basement. 
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Figure 1.6: Ōrere Point settlement and coastline showing study sites 1 and 2 (Auckland Council 
Geomaps). 

 

1.7.2 Study Sites 

Two sites of mass movement were targeted (Figure 1.7), with slip features regressing backslope towards 

the Ōrere Point community at both subject sites. 

1.7.2.1 Site 1 (1799841E, 5907435N) 

This coastal landslide site is approximately forty meters west of the car park to the extreme east of the 

beach at Ōrere Point. It comprises a twelve-meter-wide break in the cliff beach, regressing into the cliff 

approximately forty meters (Figure 1.8a; 1.9c). Seven distinctive soil horizons were identified to 

provide insight into the geotechnical characteristics of the material at sea level within the incised cliff.  
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This site was selected for investigation because there is substantial evidence here of widespread and 

ongoing incision of the sediment comprising the cliffs, as seen in the accumulation of slumped material 

in the gully, and extensive cliff regression. Exposure along the margins of this gully provides a visual 

overview of the stratigraphy along the coast at Ōrere Point. Furthermore, it represents a distinct failure 

type through successive block topple initiated along an impermeable fine-grained layer and subsequent 

gully formation. An exposure due east of the subject site was identified for sediment sampling due to 

the quality of the exposures of each of the seven distinct soil types here and the relative ease of sampling 

and testing at this location. 

1.7.2.2 Site 2 (1799152E, 5907568N) 

The coastal landslide at study site 2 is characterised by a series of rotational slides that have promoted 

the emergence of a succession of significant failures, which have gradually advanced on the clifftop 

community at Ōrere Point (Figure 1.8b; 1.9b). Here, an increase in the loss of lateral support towards 

the headscarps of adjacent landslides has promoted failure propagation towards the community. 

Reworked soils at the site are increasingly prone to reactivation because of the loss of toe support due 

to coastal erosion at the intertidal zone along the base of the slopes, increase in pore pressure within the 

soils and substantial loss in lateral support at the crown of pre-existing slides.  

A reserve has been established at this site between the slope and existing residential dwellings. Much 

evidence of ongoing slope failure can be seen in tension cracks perpendicular to the zone of depletion 

of existing landslides, several of which were photographed for discussion. Fresh scarps and evidence of 

previous remediation measures in retaining structures suggest that slope reactivation is a frequent 

occurrence. 

A public footpath has been established to provide access from the beach to the reserve. Here, a portion 

of the original cliff, which would not have formed part of the surface of rupture of the slide and may 

have been obscured by the landslide's foot before its removal through erosion, can be seen. 
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Figure 1.7: Map detailing the location of site 1 (B) and site 2 (A) at Ōrere Point.  
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Figure 1.8: Key geomorphological features and lithologies at study sites. Study site 1 (a) shows the 
seven distinctive sedimentary units exposed within low relief cliffs; study site 2 (b) shows vegetated 
displaced sediments and toe erosion.  
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Figure 1.9: Geomorphological setting and features at the study sites 1 and 2 with an overview of the 
Ōrere Bay settlement shown in inset a, study site 2 in inset b, and 1 in inset c.  
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1.8 THESIS STRUCTURE 

Chapter 2 is a technical review of coastal landslides in soft materials. This chapter is a detailed literature 

review providing context for the study and an outline of pre-existing work into the geologic history of 

Ōrere Point as it pertains to this thesis. This chapter also provides a critical analysis of the methods used 

in preparing this thesis, including field and laboratory methodologies for assessing mass movement in 

soils and weak rock and photogrammetric and DEM studies into the field. Chapter 3 Methods is an 

overview of the field, laboratory and modelling analyses, and methods used for this study. Chapter 4 

Results describes the results obtained from field investigation, laboratory-based analysis of sampled 

material and interpretive analysis. Chapter 5 Discussion draws from the results obtained through the 

defined analytical techniques to begin a broader discussion within the context of the objectives of the 

thesis. It aims to describe how such methods can be used in conducting mass movement studies in 

coastal zones. Chapter 6 Conclusions summarises the key findings of the thesis and shows how future 

investigations into landslide mechanisms and hazards at the coastal community of Ōrere Point could 

utilise and expand on these findings; and notes their limitations. 
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CHAPTER 2: COASTAL LANDSLIDES IN SOFT MATERIALS 

2.1 INTRODUCTION 

Moore & Davis (2014) briefly described coastal erosion as a “four-stage process” (Figure 2.1; Lee & 

Clark, 2002; Moore et al., 2010a), involving the detachment of large blocks of material from a cliff, the 

transport of this material through gravitational forces through the cliff system, the deposition of this 

material on the beach and foreshore, and, finally, the material’s gradual removal through wave action. 

Several connected factors determine a cliff’s stability and rate of erosion: its geological structure in 

fractures and weaknesses, the strength of the soil or rock comprising the ridge, the morphology of the 

cliff, its groundwater levels, the drainage away from its surface, and vegetation (Lee & Clark, 2002; 

Moore et al., 2010b). Failure in soft sediments can arise and evolve in several ways depending on the 

source, storage, and rate of production of material (Moore & Davis, 2014; Figure 2.2).  

Wave action is cited as particularly important in long-term cliff stability due to its ability to prevent the 

ongoing accumulation and consolidation of debris at the foreshore, which would otherwise lead to 

stabilisation and support of the slope (Barton, 2015; Moore & Davis, 2014). Wave action may thus 

promote ongoing slope instability if the rate of toe removal through marine erosion exceeds the rate of 

debris accumulation (Bromhead & Ibsen, 2004; Bromhead et al., 1998), such as is seen at Stonebarrow 

Hill in Dorset (Brunsden & Jones, 1976). However, the prevention of wave action does not necessarily 

prevent further erosion, weathering, and instability higher up the slope. The landward retreat of the 

slope may continue until it reaches a stable angle, in a process that may take from tens to thousands of 

years (Moore et al. 2010a).  
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Figure 2.1: Four stages of cliff regression (Moore & Davis, 2014). 
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Figure 2.2: (A) Simple Cliff, Birling Gap East Sussex; (B) Simple Landslide, Scarborough North 
Yorkshire; (C) Composite Cliff, Purbeck Dorset; (D) Complex Cliff, Black Ven Dorset (Moore & Davis, 
2014). 

 

It is generally thought that climate change will affect future coastal landslide activity (Leshchinsky et 

al., 2017). This seems plausible given that many coastal landslides evident at present were initiated 

during the mid-Holocene, following ~120 m of global sea level rise since the Last Glacial Maximum 

(Barton, 2015; Bevan et al., 2021). It appears that landslide activity is set to increase in frequency and 

severity and become more disruptive, as an increase in severe weather events induces a change in 

rainfall and wave climate, along with further sea level rise (Barton, 2015; Barkwith et al., 2014). This 

leads to storm-induced erosion of soft-sediment coastal cliffs, increasing through wave activity and 

precipitation (Leshchinsky et al., 2017). In addition, sea surface temperature (SST) changes and links 

with atmospheric circulation can affect wave height, as well as more pronounced El Niño events. This 

has already been shown to enhance coastal erosion in New Zealand and elsewhere (Leshchinsky et al., 

2017).  

In the future, engineered solutions to cliff instability and erosion will become increasingly necessary 

because of the effects of rising sea levels through climate change (Moore & Davis, 2014). 
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Accompanying this will be an increase in storm frequency and intensity, leading to more significant 

wave action eroding coastal cliffs and differences in the frequency and intensity of rainfall events. This 

will promote excess groundwater levels and potentially reactivate existing relict coastal landslides 

(Hosking & Moore, 2002; Moore & Davis, 2014). Sea-levels over the next century are predicted to rise 

between 0.2 m and 0.5 m, respectively, by the IPCC’s low and high emission scenarios (Meehl et al., 

2012, Figure 2.3).  

 
Figure 2.3: Predicted sea-level rise from 2005 to 2300 using three representative concentration 
pathways (RCP) (Meehl et al., 2012). 

 

Long-term increases in seasonal rainfall in areas such as Cayton on the North Yorkshire coast (UK) 

suggest that higher summer temperatures and lower rainfall increase evapotranspiration, and hence, 

desiccation in clay-rich soils (Bromhead & Ibsen, 2004).  Further increases in winter rainfall may 

promote infiltration through desiccation cracks, during which groundwater levels may exceed the 

historical average (Bromhead et al., 1998; Fish et al., 2006; Johnson & Fish, 2012). High antecedent 

rainfall promoting the rise in groundwater, combined with an increase in the rate of marine erosion of 

landslide toe debris, may make long-term stabilisation of landslide complexes increasingly challenging 

(Johnson & Fish, 2012). For example, only six percent of Great Britain’s cliffs are protected or have 

undergone toe stabilisation, so substantial measures elsewhere will be required to mitigate the effects 

of cliff instability in soft sediments (Moore & McInnes, 2011). 
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2.2 GEOLOGY AND MATERIAL PROPERTIES 

2.2.1 Overview 

Worldwide, coastlines are formed in various sedimentary rocks and sediments of diverse ages (Table 

2.1), from Jurassic, Cretaceous, and Tertiary mudrocks (Bromhead & Ibsen, 2004) to soft Late-

Quaternary glacial tills (Hobbs et al., 2015a; Lee, 2011). Soft, young sediments make up some of the 

most rapidly eroding coastlines in the world, with average annual rates of cliff regression between one 

to two meters in glacial tills at Holderness in Yorkshire (UK). These erosion rates have been sustained 

for the five hundred past years, at least (Lee, 2011; Figure 2.4b), often through toe erosion and rotational 

slumping (Hobbs et al., 2015a; Hobbs et al, 2015b). In addition, the coastal slopes of the southeast 

coasts of Great Britain are uniquely exposed to ongoing and active marine erosion (Bromhead & Ibsen, 

2004). Here, folding has exhumed a range of Tertiary and Cretaceous sedimentary units, with landslide-

prone strata such as the London Clay readily exposed to marine erosion (Dixon & Bromhead, 2002; 

Maynard & Bromhead, 2015; Figure 2.4a). In particular, the London Clay is a relatively homogeneous, 

highly consolidated, fissured Eocene silty clay, in which deep-seated rotational slides routinely occur 

(Dixon & Bromhead, 2002). 

In the southeast of England, coastal landslides are found typically in areas in which the stratigraphic 

units along the coastline are vulnerable to bedding-controlled failure, with rock types being exclusively 

sedimentary in origin (Bromhead & Ibsen, 2004). These rocks are Permian, Jurassic, Cretaceous, and 

Tertiary in age, and are comprised of chalk, mudstone, and sandstone (Barton, 2015; Bromhead, 1986; 

Moore, 1986). They contain significant clay beds, which provide a sensitive layer along which most 

landslides in this area occur (Bromhead & Ibsen, 2004; Table 2.1). Notably, the principal factor in 

determining the morphology of landslide systems in southeast England is the presence of low-angle clay 

beds through which a main basal shear surface can form, consequently promoting failure. In many of 

the examples highlighted in Table 2.1, this takes the form of an unconformity. Further examples of 

slides in soft sediments have been included to illustrate similarities and differences in geology.  
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Table 2.1: Key geologic elements of slide prone soft sediments throughout the world. Examples from 
Great Britain, Canada, Denmark, Germany, Spain, Japan, and New Zealand (Adapted from Bromhead 
& Ibsen, 2004).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Coastal recession in soft sediments has been observed elsewhere in the UK, notably on the North Sea 

coast of England in Yorkshire, Suffolk, and Norfolk (Hobbs et al., 20215). At Holderness on the 

Yorkshire coast, soft glacial tills are exposed to marine erosion at one of the most rapidly eroding 

coastlines in Europe, regressing at a rate of 1.8 m per year on average (Hobbs et al., 2015a, b; Pye & 

Blott, 2015). These deposits include various formations, ranging from over-consolidated glacial 

materials to laminated silty, clayey sediments, which are all weak, highly permeable, highly plastic, and 

compressible. Glacial tills comprising silty clays and lenses of sand and gravel are found nearby at the 

Location Geological Elements References 
Landslide Nature Reserve, Axmouth 
to Lyme Regis, Devon & Dorset, UK 
 

Cretaceous (Chalk & Upper 
Greensand) unconformably overlying 
Jurassic (Blue Lias and Rhaetic Beds) 

Bromhead & Ibsen (2004), Pitts (1987) 

Isle of Wight (south coast), UK  Gault Clay, Lower and Upper 
Greensand & Chalk 

Bromhead & Ibsen (2004) 

Isle of Wight (north coast), UK Tertiary Deposits Bromhead & Ibsen (2004), Hutchinson 
& Bhandari (1971)  

Isle of Sheppey, Herne Bay, Kent, UK  London Clay Bromhead & Ibsen (2004) 

Folkestone Warren, Folkestone, UK Gault Clay with overlying chalk Bromhead & Ibsen (2004), Trenter & 
Warren (1996) 

Hadleigh, Essex, UK London Clay overlain with colluvium Hutchinson & Gostelow (1976)  

Herschel Island, Yukon, Canada Quaternary glacial sediments, and 
moraines in ice rich-cliffs  

Ramage et al. (2017)  

Wissower Klinken, Rügen, Germany Lower unit of Upper Cretaceous Chalk 
with flint beds, unconformably 
overlain by Late Pleistocene glacial till 
& sand 

Kuhn & Prüfer (2014)  

Røjle Klint, Middelfart, Denmark Eocene clay, reworked clay or colluvial 
deposits with overlying Quaternary 
glacial sediments 

Prior (1977)  

Flamborough Head, Holderness,  
Yorkshire, UK  

Cretaceous Chalk and Late 
Quaternary Glacial Till  

Barkwith et al. (2014) 

Torre Bermeja, Spain Weak Pliocene & Pleistocene 
conglomerate, loose red pebbly 
sandstone and overlying Holocene 
dunes 

Del Río et al. (2019); Gutiérrez-Mas & 
Mas (2012) 

Sunkist Bay, Auckland, New Zealand Pleistocene pumiceous alluvial 
(Puketoka Formation) unconformably 
overlying Miocene sandstone (East 
Coast Bays Formation)  

Palma et al., (2021) 

Ohuka, Port Waikato, New Zealand Weak Miocene, Pliocene & 
Pleistocene pumiceous sediments, 
including rhyolitic silt, clay and 
ignimbrite  

Bevan et al. (2021) 

Omokoroa Peninsula, Tauranga, New 
Zealand  

Quaternary rhyolitic tephra, with 
intercalated paleosols and 
ignimbrites, including the highly 
weathered, argillaceous Pahoia 
Tephra sequence  

Kluger et al. (2019), Briggs et al. (2005)  
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Holderness cliffs in Yorkshire, where the unprotected coastline has receded rapidly at a rate of 1-2 m 

per year (Lee, 2011).  

 

Figure 2.4: Composite image of UK coastal landslides in sedimentary rock and soil. (a) landslide-prone 
Eocene London Clay cliff exposure (Maynard & Bromhead, 2015); (b) Soft sediment Quaternary cliffs 
comprising glacial till at Holderness, Yorkshire, UK (Hobbs & Jones, 2013); (c) slumping at a clifftop 
due to active shear, Barton-on-Sea, Barton, UK (Barton & Garvey, 2011); (d) clifftop slumping at 
Barton-on-Sea, UK, as evidenced by vivid colours at the rear scarp (Barton & Garvey, 2011). 

 
 

2.2.2 Eocene Clays and Pleistocene Glacial Tills of Europe’s North Sea Coast 

Several notable examples of landslides in soft sedimentary coastal cliffs have been studied and mapped 

elsewhere in Northern Europe (e.g., Svennevig et al., 2020). Coastal cliff erosion of glacial and 
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fluvioglacial materials defines the geomorphological evolution of the postglacial landscape across the 

North Sea Basin (Pedersen, 2005). These processes have been mapped to a high degree in the 

Palaeogene and Neogene clays and glacial tills forming Denmark’s coastline (Luetzenburg et al., 2020; 

Pedersen, 2005; Pedersen & Gravesen, 2009; Svennevig et al., 2020). Much of the underlying 

lithological sequences here were affected by glacio-tectonics during the late Pleistocene, leading to 

folding and thrusting of buried sediments (Svennevig et al., 2020). As with south-eastern England, there 

are areas elsewhere in the North Sea basin, such as coastal Denmark, where failure-prone, high relief, 

steeply sloping outcrops of soft Eocene-age clay underlie glacial tills (Prior, 1977; Svennevig et al., 

2020; Figure 2.5a). 

A wide variety of processes control sea cliff retreat at the island of Rügen on Germany’s northern coast, 

ranging from marine processes to subaerial processes (Kuhn & Prüfer, 2014). The coastal sediments 

there comprise two geological units: an Upper Cretaceous-age chalk known as the “Wissower Klinken” 

unconformably underlying soft Pleistocene glacial till and sand deposits (Kuhn & Prüfer, 2014). Both 

units were also affected by late Pleistocene glacio-tectonics, as seen in Danish coastal Eocene clays and 

Pleistocene glacio-fluvial, glacio-limnic, till, silt, sand, and clay deposits. Here, coastal outcrops of soft 

Pleistocene sediments also exhibit a concave profile due to incision by adjacent rivers (Kuhn & Prüfer, 

2014). 

2.2.3 Pleistocene Marine and Continental Sediments in Spain 

In southwestern Europe, there are several areas of coastal that exhibit landsliding in soft materials. For 

example, the Plio-Pleistocene-age conglomerate cliffs of between 8 and 15 m in elevation at Torre 

Bermeja on Spain’s Atlantic coast are inherently unstable. Indeed, cliff-foot and face erosion rates of 

0.15 m/year and of 0.18 m/year, respectively, occur (Del Río et al., 2019, Figure 2.5b). Here, unlike the 

typical coastal cliff units in Northern Europe, the lithological composition of the cliffs is divided into 

three units, which are marine and continental in origin. These units are divided into a basal unit 

representing a complex with two conglomerate units separated by sand and clay layers of ~1 m in 

thickness of Upper Pliocene to Lower Pleistocene age; a Pleistocene-age loose red pebbly sand of ~2-3 
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m in thickness; and a Holocene-age dune deposit (Del Río et al., 2019; Gutiérrez-Mas & Mas, 2012). 

The high compaction in the basal unit inhibits erosion, with the soft, red Pleistocene-age sands being 

easily eroded to the shoreline. Most material derived from cliff erosion here is deposited at the foot of 

the slope, which is inundated during high tide.  

 

Figure 2.5: Composite image of various international coastal landslides in soft sedimentary rock and 
soil; (a) Gjerrild Klint landslide in glacial tills, Jutland, Denmark (Luetzenburg, 2020); (b) Plio-
Pleistocene marine conglomerate cliffs at Torre Bermeja, Spain (del Rio et al., 2019); (c) regressive 
thaw slumping in Pleistocene and Holocene tephra, Yukon, Canada (Ramage et al., 2017); (d) landside 
at State Route 1, Big Sur, California (Leshchinsky et al., 2017). 
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2.2.4 Regressive Thaw Slumps (RTSs) in Soft Sediments in Canada 

In soft sediments along Canada’s Yukon coast, recent attention has been paid to the effects of the 

thawing of permafrost in ice-rich glacial-marine deposits of the Pleistocene and Holocene ages (Ramage 

et al., 2017; Figure 2.5c). In particular, the evolution of coastal regressive thaw slumps (RTSs) has been 

the focus of attention. For example, Ramage et al. (2017) found that active and fresh RTSs occurred 

primarily on terrain with slope angles over 3.9° and 5.9°, respectively. Indeed, there was minimal 

evidence that coastal change was able to reflect the relationship between such slumps and overall 

coastline dynamics. It was deduced that the highest density of slumps was found in areas with the highest 

density of pre-existing ice in the subsurface.  

 

2.2.5 New Zealand Landslides in Soft Sediments 

In the Auckland region of New Zealand, weathered Pleistocene-age (Puketoka Formation) sediments of 

alluvial and volcanic origin have provided opportunities to study instability in young, soft materials. An 

unstable cliff at Sunkist Bay in East Auckland comprises an infilled palaeovalley within a basin eroded 

within the underlying Miocene-age sandstone (Palma et al., 2020). Within this paleovalley, soft 

sediments were deposited unconformably over the underlying Miocene (East Coast Bays Formation) 

sandstone, and later tilted at angles of 15–45° (de Lange and Moon, 2015; Palma, 2020). The Puketoka 

Formation comprises terrestrial and marine sediments, which extend ~3 km inland and contain 

interbedded silicic tephra and include the Pahoia Tephra sequence. This tephra sequence was deposited 

extensively throughout New Zealand’s North Island during eruptive phases of the Taupo Volcanic Zone 

(TVZ) (Briggs et al., 1994). A substantial proportion of this tephra weathers to highly sensitive 

secondary clay minerals, meaning that highly weathered pyroclastic deposits are particularly susceptible 

to failure (Smalley et al., 1980). 

Halloysite, a highly sensitive and low permeability weathered clay mineral of silica-rich rhyolitic tephra, 

has been found in slide surfaces of landslides elsewhere, such as in Japan, Hawaii, and the USA 

(Chigira, 2014; Shaller et al., 2016; Shoji & Kato, 1978). Halloysite clay minerals in weathered volcanic 
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ash soils have been studied with respect to soil sensitivity in a few coastal landslides in New Zealand. 

For example, halloysite samples were obtained from a 1979 coastal landslide at Omokoroa, near 

Tauranga, Bay of Plenty, containing a clay mineral content of 80%, and yielding a high liquid limit 

(~65-80) and low plasticity index (~15-30) (Smalley et al., 1980). Altered rhyolitic tephra successions 

and spheroidal halloysites have been associated with high sensitivity and sudden landslide onset at the 

same site more recently (Kluger et al., 2016, 2019; Figure 2.6b&c).  

 

Figure 2.6: Example New Zealand coastal landslides in soft sediments; (a) Pleistocene pumiceous 
alluvial deposits at Sunkist Bay, East Auckland (Palma et al., 2020); (b) & (c) altered argillaceous tephra 
successions of Pleistocene age at Omokoroa, Tauranga, Bay of Plenty (Kluger et al., 2019).  
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The geomorphology and material properties of coastal low angle bedding-controlled landslides have 

been studied at a well-preserved relict coastal landslide at Ohuka, Port Waikato, New Zealand (Bevan 

et al., 2021). Displacement at this location appears to have occurred rotationally, along low-angled shear 

surfaces of Miocene, Pliocene, and Pleistocene sediments. Erosion continues at the site today, but 

through gullying and erosion (Figure 2.7). At the Ohuka coastal landslide, the late Pliocene through 

early Pleistocene Awhitu Group lithologic unit comprises at least four lithofacies, many of which are 

found to be argillaceous (clay-rich), and include rhyolitic silts, clays, and ignimbrites from the 

widespread Taupo Volcanic Zone Kidnapper’s Formation eruption (Figure 2.7E&F).  
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Figure 2.7: (A) Ohuka Hill from the north; (B) view of the failed slope to the north; (C) back-tilted block 
and resultant ridge (D) spring lines shown between the sand aquifer and underlying impermeable 
rhyolitic clay; (E) tephra layer (Kidnapper’s) exposed within Awhitu Group; (F) Kidnapper’s ignimbrite 
layer in landslide headscarp; (G) deformed Koheroa Siltstone above Clay Seam shear surface; (G) 
weathered Kaawa Formation siltstone (reproduced from Bevan et al., 2021). 
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2.3 BEDDING-PLANE CONTROLS 

Where sedimentary strata are exposed, particularly at the toe of a coastal slope, this can induce 

landslides, and at least part of the failure adheres to a single bedding plane within the sedimentary 

sequence (Bromhead & Ibsen, 2004). At coastal locations where the angle of dip of these strata is steep, 

failures are primarily determined by the angle of the slope. However, at lower-angled slopes, and where 

the basal surface is controlled by the position of an argillaceous bed within the stratigraphic sequence, 

bedding-controlled failures can occur (Bromhead & Ibsen, 2004). Coastal bedding-controlled failures 

can initiate along several argillaceous shear surfaces, causing compound failure to take place higher up 

the slope. Argillaceous layers within existing sedimentary units, low dip angles, moist climate, and 

ongoing marine erosion contribute to the emergence of dip-independent failures. Bedding-controlled 

failures are ubiquitous throughout coastal southeast England (Bromhead & Ibsen, 2004) and highly 

weathered New Zealand Pleistocene tephra (Kluger, 2019; Palma et al., 2020). 

Slip surface positions were classified by Terzaghi and Peck (1948) as being either a ‘slope failure’, ‘toe 

failure’ or ‘base failure’ (Figure 2.8). Under this model, the evolving slip surfaces were detailed 

respectively as on the slope face, at the toe of the slip, or deep-seating and emerging beyond the toe of 

the slide. These were described in reference to ‘slip circles’, a concept further expanded upon by 

Petterson (1955). Bromhead and Ibsen (2004) redrew these slip surface positions to correspond to 

contemporary understanding of the evolution of bedding-controlled landslides, in which the dip of the 

beds along which failure occurs is zero.  
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Figure 2.8: Toe breakout positions within the slope, as a simple depiction provided (A) by Terzaghi & 
Peck (1948) and (B) by Bromhead & Ibsen (2004) for bedding-controlled horizontally bedded landslide. 

 

In a review of coastal landslides in the southeast of England, Bromhead & Ibsen (2004) cited the 

following reasons for the onset of bedding-controlled slide surfaces:  

1 areas of high plasticity or liquid limit along planes on which a slide surface forms;  

2 a change in the rigidity of material above a hard band, which causes localised strain to occur 

under stress relief;  

3 a perched water table, which provides a change in permeability; and 

4 basal erosion down to a hard band or a limiting horizon. 

For example, the Folkestone Warren landslide complex provides an example of basal slide surfaces 

developing due to specific lithologies within a geologic sequence, with evidence that the slip surface 

here is associated with a high liquid-limit, argillaceous band. This supports the suggestion that small 
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lithological changes within a sequence can provide conditions adequate for slip surface formation 

(Figure 2.9).  

 

Figure 2.9: Depiction of bedding-controlled landslide at Folkestone Warren by Bromhead & Ibsen 
(2004), in cross-section, showing gently dipping strata and significance of slight lithological differences 
in the evolution of slip surfaces. 

 

Tejakusuma (1998) analysed five silicic tephra layers from Quaternary near-shore terrestrial and marine 

sediments at Beachlands in the eastern Auckland Region. They found that there was increased slope 

instability and erosion in areas in which these sediments are predominant. Electron microprobe analysis 

of hydrated glass shards obtained from each of the tephra layers was used to analyse their major element 

geochemistry, which were then differentiated, and their geochemical signatures correlated with known 

Quaternary tephra from the surrounding area. The Kawakawa Tephra (Froggatt & Lowe, 1990) was 

used in the study as an internal standard, as it represents a widespread deposit from the Taupo Volcanic 

Zone in the Central North Island of New Zealand. All samples tested were found to be silicic in 

composition, having an SiO2 content of > 74.39 %. The most prominent tephra in the area was correlated 

to several sites in the Auckland Region due to its distinctive pinkish hue and thickness of ± 35 cm, and 

unconformably overlies a dated tephra layer dated to 1.00 ± Ma. 
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Alloway (2004) undertook a study on the stratigraphy, age and correlation of Middle Pleistocene silicic 

tephra and found that there remain several rhyolitic tephra layers throughout the Auckland Region that 

remain uncorrelated. Saying this, correlatives to known dated samples were obtained from the 

geochemical signatures of glass shards from several tephra found along Auckland’s east coast. 

2.3.1 Coastal Landslides with Low Angle Bedding 

Landslides for which the bedding surfaces follow a low dip angle are common in stratigraphic sequences 

with a high lithologic variation, such as in southeast Great Britain. Bromhead & Ibsen (2004) and 

Bromhead (2013) provide extensive reviews of the properties and processes at these sites. At Herne 

Bay, Red Cliff (Bromhead, 1978), and Folkestone (Hutchinson, 1969; Hutchinson et al., 1980), the basal 

slip surface locations of several coastal landslides are found to be located at the base of the argillaceous 

layers along which the landslides have formed. This suggests that slip surfaces have formed due to the 

concentration of differential shear strain. Basal shear surfaces here may develop due to stress relief 

expansion as the lower portion of the slopes are eroded. At Gore Cliff, Isle of Wight, Bromhead and 

Chandler (1993) found a change in plasticity at the location of the slip surface. 

At many locations, such as at Red Cliff, the dip direction of strata is away from the slope, and the dip 

direction does not affect slide development. However, slope stability modelling has found that slide 

behaviour is dominated by basal shear, and that every 1° of dip adds or subtracts approximately 1° to 

the mobilised angle of shear resistance φ′ (Bromhead, 1978).  

Examples of shear surfaces in coastal landslides with low-angle bedding have been studied elsewhere 

in Northern Europe in Eocene sediments in Denmark (Luetzenburg et al., 2020; Pedersen, 2005; 

Pedersen & Gravesen, 2009; Svennevig et al., 2020) and in New Zealand (Bevan et al., 2021; Kluger et 

al., 2019) at Ohuka (Port Waikato), and Bramley Drive, Tauranga (Bay of Plenty). At Ohuka, ring shear 

test results found residual friction angles (ɸr°) of between 13° and 18° (Bevan et al., 2021; Table 2.2) 

in the Kaheroa Clay seam, which forms the slide surface of a relict coastal landslide (Figure 2.10). 
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Figure 2.10: Stratigraphic sequence and interpretation of the failure mechanisms and position of slip 
surfaces at Ohuka, Port Waikato, New Zealand, at which failure is believed to have occurred along a 
clay seam (Koheroa Clay Seam) (Bevan et al., 2021).  
 

Table 2.2: Shear and consolidated (CU) shear results from triaxial tests from silts and clays collected 
at Ohuka, Port Waikato, New Zealand, from Bevan et al. (2021).   
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2.3.2 Coastal Landslides with Steeply Dipping Bedding 

Coastal slope failures can also occur in sedimentary sequences with steeply dipping bedding, with dip 

angles over the peak angle of shearing resistance of the slope (Selby, 1993). For example, Bromhead 

and Ibsen (2004) outline a coastal landslide along steeply dipping strata in a weak clay-rich limestone 

of Cretaceous age at Alum Bay, Isle of Wight, UK (Hutchinson & Bhandari, 1971; Figure 2.11). At that 

site, the stratigraphy dips at 80° towards the north on a limb of an asymmetrical syncline. Due to the 

steepness of the exposed stratigraphy, failure along argillaceous beds are ongoing. At such a steepness, 

pore water pressure does not necessarily cause failure, as such landslides are dip-dominated, free 

draining, and typically occur regardless of groundwater conditions (e.g. Selby, 1993).  

 

Figure 2.11: Slides in steep slopes comprising the Upper Chalk, Alum Bay, Isle of Wight. The steep 
slope angle at this locale produces a characteristic dip-dominated failure rarely seen elsewhere in the 
Chalk (Bromhead & Ibsen, 2004). 

 

Where the mechanism of failure is along a specific bedding surface, dip-slope failure occurs. An 

example of dip-slope failure is a mudstone unit overlain with a limestone caprock (Bromhead & Ibsen, 
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2004; Figure 2.12). Below the caprock within the mudstone, piezometric levels are controlled by a long-

term average; however, within the caprock and at its interface with the underlying mudstone, 

piezometric conditions are governed by peak seasonal rainfall. As the conventional pore pressure ratio 

ru is highest at the interface between the caprock and mudstone (Selby, 1993), the logical location for a 

slope failure is at this interface, because of worst-case piezometric conditions.  

 

Figure 2.12: Schematic showing the mechanisms within a dip-slope failure. Pore water pressure ratio 
ru is highest at the interface between the caprock and mudstone) (Bromhead & Ibsen, 2004). 

 

The factor of safety against sliding in soils of negligible cohesion is represented as: 

 

A critical slope angle is around half of the angle of shearing resistance of the soil.  

Coastal dip-slope failures are to be found throughout the globe and prove significant coastal hazards to 

infrastructure and life (Leshchinsky et al., 2017). One such dip-slope landslide occurred on 20 May 

2017 at Big Sur, California, and completely buried 0.5 km of State Highway 1. Previously, high rainfall 
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had saturated the hillslope and destabilised weak soil and rock, affecting the piezometric conditions of 

the slope, leading to failure (Leshchinsky et al., 2017).  

In New Zealand, most of the landslides at Omokoroa, in the western Bay of Plenty, are of relatively 

small volume and steep bedding plane angles (17°-60°) and have travel angles which decrease with 

landslide volume. Indeed, the more deep-seated landslides at this location were found to exhibit a lower 

travel angle in general (Kluger et al., 2020). 

2.3.3 Slumping and Graben Geometry and Depth to Failure Plane 

Often, when slide movement is rotational along shallow-dipping bedding-controlled slip surfaces, 

subsidence occurs, forming a graben-like structure at the head of the landslide (Cruden et al., 1991). 

Grabens take their morphology from changes in slip surface morphology. Studies from a total of ten 

landslides in Alberta, Canada, suggest that the depth from the ground to rupture surface is approximately 

1.1 times the width of the initial graben. Bromhead & Ibsen (1999) deduced that these estimates could 

be similarly applied to coastal landslides in sedimentary strata in southeast Great Britain, as 

demonstrated through a simple linear regression model (Figure 2.13).  

 

Figure 2.13: A simple linear regression showing the relationship between graben width and depth to 
the slip surface, after Cruden et al. (1991) applied a similar geometric correlation to landslides in Great 
Britain (Bromhead & Ibsen, 2004). 
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From the graben width-slip surface depth relationship (Figure 2.13), it is possible to determine the depth 

of the slip surface of a landslide at Bindon, southwest Great Britain (Bromhead & Ibsen, 2004). Through 

a geomorphological study of graben width using the linear regression model developed by Cruden et al. 

(1991), Bromhead & Ibsen (1999) defined a depth to slip surface of 95 m. This corresponds closely with 

the proposed basal shear surface given as the interface between the Gault and Upper Greenand 

Formations by Pitts & Brunsden (1987). However, the earlier study was using estimates from 

geomorphology. 

Generally, with coastal slumping, a section of the slide mass moves downhill, often creating rotated 

blocks (Bromhead & Ibsen, 1999). However, movement of the remainder of the mass follows the 

bedding plane, forcing an accommodation placement between segments of the slide mass moving in 

different directions (Agliardi et al., 2001). This creates a shear surface known as a counterscarp or 

antithetical scarp, which is antithetically aligned to the major scarp and forms a graben feature within 

the slide mass (Cruden et al., 1991; Figure 2.14).  

 

Figure 2.14: A bedding-controlled landslide at Red Cliff, Dorset showing the formation of a graben 
feature on landward-dipping bedding (Bromhead & Ibsen, 2004).  
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Figure 2.14 illustrates the development of a landslide graben at the Red Cliff landslide in Dorset, 

England, in landward-dipping Jurassic Corallian Limestone (Bromhead & Ibsen, 2004). Both the main 

scarp and the antithetical scarp develop simultaneously at the top of the existing slope. Following mass 

movement, a ridge or horst feature is present within the slide mass, which protrudes close to the 

elevation of the crest of the original slope. Down-dip movement provides a decrease in the level and a 

distinctive horst-type ridge downslope. 

2.4 SLIP SURFACES AT THE SLOPE BASE 

At some coastal landslides, slip surfaces emerge at the shore platform or beach, representing base failure 

or an ‘over-ridden’ toe position, or at the interface between the erosional platform and slope (Bromhead 

& Ibsen, 2004). This is known as a toe failure or ‘runout’ toe failure position. Typical and highly studied 

examples of such landslides are to be found in the London Clay at Herne Bay, Kent (Dixon & Bromhead, 

1993), in the Chalk, Gault, and Upper Greensand Formations of Folkestone Warren and the Ventnor 

Undercliff at St Catherine’s Point, Isle of Wight (Hutchinson et al., 1991).Bromhead (1978) identified 

that landslides at Herne Bay, Kent were notably more bedding-controlled in areas at which the interface 

with the basal Oldhaven Beds is near sea level (at the Miramar landslide). Failure is significantly less 

bedding-controlled at this location where the interface dips below sea level (Beacon Hill landslide) 

(Figure 2.15A).  

 

 

 



42 
 

 

Figure 2.15: Illustration of bedding-controlled landslides at Herne Bay, Kent, UK as a cross-section 
through the London Clay; (A) the slip surface between the overlying material and Oldhaven Beds 
outcropping beneath sea level at Beacon Hill; (B) the basal shear surface is close to, but above, sea 
level at Miramar (Bromhead & Ibsen, 2004; Bromhead, 1978). 

 

2.5 MID-HEIGHT SLIP SURFACES 

Slip surfaces, or benches, may evolve in coastal slopes in which beds outcrop in segments of the slope 

above the toe of the landslide (Bevan et al., 2017). The rate of erosion of material displaced is sufficient 

to prevent accumulation at the base of the slope (Bromhead & Ibsen, 2004; Bromhead, 2013). Where 

this occurs, the stratigraphic control on landslide morphology is straightforward and follows the 

geological structure of the stratigraphic sequence, forming clear steps or benches. Figure 2.16 shows a 

benched landslide complex in a relatively low angle slope at the Walpen Undercliff, Isle of Wight. This 

clearly demonstrates the role of stratigraphy in promoting shear surface formation in such sediments 

(Hutchinson et al., 1989).  
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Figure 2.16: Benched structures in a landslide at Walpen Undercliff, Isle of Wight (Bromhead & Ibsen, 
2004). 

 

On low angle, coastal slopes of over a hundred meters, such as those commonly found in the southeast 

of Great Britain, clay beds that outcrop higher in the slope may form the location of landslides, forming 

terraces or benches (Bromhead & Ibsen, 2004). The effect that bedding plane geology has on slip surface 

formation is most clearly seen in slopes where clay beds are perched high above the foot. Such perched 

bedding-controlled shear surfaces in shallow-dipping soft sediments have been identified and studied 

throughout the southern portion of Great Britain, from Christchurch Bay in Hampshire (Barton & 

Pearce, 2015) to The Roughs, Hythe, Folkestone (Bromhead et al., 1998).  

Shallow-dipping sensitive clay layers have been implicated in forming shear surfaces in New Zealand 

coastal landslides, such as at Sunkist Bay (Palma et al., 2021), where bedding control is confined to a 

mid-slope shear surface existing above a low permeability rhyolite tephra layer. Here, however, 

continual erosion and redeposition of colluvial material have obscured the remaining bench-like features 

characteristic of perched shear surfaces. Stratigraphic sequences containing layers of highly weathered 

sensitive rhyolite tephra form large segments of coastal New Zealand. This is associated strongly with 
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landslide-prone layers within weathered tephra, such as those found at Omokoroa, Bay of Plenty, New 

Zealand. As these are commonly found throughout New Zealand’s North Island, such heavily altered 

tephra may form potential perched slip surfaces on coastal slopes. 

2.6 COASTAL SITE INVESTIGATIONS 

2.6.1 Identification of Slip Surfaces 

Identifying slip surfaces using boreholes and soil samples is often fraught with difficulty; however, the 

breakout position of a bedding-controlled perched slip surface may be easily visible in section when 

viewed on a fresh slope within an active landslide system (Bromhead & Ibsen, 2004). Field observations 

can frequently be obscured within degraded landslide zones, especially where vegetation and debris 

cover has removed most evidence of shear surfaces (Hutchinson, 1989). Visual identification of slip 

surfaces is most easily carried out in the field, though oblique aerial orthophotos can give a reasonably 

good overview of a vertical cliff surface (Hobbs et al., 2015a). Light Detection and Ranging (LiDAR) 

surveying can also be useful in identifying nuances in topography that may represent slips surfaces, as 

attempted by Hobbs et al. (2015a, b). 

Failures in larger landslides tend to comprise large blocks of material that retain their original geological 

structure and succession (Bromhead & Ibsen 2004), in contrast with smaller-scale debris slides in which 

material above the basal shear is rendered unrecognisable post-failure. However, in perched debris 

slides, the basal shear may be marked by seepage in the cliff, colour changes within the cliff face (Figure 

2.17), or by a stepped slope. However, the latter is relatively difficult to identify using aerial imagery. 
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Figure 2.17: Bromhead & Ibsen (2004) image showing shear surface identification through seepages 
at the basal shear zone and colour changes in the slope profile. Perched shear surfaces are indicated 
via white arrows. The location is Atherfield Point, Isle of Wight, UK. 

 

Bromhead & Ibsen (2004) found that at a landslide at Atherfield Point, Isle of Wight, the perched shear 

surfaces were best detected using long-distance photographs, because slumping and debris had obscured 

the cliffs. Oblique aerial photography is equally valid at sites such as this because of the natural upward 

convex curve of the bedding-controlled slip surfaces close to their breakout point in the cliff.  

There is considerable difficulty in estimating the slip surface positions of such landslides because of the 

angle they need to be viewed from for their morphologies to be fully understood. The problems inherent 

in identifying slide-prone horizons in sedimentary cliffs during field investigations were outlined in 

discussion by Hosseyni et al. (2012) of coastal landslide reactivation at Barton-on-Sea, Hampshire. 

Barton & Garvey (2012) identified slip surfaces in the Barton Clay (the F2 and H beds) as following 

various beds to the east of the Cliff House landslide. In contrast, a follow-up survey conducted by 

Hosseyni et al. (2012) identified failure within only one stratigraphic horizon. 
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2.6.2 Monitoring Techniques 

Hobbs et al. (2015a) described the results of continuous monitoring of recession in soft coastal glacial 

sediments at the British Geological Survey’s ‘Coastal Landslide Observatory’ (CLO) at Aldbrough, 

Yorkshire. The CLO was established in the late 1990s as a continuation of the British Geological 

Survey’s (BGS) ‘Slope Dynamics’ project in researching landslide dynamics in Great Britain, to 

incorporate cutting-edge technologies, such as terrestrial laser scanning (TLS). The Aldbrough, 

Yorkshire Coastal Landslide Observatory (CLO) is situated at one of the most rapidly eroding coastlines 

in Europe, and its location provides an excellent opportunity to observe coastal cliff recession. Hobbs 

et al. (2015a) compared the results of two field monitoring techniques in better understanding coastal 

cliff recession at this site: i) TLS and ii) the manual installation of instrumentation in boreholes. 

Research into cliff recession using TLS follows the application of piezometers to observe rotational 

landslides in the London Clay at Warden Point, Isle of Sheppey, Kent, UK (Dixon & Bromhead, 2002). 

Since the publication of this study, terrestrial LiDAR techniques have been used extensively to monitor 

cliff recession in several studies, such as in soft sediments at Aldbrough, Yorkshire, UK (Hobbs et al., 

2013). These include quantifying failures to cm-scale at a near-vertical cliff at Whitby, Yorkshire 

(Rosser et al. 2005); calculating the rates of cliff recession and producing an erosion model for soft 

sediment cliffs at Happisburgh, Norfolk (Poulton et al. 2006); evaluating the contribution cliff face and 

coastal gully erosion have on the Oceanfront Littoral Cell; and calculating the average annual cliff 

recession rates in coastal California (Young & Ashford 2006).  

At the CLO, data obtained from TLS investigations are used to construct detailed digital elevation 

models (DEMs) (Hobbs et al., 2015a; Figure 2.18), which are then used to compare and analyse 

volumetric changes in landslide mass between surveys. Recently, unmanned aerial vehicle (UAV) 

photography has provided a cost-effective and portable surveying method to produce detailed landslide 

DEMs. 
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Figure 2.18: Digital elevation models for the central embayment of the cliffs at Aldborough, Yorkshire, 
produced once every two years, displaying width of 100 m (Hobbs et al., 2015a). 

 

At the CLO, down-hole equipment was used to provide real-time quantitative data on cliff recession 

(Hobbs et al., 2015a, b). Vibrating-wire piezometers provide data on the distribution of pore pressure in 

the sediment and its rate of change over time (Figure 2.19).  

Inclinometers were installed in boreholes at the CLO to capture information on lateral displacement for 

specific dated surveys.  
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Figure 2.19: Time plot of the month versus piezometric pressure and total effective daily rainfall 
showing dates from April 2012 to November 2017 (Hobbs et al., 2015a). 

 
 

2.7 COASTAL LANDSLIDE TRIGGERING MECHANISMS 

2.7.1 Sea-level Rise 

Sea-level is predicted to rise under all IPCC Assessment Report scenarios in response to a global 

warming effect on the temperature of the oceans, continuing thermal expansion for the foreseeable 

future (Meehl et al., 2012). Of particular concern in landslide studies are the impacts of sea-level rise 

and a change in marine conditions increasing cliff toe erosion. An increase in energy within the 

atmosphere will lead to an accompanying increase in the frequency and intensity of storm events, 

providing surge heights above normal tidal levels (Barton, 2015; Meehl et al., 2012; Tebaldi et al., 

2012). However, the rate of landslide development and cliff recession in response to sea level rise will 

depend on the geology, cliff height, geomorphology, and landslide mass (Barton, 2015). Barton (2015) 

illustrated how these factors interacted within the soft rock in Figure 2.20 and provided three distinct 

coastal landslide types, which were summarised in their response to sea-level change by as follows: 
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a) Low cliffs with a single, steep slope, where recession occurs due to falls directly from the cliff 

face, at which the cliff face is likely to conform to a single angle of response irrespective of the 

rate of coastal erosion.  

b) Medium height cliffs at which cyclic failure occurs as periodic large slumps, where the removal 

of slump masses produced by an initial failure leads to the initiation of a second slump. At some 

places, the rate of marine erosion far exceeds the rate of accumulation of colluvium. Clearly, 

the rate of marine erosion accompanying sea-level rise will reduce the erosion and accumulation 

cyclic period of such landslides and lead to an increase in mass movement over time.  

c) Large complex landslides of a varied lithostratigraphy at which failure may occur at an episodic 

frequency. Here, major sliding events may take place once every few hundred or thousand 

years. Such landslides may have unknown trigger mechanisms, hence sea-level rise will have 

an unknown effect on slide reactivation. Any reactivation at large, complex, episodic landslides 

will likely be extensive and complex.  

 

 
Figure 2.20: A model displaying the relationship between a soft rock cliff’s rate of erosion versus its 
size, frequency, and type of failure (Barton (2015). 

 

 

At St. Catherine’s Point, the Isle of Wight, a landslide conforming to type c above was formed by a 

series of slumps during the mid to late Holocene (Hutchinson et al., 1991). Processes of slide mass 

degradation were thought to have been slightly accelerated by an increase in sea level (Barton, 2015). 

At this site, ongoing activity at a lobate mudslide was also occurring. This was due to seepage from a 
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ridge at the slide, which caused back-sapping to landward into the slide mass. This then, may further 

degrade the coastal cliffs and accentuate failure. Barton (2015) also outlined that the most notable effects 

of sea-level rise at St Catherine’s Point are likely to result from raising piezometric levels within the 

colluvial apron at the toe of the slide mass. This occurs because of groundwater outflow from the cliff, 

which will be affected by a rise in base level. It is also thought that a further rise in groundwater level 

beyond the current winter average will be likely to accelerate slow creep at the slide. This would lead 

to a subsequent loss of slope stability caused by the increase in pore pressure (Barton, 2007). 

2.7.2 Land Use Change  

The distribution and frequency of landslide events can be a consequence of several climatic factors. 

However, changes in land use and distribution and installation of new infrastructure can also be a 

contributing factor to coastal landslides (Reichenbach et al., 2014). Vanacker et al. (2003) argued in 

studies on human activity in populated areas that changes in slope stability have been affected by human 

impacts and that this contributes to the initiation and reactivation of landslides (Vanacker et al. 2003; 

Meusburger & Alewell 2008; Van Den Eeckhaut et al. 2009). Land use and vegetation cover changes 

have been long known to enhance slope stability through mechanical and hydrological changes.  

Methods to mitigate and slow increasing coastal erosion may have adverse and unintended effects in 

the near to medium term (Moore & Davis, 2014. For example, the interruption of littoral drift caused 

by the Folkestone Harbour works in Kent in the late 19th to earlier 20th century increased landsliding 

down-drift at Folkestone Warren (Hutchinson, 1980). 

2.7.2.1 Sea walls 

Findings from coastal landslide retention schemes, such as the Lyme Regis Phase II retention scheme 

in Lyme Regis, Dorset (UK), suggest that cliff instability can be inhibited. At that site, the toe of an 

existing slip is retained behind a wall and shielded from marine erosion (Moore & Davis, 2014). Despite 

these stabilisation measures, cliff recession does continue. Thus, that additional risks to the rear of the 

sea wall may develop. At Sunkist Bay, Auckland, sea walls were installed at the cliff toe in 2001 after 
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a series of coastal landslides. The aim was reduced coastal erosion in the soft Pleistocene sediments. 

Horizontal drains were also installed in some areas of the sea wall to aid drainage of the impounded 

sediments retained behind the seawall. However, the drains were not evenly spaced and a section of 

~100 m of the wall had no drains whatsoever. In April 2017, after several high rainfall events, the 

seawall was inhibiting drainage out of the cliff, and in areas of the seawall where drains were not 

installed the cliff failed (Palma et al., 2020). Indeed, water was seen to pour (daylight) between the 

andesite blocks within the seawall (Figure 2.21).  

Figure 2.21: Seawall and horizontal drains at Sunkist Bay, Auckland: (A) landslide in area of seawall 
lacking horizontal drains, groundwater draining the cliff between andesite blocks established seawall; 
(B) horizontal drains (Palma et al., 2020) in the seawall built, with 2017 landslide denoted by white box.  

 

A recent example of this is two landslide events in residual soils and anthropogenic fill at Birkenhead, 

Auckland, New Zealand, in October and November 2017 (Brook, 2018), where vibration associated 

with piling operations at a nearby construction project suggested that, combined with the local geology, 

progressive failure may have been triggered by dynamic loading caused by these activities. This may 

have contributed to an increase in pore pressure of the residual soil and fill, decreasing its shear strength 

and rendering it more susceptible to failure. 

2.7.2.2 Surface water runoff 

Surface water runoff infiltration into a slope causes an increase in pore water pressure and consequently 

reduces its stability rapidly (Haugen, 2017). Whether anthropogenic or weather-related, surface runoff 

can infiltrate slopes through natural landslide features such as tension cracks and sag ponds at their 
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head. These act as preferential pathways for runoff and increase the likelihood of pore-pressure related 

failure. 

Inadequate surface drainage maintenance or improper surface drainage can encourage landslide activity 

even on remediated slopes (Haugen, 2017; Lee et al., 2018). Poor management of surface drainage and 

runoff on steep slopes can limit its efficiency and contribute to landsliding, as seen in urban Hong Kong 

(Lee et al., 2018). It is paramount that surface drainage acts to collect and redirect surface runoff from 

the slope. When such systems fail, they can serve to encourage uncontrolled surface runoff. 

Investigations in Hong Kong have revealed that poorly managed or inadequate surface drainage can 

result in landsliding on slopes of even a relatively gentle gradient (Lee et al., 2018), and that channelled 

or concentrated flows encourage runoff momentum, increasing its erosional capability. Poor safety 

management and maintenance can result in large landslides even on engineered slopes, as evidenced at 

Turret Hill Quarry in Hong Kong in 2015 (Lee et al., 2018). Here, drainage channels were found to be 

blocked by soil and vegetation, causing runoff and ponding at a shear zone and an increase in the pore 

pressure within the rock, causing failure. A further example of a landslide induced, at least in part, by 

poorly engineered and maintained surface drainage was a 1979 landslide in Abbotsford, Dunedin, New 

Zealand, which caused around NZ $10-13 million in damage and occurred in a densely populated area 

of the city of Dunedin (Hancox, 2007). A leaking water main above the landslide was deemed to be a 

major factor contributing to slope failure coupled with several sensitive, weak clay layers with a dip of 

7˚ in the sediments comprising the slope and a disused sand quarry at its toe. Surface runoff from the 

broken water main and the removal of sand at the quarry meant that smaller rises to the water table were 

likely to induce sudden failure in the slope. 

Engineered, well-maintained surface water drainage controls are therefore essential to inhibit the build-

up of excess pore-pressure in slopes, and studies have demonstrated the effectiveness of these in 

reducing the risk of landslides in both rock and weak sediments (Azzmi et al., 2011). 
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2.8 SUMMARY 

Understanding coastal landslide morphology is the first step in preparing appropriate monitoring and 

mitigation measures for slip instability. The rate of coastal erosion increases with a warming climate 

and rise in sea level. Observed increases in the rate of coastal erosion, landslide generation and sediment 

transportation (Moore & Davis, 2014) due to climate change, and an accompanying rise in sea level and 

increase in extreme weather events with an increase in energy within the atmosphere will be likely to 

cause the frequency and intensity of storm events and coastal erosion to increase (Barton, 2015, Tebaldi 

et al. 2012). Higher mean sea levels will be likely to decrease the return period for extreme weather 

events and tidal thresholds (Barton, 2014). Therefore, appropriately engineered coastal protection 

efforts will become ever more necessary to ensure coastal protection and cliff stabilisation (Moore et 

al., 2014).  

Weak coastal sediments in New Zealand are increasingly susceptible to failure, with dormant relict 

landslide reactivation possible in direct response to sea-level rise and a decrease in the return period of 

extreme wet weather events (Bevan et al., 2021; Palma et al., 2020), with high rainfall in the country 

being one of the key influencing factors in initiating slope failure in weak clays commonly found in 

pyroclastic material throughout New Zealand’s coastline (Kluger et al., 2019). Therefore, ensuring 

detailed engineered design (Lee et al., 2018; Palma et al., 2020) is implemented to accommodate 

anticipated increases in the frequency and intensity of such weather events along susceptible coastlines 

is of utmost importance.  
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CHAPTER 3: METHODOLOGY 

3.1 INTRODUCTION 

For this project, a desktop study, field investigation, and several laboratory analyses were combined to 

investigate the site geomorphology, material properties of the sediments sampled, and the failure 

mechanisms of the landslide-prone slopes at Ōrere Point. An initial desktop study included historical 

imagery analysis, a survey of available LiDAR data for the area, analysis of aerial photographs from 

2019 and 2021, and preparation of an engineering geological map of the area. Following this, a field-

based investigation was carried out to determine the nature and strength of the sediments at Ōrere Point 

using several established techniques. Lastly, laboratory tests were undertaken to determine the strength, 

composition, and mineralogy of the sediments comprising the Plio-Pleistocene deposits at Ōrere Point. 

3.2 DESKTOP STUDY 

A desktop study utilised several geographic information systems (GIS) tools to define the past and 

ongoing slope stability at sites 1 and 2 and the existing threat posed to adjacent residential property. 

3.2.1 Historical Imagery 

Publicly available historical imagery dating to as far back as 1960 was used to provide a qualitative 

overview of landslide evolution in the area over time, including periods of landslide reactivation and 

dormancy. A simple geomorphological analysis identified key features of slope instability within six 

aerial photos taken between 1960 and 2015, and these have been uploaded to the Retrolens website. 

Telltale signs of landslide formation include headscarps, landslide toes, dislodged mature vegetation, 

and surface cracking at the slope's crown.  

3.2.2 Unmanned Aerial Vehicle (UAV) Data Acquisition 

A DJI Phantom 4 Pro unmanned aerial vehicle (UAV) drone equipped with a Zenmuse X3 camera was 

flown above sites 1 and 2, within a permitted site zone, to obtain a series of aerial images. The camera 
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was attached able to achieve a 360° field of vision, capturing multiple nadir-orientated images of the 

terrain below.  

Each image was imported into the photogrammetry and drone mapping software Pix4D using the 

workflow detailed by Brook et al. (2017) (Figure 3.1) to produce detailed 3D models of sites 1 and 2. 

Structure-from-motion (SfM) software such as Pix4D employs algorithms to identify overlapping points 

in 2D digital images and infers camera position angles from the positions of matched ground points or 

features. These calculations are used to generate 3D point cloud models of the surface through 

overlapping 2D images. 

3.2.3 Light Detection & Ranging (LiDAR) Analysis  

Light Detection & Ranging (LiDAR) is a remote sensing technique that quantifies topographic details 

by measuring the amount of light reflected by a target struck by a laser beam from a satellite or aircraft 

(Jones et al., 2007). LiDAR has recently become a popular tool in high-resolution mapping studies, 

remote sensing, and engineering geological investigation.  

Land Information New Zealand (LINZ) has prepared a digital elevation model (DEM) for the area 

encompassing Ōrere Point using LiDAR data captured between the 1st of November 2016 and the 29th 

of June 20171. For this study, hillshaded DEM rasters were produced in the QGIS GIS application to 

determine the geomorphological features of the landscape, as high relief topographic images provide a 

useful tool in estimating the onset and scale of mass movement (Verbovšek, Popit, & Kokalj, 2019).  

 

 

 

 

 
1 The Airborne Laser Scanner (ALS) data was acquired from a fixed wing aircraft using the AAM Riegl Q1560 LiDAR 

system, and the survey undertaken to a pulse density of 4 pulses per m2, a vertical accuracy specification of +/- 0.2 m 

(95%), and a horizontal accuracy specification of +/- 0.6 m (95%). From the LiDAR, a DEM was prepared by AAM New 

Zealand, a geo-solutions company, which uploaded it to the LINZ Data Service. The dataset comprises a separate DEM 

and DSM consisting of .tif or .asc tiles, and point cloud data consisting of las tiles, all of which are tiled into a 1:1000 

layout.  
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Figure 3.1: UAV obtained SfM data acquisition and workflow (Brook et al., 2017). 

 

3.2.4 Engineering Geological Mapping 

Engineering geological maps detailing the primary geomorphological features at sites 1 and 2 were 

prepared, as they are of key importance in defining the complex geomechanics within the sediments at 

Ōrere Point, as well as in assisting in the development of an engineering geological model for the bay 

(Baynes et al., 2021). These are described in Figure 4.1. Three dimensional SfM models produced 

through digitally processed orthomosaic aerial photographs captured by a piloted UAV in June 2021 
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provide an up-to-date oblique view of sites 1 and 2. Key geomorphological and geological features were 

overlaid on the orthomosaic images of both sites, so observations and annotations made on the 

geomorphological map reflected the ground conditions, vegetation cover, geomorphology, and slopes, 

as of June 2021. 

All-important landslide features are included as annotations in Figure 4.1, with attention given to the 

progression of visible slope features since previous LiDAR and UAV surveys were carried out in 2017 

and 2019, respectively. Changes in slope surface geomorphology, vegetation cover and topography 

since 2019 were detailed through a side-by-side comparison using UAV images from a previous study 

in 2019 and outlined within a composite geomorphological map (Figure 4.1). 

3.3 GEOPHYSICAL INVESTIGATION 

To investigate further the subsurface at site 2, and provide higher resolution spatial data, a ground 

penetrating radar (GPR) was used. This was undertaken at the crown of the landslide at site 2, along an 

area at which tension cracking had been observed during the winter in June 2020.  

GPR is a geophysical technique that allows for the generation of high-resolution representations of 

shallow soil and rock structures (Davis & Annan, 1989), and is widely applied engineering geological 

studies investigating near-surface stratigraphy and landslide slip surface identification (Brandes et al., 

2018; Lang et al., 2017). Importantly, GPR provides a fast, non-intrusive and cost-effective way of 

imaging the subsurface (Davis & Annan, 1989).  

The GPR emits electromagnetic energy, which is reflected off structures and surfaces within the 

subsurface. This reflected energy is captured by the GPR to provide a high-resolution impression of 

the underlying structures (Benson, 1995).  

The GPR survey was conducted using 160 MHz Mala GX HDR antennae, which was mounted to a 4-

wheel rugged cart equipped with GPS. Penetration depths achieved by the equipment vary, but are 

suggested by the manufacturer to be between 5 to 15 m.  
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Figure 3.2: Mala 160 MHz GPR and all terrain cart used in this study.  

The GPR’s in-built odometer and GPS record accurate scanline lengths and coordinates. The data 

acquisition parameters are outlined in Table 3.1 and show the equipment settings for each parameter 

which were input to the GPR prior to commencing the survey. 

Table 3.1: Data acquisition settings used in the study. 

 

 

 

 

 

3.4 FIELDWORK & DATA ACQUISITION 

Various field-based data collection and analysis techniques were used to characterise the engineering 

geology of the Plio-Pleistocene sediments at Ōrere Point. Several tests were carried out on in situ and 

displaced materials at sites 1 and 2 to assess their material properties. These tests comprised taking 

handheld shear vane and penetrometer measurements of the Plio-Pleistocene sediments at the sites, 

logging displaced sediments to a depth of approximately 3 m, and the preparation of cliff-face geological 

GPR Parameter Setting 
  

Centre frequency 
Distance interval 

Antenna separation 
Time window 

160 Mhz 
0.049 m 
0.33 m 

175.89 ns 
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logs for in situ Plio-Pleistocene sediments. Further, a ground-penetrating radar (GPR) survey was 

conducted during December 2021 to gather information on the subsurface at the crown of the landslide 

at site 2, an area at which tension cracking had been observed the previous winter.  

A site walkover and subsequent tests in the field were undertaken as important steps in determining the 

overall geomorphology. It was necessary to perform a visual identification of distinctive sedimentary 

horizons at site 1 prior to collecting samples for laboratory analysis, as well as defining the approximate 

extent of the landslides at site 2. 

3.4.1 Sampling 

At site 1, sediments for laboratory testing were obtained from exposures of distinctive lithological units: 

i) the colluvium at the base of the slope; ii) a conglomerate near the base of the stratigraphic sequence; 

iii) a tephra layer thought to represent a Taupo Volcanic Zone eruption and iv) four exposed silt and 

sand conglomerate layers overlying the tephra layer. At site 1, a total of seven samples were trowelled 

from each of these distinct layers for testing, ranging in mass from 5 cm3 to 15 cm3, and 4 additional 

unconsolidated samples were taken from the tephra layer. At site 2, 1 sample was taken from in situ 

material beyond the landslide’s surface of separation, and a further 2 were obtained from displaced 

material mid-way down the landslide.  

For shearbox analysis, block tephra samples were obtained from subject site 1. A total of ten cylindrical 

samples were taken from the tephra. 

3.4.2 Material Description 

Soil mass descriptions were provided in accordance with the soil description guidelines outlined in the 

New Zealand Geotechnical Society's (NZGS) 2005 Guidelines on in-field descriptions of soil and rock 

(NZGS, 2005), and is given in Appendix A. Standardised soil description guidelines were developed 

to reduce inconsistencies in the description of materials encountered within engineering projects and 

to provide a sequential list of appropriate terms on the colour, structure, grain size, strength, and 

moisture content of soils (NZGS, 2005).  
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3.4.3 In Situ Testing 

Testing was conducted in the field to give preliminary indications on the material properties of the 

sediments at both sites 1 and 2. These encompassed shear strength testing using a handheld shear vane 

and pocket penetrometer testing of the sediment at both sites. The locations of all in situ tests are 

provided in Figure 3.3 with respect to the wider Ōrere Point area. 

3.4.3.1 Shear strength and penetration resistance of soils 

Shear vane tests were used to provide information on the in situ undrained shear strengths of cohesive 

sediments and were carried out using a Geotechnics handheld shear vane (Figure 3.4). All handheld 

shear vane testing was done in accordance with guidelines outlined in the NZGS Guidelines for 

handheld shear vane testing (NZGS, 2001).  

 

Figure 3.3: Site plan showing the location of test sites and boreholes drilled at both sites. 
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The peak, or undisturbed, undrained shear strength (Su), is defined as the ultimate stress a sample can 

withstand before failing (Atkinson, 2007). The residual, or remoulded, undrained shear strength (Sr) 

allows for the calculation of the sensitivity of the material through the ratio of Su to Sr. 

At site 1, seven stratigraphically distinct units were selected for shear vane testing, and measurements 

were taken of the tephra, silt and sand conglomerate, basal conglomerate, and colluvium. At site 2, shear 

vane testing was carried out on the slide mass and adjacent Plio-Pleistocene in situ sediment.  

Shear vane apparatus may overestimate the undrained shear strength of a soil by a small margin and are 

appropriate in soils of a shear strength not exceeding 200 kPa (British Standard 1377 (BS1377), 1990). 

 

Figure 3.4: Shear vane dial and penetration blade used to test the shear strength of soils in the study. 

 

A handheld, or pocket, penetrometer offers a basic means through which to calculate the penetration 

resistance, or compressive strength, of cohesive soil (Figure 3.5). The distance a small rod penetrates a 

sample corresponds to a specific compressive strength on a dial; and a thin metal ring retains this for 

reference. The scale unit is provided in kg/cm2, with a common conversion of 1 kg/cm2 = 98.1 kPa 

applied in the field to calculate the soil's compressive strength (Roseke et al., 2017). 

Handheld penetrometer testing was carried out on the seven distinct soil units at the exposure to the east 

of site 1; soils comprising the in-situ soil beneath the rupture surface of the landslide at site 2; and four 
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distinct reworked sediments within the main body of the slide at site 2. Five measurements were taken 

at each unit and averaged.  

 
Figure 3.5: Handheld penetrometer used to test the penetration resistance of sediment at subject sites. 

 

3.4.4 New Zealand Geotechnical Database (NZGD) 

The New Zealand Geotechnical Database (NZGD) provides a system for geotechnical professionals to 

upload peer-reviewed geotechnical data for use within industry. 

The NZGD was utilised to obtain three field logs of soils to a depth of 3m in the proximity of a slip at 

to the west of site 2. Accompanying these logs were peak and residual shear strength measurements for 

the soils, each taken at increments of 0.2 mm. 

3.5 LABORATORY METHODS 

Laboratory testing was conducted on samples collected from both sites 1 and 2 to deduce the index 

properties of soils at Ōrere Point. These included their grain size, shape, size, and mineral content; 

consistency; and undrained shear strength. Plio-Pleistocene sediments from seven distinctive horizons 

at site 1 were sampled for laboratory testing, which included the tephra layer (S1-4). At site 2, landslide 

material and in situ Plio-Pleistocene sediments were chosen for laboratory testing. Laboratory testing 

of such materials was necessary to examine the material properties and failure susceptibilities of the 
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Plio-Pleistocene sediments and to determine the prevalence of sensitive, slide prone material within the 

sequence. Laboratory methods used in this study included Atterberg testing using fall cone apparatus, 

scanning electron microscopy (SEM) analysis, particle size distribution analysis, electron microprobe 

analysis (EMPA) and direct shear analysis. 

3.5.1 3D imaging of Microtexture 

A total of four samples from study sites 1 (S1-4 & S1-6) and 2 (S2-3 & S2-4) were analysed under a 

High-Resolution Olympus DSX1000 (Figure 3.6). 3D Optical Microscope at the University of 

Auckland’s Metallography Laboratory. The DSX1000 takes optical images using a telecentric lens 

below the sample and steps upwards through the Z-axis taking images as it progresses (Olympus, 2022). 

An algorithm enabled a fully 3D image of the focus area. This technique was advantageous as it 

provided true colour images of loose soil samples with minimal sample preparation. The 3D images for 

all samples are included in Appendix D.  

 

Figure 3.6: University of Auckland SX1000 Digital 3D Microscope, as used in the study. 
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Table 3.2: DSX1000 Digital 3D Microscope Specifications (Olympus, 2022). 

  DSX10                                       DSX10-UZH 

Optical System 

Optical system Telecentric optical system 

Zoom ratio 10X (motorized) 

Zoom magnification 
method 

Motorized 

Calibration Automatic 

Lens attachment 
Quick-switch, coded lens attachments 
automatically update magnification and 

visual field information 

Maximum total 
magnification 
(on a 27-inch 
monitor) 

8220X 

Working distance 
(W.D.) 

66.1 mm – 0.35 mm 

Accuracy and 
repeatability (X-Y 
plane) 

Accuracy*1 ± 3% 

Repeatability 
3σn-1 

2% 

Repeatability (Z 
axis)*2 

Repeatabilty σn-1 1 μm 

Camera 

Image sensor 1 / 1.2 inch, 2.35 million pixel color CMOS 

Cooling Peltier cooling 

Frame rate 60 fps (maximum) 

Standard 1200 × 1200 (1: 1) / 1600 × 1200 (4: 3) 

3 CMOS mode Not available 
1200 × 1200 (1: 1) / 
1600 × 1200 (4: 3) 

3 CMOS mode × 
pixel shift 

Not available 
3600 × 3600 (1: 1) / 
4800 × 3600 (4: 3) 

Illumination 

Color light source LED 

Lifetime 60,000 h (design value) 

Observation 

BF (brightfield) Standard 

OBQ (oblique) Standard 

DF (darkfield) 
Standard 

LED ring divided into four divisions 

MIX 
(brightfield+darkfield) 

Standard 
Simultaneous observation of BF + DF 

PO (polarization) Standard 
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Two images of a sample of the tephra (S1-4) were obtained at a magnification of 300× and 1400× to 

examine the micromorphology of the component grains. The silt samples (S1-6, S2-3 & S2-4) were 

imaged at magnifications of 300× and 1000×. To prepare the samples for imaging, each was sample 

was pulverised and evenly spread over a standard 76 mm  by 26 mm microscopy slide. No adhesion 

was required prior to imaging the samples. Brightfield illumination was specifically chosen as an 

imaging technique to produce vivid, true-colour, images of the sample’s consistuent grains’ true colours 

against a light background due to light being reflected directly into the camera. This increases the 

visibility of the samples’ grains.  

3.5.2 Particle Size Distribution 

Particle size analysis is an analytical technique employed to accurately define the distribution of 

particles of a specific grain size, as a percentage of a whole sample. This is known as a soil's particle 

size distribution (PSD) (Craig, 1974; Das, 1985). This analytical technique provides valuable insights 

into a soil's material and geotechnical properties (permeability, porosity, and strength) (Wentz et al., 

2016) through allowing researchers to determine the distribution of particles of a specific size in a 

sample. 

A Malvern Mastersizer 3000 (Figure 3.7) at the University of Auckland's particle analysis laboratory 

was used to determine the PSD of the particles comprising samples obtained from seven distinctive 

sedimentary horizons at site 1. 

 

DIC (differential 
interference) 

Not available Standard 

Contrast up Standard 

Depth of focus up 
function 

Not available Standard 

Transmitted lighting Standard*3 

Focus 

Focusing Motorized 

Stroke 101 mm (motorized) 
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3.5.2.1 Sample Preparation 

Sample preparation and testing using guidelines outlined by McCave & Syvitski (1991) and were 

applied, with NZGS (2005) soil descriptions given for their PSD. A total of nine silt and sand samples 

and a sample of the tephra from site 1 were run through a riffle splitter to break the samples down to 

workable sub-samples of approximately 5 ml, then placed into 50 ml sampling tubes. Twenty millilitres 

of 0.55% sodium hexametaphosphate was added to each sample as a deflocculating agent, and the 

mixture was soaked for approximately eighty-four hours. Preparing the samples using a deflocculating 

agent prevents the particles from adhering, thus being read by the Malvern 3000 as one large particle 

and biasing the results. The samples were then placed in a sonic bath for approximately ten minutes to 

further separate the individual particles through vibration. Following this, they were moved to a vortex 

mixer, which dispersed the sediment particles, after which each sample was quickly pipetted into the 

instrument to collect sediment throughout the sample and avoid excessive settlement. The samples were 

analysed using the Mastersizer 3000, with particle size analysis carried out using Malvern’s proprietary 

software. The particle size distribution of the samples was plotted using a logarithmic curve of the 

percentage of the sample under a specific particle size against the effective particle diameter, which is 

known as the Particle Size Distribution Curve (Atkinson, 2007; Craig, 1974; Das, 1985). 

 

 

Figure 3.7: Malvern Mastersizer particle size analyser, including the dispersion unit into which the 
sample is inserted. 
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3.5.3 Atterberg Tests 

Atterberg Limits are indices of the water contents which define the mechanical states of soil-moisture 

mixtures and are important in defining a cohesive soil's material properties. These limits represent the 

transition between the semi-solid and plastic states (plastic limit) and plastic and liquid states (liquid 

limit) (Terzaghi & Peck, 1948; Craig, 1974; Das, 1985; Atkinson, 2007).  

The Liquid Limit (LL) is the moisture content at which a fine-grained soil no longer flows like a liquid. 

The Plastic Limit (PL) is the moisture content at which a fine-grained soil can no longer be remoulded 

without cracking. These are the most important Atterberg Limits in determining a soil's geotechnical 

properties. The Shrinkage Limit (SL) is the moisture content at which a fine-grained soil no longer 

changes volume upon drying. 

These water contents mark the point at which a soil changes character, so accurately defining these for 

soils is hugely important in our understanding of how certain materials behave.  

3.5.3.1 Liquid Limit (LL)  

A soil's liquid limit (LL) can be measured using one of two methods: using the cup apparatus developed 

by Casagrande (1932) or the fall-cone method, which is almost ubiquitously used in European studies. 

The liquid limit was first defined by Atterberg (1911), who developed a technique which was later 

modified by Casagrande such as to provide a repeatable set of laboratory analyses.  

The fall-cone method was used in in this study to determine a sample's LL and is based on the 

relationship between the sample’s shear strength and penetration resistance, employing a falling cone 

to penetrate a given sample (Hrubesova et al., 2016; Shimobe & Spagnoli, 2019). Prior to testing, the 

sample suitability was determined by identifying whether they showed ‘quick’ or dilatant’ behaviour 

when a shock in the form of a tap was applied. This is a process outlined in detail in the NZGS (2005) 

guidelines and holds that if hydrated samples develop a skin of water following a shock, then they 

should be deemed unsuitable for testing. Conversely, if hydrated samples do not develop a skin of water 

when a shock is applied, then they can be considered suitable for further analysis.  
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3.5.3.2 Sample Preparation and Testing (LL) 

All testing was carried out to guidelines outlined in NZS4402:1986: 2.5. Seven samples in total (four 

from site 1 and three from site 2) were prepared for LL determination.  

The fall cone has a unit weight of 80 g with an apex angle of 30°, which was dropped from a height for 

a duration of five seconds to penetrate each sample. Following each successful test, approximately 20 

g of sample was removed and weighed. These samples were then placed in an oven for at least twelve 

hours at 100°C, before being reweighed again. The difference in weight between the dry and wet 

samples over a wide variety of moisture contents and cone penetrations was used to provide a linear 

log-log relationship for the moisture content (%) for each sample at which it should be penetrated to 20 

mm (Shimobe & Spagnoli, 2020), thus establishing its LL. 

3.5.3.3 Plastic Limit (PL) 

A soil's plastic limit (PL) is the moisture content at which the soil begins to behave in a plastic manner. 

Atkinson (2007) defines the practical laboratory test used to define a soil's plastic limit, which is the 

only practicable and accepted technique to determine this property. In this technique, a wetted soil 

sample is rolled into a cylinder of a diameter of 3 mm until it begins to crack. This defines the moisture 

content of the soil at which is ceases to behave as a plastic material and becomes brittle. 

3.5.3.4 Sample Preparation and Testing (PL) 

To determine its PL, 30 g of each sample was dried on a bench until malleable, then rolled into a 

spherical shape, until cracks began to appear on their surface. Each of the samples were divided into 

separate 5 g portions, through being divided equally and reworked incrementally. The 5 g samples were 

then combined with distilled water and worked until smooth on a glass plate. Each was then rolled to a 

3mm diameter thread, using a 3 mm diameter rod as a reference, and kneaded again until they begin to 

crumble before reaching 3 mm. When the sample began to break apart when rolled to a 3 mm diameter 

cylinder, the sample was dried in an oven at 100°C for at least 12 hours, to determine its moisture 

content. The PL was given as the average moisture content of each sample.  
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Figure 3.8: Humboldt H-5236 digital cone penetrometer at the University of Auckland’s Geomechanics 
Laboratory 

 

 

Figure 3.9: < 425 μm sieved tephra sample following hydration and reworking on a smooth tile. 
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3.5.3.5 Plasticity index (PI)  

The plasticity index (PI) of a sample is calculated as the difference between the LL and PL, as 

represented by Equation 3.1. 

This is a particularly important parameter in predicting how the sample will respond to variations in 

moisture content. The relationship between LL and PL is represented using the plasticity chart, which 

is a commonly used American engineering standard to classify fine-grained soils. 

Equation 3.1: Simple equation describing the plastic index (PI) of a sample.  

 

3.5.4 Direct Shear Testing Using Shear Box 

It was particularly important to define the shear strength of the tephra and soil within the sedimentary 

sequence at Ōrere Point, to calculate its geotechnical properties and ascertain its susceptibility to failure. 

A direct shear box test provided the simplest method through which to measure the short-term shear 

(Head & Epps, 2011) of two distinct samples from the Plio-Pleistocene succession at Ōrere Point (S1-

4 (tephra) & S2-1(silt)).  

A shear box effectively allows the determination of a sample’s angle of friction, by forcing the upper 

portion of the sample to slide along the lower through an increasing horizontal shearing force, during 

which a constant load is applied which is normal to the plane of movement (Head & Epps, 2011).  

3.5.4.1 Sample Preparation and Testing 

Direct shear tests were undertaken on block samples of the tephra obtained in situ to estimate the 

probability of failure along suspected shear planes within the tephra deposits at Ōrere Point.  

At site 1 the tephra samples were obtained from a depth greater than 30 cm below the surface, to 

minimise the effects of weathering on the in situ geomechanical properties of the material.  

A shear box (Figure 3.11) was identified as the most appropriate piece of equipment in this instance due 

to the relative ease in obtaining the approximately 60 mm by 60 mm samples required for insertion into 
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the shear box assembly. Methodological procedures outlined in the BS1377-7:1990 (Soils for civil 

engineering purposes. Shear strength tests (total stress)) were adhered to in setting up the equipment 

and carrying out the tests. Bulk samples of the tephra (S1-4) were carefully carved into blocks of 60 

mm × 60 mm × 32 mm using a band saw (Figure 3.10) and sharpened rule. 

The samples were placed into a metal shear box assembly (Figure 3.11; 3.12), which is a rigid metal 

box consisting of two halves of dimensions 60 mm by 60 mm. The lower half of the box slides relative 

to the upper half when driven by a motor, shearing the sample, which a yoke supporting a load above 

gives the normal force (Head & Epps, 2011). the A base plate, a porous plate, and a perforated plate 

were placed below the specimen, with the grooves of the perforated plate orientated vertically to the 

axis of horizontal movement. Above the sample, a perforated plate, porous plate and loading pad were 

placed. The assembly was placed in the shear box. To conduct a shear test, the samples underwent 

consolidation in three separate tests under continually applied normal force at increments of from 10.4 

kg to 53.6 kg, which represented pressures in the region of 50 kPa to 200 kPa, for the consolidated-

shear parameters to be recorded. The sample was sheared at an appropriate rate of 0.02 mm per minute.   

 
 
Figure 3.10: The University of Auckland's band saw used to prepare tephra samples for direct shear 
testing.  
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Figure 3.11: The University of Auckland's shearbox apparatus used to determine the strength of the 
sampled tephra.  

 

Figure 3.12: Schematic showing a shearbox test procedure in which (A) the soil sample begins to be 
sheared horizontally along a slide surface and (B) undergoes relative displacement (Head & Epps, 
2011).  

 

3.6 SUMMARY  

This chapter has provided an overview of the methods used in the engineering geological investigation 

of the Plio-Pleistocene soft sediments at Ōrere Point, which include engineering geological mapping 

and core logging, a variety of soil in situ soil strength tests, and a ground penetrating radar survey. 

Remote sensing surveys from UAV and LiDAR data were also utilised to investigate geomorphologic 

changes over time. A range of laboratory techniques were used in defining the material properties and 

mechanical behaviour of the soils, most notably the tephra. 
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CHAPTER 4: RESULTS 

4.1 INTRODUCTION 

This chapter presents the results of the analysis discussed in Chapter 3: Methods. This includes field 

testing and observations in June 2021 and January 2022, and field geotechnical and geophysical, and 

laboratory analysis. The analysis comprised photographs taken at ground-level and aerially using a user-

operated UAV, in-situ soil descriptions, observations of visible instability features, field testing of key 

soil properties, and laboratory testing of soil mass composition and geotechnical properties. The results 

of previous LiDAR surveys (using digital elevation models (DEMs) obtained from LINZ), and UAV-

obtained orthoimages are also presented, as are the results of the ground penetrating radar (GPR) survey 

undertaken in January 2022. All results are presented as tables, graphs, and graphically, where 

appropriate, and discussed further with reference to relevant literature in Chapter 5: Discussion.  

4.2 FIELD DATA COLLECTION AND ANALYSIS 

4.2.1 Engineering Geological Mapping 

A site walkover was undertaken in June 2021 to assess the geomorphology and engineering geology of 

the low relief gully to the east of the study area (site 1), the landslides at the centre of the bay (site 2), 

and the grassed reserve between the Ōrere Point settlement and seaward cliff at site 2. The engineering 

geological features of the gully at site 1 and landslides at site 2 are shown in the engineering geological 

maps (Figure 4.1A, 4.1B) and a composite set of historic and contemporary aerial images of site 2 

ranging from 1960 to 2017 are shown in Figure 4.2.  

Site 1 (Figure 4.1A) is characterised by low-relief (< 15 m) cliffs comprising of alluvial conglomerate, 

sand, silt, and tephra. A gully extends ~100 m from the beach into the slopes to the south, the slopes 

becoming steep (~90°) towards the head of the gully. At the mouth of the gully, freshly mounded to 

lightly vegetated colluvium mantles the base of the cliffs to a height of ~4 m. At the top of the cliffs 

there is some evidence of erosion and removal of slope material through the presence of overhanging 

mature tree roots (Figure 4.5G).  
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A clearly defined lightly vegetated head scarp is visible at the centre of site 2 (Figure 4.1B), with visible 

tension cracks identified in the grassy crown of the central landslide. A recreational reserve provides a 

~30 m wide boundary setback between the residential dwellings of Ōrere Point and the cliff slope crest.  

Aerial imagery captured in 2017 (Figure 4.2) suggests the presence of active erosion at the time, with 

the build-up of dislodged mature trees from the slopes at the toe of the site 2 landslide in the 2017 

imagery further confirming this (Figure 4.2). Aerial imagery from 2019 onwards suggests a period of 

quiescence or minimal slope activity, as confirmed by the re-vegetated slopes. The head scarp of the 

central site 2 landslide remains free of perennial plants and grasses, but has remained visibly stable since 

2017, with no morphological changes found. 

At the reserve, a sag pond, or sinkhole, is clearly visible (Figure 4.8 C&D). This feature appears to have 

been in-filled using layers of organic garden waste. A possible overland flow or ephemeral stream drains 

towards the sinkhole from a property to its south. Between the sinkhole and the head scarp, tension 

cracks are present at the landslide’s crown (Figure 4.6). In addition, much of the site 2 landslide toe has 

been removed since 2017, with negligible slope debris apparent at the beach in aerial imagery from 

2019 onwards. Wave-cut beach scarplets and overhanging roots support the hypothesis that marine 

erosion is largely responsible for the removal of such material. 
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Figure 4.1: A) Oblique engineering geological sketch of key geomorphological features at the mouth 
of the gully at site 1; B) engineering geological plan sketch of the landslides and clifftop reserve at site 
2. 
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Figure 4.2: Composite of available historic aerial imagery showing landslides at site 2, with yellow 
dotted lines denoting landslide head scarps as of 2017. The approximate extent of cliff regression can 
be inferred from the images.  
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4.2.2 New Zealand Geotechnical Database (NZGD) core logs  

The subsurface geology at site 2 was inferred from core obtained from a series of six hand-auger 

boreholes (Figure 4.3), drilled to a depth of between 3.3 m bgl and 5 m bgl, as detailed in Appendix B2.  

The core logs provide information on the physical properties of the soils at the location, including their 

shear strength and penetration resistance. The natural soils at the site were described as colluvium, slope 

debris, and alluvial deposits. The in-situ shear strength of the soils was obtained through shear vane 

tests taken at 0.5 m increments down the boreholes, and Scala penetrometer tests were made from the 

base of the boreholes, or where hand-auger refusal was met.  

The soil fraction, colour, strength, moisture content, plasticity, sensitivity, sorting, and penetration 

resistance can vary considerably with depth. The hand-auger boreholes (Figure 4.3) were drilled at the 

crown of a relict landslide (HA1), the left-hand flank of the landslide (HA2-HA5), and through the 

landslide mass at the base of the slope (HA6). In accordance with the NZGS (2005) classification for 

soils, the soil obtained from the boreholes was described as comprising a fraction of clayey silt or silty 

clay, containing trace amounts of sand and gravel (Table 4.1). Traces of humified organic material were 

found, in addition to organic inclusions. The soils were described as predominantly brown to grey, and 

contained traces of orange, red, and pink. The colour of the soils from the surface to the base of the 

holes ranged generally from brown to light grey and orange, with red and pink hues increasing with 

depth. No groundwater was detected in any of the boreholes, and soils were generally found to be moist, 

although trending towards wet at 1.9 m bgl in HA6 (Table 4.1). The site of HA6 (Figure 4.3) was noted 

as being to the immediate west of an observed overland flow path, which could explain the high moisture 

content of the soil in contrast to that of the nearby boreholes. Colluvium and slip debris were estimated 

to a depth of between 1.1 m gbl and 1.2 m bgl in all boreholes except HA1 at the crown of the relict 

landslide. Shear strength measurements of the colluvium and slip debris were generally lower than that 

of the underlying alluvial deposits. Generally, the shear strength of the soils increased with depth. For 

 
2 The core logs were produced on 21 May 2009 by Soil Engineering NZ, a New Zealand-based Geotechnical Consultancy. 

All core logs were produced in adherence with NZGS (2005) guidelines for soil descriptions and subsequently uploaded to 

the New Zealand Geotechnical Database (NZGD) following peer review. 
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example, peak and residual shear strengths in HA4 within the colluvium at 0.5 m gbl were found to be 

27 kPa and 10 kPa, respectively (Table 4.1), whereas peak and residual shear strengths in the same 

borehole at 3 m bgl in the alluvial soils were found to be 183 kPa and 62 kPa, respectively. Scala 

dynamic cone penetrometer (DCP) tests conducted at the base of each borehole revealed the presence 

of competent material at varying depths and are plotted in Figure 4.4.  

 
 
Figure 4.3: New Zealand Geotechnical Database-derived map detailing the location of six hand-auger 
boreholes at the slopes to the west of site 2, drilled on 21 May 2009. 

 

Specifically, at HA6, an DCP blow-count >16/50 mm suggested competent material at 4.95 m bgl. The 

low elevation of HA6 relative to the surrounding slopes means that this could denote the contact between 

the Plio-Pleistocene soils and underlying Waipapa Group Greywacke. 
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Figure 4.4: Scala penetrometer blow count versus depth for six boreholes drilled to the west of site 2 
by Soil Engineering NZ on 21 May 2009 (NZGD, 2009). Blow counts were obtained at 50 mm 
increments.  

 

The core logs were accompanied by a geomorphological map (Appendix C) detailing the location of 

the boreholes relative to key engineering geological features on and adjacent to the landslide. The map 
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accounted for slip debris, tension cracks along the crown of the head scarp, an erosion pool towards the 

base of the landslide, damaged steps at the crest of the slope, and dislodged vegetation in the middle of 

the landslide.  

Table 4.1: Peak (i.e. undisturbed, Su) and remoulded (i.e. disturbed, Sd) vane shear strength values 
for six boreholes drilled to the west of site 2 by Soil Engineering NZ on 21 May 2009 (NZGD, 2009). 
Boreholes were drilled to a maximum of 5 m.  

 

4.2.3 Field sketches, Photographs, Engineering geologic observations and Soil Descriptions 

A range of site visits were undertanen in June 2021 and January 2022 during the Austral winter and 

summer seasons, respectively. At site 1, fresh mounded colluvium along the flanks of the gully suggest 

that some erosion is taking place at the present time to the east of the bay (Figure 4.5F). However, 

grasses and perennial plants have become established on the ~ 2 to 3 m high colluvium deposit along 

the base of the cliff at site 1, suggesting a degree of medium-term stability at the cliffs (Figure 4.5A, B 

& E). Displaced tree roots were found on the slopes of and around the base of the gully. Furthermore, 

overhanging roots of mature native trees were observed both at the top of the cliffs at the beach and 

within the gully. Accumulated marine deposits suggest that the high tide mark is clear of the colluvium 

at the base of the cliffs and gully mouth. 

At site 2, photographs of the landslide head scarp and tension cracks at the crown of the same landslide 

were taken in June 2021 and January 2022. Figure 4.6 shows that the tension cracks observed at the 

crown of the landslide head scarp in June 2021 remained visible in January 2022, but little crack 

propagation had occurred. However, the comparatively wet conditions of June 2021 appear to have 

contributed to the swelling of the near-surface soils, and closing of the tension crack (Figure 4.6).  

Peak/remoulded Vane Shear Strength (kPa) 
Depth (m) HA1 HA2 HA3 HA4 HA5 HA6 
0.5  87/41 157/22 128/13 27/10 23/10 87/41 
1 125/41 126/13 210+ 67/30 27/13 125/41 
1.5 98/48 139/48 175/35 189/48 UTP  98/48 
2 125/44 145/48 151/37 156/44 UTP 125/44 
2.5 149/41 145/61 UTP 156/48 183/37 149/41 
3 UTP  UTP UTP 183/62 189/41 UTP 
3.5 - 210+ 210+ 189/53 218/48 - 
4 - - 210+ 156/48 UTP - 
4.5 - - 210+ 254+ UTP - 
5 - - 191/57 254+ 235/48 - 
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Figure 4.5: Images taken at site 1 showing colluvium at the base of the Plio-Pleistocene succession 
(A, B, E, & F), dislodged mature vegetation within the gully (D), and overhanging loose tree roots within 
the gully (G). 

 
 

 
Figure 4.6: Tension cracking at the crown of the central landslide at study site 2 between the Austral 
winter and summer seasons (June 2021 and January 2022, respectively). No significant change in the 
width of the crack was observed between the winter and summer seasons.  
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Additional tension cracks were found at site 2, with little to no observed crack propagation or growth 

observed between June 2021 and January 2022. Photographs taken at the landslide head scarp at site 2 

in June 2021 (Figure 4.7A) and January 2022 (Figure 4.7B) indicate the presence of prior failure and 

erosion. In both images, the head scarps remain free of vegetation; however, there is no suggestion of 

significant erosion having taken place between June 2021 and January 2022. Organic topsoil and much 

of the subsoil overhangs the head scarp from the crown of the landslide to between 0.5 m and 1.0 m. 

The section of Figure 4.7A & B enclosed in red shows a section of wooden fence that appears to have 

been destroyed during the initial failure. 

 
Figure 4.7: Landslide head scarp at site 2 showing area of active erosion in June 2021 (A) and January 
2022 (B), the Austral winter and summer seasons, respectively. 

At site 2, as can be seen in Figure 4.8, the displaced material downslope of the head scarp has been 

colonised by perennial plants and grasses, chiefly pampas grass. A mantle of loose colluvium has 

accumulated between the head scarp and vegetated displaced material, with the vegetated displacement 

seemingly buttressing the colluvium.   

At the grass clifftop reserve between the houses and the cliff edge, an ~8 × 15 m sag pond or sinkhole 

has formed (Figure 4.8C & D). Much of this has been filled with organic waste from the reserve or 

nearby residential properties. Tension cracks were readily visible in the downslope area of the sinkhole 

during the June 2021 investigation (Figure 4.9E & F).  

Segments of the cliff at risk of active erosion have been temporarily fenced off, with signage alerting 

visitors to the reserve of cliff instability (Figure 4.9A & B), and at the crown of the large landslide, 
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planting has been undertaken since 2017 (Figure 4.9B). On the slopes to the northwest of the reserve, 

a set of wooden steps providing access between the beach and the clifftop reserve have been 

substantially offset in places (Figure 4.9C). This indicates slope displacement since the steps were 

established. At the reserve, drainage measures to mitigate the effects of excess surface water runoff 

were observed, comprising a suspended stormwater drainage pipe from the settlement and drainage 

well (Figure 4.9 E&F). 

 
Figure 4.8: Landslide head scarp at site 2 taken in June 2021 (A); January 2022 (B); sagpond or 
sinkhole during June 2021 taken from the north (C); sagpond or sinkhole during June 2021 taken from 
the east (D); tension cracking between the sagpond and slopes during June 2021 (E & F); tension 
cracking at the crown of the landslide taken in June 2021.  
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Figure 4.9:  Ongoing clifftop erosion to the east of site 2 taken in June 2021 (A); recent planting to at 
the landslide head scarp at site 2 taken in June 2021; (C) offset seen at steps at the base of site 2; (D) 
public hazard signage at the head scarp of a landslide at site 2; (E) horizontal slope draingage pipe at 
site 2; (F) drain at the top of the cliffs at site 2.  
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Table 4.2: NZGS (2005) soil descriptions for soils sampled at site 1 (S1-) and site 2 (S2-). 

Sample NSGS (2005) Description Unit Name 

 
 
 

S1-1 

Silty gravelly fine to coarse SAND 
with minor clay and organics; 
dark brown; loosely packed; 
moist to wet; non-plastic; 
subrounded slightly weathered 
greywacke and mudstone gravel; 
organics, rootlets 

 
 
 

COLLUVIUM 

 
 
 

S1-2 

Very fine to coarse SAND with 
some silt and trace clay; light 
yellow with brown mottles; hard; 
dry; non-plastic 

 
 
 

PLEISTOCENE ALLUVIAL SAND 

 
 
 

S1-3 

Silty very fine to coarse SAND 
with minor clay and gravel; light 
yellow; hard; dry; non-plastic; 
sand, very fine to coarse; 
subrounded to angular 
greywacke, mudstone, and 
sandstone gravel 

 
 
 

PUMICEOUS PLEISTOCENE 
ALLUVIAL SAND 

 

 
 
 

S1-4 

Silty very fine to coarse SAND 
with trace clay; light grey with 
light brown mottles; hard; dry; 
non-plastic; sand, siliceous 

 
 
 

RHYOLITE TEPHRA 

 
 
 

S1-5 

Very fine to coarse sandy SILT 
with some clay; reddish orange; 
very stiff to hard; dry; slightly 
plastic 

 
 
 

PLEISTOCENE ALLUVIAL SILT 

 
 
 

S1-6 

Silty very fine to coarse SAND 
with minor clay; orange; hard; 
dry; slightly plastic  

 
 
 
PLEISTOCENE ALLUVIAL SAND 
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Sample NSGS (2005) Description Unit Name 

 
 
 

S2-1 

Clayey very fine to coarse sandy 
SILT with some coarse gravel; 
reddish orange; hard; dry; 
moderately plastic; subrounded 
slightly weathered greywacke 
and mudstone gravel 

 
 
 

PLEISTOCENE ALLUVIAL SILT 
(BASAL UNIT) 

 
 
 

S2-2 

Very fine to medium sandy SILT 
with some clay and trace gravel 
and organics; light reddish yellow 
with light brown mottles; soft to 
loose; moist; slightly plastic; 
slightly weathered coarse 
greywacke and mudstone gravel 

 
 
 

PLEISTOCENE ALLUVIAL SILT  

 
 
 

S2-3 

Very fine to medium sandy SILT 
with some clay and minor gravel; 
dark reddish yellow; firm to stiff; 
dry; slightly plastic; slightly to 
moderately weathered 
greywacke gravel 

 
 
 

PLEISTOCENE ALLUVIAL SILT  

 
 
 

S2-4 

Silty very fine to medium SAND 
with minor clay and gravel, trace 
organics; dark reddish orange; 
stiff; dry; slightly plastic; highly 
weathered subrounded 
greywacke and mudstone; 
organics, rootlets  

 
 
 

PLEISTOCENE ALLUVIAL SAND  

 

4.2.4 In-situ Shear Strength Measurements  

In-situ shear strength measurements were undertaken in all deposits from sites 1 and 2 that were sampled 

for index property testing in the laboratory, in accordance with NZGS (2001)3.  Inconsistent results were 

anticipated when testing near the surface, due to the hardness of the material tested and relative difficulty 

in penetrating the soil to a suitable testing depth without damaging the blade. In this case, results were 

recorded using the standard NZGS (2005) term Unable To Penetrate (UTP). Four undrained shear vane 

 
3 The equipment used comprised a Geotechnics torque head and 19 mm shear vane blade to penetrate the sediment to a depth 

of ~ three times that of the length of the blade. The shear vane kit should be calibrated annually, or in accordance with IANZ 

requirements, to ensure that increased blade wear, changes in stiffness of the torque head’s spring, and general wear and tear 

do not bias results (NZGS, 2017).  
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tests were undertaken at the surface of each sampling location, with both the peak (i.e. undisturbed, Su) 

and disturbed (i.e. remoulded, Sd) recorded in kPa, following which a mean Su and Sd was determined 

for each soil, and recorded in Tables 4.3 & 4.4, along with the sensitivity index (SI) for each soil4.  

At site 1, the Su of the colluvium at the base of the cliff (S1-1) was measured as stiff (65 kPa), with an 

SI of 4.64, and therefore categorised as ‘sensitive’. The colluvium was found to be loose, and could be 

easily indented by thumb pressure. The sand conglomerate (S1-2) was measured as hard (UTP), with 

the shear vane blade unable to penetrate the matrix surface. The sand (S1-3) was found to be hard (205 

kPa), unable to be indented by thumb pressure, and it displayed an SI of 6.61, therefore being 

categorised as ‘sensitive’. The tephra layer (S1-4) was unable either to be indented by thumb pressure, 

or penetrated by the shear vane blade, and therefore was categorised as UTP. The sandy silt (S1-5) was 

found to be easily indented by thumb pressure, was firm (29 kPa), loose at the surface, and displayed 

an SI of 3.63, being categorised as ‘sensitive’. The silty sand (S1-6) was found to be able to be slightly 

indented with the thumb, stiff (64 kPa), slightly loose at the surface, and it displayed an SI of 5.82, being 

categorised as ‘sensitive’. 

At site 2, three key soils were tested for in-situ undrained shear strength. These consisted of a clayey 

silt, thought to represent a failure plane (S2-1), a sandy silt at the mid-slope (S2-2), and a silty sand (S2-

3), which is thought to represent reworked landslide material. The results of these tests are displayed in 

Tables 4.3 and 4.4. The clayey silt (S2-1) was found to be difficult to indent by thumb pressure, stiff 

(73 kPa), and displayed an SI of 6.08, being categorised as ‘sensitive’. The sandy silt (S2-2) was found 

to be easy to indent by thumb pressure, soft (13 kPa), and it displayed an SI of 6.50, thus being 

categorised as sensitive. The slide mass comprising silty sand (S2-3) was found to be difficult to indent 

by thumb pressure, and difficult to penetrate with the shear vane blade (UTP).  

It was not possible to calculate the shear strength and SI of a total of three soils (S1-2, S1-4, S2-3), 

either due to their being clast-supported, or too difficult to penetrate without damaging the shear vane 

 
4 The SI of a soil is the ratio of Su to Sd and represents the amount of strength lost when a soil is remoulded (NZGS, 2001).   
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blade. Being exposed to the effects of evapotranspiration at the surface, much of the material tested in-

situ was found to be loose, and may have yielded erroneously high SI values when tested. Dry, loose 

soils tend to yield higher SI values than buried, moist soils. As expected, the tephra layer (S1-4) could 

not be penetrated without damaging the shear vane blade, but would be expected to be sensitive. Overall, 

the accuracy of in-situ shear vane testing at the surface may be considered to be low due to the 

prevalence of loose, dry material in the upper 600 mm.  

Table 4.3: Study site 1 (east of gully) undrained shear strength (initial and residual) of seven distinctive 
Plio-Pleistocene soils. 

Layer Su (kPa) Sd (kPa) SI 

(Su/Sd) 

NZGS (2005) 

consistency term 

S1-1 65 14 4.64 Stiff 

S1-2 UTP UTP N/A Hard 

S1-3 205 31 6.61 Very stiff 

S1-4 UTP UTP N/A Hard 

S1-5 29 8 3.63 Firm 

S1-6 64 11 5.82 Stiff 

SI = Su/ Sd 

Table 4.4: Study site 2 (centre of bay) undrained shear strength (initial and residual) of three distinctive 
Plio-Pleistocene soils.  

Layer Su (kPa) Sd (kPa) SI 

(Su/Sd) 

NZGS (2005) 

consistency term 

S1-1 73 12 6.1 Stiff 

S1-2 13 2 6.5 Soft 

S1-3 UTP UTP NA Hard 

SI = Su/ Sd 

4.3 LABORATORY ANALYSIS 

4.3.1 Soil Index Properties 

Index properties are used as the primary engineering geological properties of a soil and include its 

porosity, permeability, bearing capacity, compressibility, and undrained and drained shear strength 
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(Knappett & Craig, 2020). Therefore, such properties are considered useful in determining soil 

susceptibility to oversaturation, shrink-swell, and failure. These results are summarised in Table 4.5.   

Indeed, Table 4.5 details each soil’s plastic limit (PL), liquid limit (LL); clay, silt, and sand percentage 

(% Clay / Silt / Sand); plasticity index (PI); moisture content (MC); activity index; liquidity index; 

consistency index (CI); uniformity coefficient (Cu); coefficient of curvature (Cc); and D10, D30, and D60 

values. The soil samples are separated according to sampling location and stratigraphic position. 

Atterberg tests were carried out on several fine-grained soils obtained from the study area. Atterberg 

Limits describe the engineering properties of a fine-grained soil at various moisture contents and are 

therefore a key determining factor in soil behaviour as it transitions from a plastic to fluid state.  

Table 4.5: Overview of index properties of soil samples from test sites (TS) 1 and 2 to the east and 
centre of the bay at Ōrere Point. Full descriptions for each of the index properties are provided in text.  

Sample LL PL % 

Clay 

% Silt % Sand MC % PI Activity 

Index 

D10 D30 D60 Cu Cc 

S1-1 NA NP 4.15 43.29 63.17 16.57 NA NA 8.12 37.3 225 27.7 0.84 

S1-2 NA NP 2.06 19.55 78.39 5.57 NA NA 21.1 96.6 221 10.47 2.0 

S1-3 55.9 25.5 11.42 43.23 45.35 9.71 33.4 2.92 3.49 13.8 84.7 24.27 0.64 

S1-4 NA NP 3.27 36.68 60.05 1.60 NA NA 9.6 35.7 236 24.58 0.56 

S1-5 46.7 25.9 16.56 44.64 38.80 11.64 20.8 1.26 2.54 8.06 57.3 22.56 0.45 

S1-6 41.5 24.3 11.99 36.50 51.51 7.25 17.13 1.42 3.2 18.7 102 31.86 1.07 

S2-1 47.0 30.9 25.09 50.81 24.11 6.45 16.1 0.64 1.51 4.91 22.8 15.10 0.70 

S2-2 44.1 25.3 10.54 29.69 59.76 10.73 18.8 1.78 3.68 26.6 173 47.01 1.11 

S2-3 39.0 22.0 11.78 52.21 36.02 7.25 17.0 1.44 3.37 12.5 52.7 15.64 0.88 

S2-4 55.3 34.0 13.24 56.28 30.46 4.89 21.3 1.61 3.02 11.4 45.2 14.97 0.95 

The uniformity coefficient (Cu), coefficient of curvature (Cc), and effective size (i.e., D10, D30, and D60) 

are the properties which describe soil particle grading and assist in classifying a soil as poorly or well 

graded.  

4.3.2 Atterberg Limits 

The Atterberg Limits (Table 4.5) of seven soil samples from site 1 and four soil samples from site 2 

demonstrate that the soils obtained at the surface at both sites are at a non-plastic state in-situ. This is 
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because the plastic limit obtained from the samples was found to be higher than the natural moisture 

content of all samples. The Atterberg Limits could not be obtained for several samples (S1-1, S1-2, and 

S1-4) because of the near-absence of fine silts and clays within the samples and displayed ‘quick’ 

behaviour if struck. This included the tephra layer (S1-4), in which a higher sand fraction was detected, 

alongside a low percentage of clay (3.27%). Soils found to be containing a higher fraction of fines (S1-

3, S1-5, S1-6, S2-1, S2-1, S2-3, S2-4) are likely to display unique engineering properties that include 

susceptibility to seasonal shrink-swell, moderate cohesiveness, and moderate consolidation settlement 

under applied loads. 

4.3.3 Plasticity Index 

Soil plasticity describes the ability of a soil to undergo manipulation or deformation without cracking 

(Dhir et al., 2017). Fine-grained soils, those with a high percentage of clay fines, are particularly 

susceptible to displaying plastic behaviour as water is absorbed. The higher the plasticity of the soil, the 

more likely that the soil will remain in a plastic state over a wider range of moisture contents, than if it 

were a low plasticity soil containing a lower percentage of fines. Hence, Atterberg Limit testing is used 

to deduce the moisture content at which a soil cannot be remoulded without cracking.  

The Plasticity Index (PI) of the samples obtained from site 1 ranged from 16.1% (S2-1) to 33.4% (S1-

3) The modified Plasticity Chart, based on the original proposed by Casagrande (Atkinson, 2007) 

provides a classification of a soil based on its PI and LL. Atkinson (2007) describes the likely clay and 

silt composition of soils using PI and LL data plotted on the Plasticity Chart (Figure 4.10). 

The Plasticity Chart suggests that samples tested vary considerably, consisting of high plasticity or ‘fat’ 

clay (S1-3), low plastic or ‘lean’ clay (S1-5, S1-6 S2-2, S2-3), low plastic silt (S2-1) and high plastic 

silt (S2-4) (Das, 1985). Thus, samples S1-5, S1-6 and S2-2 plot above the ‘A’ line but display LL of 

<50% (Figure 4.10). No clear relationship appears to exist between soil clay mineral content and 

plasticity. A combination of little clay alteration and consequent lack of sensitive clay minerals in the 

soils may be responsible for the low plasticity found in soils sampled from site 1.   
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Figure 4.10: Plasticity chart for all soils tested. Samples plotted beneath the ‘A’ line are silty soils. 
Points plotting above the ‘A’ line are clay soils (e.g., Atkinson, 2007). 

 

4.3.4 Activity Plot 

A clayey soil’s plasticity is defined by a combination of the clay fraction present, and the type of clay 

minerals comprising the soil (Bell, 2006), with active clays having both a high water-holding and cation 

exchange capacity (Skempton, 1953). Such soils are also highly thixotropic, meaning they have a low 

permeability and resistance to shear (Skempton, 1953). 

The samples taken from both sites 1 and 2 display an activity of between 0.64 and 2.92, which suggest 

that the soils comprising the slopes at Ōrere Point contain a wide range of fractions of sensitive clay 

minerals, ranging from inactive to active (Bell, 2006). The activities are plotted on the Activity Plot 

(Bell, 2006; Figure 4.11). S1-3, S1-5, S1-6, S2-2, S2-3 and S2-4 when plotted showed an Activity of 

between 1.25 and 2.92, with their constituent clay minerals displaying a relatively high swelling 

potential. Thus, their ability to absorb water is moderate to high (Bell, 2006). This is typical of smectite 

group clay minerals such as montmorillonite (Skempton, 1953). High activity clay soils are thixotropic, 

meaning they are of a low permeability, and resistance to shear. Such high activity clays are likely to 

contain high levels of groundwater, leading to over-pressurisation at depth, and, due to their low 

permeability, may constitute shear zones in slope sediments (Kluger et al., 2019). S2-1 was found to be 

S1-3  

S1-5 

S1-6 

S2-1 

S2-2 

S2-3 

S2-4 
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inactive, with an activity of 0.64 characteristic of illite and kaolinite clays. These usually have non-

expansive lattices and a low water holding and ion exchange capacity. This was despite the sample 

possessing a high percentage of clay fines at 25.09% of the total sample. Halloysite is a kaolin group 

mineral which is structurally and chemically very similar to that of kaolinite, but with a monolayer of 

water separating the constituent unit layers. It has been classified by Dixon (2018) as a low-activity 

clay, as it has substantial phosphate retention capacity. However, its cation exchange capacity has been 

measured as high as 20-60 cmolc kg-1. Recent work indicates that halloysite clays straddle the boundary 

between high- and low-activity clays (Delvaux et al., 1990; Takahashi et al., 2001; Kluger et al., 2016).  

 
Figure 4.11: Activity Plot (derived from Bell, 2006) displaying the clay content of a soil along the x-axis 
and its PI along the y-axis.  
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4.3.5 Particle Size Distribution  

Particle Size Distribution (PSD) results obtained from samples can provide information on the origin of 

the Plio-Pleistocene sediments, in addition to the grading of particles within distinctive sediments. Soil 

PSD often part-controls the permeability of a soil layer. The particle size analysis results for all soils 

sampled are presented on the PSD graph below (Figure 4.13). In the PSD graph, each sample is given 

a different colour and label to distinguish between the separate samples. Each sample was tested a total 

of four times using the Malvern Mastersizer 3000, with the PSD values for each sample represented as 

the average5. Gravels removed from the samples ranged from ~1% to 10% of the total bulk sample. The 

bulk samples were found to contain clastic material comprising predominantly weathered argillaceous 

sandstone (greywacke), tephra gravels and cobbles (NZGS, 2005), all of which were separated by hand 

prior to Malvern testing (Figure 4.12). 

 
Figure 4.12: (A) Sub-angular tephra clasts, and (B) sub-rounded greywacke clasts separated from 
bulk sample S1-3 prior to PSD analysis. 

 

There is a broad distribution displayed across the plots for samples obtained from site 1, with S1-1, S1-

2, S1-4, and S1-6 containing 63%, 78%, 60%, and 52% coarse grains (sands), respectively. Conversely, 

S1-3 and S1-5 contain 54% and 61% fines (silts and clays), respectively. Notably, the tephra layer at 

 
5 The complete dataset used to produce the PSD graphs is provided in Appendix E. 15, with the y-axis values representing 

the percent of a given sample finer than the specific grain size tested.  
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site 1 (S1-4) shows a relative absence of clay and silt, with its primary component being a medium-

grained sand. Site 1 soils S1-3, S1-5, and S1-6 all show a relative abundance of clay, with clay 

comprising 11%, 17%, and 12% of the total sample, respectively. All samples collected from site 2 

contained a higher percentage of fines, totalling over 60% of the sample total for each soil, excepting 

S2-4, for which 60% of the sample returned as coarse-grained. S2-4 contained a clay fraction of 25% 

of the total sample.  

It is worth noting that testing errors may have been introduced because the Malvern Mastersizer 

measures the PSD of each sample as a proportion of the total sample volume, as opposed to the quantity 

of grains of a specific size in each sample (Das, 1985; Nadeau, 1985). Therefore, coarser particles may 

have been disproportionately represented during testing. All particle size bands were derived from the 

Udden Wentworth Scale and adapted to international standards (ISO 14688-1:2017). The PSD curve in 

Figure 4.13 shows a relatively clear difference in PSD between samples taken from sites 1 and 2, with 

those from the latter site containing a larger proportion of fines, than the former. Layers S1-3 and S1-5 

consist of predominantly fine-grained material, with all other layers including the tephra (S1-4) being 

predominantly coarse. The lowest layer sampled at site 2 (S2-1) displays a PSD curve characteristic of 

a cohesive soil, and a substantial clay fraction (clay: 25.09%, silt: 50.81%, and sand: 24.11%). The 

sandy conglomerate from site 1 (S1-2), however, displays a PSD curve characteristic of a cohesionless 

soil, and a substantial sand fraction (78%). Soils sampled from site 2 contain relatively high silt fractions 

compared to those from site 1 (S2-2 clay: 11.78%, silt: 52.21%, and sand: 20.6%; S2-3 clay: 13.24%, 

silt: 56.28%, and sand: 12.59%). 

In addition, PSD curves show that many North Island volcanic deposits such as the Pahoia Tephra 

sequence sampled from landslide-prone sediments at Bramley Drive Omokoroa, Bay of Plenty, 

comprise dominant clay fractions (clay: 62.6%, silt: 37.3%, and sand: 0.1%; Mills, 2016). This contrasts 

with the coarse-grained S1-4 tephra of the Ōrere Plio-Pleistocene sequence (clay: 3.27%, silt: 36.68%, 

and sand: 60.05%). The mineralogy of soils at Omokoroa comprises various morphologies of hydrated 

halloysite (Kluger et al., 2019), a clay mineral described as highly sensitive. 
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Figure 4.13: PSD curves for all samples, showing ‘percentage passing’ for all soils tested.  

 

4.3.6 3D Imaging of Microtexture 

Sensitive clay soils derived from weathered rhyolitic pyroclastic material have been found to be 

associated with failures in the Bay of Plenty Region in North Island, New Zealand (Moon et al., 2017; 

Kluger et al., 2016; 2019). Within such pyroclastic sediments, pore pressure gradients that arose during 

shearing contribute to the collapse of clay microstructures into shear zones; with excess pore pressure 

further contributing to progressive failure (Kluger et al., 2019). A low-activity clay mineral, Halloysite, 

is associated with highly sensitive layers within these rhyolitic tephra sequences, such as the Pahoia 

Tephra at Omokoroa Peninsula, Bay of Plenty. Halloysite prevents strong short-range interaction 

between exposed surfaces of clay, causing disassociation of clay during failure, and is a product of the 

weathering of volcanic glass in tephra sequences where silicon (Si) is found in abundance within pore 

spaces. In Si-rich rhyolitic sequences that have undergone alteration, such as those derived from the 

Taupo Volcanic Zone eruptions, and particularly under conditions where drainage is impeded, halloysite 

is a commonly found clay mineral. In halloysite-rich soils, the interaction between the clay minerals is 

Gravel F M C Clay F M C 

Silt Sand 
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highly dependent on the morphology of the minerals. The component grains in the samples were found 

to be angular to subangular and ranged in size from fine sand to clay (0.2 mm to 0.004 mm; Wentworth, 

1922).  

In the tephra sample (S1-4; Figure 4.14), angular volcanic glass comprised the primary component of 

the sample, with sand, silt and clay particles ranging in size from ∼200 μm to <1 μm. The volcanic glass 

was transparent to opaque, colourless to pale brown, and minimally vesicular. Some birefringence was 

evident towards the edges of the grains. The three remaining samples examined using 3D microscopy 

comprised silt and sand, with variable amounts of clay (samples S1-6, S2-3 and S2-4), and were imaged 

at magnifications of 300× and 1000×. In the sample S1-6, silty sand was found to consist of subrounded 

to angular grains of a variable size from fine fine sand to clay (0.06 mm to 0.003 mm). The predominant 

mineralogy of the grains was found to be quartz, with an opaque, colourless to pale orange appearance. 

S2-3, sandy silt, was found to consist of subrounded to angular grains of a variable size from very fine 

sand to clay (0.07 mm to 0.003 mm). In S2-3, the agglomeration of silt grains had resulted in the 

formation of sand-sized particles exceeding 0.2 mm. The predominant mineralogy of the grains was 

found to be quartz and an opaque, colourless, white and pale orange.  

S2-4, silty sand, was found to consist of subrounded to subangular grains of a variable size from fine 

sand to medium silt (0.3 mm to 0.01 mm). In S2-3, the agglomeration of silt grains has resulted in the 

formation of fine-grained sand-sized particles exceeding 0.3 mm. The predominant mineralogy of the 

grains was found to be quartz and an opaque, colourless, white and dark orange. 
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Figure 4.14: Sample of tephra (S1-4) imaged at a magification of A) 300× and B) 1400× under a High 
Resolution Olympus DSX1000 3D Optical Microscope. 
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4.3.7 Direct Shear Analysis  

The results of the shear box tests on the tephra (S1-4) are presented in Figure 4.15. The required strength 

parameters have been calculated using the inferred relationship between the normal stress applied on 

the sample and shear stress and are calculated using the following equation devised by Terzaghi (1948):  

𝜏 = c + σtan ϕ 
 
 

 
Figure 4.15: Direct shear test results for tephra sample (S1-4), showing peak strength parameters.  

 
 

The peak cohesion (c') of the undisturbed tephra was calculated to be 44.2 kPa, as calculated using the 

y-intercept of the linear line of best fit of the three tests. Similar c' values have been found for halloysite-

rich soils in Auckland and the Bay of Plenty, NZ of between 23 and 48 kPa (Arthur, 2010). The peak 

friction angle (ϕ) of the undisturbed tephra was found to be high, at 50.8°. The strength parameters for 

the tephra are found to be relatively closely matched with those provided for a weathered pyroclastic 

halloysite-rich soil sampled from the Bay of Plenty, NZ (Keam, 2008).  
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4.4 GEOPHYSICAL INVESTIGATION 

4.4.1 Ground Penetrating Radar (GPR)  

The GPR reflection survey data was processed computationally, with a 2D radargram section provided 

as an output for subsurface interpretation. The upper 2 to 3 m of the subsurface profile was anticipated 

to be wet, clayey, and so comparatively conductive, potentially attenuating the GPR waves before 

reflection back to the receiving antennae. Therefore, the radargram for the upper section of the profile 

was relatively difficult to interpret due to the highly conductive nature of the near-surface cohesive 

soils. In response to the known attenuative effects of conductive soils on GPR waves, the fieldwork was 

carried out during the Austral summer month of January. The aim was to minimise the risk of 

encountering wet or saturated subsurface conditions, which could adversely affect the resolution of the 

2D radargram output.  

The output consisted of an 810 m long 160 MHz GPR radargram along the clifftop, with three selected 

locations reported to reveal a series of key subsurface features (Figure 4.16). As per Jol (2009), a 

nominal average radar wave velocity of 0.1 m/ns was assumed, adhering to representative values for 

dry soil. However, this was assumed to vary across the transect with changes in soil water content, grain 

size, and composition. Considering this radar wave velocity of 0.1 m/n, subsurface radar reflections 

could be reliably identified across the transect to a maximum depth of ~6 m. Climatic conditions in the 

months leading up to the geotechnical investigation appeared to have somewhat lessened the effects of 

GPR signal attenuation in the subsurface due to drying in the subsurface.  

Towards the western end of the transect between 180 m and 190 m chainage, a series of strong inclined 

radar reflectors were observed to a maximum depth of ~ 3 m, some of which were distinctively 

discontinuous (Figure 4.16). This concurs with the visible tension cracking observed during a previous 

site walkover and geomorphic mapping exercise in June 2021.  Indeed, at the time of the geophysical 

investigation in January 2022, defined tension cracks were visible at the crown of the existing landslide.  
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Towards the centre of the transect at chainage 380 m to 384 m (Figure 4.16B), a series of strong, high-

amplitude, discontinuous reflectors could be seen, propagating from a depth of ~0.2 m below ground 

level to a depth of 2 m. Below ~2 m, the strength of the GPR waves abruptly diminishes, potentially 

representing a transition to moist or wet subsurface conditions, which would attenuate the GPR signal 

(Jol, 2009). Below a depth of ~4 m, GPR wave strength increases significantly, with notable downward 

dipping reflectors (Figure 4.16B). This corresponds to surface observations during geomorphic mapping 

in June 2021, and geophysical investigation in January 2022 which showed a large sinkhole situated 

~10 m to the south of the cliff. This had been partially filled with organic landfill. High GPR signal 

attenuation here suggests that elevated soil moisture conditions beneath the sinkhole may have arisen 

in response to runoff being directed towards it. 

In Figure 4.16C, a series of high strength high amplitude, inclined reflectors can be observed to the 

extreme east of the transect, propagating from a depth of ~0.2 m bgl to 2 m. These are discontinuous, 

not unlike the reflectors observed at the west end of the transect (Figure 4.16A). These discontinuous 

and offset sub-horizontal reflectors provide further evidence of tension cracking observed parallel to 

the edge of the cliff at the east of the transect. The high amplitude reflector at ~5 m depth could represent 

tephra layer S1-4, because of the relatively attenuated GPR signal below this layer.  

 
Figure 4.16: Composite showing three key ground penetrating radar (GPR) radargram images of the 
site to the west, east and centre of an 815 m transect. An aerial image shows the direction of data 
acquisition along the edge of the cliff. Mala 160 MHz GX antenna used in data acquisition.  
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4.5 AERIAL IMAGERY & MODELLING 

4.5.1 Structure-From-Motion (SfM) 

Data from three separate UAV-acquired photogrammetric surveys undertaken at site 2 only in July 

2018, November 2020 and June 2021 were processed in Pix4Dmapper software using specialised 

Structure from Motion-Multiview Stereo (SfM-MVS) algorithms. Data captured during these surveys 

were processed in Pix4Dmapper, using the default workflow Initial Processing > Point Cloud and Mesh 

Generation > DSM, Orthomosaic and Index Generation, with each survey taking between two to twelve 

hours to process. The UAV camera orientation and position were deduced automatically through the 

Pix4Dmapper alignment process. An orthomosaic output for each survey was provided, providing high-

resolution plan images for the landslides and reserves at study site 2 from 2018, 2020, and 2021 (Figure 

4.17).  

It is clear from the orthoimages obtained from UAV surveys in November 2020 and June 2021 that the 

morphology of the prominent rounded concave head scarp at site 2 has remained relatively unchanged. 

Indeed, the width of ~12 m and a setback of ~3 m from the temporary fence remains consistent. The 

vertical extent of the failure is ~43 m. The slopes immediately below the scarp have become increasingly 

vegetated between July 2018 (Figure 4.17A) and June 2021 (Figure 4.17C), with exposed soil restricted 

to the slopes immediately surrounding the head scarp as of 2021 (Figure 4.17C). Indeed, vegetation 

growth across the displacement had continued rapidly between July 2018 (Figure 4.17A) and June 2021 

(Figure 4.17C), obscuring much of the landslide geomorphology in the images.  

A small amount of colluvium has continued to accumulate along the foot of the main scarp (Figure 

4.17C). There has been little change in the morphology of the main scarp, as shown by the stable level 

of exposure of tree roots protruding into the main scarp from the landslide crown. Displaced vegetation 

and slope debris have been evident at the toe of the landslide since the July 2018 (Figure 4.17A) survey. 

However, much of this debris has either been removed during king tides and storm events or buried 

under cobbles along the beach. A rotational slump below the main scarp can be seen distinctly in the 

July 2018 (Figure 4.17A) orthoimage but has become increasingly obscured in the November 2020 and 
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June 2021 images (Figure 4.17A&B). The slope across the displacement is hummocky, with some 

benched features evident beneath the main scarp. The toe of the slope failure has, since July 2018, seen 

little to no regression or advance; and instead has become increasingly buttressed or buried by rounded 

greywacke cobbles deposited at the beach. Much of the displaced vegetation from the slope seen at the 

beach as of January 2022 has been gradually removed through wave action.  

 
Figure 4.17: Orthoimages of the most significant landslide at study site 2 during  
July 2018 (A), November 2020 (B) and June 2021 (C). Distinctive head scarp and rotational features 
can be seen downslope, with ongoing vegetation at the displacement obscuring many of the landslide’s 
features in the June 2021 image (C).  
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4.5.2 Digital Elevation Model Analysis 

For site 2 only, shaded relief Digital Surface Models (DSMs) (Figure 4.18) were obtained from high 

resolution (2.9 cm/pixel) point cloud data gathered in UAV surveys undertaken in July 2018, November 

2020 and June 2021. These DSM were generated within the Pix4D photogrammetry software, alongside 

the accompanying orthoimages (Figure 4.18). There had been extensive vegetation growth at the 

displacement between 2018 and 2021 (Figure 4.18A,B&C), and it was determined that attempting to 

assess displacement using Digital Terrain Models (DTMs) would provide misleading results. Therefore, 

a visual analysis of the extent of displacement between July 2018 and June 2021 was performed, only. 

The DSMs suggested that there was little evidence of ongoing deformation and displacement at the 

slopes at site 2, with most of the distinctive landslide features mid-slope instead becoming obscured by 

increased vegetation growth (Figure 4.18). In the July 2018 DSM, there are several minor scarps 

features visible along the main body of the landslide, with those becoming increasingly obscured in the 

November 2020 and June 2021 DSMs (Figure 4.18B&C).  

An increase in elevation along the beach at the toe of the landslide between July 2018 and June 2021 

supports the build-up of marine deposited rounded cobbles at the beach, suggesting a possible 

buttressing of the toe (Figure 4.20B&C).  

The morphology of the main scarp (Figure 4.20) has remained relatively unchanged from July 2018 to 

June 2021, aside from some visible increase in vegetation. The field investigation undertaken in June 

2021 suggests that the head scarp is undergoing minimal active erosion, as seen by the presence of fresh 

mounded colluvium between the head and the scarp. Potential rupture surfaces (Figure 4.19) are 

generally obscured by vegetation and surface soils making identification difficult. 
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Figure 4.18: Site 2: digital Elevation Models (DEMs) generated using UAV data obtained during 
surveys in June 2021 (A), November (B) and July 2018 (C) show an increase in vegetation from July 
2018 onwards. Only minor evidence of ongoing slope activity/erosion.  
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However, UAV-captured imagery from March 2022 has allowed for the tentative identification of 

candidate rupture surfaces (Figure 4.19). These outcrop in the form of a light yellowish white band of 

silt or tephra that appear similar in width and composition to S1-4. A main rupture surface for the 

landslide at site 2 has been tentatively proposed in Figure 4.19E, based on the morphology of the slope 

profile. 

 

Figure 4.19: Site 2: UAV image obtained in March 2022 showing key geomorphologic features at the 
displacement, in addition to several tentatively proposed rupture surfaces, as shown in yellow.  
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Figure 4.20: Site 2: (A) June 2018 UAV orthoimage of area between beach and reserve; (B) November 
2020 UAV orthoimage of area between beach and reserve; (C) June 2021 UAV orthoimage, showing 
failures between the beach and reserve; (D) 2016-17 hillshade image (LiDAR DEM and contours) with 
location of cross-section; (E) cross-section of landslide showing extent of displacement, cliff toe, and 
inferred rupture surface. 

 

4.6 SUMMARY 

At both sites 1 and 2, satellite and UAV aerial images and field photos were analysed and annotated to 

illustrate the key geomorphological features. At site 1, it was noted that colluvial material continued to 
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accumulate at the base of the cliffs at the gully mouth between 2017 and 2021, as evidenced by the 

presence of mounded loose sand and silt. Aeroplane aerial imagery from 2017, and UAV orthoimages 

from 2019, 2020 and 2021 were analysed to define geological engineering features. These were 

complemented by a field investigation was undertaken in June 2021 to confirm these features and to 

identify noticeable geomorphological changes since 2017. There is clear evidence of some slope 

quiescence since 2017 at site 2 through widespread perennial growth across the displaced material, no 

accumulation of soil at the landslide toe, and gradual removal of displaced mature vegetation along the 

beach. However, tension cracks at the crown of landslide head scarps, soil swelling and shrinkage 

features, exposed head scarps, backward rotation of tree trunks, and displaced boulders at the beach 

suggest that displacement has in fact occurred. Nonetheless, no major new landslide features have 

originated at site 2 since 2017. The physical properties of six soils from site 1 and four soils from site 2 

were described. For each of these samples, their in-situ strength properties were described by obtaining 

shear strength and penetration resistance measurements using a shear vane and pocket penetrometer. 

This allowed for the calculation of in-situ index (Rd), and sensitivity index (SI) values. Direct shear box 

tests were conducted to determine the in-situ peak and residual shear strength of a clay-rich soil sampled 

from the beach at site 2 (S2-1), and the tephra at site 1 (S1-4). Lastly, 3D microscopic images were 

produced of the same soils (S2-1 & S1-4) to analyse the micromorphological properties of the clay 

minerals of which these samples were comprised. 
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CHAPTER 5: DISCUSSION 

5.1 INTRODUCTION 

In this chapter, the combined results of the entire study comprising the field investigation, laboratory 

analysis, and geophysical investigation will be discussed, with special attention to contemporary 

literature on the engin`eering geological characteristics of coastal landslides elsewhere in New Zealand 

and overseas. It will seek to draw parallels between suspected failure mechanisms in the Plio-

Pleistocene sediments of Ōrere Point and those confirmed in well-researched soft-sediment coastal 

landslides overseas. The suspected failure mechanisms for landslides at Ōrere Point will first be 

discussed, using pre-existing landslide classification systems. The physical properties of the soils 

sampled will be discussed with respect to contemporary literature, with particular emphasis on the 

sensitivity, plasticity, activity, and pre-and post-failure strength of the soils. The failure mechanisms of 

the soft sediments at Ōrere Point will then be discussed, including the influence climate change, extreme 

rainfall, land-use change, coastal erosion, land development, and soil pore water pressure may have on 

local slope stability. All mechanisms proposed will be examined by comparison to the existing literature 

on coastal landslides in soft sediments, ranging from the contributing factors of pre-failure loss of shear 

strength to the causes of the re-activation of quiescent post-failure landslides in reworked soils. Finally, 

a range of possible monitoring and mitigation measures bespoke to the Ōrere Point locale will be 

described using examples from overseas. These include monitoring, landslide toe stabilisation, slope 

engineering, drainage, and land development management.  

 

5.2 LANDSLIDE CLASSIFICATION  

Varnes (1978) provided the first widely adopted landslide classification, which was modified by Hungr 

et al. (2014) to reflect contemporary geological and geotechnical descriptions of soil and rock, and 

advances in landslide studies. Thirty-two landslide types were defined fully under the modified system. 

In accordance with the Hungr et al. (2014) classification, the landslides at site 2 were predominantly 

silt/clay rotational slides (“soil slumps”) comprising relatively cohesive soil along a well-defined 
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rupture surface, or series of rupture surfaces. The main scarp of the landslides is clearly defined, with a 

back-tilted bench below. The landslides at the site 2 area are suspected to transition downhill to an earth 

flow towards the landslide toe.  

 
Figure 5.1: Modified landslide classification system, proposed by Hungr et al. (2014). 

 

 
Figure 5.2: Slope morphology showing rotational slumps in Barton Clay deposits, Christchurch Bay, 
Hampshire, UK (Barton, 2015). 

 
 
 

5.2.1 Comparison to Barton (2015) 

A conceptual model was devised by Cosgrove et al. (1998) and expanded upon by Barton (2015) to 

describe the effects of sea-level rise on the rate of cliff toe erosion, clifftop recession, and the frequency 
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of landsliding in sedimentary rocks. These effects were found to depend on geology, cliff height and 

morphology. Barton (2015) expanded upon the earlier model proposed by Cosgrove et al. (1998) to 

provide three distinct categories of coastal landslides in the soft London Clay. This model can be utilised 

to provide a basis for coastal landslide classification for Ōrere Point. During the study it could be 

deduced that the most likely analogue as described by Barton (2015) for landslides at Ōrere Point was 

Category B: Medium Height Cliffs Undergoing Cyclic Failure in the Form of Periodic Large Slumps. 

This model describes slump masses in which the initial failure provided some form of passive pressure 

support to the remaining cliff, inhibiting marine erosion at the cliff toe. However, the eventual removal 

of toe support provides the conditions for the initiation of new failures. Once marine erosion exceeds 

the rate of build-up of colluvium at the cliff toe, conditions for renewed mass movement are met.  

Barton (2015) proposed a cyclic period of thirty to forty years for such mass movement in soft London 

Clay cliffs along the north Kent (UK) coastline. At Ōrere Point, aerial imagery points to the cyclic 

accumulation at the cliff toe and its gradual removal through marine erosion. During these periods of 

slope failure quiescence, little to no mass movement occurs. Analysis of historical aerial imagery for 

Ōrere Point points to the cyclic period of mass movement here being approximately fifty years. As 

described by Barton (2015), changes in the rate of coastal erosion driven by sea-level rise and climate 

change may decrease the cyclic period of mass movement at Ōrere Point. 

 

 

5.3 SLOPE FAILURE MECHANISMS 

Few comparable surveys of coastal landslides in soft sediments have been conducted in New Zealand, 

with the notable exception of studies on slides within slide-prone tephra-rich sequences at Omokoroa 

in the western Bay of Plenty (Kluger et al., 2016) Beachlands in east Auckland (Palma et al., 2020), and 

Ohuka near Port Waikato (Bevan et al., 2021). At study site 2 at Ōrere Point, the slip surface is not 

located at the interface of the Plio-Pleistocene sedimentary sequence and underlying Waipapa Group 

basement rock, as the latter is buried by the former across the bay. Landslide development at study site 

2 appears to have occurred incrementally, with rotational failures occurring actually within the Plio-
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Pleistocene sediments. This has created embayment features in the cliff, which progressively remove 

lateral support from the adjacent slopes, thus, encouraging subsequent failure along the bay. Abundant 

tension cracking concentrated along with the crown of the most voluminous landslides at study site 2 

suggests that the loss of lateral support along the clifftop facilitates the emergence of further slope 

instability along the clifftop. A similar failure model to this was described by Hobbs et al. (2019) in 

coastal cliffs at Holderness, East Yorkshire (UK).  

 

5.4 PHYSICAL PROPERTIES 

5.4.1 Comparison to Kluger et al. (2019) 

Kluger et al. (2019) provide a study on landslide susceptibility in an altered Pleistocene Tephra from 

Omokoroa, Tauranga, Eastern New Zealand, assumed to be of a similar age and lithology to the tephra 

sampled at this study’s site 1 (T1-4). Mushroom cap-shaped (MCS) Halloysite, a low-activity clay 

mineral associated with landslide-prone layers, was found in abundance in a highly sensitive layer 

involved in a flow slide. Rhyolite tephra derived from Taupo Volcanic Zone (TVZ) eruptions are found 

in abundance in Plio-Pleistocene successions throughout Northern New Zealand. During a failure in 

1979, a white, highly sensitive rhyolite tephra rich in MCS Halloysite was found to represent the failure 

plane (Smalley et al., 1980). Kluger et al. (2019) measured Halloysite content in the tephra through X-

ray diffraction (XRD), while scanning electron microscopy (SEM) analysis was undertaken to confirm 

the presence of a distinctive ‘mushroom-cap’ morphology in the spheroidal Halloysite.  

Naturally, further analysis must be undertaken on the Ōrere Point tephra before inferring the presence 

of MCS Halloysite. A future investigation using a combination of the analytical tools outlined by Kluger 

et al. (2019) would be useful. An initial XRD analysis should be undertaken to measure the Halloysite 

content in a bulk sample of the tephra. If the presence of alteration minerals is confirmed, SEM analysis 

of an undisturbed sample should allow for the identification of distinctive spheroidal Halloysite 

aggregates such as those seen in Figure 5.3. Kluger et al. (2019) found a strong correlation between 
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high Halloysite concentration in the altered rhyolite tephra from Omokoroa and high sensitivity, 

contributing to its function as a landslide shear surface. 

 

 
Figure 5.3: SEM images of Halloysite in Pahoia Tephra at Omokoroa, Bay of Plenty (Kluger et al., 
2017) showing (A) spheroids, (B) polyhedrons, (C) tubes, and (D) plates.  

 

5.4.2 Comparison to Bevan et al. (2021) & Moon (2015)  

The results of the direct shear tests carried out on the tephra from Ōrere Point suggest that this material 

shares strength properties with volcanically derived Plio-Pleistocene deposits elsewhere in New 

Zealand. Bevan et al. (2021) conducted triaxial tests on Rhyolite tephra from the Ohuka landslide on 

the west coast of New Zealand, which provided results similar to those reported for the tephra sampled 

at Ōrere Point at a peak friction angle (ϕ') of 50.8° against a reported ϕ' of 28°– 45° for the Kidnapper’s 

tephra at Ohuka, which was found to include Kaolinite and Halloysite clay minerals. Direct shear tests 
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on the tephra at Ōrere Point found peak strength parameters quite similar to those found elsewhere in 

New Zealand. Specifically, one study by Keam (2008) determined that a weathered pyroclastic-derived 

halloysite rich soil found the Bay of Plenty region yielded a c′ of between 0 and 43 kPa and a φ′ of 

between 50° and 56°. The tephra sampled from Ōrere Point provided a c′ and φ′ of 44.2 kPa and 50.8°, 

respectively.  

Moon (2015) found that relatively high friction angles can be expected for weathered volcanic deposits 

bearing halloysite, and that the peak friction angles of Halloysite samples are generally found to be 

higher than those of platy clay-bearing samples. Halloysite minerals, due to their tubular morphology, 

may provide a high friction angle and (Campbell & Parry, 2002), therefore particle realignment must 

occur before shearing can initiate (Gylland, 2013). Due to the angularity shape of halloysite minerals, 

shearing can be difficult. Therefore, high peak friction angle of the tephra sampled from Ōrere Point 

may be due to the irregular morphologies of halloysite minerals present in the samples. A high friction 

angle, and frictional resistance, means that a material may remain stable at steep slope angles when 

compared to soils comprising platy minerals derived from sedimentary rocks, such as the residual soils 

found elsewhere in the Auckland region. Although further study is recommended into the strength 

parameters of the tephra at Ōrere Point, the findings of this study suggest that failure may not occur 

along the tephra layer.  

 

5.5 LANDSLIDE TRIGGERS 

5.5.1 Extreme Rainfall Events 

Rainfall has been found to play a substantial role in triggering coastal landslides in New Zealand and 

overseas. Much of the landscape erosion in the Auckland region has taken place during and after high 

intensity or long-duration rainfall events (Harris et al., 2012; Palma et al., 2020) and subsequent rapid 

infiltration of sensitive soils such as Halloysite-rich clays (Kluger et al., 2016). However, complex 

interactions between extreme rainfall events, the material properties of a soil, and antecedent rainfall 

mean that it remains difficult to model specific rainfall thresholds at which slope failure occurs (Palma 
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et al., 2020; Brooks et al., 2004). In soft Pleistocene silts, such as those found at Sunkist Bay and Ōrere 

Point, high infiltration may encourage critical pore water pressures to develop, meaning that the 

cohesion of the soil is likely to be lost, causing failure (Palma et al., 2020). Indeed, changes in soil pore 

water pressure are the ultimate cause of all infiltration-induced slope failures (Toll et al., 2018).  

New Zealand’s exposure to oceanic storms raises its vulnerability to rainfall-triggered landslides, as 

evidenced by past storm events and accompanying mass movement. In March 1988, Cyclone Bola 

brought 753 mm of rain over four days to the Hawke’s Bay region of Eastern New Zealand, depositing 

320 mm and 329 mm on two consecutive days and generating approximately 1.35 million m3 of 

sediment in a region extensively mantled by tephra (Page et al., 1994). A storm between 15-17 February 

2004 triggered extensive landslides over an area of approximately 16,000 km2 of New Zealand’s lower 

North Island, consisting predominantly of hill country characteristic of much of the lower South Island 

of New Zealand (Hancox & Wright. 2005). More recently, over the period of the 7-12 March 2017, a 

slow-moving low-pressure system originating in the Tasman Sea brought extreme rainfall that was 

delivered across the upper North Island in three separate high-intensity events (Lee, 2020). During the 

24-hour period between 7 and 8 March, 266 mm of rainfall was recorded at Clevedon in south-east 

Auckland, approximately 18 km to the west of Ōrere Point, corresponding to a 1 in 100-year rainfall 

event. During an hour from 12 PM on 7 March, total rainfall was 100 mm, providing an estimated return 

period of 1 in 670-years (Lee, 2020). Dubbed by New Zealand media the ‘Tasman Tempest’, this event 

triggered widespread landslides in the residual soils of the greywacke basement rock throughout 

southeast Auckland (Lee, 2020). Following the events of the ‘Tasman Tempest’ by a month, 

extratropical Cyclone Debbie deposited 157 mm of rain during a 24-hour period on 5 April 2017. 

Together, these two events constituted the 1st and 3rd highest 24-hour rainfall totals recorded at Waiheke 

Island, approximately 20 km to the north of Ōrere Point, during the 40-year record (Palma et al. 2020). 

The preceding Austral summer was characterised by unusually dry conditions and a soil moisture deficit 

at Sunkist Bay, approximately 24 km to the north of Ōrere Point (Palma et al.,2020); here significant 
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runoff generated during the two close-proximity events exceeded the infiltration capacity of the soil and 

triggered a landslide.  

As with the landslide at Sunkist Bay (Palma et al., 2020), the most significant onset of slope failure at 

Ōrere Point appears to have been during the period from March to May 2017. However, at Sunkist Bay, 

failure onset did not occur until the events of Cyclone Debbie on 5 of April, following 157 mm of 

rainfall over a 24-hour period, suggesting that antecedent rainfall conditions may have as much of an 

effect in triggering landslide onset as the high-intensity rainfall event (Figure 5.4). 

5.5.2 Elevated Pore-Water Pressure 

The proximity of the 7-12 March and 5 April rainfall events suggest that the March 1-in-100-year event 

provided the antecedent soil moisture conditions that were elevated to criticality following the April 

event, triggering slope reactivation at Ōrere Point. Indeed, Toll et al. (2018) in a study of slope stability 

in Singapore, showed that a soil’s mobilised shear strength drops quickly during high-intensity rainfall 

events, only to recover much more gradually over the process of drying. If short bursts of heavy rainfall 

occur in proximity, this can cause a “ratcheting effect”, whereby the soil’s strength cannot recover 

quickly enough to inhibit failure, with pore-water pressure reducing at a similarly slow rate (Figure 5.5). 

If recovery periods are insufficient to allow pore-water pressure to reduce and soil strength to return 

because of the frequency of storms, this can lead to a progressive reduction in the slope’s factor of safety 

(FOS).  

Classical intensity-duration (I-D) relationships are the most-used empirical thresholds in predicting a 

landslide onset caused by rainfall (Ferro et al., 2020). Indeed, Mathew et al. (2013) correlated three-

hourly rainfall intensity and duration values with landslide records to provide an I-D-based threshold 

for slope failures along a section of highway in Northern India. However, if ratcheting as described by 

Toll et al. (2018) did indeed influence the onset of failure at Ōrere Point in 2017, this would suggest 

that basic rainfall thresholds such as I-D may yield limited predictive capabilities (Palma et al., 2020) 
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Figure 5.4: Rainfall data for 2016 to 2017 from a National Institute of Water and Atmospheric Research 
(NIWA) Waiheke climate station (NIWA) weather station at Waiheke Island, approximately 20 km north 
of Ōrere Point. In (A) the modelled soil water deficit is shown in blue and runoff in black. In (B) daily 
rainfall is denoted by the black bars and cumulative rainfall by the blue shaded area. The onset of a 
landslide in soft Pleistocene alluvial sediments at Sunkist Bay, 24 km northwest of Ōrere Point is shown 
(Palma et al., 2020) 
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Figure 5.5: Graph derived from Wong et al. (2020) showing the correlation between mobilised shear 
strength and pore-water pressure following a storm event. With an increase in pore water pressure, 
there is a substantial drop in the soil’s mobilised shear strength. Over the drying period, pore-water 
pressure drops slowly, meaning shear strength remains low over the period. Shorter drying periods 
and more frequent storms contribute to the soil being unable to regain much of its shear strength. 

 

5.5.3 Coastal Erosion 

The El Niño-Southern Oscillation (ENSO) atmospheric oscillation affects New Zealand’s weather 

through changes in sea temperature, air temperature, and direction of the wind (NIWA, 2020). Stronger 

south-westerly winds during negative ENSO (El Niño) years are found to produce greater storm events 

on New Zealand’s southwestern coast, whereas stronger north-easterly winds associated with positive 

ENSO years (La Niña) are likely to encourage stormier conditions along the northerly and north-easterly 

coasts of New Zealand (Godoi et al., 2017). Consequently, positive-ENSO-dominated patterns are 

associated with increased coastal erosion along the northern coastal margins of the country. Strong 

interactions between the ENSO climate pattern and Southern Annular Mode (SAM), which is the chief 

pattern of atmospheric variability in the temperate Southern Hemisphere (Godoi & Torres Júnior, 2020) 

suggest that this is a background factor in the generation of larger waves during negative ENSO (El 

Niño) years, in New Zealand.  
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In New Zealand, storm wave clusters amplify the rate of coastal erosion due to the reduction in recovery 

time between storm events (Ferreira, 2005; Godoi et al., 2017). Both positive (La Niña) and negative 

(El Niño) ENSO patterns generating higher storm clustering along the southwestern and northeastern 

coasts of New Zealand, respectively. Data from the period 1958-2001 suggests that such events are 

becoming increasingly hazardous and long-lasting. In New Zealand, Godoi et al. (2017) found that 

initial storm events contribute to the depletion of beach material at the base of cliffs, while subsequent 

storm waves facilitate slope erosion. In further support of the link between ENSO and coastal erosion, 

Hapke & Green (2006) in a remote sensing study to quantify volumetric loss at landslides along 

California’s Big Sur coast found loss rates to be up to sixteen times higher during negative (El Niño) 

ENSO periods than during non-El Niño periods. El Niño periods are associated with higher rainfall and 

larger waves along this portion of the California coast. Uścinowicz et al. (2014), in a study on marine 

erosion along Poland’s Baltic Sea coast at Jastrzębia Góra, found that cliffs along the coastline undergo 

continual erosion caused by the mass wasting brought about by the wave erosion of repeated storm 

surges. This erosion leads to the gradual removal of colluvium from the base of the slopes which protect 

the cliffs from undercutting and regression.  

Doi et al. (2020) suggested that the removal of the toe of a landslide in Hokkaido, north-eastern Japan, 

due to coastal erosion, presented a difference in the landslide’s factor of safety (FOS) of over 5%. This 

was when compared to the same landslide with elevated pore-water pressure conditions and no erosion 

at its toe. Doi et al. (2020) inferred that that coastal erosion at the landslide played a key role in setting 

the conditions for its remobilisation. Similarly, marine erosion of the base of Pleistocene soft-sediment 

cliffs at Holderness (UK), has been identified alongside shallow, structurally controlled failures or more 

extensive mass failures as the primary cause of coastal cliff retreat at the site (Quinn et al., 2010). At 

Holderness, the topographic position of the Dimlington Bed at the base of the cliff, makes the coast 

extremely vulnerable to storm wave action. The Dimlington Bed is the basal slip surface and may also 

be subject to liquefaction (Hobbs et al., 2020). Targeted investigations and in situ monitoring at 
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Holderness have complemented cliff line regression monitoring to understand how soft coastal cliff 

geomorphology effects regression (Hobbs et al., 2020).  

At Ōrere Point, images taken in 2017, 2018, 2020, and 2021 showed a substantial build-up of displaced 

material accumulated at the base of the cliffs at site 2 as the slopes failed in 2017. Displaced mature 

vegetation was carried from the slopes up to 16 m from the toe of the cliff and deposited on the beach 

during the landslides in 2017.The period between 2018 and 2021 was marked by an acceleration in the 

accumulation of rounded greywacke cobbles at the beach along the base of the cliffs. Marine deposition 

at the cliff toe has evidently buttressed the slope and increased the slope profile at the beach.  

 

5.5.4 Progressive Failure Through Lateral Support Loss 

Successive rotational failures in soft coastal sediments form landslide embayments, which consequently 

decay cliff slopes incrementally, and cause adjacent portions of the slopes to lose lateral support (Dixon 

& Bromhead, 2002; Hobbs et al., 2019). Secondary landslides can consequently occur as over-steepened 

sections of cliff begin to lose lateral support over time. In soft young sediments at Holderness, UK, 

secondary toppling has been observed on over- steepened ‘promontories’ which separate a series of 

bowl-like features in the coastal cliffs formed by rotational failure. When exposed, over-steepened inter-

embayment promontories unaffected by landsliding lose lateral support, toppling occurs, forming 

distinctive graben-like features (Figure 5.6b and c; Figure 5.7). This mode of toppling had been 

observed on a larger scale in London Clay coastal cliffs by Dixon & Bromhead (2002). Of particular 

interest to this study, the gradual loss of lateral support along slopes has been posited as the chief mode 

of incremental slope failure in Tauranga Group soft sediments at Sunkist Bay, Auckland (Palma et al., 

2020). Similarly, at the cliffs to the centre of the bay at Ōrere Point, a mechanism of secondary failure 

has been observed and tentatively inferred on exposed promontories adjacent to areas affected by 

rotational failure, where landslide scarp-parallel tension cracks were seen along a section of the grassed 

reserve bounded by cliff embayments formed by previous rotational failure.  
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Figure 5.6: Secondary failure in landslide toppling (b) and (c) observed at Holderness, UK where an 
embayment in a soft sediment coastal cliff formed due to rotational failure promotes the formation of 
over steepened inter-embayment ‘promontories’, which lack adequate lateral support and partially 
collapse (Hobbs et al., 2019). Similar modes of failure have been tentatively proposed for Ōrere Point. 

 

 

Aerial imagery of the highest relief cliffs to the centre of the bay at Ōrere Point show a distinctive 

crenelation, suggesting that cliff embayments have formed through successive rotational failure over 

time (Palma et al., 2020). Although much of the slopes have been obscured through extensive 

revegetation following failure, a distinctive embayment-promontory cliff morphology is clear at the 

cliffs at site 2 (Figure 5.8). 
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Figure 5.7: Aerial image of coastal cliffs at Holderness, UK displaying distinctive cliff embayments and 
promontories the formation of which is proposed by Hobbs et al. (2019) to promote cliff collapse.  

 

 

5.5.5 Stormwater and Slope Drainage 

A network of drains has been installed to manage and divert stormwater from residential properties 

along Howard Road towards the shoreline; evidently avoiding direct discharge onto the soft sediment 

slopes. Horizontal drains are designed to lower water levels within retained or weakened slopes by 

reducing excess porewater pressures within the sediments, and ‘unweighting’ the slope (Nicholson, 

2015). Measures implemented by successive local authorities and homeowners to prevent stormwater 

discharge onto the slopes have been built sporadically, with little to no evidence of comprehensive 

stormwater infrastructure for the settlement.  
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Figure 5.8: Model suggested for site 2 at Ōrere Point on the secondary failure mechanism proposed 
by Hobbs et al. (2019). Loss of lateral support at over-steepened inter-embayment ‘promontories’ 
results in progressive partial disintegration of previously intact sections of the cliff at which lateral 
support was weakened. Shown is (A) tension cracking and possible evidence of early-onset rotational 
landsliding such as that seen at Holderness, UK (Figure 5.8a; Hobbs et al., 2019), and (B) evidence of 
inter-embayment promontories outlined in yellow and distinctive cliff crenulation as seen at Holderness 
and Sunkist Bay (Palma et al., 2020). 

 

5.6 MANAGEMENT, MONITORING AND MITIGATION 

Analysis of historical imagery shows that cliff failures in the soft sediments at Ōrere Point are not a 

recent phenomenon and that failures in the Plio-Pleistocene sediments to the north of the settlement 

have persisted since at least 1960 when most roads and dwellings in the settlement did not have 

reticulated stormwater systems. Recently, efforts have been made on the part of local authorities to 

inhibit slope instability through the management of stormwater discharge from the settlement onto the 

surrounding slopes. In the three months prior to October 2006, Ōrere Point residents observed several 

slips onto the beach below the township, which included the loss of a tree (New Zealand Herald, 2006). 

This was described at the time as a “stormwater problem which definitely needs further work” (New 

Zealand Herald, 2006). Indeed, dwellings towards the western end of the township had, at the time, 
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benefitted from a Manukau City Council stormwater reticulation scheme, whereas approximately 

twenty dwellings to the east remained without. Auckland Council’s Slip Prevention Work Programme 

for 2021 to 2024 proposed that works totalling NZ$495,628 be undertaken alongside a stormwater 

upgrade at Ōrere Point to reduce the potential for future slips in the area (CLC Consulting Group Ltd, 

2013). This will include a detailed design and consenting process, and subsequent appropriate slip 

mitigation measures. However poor, or absent, stormwater management since the Ōrere Point settlement 

has been established has evidently contributed to the landslide risk on the slopes to the north of the 

township  

A series of methods for the management, monitoring, and mitigation of the causes of landslides at Ōrere 

Point will be introduced in the following section. This is contextualised with reference to global 

examples of successful engineering design in the stabilisation of landslides in young coastal sediments. 

Also, monitoring techniques in the real-time prediction of landslides, and sensible construction 

methodologies and stormwater management are discussed. 

 

5.6.1 Monitoring 

For a comprehensive understanding of the triggering mechanisms, in addition to a broadening of the 

understanding these hazards may have to the community of Ōrere Point, cliff erosion and regression 

should be monitored on a continued basis. While the slopes to the north of the community remain in a 

quiescent condition, it may be ultimately necessary to provide long-term monitoring to best understand 

the mechanisms of periodic slope failure and the triggering factors. In New Zealand, aside from the 

report of Kluger et al. (2017), there have been few comprehensive long-term monitoring schemes to 

understand the triggering mechanisms and development of coastal landslides in soft sediments, like at 

Ōrere Point. This section discusses contemporary coastal landslide monitoring tools, and how these 

could be applied selectively to better understand the pre-conditioning factors contributing to the ‘soft 

cliff’ recession at Ōrere Point (Hobbs et al., 2020). Such techniques include the use of (but are not 

limited to) geophysical, geotechnical, and geospatial instrumentation. The use of Light Detection and 
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Ranging (LiDAR), terrestrial laser scanning (TLS), installation of instrumented boreholes, and targeted 

Ground Penetrating Radar (GPR) surveys will be discussed. Also, ongoing comprehensive monitoring 

studies into coastal recession in soft sediment successions elsewhere, such as at the British Geological 

Survey’s Coastal Landslide Observatory (CLO) in Aldbrough, East Yorkshire (Hobbs et al., 2019, 

2020). Finally, it will discuss the possibility of the adoption of innovative technologies in monitoring 

cliff recession in real time at Ōrere Point, with current examples such as the Proactive Infrastructure 

Monitoring and Evaluation System (PRIME) combining geophysical ground-imaging technology with 

data telemetry (Hobbs et al., 2020).  

 

5.6.2 Coastal Landslide Observatories  

The British Geological Survey (BGS) has monitored and modelled landslide activity in soft coastal 

sediments at Aldbrough, East Riding of Yorkshire, UK since 2001 (Pennington et al., 2010). This area 

is situated along one of the most rapidly eroding coastlines in Europe, which is experiencing an average 

rate of recession of ∼2 m per annum. The location was accordingly selected to take advantage of the 

wealth of published data and to build a better understanding of resource planning along rapidly eroding 

coastlines. The Aldbrough Coastal Landslide Observatory (CLO) incorporates an array of techniques to 

facilitate the real-time monitoring and modelling of landslide activity at the site. This includes borehole 

instrumentation, cutting-edge geophysical tomography, wave buoy and weather station data, and 

LiDAR scanning. The cliffs at the CLO are comprised of a Late Devensian (18–13 ka) glacial till with 

contrasting erosion resistances between the tills, which creates a stepped profile along the cliffs and its 

embayments. It therefore serves as a suitable analogue to the Plio-Pleistocene soft alluvial sediments at 

Ōrere Point, with layers of a range of erosion resistances having been observed at site 1 to the east of 

the bay. 

 

 

 

https://www.bgs.ac.uk/geology-projects/geomatic-surveys/#lidar
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5.6.3 Geophysical Techniques 

Ground Penetrating Radar (GPR)  

At Ōrere Point, GPR was used in this study to create a profile of the shallow surface at the head of the 

slopes (1 mbgl to 6 mbgl) and its key structures. Tension cracks and a distinctive contrasting 

stratigraphic layer were assumed to be the tephra identified at site 1 were visible in the output slides. 

However, it is important to note that such studies are not without their limitations. Seasonal fluctuations 

in soil moisture content in the subsurface content can yield an increase in GPR wave attenuation, and 

therefore a poor resolution representation of subsurface structures. However, periodic targeted surveys 

may be of some use, particularly in monitoring shallow instability and the evolution of tension cracking 

at the areas adjacent to existing landslide head scarps where the ongoing loss of lateral support exposes 

the slopes to the risk of continued failure. Previous targeted GPR surveys at landslide escarpments have 

successfully identified slip surfaces, such as in near-surface Pleistocene slide-prone deposits in Poland, 

when the GPR data was correlated with engineering geology laboratory test results (Borecka et al., 

2015). Targeted GPR surveys are likely to allow the user to identify slip surfaces through a change in 

GPR wave response from the material above and below the surface, rather than through a strong 

reflection from the surface itself (Busby et al., 2004). Using this principle, Kannaujiya et al. (2019) 

identified the approximate depth of shear surfaces in gneissic and schistose rocks using sharp vertical 

contrasts in resistivity seen in GPR profiles.  

Using the methods of resistivity contrast identified above, GPR studies have proven useful in 

characterising the development of sinkhole growth and morphology, predominantly in karst terrains 

(Lago et al., 2021; Rodriguez et al., 2014; Batayneh et al., 2002). Interpretation of GPR profiles can 

allow the boundaries of sinkholes to be located, their deformation style to be determined, and the 

magnitude of subsidence to be estimated (Rodriguez et al., 2014). Changes to GPR reflection patterns 

can be attributed to subsurface voids, such as buried sinkholes, hence targeted GPR surveys may provide 

further insight into such features for which there is little to no geomorphic expression. The maximum 

depth of the GPR reflections that were assumed to reflect the sinkhole at site 2 was ~2 mbgl, with the 
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extent of the structure seen by a series of high-amplitude discontinuities in the reflections. There are 

challenges in using GPR studies to image Pleistocene clays and silts, because of the low electrical 

resistivity of such soils (< 50 ohm/m) (Cheremisin et al., 2018). Soils also tend to be moist in the upper 

2 -3 m throughout the Auckland Region, contributing to GPR signal attenuation.  

Future attempts to locate slip surfaces at Ōrere Point should ideally target the greatest line of fall down 

the landslide, beginning at the crown and ending at the toe of the landslide (Borecka et al., 2015). 

However, any such attempts to gather subsurface data of the landslide may be impeded through the 

growth of vegetation across the landslide. The suspected tephra layer seen in the GPR data profiles from 

Ōrere Point can be ground-truthed using lithological profiles obtained through the drilling of bores to a 

minimum depth of 6 m into the crown of the landslide. GPR surveys deeper than 6 m may suggest that 

further ground-truthing is required to determine the likely location of slip surfaces, with other techniques 

such as 3D seismic surveys offering the greatest opportunity for imaging the geometry of the deeper 

subsurface (Samyn et al., 2012). 

Remote Monitoring 

Novel telemetric geophysical instrumentation was established at the Aldbrough CLO in 2015 and 2018, 

comprising a new generation of BGS electrical resistivity tomography (ERT). The non-invasive novel 

geophysical technique was dubbed Proactive Infrastructure Monitoring and Evaluation (PRIME) and 

combines existing ground-imaging technology with cutting-edge data telemetry (Jones & Hobbs, 2021; 

Figure 5.9). It was designed to be relatively cheap to maintain, using renewable solar energy technology 

to power the 10W of the system requirement (Pennington et al., 2010).  
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Figure 5.9: The British Geological Survey (BGS) PRIME instrumentation using electrical resistivity 
tomography to monitor ground movement and soil moisture content at coastal landslides.  

 

In examining the relationship between moisture conditions in the subsurface caused by changes in 

resistivity and failure in-situ, it can measure the real-time moisture content of the ground and detect and 

measure deformation due to antecedent rainfall. Specifically, as with GPR, it generates images of the 

resistivity distribution in the subsurface (Paglieroni et al., 2014). Furthermore, it can be set to respond 

to changes in ground conditions by increasing the temporal resolution of its monitoring schedule and 

providing a continual link for data to be uploaded in real time using a web interface (Hobbs et al., 2020). 

It therefore should allow for the prediction of early-onset failure at Ōrere Point if, as suspected, a strong 

relationship between antecedent rainfall and landslide onset exists. The PRIME technique could be used 

selectively to monitor soil moisture and deformation at the cliff edge and at the sinkhole to detect further 

growth of the sinkhole at site 2. 

Alternatively, a BGS-developed precursor to PRIME, Automated Time-Lapse Electrical Resistivity 

Tomography (ALERT) is a 4D electrical imaging system that employs a combination of in-situ 

electrode arrays and instrumentation to capture volumetric images of the subsurface. However, this 

device has been superseded by the more energy-efficient PRIME instrumentation (Pennington et al., 
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2010). Similarly, however, data acquired from ALERT can be examined and interrogated in real time 

remotely, eliminating the need for repeat surveys at the site, and could provide a useful non-invasive 

tool for monitoring changes in the morphology of the slopes and sinkhole at site 2.  

Inexpensive geophysical monitoring techniques also exist in contrast to costlier novel ERT 

technologies, such as the BGS Assessment of Landslides using Acoustic Real-time Monitoring Systems 

(ALARMS). These are miniaturised acoustic sensors (Gunn et al., 2013) equipped with wireless 

capability that can be installed in boreholes to detect early signs of landslides through the generation of 

high-frequency stress waves associated with the generation of friction between moving soil particles.  

 

5.6.4 Geotechnical Techniques 

Geotechnical techniques that can be used to perform ground-truthing experiments on geotechnical data 

or to monitor soil moisture content and displacement at landslides, include the drilling of deep boreholes 

and installation of inclinometers and piezometers (Hobbs et al., 2020; Stark & Choi, 2008). At the 

Aldbrough CLO, borehole pairs containing a piezometer casing and inclinometer array were installed 

perpendicular to a prominent embayment to a depth of 20 m to facilitate the real time capture of pore-

water and shear surface development (Hobbs et al., 2020). No instrumented boreholes currently exist to 

monitor slope conditions at Ōrere Point, although borehole inclinometers have been deployed elsewhere 

in New Zealand; for example, at the Omokoroa Peninsula, Tauranga Harbour to monitor shear surface 

development in coastal pyroclastic soils (Moon et al., 2015). For monitoring of the development of deep 

subsurface shear surfaces in the slopes at Ōrere Point, instrumentation arrays can be installed at targeted 

locations set back from the cliff edge to penetrate suspected shear surfaces. The addition of Cone 

Penetration Tests (CPTs) at the grassed reserve at site 2 to build a subsurface picture of the lithology 

and geotechnical characteristics of the entire Plio-Pleistocene succession at Ōrere Point may also be 

considered. This could be used in conjunction with piezometer and inclinometer arrays to monitor pore 

water pressure and displacement within identified soft sediment layers. Geotechnical laboratory testing 

can be undertaken on targeted layers identified during deep borehole drilling as potential shear surfaces. 
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The materials identified should be tested for their index properties, effective strength parameters, and 

consolidation (Hobbs et al. 2015). 

 

5.6.5 Geospatial Techniques 

Terrestrial Light Scanning (TLS) Light Detection and Ranging (LiDAR) 

Terrestrial Laser Scanning (TLS) Light Detection and Ranging (LiDAR) surveys are known to be a 

valuable means through which to gather data on the rate and extent of coastal cliff recession (Hobbs et 

al. 2002; Young & Ashford 2006; Quinn et al. 2010; Hobbs et al. 2020). Such geospatial monitoring 

has been carried out at the Holderness CLO since 2001, and by unmanned aerial vehicle (UAV) data 

capture since 2015 (Hobbs et al. 2020). Data captured during TLS and UAV surveys can be used to 

produce digital elevation models (DEMs) for the Auckland region, including Ōrere Point, which have 

allowed for the calculation of volumetric changes in landslide volume over time at site 2. It is worth 

noting, however, that the UAV surveys that were undertaken at Ōrere Point in 2018, 2020, and 2021 

encountered extensive vegetation cover at site 2, occluding the study area and introducing noise into the 

point data. Therefore, undertaking UAV surveys at highly vegetated areas can be difficult. 

 

5.6.6 Multidisciplinary Techniques 

A multidisciplinary approach was taken by Blondel et al. (2022) to constrain the parameters influencing 

the morphology and behaviour of a retreating soft coastal cliff at West Runton, Norfolk, UK. As with 

the coastal sediments at Ōrere Point, the high spatial complexity of the geology of the slopes at this site 

makes it difficult to constrain the lithology, weathering, and geotechnical properties through 

conventional means. Blondel et al. (2022) combined GPR, electrical resistivity tomography (ERT), cone 

penetration tests and outcrop studies to provide a complete geological model capturing the spatial 

complexity within an area of coastal glacial geology. Within this succession, strong resistivity contrasts 

in ERT data were interpreted as changes in the lithological units. This allowed for the identification of 
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a low-permeability clay at the base of a sand basin, which was tentatively identified as a low shear 

strength failure surface (Figure 5.10).  

 
Figure 5.10: Blondel et al. (2022) comparison of field photographs and geophysical results showing 
(C) resistivity profile obtained from ERT survey, (D) 100 MHz GPR radargram showing radar surfaces 
and (E) 50 MHz GPR radargram showing radar surfaces. 

 

5.7 PUBLIC POLICY 

5.7.1 Setback Distances 

Setback distances are a construction restriction commonly used by regulatory bodies in New Zealand 

to delineate an area within which the construction of infrastructure, housing, and certain high-risk 

activities should be avoided, and this approach has been applied to manage risk around a variety of 

geohazards (Palma et al., 2020). The establishment of safe construction zones includes the exclusion of 

geohazards in the vicinity of construction activity and planned structures and requires that the 

boundaries of areas most affected by such hazards are mapped and setback distances provided 

(Gutiérrez et al., 2018). To define setback distances, uncertainties in the subsurface need to be accounted 

for and consideration given to the actual extent of the area affected by deformation, movement, or 

subsidence (Gutiérrez et al., 2018). Such data obtained from geophysical, geomorphological, and 

geotechnical investigations may provide the best basis for site-specific hazard assessment in 

establishing cliff-top setback distances at Ōrere Point.  
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Establishing site-specific setback distances for cliff-top property in New Zealand generally, is a 

particularly contested policy issue. This is due to the risk of increased land devaluation in these areas, 

the reduced availability of land suitable for construction near cliffs, and the increasing value of cliff-top 

property (Palma et al., 2020; Smith, 1994). Previously, the main tool used to define coastal hazard 

setback distances has been provision of a broad coastal erosion hazard zone (CEHZ) to manage ongoing 

development in coastal areas (Ramsay et al., 2012). However, this approach stops short of using targeted 

investigations to isolate the areas at greatest risk of succumbing to geohazards – bespoke coastal setback 

zones. When benchmarking future development at or near the cliff-top at Ōrere Point against the New 

Zealand Coastal Policy Statement (NZCPS) (NZCPS, 2010), geomorphological trends, combined with 

the potential for a future increase in failure triggering mechanisms at the slopes, suggest that continued 

development in areas of the reserve within 10-15 m of the cliffs should be of concern. Thus, targeted 

investigation should be undertaken to establish a hazard zone between the cliffs and the existing 

settlement. 

 

5.7.2 Recent Policy Documentation  

Auckland Council released a report in December 2020 identifying the parts of Auckland’s coastline 

most susceptible to coastal erosion and subsequent instability (Auckland Council, 2020). The report 

was provided as an update to a study undertaken in 2006 that formed the basis for the setting of 

regulations for development within areas prone to coastal erosion. This report will assist in broader 

policy setting for coastal development in the Auckland Region, where previously Auckland Council 

may have requested site-specific hazard assessments for a proposed development. The programme of 

research undertaken is known as Areas Susceptible to Coastal Instability and/or Erosion (ASCIE). In 

the ASCIE, Auckland’s coastline is split into 568 ‘cells’, with the impacts of rising sea levels modelled 

at 30, 50, and 100 + year timescales. IPCC (Intergovernmental Panel on Climate Change) 

Representative Concentration Pathways (RPCs) and three timescales were used to provide an ASCIE 

for cliffs and beaches throughout the Auckland Region, with each presented as a ‘heat map’ showing 
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the possible erosion rates for Auckland’s coastline. ASCIE distances for Tauranga Group soft-sediment 

cliffs were found to be less than 20 m, with toe erosion deemed the most dominant factor in coastal 

instability at low-relief coastal cliffs. The ASCIE provides slope profile angles for a range of lithologies 

including Tauranga Group sediments for 1 (exceptionally unlikely), 10 (unlikely), and 50% (medium) 

conditions (Figure 5.11). Tauranga Group alluvial sediments were calculated at a 1%, 10%, and 50% 

change of failure at 31, 34 and 48°, respectively. The slope angle of the cliffs at Ōrere Point is shown 

in Figure 5.12 for comparison. 

 
 

Figure 5.11: Auckland Council Area Susceptible to Coastal Instability and/or Erosion (ASCIE) showing 
slope profile angles for a range of lithologies including Tauranga Group sediments. 

 

The ‘heat map’ (Figure 5.13) provided for Ōrere Point shows ASCIEs extending into the existing 

settlement under all scenarios, which suggests that under even Level A ASCIE 2050 (RCP 8.5), clifftop 

housing to the east of the settlement would be impacted by cliff regression. At site 2, the model suggests 

that from Level A ASCIE 2080 (RCP 8.5), existing dwellings at the settlement become at risk of 

ongoing cliff regression. Such studies are important in identifying the long-term effects of cliff erosion 
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at Ōrere Point, defining the risk to the existing community, and addressing the avoidance or mitigation 

of coastal instability in statutory planning.  

 

 
 
Figure 5.12: GIS showing the slope angle of the cliffs at Ōrere Point. 
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Figure 5.13: Auckland Council ASCIE ‘heat map’ showing ASCIEs at Ōrere Point for RCP8.5 between 
2050 and 2130. 

 
 

5.8 ENGINEERING 

 

Appropriate soft and hard engineering protections to mitigate slope instability and cliff regression at 

Ōrere Point have historically been conspicuously absent, with scant discussion made with respect to the 

risks associated with unmanaged coastal erosion at the cliff toe and non-reticulated stormwater. 

However, the risks associated with unmitigated high-relief soft-sediment coastal slopes in New Zealand 

have long been acknowledged, with consistent engineering solutions proposed for some sites since at 

least 1930. At Sunkist Bay, a coastal settlement located on soft Tauranga Group sediments 

approximately 24 km to the north-west of Ōrere Point, a local newspaper article from 20 February 1934 

describes Council efforts to plan and erect retaining walls at sections of the beach most affected by 

erosion (Auckland Star, 1934). It can be suggested that this is at least partly due to the setback distance 

of the dwellings from the cliff line, with the reserve giving a prominent buffer or setback of at least 20 

m between the cliffs and dwellings at the settlement. The following day (21 February 1934), residents 

at Sunkist Bay urged Manukau County Council to undertake engineered measures to manage erosion 

from wave action and inadequate foreshore drainage (NZ Herald, 1934a). The effects of wave action 

and poor drainage were cited as the primary causes of “considerable erosion” in the area in a later 

newspaper article on the 3rd of March 1934 (NZ Herald, 1934b). A combination of strong spring tides 

and north-easterly gales was found to have contributed to an acceleration in coastal erosion along the 
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cliffs at Sunkist Bay in the March of 1934 (NZ Herald, 1934b). Poor erosion control measures at Ōrere 

Point were described by a local resident in October 2006 as “a stormwater problem which definitely 

needs further work” (NZ Herald, 2006). Indeed, in 2006, there were approximately twenty dwellings to 

the east of the settlement without Council-installed stormwater drainage. 

The results of this investigation suggest that a combination of coastal erosion and elevated pore-water 

pressure have historically been the chief causes of landslides at Ōrere Point, although further research 

into bedding-controlled influences is likely to yield additional insights into the triggering mechanisms 

for displacement at the cliffs. However, soil dewatering remains a particularly important factor in 

relieving soil pore-water conditions and mitigating cliff instability in soft sediments (Mrvík, 2013). 

Coastal engineering in areas where soft-sediment cliffs predominate can further limit erosion at the toe 

of cliffs caused by wave action and promote the long-term stability of the slopes. However, soft coastal 

sediments in places like the North Sea coast of the United Kingdom continue to erode rapidly despite a 

range of coastal engineering measures having been undertaken to ameliorate rates of coastal denudation.  

5.8.1 Erosion and Slope Control 

Targeted geotechnical engineering may be undertaken at soft-sediment landslides post-failure, to 

stabilise slopes and lower the risk of reactivation, the key aim of which is to achieve an acceptable factor 

of safety (FOS) at the slope. Coastal engineering principles have been applied to mitigate the effects of 

coastal erosion elsewhere in the world, such as at Holderness, UK (Hobbs et al., 2019) and Lyme Regis, 

UK (Winter et al., 2015), but such principles have not been adopted widely in New Zealand. Engineered 

measures undertaken to arrest landsliding fall into three main categories; being retaining structures, 

slope modification, and internal slope reinforcement (Popescu, 2002; Figure 5.14).  
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Figure 5.14: Popescu et al. (2002) - list of landslide remediation measures.  

 

At Sunkist Bay basalt seawalls have been constructed to manage coastal erosion and slope failure in 

soft Tauranga Group sediments (Palma et al., 2020). However, these structures may have 

unintentionally acted as impediments to free drainage due to their inadequate design that restricts the 

outflow of water from the slopes, hence raising pore-water pressure in the slopes, bringing them to 

criticality more quickly. Naturally, engineered solutions must therefore be designed to maintain 

stability. 
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Engineered landslide stabilisation measures for the cliff embayments at Ōrere Point must also consider 

the geomorphology of the slopes in providing targeted remediation, while inhibiting slope reactivation. 

However, it is worth noting that justification for such engineered remediation may be limited due to the 

significant setback distances between the slopes and dwellings at the settlement, with the reserve 

providing a wide buffer between housing and the area of active erosion. Notwithstanding the low-risk 

appetite for future clifftop development, various structures can be considered to remediate the body of 

the active landslides and to provide internal slope support, including rock bolts (Popescu, 2002), 

micropiles, soil nailing, soil anchors, grouting, and geo-grids (Plankel & Alexiew, 2018).  

Retaining structures would be more appropriate to further inhibit cliff toe erosion at the base of the cliffs 

and could include the construction of gravity retaining walls, gabion basket walls, passive sub-

horizontal reinforcements (Pol et al., 2021), soil retention nets, protective rock armour and Labuan 

blocks (Popescu, 2002; Kuok et al., 2021). At the time of writing in January 2022, minor slope retaining 

was provided at a public pathway on a relict landslide near site 2, Ōrere Point by means of a double-

twist hexagonal mesh net to intercept loose material from the soil face (Figure 5.15). Finally, a cliff’s 

factor of safety (FOS) can be enhanced through the implementation of geometric alterations to the slope, 

removing excess soil from the slope to reduce loading, or trimming the slope to a shallower gradient 

(Kazmi et al., 2017).  

 

Figure 5.15: A double-twist hexagonal mesh at site 2, Ōrere Point in place to retain loose soil at the 
displacement.  
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When discussing slope stabilisation at Ōrere Point; although several hard engineering solutions can be 

proposed, most of them will have limited feasibility because of the limited risk appetite for clifftop 

development, and the substantial setback distances between the actively eroding slopes and the 

dwellings at the settlement. For this reason, endeavours to prepare cost-effective solutions to provide 

slope protection are likely to remain the focus only of long-term planning considerations at Ōrere Point. 

A key consideration for the site will be to ensure that reticulated stormwater infrastructure inhibits 

further damage to the slopes and does not contribute artificially to the elevation in soil moisture during 

periods of heavy rainfall (NZ Herald, 2006). 

5.8.2 Dewatering 

Landslide reinforcement methods may ultimately prove unsuccessful in providing long-term stability if 

the chief factor affecting slope stability remains elevated soil pore-water pressure (Tohari et al., 2021). 

Slope drainage is a crucial slope remediation measure to ensure that a long-term, adequate pore-water 

pressure reduction can be maintained to increase a slope’s factor of safety (FOS) (Popescu et al., 2002). 

This remains a cost-effective measure to provide slope stability, due to its high stabilisation efficiency 

when compared to expensive hard engineering solutions (Popescu et al., 2002).  
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Figure 5.16: Horizontal drainage installation test to assess effectiveness in lowering pore-water 
pressure within clay slopes through dewatering (Black et al., 2009).  

 

Dewatering through the installation of horizontal drainage has been found to promote groundwater 

drawdown and reduce the rate of slide movement in clay-soil landslides in one study by Black et al. 

(2009) into movement at a 30 m clay landslide in New York State, facilitating this by unweighting the 

slope, thus reducing pore-water pressure (Nicholson, 2015; Figure 5.16). In the Black et al. (2009) study 

into the effectiveness of horizontal drainage in clay-rich slopes, excess pore-water pressures within a 

clay basal shear were a major factor in promoting ground movement (Nicholson, 2015). 

Horizontal drains are generally installed at an angle of 2 -5º into the slope to facilitate gravity drainage 

and consist of perforated pipes 5–6 cm in diameter, wrapped in a geosynthetic textile filter (Abramson 

et al., 2002; Nicholson, 2015). Deep horizontal drainage, although moderately expensive to implement, 

could target a layer identified as a basal shear zone. This would ensure that pore-water pressure was 

lowered within areas of the subsurface that were of concern. Such drains are normally installed as arrays 

in the slopes, with a spacing of 2-60 m, depending on the requirements of the slope, with drains more 

closely spaced in the most critical cases (Nicholson, 2015). 
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At least one horizontal drainage pipe has been installed at the centre of the bay at Ōrere Point to promote 

slope dewatering, with plastic drainage coil observed emerging from the slopes below a set of access 

steps at the beach (Figure 5.17). At present, only one such artificial drainage feature was identified, and 

the extent to which additional drainage networks are in place to aid dewatering elsewhere along the 

slopes is unknown. The beach at which the slope drainage outfall was tentatively identified was 

nonetheless strewn with slope and coastal debris, with scant evidence of ongoing maintenance of the 

drain or outfall. The area immediately above the drainage outfall was identified as a relict landslide, 

although its geomorphology has been largely obscured by mature vegetation. Elsewhere at the slopes, 

two other artificial drainage features were identified at the reserve: a drainage well of an unknown depth, 

suspected to facilitate the removal of stormwater from the nearby settlement, and a suspended 

stormwater pipe running downslope. Horizontal drainage is a convenient solution to stabilise active 

landslides because it is easy and fast to install (Nicholson, 2015). This solution would be particularly 

well suited to landslide remediation at Ōrere Point, as water drained from the slopes can be discharged 

to the beach or sea with minimal risk.  
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Figure 5.17: Plastic drainage coil installed at the base of the slopes at site 2, Ōrere Point to promote 
dewatering in the cliffs.  

 

5.9 SUMMARY 

This chapter firstly provided a landslide classification as per the Hungr et al. (2013) classification for 

the predominant mass movement at Ōrere Point. Failure at the site 1 gully occurs as block topples, and 

at site 2 as a rotational earth slump in silt and clay alluvial material at the top of the cliffs transitioning 

through to a translational slide/earth flow towards the toe of the cliff. Secondly, the soil properties of 
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alluvial samples obtained from site 1 were described, and descriptions from a previous geotechnical 

investigation of the slope material at site 2 were provided. The soil index properties were discussed with 

respect to the suspected triggering mechanisms of the slopes at site 2, with particular attention paid to 

how such properties may affect the behaviour of the soil prior to landslide onset. Thirdly, the key 

triggering mechanisms for landslides at Ōrere Point were discussed. Indeed, attention was given to high-

intensity rainfall events, excess pore-water pressure in the soil, coastal erosion, and progressive failure 

through the loss of lateral support, and poor stormwater management. Fourthly, monitoring measures 

to reduce the risk to the nearby community of slope reactivation at Ōrere Point were discussed: 

geotechnical, geophysical, and geospatial monitoring techniques to aid in the prediction of future mass 

movement. Finally, mitigation measures to maximise development opportunities and protect existing 

housing stock along the cliff line were discussed. These include slope dewatering, slope engineering, 

and public policy planning, each of which were compared for their known effectiveness and suitability 

for Ōrere Point, given its current land use, population, and predicted future growth.  
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CHAPTER 6: CONCLUSION 

6.1 Introduction 

The research objectives of this investigation were to provide information on the engineering geological 

and geotechnical properties of a complex of soft sediment landslides at Ōrere Point, eastern Auckland. 

The approach used a combination of research methods that included a series of site visits to assess the 

geomorphology of the slopes, UAV and LiDAR DEM surveys to examine temporal changes in slope 

morphology, and laboratory analysis to determine the index properties and composition of distinct soils. 

The subsequent aim was to develop a model of the most credible landslide failure mechanisms that have 

contributed to repeated failure along the coastal cliffs at Ōrere Point. This was attempted by synthesising 

existing contemporary literature on the failure mechanisms in soft-sediment coastal slopes elsewhere in 

New Zealand and overseas, together with the results of this investigation. Following this, a critical 

analysis of the most likely triggering mechanisms involved in slope failure and landslide reactivation in 

the soft sediments at Ōrere Point was undertaken.  

Subsequently, consideration was given to the practicality of employing one or more geotechnical, 

geophysical, or geospatial instrumentation techniques to monitor pore water pressure, slope deformation 

and geomorphological change at Ōrere Point. Case study examples of successful soft-sediment coastal 

landslide monitoring methodologies were provided from elsewhere in New Zealand and overseas. 

Finally, considering the most likely landslide failure and triggering mechanisms at Ōrere Point, a series 

of possible slope stabilisation and remediation techniques were described. This drew on reports of soft-

sediment coastal slope remediation both elsewhere in New Zealand and overseas, and included 

measures taken to inhibit erosion at the slope toe.  

 

6.2 Summary 

This study has provided insights into the engineering geology of the soft sediment Plio-Pleistocene cliffs 

at Ōrere Point, with particular attention paid to the history of cyclic failure at the cliffs, and the most 
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recent period of slope reactivation following storm events in March and April 2017. The key findings 

of this study are as follows:  

• The landslides at site 2 are classified clay/silt rotational slumps, which transition to earthflows 

towards the base of the slope, at the beach.  

• The most recent significant period of slope reactivation at site 2 suggests that failure here is 

cyclic, with aerial imagery from 1951 to 2017 suggesting that slope quiescence is more common 

and persistent than mass slope reactivation.  

• Antecedent and high intensity rainfall contributes to elevated pore water pressures in the slopes, 

decreasing the effective stress within the slope, and initiating failure. 

• Slope debris, or colluvium, accumulates along the beach at the cliff toe, effectively buttressing 

the slope, creating a stable slope and a period of quiescence. Gradually, coastal erosion facilitates 

the removal of the colluvium at the cliff toe, compromising the stability of the cliff.  

• The morphology of the cliffs at site 2 suggest that progressive failure has also occurred along 

the cliff line, where rotational slumps have created embayments in the cliffs, causing nearby 

sections of cliff to gradually lose lateral support and fail. A similar mechanism was described 

by Hobbs et al. (2019) as a likely failure model for soft sediment cliffs at Holderness, UK.  

• A consolidated tephra sampled from site 1 was found to have a high peak friction angle of 50.8°, 

suggesting that this material may remain relatively stable at high slope angles compared to soils 

containing platy clay minerals (Moon, 2015).  

• The rotational slumps at site 2 appear to have initiated along one, or more, currently unidentified 

clay failure surfaces. 

• At site 1, the cliffs appear relatively stable and unaffected by coastal erosion, despite being 

relatively steep compared to the low-angle slopes of site 2.  

• Poor stormwater drainage from the existing settlement at Ōrere Point may have contributed to 

elevating soil moisture in the slopes at site 2. 
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• This study provided a range monitoring, mitigation, and planning measures suitable in managing 

slope instability at Ōrere Point, specifically at the area surrounding site 2.  

 

6.3 Limitations 

Some restrictions upon the scope of this study mean that its limitations must be noted. This will also 

assist in providing further recommendations for determining appropriate methodologies for future 

research into coastal erosion at Ōrere Point. The research was designed to be an empirical study utilising 

well-established field and laboratory techniques for examining failure mechanisms and triggers in 

coastal soft sediments and was therefore constrained to these methods. Approaches omitted by this study 

that may have assisted in determining the precise modes of failure within the coastal slopes at Ōrere 

Point are multi-faceted and include geotechnical, numerical, geospatial, and geochemical analyses. 

Targeted shear box tests on only two soil samples naturally constrained this aspect of study, and future 

studies could employ drained shear strength testing to describe the normal effective stress, cohesion, 

and friction angle of all distinctive soils at Ōrere Point. These results could complement the soil index 

properties reported in this study, and aid understanding of the overall failure criteria for each soil. From 

shear box testing, geotechnical parameters describing each layer’s effective stress, cohesion, and friction 

angle could be input into 2D limit equilibrium analysis software such as Rocscience Slide2, which 

would be particularly useful in calculating the FoS of the slopes at Ōrere Point. This could be undertaken 

following the implementation of the remediation measures described in Chapter 5.8, as well as the FoS 

of sections of the pre-failure cliff identified as at risk of future of landsliding. This would assist in 

developing targeted slope remediation and engineering solutions to maintain slope stability. X-Ray 

Diffraction (XRD) analysis on targeted silt and clay soils from Ōrere Point would allow for the 

identification of such sensitive clay minerals as smectite, as would scanning electron microscopy 

(SEM). Indeed, delineating morphologically distinctive clay minerals such as mushroom-capped 

halloysite could be important. The latter is a known alteration product in Rhyolite tephra layers and has 

been found to be particularly sensitive to failure due to its distinctive morphology encouraging low 

cohesion between clay minerals (Moon et al., 2015). Electron Microprobe Analysis (EMPA) on sampled 
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tephra from Ōrere Point could supplement the results of any XRD analysis, allowing for its precise 

chemical determination, which could be used to make a correlation between the undated tephra at Ōrere 

Point and dated tephra deposited elsewhere throughout the Upper North Island (Tejakusuma, 1998). 

Machine borehole drilling could be undertaken at site 2 to constrain the extent of the displacement and 

identify a possible failure plane. Using this method, samples for laboratory testing could be obtained 

from a greater depth than is possible using the field instrumentation utilised in this study. Finally, the 

handheld shear vane and pocket penetrometer used to measure key geotechnical properties of the 

sediments at Ōrere Point may have yielded inaccurate results, because of the relative difficulty of 

undertaking such tests at the surface of the soil layers.  A lack of soil mass was available to test in clast-

supported sediments near the surface and the hardness of some layers prevented the insertion of the 

shear vane blade and penetrometer. Lastly, methods to understand the precise influences groundwater 

and porewater pressure have on landslide initiation, particularly at site 2, have not been implemented in 

this study. These could include the installation of instrumented boreholes at the top of the cliffs at site 

2, and pore pressure re-inflation experiments on the soils from site 2.  

 

6.4 Recommendations for Ōrere Point 

To ensure that ongoing cliff erosion at Ōrere Point can be monitored, mitigated, and managed, the 

following techniques are recommended, particularly for the steepest slopes to the centre of the bay at 

site 2.  

1. The Ōrere Point settlement is currently without a complete reticulated stormwater network, 

meaning that water is allowed to discharge freely at the east of the settlement downslope. This 

potentially contributes to an increase in groundwater levels, and pore-water pressure in the soils 

at some sections of the cliffs. Initiatives to upgrade public stormwater drainage have begun in 

earnest to divert and drain overland flows from the slopes (CLC Consulting Group Ltd, 2013), 

with a total of $495,628 earmarked for 2021-2025 aimed at preventing further landslides by 

upgrading the public stormwater network.  
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2. Some sub-soil horizontal drainage was observed at the beach below site 2, but such drainage 

systems do not appear to have been employed extensively at Ōrere Point. Horizontal drainage 

arrays have proven an economical solution to slope instability in reducing excess pore-water 

pressure in slopes, as well as unweighting slope material which can trigger failure (Nicholson, 

2015). Horizontal drains can be considered as an inexpensive medium-term solution to slope 

stability at Ōrere Point and could be installed as perforated drainage soils of 5-6 cm in diameter 

in drilled holes (Abramson et al., 2002), and spaced at between 2-60 m depending on the pore-

water pressure of the slopes.  

3. Engineering approaches to buttressing the cliff toe, and stabilising failed slopes, offer a less 

economical approach to slope stabilisation at Ōrere Point, particularly at site 2. Toe buttresses 

comprising gabion baskets and rock armour could be installed at the cliff toe to arrest cliff toe 

erosion, and slope reactivation. However, hard engineering structures at the beach may affect 

erosion elsewhere along the beach.  

4. The introduction of techniques ranging from those inexpensive to install and maintain, to the 

most cutting-edge geophysical and geotechnical landslide monitoring arrays available, can be 

considered to predict and monitor the ongoing slope erosion and mass movement at Ōrere Point. 

These measures could include instrumented borehole arrays to detect the magnitude and rate of 

ground deflection, as well as pore-water pressures within the slopes, non-invasive geophysical 

tomography such as BGS’ PRIME to capture volumetric changes in the surface, and Terrestrial 

Light Scanning LiDAR to gather information on the rate and extent of cliff erosion (Hobbs et 

al., 2002; Young & Ashford, 2006; Quinn et al., 2010; Hobbs et al., 2019, 2020).  

5. The drilling of one or more, deep (> 20 m) boreholes to identify presumed failure surfaces within 

the Plio-Pleistocene succession at site 2. This will allow for a greater understanding of the 

material properties of the most failure-prone sediments at Ōrere Point. Thus, failure-prone clay 

and silt layers within the sedimentary succession could be intercepted by horizontal drainage 

bores, thereby reducing the pore-water pressure, and lowering the risk of failure along potential 

clay-rich shear surfaces.  
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APPENDICES 

APPENDIX A: SOIL CLASSIFICATION 

 

Appendix A. 1: NSGS (2005) field guide sheet detailing the guidelines used in describing soil in the 

field in New Zealand.  
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APPENDIX B: NZGD CORE LOGS FROM AREA WEST OF SITE 2 IN 2009 

 

Appendix B. 2: Hand-auger core log (HA1) taken on the 21st of May 2009 by Soil Engineering Ltd. 

Uploaded to the NZGD. 
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Appendix B. 3: Hand-auger core log (HA2) taken on the 21st of May 2009 by Soil Engineering Ltd. 

Uploaded to the NZGD. 
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Appendix B. 4: Hand-auger core log (HA3) taken on the 21st of May 2009 by Soil Engineering Ltd. 

Uploaded to the NZGD. 

 



152 
 

 

Appendix B. 5: Hand-auger core log (HA4) taken on the 21st of May 2009 by Soil Engineering Ltd. 

Uploaded to the NZGD. 
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Appendix B. 6: Hand-auger core log (HA5) taken on the 21st of May 2009 by Soil Engineering Ltd. 

Uploaded to the NZGD. 

 



154 
 

 

Appendix B. 7: Hand-auger core log (HA6) taken on the 21st of May 2009 by Soil Engineering Ltd. 

Uploaded to the NZGD.  
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APPENDIX C: NZGD GEOMORPHOLOGICAL MAP OF AREA WEST OF SITE 2 IN 2009 

 

Appendix C. 8: Geomorphological map produced on the 21st of May 2009 by Soil Engineering Ltd for the slopes to the west of site 2. Uploaded to the 

NZGD.   
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APPENDIX D: 3D MICROSCOPIC IMAGES 

 
Appendix D. 9: True colour 300 X 3D image of Ōrere Point tephra (S1-4) showing fine to medium-

grained volcanic glass as comprising the bulk of the tephra.  

 

Appendix D. 10: True colour 1000 X 3D image of Ōrere Point tephra (S1-4) showing fine to medium-

grained volcanic glass as comprising the bulk of the tephra, and silt and clay (620 to 4 μm). 
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Appendix D. 11: True colour 1400 X 3D image of Ōrere Point tephra (S1-4) showing fine to medium-

grained volcanic glass as comprising the bulk of the tephra, and silt and clay (620 to 4 μm).  

 

Appendix D. 12: True colour 300 X 3D image of Ōrere Point tephra (S1-6) showing orange, yellow 

and red medium to fine sand grains (150 to 62 μm), and silt and clay (62 to 4 μm).  
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Appendix D. 13: True colour 1000 X 3D image of Ōrere Point tephra (S1-6) showing orange, yellow 

and red fine sand grains (< 62 μm), and silt and clay (62 to 4 μm). 

 
Appendix D. 14: True colour 300 X 3D image of Ōrere Point tephra (S2-3) showing opaque orange, 

yellow and red fine sand grains (< 100 μm), and silt and clay (62 to 4 μm). 
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Appendix D. 15: True colour 1000 X 3D image of Ōrere Point tephra (S2-3) showing opaque orange, 

yellow and red fine silt and clay particles (62 to 4 μm).  
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APPENDIX E: GEOTECHNICAL DATA 

 

Clay Very Fine Silt Fine Silt Medium Silt Coarse Silt 
Very Fine 

Sand Fine Sand Medium Sand 
Coarse 
sand 

0.0039 0.0078 0.0156 0.031 0.063 0.125 0.25 0.425 0.5 1 2 

S1-1 4.15% 9.61% 17.24% 26.56% 36.83% 47.44% 62.82% 78.95% 83.83% 97.88% 100% 

S1-2 2.06% 4.66% 8.09% 13.06% 21.61% 37.3% 65.49% 85.76% 90.11% 99.17% 100% 

S1-3 11.42% 21.51% 31.89% 42.55% 54.65% 66.97% 78.71% 88.66% 91.76% 99.47% 100% 

S2-4 3.27% 8.03% 15.82% 27.34% 39.95% 48.03% 61.83% 81.67% 87.45% 99.54% 100% 

S1-5 16.56% 29.39% 42.21% 52.73% 61.2% 72.04% 85.49% 94.99% 97.13% 99.99% 100% 

S1-6 11.99% 19.68% 27.81% 36.52% 48.49% 65.15% 82.31% 93.75% 96.41% 100% 100% 

T2-1 25.09% 39.92% 53.18% 65.31% 75.9% 83.57% 91.11% 97.29% 98.66% 100% 100% 

S2-2 10.54% 17.29% 24.23% 31.71% 40.23% 51.95% 70.68% 86.58% 90.68% 99.63% 100% 

S2-3 11.78% 22% 34.14% 48.21% 63.99% 79.41% 93.64% 99% 99.47% 100% 100% 

S2-4 13.24% 23.6% 35.82% 50.3% 69.52v 87.39% 96.77% 99.75% 99.96% 99.98% 100% 
Appendix E. 15: Particle size analysis data obtained from Malvern Mastersizer 3000 analysis, shown as percentage passing a particular particle size.  
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Blow Count 
Depth (m) HA1 HA2 HA3 HA4 HA5 HA6 

3.35      8 

3.4      9 

3.45  4    8 

3.5  4    5 

3.55  4    6 

3.6  7    5 

3.65  6    3 

3.7  8    5 

3.75  6    7 

3.8  6    7 

3.85  7    7 

3.9  5    7 

3.95  5    7 

4  4    7 

4.05  3    5 

4.1  3    5 

4.15  6    5 

4.2  6    5 

4.25  6    7 

4.3  8    7 

4.35  15    5 

4.4      5 

4.45      4 

4.5      3 

4.55      5 

4.6      5 

4.65      4 

4.7      6 

4.75      8 

4.8      9 

4.85      10 

4.9      11 

4.95      12 

5      12 

5.05 1  1 1 4  

5.1 1  1 1 4  

5.15 1  1 1 4  

5.2 1  1 1 4  

5.25 1  1 1 4  

5.3 1  2 1 5  

5.35 1  1 2 4  

5.4 1  2 1 4  

5.45 2  2 1 5  

5.5 3  3 1 5  

5.55 3  4 1 5  
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5.6 3  2 1 5  

5.65 4  3 1 6  

5.7 2  2 1 5  

5.75 4  1 1 5  

5.8 4  2 1 6  

5.85 3  2 1 6  

5.9 4  1 1 6  

5.95 6  1 1 6  

6 3  2 2 6  

6.05 4  1 2 6  

6.1 4  3 2 5  

6.15 4  2 2 6  

6.2 5  2 3 6  

6.25 5  3 3 6  

6.3 5  2 3 6  

6.35 4  3 3 5  

6.4 6  3 4 6  

6.45 6  2 4 6  

6.5 6  2 3 6  

6.55 7  2 5 6  

6.6 6  3 5 6  

6.65 8  2 5 6  

6.7 6  2 5 6  

6.75 5  3 6 6  

6.8 5  2 6 5  

6.85 4  2 8 4  

6.9 4  3 7 6  

6.95 3  4 8 5  

7 7  7 8 6  

7.05 10  9 8 5  

7.1 8  9 9 6  

7.15 7  9 10 6  

7.2 5  5 9 6  

7.25 7  6 11 6  

7.3 6  6 10 6  

7.35 5  8 12 6  

7.4 7  11 12 7  

7.45 7  14 12 7  

7.5 5  11 15 7  

7.55 5  8  9  

7.6 5  6  9  

7.65 6  5  8  

7.7 6  5  8  

7.75 5  3  7  

7.8 5  4  7  

7.85 6  5  7  

7.9 6  8  7  
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7.95 5  7  7  

8 6  8  7  

8.05       

8.1       

8.15       

8.2       

8.25       

8.3       

8.35       

8.4       

8.45       

8.5       

8.55       

8.6       

8.65       

8.7       

8.75       

8.8       

8.85       

8.9       

8.95       

9       

Appendix E. 16: Scala penetrometer blow count versus depth obtained from the base of six hand-

auger boreholes drilled to the west of site 2 by Soil Engineering NZ on 21 May 2009 (NZGD, 2009). 
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APPENDIX F: GPR RADARGRAMS  

 

Appendix F. 17: Chainage 0 – 100 m  

 

 

Appendix F. 18: Chainage 100 – 200 m  
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Appendix F. 19: Chainage 200 – 300 m  

 

 

 

Appendix F. 20: Chainage 300 – 400 m  
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Appendix F. 21: Chainage 400 – 500 m   

 

 

 

Appendix F. 22: Chainage 500 – 600 m   
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Appendix F. 23: Chainage 600 – 700 m    

 

 

 

Appendix F. 24: Chainage 700 – 810 m    
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