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EXECUTIVE SUMMARY 

ES 1 INTRODUCTION 

This report combines recent field information collected from the Deans Head site with 
numerical slope-stability modelling to assess the risk to people in dwellings and users of 
Main Road from mass movements at the site. 

Following the 22 February 2011 earthquakes, extensive cracking of the ground occurred in 
some areas of the Port Hills. In many areas, the cracks were thought to represent only 
localised relatively shallow ground deformation in response to earthquake shaking. In other 
areas however, the density and pattern of cracking and the amounts of displacement across 
cracks clearly indicated large mass movements. 

Christchurch City Council contracted GNS Science to carry out further detailed investigations 
of these areas of systematic cracking, in order to assess the nature of the hazard, the 
frequency of the hazard occurring, and whether the hazard could pose a risk to life, a risk to 
existing dwellings and/or a risk to critical infrastructure. This work on what are termed mass 
movements is being undertaken in stages. Stage 1 is now complete (Massey et al., 2013) 
and stages 2 and 3 are detailed investigations of mass movements from highest to lowest 
priority. 

The Stage 1 report identified 36 mass movements of concern in the Port Hills project area. 
Four of these were further subdivided based on failure type, giving a total of 46 mass 
movements including their sub areas. Fifteen of these were assessed as being in the Class I 
(highest) relative hazard-exposure category. Mass movements in the Class I category could 
cause loss of life, if the hazard were to occur, as well as severe damage to dwellings and/or 
critical infrastructure, which may lead to the loss of services for many people. 

Deans Head mass movement area was assessed in the Stage 1 report (Massey et al., 2013) 
as being in the highest relative hazard exposure category (Class I, involving potential risk to 
life). Following the 22 February 2011 earthquakes, significant localised cracking was noted in 
the loess (soil) slope at the Deans Head mass movement, and the amount of slope 
displacement, coupled with the steep slope angles, suggested the slope could be susceptible 
to earth/debris flows.  

This report, as part of the Stage 2 investigations, presents the risk assessment results for the 
Deans Head Class I mass movement. 

ES 2 INVESTIGATION PROCESS AND FINDINGS 

Detailed investigations of the site and its history were carried out by GNS Science. These 
investigations have identified several relict landslides (up to 10,000–15,000 m3 in volume) at 
the site that appear to pre-date European settlement (about 1840 AD). Rockfalls are also 
apparent from the steep rock slope (called Shag Rock Reserve) in the 1946 and 1984 aerial 
photographs. Field mapping of the slope has identified areas of consistently bent mature 
trees and pre-2010/11 evidence of damage to dwellings. The evidence suggests that the 
slope has moved, albeit at low rates of movements, in the recent past. The areas of past 
movement coincide with the same areas that were cracked during the 2010/11 Canterbury 
earthquakes.  
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increases with rainfall intensity and duration, and that the slopes in their present condition 
are particularly vulnerable to water ingress via the numerous open cracks in the ground 
surface. 

For the two assessed source areas, the likely volume of material mobilised during a slope 
failure event, and the frequency of the slope failure triggering event, are both uncertain. 
Nonetheless, the slopes have remained stable during both earthquake aftershocks since the 
22 February 2011 earthquake and significant rainfall without major failure.  

Failure volumes and triggering frequencies 

The volumes of material involved in, and the frequency of slope failures from the identified 
sources, are assessed. Three source-volume ranges (upper, middle and lower volumes per 
source area) and five event annual frequencies (representing return periods of 20, 50, 100 
and 200 years) have been modelled. Both are uncertain and the frequency of the triggering 
events is particularly uncertain. Whilst the slopes survived substantial aftershocks and two 
notable rainfall episodes since the 22 February 2011 earthquake without major failure, the 
strength of the slope is weakened by cracking; and in particular the cracking has made the 
slope more susceptible to water ingress, which would be expected to weaken them further 
(possibly critically so) in a severe weather episode. 

A risk assessment was carried out for each of the newly identified potential source areas, 
using a range of triggering frequencies and landslide volumes (upper, middle and lower 
source volume estimates) to reflect the associated uncertainties, and the overall annual 
individual fatality risk for a nearby resident or users of Main Road has been assessed. 

The risk assessment for users of Main Road combines: 1) the earth/debris flows hazards at 
Deans Head; with 2) the cliff collapse hazards associated with the steep rock slope (Shag 
Rock Reserve), reported by Massey et al. (2012). 

ES 3 CONCLUSIONS 

ES3.1 Hazard 

1. There is potential for volumes ranging from several hundreds to tens of thousands of 
cubic metres of earth/debris flows (source areas 1 and 2) of mixed loess and colluvium, 
which are in addition to the cliff-collapse failures previously assessed (Massey et al., 
2012). 

2. The most likely triggers for the assessed earth/debris flows sources are prolonged 
heavy rainfall and strong earthquake shaking (if ground conditions were wet). 

3. The frequency of earth/debris flow events from these sources is difficult to estimate and 
could be anything from once every few tens to once every many hundreds of years. 
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ES3.2 Risk 

ES3.2.1 Dwelling occupant 

1. There are very few dwellings in the earth/debris flow runout zone, as most dwellings 
are located in the assessed source areas. 

2. The main hazard affecting these dwellings is likely to be a combination of cracking and 
undercutting as the ground moves beneath the dwelling, potentially causing significant 
damage to the dwelling, as well as the impact from debris coming from further upslope. 

3. It is difficult to assess what the levels of risk to the dwellings in the source areas are, 
given the uncertainties associated with the triggering event, source volume and area 
that could be affected. The risk associated with the assessed source areas is, therefore 
inferred to be the same as the risk in the runout zone immediately below the assessed 
source areas, which is shown as 10-4 or greater. 

4. The numbers of dwellings affected by the upper source volume estimates are, as 
expected, larger than those few affected by the lower volume estimates, as the lower 
volume estimates are associated with smaller source areas. 

5. Even if failure of these sources does not occur under static conditions (rain), the risk of 
damage to dwellings from future earthquakes is still relatively high and similar to a 
Class II relative hazard exposure category. For example, the estimated amount of 
permanent slope displacement when subjected to 0.5 g peak ground acceleration is in 
the order of about 0.4 m. A peak ground acceleration of 0.5 g has a 50-year average 
annual frequency of occurring of about 1 in every 140 years, adopting the results from 
the National Seismic Hazard Model. 

ES3.2.2 Road user 

1. Generally, the risk to road users of Main Road in the assessed section road below 
Deans Head is significantly higher than that at the other sites assessed to date 
(Wakefield Avenue and Quarry Road; Massey et al., 2014a,b). 

2. The volumes of material reaching the road could be relatively high and could occur with 
relatively high (though uncertain) frequency. 

3. There is limited means of escape for motor vehicle users from Main Road over the 
assessed section of road, other than by travelling forward or back along Main Road 
itself. 

4. There are relatively high traffic densities for significant proportions of the time. 

5. The road to the west of Deans Head lies next to relatively deep, fast moving water with 
only a wooden crash barrier to prevent road users inundated by rockfall or debris being 
washed into the sea.  

6. There is potential for accident scenarios in which a queue of traffic is trapped on this 
section of the road at exactly the time that a significant (seismically triggered) slope 
failure occurs. 
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ES3.2.3 Risk management 

1. A risk-management option of monitoring rainfall, soil moisture and pore-pressure in the 
source areas, may be of some value in providing warning of conditions approaching 
critical levels, but: 

a. Such early warning could not be assured, as experience in the Port Hills and 
elsewhere is that water levels in open tension cracks can rise very rapidly to 
critical values;  

b. There would be little time to evacuate potentially at-risk residents given the rapid 
nature of the hazard; and 

c. There is currently no precedent data for rates of change of groundwater or water 
content of loess to provide reliable alert criteria. 

2. There appears to be reasonable scope for engineering measures to stabilise the slopes 
(e.g., by removal of loess/colluvium and installation of drainage measures). However, 
site access may be difficult due to the nature of the ground, and these works would 
need to be evaluated, designed and implemented by a suitably qualified engineering 
consultant. 

ES 4 RECOMMENDATIONS 

GNS Science recommends that based on the results of this study, Christchurch City Council: 

ES4.1 Policy and Planning 

1. Decide what levels of life risk to dwelling occupants and road users will be regarded as 
tolerable.  

2. Decide how Council will manage risk on land and roads where life risk is assessed to 
be at the defined threshold of intolerable risk and where the level of risk is greater than 
the threshold.  

3. Prepare policies and other planning provisions to address risk lesser than the 
intolerable threshold in the higher risk range of tolerable risk. 

ES4.2 Short-term actions 

ES4.2.1 Hazard monitoring strategy 

1. Include the report findings in a slope-stability monitoring strategy with clearly stated 
aims and objectives, and list how these would be achieved, aligning with the 
procedures described by McSaveney et al. (2014). In the meantime, extend the current 
survey network further up the slope (particularly in source area 1 towards Kinsey 
Terrace), so as to maintain awareness of changes in the behaviour of the slope; 

2. Ensure that the existing emergency management response plan for the area identifies 
the dwellings that could be affected by movement and runout and outlines a process to 
manage a response. 
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ES4.2.2 Risk monitoring strategy 

Monitoring the slope for early warning of potentially dangerous trends in groundwater or 
slope movement as part of a hazard warning system, is currently not thought to be feasible. 
Monitoring alerts for slope deformation and groundwater changes cannot be relied upon to 
provide adequate early warning as experience from Port Hills and elsewhere shows that 
deformation and groundwater changes can occur rapidly, with little warning, and there is little 
site-specific information on which to build such a warning system. 

ES4.2.3 Surface/subsurface water control 

Reduce water ingress into the slopes, where safe and practicable to do so, by: 

1. Identifying and relocating all water-reticulation services (water mains, sewer pipes and 
storm water) inside the identified mass-movement boundaries (at the slope crest) to 
locations outside the boundary, in order to control water seepage into the slope. In 
particular, a water main currently traverses the site between assessed source areas 1 
and 2; and 

2. Control surface water seepage by filling the accessible cracks on the slope and 
providing an impermeable surface cover to minimise water ingress. 

ES4.3 LONG-TERM ACTIONS 

ES4.3.1 Engineering measures 

1. Assess the cost, technical feasibility and effectiveness of alternative longer term 
engineering and relocation solutions, for example (but not limited to): 

a. Removal/stabilisation of the slopes in the assessed source areas; 

b. Installation of drainage works; 

c. Relocation of houses to alternative locations within existing property boundaries; 
or 

d. Withdrawal and rezoning of the land for non-residential use. 

2. Any proposed engineering works should require a detailed design and be carried out 
under the direction of a certified engineer, and should be independently verified in 
terms of their risk reduction effectiveness by appropriately qualified and experienced 
people. 

3. For the section of Main Road within the risk zone, liaise with whoever is responsible for 
roading (within Christchurch City Council) to develop solutions, which both: 1) ensure 
that the key lifeline section of Main Road can continue to serve its purpose of 
connecting Sumner and the surrounding area to Christchurch; and 2) adequately 
safeguard road users from slope-collapse risk. 

ES4.3.2 Reassessment 

Reassess the risk and revise and update the findings of this report in a timely fashion, for 
example:  

1. in the event of any significant changes in ground conditions; or 

2. in anticipation of further development or significant land use decisions. 
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1.0 INTRODUCTION 

This report brings together recent field information on the Deans Head site and uses 
numerical models of slope stability to assess the risk to people in dwellings and users of 
Main Road from mass movements at the site, over and above those assessed in an earlier 
cliff collapse study (Massey et al., 2012). 

1.1 BACKGROUND 

Following the 22 February 2011 earthquakes, members of the Port Hills Geotechnical Group 
(a consortium of geotechnical engineers contracted to Christchurch City Council to assess 
slope instability in the Port Hills) identified some areas in the Port Hills where extensive 
cracking of the ground had occurred. In many areas cracks were thought to represent only 
localised relatively shallow ground deformation in response to shaking. In other areas 
however, the density and pattern of cracking and the amounts of displacement across cracks 
clearly indicated that larger areas had moved systematically en masse as a mass movement.  

Christchurch City Council contracted GNS Science to carry out detailed investigations of the 
identified areas of mass movement in order to assess the nature of the hazard, the frequency 
of the hazard occurring, and whether the hazard could pose a risk to life, a risk to existing 
dwellings and/or a risk to critical infrastructure (defined as water mains, sewer mains, pump 
stations, electrical substations and transport routes). This work is carried out under Task 4 of 
contract No. 4600000886 (December 2011). 

The main purpose of the Task 4 work is to provide information on slope-stability hazards in 
the Port Hills. This is to assist Christchurch City Council land-use and infrastructure planning 
and management in the area, as well as to establish procedures to manage on-going 
monitoring and investigation of the hazards. 

The Task 4 work is being undertaken in stages. Stage 1 is now complete (Massey et al., 
2013; hereafter referred to as the Stage 1 report) and comprised: 1) a list of the areas 
susceptible to significant mass movement; 2) the inferred boundaries of these areas (as 
understood at the time of reporting); and 3) an initial “hazard-exposure” assessment  
(Table 1) intended only to prioritise the areas with regards to future investigations.  

The Stage 1 report identified 36 mass movements of concern in the Port Hills project area. 
Four of these were further subdivided based on failure type, giving a total of 46 mass 
movements including their sub areas (Figure 1). Fifteen of these were assessed as being in 
the Class I (highest) relative hazard-exposure category, and the results of their detailed 
investigation and assessment are presented in Stages 2 and 3, which includes this Stage 2 
report on the Deans Head Class I mass movement. Mass movements assessed as being in 
the Class I category may cause fatalities, severe damage to dwellings and/or damage critical 
infrastructure leading to loss of services for many people if the hazard were to occur. 

The Stage 1 report recommended that mass movements in the Class I relative hazard-
exposure category be given high priority by Christchurch City Council for detailed 
investigations and assessment. 
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Table 1 Assessed mass movement relative hazard exposure matrix (from the Stage 1 report, Massey et al., 
2013). 

 Hazard Class 

1. Displacement* 

greater than 0.3 m 

and debris runout 

2. Displacement* 

greater than 0.3 m; 

no runout 

3. Displacement* less 

than 0.3 m; no 

runout 

C
o

n
se

q
u

en
ce

 C
la

ss
 

1. Life – potential to cause 

loss of life if the hazard 

occurs 

CLASS I CLASS III CLASS III 

2. Critical infrastructure1 – 

potential to disrupt 

critical infrastructure if 

the hazard occurs 

CLASS I CLASS II2 CLASS II 

3. Dwellings – potential to 

destroy dwellings if the 

hazard occurs 

CLASS I CLASS II CLASS III 

*Note: Displacements for each assessed mass movements are inferred by adding together the mapped crack 
apertures (openings) along cross-sections through the assessed mass movements. They are a lower bound 
estimate of the total displacement, as no account is given for plastic deformation of the mass and not every crack 
has been mapped. 
1 Critical infrastructure is defined, for the purpose of this report, as infrastructure vital to public health and safety. 

It includes transport routes (where there is only one route to a particular destination), telecommunication 
networks, all water related mains and power networks (where there is no redundancy in the network), and key 
medical and emergency service facilities. Networks include both linear features such as power lines or pipes 
and point features such as transformers and pump stations. 

2 This relative hazard exposure category is based largely on an assumption that ‘critical infrastructure’ exists 
within these areas. Until further assessments are made on the nature of toe slumps and the existence of 
critical infrastructure in these areas, the relative hazard exposure category of these assessed mass 
movements has been appropriately assessed as “Class II”. It is likely that many of the assessed mass 
movements in the Class II relative hazard exposure category (where the hazard class is 2 and the 
consequence class is 2) would be more appropriately classified as “Class III” following further assessments. 

1.2 THE DEANS HEAD MASS MOVEMENTS 

The Deans Head mass movement area is shown in Figure 1 and Figure 2. This mass 
movement area was assessed in the Stage 1 report (Massey et al., 2013) as being in the 
highest relative hazard exposure category (Class I).  

This report presents the risk assessment results for the Deans Head Class I mass 
movement. The map in Figure 2 outlines the assessed potential landslide source areas 
(numbers 1 and 2), within the identified mass movement area, while Figure 3 and Figure 4 
show the boundaries of the mass movement area in comparison with those of the cliff 
collapse area for which the dwelling risk has previously been assessed (Massey et al., 2012).  
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1.3 PREVIOUS WORK AT THE DEANS HEAD SITE 

Following the 22 February 2011 earthquakes, significant localised cracking was noted on the 
slope surface within the Deans Head mass movement (Figure 3 and Figure 4). Previous 
investigations of the site comprised: 

1. The risk to life of people in dwellings at the cliff crest (but not to road users) from debris 
avalanches and cliff top recession hazards associated with the steep rock slope 
(collectively termed cliff collapse) were previously estimated by Massey et al. (2012); 

2. Field mapping of the crack distributions was carried out by GNS Science, and the 
results are contained in the Stage 1 report (Massey et al., 2013); 

3. Ground investigation of the site has involved drilling of two fully-cored drillholes, and 
inclinometer monitoring, carried out by Aurecon NZ Ltd, under contract to Christchurch 
City Council. The results of the drilling are contained in Codd and Revell (2013); and 

4. Ground investigation and field mapping of the site was also carried out by Tonkin and 
Taylor Ltd, under contract to the Earthquake Commission (Tonkin and Taylor, 2012a). 
The ground investigations comprised the drilling of three drillholes (one cored, one 
open hole and one open barrel), three scala penetrometers and installation of one 
standpipe (piezometer) and one inclinometer, in selected drillholes. 

 
Figure 3 Aerial view of the Deans Head mass movement is within the yellow dashed lines (approximate 
extent only – refer to Figure 2 for the mapped extent). 
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Figure 4 Cliff collapse area not included in this assessment (approximate extent only – refer to Figure 2 for 
mapped extent). The risk assessment for cliff collapse is described by Massey et al. (2012). 

1.4 SCOPE OF THIS REPORT 

The scope of this report as per Appendix A of contract No. 4600000886 (December 2011) is 
to: 

1. Estimate the annual individual fatality risk for affected dwelling occupants from the 
failure of the assessed source areas 1 and 2, within the shown assessment area in 
Figure 2. 

2. Estimate the fatality risk for users of Main Road from the failure of the assessed source 
areas (Figure 2) and from cliff collapse hazards as detailed in Massey et al. (2012), for 
the section of Main Road shown in Figure 2.  

3. Provide recommendations to assist Christchurch City Council with considered options 
to mitigate life risks, associated with the assessed source areas. 

For the purpose of this risk assessment, dwellings are defined as timber framed single-storey 
dwellings of building importance category 2a (AS/NZS 1170.0.2002). The consequences of 
the hazards discussed in this report on other building types, such as commercial buildings, 
have not been assessed. 

The risk assessments contained in this report supersede the preliminary risk assessments 
contained in the Working Note 2013/03 (Della Pasqua et al., 2013).  
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2.0 DATA USED 

The data and the sources of the data used in this report are listed in Table 2. 

Table 2 Summary of the main data used in the analysis. LiDAR is Light Detecting and Ranging. 

Data Description Data source Date Use in this report 

Post-22 February 

2011 earthquake 

digital aerial 

photographs 

Aerial photographs were 

taken on 24 February 2011 

by NZ Aerial Mapping and 

were orthorectified by GNS 

Science (0.1 m ground 

resolution). 

NZ Aerial 

Mapping 

Last 

updated 24 

February 

2011 

Used for base maps and 

to map extents of 

landslides and deformation 

triggered by the 

22 February 2011 

earthquakes.  

Post-13 June 

2011 earthquake 

digital aerial 

photographs 

Aerial photographs were 

taken between 18 July and 

26 August 2011, and 

orthorectified by NZ Aerial 

Mapping (0.5 m ground 

resolution). 

NZ Aerial 

Mapping 

18 July–26 

August 

2011 

Used to map extents of 

landslides and deformation 

triggered by the 13 June 

2011 earthquakes. 

Historical aerial 

photographs 

Photographs taken in 1940, 

1946, 1973, 1975 and 1984 

by multiple sources and 

orthorectifed by NZ Aerial 

Mapping and GNS Science 

(at variable ground 

resolutions). 

NZ Aerial 

mapping and 

GNS Science 

1946, 

1975, 1975 

and 1984 

Used to assess the site 

history before the 2010/11 

Canterbury earthquakes. 

LiDAR digital 

elevation model 

(2011c) 

Digital Elevation Model 

derived from post-13 June 

2011 earthquake LiDAR 

survey; re-sampled to 1 m 

ground resolution. 

NZ Aerial 

Mapping 

18 July–26 

August 

2011 

Used to generate contours 

and shade models for the 

maps and cross-sections 

used in the report. 

Christchurch 

building footprints 

Footprints are derived from 

aerial photographs. The data 

originate from 2006 but have 

been updated at the site by 

CCC using the post-

earthquake aerial photos. 

Christchurch 

City Council  

Unknown Used to identify the 

locations of residential 

buildings in the site. 

GNS Science 

landslide 

database 

Approximate location, date, 

and probably trigger of 

newsworthy landslides 

GNS Science  Updated 

monthly 

Used to estimate the likely 

numbers and volumes of 

pre-earthquake landslides 

in the areas of interest. 

Earthquake 

Commission 

claims database 

Location, date and brief 

cause of claims made in the 

Port Hills of Christchurch 

since 1993. 

Earthquake 

Commission  

1993–

August 

2010 

Used to estimate the likely 

numbers and volumes of 

pre-earthquake landslides 

in the areas of interest. 
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Data Description Data source Date Use in this report 

Synthetic 

earthquake time/ 

accelerations 

Earthquake time acceleration 

histories for the four main 

2011 earthquakes: 

22 February, 16 April, 

13 June and 23 December.  

GNS Science February 

2014 

Used as inputs for the 

seismic site response 

analysis. 

Rainfall records 

for Christchurch 

Rainfall records for 

Christchurch from various 

sources, extending back to 

1873. 

NIWA 1873–

present 

Used to assess the return 

periods of past storms 

triggering landslides of 

known magnitudes in the 

Port Hills. 

Drillhole logs Results from the logging of 

three drillholes and three 

scala penetrometers carried 

out at the site. 

Tonkin and 

Taylor Ltd. 

(Tonkin and 

Taylor, 2012a) 

2012 Used to generate the 

engineering geological 

map and cross-sections. 

Drillhole logs Results from the logging of 

two drillholes carried out at 

the site 

Aurecon NZ Ltd. 

(Codd and 

Revell, 2013) 

January 

2013 

Used to generate the 

engineering geological 

map and cross-sections. 

Downhole shear 

wave surveys 

Downhole shear wave 

velocity surveys carried out 

in the URS Ltd. drillholes. 

Southern 

Geophysical Ltd. 

(2013) 

February 

2014 

Used to determine the 

dynamic properties of the 

materials in the slope for 

the seismic site response 

analysis. 

Geotechnical 

laboratory data  

Geotechnical strength 

parameters for selected soil 

and rocks in the Port Hills.  

GNS Science 

(Carey et al., 

2014) 

February 

2014 

Used for static and 

dynamic slope stability 

analysis.  

Field work Field mapping of slope 

cracking and engineering 

geology and ground truthing 

of the risk analyses.  

GNS Science 

and the Port 

Hills 

Geotechnical 

group 

22 

February 

2011–

present 

Used in generating the 

engineering geological 

models of the site. Results 

from field checks used to 

update risk maps. 

Traffic counts for 

Main Road 

(Causeway to the 

east of the 

assessment area) 

and the 

Ferrymead/Main 

Road junction (to 

the West) 

Detailed motor vehicle 

counts at 2-year intervals, by 

hour of day and day of week, 

are available for the 

Causeway. Junction data is 

more sparse but provides a 

valuable breakdown into 

heavy and light vehicles 

Christchurch 

City Council 

2008, 2010 

and 2012 

surveys 

Used to assess total 

numbers of road users, 

and to model likely 

average extent and 

frequency of delays (and 

hence extended average 

time at risk) on Main Road. 
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3.0 SITE ASSESSMENT (RESULTS) 

The site assessment results and engineering geological conceptual models developed for 
the site by GNS Science are summarised below. Figure 5 shows the main features identified 
at the site from field mapping and the review of aerial photographs. Figure 6 presents an 
engineering geological map for the site. Figure 7 shows the locations of the various site 
investigations. Figure 8 presents six engineering geological cross-sections through the site. 

3.1 SITE HISTORY 

3.1.1 Aerial photograph interpretation 

Aerial photographs of the site are available for various dates since 1940. Table 3 
summarises the photograph details and main features noted. 

Table 3 Summary of observations from aerial photographs used to assess the site history at Deans Head. 

Date/scale 
of photo 

Resolution Comments 

1940 

1:10,000 

(approx.) 

Poor resolution Several large arcuate features – possible relict landslide scars – are 

apparent at the site. These tend to be relatively narrow and linear features. 

No corresponding accumulations of debris are present, but any debris 

would have likely to have been washed away by the sea (Figure 5). One of 

these features, towards the south, is large, and much of the debris appears 

to have left the source area.  

A few dwellings are present on the slope, including the water reservoir. 

Main Road is already constructed around the toe of the site.  

There is no evidence of past quarrying at the site apparent in the aerial 

photographs. 

30/05/1946 

1:5,500 

(approx.) 

Good resolution At the northern end of the site there appears to be several recent rockfalls 

apparent at the toe of the steep cliff in Shag Rock Reserve. 

1973, 1:10,000 

(approx.) 

Poor resolution No obvious change. A few dwellings have now been constructed on the 

slope.  

1975, 1:10,000 

(approx.) 

Poor resolution No obvious change. A few more dwellings have been constructed on the 

slope. 

1984, 1:6,000 

(approx.) 

Good resolution At the northern end of the site there appears to be several recent rockfalls 

apparent at the toe of the steep cliff in Shag Rock Reserve. 

A few more dwellings have now been constructed on the slope 

3.1.1.1 Relict landslides 

Review of aerial photographs and field mapping has identified several relict landslide scars 
on the slope within and adjacent to the Deans Head site (Figure 5). One of these is relatively 
large, with an estimated plan area of about 3,800 m2, and depth of between 3 and 6 m, 
based on cross-section 6 in Figure 8. The shape of the landslide is long and narrow. Much of 
the landslide debris has vacated the scar, indicating the debris may have run out into the sea 
as an earth/debris flow (or series of flows). Rock was mapped in the upper part of the 
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Total displacement of the cadastral survey mark 15 (Map 2, Appendix 2) in the middle of the 
mass movement (for all events) is about 740 mm. The combined total displacement of the 
nearest monitoring marks (7 and 8, Maps 3–5, Appendix 2) recorded during the 16 April, 
13 June and 23 December 2011 earthquakes was 160–220 mm. Therefore the estimated 
22 February 2011 displacement in this area would be 740 mm minus 160–220 mm, which is 
about 520–580 mm (taking into account survey error). 

This suggests that the majority of the recorded displacement (derived from the cadastral 
survey) in the main part of the cracked area can be attributed to the 22 February 2011 
earthquake, assuming that any displacement caused by any other events in this period was 
negligible. 
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Table 5 Summary of slope displacements inferred from crack apertures and the surveying of cadastral and monitoring marks installed on the slope. Only measurements 
outside survey error are shown. 

Date Survey type Lower slope1 Middle slope Upper slope 

Pre-22 February 2011– 

30 October 2012 

Cadastral marks 742 mm (15) 

436 mm (16) back tilted 

pavement 

420 mm (14) 

718 mm (17) loose peg in ground  

698 mm (18) 

293 mm (19) 

258 mm (20) 

200 mm (21) 

22 February 2011 Inferred from survey of cadastral 

and monitoring marks 

520–580 mm No monitoring marks installed No monitoring marks installed 

16 April 2011 Monitoring marks 15 mm (5) 

11 mm (6) 

18 mm (7) 

Movement only marginally 

outside error. 

No monitoring marks installed No monitoring marks installed 

13 June 2011 Monitoring marks 47 mm (4) 

119 mm (5) 

178 mm (6) 

201 mm (7) 

164 mm (8) 

136 mm (9) 

No monitoring marks installed No monitoring marks installed 

23 December 2011 Monitoring marks No movement outside error No monitoring marks installed No monitoring marks installed 

1  The survey mark number is given in brackets; the locations are shown in Appendix 2. 







 

 

GNS Science Consultancy Report 2014/77 27 
 

Table 7 Summary of drillhole inclinometer surveys. 

Measuring 
date 

Drillhole ID 

BH-DH-011 BH-DH-021 BH-KSY-5 

15/07/2011   Baseline 

9/09/2011   No movement outside error 

15/09/2011   No movement outside error 

12/10/2011   No movement outside error 

21/10/2011   No movement outside error 

23/12/2011   No movement outside error 

12/02/2013 Base reading No base reading tube 

blocked at 4.25 m below 

ground level 

No data 

4/04/2013 Deflection in tube between 18.25 

and 18.75 m below ground level 

No data No data 

10/07/2013 Deflection in tube between 18.25 

and 18.75 m below ground level 

No data No data 

13/03/2014 Deflection in tube between 18.25 

and 18.75 m below ground level 

No data No data 

1 Geotechnics Ltd Report 720085.000/RPT (Geotechnics Ltd., 2014). 

3.2.5 Groundwater 

Drill water circulation conditions are not reported in drilling records (Codd and Revell, 2013). 
There is only one standpipe installed in the assessment area. This was installed by Tonkin 
and Taylor Ltd. in drillhole BH-KSY-5A. The tip of the standpipe is 3.0 m below ground level 
and is within loess. The response zone for the standpipe varies between two and five metres 
below ground level. However, given that the standpipe tip is at three metres below ground 
level, any groundwater levels below three metres would not be recorded. 

Monitoring data from this standpipe comprised the manual measurement of water levels in 
the standpipe. Approximately 12 measurements or less were made over the reporting period 
3 August 2011–17 July 2012 (Tonkin and Taylor, 2012a), indicating a poor temporal 
resolution. No more recent data have been provided to GNS Science. It is possible that 
groundwater is present in the piezometers, but that the poor temporal resolution and 
relatively high level of the standpipe tip (relative to the base of the loess and volcanic 
colluvium) in the drillhole have not allowed them to be resolved. 

3.3 ENGINEERING GEOLOGICAL MODEL 

An engineering geological map is presented in Figure 6, site investigation map in Figure 7 
and cross-sections (1–5) in Figure 8. The map and cross-sections are based on the 
interpretation of features identified in aerial photographs, field mapping and ground 
investigation data, as summarised in Table 5.  

Based on this work the main slope forming materials and groundwater conditions are 
summarised below.  
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3.3.1 Slope materials 

3.3.1.1 Fill 

Modified terrain with localised areas of fill relating to the construction of residential homes 
can be found over much of the site. The depth and extent of fill in these areas are unknown, 
although the inferred boundaries of the fill are shown on cross-sections in Figure 8 (cross-
section 2). The fill, where encountered in drillholes, is described as soft and relatively weak 
silt with occasional clasts of basalt and concrete. The thickness of the fill is unknown, but it is 
estimated to be up to several metres in places. 

3.3.1.2 Loess 

The loess mantling the slope within the assessment area is similar to other areas of the Port 
Hills. It is a relatively cohesive silt-dominated soil with only minor clay mineral content. Its 
strength is largely controlled by the soil moisture content and this has been well studied, e.g., 
Bell et al. (1986), Bell and Trangmar (1987), McDowell (1989), Goldwater, (1990), Yetton 
(1992) and Carey et al. (2014). In some places, the loess appears to have been reworked by 
construction activities for the residential dwellings. At the toe of the slope, the loess forms 
recessive slopes of varying angle, above the underlying volcanic breccia. The loess is highly 
hydroscopic and when exposed to water (rain) it quickly disintegrates into muddy silt. The 
thickness of the loess, in drillholes and from field mapping of exposures, varies in thickness 
from a few metres to about 5 m in this area.  

3.3.1.3 Volcanic colluvium 

A layer, of sandy silt containing boulders and gravel with minor clay was logged in drillholes 
BH-DH-01, BH-DH-02 and BH-KSY-5. Codd and Revell (2013) describe this material as 
highly variable and dominated by either silts or gravel and cobbles. The thickness of the 
colluvium varies from about 1.0 m in the lower part of the site to less than 0.3 m in the upper 
part of the site. 

Given that all drillholes encountered this material, it has been assumed that volcanic 
colluvium mantles rockhead and underlies the loess over most of the site. Where exposed in 
outcrop, the colluvium appears to have slightly higher clay content than those materials 
described in the drillhole logs. It is thought to represent the deposits of debris from past 
landslides and other erosion processes. The material derives mainly from weathered 
volcanic breccia and lava and remobilised loess. In drillholes and field exposures, the 
colluvium is highly variable. It ranges from gravel to boulder-sized clasts of volcanic basalt 
with a loess and clay matrix, to remoulded loess with occasional gravel and boulders.  

3.3.1.4 Bedrock (volcanic basalt lava breccia and lava) 

The Deans Head slopes are underlain by mixed layers of weak volcanic basalt breccia, 
stronger, but more jointed basalt lava flow sequences and occasional thin layers of epiclastic 
sediments (mainly sandstones and conglomerates) and tuffs. The lava flow sequences and 
epiclastics are laterally and vertically discontinuous. Drilling records from drillholes BH-DH-01 
and BH-DH-02 (along cross-section 1) describe the underlying volcanic material as weak to 
moderately strong. Rock quality designation logs from drillhole BH-DH-02 range between 50 
and 100% and are markedly better compared to those logs from BH-DH-01 situated further 
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water contents are therefore thought to represent the lower end of the range (Figure 9). The 
samples were taken from an east-facing slope formed in loess. Even if the samples were 
collected in winter, the water contents of the loess at this accessible site would still not be 
representative of the water content of the loess deeper in the slope, as the outside face of 
the slope is free draining.  

The water contents of the loess in drillhole samples were all substantially higher than those 
for the block samples. The difference may reflect the sampling method, where drilling 
includes using water as a flush, and block sampling does not (Table 7). 

 
Figure 9 In-ground moisture (water, wt%) content of collected loess samples. 

In-house shear strength tests 

The shear strength of the loess was tested in-house at GNS Science using two types of ring 
shear equipment and one type of direct shear equipment (Carey et al., 2014). The results are 
summarised in Table 8 and Table 9 and plotted in Figure 10. The results show a wide 
variability in the tested friction and cohesion values. Where shear box tests indicated peak 
and residual strength characteristics, both the peak and residual friction and cohesion values 
have been plotted with “tie” lines joining the data points together. 

With the exception of sample EN1243, all tests were carried out in saturated (water-added) 
conditions (at final post-test water contents of between 16 and 19%). As a consequence, 
these water contents are higher than those from the tested in situ samples. The water 
contents from the in situ samples are thought to better represent the bulk moisture content of 
the loess in the actual slope. Stability assessment results suggest that the slope would be 
susceptible to failure if shear strength values representing these water contents were 
adopted.  
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Figure 10 Loess residual shear strength results (from Table 8 and Table 9). A) Cohesion and friction laboratory results plotted for loess. B) Loess residual cohesion plotted against 
water content. C) Loess residual friction plotted against water content.  
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Results from slope stability back-analysis show that the factor of safety is sensitive to 
relatively small changes in cohesion and friction of the weak colluvium layer. Such changes 
in cohesion can be caused by increases or decreases in soil suction caused by fluctuations 
in the bulk water content of the colluvium. Bulk water content is therefore likely to play a 
critical role in the overall static stability of the slope.  

Shear modulus 

No shear wave velocity surveys were carried out in the assessment area. The in situ shear 
modulus of the loess and volcanic colluvium were derived from: 

1. Results from the downhole shear-wave velocity surveys carried out by Southern 
Geophysical Ltd. (Southern Geophysical Ltd., 2013) based on the survey results from 
drillholes BH-CH-02 and BH-CH-03 carried out by Aurecon NZ Limited at Clifton 
Terrace (about 200 m east of the site); and 

2. Results from the dynamic probing carried out by Tonkin and Taylor for the Earthquake 
Commission at Clifton Terrace (Tonkin and Taylor, 2012a) (Table 9). 

The results from the dynamic probing are summarised in Figure 12. The mean shear wave 
velocity is 306 m/s (±93 m/s at one standard deviation) and the mode is 222 m/s. Based on 
these results reported in Tonkin and Taylor (2012a), there is no measurable difference 
between the shear wave velocities of the loess and the colluvium, and the data are plotted 
together (Figure 12). 
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Figure 12 Loess and colluvium shear wave velocity results from dynamic probing reported by Tonkin and 
Taylor (2012a) for the loess at Clifton Terrace. 

These values are also consistent with shear wave velocity trends defined by Rinaldi et al. 
(2001) for Argentinean loess as a function of normal stress and moisture content (Table 10) 
where in the 2–14 m depth range (corresponding to 30–240 kPa range of overburden 
pressure) the range of loess shear wave velocity was 280–300 m/s, at a water contents of 
~16%, and 300–320 m/s for a water contents of 6.4 wt%. 
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Applying the relationship for shear wave velocity:  

G = �!������Vs
2          Equation 2 

Where �! is the density of the loess 1700 kg/m3 and VS is the shear wave velocity (mean = 
306 m/s, and mean plus one standard deviation = 399), yields a bulk shear modulus value of 
about 160–280 MPa when adopting the mean and the mean plus one standard deviation 
shear wave velocities from the dynamic probing. 

Table 10 Shear wave velocity profiles from Port Hills and other loess.  

Material 
Shear wave 

velocity VS 

(m/s) 

Data source 

Port Hill loess (drillholes BH-CH-02 and BH-CH-03) 295–390 Southern Geophysical Ltd. (2013) 

Port Hills loess from Clifton Terrace dynamic probing 126–582 Tonkin and Taylor (2012a) 

Loess Moisture content ~16wt% 280–300 Rinaldi et al. (2001) 

Loess Moisture content 6.4wt% 300–320 Rinaldi et al. (2001) 

3.3.2.3 Volcanic bedrock 

The exposed rock mass in the steep cliffs of Shag Rock Reserve (locally referred to as 
Peacocks Gallop) is highly variable, with the material units being highly discontinuous and 
there is a lack of persistent defects in the rock mass. Given the anisotropic nature of the 
materials, especially with regards to the lateral and vertical extent of the lava sequences 
within the predominant volcanic breccia, and the generally low shear wave velocities derived 
from the down-hole surveys, it was decided to treat the volcanic materials as one unit, 
comprised mainly of breccia. 

In order to derive rock mass strength parameters for the volcanic breccia and lava that take 
into account the nature of the discontinuities as well as the intact strength of the breccia and 
lava, the geological strength index (Hoek, 1999) was adopted using Rocscience RocLab 
software.  

The geological strength index values adopted for the breccia are shown in Figure 13. 
Strength tests of Deans Head rock samples from drillholes BH-DH-01 and BH-DH-02 are 
shown in Table 12, and are taken from Carey et al. (2014). Mohr-Coulomb parameters 
(cohesion and friction) were derived from Rocscience RocLab software by line fitting over the 
appropriate stress range of the slope. 

Shear Modulus 

The shear moduli for mixed volcanic breccia and lava were derived from the downhole 
geophysical surveys carried out by Southern Geophysical Ltd. (Southern Geophysical Ltd., 
2013) in drillholes BH-CH-02 and BH-CH-03, located on Clifton Terrace, about 200 m east of 
the site. 
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3.3.3 Rainfall and groundwater response 

In general, there are two main effects that groundwater has on the stability of slopes that 
need to be considered: 1) rising groundwater within the slope leading to an increase in pore 
pressures and a reduction in the effective stress of the materials; and 2) infiltration from 
prolonged rainfall, leading to the deepening of the wetting band accompanied by a decrease 
in matric suction (e.g., Kim et al., 2004) and loss of cohesion. Owing to the lack of monitoring 
data, it is not known which mechanism could be the main contributor to rainfall-induced slope 
failures in the Port Hills. Loss of cohesion during long duration rainfall is a known cause of 
instability in fine grained, non-cohesive soils and therefore is likely to be a significant 
contributory factor to landslides in loess and loess derived materials. 

The relationship between rainfall and landslides in the Port Hills has been summarised by 
McSaveney et al. (2014). Heavy rain and long-duration rainfall have been recognised as 
potential landslide triggers on the Port Hills for many years. Loess earth/debris flows were 
noted frequently, even before the era of wider urban development in the Port Hills. A long 
historical landslide record has been gathered by searching “Paperspast” 
(http//paperspast.natlib.govt.nz). This electronically searchable record of daily and weekly 
newspapers in New Zealand has been searched over the period 1860–1926, but its landslide 
information is very incomplete, being only what newspapers of those times considered to be 
“newsworthy”. A summary of past landslides in the Port Hills and Banks Peninsular is 
contained in Appendix 3.  

McSaveney et al. (2014) examined a list of Earthquake Commission claims for landslide 
damage for the period 1997–2010 and a Geotechnical Consulting Ltd. landslide 
investigations list, which covers the period 1992–2009. Any duplicate records for the period 
1997–2009 contained in the data sets were removed. These records, though incomplete with 
respect to all of the landslides that occurred over those intervals, may be approximately 
complete with respect to the episodes of rain associated with landslide occurrences that 
damaged homes and urban properties (Figure 14). 





 

 

52 GNS Science Consultancy Report 2014/77 
 

The frequency of high-intensity rainfalls in Christchurch has been well studied (e.g., Griffiths 
et al., 2009, Figure 15, and McSaveney et al., 2014). Griffiths et al. (2009) use rainfall 
records for the period 1917–2008 from gauges all over Christchurch. McSaveney et al. 
(2014) use a composite rainfall record, for the period 1873–2013, mainly from the 
Christchurch Gardens gauge, but substituting averages for other nearby stations where gaps 
in the Christchurch Gardens data exist. 

The annual frequencies for four rain events, including the two notable events are given in 
Table 13. Rainfall depth-duration-return period relations for Christchurch Gardens and Van 
Asch St, Sumner are taken from Griffiths et al. (2009) and for Christchurch Gardens from 
McSaveney et al. (2014).  

Table 13 Annual frequencies of given rainfall in the Christchurch for four main events following the 2010/11 
Canterbury earthquakes (rainfalls are calculated daily from 09:00 to 09:00 NZST). 

Date 
Total 
rainfall 
(mm) 

Station 
Max daily 
rainfall/date 

Annual 
frequency 
Christchurch 
Gardens 

Griffiths et al. 
(2009) 

Annual 
frequency 
Christchurch 
Gardens 

McSaveney 
et al. (2014) 

Annual 
frequency 
Van Asch, 
Sumner 

Griffiths 
et al. (2009) 

11–17 

August 

2012  

92 Christchurch 

Gardens 

(CCC/NIWA) 

61 mm 

13 August 

2011 

92 mm = no data 

available 

61 mm = 0.5 

(once every 2 

years) 

92 mm = 0.4 

(once every 2.7 

years) 

61 mm = 5 (5 

times per year) 

N/A 

3–5 

March 

2014 

118 Clifton Terrace 

(GNS Science) 

89 mm 

5 March 2014 

N/A N/A 118 mm = 0.1 

(once every 

10 years) 

89 mm = 0.1 

(once every 

10 years) 

3–5 

March 

2014 

141 Christchurch 

Gardens 

(NIWA) 

130 mm  

5 March 2014 

141 mm = 0.05–

0.02 (once every 

20–50 years) 

130 mm = 0.02–

0.01 (once every 

50–100 years) 

141 mm = 0.05 

(once every 20 

years) 

130 mm = (>0.01) 

less than once 

every 100 years 

N/A 

18 April 

2014 

68 Lyttelton 

(NIWA) 

68 mm N/A N/A 68 mm = 0.5 

(once every 2 

years) 

29 April 

2014 

20 Clifton Terrace 

(GNS Science) 

20 mm N/A N/A Greater than 

0.5 (occurs 

frequently 

every year)  

The small (less than 50 m3) earth/debris flow at the lower part of the site was triggered by the 
11–17 August 2012 rain. No further landslides or movement of the slopes within the 
assessment area have been reported to GNS Science. 
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Regardless of the dataset used, both suggest that the heavy rainfalls recorded in the Port 
Hills following the 2010/11 Canterbury earthquakes are unexceptional. Although the three-
day rainfall of 118 mm had an annual frequency of 0.1–0.05 (once every 10–20 years), it 
occurred at the end of summer when the ground would have had a seasonally low water 
content.

These observations suggest that antecedent water conditions are also important as an 
indicator of slope instability. For example, large daily rainfalls occurring during periods of wet 
weather are more likely to trigger movement and landslides than very high daily rainfalls 
during long periods of dry weather.

Figure 15 Rainfall depth-duration-return period relations estimated for Christchurch Gardens by Griffiths et al. 
(2009) using recorded rainfall data. Error limits of 20% are shown by dotted lines for the 1/2 and 1/100 AEP 
curves. Shaded area covers the range of 30–75 mm of rainfall over which the expected number of soil landslides 
in the Port Hills rises from very few to many. Rockfalls can occur without rain, but the probability of rockfalls 
occurring increases with increasing intensity of rainfall.

There is significant variation in rainfall across Christchurch in individual storms. The return 
period of the 89 mm of rain recorded at the GNS Science rain gauge at Clifton Terrace on 
the 5 March 2014 was about 10 years (using the data from Griffiths et al. (2009) for Van 
Asch Street in Sumner). The return period of the 130 mm of rain recorded at Christchurch 
Gardens for the same storm on the same day, was between 50 and 100 year (using the data 
from Griffiths et al. (2009) for the Christchurch Gardens). 

At Lyttelton, about 135 mm of rain was recorded on the 5 March 2014, which is considerably 
higher than the 89 mm recorded at Clifton Terrace, which is only about 5 km north of 
Lyttelton.
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Figure 17 Failure mechanism 1. Example of limit equilibrium and finite element modelling results for cross-
section 1, representing failure of loess in source area 1. 
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Figure 18 Failure mechanism 2. Example of limit equilibrium and finite element modelling results for cross-
section 1, representing source area 1, for failure through the colluvium layer. 
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Figure 19 Failure mechanism 3. Example of limit equilibrium and finite element modelling results for cross-
section 1, representing source area 1, for failure mechanism through the rock. 
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Figure 20 Failure mechanism 3. Example of limit equilibrium and finite element modelling results for cross-
section 3, for failure mechanism through the rock. 
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Figure 21 Sensitivity assessment of the slope factor of safety (source area 1) in response to changing 
piezometric head levels above rock head for a range of colluvium strength parameters. 

 
Figure 22 Sensitivity assessment of the slope factor of safety (source area 1) in response to including filled 
tension cracks in the model. Tension cracks were assumed to be 100% filled. 
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4.2 SLOPE STABILITY – DYNAMIC CONDITIONS 

Dynamic stability assessment comprised: 1) back-analysing the performance of the slope 
during the 2010/11 Canterbury earthquakes to calibrate the models and verify that the 
calculated displacements are consistent with those recorded during the earthquakes; and 2) 
using the calibrated models to forecast the likely magnitudes of future displacements under 
potential future peak ground acceleration scenarios. Cross-section 1 has been assessed 
under dynamic conditions, assuming a drained slope.  

4.2.1 Amplification of ground shaking 

The first stage of the assessment was to calculate the maximum acceleration at the slope 
crest (AMAX) to quantify any amplification effects caused by topography and or contrasting 
materials between the peak ground acceleration of the free field rock input motion and the 
peak acceleration at the slope crest (AMAX). The slope crest is defined as the convex break in 
slope between the lower steeper slope and the upper less steep slope. Results from the 
dynamic site response assessment are contained in Appendix 4. 

Results from this assessment suggest that modelled peak acceleration at the slope crest 
(AMAX) varies approximately linearly with the peak ground acceleration of the free-field input 
motion. Over the range of modelled peak horizontal accelerations, the peak ground 
acceleration amplification factor (ST) with respect to the free-field peak accelerations (AFF) for 
cross-section 1, is about 2.6 (±0.3) for horizontal motions and 2.4 (±0.1) for vertical motions. 
The input peak accelerations are those derived from the out-of-phase synthetic free-field rock 
outcrop earthquake time acceleration histories described by Holden et al. (2014).  

The results from cross-section 1, showing the response of the slope during the 22 February 
2011 earthquake (Figure A4.2 in Appendix 4), suggest that the impedance contrasts between 
the materials contribute most to the amplification of shaking, but that the peak horizontal 
accelerations (for all modelled earthquakes) concentrate around the convex break in slope, 
defined as AMAX. 

Given the increased amplification of shaking within the loess and colluvium, coupled with the 
coseismic landslide displacement inferred from surveying, it is likely that the basal slide 
surface is coincident with the boundary between the colluvium and the underlying rock. In 
experimental data, as the slope displaces during an earthquake, the slide surface can “base 
isolate” the mass above, resulting in lower levels of shaking and displacement. Therefore, 
the reported amplification factors are near the upper bound of published topographic 
amplification factors. Assessment of this is outside the scope of this report. 

4.2.2 Back-analysis of permanent slope deformation 

Earthquake-induced permanent displacements were calculated using the decoupled method 
(Makdisi and Seed, 1978) and the Slope/W software. The two failure mechanisms assessed 
were: 1) failure through the volcanic colluvium underlying the loess (mechanism 2); and 2) 
failure of the rock mass coincident with the deflection recorded in the inclinometer tube in 
drillhole (BH-DH-01) (mechanism 3). Mechanism 1 was not back-analysed as this 
mechanism could not account for the observed slope displacement in the assessment area 
during the 2010/11 Canterbury earthquakes. Also, the shear strength parameters of the 
colluvium adopted for the assessment are consistent with those of the loess. 







 

 

70 GNS Science Consultancy Report 2014/77 
 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.0 0.5 1.0 1.5 2.0

N
ew

m
ar

k 
di

sp
la

ce
m

en
t (

m
)

Yield acceleration (g)

     

22Feb slide surfaces (Colluvium: cohesion=15 kPa, friction=21°)

22Feb slide surfaces (Colluvium: cohesion=0 kPa, friction=30°)

22Feb slide surfaces (Colluvium: cohesion=10 kPa, friction=30°)

Slide surface with lowest yield acceleration (Colluvium:
cohesion=15 kPa, friction=21°)
Slide surface with lowest yield acceleration (Colluvium:
cohesion=0 kPa, friction=30°)
Slide surface with lowest yield acceleration (Colluvium:
cohesion=10 kPa, friction=30°)
Lower inferred displacement estimate

Upper inferred displacement estimate

 
Figure 23 Failure mechanism 2. Modelled Slope/W decoupled displacements of cross-section 1 for the 
22 February 2011 earthquake and adopting variable estimates of the material strength of the volcanic colluvium. 
Each datapoint represents a modelled slide surface and the corresponding estimate of its displacement as a 
result of the 22 February 2011 earthquake – adopting the synthetic free-field rock outcrop earthquake 
acceleration time histories. The dashed lines represent the total inferred coseismic permanent displacement of 
the slope along the cross-section during the given earthquake. 
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Figure 24 Failure mechanism 2.13 June 2011 earthquake, modelled Slope/W decoupled displacements for 
cross-section 1, and adopting variable estimates of the material strength of the volcanic colluvium. Each datapoint 
represents a modelled slide surface and the corresponding estimate of its displacement as a result of the 13 June 
2011 earthquake – adopting the synthetic free-field rock outcrop earthquake acceleration time histories. The 
dashed line represents the inferred coseismic permanent displacement of the slope along the cross-section 
during the given earthquake. 
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Figure 25 Results from the seismic slope stability assessment for failure mechanism 2, cross-section 1, for 
the 22 February 2011 earthquake. 

 
Figure 26 Results from the seismic slope stability assessment for failure mechanism 3, cross-section 1, for 
the 22 February 2011 earthquake. 
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4.2.3 Forecast modelling of permanent slope displacement 

4.2.3.1 Cross-section 1 

Permanent displacements, from the decoupled assessment results from the 22 February and 
13 June 2011 modelled earthquakes, were calculated for a range of slide-surface geometries 
with different ratios of yield acceleration (Ky) to the maximum average acceleration of the 
failure mass (KMAX). The maximum average acceleration (KMAX) was calculated for each 
selected slide surface by taking the maximum value of the average acceleration time history 
from the response to the synthetic earthquake. About 5–10 slide surfaces were chosen to 
represent the results from each earthquake input motion, adopting different estimates of the 
shear strength of the key materials (listed in Table 14). 

The results from the assessment, adopting failure mechanism 2, are shown in Figure 27, for 
those slide surface shown in Figure 25. The results show that between Ky/KMAX values of 0.1 
and 0.6, and Ky/AFF values of 0.2 and 0.6, the data are well fitted to a straight line 
(exponential trend line) in semi-log space. The coefficient of determination (R2) is 0.95 for 
Ky/KMAX and 0.84 for Ky/AFF, and includes all of the plotted data (N = 30). The poorer 
coefficient of determination for ratios of Ky/AFF is not unusual as Newmark (1965) 
displacements are highly sensitive to the high frequency components of the input motions, 
which can vary from event to event. By comparison, KMAX “filters” the higher frequency 
components, and thus is less sensitive to the input motion characteristics.  

The peak ground acceleration of the input motion (AFF) does not take into account 
amplification effects caused by the slope geometry, and at this site, the material contrasts 
within the slope, between the loess/volcanic colluvium and the underlying rock (Appendix 4). 
From the data in Figure 27, the mean ratio of KMAX to AFF for cross-section 1 is 1.4 (±0.3 at 
one standard deviation), meaning that KMAX is 1.7 times greater than the peak horizontal 
ground acceleration of the input motion, if assuming the mean plus one standard deviation of 
the mean. 

For ratios of Ky/AFF in Figure 27, the estimated magnitudes of displacement are consistent 
with those reported by Jibson (2007), where these data plot between the ranges for 
earthquakes of M6.5–7.5 as reported by Makdisi and Seed (1978) and plotted by Jibson 
(2007). 
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Figure 27 Cross-section 1, failure mechanism 2. Decoupled Slope/W displacements calculated for different 
ratios of yield acceleration to maximum average acceleration of the mass (Ky/KMAX), and maximum acceleration 
of the mass (Ky/AMAX), for selected slide-surface geometries, and given material shear strength parameters. AFF is 
the peak acceleration of the input earthquake time acceleration history. Synthetic rock outcrop time acceleration 
histories for the 22 February and 13 June 2011 earthquakes were used as inputs for the assessment (N = 30). 
The dashed lines are exponential trend lines fitted to the semi–log data. The formula and the coefficient of 
determination (R2) for the trend lines are shown. 

The results from the decoupled assessment show that the magnitude of permanent slope 
displacement during an earthquake will vary in response to the: 

1. shear strength of the loess and volcanic colluvium at the time of the earthquake;  

2. failure mechanism; 

3. pore pressures within the slope at the time of the earthquake; and  

4. duration and amplitude of the earthquake shaking.  

The relationship between the yield acceleration and the maximum average acceleration 
(from Figure 27) has been used to determine the likely range of displacements of a given 
failure mass with an adopted yield acceleration (Ky) at given levels of peak free field 
horizontal ground accelerations (AFF) and the equivalent maximum average ground 
acceleration (KMAX). The results are shown in Table 17. Conservative yield accelerations 
have been adopted to take into account the possibility that the current shear strength of the 
materials has degraded as a result of the past movement.  

Displacement of the slide mass will not occur at maximum average accelerations (KMAX) less 
than the critical yield acceleration. However, the critical yield acceleration depends upon the 
strength of the slide surface and any pore pressures present at the time of the earthquake.  
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Table 17 Forecast modelling results from the dynamic slope stability assessment for cross-section 1. 
Estimated displacements are rounded to the nearest 0.1 m. 

Cross-section 1 

Adopted yield acceleration (Ky) (g) 0.17 

Free field peak ground acceleration (AFF) (g) 0.2 0.5 0.7 1.0 

Adopted KMAX to AFF
1

 ratio 1.7 (mean + 1 standard deviation) 

Equivalent KMAX 0.3 0.9 1.2 1.7 

Estimated displacements (m) <0.1 0.4 0.6 0.8 

1 AFF represents the peak horizontal ground acceleration of the free field input motion. 

4.2.4 Cross-section 3 

A simple assessment of the stability of the slope under dynamic conditions was carried out 
adopting the pseudostatic method of assessment to determine the critical yield acceleration 
of the slope. The critical yield acceleration of a given slide mass is the minimum pseudostatic 
acceleration required to produce instability of the mass (Kramer, 1996). 

The results are shown in Figure 28 for various fill shear strength parameters. The critical 
yield acceleration of the slope varies between about 0.25 and 0.8 for the range of parameters 
assessed (Table 16). 
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Figure 28 Yield acceleration of the slope based on variable fill parameters and loess parameters shown in 
Table 11. Yield acceleration calculated adopting the pseudostatic method (Kramer, 1996). 
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3. Given the relatively low yield acceleration of the slope (estimated to be in the range of 
0.25–0.8 g based on the pseudostatic method) it is likely that future earthquakes could 
also cause the slope to fail.  

Cliff collapses are anticipated to occur from anywhere along the steep cliff. The risk from cliff-
collapse hazards has already been addressed for this site by Massey et al. (2012). No re-
assessment of the risk from these hazards has been carried out in this report. 

4.4 POTENTIAL SOURCE VOLUME ESTIMATION 

The likely locations and volumes of potential source areas (1 and 2), adopting failure 
mechanism 3, have been estimated based on: 

1. Numerical stability analyses results; 

2. Mapped crack distributions relating to the 2010/11 Canterbury earthquakes; and  

3. Engineering geology and morphology of the slope.  

Three possible failure volume estimates – lower, middle and upper range estimates – have 
been calculated for each potential source area. The variation in failure volumes reflects the 
uncertainty in the source shape (depth, width and length dimensions) estimated from site 
conditions and the modelling.  

Volumes were calculated by estimating the shape of any future failures by calculating their 
surface areas and multiplying this by the average depth to rockhead. A rounding factor of 0.7 
was then applied to the volume to take into account variations in the source area depth 
around the margins. Estimated volumes are shown in Table 18. 
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Table 18 Example of estimated source volumes (the first digit in the number is significant) and fahrboeschung angles. 

  Source volume estimation Fahrboeschung angle 

Source area Source volume 
Source 

surface area 
(m) 

Average 
depth 

(m) 

Rounding 
factor 

applied 

Volume 
(m3) 

Mean Mean – 1 STD 

 

1 

LOWER 90 5 0.7 320 23.2 15.2 

MID 580 6 1 3,500 18.5 11.9 

UPPER1 6,860 6 1 40,000 14.5 9.1 

2 

LOWER 62 4 0.7 180 24.6 16.2 

MID 503 3 1 1,500 20.1 13.0 

UPPER 1491 3 1 4,500 18.0 11.5 

1  The upper volume estimate is based on the entire cracked area (source area 1, Figure 2) 
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For source areas 1 and 2 the credibility of the earth/debris flow potential source volumes 
have been evaluated by comparing them against estimated volumes of individual landslides 
in loess and loess derivative materials, such as colluvium in the Port Hills, mapped by 
Townsend and Rosser (2012). The distribution of the 124 landslides is shown in Figure 29, 
and the data are well modelled by a log-normal distribution, adopting the area depth 
relationships of Larsen et al. (2010).  

The range of estimated volumes in Table 18 is well within the range of this datasets. 
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Figure 29 Estimation of landslide volumes in the Port Hills loess from Townsend and Rosser (2012), adopting 
the area depth relationships of Larsen et al. (2010). 

4.5 RUNOUT DISTANCE  

The debris runout distance from the identified potential source areas was assessed both 
empirically and numerically.  

4.5.1 Empirical method 

The procedure followed for estimating the empirical run out distance, in terms of the 
fahrboeschung angle, is detailed in Appendix 1.  

Figure 30 shows the estimated mean and mean minus one standard deviation debris flow 
fahrboeschung angles derived for assessed source areas 1 and 2. For each source area a 
range in fahrboeschung angles is estimated based on the range in volumes (lower, middle 
and upper) as shown in Table 18. 
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Figure 31 Range of parameters for different assessed source areas processes: a) debris flows, b) snow 
avalanches, c) rockfalls, d) ice avalanches, e) debris floods. Modified from Andres (2010). 

 

4.5.3 Forecast runout modelling 

A hazard map (Figure 32) presents the empirical and numerical runout limits from the 
modelling. The mean and mean minus one standard deviation fahrboeschung angles for 
each source area assuming the upper volume estimates, are shown. The estimated runout 
distances from RAMMS are shown in Appendix 5 (debris height) and Appendix 6 (debris 
velocity), for source areas 1 and 2 (upper, middle and lower source volume estimates), along 
with the corresponding mean and mean minus one standard deviation fahrboeschung 
angles.  
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5.0 RISK ASSESSMENT RESULTS 

5.1 TRIGGERING EVENT FREQUENCIES 

Failure of the assessed sources could be triggered by earthquakes (dynamic conditions) or 
by water ingress (static conditions). 

5.1.1 Frequency of earthquake triggers 

For earthquake triggers, the frequency of a given free-field peak ground acceleration 
occurring is obtained from the National Seismic Hazard Model for New Zealand (Table 19) 
(Stirling et al., 2012). The increased level of seismicity in the Christchurch region is 
incorporated in a modified form of the 2010 version of the National Seismic Hazard Model 
(Gerstenberger et al., 2011). 

5.1.1.1 Peak ground acceleration and permanent slope displacement 

For these assessments, peak ground acceleration is used to represent earthquake shaking 
intensity, as peak ground acceleration is the ground-motion parameter directly related to 
coseismic landslide initiation (Wartman et al., 2013).  

The estimated magnitude of permanent slope displacement of the assessed sources in a 
future earthquake was based on the decoupled assessment results. The permanent 
displacement of each source at a given level of free-field peak ground acceleration (AFF) was 
estimated from the relationship between the yield acceleration (Ky) and the maximum 
average acceleration of the mass (KMAX) (Figure 27). Different levels of peak ground 
acceleration were adopted, and each multiplied by the site-specific ratio of KMAX to AFF 
(assuming the mean plus one standard deviation) to estimate the equivalent maximum 
average acceleration of the mass (KMAX) for the given value of AFF. For example, an AFF of 
0.2 g would have an equivalent KMAX of 0.3 g, assuming a ratio of 1.7. 

Table 19 The annual frequency of a given peak ground acceleration occurring on rock (site class B) for 
different years adopting the 2012 National Seismic Hazard Model (NSHM) for Christchurch (Gerstenberger et al., 
2011), and the associated estimated permanent displacement of cross-section 1. Note: these are free-field rock 
outcrop peak ground accelerations (equivalent to AFF). 

Free field peak horizontal ground accelerations (AFF)1 (g) 0.2 0.5 0.7 1.0 

Year 2016 annual frequency of event (from NSHM) 0.090 0.0157 0.0059 0.00164 

Year 2016 return period (years) 11 64 169 610 

Next 50-year average annual frequency of event (from the NSHM) 0.042 0.0072 0.0027 0.00076 

Next 50-year average return period (years) 24 139 370 1316 

Adopted KMAX
2 to AFF ratio  1.7 (mean + 1 STD) 

Equivalent KMAX for the given AFF 0.3 0.9 1.2 1.7 

Estimated displacements (m) for Yield acceleration (Ky) of 0.1 (g) 0.2 0.7 0.9 1.1 

Estimated displacements (m) for Yield acceleration (Ky) of 0.2 (g) <0.1 0.3 0.5 0.7 

Estimated displacements (m) for Yield acceleration (Ky) of 0.3 (g) 0 0.1 0.2 0.4 

1 AFF represents the peak horizontal ground acceleration of the free field synthetic input motion. 
2 KMAX represents the maximum average acceleration of the failure mass taken from the relationship in 

Figure 26. 
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5.1.1.2 Permanent slope displacement and likelihood of catastrophic slope failure 

It is difficult to estimate the probability of triggering failure leading to catastrophic slope 
collapse where the debris runs out down slope forming an earth/debris flow. It is possible that 
permanent slope displacements could cause catastrophic damage to dwellings located on 
the assessed source areas, even if the debris does not leave the source. The predicted 
levels of displacement that have been used to differentiate between safe and unsafe 
behaviour (Abramson et al., 2002) range from 0.05 m to 0.3 m. Some examples are: 

a. Hynes-Griffin and Franklin (1984) suggest that up to 0.1 m displacements may be 
acceptable for well-constructed earth dams. 

b. Wieczorek et al. (1985) used 0.05 m as the critical parameter for a landslide hazard 
map of San Mateo County, California. 

c. Keefer and Wilson (1989) used 0.1 m for coherent slides in southern California. 

d. Jibson and Keefer (1993) used a 0.05–0.1 m range for landslides in the Mississippi 
Valley. 

e. The State of California (1997) finds slopes acceptable if the Newmark displacement is 
less than 0.15 m. A slope with a Newmark displacement greater than 0.3 m is 
considered unsafe. For displacements in the “grey” area between 0.15 and 0.3 m, 
engineering judgement is required for assessment. 

Permanent slope displacements during the 2010/11 Canterbury earthquakes estimated from 
survey marks were about 0.5–0.7 m, and the slope did not fail catastrophically (i.e., with the 
debris running out as an earth/debris flow). This did not mean the slope was “safe” however, 
as the dwellings located in the assessed source areas still suffered significant damage. 

The relationship in Figure 27 is based on past performance of the slope. However, the slope 
moved about 0.7 m during the 2010/11 Canterbury earthquakes. It is now possible that 
catastrophic failure of the slope could occur at further permanent slope displacements of less 
than 0.7 m. At free-field peak ground accelerations of greater than 1.0 g the amount of 
permanent displacement could lead to catastrophic failure and runout of debris, as 
performance of the slope at these levels of ground acceleration is unknown. At these ratios 
of Ky/KMAX (less than 0.1) the magnitude of displacement tends to increase rapidly with only 
relatively small changes in the Ky/KMAX ratio. 

The annual frequency of such a peak ground acceleration (AFF of 1.0 g) occurring is 0.00164 
(once in every 610 years) adopting the year 2016 National Seismic Hazard Model results, 
and 0.00076 (once in every 1,320 years) adopting the 50-year average National Seismic 
Hazard Model results. 

It should be noted that the displacements at different ratios of Ky/KMAX were calculated using 
the synthetic earthquake acceleration time histories for the 22 February and 13 June 2011 
earthquakes, which were both near-field earthquakes of short duration but high amplitude. 
The calculated displacements in Figure 27 represent displacements in response to these 
earthquakes (adopting failure mechanism 2). Earthquakes of longer duration may affect the 
site in different ways. For example, the response of the loess and volcanic colluvium (at 
higher water contents representative of winter conditions) may be non-linear and could lead 
to larger permanent displacements. Conversely, the peak amplitudes relating to longer 
duration earthquakes from more distant sources are likely to be lower and may not trigger 
displacement of the slope. 
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�s�l�i�d�i�n�g�,� �t�o�p�p�l�i�n�g� �o�r� �f�a�l�l�i�n�g� �b�e�f�o�r�e� �d�e�s�c�e�n�d�i�n�g� �t�h�e� �s�l�o�p�e� �r�a�p�i�d�l�y� �(�g �r�e�a�t�e�r� �t�h�a�n� �5� �m�e�t�r�e�s� �p�e�r� �s�e�c�o�n�d�)� �b�y� �a�n�y� �c�o�m�b�i�n�a�t�i�o�n� �o�f� 
�f�a�l�l�i�n�g�,� �b�o�u�n�c�i�n�g� �a�n�d� �r�o�l�l�i�n�g�.� 
� 

Cliff recession �  �� �I�s� �t�h�e� �r�e�s�u�l�t� �o�f� �p�a�r�t�s� �o�f� �t�h�e� �c�l�i�f�f� �t�o�p� �c�o�l�l�a�p�s�i�n�g�,� �c�a�u�s�i�n�g� �t�h�e� �c�l�i�f�f� �e�d�g�e� �t�o� �m�o�v�e� �b�a�c�k� �u�p� �t�h�e� �s�l�o�p�e�. � 
� 

Cliff edge �  �� �T�h�i�s� �i�s� �t�h�e� �p�o�s�i�t�i�o�n� �o�f� �t�h�e� �c�l�i�f�f� �e�d�g�e� �d�e�f�i�n�e�d� �u�s�i�n�g� �t�h�e� �2�0�1�1�c� �a�i�r�b�o�r�n�e� �L�i�D�A�R� �s�u�r�v�e�y�.� �T�h�e� �c�l�i�f�f� �e�d�g�e� �i�s� �d�e�f�i�n�e�d� �a�s� 
�t�h�e� �l�i�n�e� �o�f� �i�n�t�e�r�s�e�c�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �s�t�e�e�p�e�r� �s�l�o�p�e� �(�g�r�e�a�t�e�r� �t�h�a�n� �4�5� �d�e�g�r�e�e� �s�l�o�p�e� �a�n�g�l�e�)�,� �f�o�r�m�i�n�g� �t�h�e� �c�l�i�f�f� �f�a�c�e� �a�n�d� �t�h�e� 
�s�h�a�l�l�o�w�e�r� �s�l�o�p�e� �a�b�o�v�e� �t�h�e� �c�l�i�f�f� �f�a�c�e�.� 
� 

Earthquake event lines � �-� �T�h�e�s�e� �l�i�n�e�s� �r�e�p�r�e�s�e�n�t� �t�h�e� �p�o�s�s�i�b�l�e� �m�a�x�i�m�u�m� �r�e�c�e�s�s�i�o�n� �p�o�s�i�t�i�o�n� �o�f� �t�h�e� �c�l�i�f�f� �e�d�g�e� �g�i�v�e�n� �f�u�t�u�r�e� 
�e�a�r�t�h�q�u�a�k�e�s� �w�i�t�h� �a�s�s�o�c�i�a�t�e�d� �p�e�a�k� �g�r�o�u�n�d� �a�c�c�e�l�e�r�a�t�i�o�n�s� �i�n� �t�h�e� �1�-�2� �g� �r�a�n�g�e�,� �s�i�m�i�l�a�r� �t�o� �t�h�e� �2�2� �F�e�b�r�u�a�r�y� �2�0�1�1� �a�n�d� �1�3� �J�u�n�e� �2�0�1�1� 
�e�a�r�t�h�q�u�a�k�e�s�.� � �T�h�e�s�e� �l�i�n�e�s� �d�o� �n�o�t� �m�e�a�n� �t�h�a�t� �t�h�e� �c�l�i�f�f� �w�i�l�l� �f�a�i�l� �a�l�o�n�g� �i�t�s� �e�n�t�i�r�e� �l�e�n�g�t�h�,� �b�u�t� �t�h�a�t� �a�n�y� �p�l�a�c�e� �a�l�o�n�g� �t�h�e� �c�l�i�f�f� �c�o�u�l�d� �f�a�i�l� 
�b�a�c�k� �t�o� �t�h�i�s� �l�i�n�e� �g�i�v�e�n� �a� �f�u�t�u�r�e� �e�v�e�n�t� �o�f� �t�h�i�s� �m�a�g�n�i�t�u�d�e�. � 
� 

Fly rock line �  �� �I�s� �t�h�e� �m�a�p�p�e�d� �l�i�m�i�t� �o�f� �f�l�y� �r�o�c�k�.� �F�l�y� �r�o�c�k� �i�s� �b�r�o�k�e�n� �r�o�c�k� �r�e�l�e�a�s�e�d� �a�s� �h�i�g�h �-�v�e�l�o�c�i�t�y� �p�r�o�j�e�c�t�i�l�e�s� �c�r�e�a�t�e�d� �i�n� �i�m�p�a�c�t�s� 
�b�e�t�w�e�e�n� �r�o�c�k�s� �a�n�d� �o�t�h�e�r� �h�a�r�d� �o�b�j�e�c�t�s�.� 

FINAL

�M�a�p� �1
�*� �M�o�d�i�f�i�e�d� �f�r�o�m� �r�e�p�o�r�t�s� �C�R�2�0�1�2�/�5�7� �a�n�d� �C�R�2�0�1�2�/�1�2�4
�*�*� �T�a�k�e�n� �f�r�o�m� �r�e�p�o�r�t� �C�R�2�0�1�2�/�3�1�7
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FIGURE 33

�R�E�P�O�R�T�: �D�A�T�E�:
�J�u�n�e� �2�0�1�4

�A�s�s�e�s�s�e�d� �s�o�u�r�c�e� �a�r�e�a�s

Slope hazard

�E�a�r�t�h�/�d�e�b�r�i�s� �f�l�o�w� �s�o�u�r�c�e� �a�r�e�a

Potential future enlargement

of mass movements

�E�a�r�t�h�/�d�e�b�r�i�s� �f�l�o�w� �s�o�u�r�c�e� �1�0� �m� �e�n�l�a�r�g�e�m�e�n�t� �a�r�e�a

Earth/debris flow

annual individual fatality risk

�G�r�e�a�t�e�r� �t�h�a�n� �1�0
�-�4
� �(�a�l�l� �s�c�e�n�a�r�i�o�s�)

�1�0
�-�4
� �u�n�c�e�r�t�a�i�n�t�y� �z�o�n�e�*

�L�e�s�s� �t�h�a�n� �1�0
�-�4
� �(�a�l�l� �s�c�e�n�a�r�i�o�s�)

10
-4

 annual individual fatality risk line

�U�p�p�e�r� �v�o�l�u�m�e

�M�i�d�d�l�e� �v�o�l�u�m�e

�L�o�w�e�r� �v�o�l�u�m�e

�C�l�i�f�f� �e�d�g�e

Surface deformation**

�T�e�n�s�i�o�n� �c�r�a�c�k

�Ä�Ä�Ä�Ä �Ä�Ä�C�o�m�p�r�e�s�s�i�o�n� �z�o�n�e

�T�i�l�t�e�d�/�d�e�f�o�r�m�e�d� �r�e�t�a�i�n�i�n�g� �w�a�l�l�/�f�e�n�c�e

�A�s�s�e�s�s�m�e�n�t� �a�r�e�a

� 

�B�u�i�l�d�i�n�g�s

�R�o�a�d�s

�*� �G�r�e�a�t�e�r� �t�h�a�n� �1�0�-�4� �f�o�r� �u�p�p�e�r� �v�o�l�u�m�e�,� �g�r�e�a�t�e�r� �o�r� �l�e�s�s� �t�h�a�n� �1�0�-�4� �f�o�r� �t�h�e� �m�i�d�d�l�e� �v�o�l�u�m�e� �b�u�t� �b�e�l�o�w� �1�0�-�4� 
�f�o�r� �t�h�e� �l�o�w�e�r� �v�o�l�u�m�e
�*�*� �T�a�k�e�n� �f�r�o�m� �r�e�p�o�r�t� �C�R�2�0�1�2�/�3�1�7
�B�a�c�k�g�r�o�u�n�d� �s�h�a�d�e� �m�o�d�e�l� �d�e�r�i�v�e�d� �f�r�o�m� �N�Z�A�M� �p�o�s�t� �e�a�r�t�h�q�u�a�k�e� �2�0�1�1�c� �(�J�u�l�y� �2�0�1�1�)� �L�i�D�A�R� �s�u�r�v�e�y�.
�R�o�a�d�s� �a�n�d� �b�u�i�l�d�i�n�g� �f�o�o�t�p�r�i�n�t�s� �p�r�o�v�i�d�e�d� �b�y� �C�h�r�i�s�t�c�h�u�r�c�h� �C�i�t�y� �C�o�u�n�c�i�l� �(�2�0�/�0�2�/�2�0�1�2�)�.
�P�R�O�J�E�C�T�I�O�N�:� �N�e�w� �Z�e�a�l�a�n�d� �T�r�a�n�s�v�e�r�s�e� �M�e�r�c�a�t�o�r� �2�0�0�0 �C�R�2�0�1�4�/�7�7

EARTH/DEBRIS FLOW
ANNUAL INDIVIDUAL FATALITY RISK

Deans Head
Christchurch

Annual individual fatality risk (e.g. 10 -4)�  �� �T�h�e� �r�i�s�k� �o�f� �b�e�i�n�g� �k�i�l�l�e�d� �i�n� �a�n�y� �o�n�e� �y�e�a�r� �i�s� �e�x�p�r�e�s�s�e�d� �a�s� �a� �n�u�m�b�e�r� �s�u�c�h� �a�s� �1�0�-�4� 

�( ��t�e�n� �t�o� �t�h�e� �m�i�n�u�s� �f�o�u�r ��) �.� �1�0�-�4� �c�a�n� �a�l�s�o� �b�e� �e�x�p�r�e�s�s�e�d� �a�s� �o�n�e� �c�h�a�n�c�e� �i�n� �1�0�,�0�0�0� �o�f� �b�e�i�n�g� �k�i�l�l�e�d� �i�n� �a�n�y� �o�n�e� �y�e�a�r�.� 

 

Earth/debris flow � �-� �A� �t�y�p�e� �o�f� �l�a�n�d�s�l�i �d�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �l�o�n�g� �r�u�n�o�u�t�.� �T�h�e�y� � �t�e�n�d� �t�o� �b�e� �r�a�p�i�d�,� �l�i�q�u�e�f�i�e�d� �l�a�n�d�s�l�i�d�e�s� �o�f� �m�i�x�e�d� �w�a�t�e�r� 
�a�n�d� �d�e�b�r�i�s� �(�t�y�p�i�c�a�l�l�y� �l�o�e�s�s�)� �t�h�a�t� �c�a�n� �l�o�o�k� �l�i�k�e� �f�l�o�w�i�n�g� �c�o�n�c�r�e�t�e�. � 
� 

Cliff edge �  �� �T�h�i�s� �i�s� �t�h�e� �p�o�s�i�t�i�o�n� �o�f� �t�h�e� �c�l�i �f�f� �e�d�g�e� �d�e�f�i�n�e�d� �u�s�i�n�g� �t�h�e� �2�0�1�1�c� �a�i�r�b�o�r�n�e� �L�i�D�A�R� �s�u�r�v�e�y�.� �T�h�e� �c�l�i�f�f� �e�d�g�e� �i�s� �d�e�f�i�n�e�d� �a�s� 
�t�h�e� �l�i�n�e� �o�f� �i�n�t�e�r�s�e�c�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �s�t�e�e�p�e�r� �s�l�o�p�e� �(�g�r�e�a�t�e�r� �t�h�a�n� �4�5� �d�e�g�r�e�e� �s�l�o�p�e� �a�n�g�l�e�)�,� �f�o�r�m�i�n�g� �t�h�e� �c�l�i�f�f� �f�a�c�e� �a�n�d� �t�h�e� 
�s�h�a�l�l�o�w�e�r� �s�l�o�p�e� �a�b�o�v�e� �t�h�e� �c�l�i�f�f� �f�a�c�e�. � 

FINAL

�M�a�p� �2



�Ä�Ä
�Ä�

Ä
�Ä�

Ä�Ä
�Ä

�Ä

�Ä�
Ä�Ä

�Ä�
Ä

�Ä�Ä
�Ä

�Ä�Ä�Ä

�Ä�Ä�Ä�Ä�Ä

�Ä

1

2

Main Road

1579600 1579800

51
7

64
0

0
51

7
66

0
0

�0 �5�0 �1�0�0
�m

±

�D�R�W�:

�C�H�K�:

�B�L

�F�D�P�,� �C�M

�S�C�A�L�E� �B�A�R�:

�E�X�P�L�A�N�A�T�I�O�N�:

FIGURE 33

�R�E�P�O�R�T�: �D�A�T�E�:
�J�u�n�e� �2�0�1�4

�A�s�s�e�s�s�e�d� �s�o�u�r�c�e� �a�r�e�a�s

�S�o�u�r�c�e� �a�r�e�a

�S�o�u�r�c�e� �1�0� �m� �e�n�l�a�r�g�e�m�e�n�t� �a�r�e�a

Debris avalanche and earth/debris flow

annual individual fatality risk

�G�r�e�a�t�e�r� �t�h�a�n� �1�0�^�-�2

�1�0�^�-�2� �t�o� �1�0�^�-�3

�1�0�^�-�3� �t�o� �1�0�^�-�4

�1�0�^�-�4� �t�o� �1�0�^�-�5

�L�e�s�s� �t�h�a�n� �1�0�^�-�5

Cliff recession*

annual individual fatality risk

�G�r�e�a�t�e�r� �t�h�a�n� �1�0
�-�3

�1�0
�-�3
� �t�o� �1�0

�-�4

�E�a�r�t�h�q�u�a�k�e� �e�v�e�n�t� �l�i�n�e�*

�C�l�i�f�f� �e�d�g�e

Surface deformation**

�T�e�n�s�i�o�n� �c�r�a�c�k

�Ä�Ä�Ä�Ä �Ä�Ä�C�o�m�p�r�e�s�s�i�o�n� �z�o�n�e

�T�i�l�t�e�d�/�d�e�f�o�r�m�e�d� �r�e�t�a�i�n�i�n�g� �w�a�l�l�/�f�e�n�c�e

�A�s�s�e�s�s�m�e�n�t� �a�r�e�a

� 

�B�u�i�l�d�i�n�g�s

�R�o�a�d�s

�*� �M�o�d�i�f�i�e�d� �f�r�o�m� �r�e�p�o�r�t�s� �C�R�2�0�1�2�/�5�7� �a�n�d� �C�R�2�0�1�2�/�1�2�4
�*�*� � �T�a�k�e�n� �f�r�o�m� �r�e�p�o�r�t� �C�R�2�0�1�2�/�3�1�7
�T�h�e� �r�e�s�u�l�t�s� �c�o�m�b�i�n�e� �t�h�e� �a�n�n�u�a�l� �i�n�d�i�v�i�d�u�a�l� �f�a�t�a�l�i�t�y� �r�i�s�k� �m�o�d�i�f�i�e�d� �f�r�o�m� �r�e�p�o�r�t�s� �C�R�2�0�1�2�/�5�7� �a�n�d� 
�C�R�2�0�1�2�/�1�2�4� �w�i�t�h� �t�h�e� �a�n�n�u�a�l� �i�n�d�i�v�i�d�u�a�l� �f�a�t�a�l�i�t�y� �r�i�s�k� �f�r�o�m� �s�o�u�r�c�e� �a�r�e�a�s� �1� �a�n�d� �2�,� �a�d�o�p�t�i�n�g� �S�c�e�n�a�r�i�o� �B
�B�a�c�k�g�r�o�u�n�d� �s�h�a�d�e� �m�o�d�e�l� �d�e�r�i�v�e�d� �f�r�o�m� �N�Z�A�M� �p�o�s�t� �e�a�r�t�h�q�u�a�k�e� �2�0�1�1�c� �(�J�u�l�y� �2�0�1�1�)� �L�i�D�A�R� �s�u�r�v�e�y�.
�R�o�a�d�s� �a�n�d� �b�u�i�l�d�i�n�g� �f�o�o�t�p�r�i�n�t�s� �p�r�o�v�i�d�e�d� �b�y� �C�h�r�i�s�t�c�h�u�r�c�h� �C�i�t�y� �C�o�u�n�c�i�l� �(�2�0�/�0�2�/�2�0�1�2�)�.
�P�R�O�J�E�C�T�I�O�N�:� �N�e�w� �Z�e�a�l�a�n�d� �T�r�a�n�s�v�e�r�s�e� �M�e�r�c�a�t�o�r� �2�0�0�0 �C�R�2�0�1�4�/�7�7

COMBINED CLIFF COLLAPSE AND EARTH/DEBRIS FLOW
ANNUAL INDIVIDUAL FATALITY RISK

Deans Head
Christchurch

Annual individual fatality risk bands (e.g. 10 -3 to 10 -4)�  �� �T�h�e� �r�i�s�k� �o�f� �b�e�i�n�g� �k�i�l�l�e�d� �i�n� �a�n�y� �o�n�e� �y�e�a�r� �i�s� �e�x�p�r�e�s�s�e�d� �a�s� �a� �n�u�m�b�e�r� 
�s�u�c�h� �a�s� �1�0�-�4� �( ��t�e�n� �t�o� �t�h�e� �m�i�n�u�s� �f�o�u�r ��)�.� �1�0�-�4� �c�a�n� �a�l�s�o� �b�e� �e�x�p�r�e�s�s�e�d� �a�s� �o�n�e� �c�h�a�n�c�e� �i�n� �1�0�,�0�0�0� �o�f� �b�e�i�n�g� �k�i�l�l�e�d� �i�n� �a�n�y� �o�n�e� �y�e�a�r�. � 
� 

Earth/debris flow � �-� �A� �t�y�p�e� �o�f� �l�a�n�d�s�l�i�d�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �l�o�n�g� �r�u�n�o�u�t�.� �T�h�e�y� �t�e�n�d� �t�o� �b�e� �r�a�p�i�d�,� �l�i�q�u�e�f�i�e�d� �l�a�n�d�s�l�i�d�e�s� �o�f� �m�i�x�e�d� �w�a�t�e�r� 
�a�n�d� �d�e�b�r�i�s� �(�t�y�p�i�c�a�l�l�y� �l�o�e�s�s�)� �t�h�a�t� �c�a�n� �l�o�o�k� �l�i�k�e� �f�l�o�w�i�n�g� �c�o�n�c�r�e�t�e�. � 
 

Cliff collapse �  �� �I�n�c�l�u�d�e�s� �d�e�b�r�i�s� �a�v�a�l�a�n�c�h�e� �a�n�d� �c�l�i�f�f� �r�e�c�e�s�s�i�o�n� �h�a�z�a�r�d�s�.� 
� 

Debris avalanche � �-� �A� �t�y�p�e� �o�f� �l�a�n�d�s�l�i�d�e� �c�o�m�p�r�i�s�i�n�g� �m�a�n�y� �b�o�u�l�d�e�r�s� �f�a�l�l�i�n�g� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �f�r�o�m� �a� �s�l�o�p�e�.� �T�h�e� �r�o�c�k�s� �s�t�a�r�t� �b�y� 
�s�l�i�d�i�n�g�,� �t�o�p�p�l�i�n�g� �o�r� �f�a�l�l�i�n�g� �b�e�f�o�r�e� �d�e�s�c�e�n�d�i�n�g� �t�h�e� �s�l�o�p�e� �r�a�p�i�d�l�y� �(�g�r�e�a�t�e�r� �t�h�a�n� �5� �m�e�t�r�e�s� �p�e�r� �s�e�c�o�n�d�)� �b�y� �a�n�y� �c�o�m�b�i�n�a�t�i�o�n� �o�f� 
�f�a�l�l�i�n�g�,� �b�o�u�n�c�i�n�g� �a�n�d� �r�o�l�l�i�n�g�.� 
� 

Cliff recession �  �� �I�s� �t�h�e� �r�e�s�u�l�t� �o�f� �p�a�r�t�s� �o�f� �t�h�e� �c�l�i�f�f� �t�o�p� �c�o�l�l�a�p�s�i�n�g�,� �c�a�u�s�i�n�g� �t�h�e� �c�l�i�f�f� �e�d�g�e� �t�o� �m�o�v�e� �b�a�c�k� �u�p� �t�h�e� �s�l�o�p�e�. � 
� 

Cliff edge �  �� �T�h�i�s� �i�s� �t�h�e� �p�o�s�i�t�i�o�n� �o�f� �t�h�e� �c�l�i�f�f� �e�d�g�e� �d�e�f�i�n�e�d� �u�s�i�n�g� �t�h�e� �2�0�1�1�c� �a�i�r�b�o�r�n�e� �L�i�D�A�R� �s�u�r�v�e�y�.� �T�h�e� �c�l�i�f�f� �e �d�g�e� �i�s� �d�e�f�i�n�e�d� �a�s� 
�t�h�e� �l�i�n�e� �o�f� �i�n�t�e�r�s�e�c�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �s�t�e�e�p�e�r� �s�l�o�p�e� �(�g�r�e�a�t�e�r� �t�h�a�n� �4�5� �d�e�g�r�e�e� �s�l�o�p�e� �a�n�g�l�e�)�,� �f�o�r�m�i�n�g� �t�h�e� �c�l�i�f�f� �f�a�c�e� �a�n�d� �t�h�e� 
�s�h�a�l�l�o�w�e�r� �s�l�o�p�e� �a�b�o�v�e� �t�h�e� �c�l�i�f�f� �f�a�c�e�.� 
� 

Earthquake event lines � �-� �T�h�e�s�e� �l�i�n�e�s� �r�e�p�r�e�s�e�n�t� �t�h�e� �p�o�s�s�i�b�l�e� �m�a�x�i�m�u�m� �r�e�c�e�s�s�i�o�n� �p �o�s�i�t�i�o�n� �o�f� �t�h�e� �c�l�i�f�f� �e�d�g�e� �g�i�v�e�n� �f�u�t�u�r�e� 
�e�a�r�t�h�q�u�a�k�e�s� �w�i�t�h� �a�s�s�o�c�i�a�t�e�d� �p�e�a�k� �g�r�o�u�n�d� �a�c�c�e�l�e�r�a�t�i�o�n�s� �i�n� �t�h�e� �1�-�2� �g� �r�a�n�g�e�,� �s�i�m�i�l�a�r� �t�o� �t�h�e� �2�2� �F�e�b�r�u�a�r�y� �2�0�1�1� �a�n�d� �1�3� �J�u�n�e� �2�0�1�1� 
�e�a�r�t�h�q�u�a�k�e�s�.� � �T�h�e�s�e� �l�i�n�e�s� �d�o� �n�o�t� �m�e�a�n� �t�h�a�t� �t�h�e� �c�l�i�f�f� �w�i�l�l� �f�a�i�l� �a�l�o�n�g� �i�t�s� �e�n�t�i�r�e� �l�e�n�g�t�h�,� �b�u�t� �t�h �a�t� �a�n�y� �p�l�a�c�e� �a�l�o�n�g� �t�h�e� �c�l�i�f�f� �c�o�u�l�d� �f�a�i�l� 
�b�a�c�k� �t�o� �t�h�i�s� �l�i�n�e� �g�i�v�e�n� �a� �f�u�t�u�r�e� �e�v�e�n�t� �o�f� �t�h�i�s� �m�a�g�n�i�t�u�d�e�.� 

FINAL

�M�a�p� �3
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5.2.3 Sensitivity to the annual frequency of the triggering event 

The return period of the event that could initiate failure is unknown. The sensitivity of the risk 
estimates for the assessed source areas to different event return periods has been 
assessed. This was done by plotting the location of the 10-4 annual individual fatality risk 
contour, for the upper source volume estimates only, adopting return periods of 20, 50, 100 
and 200 years for the triggering event. The results are plotted for in Figure 34. 

 
Figure 34 Sensitivity of the risk estimates, upper volume estimates, for triggering event return periods of 20, 
50, 100 and 200 years. 

The results show that area within the 10-4 risk contour reduces between the 20 and 100 year 
return periods. This is because the volume of the failure, and therefore runout distance of the 
debris, remains fixed, but the return period of the event increases, leading to a reduction in 
the risk at the longer return periods. 

For the assessed source areas, for the 20–200 year return periods, the changing risk has 
little impact on the numbers of dwellings within the 10-4 annual individual fatality risk contour. 
Therefore the 50-year return period adopted for the risk estimates shown in Figure 33 is 
considered reasonable. 
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5.3 ROAD USER RISK 

The section of Main Road assessed for this report (Figure 2) has a number of important 
differences from the road sections (Wakefield Avenue and Main Road below Quarry Road) 
previously assessed (Massey et al., 2014a,b), in particular: 

a. to the West of Deans Head the road runs immediately next to relatively deep, fast-
moving estuarine water with only a wooden crash barrier between traffic and the edge 
of the water; 

b. the only way in and out of the road section concerned is along Main Road – there are 
no side roads between Clifton Terrace at the eastern end of the section and Cliff Street 
which is further to the West and outside the assessed section of road; 

c. the sources modelled in previous reports (Massey et al., 2012) were for cliff-collapse 
hazards only, and the risk were estimated for dwelling occupants. For the section of 
road past Deans Head, earth/debris flows also need to be considered (from assessed 
source areas 1 and 2). These are in addition to the cliff-collapse hazards (Massey 
et al., 2012); and 

d. several buses run daily, including on schooldays several between Redcliffs Primary 
School and Sumner, through the assessed section of road. 

Point b) leads to the possibility of traffic becoming trapped in parts of the assessed section of 
road by any sort of accident. Of particular concern is the possibility of multiple earthquakes 
within minutes of each other, e.g., as per the earthquakes on 22 February and 23 December 
2011, in which an initial earthquake leads to debris blocking the road, and trapping vehicles 
on the road, which is then followed a few minutes later by another earthquake, exposing any 
trapped road users to further cliff collapse.  

It is unlikely (but not impossible) that cliff collapse, triggered mainly by earthquakes, would 
occur at the same time as an earth/debris flow, triggered mainly by rain. For this reason the 
risk results are presented for: 1) cliff collapse hazards only; and 2) combined cliff collapse 
and earth/debris flows, to provide a “worst case” scenario for consideration.  

The assessed section of Main Road represents a particular risk for road users, both 
individually and collectively. The risk for the assessed section of road has been assessed in 
terms of: 

a. fatality risk per single journey and per year, for six modes of transport: car, bus and 
truck occupants, and for motorcyclists, pedal cyclists and pedestrians; 

b. aggregate risk in terms of expected fatalities per year for road users by transport mode 
and collectively; and 

c. “Societal Risk” the frequency of multiple fatality accidents involving different numbers of 
deaths for car, truck and bus users. 

Individual road user risks per journey and per year are assessed using the same cellular grid 
as that used for the dwelling occupant risk assessment. The following hazards considered in 
each cell are, for a road user: 





 

 

98 GNS Science Consultancy Report 2014/77 
 

Figure 35, shows the risk results from combining both the cliff collapse and the earth/debris 
flow hazards. These results differ to those in Figure 35, as the: 

a. risk is now higher than motor vehicle crash risk for all road users except motorcyclists; 
and 

b. cliff-collapse risk on the far side (seaward) side of the road from the cliff is comparable 
with or greater than that on the landward (cliff) side. 

The first point (a) is a result of the large volumes of debris associated with the failure of 
assessed source area 1. The second point (b) is a result of the assumed higher probability of 
road users swerving into the sea when on the seaward side of the road outweighing the 
lower debris volumes reaching the section of road. 

Figure 37, Map 1 shows graphically the contribution to risk per journey for a car occupant, 
from individual cells along the outer and inner edges of Main Road, from cliff-collapse 
hazards only. Figure 37, Map 2 shows the risk per trip for a car occupant along the outer and 
inner edges of Main Road from cliff collapse and earth/debris flow hazards combined, for the 
earth/debris flow upper volume estimates, adopting the event annual frequency of 0.05 
(return period of 20 years). 

Figure 38–Figure 40 show the same results as Figure 35, but with: 

a. the lower source volume estimates for assessed source areas 1 and 2 (Figure 38); 

b. lower assumed event annual frequencies for assessed source areas 1 and 2 
(Figure 39); and 

c. lower source volume estimates (a) and event annual frequencies (b) combined 
(Figure 40). 
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Figure 35 Risk per journey, cliff-collapse hazard only. 
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Figure 36 Risk per journey, cliff collapse and earth/debris flow hazards (source areas 1 and 2, adopting an 
event annual frequency of 0.05 events/yr (return period of 20 years) and the upper source volume estimates. 
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Figure 38 The effect of reducing the source volumes of the assessed source areas 1 and 2, on the risk 
results. 
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Figure 39 The effect of reducing the event annual frequencies of the assessed source areas 1 and 2, on the 
risk results (annual frequency of 0.005, return period of 200 years). 
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Figure 40 The effect of reducing the source volumes and event annual frequencies (0.005, or return period of 
200 years) of the assessed source areas 1 and 2, on the risk. 

The results are highly sensitive to the volume and annual frequency of the assessed source 
areas 1 and 2. With lower volume and frequency assumptions, the relativity of road accident 
risk and slope collapse risk is significantly altered, whereby the road accident risk is notably 
higher than the risk from cliff collapse and earth/debris flows. 

Figure 41 shows the complementary cumulative distribution function or “f/N curve” relating 
the frequency of events killing N (the number) or more people, to the number N that are killed 
(assuming upper source volumes and maximum event annual frequencies for assessed 
source areas 1 and 2). Note that this assessment considers motor vehicle users only, so 
does not include motorcyclists, pedal cyclists or pedestrians. Important points of note 
include: 

a. A fatal accident (N�•1) is anticipated about every 15 years; 

b. An accident killing 10 or more people is expected every few hundred years; 

c. An accident killing 20 or more people is expected about every 1000 years; and 

d. A substantial proportion of the major accident risk involves buses (of which about 75% 
are buses full of schoolchildren). 
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Figure 41 f/N Curve for combined cliff collapse and earth/debris flow hazards to motor vehicle occupants at 
Deans Head. 

The main point of note in Figure 41 is that the assessed cliff collapse and earth/debris flow 
events have much greater potential to affect (and kill) people in greater numbers than do 
“ordinary” road accidents (a large majority of which involve just one or two vehicles). This is 
because:  

a. they involve inundating substantial lengths of Main Road with rocks (in the case of cliff 
collapse) or loess debris (in the case of assessed source areas 1 and 2); 

b. there is a significant proportion of the time when traffic is closely packed along this 
section of road, in the morning and evenings; and 

c. there is the possibility that an earthquake-triggered cliff collapse is preceded by a 
smaller but significant earthquake, leading to blockage of the road and a queue of 
traffic being present when a second collapse occurs. 
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However, failures could occur from anywhere within the assessment area, and be 
any volume within the range assessed. 

e. It is therefore difficult to assess what the levels of risk to the dwellings in the 
source areas are, given the uncertainties associated with the triggering event, 
source volume and area that could be affected.  

f. The failure mechanisms affecting the site are also uncertain. Whilst the main 
failure mechanisms have been inferred from site assessment results – mainly the 
performance of the slope during the 2010/11 Canterbury earthquakes, it is 
possible that different failures mechanisms may occur at the site in the future.  

2. Changes to the annual frequency of the event that could trigger failure of source areas. 
Risk models were run adopting event annual frequencies of 0.05, 0.02, 0.01 and 0.005, 
corresponding to return periods of 20, 50, 100 and 200 years respectively. Results from 
the assessment show that there is little change between the risk results adopting the 
20-year and 200-year return periods, because most of the affected dwellings are 
located in the assessed source areas.  

3. Vulnerability: the probability of death is a function of debris height and velocity. The risk 
assessment may not adequately take into account the sheltering effect of buildings. 
Variable vulnerabilities have been adopted linked to debris velocity. However, the 
vulnerability of a person in a dwelling is related to the nature of the structure, for which 
there are no New Zealand specific data available for use in the risk assessment. It is 
possible that the risk could reduce by an order of magnitude or more if the dwelling 
could withstand inundation by debris without collapsing. This could have a large effect 
on the risk especially in the distal run out zones where the debris is travelling at lower 
velocity. 

The results (Figure 34) show that the largest impact on the risk is from the volumes of 
material that could be generated in an event from the assessed source areas.  

For source areas 1 and 2 the uncertainties combine to give an order of magnitude 
uncertainty, in either direction, on the risk estimates.  

Most of the dwellings at risk are located in the assessed source areas. Even if failure of 
these sources does not occur under static conditions (rain), the risk of damage to dwellings 
from future earthquakes is still relatively high. For example, the estimated amount of 
permanent slope displacement when subjected to 0.5 g peak ground acceleration is in the 
order of about 0.4 m. A peak ground acceleration of 0.5 g has a 50-year average annual 
frequency of occurring of about one in every 140 years, adopting the results from the national 
seismic hazard model.  

6.1.3 How reliable are the results? 

Potentially significant uncertainties noted and their likely implications for risk are summarised 
in Table 20. 
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Table 20 Uncertainties and their implications for risk. 

Issue 
Direction and scale of 
uncertainty 

Implications for risk 

Earth/debris flows  

a. Choice of whether to use 

different event annual 

frequencies other than 0.02 

(50-year return period)  

Moderate uncertainty between the 

use of the 50-year and 100-year, 

return periods. But larger 

uncertainty between the 50-year 

and 15-year plus return periods, 

and 50-year and 200-year return 

periods. However, has little impact 

on the number of dwellings 

affected. 

Longer term risk is potentially 2–4 

times lower, but shorter term risk 

could be 2–3 times higher. 

b. Volume of debris produced by 

a source area, and the 

location of the source area. 

Largest uncertainty between upper 

volume and the lower volume, and 

then the lower volume and middle 

volume. 

About a factor of 5 between the upper 

and lower volume estimates. But a 

factor of 3 between the lower and 

middle estimates, and a factor of 2 

between the middle and upper 

estimates. 

c. Changing the assumed debris 

height where probability of 

inundation = 0 from 0.3 m to 

0.5 m and 0.1 m  

Small uncertainty in either 

direction 

Would change modestly by a factor of 

about 1.2 in either direction. 

d. Occupancy (proportion of 

time people are at home) 

Assumption of 100% occupancy 

instead of 67% would modestly 

increase the estimated risk. 

Would increase modestly by a factor 

of about 2. 

e. Vulnerability (probability of 

being killed if inundated by 

debris) 

Variable vulnerabilities have been 

adopted linked to debris velocity. 

However, the vulnerability of a 

person in a dwelling is related to 

the nature of the structure, for 

which there is no data available for 

use in the risk assessment. 

Potentially large uncertainty in 

either direction but very difficult to 

quantify.  

Could be relatively large depending on 

the nature of the dwelling construction 

and age/ability of the person to get out 

of the way of the debris. Possibly over 

an order of magnitude uncertainty in 

either direction 

6.2 ROAD USER RISK 

The risk to road users from cliff collapse and earth/debris flows onto Main Road around 
Deans Head is critically dependent on both the volume and the frequency with which failures 
of source areas 1 and 2 occur. 

Both parameters (volume and frequency of failure) are themselves highly uncertain, meaning 
that the risk to road users could lie anywhere in a wide range from “comparable with or 
smaller than the risk of ‘ordinary’ road accidents” on the one hand, to “substantially larger 
than the risk of ‘ordinary’ road accidents for most road users” on the other. 
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Generally, the risk to road users on Main Road below Deans Head is significantly higher than 
that at the other sites assessed to date (Wakefield Avenue and Quarry Road, Massey et al., 
2014a,b) because: 

a. The volumes of material reaching the road could be relatively high, and could occur 
with relatively high frequency (although uncertain); 

b. There is no means of escape for motor vehicle users from Main Road over the 
assessed section of road other than by travelling forward or back along Main Road 
itself; 

c. There are relatively high traffic densities for significant proportions of the time; 

d. The road to the west of Deans Head lies next to relatively deep, fast moving water with 
only a wooden crash barrier to prevent road users inundated by rockfall or debris being 
washed into the sea; and 

e. There is potential for accident scenarios in which a queue of traffic is trapped on this 
section of the road at exactly the time that a significant (seismically-triggered) slope 
failure occurs. 

There has to date been no substantive discussion with Christchurch City Council on the 
levels of fatality risk considered tolerable or acceptable for road users, and no quantitative 
risk criteria have been established. In the absence of such criteria though, Deans Head 
stands out as a case of exceptional slope-collapse risk to road users because of the 
juxtaposition of the factors (a)–(e) above and the potential for substantial slope failures. 
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7.0 CONCLUSIONS 

With reference to source area boundaries as show in Figure 2, the conclusions of this report 
are: 

7.1 HAZARD 

1. There is potential for volumes ranging from several hundreds to tens of thousands of 
cubic metres of earth/debris flows (source areas 1 and 2) of mixed loess and colluvium, 
which are in addition to the cliff-collapse failures previously assessed (Massey et al., 
2012). 

2. The most likely triggers for the assessed earth/debris flows sources are prolonged 
heavy rainfall and strong earthquake shaking (if ground conditions were wet). 

3. The frequency of earth/debris flow events from these sources is difficult to estimate and 
could be anything from once every few tens to once every many hundreds of years. 

7.2 RISK 

7.2.1 Dwelling occupant 

1. There are very few dwellings in the earth/debris flow runout zone, as most dwellings 
are located in the assessed source areas. 

2. The main hazard affecting these dwellings is likely to be a combination of cracking and 
undercutting as the ground moves beneath the dwelling, as well as the impact from 
debris coming from further upslope. 

3. It is difficult to assess what the levels of risk to the dwellings in the source areas are, 
given the uncertainties associated with the triggering event, source volume and area 
that could be affected. The risk associated with the assessed source areas is inferred 
to be the same as the risk in the runout zone immediately below the assessed source 
areas, which is shown as 10-4 or greater. 

4. The numbers of dwellings affected by the upper source volume estimates are, as 
expected, larger than those few affected by the lower volume estimates, as the lower 
volume estimates are associated with smaller source areas. 

5. Even if failure of these sources does not occur under static conditions (rain), the risk of 
damage to dwellings from future earthquakes is still relatively high and similar to a 
Class II relative hazard exposure category. For example, the estimated amount of 
permanent slope displacement when subjected to 0.5 g peak ground acceleration is in 
the order of about 0.4 m. A peak ground acceleration of 0.5 g has a 50-year average 
annual frequency of occurring of about 1 in every 140 years, adopting the results from 
the national seismic hazard model. 
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7.2.2 Road user 

1. Generally, the risk to road users of Main Road in the assessed section of road below 
Deans Head is significantly higher than that at the other sites assessed to date 
(Wakefield Avenue and Quarry Road, Massey et al., 2014a,b). 

2. The volumes of material reaching the road could be relatively high, and could occur 
with relatively high (though uncertain) frequency. 

3. There is limited means of escape for motor vehicle users from Main Road over the 
assessed section of road, other than by travelling forward or back along Main Road 
itself. 

4. There are relatively high traffic densities for significant proportions of the time. 

5. The road to the west of Deans Head lies next to relatively deep, fast moving water with 
only a wooden crash barrier to prevent road users inundated by rockfall or debris being 
washed into the sea. 

6. There is potential for accident scenarios in which a queue of traffic is trapped on this 
section of the road at exactly the time that a significant (seismically triggered) slope 
failure occurs. 

7.2.3 Risk management 

1. A risk-management option of monitoring rainfall, soil moisture and pore-pressure in the 
source areas, may be of some value in providing warning of conditions approaching 
critical levels, but: 

a. Such early warning could not be assured, as experience in the Port Hills and 
elsewhere is that water levels in open tension cracks can rise very rapidly to 
critical values;  

b. There would be little time to evacuate potentially at-risk residents given the rapid 
nature of the hazard; and 

c. There is currently no precedent data for rates of change of groundwater or water 
content of loess to provide reliable alert criteria. 

2. There appears to be reasonable scope for engineering measures to stabilise the slopes 
(e.g., by removal of loess/colluvium and installation of drainage measures), however, 
site access may be prohibitive due to the nature of the ground, and these works would 
need to be evaluated, designed and implemented by a suitably qualified engineering 
consultant. 
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8.0 RECOMMENDATIONS 

GNS Science recommends that based on the results of this study, Christchurch City Council: 

8.1 POLICY AND PLANNING  

1. Decide what levels of life risk to dwelling occupants and road users will be regarded as 
tolerable.  

2. Decide how Council will manage risk on land and roads where life risk is assessed to 
be at the defined threshold of intolerable risk and where the level of risk is greater than 
the threshold.  

3. Prepare policies and other planning provisions to address risk lesser than the 
intolerable threshold in the higher risk range of tolerable risk. 

8.2 SHORT-TERM ACTIONS 

8.2.1 Hazard monitoring strategy  

1. Include the report findings in a slope-stability monitoring strategy with clearly stated 
aims and objectives, and list how these would be achieved, aligning with the 
procedures described by McSaveney et al. (2014). In the meantime, extend the current 
survey network further up the slope (particularly in source area 1 towards Kinsey 
Terrace), so as to maintain awareness of changes in the behaviour of the slope; 

2. Ensure that the existing emergency management response plan for the area identifies 
the dwellings that could be affected by movement and runout, and outlines a process to 
manage a response. 

8.2.2 Risk monitoring strategy  

Monitoring the slope for early warning of potentially dangerous trends in groundwater or 
slope movement as part of a hazard warning system, is currently not thought to be feasible. 
Monitoring alerts for slope deformation and groundwater changes cannot be relied upon to 
provide adequate early warning as experience from Port Hills and elsewhere shows that 
deformation and groundwater changes can occur rapidly, with little warning, and there is little 
site-specific information on which to build such a warning system. 

8.2.3 Surface/subsurface water control  

1. Reduce water ingress into the slopes, where safe and practicable to do so, by: 

2. Identifying and relocating all water-reticulation services (water mains, sewer pipes and 
storm water) inside the identified mass-movement boundaries (at the slope crest) to 
locations outside the boundary, in order to control water seepage into the slope. In 
particular, a water main currently traverses the site between assessed source areas 1 
and 2; and 

3. Control surface water seepage by filling the accessible cracks on the slope and 
providing an impermeable surface cover to minimise water ingress. 
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8.3 LONG-TERM ACTIONS 

8.3.1 Engineering measures 

1. Assess the cost, technical feasibility and effectiveness of alternative longer term 
engineering and relocation solutions, for example (but not limited to): 

a. Removal/stabilisation of the slopes in the assessed source areas; 

b. Installation of drainage works; 

c. Relocation of houses to alternative locations within existing property boundaries; 
or  

d. Withdrawal and rezoning of the land for non-residential use. 

2. Any proposed engineering works would require a detailed design and be carried out 
under the direction of a certified engineer, and should be independently verified in 
terms of their risk reduction effectiveness by appropriately qualified and experienced 
people. 

3. For the section of Main Road within the risk zone, liaise with whoever is responsible for 
roading (within Christchurch City Council) to develop solutions, which both: 1) ensure 
that the key lifeline section of Main Road can continue to serve its purpose of 
connecting Sumner and the surrounding area to Christchurch; and 2) adequately 
safeguard road users from slope-collapse risk. 

8.3.2 Reassessment 

Reassess the risk and revise and update the findings of this report in a timely fashion, for 
example:  

a. in the event of any significant changes in ground conditions; or 

b. in anticipation of further development or significant land use decisions. 
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A1 APPENDIX 1: METHODS OF ASSESSMENT 

A1.1 METHODS OF ASSESSMENT 

A1.1.1 Engineering geology assessment methodology 

The findings presented in this report are based on engineering geological models of the site 
developed by GNS Science. 

The scope of the investigation works comprised: 1) engineering geological and 
geomorphological mapping of the site; 2) construction of four cross-sections through the site 
area; 3) interpretation of aerial photographs ranging in date from 1940–2011; and 4) 
assessment of available LiDAR data for the site and the construction of a digital terrain 
model.  

A1.1.2 Hazard assessment methodology 

A1.1.2.1 Slope stability modelling 

The key output from the static stability assessment is a factor of safety of the given volume, 
while the key output from the dynamic assessment is the magnitude of permanent slope 
displacement expected at given levels of earthquake-induced ground acceleration. These 
two assessments are then used to determine the likely volumes of material that could be 
generated under the different conditions.  

A1.1.2.2 Static slope stability 

If a slope has a static factor of safety of one or less, the slope is assessed as being unstable. 
Slopes with structures designed for civil engineering purposes are typically designed to 
achieve a long-term factor of safety of at least 1.5 under drained conditions, as set out in the 
New Zealand Transport Agency (NZTA) 3rd edition of the bridge manual (NZTA, 2013). 

Static assessment of the slope was carried out by limit equilibrium method using the 
Rocscience SLIDE® software and the general limit equilibrium method (Morgenstern and 
Price, 1965). The failure surfaces were defined using the path search feature in the SLIDE® 
software, and a zone of tension cracks was modelled corresponding to mapped crack 
locations on the surface and in exposures. For the assessment, tension cracks were 
assumed to extend to the rockhead. 

Models were run based on geological cross-sections 1–5. The critical slide surface was 
determined based on the lowest calculated factor of safety. Sensitivity analyses were run 
assuming a range of geotechnical material strength parameters based on the estimates of 
their strength to test model sensitivity. These were derived from in-house laboratory testing 
on samples of materials taken from the site, and samples of similar materials taken from 
other sites in the Port Hills and published information on similar materials. Strength 
parameters were also assessed by back-analysis in the limit equilibrium and dynamic 
analyses. 

The finite element modelling adopts the shear strength reduction technique for determining 
the stress reduction factor or slope factor of safety (e.g., Dawson et al., 1999). Finite element 
modelling was undertaken on the same cross-sections adopted for the limit equilibrium 
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modelling assessment, using the Rocscience Phase2 finite element modelling software. This 
was done to check the outputs from the limit equilibrium modelling, because the finite 
element models do not need to have the slide-surface geometries defined. 

A1.1.2.3 Dynamic stability assessment (decoupled method) 

In civil engineering, the serviceability state of a slope is that beyond which unacceptably 
large permanent displacements of the ground mass take place (Eurocode 8, EN-1998-5, 
2004). Since the serviceability of a slope after an earthquake is controlled by the permanent 
deformation of the slope; analyses that predict coseismic slope displacements (permanent 
slope displacements under earthquake loading) provide a more useful indication of seismic 
slope performance than static stability assessment alone (Kramer, 1996). 

The dynamic (earthquake) stability of the slope was assessed with reference to procedures 
outlined in Eurocode 8 (EN-1998-5, 2004) Part 5. For the Deans Head assessed source 
areas the magnitude of earthquake-induced permanent displacements was assessed for 
selected cross-sections adopting the decoupled method and using different synthetic 
earthquake time-acceleration histories as inputs. 

The decoupled seismic slope deformation method (Makdisi and Seed, 1978) is a modified 
version of the classic Newmark (1965) sliding block method that accounts for the dynamic 
response of the sliding mass. The “decoupled” assessment is conducted in two steps:  

1. A dynamic response assessment to compute the “average” accelerations experienced 
at the base by the slide mass (Chopra, 1966); and 

2. A displacement assessment using the Newmark (1965) double-integration procedure 
using the average acceleration time history as the input motion.  

The average acceleration time history is sometimes expressed as the horizontal equivalent 
acceleration time history (e.g., Bray and Rathje, 1998), but they are both the same thing. The 
average acceleration time history represents the shear stress at the base of the potential 
sliding mass, as it captures the cumulative effect of the non-uniform acceleration profile in 
the potential sliding mass. The method assumes that the displacing mass is a rigid-plastic 
body, and no internal plastic deformation of the mass is accounted for. 

The two steps above are described below in more detail. 

1. Dynamic response assessment: 

a. Two-dimensional dynamic site response assessment using Quake/W was carried 
out adopting synthetic time acceleration histories for the four main earthquakes 
known to have triggered debris avalanches, cliff-top deformation and cracking in 
the Port Hills. The modelled versus actual displacements inferred from survey 
results and crack apertures were compared to calibrate the models. 

b. Synthetic out-of-phase free-field rock-outcrop time acceleration histories for the 
site – at 0.02 second intervals for the 22 February, 16 April, 13 June and 
23 December 2011 earthquakes – were used as inputs for the assessment (refer 
to Holden et al. (2014) for details).  

c. The equivalent linear soil behaviour model was used for the assessment, using 
drained conditions. Strain-dependent shear-modulus reduction and damping 
functions for the rock materials were based on data from Schanbel et al. (1972) 
and Choi (2008). At present, GNS Science do not have dynamic test data for the 
loess– dynamic testing is currently being carried out by GNS Science as part of a 
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research project. Therefore for loess shear modulus and damping ratio functions 
from Ishibashi and Zhang (1993) were adopted assuming a plasticity index of five 
(Carey et al., 2014) and variable confining (overburden) stress, based on the 
overburden thickness of the loess at each cross-section assessed.  

d. Shear wave velocity surveys were carried out by Southern Geophysical Ltd. for 
GNS Science (Southern Geophysical Ltd., 2013). These works comprised the 
surveying of a surface-generated shear wave signal at 2 m intervals between the 
surface and the maximum reachable depth inside nearby drillholes at Clifton 
Terrace. 

2. Displacement assessment steps: 

a. The dynamic stress response computed with Quake/W – from each input 
synthetic earthquake time history – were assessed using Slope/W Newmark 
function to examine the stability and permanent deformation of the slope 
subjected to earthquake shaking using a procedure similar to the Newmark 
(1965) method (detailed by Slope/W, 2012). 

b. For the Slope/W assessment, a range of material strength parameters was 
adopted for the rock, colluvium and loess (based on the results from laboratory 
strength testing, published information and static back-analysis of slope stability), 
to assess the sensitivity of the modelled permanent deformation to changing 
material strength.  

c. For each trial slide surface, Slope/W uses: 1) the initial lithostatic stress condition 
to establish the static strength of the slope (i.e., the static factor of safety); and 2) 
the dynamic stress (from Quake/W) at each time step to compute the dynamic 
shear stress of the slope and the factor of safety at each time step during the 
modelled earthquake. Slope/W determines the total mobilised shear arising from 
the dynamic inertial forces. This dynamically driven mobilised shear force is divided 
by the total slide mass to obtain an average acceleration for a given slide surface 
at a given time step. This average acceleration response for the entire potential 
sliding mass represents one acceleration value that affects the stability at a given 
time step during the modelled earthquake. 

d. For a given trial slide surface Slope/W: 

i. Computes the average acceleration corresponding to a factor of safety of 
one. This is referred to as the yield acceleration. The critical yield 
acceleration of a given slide mass is the minimum acceleration required to 
produce movement of the block along a given slide surface (Kramer, 1996). 
The average acceleration of the given slide mass, at each time step, is then 
calculated along the slide surface (base of the slide mass). 

ii. Integrates the area of the average acceleration (of the trial slide mass) 
versus time graph when the average acceleration is at or above the yield 
acceleration. From this it then calculates the velocity of the slide mass at 
each time interval during the modelled earthquake. 

iii. Estimates the permanent displacement, by integrating the area under the 
velocity versus time graph when there is a positive velocity. 

e. To calibrate the results, the permanent displacement of the slide mass for a given 
trial slide surface geometry (for a given cross-section) was compared with crack 
apertures and survey mark displacements, and also with the geometry and 
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inferred mechanisms of failure that occurred during the 2010/11 Canterbury 
earthquakes. Those soil strength parameters that resulted in modelled 
displacements of similar magnitude to the recorded or inferred slope 
displacements were then used for forecasting future permanent slope 
displacements under similar earthquakes.  

A1.1.2.4 Forecasting permanent slope displacements 

To forecast likely slope displacements in future earthquakes, the relationship between the 
yield acceleration (Ky) and the maximum (peak) acceleration (KMAX) of the average 
acceleration of a given slide mass, was used. Using the results from the decoupled 
(Slope/W) assessment, the maximum average acceleration (KMAX) was calculated for each 
selected slide surface (failure mass), from the average acceleration versus time plot – where 
the average acceleration versus time plot is the response of the given slide mass to the input 
acceleration history. The decoupled assessment uses the 22 February and 13 June 2011 
synthetic earthquake acceleration histories as inputs (Holden at al., 2014), and the calibrated 
material strength parameters derived from back-analysis (bullet 2. e. above). 

The Ky/KMAX relationship was used to determine the likely magnitude of permanent 
displacement of a given failure mass – with an associated yield acceleration (Ky) – at a given 
level of average acceleration within the failure mass (KMAX). 

Permanent coseismic displacements were estimated for a range of selected trial slide 
surfaces from each cross-section. These results were then used in the risk assessment to 
assess the probability of failure of a given range of slide surfaces.  

A1.1.2.5 Estimation of slope failure volumes  

The most likely locations and volumes of potential failures were estimated based on the 
numerical analyses, current surveyed displacement magnitudes, material exposures, crack 
distributions and slope morphology.  

Three failure volumes (upper, middle and lower) were estimated for each potential source 
area to represent a range of source volumes. The credibility of these potential failure 
volumes was evaluated by comparing them against: 1) the volumes of relict failures 
recognised in the geomorphology near the site and elsewhere in the Port Hills; 2) historically 
recorded failures; and 3) the volumes of material lost from the Deans Head assessed source 
area slope and other similar slopes, during the 2010/11 Canterbury earthquakes. 

There are four main sources of information on historical non-seismic failures for the Port 
Hills:  

1. archived newspaper reports from between 1870 and 1945 (a selection of which is 
presented in Appendix 2); 

2. the GNS Science landslide database, which is “complete” only since 1996;  

3. insurance claims made to the Earthquake Commission for landslips which are 
“complete” only since 1996; and  

4. information from local consultants (M. Yetton, Geotechnical Consulting Ltd. and D. Bell, 
University of Canterbury) which incompletely covers the period from 1968 to present 
(McSaveney et al., 2014).  
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A1.1.2.6 Debris runout modelling 

The potential runout of debris from the slope was assessed empirically by the fahrboeschung 
method and also by numerical modelling.  

1. Empirical fahrboeschung method: 

a. The fahrboeschung model is based on a relationship between topographical 
factors and the measured lengths of runout of debris (Corominas, 1996). The 
fahrboeschung1 (often referred to as the “travel angle”) method (Keylock and 
Domaas, 1999) uses the slope of a straight line between the top of the source 
area (the crown) and the furthest point of travel of the debris. The analysis adopts 
the slope crest as the crown of each potential source area. 

b. The volume of earth/debris passing a given location within the assessment area 
is based on an empirical relationship established from a compilation of runout 
distances from published international and local (in the Port Hills) earth/debris 
flows. For earth/debris flows, which tend to be very fluid (“soupy” to “porridge-like” 
in consistency), the empirical relationship is based on a data set of over 700 
earth/debris flows from New Zealand (including the Port Hills and Banks 
Peninsular) and overseas, compiled by Massey and Carey (2012).  

2. Numerical methods: 

a. Numerical modelling of landslide runout was carried out using the RAMMS® 
debris-flow software. This software, developed by the Snow and Avalanche 
Research Institute based in Davos, Switzerland, simulates the runout of debris 
flows and snow and rock avalanches across complex terrain. The module is used 
worldwide for landslide runout analysis and uses a two-parameter Voellmy 
rheological model to describe the frictional behaviour of the debris (RAMMS, 
2011). The physical model of RAMMS Debris Flow uses the Voellmy friction law. 
This model divides the frictional resistance into two parts: a dry-Coulomb type 
friction (coefficient µ) that scales with the normal stress and a velocity-squared 
drag or viscous-turbulent friction (coefficient xi). However, to the best of our 
knowledge there is no direct physical means of deriving these parameters from 
field measurements, other than back-analysis of past earth/debris flows in similar 
materials and terrain.  

b. RAMMS software takes into account the slope geometry of the site when 
modelling debris runout. The RAMMS model parameters were calculated from 
the back-analysis of 23 debris avalanches (ranging in volume from 200 to 30,000 
m3) that fell from the slopes at Richmond Hill Road, Shag Rock Reserve and 
Redcliffs during the 22 February and 13 June 2011 earthquakes. 

c. The model was calibrated by “back-analysing” the runout of five Port Hills and 
Banks Peninsula earth/debris flows and the modelled parameters optimised to 
obtain a good correlation between the modelled versus actual runout.  

d. The modelling results give likely debris runout, area affected, volume, velocity 
and the maximum and final height of debris in a given location at any moment in 
the runout.  

                                                
1  Fahrboeschung is a German word meaning ”travel angle” adopted in 1884 by a pioneer in landslide runout 

studies, Albert Heim. It is still used in its original definition. 
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d. The probability that a person is killed if present and inundated by debris (V(D:T)). In 
some risk assessments the vulnerability has been linked to landslide intensity, 
which is a combination of the landslide velocity and the volume of debris (e.g., Du 
et al., 2013). For this assessment a variable vulnerability has been adopted 
based on the velocity of the debris. 

3. Combine 3(a)–(d) for each source area scenario to estimate the annual individual 
fatality risk at different locations below the slope at different event annual frequencies.  

4. These values were then modelled using ArcGIS®. ArcGIS is used to interpolate 
between the risk calculated at given grid cells so as to produce contours of equal risk. 
A single contour was presented for each scenario (lower, middle and upper source 
volumes) for each event annual frequency, representing the estimated risk of 10-4 (ten 
to the minus four, or 1 chance in 10,000 of dying per year). 

5. The annual individual fatality risk value of 10-4 was chosen as this has been used 
previously by Christchurch City Council and the Canterbury Earthquake Recovery 
Authority to delineate existing dwellings that are exposed to potentially unacceptable 
levels of risk from rockfalls. 

Probability of inundation 

P(S:H) is the probability of a person at a given location being inundated (buried) by the debris, 
should the person be present in that location as the debris moves through it. The height of 
debris passing a given location was estimated using the RAMMS model outputs. The 
maximum height of the debris reaching/passing a given grid cell at any time step during the 
modelled earth/debris flow was used. These were combined with simple models of 
probability (of inundation) as a function of the height of debris reaching/passing a given grid 
cell, where: 

1. Probability of inundation P(INUN) = 0 if the maximum height of the debris 
�U�H�D�F�K�L�Q�J���S�D�V�V�L�Q�J���W�K�H���J�U�L�G���F�H�O�O���L�V���”�����������P���� 

2. Probability of inundation P(INUN) = 1 if the maximum height of the debris 
�U�H�D�F�K�L�Q�J���S�D�V�V�L�Q�J���D���J�L�Y�H�Q���J�U�L�G���F�H�O�O���L�V���•�������P�� 

3. Probability of inundation P(INUN) is between 0 and 1 for debris heights greater than 0.3 
m but less than 1.0 m, adopting a linear interpolation.  

The inundation height probabilities adopted for the assessment reflect the dominant 
movement mechanism and nature of the debris associated with the earth/debris flows. An 
earth/debris flow in loess ( a fine grained material) with a flow height 0.3 m or less is unlikely 
to bury a person, as the debris is very fluid and would likely flow around a person, regardless 
of the debris velocity, as the debris has significantly less mass than a debris flow/avalanche 
comprising larger cobble and boulder-sized clasts. 

Probability of a person being present 

P(T:S) is the probability an individual is present in the portion of the slope when the debris 
moves through it. It is a function of the proportion of time spent by a person at a particular 
location each day and can range from 0% if the person is not present, to 100% if the person 
is present all of the time. 
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