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Abstract

Following the 22nd February 2011, Mw 6.2 earthquake located along a previously unknown fault
beneath the Port Hills of Christchurch, surface cracking was identified in contour parallel locations
within fill material at Quarry Road on the lower slopes of Mount Pleasant. GNS Science, in the role of
advisor to the Christchurch City Council, concluded that these cracks were a part of a potential
rotational mass movement (named zone 11A) within the fill and airfall loess material present.
However, a lack of field evidence for slope instability and an absence of laboratory geotechnical data
on which slope stability analysis was based, suggested this conclusion is potentially incorrect. It was
hypothesised that ground cracking was in fact due to earthquake shaking, and not mass movement
within the slope, thus forming the basis of this study.
Three soil units were identified during surface and subsurface investigations at Quarry Road: fill
derived from quarry operations in the adjacent St. Andrews Quarry (between 1893 and 1913), a
buried topsoil, and underlying in-situ airfall loess. The fill material was identified by the presence of
organic-rich topsoil “clods” that were irregular in both size (∼10 – 200 mm) and shape, with variable
thicknesses of 1 – 10 m. Maximum thickness, as indicated by drill holes and geophysical survey lines,
was identified below 6 Quarry Road and 7 The Brae where it is thought to infill a pre-existing gully
formed in the underlying airfall loess. Bearing strength of the fill consistently exceeded 300 kPa
ultimate below ∼500 mm depth. The buried topsoil was 200 – 300 mm thick, and normally displayed
a lower bearing strength when encountered, but not below 300 kPa ultimate (3 – 11 blows per 100mm
or ≥100 kPa allowable). In-situ airfall loess stood vertically in outcrop due to its characteristic high
dry strength and also showed Scala penetrometer values of 6 – 20+ blows per 100 mm (450 – ≥1000
kPa ultimate). All soils were described as being moist to dry during subsurface investigations, with no
groundwater table identified during any investigation into volcanic bedrock.
In-situ moisture contents were established using bulk disturbed samples from hand augers and test
pitting. Average moisture contents were low at 9% within the fill, 11 % within the buried topsoil, and
8% within the airfall loess: all were below the associated average plastic limit of 17, 15, and 16,
respectively, determined during Atterberg limit analysis. Particle size distributions, identified using
the sieve and pipette method, were similar between the three soil units with 11 – 20 % clay, 62 – 78 %
silt, and 11 – 20 % fine sand. Using these results and the NZGS soil classification, the loess derived
fill and in-situ airfall loess are termed SILT with some clay and sand, and the buried topsoil is SILT
with minor clay and sand. Dispersivity of the units was found using the Emerson crumb test, which

established that the fill can be non- to completely dispersive (score 0 – 4). The buried topsoil was
always non-dispersive (score 0), and airfall loess completely dispersive (score 4).
Values for cohesion (c) and internal friction angle (φ) of the three soil units were established using the
direct shear box at field moisture contents. Results showed all soil units had high shear strengths at
the moisture contents tested (c = 18 – 24 kPa and φ = 42 – 50°), with samples behaving in a brittle
fashion. Moisture content was artificially increased to 16% within the buried topsoil, which reduced
the shear strength (c = 10 kPa, φ = 18°) and allowed it to behave plastically.
Observational information indicating stability at Quarry Road included: shallow, discontinuous,
cracks that do not display vertical offset; no scarp features or compressional zones typical of
landsliding; no tilted or deformed structures; no movement in inclinometers; no basal shear zone
identified in logged core to 20 m depth; low field moisture contents; no groundwater table; and high
soil strength using Scala penetrometers.
Limit equilibrium analysis of the slope was conducted using Rocscience software Slide 5.0 to verify
the slope stability identified by observational methods. Friction, cohesion, and density values
determined during laboratory were input into the two slope models investigated. Results gave
minimum static factor of safety values for translational (along buried topsoil) and rotational (in the
fill) slides of 2.4 – 4.2. Sensitivity of the slope to reduced shear strength parameters was analysed
using c = 10 kPa and φ = 18° for the translational buried topsoil plane, and a cohesion of 0 kPa within
the fill for the rotational plane. The only situation that gave a factor of safety <1.0 was in nonengineered fill at 0.5 m depth. Pseudostatic analysis based on previous peak ground acceleration
(PGA) values for the Canterbury Earthquake Sequence, and predicted PGAs for future Alpine Fault
and Hope Fault earthquakes established minimum factor of safety values between 1.2 and 3.3. Yield
acceleration PGAs were computed to be between 0.8g and 1.6g.
Based on all information gathered, the cracking at Quarry Road is considered to be shallow
deformation in response to earthquake shaking, and not due to deep-seated landsliding. It is
recommended that the currently bare site be managed by smoothing the land, installing contour
drainage, and bioremediation of the surface soils to reduce surface water infiltration and runoff.
Extensive earthworks, including removal of the fill, are considered unnecessary. Any future
replacement of housing would be subject to site-specific investigations, and careful foundation design
based on those results.
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CHAPTER	
  1	
  –	
  Introduction	
  

1.1.	
  

Project	
  background	
  

Christchurch is located on the east coast of the South Island, New Zealand. To the south of
Christchurch city lies the Port Hills, an eroded remnant of the Lyttleton volcano which formed in the
Late Miocene between ∼11.0 and 9.7 Ma (Hampton, 2010). On 4th September 2010 at 4:35am, a Mw
7.1 earthquake shook the city of Christchurch, and began a series of earthquakes and aftershocks
affecting the region over the following weeks, months, and years (the Canterbury Earthquake
Sequence or CES). The most devastating of the subsequent earthquakes and aftershocks occurred on
22nd February 2011. Although it was lower in magnitude, its proximity to the city caused extremely
high peak ground accelerations that resulted in widespread damage, including significant geotechnical
issues on the Port Hills. One of these issues involved extensive ground cracking of loess and loessderived soils, which are dominantly clayey silts. The Port Hills Geotechnical Group (PHGG: a
consortium of geotechnical engineers contracted to Christchurch City Council to assess slope
instability within the Port Hills area) identified some ground cracking as local shallow deformation in
response to earthquake shaking, and other cracks due to mass movement.
The site under investigation for this thesis is Quarry Road, located in the Mount Pleasant Suburb of

Figure 1.1: New Zealand, Banks Peninsula, and Christchurch. Red star indicates the site location for this thesis. Base map
sources: Google Earth.
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the Port Hills, and the immediate residential and recreational area surrounding it (Figure 1.1). Quarry
Road derived its name from being the access road to the abandoned St. Andrews quarry, located
adjacent to the study area, and now named Kings Park. Loess overburden was stripped for quarrying
of the underlying bedrock, and dumped by horse and dray onto the study area. Extensional cracking
and minor failure within the soil was observed during and following the 22nd February 2011
earthquake. This occurred as contour-parallel ground cracking, primarily within the loess-derived
quarry fill found on the Quarry Road site. There were no casualties or injuries arising from the ground
damage at Quarry Road, however some services were damaged, and all houses have since been
demolished. Through field investigation, laboratory testing, and slope stability modelling, the aim of
this thesis is to build an understanding of the geological and geotechnical controls of the observed
ground deformation. In particular, laboratory analyses of the various loessial soil facies, importantly
shear strength testing, is used in conjunction with limit equilibrium (factor of safety) computer
analysis of slope stability to determine whether ground cracking observed is due to mass movement,
or simply cracking due to earthquake shaking.

1.2.	
  

Thesis	
  hypothesis	
  and	
  objectives	
  

The hypothesis to be proved or disproved in this thesis is that the ground cracking observed at Quarry
Road is due to local shallow deformation in response to earthquake shaking, as opposed to being due
to deep-seated mass movement (i.e. rotational or translational landsliding). Such explanation would
be useful for planners, developers, and residents that may be adversely affected. As such, the principal
objectives of this thesis are:
1) To identify and document the extent of loess-derived quarry fill through the use of relevant
literature, aerial photographs, site walkover observations, outcrop logging, and subsurface
geotechnical investigations.
2) To develop engineering geological models of the site recording the profile and interface
between the different facies.
3) To characterise the loessial soils on site through laboratory analysis to ascertain their
geotechnical properties.
4) To conduct slope stability analyses of the site using input parameters determined during
laboratory testing of the various facies.

1.3.	
  

Thesis	
  methodology	
  

The research methods conducted include observational fieldwork and field mapping of outcrops and
features, geomorphological mapping, and the development of engineering geology models for the
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sloping site. In addition, sample collection and preparation of representative soils and fill material
were obtained for laboratory testing, detailed engineering geological analysis, and subsequent slope
stability assessment.

	
  

1.3.1.	
   Data	
  collection	
  

The data for this thesis has been obtained from sites within the study area, predominantly on the land
of 2, 4, and 6 Quarry Road. Samples consist of representative soils at various depths throughout the
area, comprising both in-situ and disturbed materials. In-situ samples were retrieved using push-tube
samplers in the test pits at 4 Quarry Road. In addition, drill core was retrieved from Stronger
Christchurch Infrastructure Rebuild Team (SCIRT) to a depth of ∼12m, which contained the in-situ
bedrock profile as well as the overlying soils. Disturbed samples of approximately 3kg were obtained
from 2, 4, and 6 Quarry Road using hand augers, test pits, and hand sampling from road cuttings. All
samples were bagged and sealed, brought back to the University of Canterbury, and stored
appropriately for testing. To assess the in-situ strength/bearing capacity of the soils, Dynamic Cone
Penetrometer (DCP) tests were conducted adjacent to hand auger and test pit locations. Geophysics, in
the form of refraction and resistivity, was used in order to delineate and characterise the extent and
location of fill material as well as the loess-bedrock interface profile. A total of 4 lines were
investigated at various orientations using University of Canterbury and Southern Geophysical Ltd
(SGL) equipment.

1.3.2.	
   Data	
  analysis	
  	
  
Data analysis was undertaken by laboratory testing of the various disturbed and in-situ soil samples
collected. Soil classification and strength tests carried out include: particle size analysis (laser-sizer
and sieve-and-pipette methods), in-situ moisture content and density, Atterberg Limits (plastic limit,
liquid limit, and plasticity index), Emerson crumb test, and direct shear testing. The soil testing
procedures were carried out in accordance with the New Zealand soil testing standards in NZS 4402
where appropriate. Using the modified Emerson crumb test (Loveday and Pyle, 1973), the dispersivity
of soil aggregates was assessed. Raw geophysical data was processed by Southern Geophysical and
used to interpret the fill-loess and loess-bedrock boundaries. Drill cores were logged at the University
of Canterbury following the New Zealand Geotechnical Society (NZGS) guideline for description of
soil and rock. Using the limit equilibrium programme Slide and data obtained from laboratory
analysis, slope stability models were produced with associated minimum ‘factor of safety’ values.
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1.4.	
  

Geological	
  setting	
  and	
  geomorphic	
  evolution	
  

Christchurch and the Canterbury Plains lie to the east of the Southern Alps, south of the Waimakariri
River, and north of Banks Peninsula (Figure 1.1).
The Canterbury region is underlain by Torlesse Supergroup rocks consisting of Triassic-age sandstone
(greywacke) and mudstone (argillite) (Forsyth et al., 2008). Gravity surveys suggest Torlesse
basement rocks underlie Christchurch at a depth of about 2000m (Hicks, 1989). Uplift of the
basement Torlesse rocks to form the Southern Alps is a product of the collision of the Australian and
Pacific Plates from the early Miocene (the Kaikoura Orogeny). Plate convergence is largely
accommodated by the Alpine Fault system to the west of Canterbury and the Marlborough Fault
system to the north. The remaining component of plate motion is taken up by strike-slip and reverse
faults across the central and southern parts of Canterbury (Stirling et al., 2008).
Concurrent with mountain building was the emplacement of the Lyttleton Volcanic Complex (11 –
9.7 Ma), followed by the Akaroa Volcanic Complex (9.3 – 8 Ma) to form Banks Peninsula (Hampton
2010). Volcanic products were primarily basaltic, with some trachytic dykes. Thin and often laterally
discontinuous layers of lahar-derived debris, ash, and pyroclastic deposits are also present (Sewell et
al 1992; Sewell, 1985). A simplified map of the Banks Peninsula bedrock geology is provided in
Figure 1.2. As volcanic activity waned in the Late Miocene, the flanks of the cones were extensively
eroded by radial and cone-controlled drainage systems, with the main phase of erosion occurring over

Figure 1.2: Simplified Banks Peninsula Geology from Hampton (2010); adapted from Sewell (1985) and
Shelley (1987).
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a period of 1.5 to 2 million years (Bell and Trangmar, 1987; Hampton, 2010). Originally an island,
Banks Peninsula was connected to the South Island by progressive deposition of alluvial gravels in
the early Pleistocene. The Lyttleton and Akaroa calderas were breached by the sea during the current
interglacial period, and now form Lyttleton Harbour and Akaroa Harbour (Bell and Trangmar, 1987).
The Canterbury Plains comprise a series of coalescing alluvial fans deposited by eastward flowing
high bedload rivers during the late Quaternary. The alluvium infills a tectonic depression, made
possible by the rate of sedimentation exceeding the rate of subsidence (Brown and Weeber, 1994).
The Plains extend more than 160km in length and 60km in width, with exploration boreholes
indicating gravel thicknesses of over 500m. Quaternary climate fluctuations have caused alluvial
gravels to interfinger with marine sediments below and offshore from Christchurch. About 6500 years
ago the present sea level was reached, and since that time the coastline has prograded 14 km to its
current position (Brown et al., 1995).
Ives (1973) estimates 25% of the land surface of Canterbury is derived from or influenced by loess
produced by glacial grinding during Quaternary (Pleistocene) glaciations. Initially, transport of
sediment was via meltwater streams, with deposition on the outwash fans. Dominant north-westerly
winds then entrained and transported the predominantly silt-sized (2-60 microns) sediment across the
Canterbury Plains, and deposited it as an airfall blanket of loess over the eroded flanks of Banks
Peninsula (Glassey, 1986; Griffiths, 1973). Raeside (1964) suggests that areas of continental shelf
exposed at low (glacial) sea level stands are an additional source for Banks Peninsula loess. Two
facies of in-situ loess have been identified by Griffiths (1973): Birdlings Flat loess, and Barrys Bay
loess. Loess deposition ceased approximately 10,000 years BP (McIntosh et al. 1990), and since that
time much of the loess cover has been eroded by freeze-thaw induced mass movements (Griffiths
1973). Natural erosion processes have been accelerated by human activity and residential
development on the Port Hills. Some of this reworked material accumulated on the downhill slopes,

Figure 1.3: Schematic representation showing origin for Banks Peninsula loess deposits (Bell and Trangmar, 1987).
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which accounts for the observed thickening of loess cover at lower elevations. A summary of the
source to deposition process for Banks Peninsula loess is summarised in Figure 1.3, whilst the nature
and distribution of airfall and colluvial loess is detailed in section 1.5.

1.5.	
  

Banks	
  Peninsula	
  loess	
  

	
  

1.5.1.	
   Loess	
  types	
  

Banks Peninsula loessial soils have been described by many authors (e.g. Griffiths 1973; Goh et al.
1977; Bell and Trangmar, 1987; Goldwater, 1990; and Hughes 2002). Raeside (1964) investigated the
loess deposits of the South Island, New Zealand, and described it as:
" ... any fine-textured deposit of aeolian origin other than sand dunes. It thus embraces all aeolian
deposits where transport has been primarily by suspension, irrespective of content of organic matter,
mineralogical composition, calcium carbonate content, degree of compaction, or texture."

Figure 1.4: Typical profile of present day loess distribution and erosion processes on the Port Hills (Bell, 1978)

Griffiths (1973) recognised four main episodes of Banks Peninsula loess deposition, which are
separated by periods of non-deposition and thus soil formation. Attempts to date the depositional
episodes have been reviewed by Mcdowell (1989), who suggested they relate to four
glacial/interglacial cycles. This is supported by work conducted by Brown and Wilson (1988) on four
gravel (glacial) and four, fine sediment (interglacial) sequences. Banks Peninsula loessial deposits
have been categorised by Bell and Trangmar (1987) as: 1) In-situ (primary airfall) loess, and 2) loess-
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colluvium (reworked airfall loess). Figure 1.4 shows the distribution of these deposits on a typical
Port Hills slope section.
1) In-situ loess deposits
In-situ loess is primary airfall loess that has not been disturbed by slope processes. It is predominantly
found on the summits and shoulders of the interfluves and rims of the craters, as well as on the
footslopes, where it is often buried by loess-colluvium (Bell and Trangmar, 1987). The in-situ loess
has been mapped by Griffiths (1973) as two different facies:
1) Calcareous Birdlings Flat loess;
2) Non-calcareous Barrys Bay loess.
These loessial deposits are mostly found in separate areas, except on the inner flanks of the Lyttleton
caldera, where there is some intermingling of the two facies (Figure 1.5). The study area for this thesis
is located within the Birdlings Flat loess, which is predominantly a clayey silt or silt with some clay.

Figure 1.5: Distribution of Banks Peninsula loess. Site area is outlined by red box. Figure source: Griffiths, 1973.

2) Loess-Colluvium
Loess-colluvium includes all loessial material modified by downslope movement since its original
deposition. The colluvium is variable in thickness from 0.5m to 20m+ and occurs on the shoulders,
backslopes, toeslopes and footslopes of Banks Peninsula (Bell and Trangmar, 1987). The thickest

7

deposits are found on the accumulative footslopes where it generally lies upon in-situ airfall loess
deposits. In other areas, it may also rest on volcanic bedrock or older colluvium.
It is predominantly composed of silts and fine sands with some clay, but also contains up to 10%
volcanic rock fragments entrained during downslope movement. The volcanic fragments range in size
from gravel to boulders, and may occur in distinct horizons or scattered throughout. With increasing
proximity to bedrock outcrops, the volcanic component is greater and the loess-colluvium often
grades into mixed loess or volcanic colluvium (Bell and Trangmar, 1987). Bell and Trangmar (1987)
use the term ‘mixed colluvium’ for reworked clayey or sandy silt with >10 % volcanic fragments.

	
  

1.5.2.	
   Characteristic	
  properties	
  

The particle arrangement within loessial soil is initially very loose as a result of the wind blown
method of deposition. Therefore, loess is susceptible to high degrees of consolidation (Gibbs and
Holland, 1960), thus increasing its strength. When dry, loess has the unusual ability to stand with
nearly vertical slopes (Parsons et al. 2009), however when saturated, the inter-particle bond may be
reduced to practically zero. Bell (2007) explains that its ability to retain its structure is dependent on
the clay-sized particles that form bonds between the larger silt and sand sized grains. When loess
comes into contact with water, these bonds weaken, leading to a loss of shear strength and ultimately
collapse or erosion. It is therefore extremely important to consider the Mohr-Coulomb failure criterion
and the effective stress theory for saturated soils.
The foundation suitability of loess is dependent on its response to active geological processes and its
geotechnical properties. Brown and Weeber (1992) state that the foundation suitability depends
primarily on the erosive characteristics rather than strength (bearing capacity) and is therefore
important to identify potentially active erosional processes in the field and laboratory. Control of
water runoff is especially important to limit erosion, but at the same time reasonable moisture levels
must be maintained to prevent shrinkage cracking. Hydrated lime (generally 2-5% by weight) can be
added during recompaction to improve erodible soils (Evans and Bell, 1981; Bell et al, 1986).

1.5.3.	
   Erosional	
  processes	
  	
  
It has been suggested by Griffiths (1973) that much of the loess cover has been eroded since
deposition, with at least some of it redeposited downslope by freeze-thaw induced movements during
the Pleistocene. Since then, fire induced removal of native forests in pre-European times and logging
of remnants by European settlers has accelerated natural erosion processes. Erosion rates of the loess
have also increased in the past 100 or so years as a result of urban development in the Port Hills
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(MacPherson, 1978). Bell and Trangmar (1987) identify three dominant types of erosion in the Port
Hills loess; sheet and rill erosion, tunnel-gully erosion, and wind erosion.
Sheet and rill erosion occurs when surface water flows transport a thin layer of soil particles
downslope. Rill gullies develop when the surface water channels, with the intensity of these gullies
dependent on run-off velocity, slope angle, vegetation cover, and soil dispersion characteristics.
Tunnel-gully erosion involves the development of “pipe-like” cavities, which progressively enlarge
over time and may collapse, creating open or partially open gullies. This subsurface erosion is
characteristic of loessial soils (especially the Birdlings Flat loess), and depends on slope aspect, slope
angle, water, grain size, density, and clay mineralogy. The progression of tunnel gully formation is
illustrated in Figure 1.6.

Figure 1.6: Models for the formation of A. shallow and B. deep tunnel gully systems in in-situ loess and
loess-colluvium (Bell and Trangmar, 1987).

Wind erosion is simply the removal and transportation of soil particles by wind action. The dominant
silt-sized particles that form loess of Banks Peninsula make it susceptible to wind erosion on bare
ground due to the dominant westerly and southerly wind regimes.
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1.6.	
  

Mass	
  movement	
  types	
  

Mass movement (or landsliding) is the downslope movement of a mass of rock, debris, or earth/soil
(Cruden and Varnes, 1996). The mass movement classification and nomenclature developed by
Varnes (1978), and refined by Cruden and Varnes (1996), is followed for this thesis. Six movement
types (falls, topples, slides, spreads, flows, and complex) together with three material types (rock,
debris, and earth) are identified by Cruden and Varnes (1996), and are summarised in Figure 1.7. The
term ‘earth’ is used to describe material in which at least 80% of the particles are less than 2mm
(Varnes, 1978). The six mass movement types directly relate to Banks Peninsula, as any are possible
given the correct geotechnical conditions facilitating slope failure. The six failure modes according to
Cruden and Varnes (1996) are summarised with specific Port Hills examples in Table 1.1.
Table 1.1: Failure mode descriptions and associated Port Hills examples.

Failure mode

Description

Port Hills example

Falls

A fall describes the detachment of soil or
rock from a steep slope or cliff, along a
surface on which little or no shear
displacement occurs. The soil or rock then
descends by falling, bouncing, and/or
rolling.

Neither rock nor debris falls consitiutes a
major source of erosion, although minor
problems have occurred on steep
volcanic slopes (Bell and Trangmar,
1987).

Toppling
failure

Is the forward rotation of a mass of soil or
rock about a point or axis.

Toppling failure can occur within vertical
airfall loess deposits or volcanic rock.

Slide

Is the downslope movement of a soil or rock

The majority of slope failures in natural
ground on the Port Hills occur in
colluvial deposits, with few in in-situ
loess. One of the major regolith factors
influencing movement is the increase in
pore water pressures over a zone of low
permeability. Failure can occur over the
interface which is usually a fragipan, or
the contact between different layers of
colluvium or the soil-bedrock interface.
Lateral spreading within loessial soils
mainly occurs contour-parallel. Small
amounts of liquefaction has occurred in
low-lying estuarine deposits.

mass along one or more shear surfaces that
may be visible or inferred. Slides can either
be rotational or translational. Rotational
slides have a curved and concaved rupture
surface,

occurring

most

frequently

in

homogenous materials. Translational slides
are planar or gently curving, and are
typically shallower in comparison.
Spread

The lateral extension of a cohesive soil or
rock mass. This can occur due to earthquake
shaking, or underlying softer material that
has liquefied.

Flow

Is the slow to rapid movement of dry to
saturated materials, displacing like a viscous
liquid.

Slide movements can degenerate into
flows with the addition of water.

Complex
failure

This involves one or more of the principle
movement types either simultaneously or in
sequence.

The most common complex failure type
in the Port Hills is a slide-avalanche-flow
(Bell and Trangmar, 1987).
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Figure 1.7: Mass movement types (British Geological Survey, n.d.).

11

1.7.	
  	
  

Anthropogenic	
  modification	
  

	
  

1.7.1.	
   Polynesian	
  and	
  early	
  European	
  changes	
  

Prior to human settlement of Canterbury, Banks Peninsula and the Port Hills was covered in
Podocarp/hardwood forest (Christchurch City Council, 1992), which covered around 560 km2 of
Banks Peninsula (Cox, 1994). During the Polynesian period (up to 1840) 30 percent of the forest was
removed, primarily by fire and for use as firewood. Maori grew frost-tender root crops on the fertile
northern slopes (Ogilvie, 1978). At the time of early European settlement the Port Hills were largely
covered in grassland and scrub with only patches of forest remaining in the valleys (Williams, 1983).
Since then, many unrecorded fires and over 150 years of pastoral farming and grazing have removed
the original areas of forest and vegetation. This removal of natural vegetation has increased water
infiltration into the loess soils, thus producing tunnel gully erosion easily discernable from aerial
photography as early as 1926 (figure 1.8). Urban development on the Port Hills in the past 100 years
or so has also lead to an increase in the rate of erosion of the loessial blanket (MacPherson, 1978).
In 1907 the causeway crossing the estuary was completed, shortening the travelling distance for trams

Figure 1.8: Aerial photograph from 1935 of the Mount Pleasant and McCormacks Bay area. Abandoned quarries are shown
in red: A) Tramway Quarry, B) St. Andrews Quarry, C) Unknown quarry. Tunnel gully erosion is highlighted in yellow.
Photograph source: Mount Pleasant Community Centre.
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around McCormacks Bay (Figure 1.8). The bulk of ballast material was taken from the St. Andrews
Quarry, with some taken from the Tramway Quarry. During the 1930s, the causeway was widened to
enable the use of motor vehicles. By this time the St. Andrews Quarry had been exhausted, and rock
was sourced from the Tramway Quarry. The part of the estuary enclosed by the causeway
embankment (McCormacks Bay) was originally used as a dumping ground and storage site for road
metal. Earlier ideas were to reclaim the entirety of the bay and convert it into a recreational reserve.
Instead the existing area of water was preserved, and no more filling occurred. Previously filled areas
are currently used as sports and recreational grounds.

	
  

1.7.2.	
   Quarry	
  Road	
  site	
  

The site is located adjacent to a former stone quarry, which operated from 1893 to around 1913. The
land was issued a crowns grant in 1856 and was used for grazing for the next 36 years. In 1892, S. P.
Andrews and another, unnamed, were issued a registered lease and proposed to set up a brick-making
plant. A depth of 3-6m of “clay” was identified over much of the area, however expert advice
indicated that the lower “clay” had “too much sand”, therefore a stone quarry was decided upon
instead (de Thier, 1976). On average, this quarry supplied 13,000m3 of road metal per annum.
Overburden “clay” was dumped on the road frontage and surrounding slopes in a non-engineered
manner.
In 1913, a syndicate purchased land next to the quarry, excavated and tidied up sites (Figure 1.9), and

Figure 1.9: Excavating building sites on Quarry Road, 1924. Image source: de Thier (1976).
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put a subdivision of various sized properties on the market, some of which sold. A private easement to
the subdivision was formed, which has since become a public road: Seamount Terrace. The Mount
Pleasant area did not make the progress expected, with the biggest drawback to potential buyers being
the untidy state of the derelict quarry and surrounding area. A tennis court was constructed in the
worked out quarry. The land was cleared and levelled which included the back portion having to be
excavated from rock and the front built up.
To tidy up the appearance of the hillside, quarry machinery was removed and roading was proposed;
one road cut leading to the quarry (Quarry Road) and another (The Brae) across the face of the hill in
the opposite direction. These were accepted as private easements, and a public road (St. Andrews Hill
Road) was laid from the Ferry Bridge to assist further subdivision on Mount Pleasant.

1.8.	
  

Canterbury	
  Earthquake	
  Sequence	
  (CES)	
  

	
  

1.8.1.	
   Nature	
  and	
  PGA	
  data	
  

The first of the series of large earthquakes and aftershocks to affect the Canterbury region occurred on
September 4th 2010 at 4:35am (NZ Standard Time). The Mw 7.1 earthquake was located 40km west of
Christchurch, near a small town named Darfield, and subsequently became locally known as the
‘Darfield Earthquake’. Fault rupture occurred along a previously unidentified ‘blind’ fault, the
Greendale Fault (Figure 1.10), with dextral strike-slip motion leaving a well-defined 29.5 km long
surface rupture (Bannister and Gledhill, 2012).
The most destructive of the subsequent earthquakes and aftershocks occurred on the 22nd February
2012. The Mw 6.2 earthquake, known as the ‘Christchurch Earthquake’, occurred along a previously
unknown fault beneath the Port Hills of Christchurch (Figure 1.10). The Port Hills Fault ruptured in a
reverse oblique thrust motion along a NE-SW trend. Although it did not breach the ground surface,
the rupture plane is estimated to be 14 km long, extending from Cashmere through the AvonHeathcote estuary, and a few kilometres offshore.
Following the Christchurch Earthquake, the largest aftershock was a Mw 6.0 event on the 13th June
2011. Named the ‘June Earthquake’, it had an epicenter near the suburb of Sumner and ruptured with
a strike slip mechanism (Kaiser et al. 2012). Prior to this earthquake sequence, Canterbury historically
had a low seismic record, however to date there have been more than 16,000 recorded earthquakes
above Mw 2 (GeoNet, 2016).
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Ground accelerations during these earthquake and aftershock events were recorded at GeoNet strong
motion recorder sites. The Christchurch Earthquake in February 2011 had very high peak ground
acceleration (PGA) values in or immediately adjacent to the Port Hills, with a maximum of 1.4g
(horizontal) and 2.2g (vertical) at Heathcote Valley primary school (Bradley and Cubrinovski 2011;
Kaiser et al. 2012) approximately 3 km from Quarry Road. PGA values at Quarry Road, for all major
earthquakes and aftershocks, have been estimated using visual interpolation of contours provided on
the Canterbury Geotechnical Database from Bradley and Hughes, 2012 (Table 1.2).

Figure 1.10: GNS Science earthquake and aftershock map. The epicentres of the Darfield, Christchurch, June 2011, and
December 2011 earthquakes are shown by the green, red, blue, and pink stars respectively. Image sourced from GNS
(2016).

Seismic waves produced by the earthquakes caused varying degrees of damage throughout
Canterbury depending on intensity, duration, geological conditions, and location. Shaking damage
was severe, particularly to unreinforced masonry structures. Widespread liquefaction caused extensive
damage to infrastructure, roads, and services. Nearly 15,000 residential properties were damaged by
liquefaction and/or lateral spreading, with more than half these properties deemed uneconomic to
repair (Kaiser et al. 2012). Four types of slope failure occurred in the Port Hills as identified by the
Port Hills Geotechnical Group (PHGG); rockfall (boulder roll), rockfall (cliff collapse), incipient
landslides, and fill and retaining wall failures (Dellow et al. 2011).
15

Table 1.2: Estimated peak ground accelerations (PGA) at Quarry Road, as interpreted from PGA maps by
Bradley and Hughes (2012).

Estimated peak ground acceleration (PGA) at Quarry Road

	
  

Earthquake event

PGA

4th September 2010 (Darfield Earthquake)

0.25

22nd February 2011 (Christchurch Earthquake)

0.67

16th April 2011

0.33

13th June 2011 (June Earthquake)

0.48

23rd December 2011

0.33

1.8.2.	
   Post-‐earthquake	
  ground	
  damage	
  at	
  Quarry	
  Road	
  

Minor land damage was reported at Quarry Road after the Darfield Earthquake, all of which identified
as minor cracking within surface soils. Although the Darfield Earthquake had a high magnitude, the
PGA at Quarry Road was relatively low (Table 1.2), thus giving reasoning for the minor ground
damage observed.
The majority of the land damage occurred during the Christchurch Earthquake. Extensive fissuring
within the soil was typically limited to areas at the edge of slopes with quarry fill cover. These cracks
are shallow (<0.5 m deep) and do not exceed 100mm in aperture (Figure 1.11), suggesting they
represent shallow ground deformation in response to shaking. Below the north and west side of 2
Quarry Road, the bank was supported, at least in part, by a large concrete crib retaining wall. Built in
1978, it replaced a much shorter earlier log wall below the front of the house. During the February
22nd earthquake, the large concrete crib retaining wall failed and collapsed onto the road (Figure
1.11), which can be attributed to the high vertical accelerations that momentarily negate the
gravitational weight on which the structural integrity lies. The vast majority of failed material is fill
placed behind the retaining wall during construction, and Tony Aldridge, the owner of 2 Quarry Road,
adds “the collapse of the retaining wall was due to lack of lateral anchoring”. Parts of the bank
subsequently slumped, partly burying Quarry Road. Minimal in-situ airfall loess from the un-retained
near vertical slope situated adjacent to the wall failed, with only minor blocks (<0.5 m3) travelling
within 2 m of the source. Liquefaction occurred on the flat reserve land (adjacent to Main Road) that
is made up of estuarine silts and sands.
The house at 10 Quarry Road, which is now demolished, was originally built below a 10m high unretained steep slope in the former quarry excavation. In October 2000, a rain induced landslip
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occurred in part of the face resulting in the construction of a soil nailed shotcrete wall to stabilise part
of the slope. During the February and June 2011 Canterbury earthquakes, loess and fill blocks spalled
(<0.5 m3) from the almost vertical un-retained part of the face, hit the house, and partially covered the
driveway of 10 Quarry Road (Figure 1.11).

C)
Figure 1.11: A) Retaining wall failure and minor spalling of in-situ loess below 2 Quarry Road after the Christchurch
Earthquake. Photo sourced from land owner (Tony Aldridge). B) Shallow fissuring in the loess derived fill on 6 Quarry
Road after the Christchurch Earthquake. C) Loess and fill blocks spalling from unretained face above 10 Quarry Road.
Photo source: Yetton (2014).
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1.9.	
  

Thesis	
  format	
  

The format of this thesis is as follows:
Chapter 2 – Site Description and History follows a ‘desktop study’ approach, compiling all
relevant literature for the study area. The site-specific bedrock geology and overlying loessial soils are
discussed in terms of their geotechnical properties and foundation conditions. The site is located on
non-engineered quarry overburden, which is defined in terms of its history, identification features, and
extent. Past investigations completed in the study area are summarised to allow identification of
necessary future field investigations.
Chapter 3 – Quarry Road Site Investigations is primarily based on the geotechnical site
investigations completed at Quarry Road, including the methods used and a summary of the results.
By compiling results from previous investigations discussed in Chapter 2, and the field information
gathered in Chapter 3, engineering geological cross sections of the site were produced for both visual
use and as a base for slope stability analysis.
Chapter 4 – Laboratory Investigations uses samples gathered during site investigations in Chapter
3 to conduct laboratory investigations. Included are the methods used, results, and a comprehensive
discussion of those results.
Chapter 5 – Slope Stability Assessment and Modelling begins with a brief overview of the various
methods that can be used for slope stability analysis. Observational information that indicates slope
stability is discussed, followed by a limit equilibrium slope stability analysis using cross sectional
models produced in Chapter 3 and input parameters derived during laboratory investigations in
Chapter 4. The stability of the slope is modelled under static and dynamic conditions, and subjected to
a sensitivity analysis of input parameters. Results are discussed and a forward management strategy
suggested.
Chapter 6 – Summary and Conclusions includes a summary of the findings of the thesis detailing
how each objective was met, and suggestions for further research.
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CHAPTER	
  2	
  –	
  Site	
  Description	
  and	
  History	
  	
  

2.1.	
  	
  

Introduction	
  

The Mount Pleasant suburb is located 6 km southeast of central Christchurch within the Port Hills, the
northern most feature of Banks Peninsula. Detailed location of the study is shown in Figure 2.1. It is
approximately 3000 m2 (0.03 km2) in area, and is located on the lower slopes Mt. Pleasant above the
estuary of the Heathcote and Avon Rivers. Recreational features shown in Figure 2.1 include Kings
Park and Mt. Pleasant Tennis Club. Many of the houses shown have been demolished due to
earthquake damage.

Figure 2.1: Aerial view of study area. Background picture shows location of Quarry Road relative to Christchurch City.
Epicentre of February 2011 earthquake shown by red star. Base map sources: Google Earth.

Chapter 2 follows a ‘desktop study’ approach, compiling all relevant literature for the study area.
Following on from the ‘big picture’ geological setting outlined in Chapter 1, the site-specific bedrock
geology and overlying loessial soils are discussed. This includes a review of the geotechnical
properties and foundation conditions associated with loessial soils. The site is located on non-
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engineered quarry overburden, which is defined in terms of its history of placement, identification
features, and extent.
The epicentre of the Mw 6.3 Christchurch earthquake was 4.1 km southwest of Quarry Road, with the
northeastern end of the rupture plane modelled to pass just north of the site through the AvonHeathcote estuary. Prior to and following the Canterbury Earthquake Sequence, geotechnical
investigations have been conducted in the study area for various reasons including pool failure at 6
Quarry Road, retaining wall collapse below 2 Quarry Road, and the identification of a potential mass
movement zone. These are comprehensively reviewed, with all relevant information being used
henceforth in this thesis.

2.2.	
  	
  

Mount	
  Pleasant	
  bedrock	
  geology	
  	
  

The geological map of the Mt. Pleasant area (Brown and Weeber, 1992; Figure 2.2) indicates that the
site consists of in-situ airfall loess, loess-colluvium, and mixed loess-volcanic colluvium overlying

Figure 2.2: Geology of the Mount Pleasant area. Site is outlined by black
box. Source: Brown and Weeber, 1992.
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volcanic bedrock. The volcanic bedrock consists primarily of basalt, with some trachyte and
pyroclastic deposits from the late Miocene age Mount Pleasant formation of the Lyttleton Volcanic
Group (Sewell and Thiele, 1988; Brown and Weeber, 1992). The Mount Pleasant formation is
thought to have been erupted between 10.4 and 9.7 Ma on the basis of K-Ar (potassium-argon) ages
(Stipp and McDougall, 1968). Cone-controlled and radial drainage systems extensively eroded the
flanks of the volcanic cones as volcanic activity waned in the Late Miocene (Hampton, 2010)
The in-situ volcanic rock provides foundation materials with the highest strength and load bearing
capacity, but do vary depending on rock type and the degree of weathering (Brown and Weeber,
1992). During past high sea-level stands, erosion of the weaker volcanic material occurred due to
wave action (Bal, 1997). Creation of sea caves occurred, with beach sands and shells then being
deposited inside. These features are seen in boreholes located on the lower slopes of the field area
(Chapter 3).

2.3.	
  	
  

Mount	
  Pleasant	
  loess	
  deposits	
  	
  

In-situ airfall loess of Mt. Pleasant overlies the eroded volcanic bedrock, creating a distinctly irregular
boundary (Figure 2.3) with a local thin veneer of mixed loess-volcanic colluvium.
As noted in Chapter 1 (Figure 1.5) Mt. Pleasant loess is of the Birdlings flat facies. Birdlings Flat
loess is calcareous, light yellowish brown, and coarse, with textures ranging from silt with some fine
sand and clay to a clayey silt with some fine sand which become finer eastward and with increasing

Figure 2.3: Road cut outcrop of bedrock, airfall loess, and fill below 2 Quarry Road. Black lines indicate
boundaries between units. Note the vertical nature of the loess cut.
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altitude (Griffiths, 1973). The loess is thickest (up to 16m) in the northwest facing slopes, and thins
with altitude as distance increases eastward from the main source area of the Canterbury Plains
(Griffiths, 1973; Raeside, 1964; Figure 1.3). Deposits are usually found below elevations of 300m. At
the extremities of the ridges at lower elevations, calcium sulphate, calcium chloride, and sodium
sulphate and chloride salts are found within the loess. Calcium carbonate is the first salt to precipitate
out and is therefore found at higher elevations (up to around 270m) as either hard calcareous
concretions of filaments throughout the soil (Griffiths, 1973). The Birdlings Flat loess is generally
highly dispersive and slakes readily when wetted. It has low cohesion between particles when wet,
and a low capacity for water retention (Bell and Trangmar, 1987).
Mt. Pleasant loess exhibits the characteristic ability to stand vertically, with minimal erosion of the
face occurring (Figure 2.3). This is due to its high shear strength when dry and relatively low field
moisture content, discussed further in Chapter 4. Erosional features of in-situ airfall loess are not
easily discernible through recent aerial photography, due to extensive subdivision covering Mt.
Pleasant. Aerial photography from 1926 shows tunnel gully erosion to the southwest of the study area
(Figure 2.4). Tunnel gullying in airfall loess, or any form of erosion, is absent in aerial photography
and field observations of the study area, which is mantled by loess fill. Erosional features were noted
at the time of the Dynes court case (6 Quarry Road), and was presented as evidence by David Bell
(Bell, 1988; discussed further in section 2.7).

Figure 2.4: 1926 aerial photo of Mount Pleasant, including the study area
outlined by red rectangle. Tunnel gullies are outlined by red oval. Photo
source: Canterbury Geotechnical Database and Google Earth.
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Topsoil overlies the in-situ airfall loess within Mt. Pleasant, with thicknesses of 200 – 300 mm. In the
Quarry Road study area, the topsoil becomes a buried topsoil as non-engineered quarry overburden
(or fill) has been dumped over the in-situ loess.

2.4.	
  	
  

Non-‐engineered	
  quarry	
  fill	
  	
  

	
  

2.4.1.	
   St.	
  Andrews	
  Quarry	
  

The former St. Andrews Quarry, which operated between 1893 to about 1913, was located adjacent to
the site under investigation. Approximately 3-6m of loess cover was removed by hand from the area
to enable quarrying of the underlying volcanic bedrock. An example of quarrying during this period is
shown in Figure 2.5. De Thier (1976, p113) reports that
“Twenty-four horses and drays were used for cartage…Clay (=loess) was just dumped on the road
frontage and did not present a pretty sight. The whole place took on an air of devastation and
remained like this for many years.”

Figure 2.5: Rock of Lyttleton Volcanic Group being extracted from Garlands Quarry, Opawa 1906. Photo:
Brown and Weeber (1992).

The land was then sold for residential purposes in the following decades, but did not make the
progress expected undoubtedly due to the adjacent derelict quarry. The land was restored “by hand”,
and de Thier (1976, p115) again reports that
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“There were no bulldozers in those days – only manual labour, two strong-hearted horses, a hillside
plough and scoops…to tidy up the appearance of the hillside, over which masses of clay had been
tipped…”
This non-engineered method of dumping means that no compaction was carried out, except for any
settlement occurring under the weight of the overlying fill materials during the past 100 or so years.
The fill material exhibits distinctive erosion patterns and variable bearing capacities from one location
to another

2.4.2.	
   Visual	
  identification	
  of	
  quarry	
  fill	
  
The loess-derived quarry fill is clearly recognisable in field exposures by the presence of organic-rich
topsoil “clods” (Figure 2.6). Topsoil clods are irregular in both size (∼10 – 200 mm) and shape and
originate from the topsoil layer of the abandoned quarry adjacent to the site.

Figure 2.6: Identification of fill at 4 Quarry Road post-demolition and land flattening. Topsoil clods are
recognisable by their dark greyish brown colour and irregular shape (outlined by black ovals).

2.4.3.	
   Quarry	
  fill	
  extent	
  
Considerable information is available (in regards to the extent of quarry fill) from historical records
(i.e. Walter de Thier, 1976) and careful examination of photographs (including oblique and aerial) of
the site dating back to the 1920s. In the earliest aerial photograph from 1926 (Figure 2.8), housing is
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not constructed on the filled area, but is present surrounding it. The land of 2, 4, and 6 Quarry Road
appears very uneven, and exposed loess is evident, indicating dumping of overburden. Development
was likely not made on the area due to the presence of non-engineered fill.
The Canterbury Geotechnical Database (CGD) also provided valuable information about the extent of
fill through borehole and hand auger records. This information was extremely valuable when mapping
the southwestern extent, as access onto properties in that area was not possible.
Post-earthquake clearing of the land in the immediate vicinity of the abandoned quarry was completed
in 2015. The smoothing of the land after housing demolition allowed comprehensive visual
assessment of the ground surface for identification of fill (Figure 2.6). Outcrops along road cuttings
and natural slopes provided further information. Below 2 Quarry Road the interface between airfall

Figure 2.7: Mapped extent of the quarry derived fill based on field exposures and
subsurface information from the CGD. Base map source: Google Earth and CGD.
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loess and fill was easily identifiable due to the topsoil clods and basalt gravels, but Figure 2.6 shows
that from a distance, the difference between fill and loess is not easily discernable. Visual
identifications were used alongside engineering geological investigations (discussed in Chapter 3) to
provide a map of the fill extent (Figure 2.7).

2.6.	
  	
  

Aerial	
  photography	
  interpretation	
  

Aerial photography of the area is available in approximately 10-year intervals, from 1926 to 2015
(present). These allow interpretation of post-quarry activity in the area, which mainly consists of
remediation and further subdivision. A summary of the significant changes are summarised in Table
2.1. Aerial photographs showing the most significant changes are located in Figures 2.8 to 2.13.
Table 2.1: Aerial photo interpretation from 1926 to 2015.

Date

Aerial photo interpretation

1926

The majority of the former quarry area is grassed over and uneven. Some exposed slope faces
visible to east and west. No quarrying activity visible. The Brae and St Andrews Hill Road are
wide and well formed. Quarry Road appears to be a roughly formed track, which extends up to
and around the former quarry area. Tunnel gullying is evident in the southwest. Housing built
in the area: 1, 17, 21 and 23 The Brae; 3 and 7 Rangatira Terrace; 2 Seamount Terrace. No
housing developed on Quarry Road.

1941

The quarry area is largely devoid of grass indicating activity, but not quarrying. Likely to be
remediation works to flatten the area, as evidenced in the 1946 aerial photo. Several tracks
through the quarry are not sealed. Quarry Road is significantly more developed, as is Rangatira
Terrace, now extending down to Main Road. New housing includes: 2, 3 and 6 Quarry Road;
54 and 62 Main Road; 39, 47, 53, 55, 57 and 59 St Andrews Hill Road; 4 and 4A The Brae.

1946

The quarry site is flat and the majority is grassed over, except a small area where Quarry Road
and Rangatira Terrace intersect (north side of Quarry Road). The Brae and Rangatira Terrace
roads are sealed, with Quarry Road only being sealed up to 4 Quarry Road, with gravel beyond
this. Housing built includes 7 Quarry Road, 43 and 59 St Andrews Hill Road, 1 Seamount
Terrace, and 9 and 15 Rangatira Terrace.

1955

The entire quarry site is now flat and grassed, with little to no exposed loess. In the northern
most section of the quarry, two tennis courts and two clubhouses have been built. A water
reservoir is constructed in the south. Houses built at 45, 49, 51, 51A St Andrews Hill Road.

1965

Houses built at 5 and 9 Quarry Road; 37 and 39 St Andrews Hill Road.

1973

Quarry Road sealed through to Rangatira Terrace. House built at 51B St Andrews Hill Road.

1984

New residential housing at 6 and 10 Quarry Road; 4A, 7, 9 and 15 The Brae.

1994

House built at 4 The Brae.

2004

House built at 11 The Brae.

2015

Houses demolished at: 1, 7, and 9 The Brae; 2, 3, 4, 6, and 10 Quarry Road; 51, 51A, and 51B
St. Andrews Hill Road.
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Figure 2.8: 1926 aerial photograph of the Quarry Road study site
and surrounding area. Photo source: CGD

Figure 2.9: 1941 aerial photograph of the Quarry Road study site
and surrounding area. Photo source: CGD

27

Figure 2.10: 1946 aerial photograph of the Quarry Road study site
and surrounding area. Photo source: CGD

Figure 2.11: 1955 aerial photograph of the Quarry Road study
site and surrounding area. Photo source: CGD

Figure 2.12: 1973 aerial photograph of the Quarry Road study
site and surrounding area. Photo source: CGD
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Figure 2.13: September 2015 aerial photograph of the Quarry
Road study site and surrounding area. Photo source: CGD

2.7.	
  	
  

Dynes	
  court	
  case	
  	
  

In the late 1970s and early 1980s infill residential development took place in the immediate vicinity of
the former quarry. The house at 6 Quarry Road was architecturally designed and built between 1980
and 1982 with the necessary building consents from the Christchurch City Council (CCC). In early
1982, a swimming pool was constructed in front of the house, and leakage became apparent soon after
filling (Dynes vs. Warren and Mahoney and ors, 1987; Bell, 1998). The engineers issued a completion
certificate in August 1982, and in late 1983 the pool was abandoned due to significant water losses.
Engineering geological investigations conducted by David Bell (University of Canterbury) in
association with Davis Ogilvie and Partners identified that the house was situated on non-engineered
quarry fill. Water saturated the fill beneath the pool causing differential vertical settlements in excess
of 100mm, resulting in severe structural damage. Similarly, there was evidence for differential
settlement beneath the house from both cavity formation (due to subsurface erosion) and differential
compression of the loess fill (Bell, 1998; Figures 2.14 and 2.15). The fill exhibited variable bearing
capacity representing the presence of inter-block voids between end-tipped loess fill, and irregular and
unusual erosion patterns (Bell, 1998; Figure 2.16). It was concluded that the key point for the future
was the control of the moisture content of the made ground, and underpinning to original ground.
Litigation was initiated against the architects who designed the house, the engineers, and CCC who
issued the relevant permits (Dynes vs. Warren and Mahoney and ors, 1987). Proceedings commenced
in September 1984 for a total claim of over $500,000. The court found against the architects and the
engineers by way of negligence, with more than $300,000 being awarded to the property owner
(Dynes vs. Warren and Mahoney and ors, 1987). CCC was not found at fault because their inspector
identified erosion cavities that were not remediated.

Figure 2.14: Subsidence of the ground beneath the pool. Note wet gravels due to water leakage
from pool. Photo: David Bell, 1984.	
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Figure 2.15: Differential settlement of the ground causing separation of foundations from steps. Photo: David
Bell, 1984.

Figure 2.16: Irregular tunnel formation by erosion in loess fill Approximately
500 mm tall and 400 mm wide. Photo: David Bell, 1984. 	
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2.8.	
  	
  

Post-‐earthquake	
  sequence	
  investigations	
  
2.8.1.	
   SCIRT	
  (2012/2013)	
  

Stronger Christchurch Infrastructure Rebuilt Team (SCIRT) investigations aimed to identify the
ground conditions at the site of two retaining walls located on the corner adjacent to 2 Quarry Road.
With the sole purpose being to provide factual reports, interpretations of the investigations were not
made. The full report is reproduced in Appendix A1. Initial geotechnical investigations were
conducted in May 2012 (Telford, 2012) and included:
•

Five boreholes, drilled by Geotechnics Limited (Geotechnics);

•

One dynamic probe test using a Terrier Rig by Geotechnics;

•

Three hand auger boreholes;

•

Three cone penetration tests (CPTs), completed by Pro-Drill Ltd; and

•

One rotary cored borehole, drilled by Pro-Drill Ltd.

Additional investigations were carried out in July 2013 after a request from the SCIRT design team.
The factual report (Seale, 2013; Appendix A2) includes the following geotechnical investigations:
•

Three scala penetrometer tests (DCP tests), by Geotechnics;

•

Three hand augers alongside the DCP locations, conducted by Geotecnics; and

•

Four boreholes, completed by Pro-Drill.

Inclinometers were installed in two of the four latter (2013) boreholes to monitor any horizontal
displacements that might occur. Investigations deemed most relevant to this site in terms of location
are included on the site investigations map (Chapter 3, Figure 3.1).

2.8.2.	
   GNS	
  (2013)	
  
Following the Canterbury Earthquake sequence, and the subsequent identification of potential mass
movement zones by the Port Hills Geotechnical Group, Christchurch City Council contracted GNS
Science to carry out further detailed investigations of these areas. The Stage 1 report (Massey et al.,
2013) aimed to provide a current list of the areas susceptible to significant mass movement, interpret
the boundaries of these areas, and carry out a simple hazard exposure assessment for each. Massey et
al. (2013) defined a ‘significant’ mass movement as having a total relative displacement (using
cumulative crack apertures) estimated to be greater than 100mm.
Prioritisation of the mass movements was judged using a “relative hazard exposure matrix” which
catergorised each area into three hazard classes (Massey et al., 2013):
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Class I: “has the highest priority for further assessment, as there is a potential risk to life. Run-out and
rapid movement of debris may cause severe damage to dwellings and critical infrastructure with the
potential to affect many people.”
Class II: “has an intermediate priority for further assessment. There is potential for any affected
critical infrastructure to be impacted, which could potentially impact many people. Magnitudes of
displacement (>0.3 m) could severely damage buildings.”
Class III: “has the lowest priority for further assessment. Magnitudes of displacement are small (<0.3
m) and only dwellings and local infrastructure are likely to be affected.”

Figure 2.17: GNS mass movement classification zoning for the Quarry Road complex, Christchurch. It should be noted that
the road to the southwest of the mass movement zone is The Brae, not Quarry Road. Map source: Massey et al. 2013.
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Quarry Road and the immediate surroundings were sub-catergorised into eight separate potential mass
movement areas during the Stage 1 report (Figure 2.17). Five of these are catergorised as “Class I”
(areas A, B, C, D, E), with the remaining three being “Class II” (D, E, F). Earthquake-induced peak
ground acceleration trigger levels for “reactivation” of these potential mass movements were
considered to be 0.3g to 0.4g based on the Canterbury Earthquake Sequence (Massey at al., 2013).
The focus of this thesis is within potential mass movement zone 11A, thus discussion of following
reports will be based on this zone.

2.8.3.	
   URS	
  (2014)	
  
An investigation of the Quarry Road site was conducted by URS New Zealand Ltd (URS, now known
as AECOM) to provide further geotechnical data to allow GNS Science to fully assess the potential
life risks and lifeline impacts due to the potential mass movement areas. The full report is reproduced
in Appendix A3.
Investigations covered a range of geological studies and exploratory works:
•

Engineering and geomorphological mapping;

•

Four cross sections;

•

Diamond core drilling (QR1, QR2, QR3, QR4);

•

Installation of three piezometers (in QR1, QR2, and QR3); and

•

Inclinometer installation (in QR1, QR2, and QR4).

Geomorphological mapping including ground deformation identification was completed in the five
“Class I” subareas identified by GNS (Figure 2.18). In GNS zone 11A (6 Quarry Road to 7 The Brae),
cracking affects the steep quarry fill slope, with a compression zone close to road level in front of 7
The Brae. Cracking is also identified below the compression zone. Vertical and horizontal
displacement measurements were taken at each of the tension cracks identified and summed together
to provide “total cumulative movement”. Measurements are summarised in Table 2.2.
Table 2.2: Cumulative vertical and horizontal movements in zone 11A. Summarised using information from Yetton, 2014.

GNS mass

Cumulative vertical

Cumulative horizontal

movement zone

displacement (mm)

displacement (mm)

11A

2150

1500

Comments
1350 mm horizontal movement
and 1000mm vertical occurred
within the fill slope. The rest
occurred on the flat area.
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Figure 2.18: Engineering geological map of Quarry Road. Map source: Yetton, 2014.
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Yetton (2014) states that the cracking and compression zone at 6 Quarry Road and 7 the Brae is a
result of a “steeply inclined fill slope failure” between the two residential properties. It is thought that
slope movement is occurring close to the base of, or just under, the ≤10 m thick loess derived fill.
Inclinometers installed throughout the slope have shown no movement (Yetton, 2014).
Four cross sections were developed through the Quarry Road site (locations on Figure 2.18), with the
most relevant to this thesis being through GNS zone 11A (Figure 2.19) constructed using data from
three boreholes.

Figure 2.19: Cross section through zone 11A: 6 Quarry Road and 7 The Brae. Sourced from Yetton, 2014.

2.8.4.	
   GNS	
  (2014)	
  
Combining field information gathered by URS and numerical slope stability modelling, the risk to
people in dwellings and users of Main Road was assessed in the report by Massey et al. (2014). Risk
assessment results were obtained for four of the “Class I” Quarry Road mass movements: 11A, 11B,
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11C, and 11E. Mass movement 11D was removed from the assessment due to completed engineering
of the slope and the construction of a large retaining wall.
The zone of relevance for this thesis (11A) is identified as being potential earth/debris flow landslide
hazards, with the primary triggering mechanism being rain. In addition, ground shaking was identified
to potentially affect the slope, especially when it is wet (Massey et al., 2014). The likely volume of
material mobilised during a slope failure event is said to be “highly” uncertain, as is the failuretriggering event and frequency. No soil materials were tested in the laboratory, and material strength
parameters were assigned based on previous published results of similar soils within the Port Hills,
descriptions of the material, and numerical slope stability back analysis (Massey et al., 2014; Table
2.3). Using the input parameters detailed in Table 2.3, GNS analysed the cross sectional profile
through zone 11A (Figure 2.19) using static limit equilibrium modelling. The results are summarised
in Table 2.4, with the full report reproduced in Appendix A4.
Table 2.3: Material strength parameters used to GNS slope stability analysis (Massey et al., 2014).

Soil unit

Unit weight

Cohesion, c (kPa)

(kN/m3)

Friction, φ

Tensile strength

(°)

(kPa)

Fill

17

0 – 10

25 – 30

0

Buried topsoil

17

0 – 10

25 – 30

0

Loess colluvium

17

0
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0

Loess

17

10

30

10

Table 2.4: Static slope stability analysis results using Slide and PHASE2 (Massey et al., 2014).

Simulated
failure
mechanism

Loess
Fill
Buried
topsoil

Loess

Fill

Topsoil

Cohesion

Cohesion

Cohesion

(kPa) /

(kPa) /

(kPa) /

Friction (°)

Friction (°)

Friction (°)

10 / 30

0-10 /

Not

25-30

simulated

0-10 /

Not

25-30

simulated

0-10 /

0-10 /

25-30

25-30

10 / 30
10 / 30
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FoS

SRF2

(Slide)

(PHASE2)

Drained

1.5

1.6

Drained

0.7 – 1.5

1.2 – 1.6

Drained

0.9 – 1.5

N/A

Water level

Dynamic slope stability analysis was also assessed using finite element modelling (Phase2) and
involved: 1) back-analysis of the slope performance during the Canterbury Earthquake Sequence; and
2) forecasting future displacements under potential future PGA scenarios. The results for source zone
11A are as follows (Massey et al. 2014):
•

The lowest yield acceleration for the modelled slide-surface geometries is about 0.2 g.

•

Modelled permanent displacements for the 16th April and 23rd December 2011 earthquakes
were less than 0.01 m.

•

Larger permanent displacements could occur under dynamic conditions if:
i.

The shear strength of the fill were to reduce in response to increased water content
and/or reduction in effective stress caused by elevated pore pressures.

ii.

The duration of shaking increases in future earthquakes.

The debris run out distance from source zones 11A were assessed empirically and numerically based
on the assumption they would act as earth/debris flows. Three possible failure volumes were
estimated (lower, middle, and upper) due to the uncertainty in source shape estimated from site
conditions and modelling (Massey et al. 2014). This uncertainty means volumes range from 790 m3 to
8,800 m3 for source zone 11A, and 70 m3 and 600 m3 for 11C. A hazard map (Figure 2.20) was
produced, only showing the upper volume estimates runout zone.
Using risk assessment probabilities, the dwelling occupant risk of annual individual fatality under
static conditions for source area 11A was estimated as being 10-4 or greater for some dwellings. The
annual frequency of the event that could trigger the earth/debris flow is not known, but it is assumed
to be a 50-year return period. It is also not known whether such events could be triggered (Massey et
al. 2014).
The source zone 11A is found to impact users of Main Road. The calculated risk for regular road
users is between 4 and 10 per million years for motorised vehicle users, and between 30 and 100 per
million years for pedestrians (Massey et al. 2014). The aggregated risk over all road users for the
highest risk scenarios assessed (upper source volumes, maximum credible trigger frequency for
source area) is between 0.07 and 0.14 average expected slope collapse deaths per year (one death
every 7–15 years). This risk drops to zero for the lower volumes.
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Figure 2.20: Earth /debris flow hazard map for source zones 11A and 11C at Quarry Road. Map source: Massey et al (2014).
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2.8.5.	
   Jacobs	
  (2015)	
  
A)	
  

Quarry	
  Road	
  –	
  The	
  Brae	
  Mass	
  Movement	
  Remediation	
  (Geotechnical	
  Factual	
  Report).	
  

The first of Jacobs New Zealand Ltd (Jacobs) investigations were completed in February and March
2015 to attempt to determine the eastern extent of the Class 1 mass movement, thus enabling the
design of potential remediation measures (Reed, 2015). Geotechnical site investigations included
hand augers, scala penetrometers, and geophysical surveys as recommended by URS (Dabkowski and
Macfarlane, 2014). The complete report is included in electronic Appendix A5.
Four hand augers were completed, a summary of which is located in Table 2.5. The term “native
loess” is assumed to refer to the more commonly described “in-situ loess” or “airfall loess”. Four
scala penetrometer tests (or DCPs) were also completed with results ranging from 1 to 20+ blows per
100 mm, and are variable throughout the profile but generally increase with depth.
Table 2.5: Summary of hand auger investigations (Reed, 2015)

Name
HA01
HA02
HA03
HA04

Layer 1 material

Layer 2 material

Layer 3 material

Layer 4 material

depth (mbgl)

depth (mbgl)

depth (mbgl)

depth (mbgl)

Topsoil

Loess fill

Buried Topsoil

Native Loess

(0.00 – 0.10)

(0.10 – 1.43)

(1.43 – 1.64)

(1.64 – 2.14)

Topsoil

Loess Fill

Buried Topsoil

Native Loess

(0.00 – 0.05)

(0.05 – 3.51)

(3.51 – 3.75)

(3.75 – 4.15)

Topsoil

Loess

(0.00 – 0.20)

(0.20 – 2.58)

Topsoil

Loess

(0.00 – 0.42)

(0.42 – 1.88)

Jacobs contracted Southern Geophysical Ltd. to complete three geophysical survey lines on the site,
with seismic refraction and resistivity being completed along each line. Cross sections were produced
for each survey line, and line 3 was correlated against borehole investigations completed by URS
(QR1, QR2, and QR3). As the geophysical investigations were completed before the demolition of 4
and 6 Quarry Road, a NE-SW line could not be completed between the two properties. This means
that the southeast extent is not well defined. The provisional report by Southern Geophysical Ltd. is
included in its entirety in Appendix A6. Summarised results from these surveys are as follows:
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•

Seismic refraction surveys identified bedrock at approximately 4 to 5 mbgl on the eastern
most survey line (Line 1), around 6 mbgl at the top of the slope and reducing to near ground
level at The Brae in line 2, and at approximately 10 mbgl along most of the slope in line 3.

•

Low resistivity in the upper soils across the entire site, potentially indicating a looser or
weaker soil layer. This is located within the upper portion of loess derived fill.

•

Soil layers above the bedrock are likely to be unsaturated throughout their depth.

•

Differentiation between loess fill, buried topsoil, and airfall loess, could not be accurately
made due to their similar properties.

Using the results obtained from Jacobs, Southern Geophysical, and previous investigations, two cross
sections across the slope were produced (e.g. Figure 2.21).

Figure 2.21: Geological cross section through 4 Quarry Road (upslope) and 7 The Brae (downslope) (Reed, 2015).

It is the author’s conclusion that the loess colluvium shown in Figure 2.23 is incorrectly identified
loess derived fill, as the description in HA02 meets that of fill “silt with trace gravel (basalt) and
topsoil clods “ (Reed, 2015)

B)	
  

SoW	
  11-‐211	
  -‐	
  Geotechnical	
  Investigation	
  at	
  4	
  and	
  6	
  Quarry	
  Road	
  (letter	
  report	
  to	
  CCC)	
  

After the completion of the report by Reed (2015), the houses at 4 and 6 Quarry Road were
demolished and Jacobs were commissioned by CCC to identify the extent of fill beneath these
properties. The full letter report is reproduced in Appendix A7.
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Protranz excavated three test pits across the two sites in May 2015 to a maximum depth of 3.5 m.
Soils were logged following the New Zealand Geotechnical Society standards and are summarised in
Table 2.6. The author of this thesis attended the test pitting with Jacobs consent with logs included in
Chapter 3 (section 3.6.1).
Table 2.6: Summary of test pit investigation results (Engel(1), 2015).

Site ID
QR_TP1

Location

Soil profile

4 Quarry Road

0 – 1.4 m: Fill
1.4 – 1.7 m: Buried topsoil
1.7 – 3.2 m: In-situ loess

QR_TP2

Boundary 4 and 6 Quarry Road

0 – 3.2 m: Fill

QR_TP3

6 Quarry Road

0 – 3.1 m: Fill
3.1 – 3.5 m: In-situ loess

Using the cross sections produced, slope stability models were run using Slope/W software to
determine the Factor of Safety (FoS) of the slope profiles. Soil parameters used were the same as
those determined by GNS in their risk assessment for Quarry Road (Table 2.2). The calculated static
FoS of the slope profile is 1.1 to 1.2, which is “below what would be considered best practice
minimum of 1.5” (Engel(1), 2015).

C)	
  

Quarry	
  Road/The	
  Brae	
  –	
  Risk	
  Mitigation	
  Concept	
  Design	
  (letter	
  report	
  to	
  CCC)	
  

Following the information gathered by the previous Jacobs investigations and others, this letter report
outlines the proposed risk mitigation concepts (Appendix A8). It is believed that removal of the fill
will remove the risk of mass movement and generate minimal ongoing maintenance (Engel(2), 2015).
This is identified as the preferred method of risk mitigation, and design to a conceptual level has been
completed. The estimated volume of the cut material is 10,000 m3 and bulked volume estimate is
12,000 m3.
Key aspects of the designs (Figure 2.22 and Figure 2.23) are:
•

Removal of the fill to leave a natural loess slope at approximately 1V:2H.

•

Benches follow the fill-loess boundary.

•

Benches used as catch benches for any failed material and a point to intercept and redirect
stormwater from the slope.
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•

Four stormwater collection drains across the cut slope.

•

Reprofiled slope to be covered with topsoil and coconut matting (or similar) and re-vegetated
with grass.

Figure 2.22: Cut slope design through 4 Quarry Road and 7 The Brae (Engel(2), 2015).

Figure 2.23: Cut slope design through 10 and 6 Quarry Road and 7 The Brae (Engel(2), 2015).	
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CHAPTER	
  3	
  –	
  Quarry	
  Road	
  Site	
  Investigations	
  

3.1.	
  

Introduction	
  	
  
3.1.1.	
   Overview	
  of	
  chapter	
  	
  

This chapter covers the investigations completed at Quarry Road, including the methods used and a
summary of the results. Logging of mapped units was completed where necessary in accordance with
the New Zealand Geotechnical Society (NZGS) field description for soil and rock. Using the field
information gathered, along with results from previous investigations discussed in Chapter 2,
engineering geological models of the site have been produced.
Table 3.1 presents NZGS descriptions for the various lithological units identified throughout site
investigations. These should be referred to in conjunction with the subsurface investigation results,
where only the title of the unit is identified.
Table 3.1: Lithological unit descriptions for units found at Quarry Road.

Lithological unit
Loess derived fill

Buried topsoil

In-situ airfall loess
Mixed loess - volcanic
colluvium

Scoria

Basalt

NZGS description
Clayey SILT with minor fine sand and gravel; light yellowish brown with dark brown
organic rich topsoil clods. Firm to stiff; moist to dry with depth; moderately plastic.
Gravel is fine to medium, rounded to sub-rounded greywacke, and fine to coarse,
angular basalt. Topsoil clods are SILT with minor fine sand and clay; moderately
plastic. [NON-ENGINEERED FILL].
SILT with minor clay and fine sand; dark brown. Firm to stiff; moist; moderately
plastic. Some trace rootlets and loess veins from above fill infilling cracks [BURIED
TOPSOIL].
SILT with minor clay and fine sand; light yellowish brown. Stiff; dry to moist;
moderately plastic. [LOESS].
Gravelly SILT with some cobbles; light brown with orangish brown mottling. Firm to
stiff; moist; non-plastic. Gravel is weathered; fine to coarse; angular to sub-rounded
basalt. Cobbles are weathered; sub-rounded basalt or scoria. [MIXED LOESS –
VOLCANIC COLLUVIUM].
Highly weathered; purplish reddish brown SCORIA. Weak; very closely spaced
fractures. Disintegrates to angular fine to coarse gravel with orangish and reddish
brown clay infill. [LYTTLETON VOLCANIC GROUP]
Unweathered to moderately weathered; grey; medium grained BASALT. Moderately
strong to strong; moderately widely spaced to closely spaced fractures.
[LYTTLETON VOLCANIC GROUP].
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3.1.2.	
   	
  Geotechnical	
  investigation	
  philosophy	
  
Geotechnical investigations were conducted in an attempt to determine the extent of non-engineered
fill, the boundary between fill and in-situ loess, and the bedrock profile. Table 3.2 provides a
summary of the geotechnical subsurface investigations completed. Sampling during subsurface
investigations was completed to assess soil properties in the laboratory (Chapter 4), and later slope
stability modelling in the proposed Class 1 mass movement area 11A (Chapter 5). Previous
engineering geological investigations had been completed in the area by SCIRT, URS, and Jacobs,
therefore locations for further investigation were situated in areas with little or no information.
Investigations consisted of geophysical surveying, test pitting, drill core logging, hand augers, and
scala penetrometer tests. Invasive subsurface investigations are separated into two subcategories: deep
(>3m depth) and shallow (<3m depth). The locations for shallow and deep investigations are shown
on the site plan in Figure 3.1. Geophysical survey lines are located separately.
Geophysical surveys were completed by Southern Geophysical Ltd, under instruction by Jacobs, over
3 survey lines oriented in a NW-SE direction (see section 3.5, Figure 3.5). Results from these surveys
correlated with borehole data from URS, and showed a large increase in the depth of fill in the
southwestern portion of the site. As a result an additional geophysical survey was deemed necessary
across the crest of mass movement zone 11A in a NE-SW direction to identify the change in fill depth
and its subsurface profile. Resistivity was selected as the geophysical method of choice due to its
ability to differentiate between soil types of different conductivity values. It was also the most cost
and time effective option available, as the equipment was available at the University of Canterbury. It
was anticipated that the fill, loess, and bedrock would have different signatures making their profile
identifiable to depths ≤10 m below ground.
Re-logging of drill cores was considered very important as it identified the subsurface profile to much
greater depths than shallow subsurface investigations could provide. It gave necessary information
about the bedrock lithology not obtained in any other subsurface investigations, as only small areas
were observed in local outcrops.
In-situ sampling was the primary driver behind test pitting. Previous test pits were conducted by
Jacobs and logged from the surface, thus identifying the subsurface soil profile across 4 and 6 Quarry
Road. It was decided that the test pit would be located on 4 Quarry Road due to the known presence
of the 3 soil facies of interest for testing; fill, buried topsoil, and in-situ loess.
Hand auger and scala penetrometer testing (shallow subsurface investigations) were completed as
necessary in zones where there was a lack of data. Not only could the subsurface profile be logged
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Figure 3.1: Subsurface geotechnical investigation location plan identifying previous investigations by URS, SCIRT, and Jacobs, and investigations from this study.
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during hand augering, thus increasing the certainty of the engineering geological models, but also
collection of bulk samples at these locations for laboratory testing. Scala penetrometer locations were
usually situated adjacent to hand auger holes and test pits, and occasionally on their own. By
determining the in-situ penetration resistance of the soils, the bearing capacity or strength could be
estimated. Scala penetrometer tests could also be used to identify the presence of non-engineered fill,
as the inter-block voids promote variable bearing capacity results.
Table 3.2: Summary of subsurface investigations completed during this study.

Depth

Technique

No of tests

Comments

Shallow

Hand auger

9

Located where additional subsurface

(<3 m)

information was necessary.
Scala penetrometer

16

Usually located adjacent to hand
augers or test pits.

Deep

Test pit

1

(>3 m)

Excavated on 4 Quarry Road to log
soil and obtain in-situ samples.

Drill hole

1

Donated by SCIRT to the author of
this thesis for logging.

Resistivity survey

1

Survey line located from 4 to 6
Quarry Road.

3.2.	
  

Field	
  sampling	
  methodology	
  	
  

Sampling for soil classification tests and direct shear tests involved collecting disturbed bulk samples
and undisturbed tube samples. Loess is a very hard soil when dry, therefore difficulties arose during
sampling. Sampling of the fill and buried topsoil was also very difficult due to its loess origin and
similar properties. All samples were immediately bagged and sealed, taken to the University, and
stored in a dark, cool cupboard.
Initially, it was thought time and cost effective to use existing road cuttings for sampling of the three
soil lithologies. This proved ineffective almost immediately, as the cuttings were too high to sample
all soils safely. Instead it was decided to sample soils during subsurface investigations.
Disturbed samples for testing were obtained during hand auger investigations across the site. After
being logged, the soil was bagged at specific depths and brought back to the University of Canterbury
to be used in testing that does not require in-situ samples. Samples were also obtained during test
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pitting of 4 Quarry Road by use of a shovel, and through collection in overburden piles made by the
digger in earlier (Jacobs) test pitting of 4 and 6 Quarry Road.
To obtain in-situ samples necessary for laboratory testing of density and pinhole erosion, 38 mm
diameter thin-walled stainless steel tubes of 50 mm and 150 mm length were used. These tubes were
obtained from the University of Canterbury Engineering Geology laboratory, and limited to 6 short
(pinhole), and 10 long (density) tubes. Sampling was conducted during test pitting at 4 Quarry Road,
as benches were made at 1 m intervals to provide safe access into the pit. The tube samplers were
pushed into each layer using a rammer, which generally required in excess of 50 blows to drive the
tube home. Subsequent removal of the tube required excavation by shovel, in most cases to the full
length of the tube. This was extremely difficult due to the density of the soil. Aside from the large
amount of time and energy expended to gain one sample, the major problem was disturbance of the
soil due to the high number of driving blows. After extraction, it appeared that only 2 of the 6 short
tubes were suitable for use in laboratory testing, and 8 of the 10 long tubes. Due to time constraints
and access, these could not be re-done.
Samples were also collected during the test pitting of 4 Quarry Road using 100 mm diameter stainless
steel ring push samplers of 20 mm depth. Only 3 were available for use from the University of
Canterbury, so it was decided to only sample the buried topsoil as it was deemed the most likely to
provide a potential failure surface. Ring samplers were pushed vertically into a flat horizon made by
the digger using a flat piece of wood and a rubber mallet. Samples were subsequently removed using
a shovel, with care taken not to disturb the sample. As penetration and extraction of ring samples took
significantly less time than tube sampling, disturbed samples were retried until 3 adequate samples
were retrieved.

3.3.	
  

Outcrop	
  face	
  logging	
  

Outcrop face logging was carried out in April 2015 along the road cutting of Quarry Road (Figure 3.2,
Figure 3.3). Lithological units identified in these exposures were: 1) weathered massive basalt; 2)
mixed loess - volcanic colluvium; 3) airfall loess; 4) buried topsoil; and 5) fill. Other exposures
include the small cutting at the back of the tennis courts, which consists of purplish red scoria, and the
face of the abandoned quarry that is comprised of unweathered massive basalt up to 10m thick.
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C
D
B
2

A

10 m

4

Figure 3.2: Location of logged outcrop sections (A, B, C, D). Area covers 2
Quarry Road (north) part of 4 Quarry Road (south). Base map source: Google
Earth.
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Key

A

∼7m

Boulder retaining walls on
either side of 2 Quarry Road
driveway

∼2m

B

Tarpaulin protecting exposed face

C

∼3m

∼3m

D

Damaged concrete crib retaining wall

Figure 3.3: Face log sketches of road outcrops along Quarry Road. Outcrops are split into sections for ease of mapping. Quarry Road begins to slope downwards in logs B, C, and D. Log A
is facing south west, log B is facing south west, log C is facing south, and log D is facing south east.
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3.4.	
  

Engineering	
  geological	
  mapping	
  

Engineering geological mapping was based on information found during observation of local outcrop
exposures, subsurface investigations, and data provided by the CGD. The interpreted distribution of
lithologies for the site and surrounding area is shown in Figure 3.4. Volcanic bedrock consisting of
scoria and basalt and is found outcropping in quarry and road cuttings. It covers approximately 5 % of
the mapped surface, and is usually overlain by in-situ airfall loess. Mixed loess – volcanic colluvium
identified in outcrop exposures could not been included in the surface map, as the scale is too small,
and it represents much less than 1 % of the surface material.
In-situ loess covers the majority of the surface area (∼55 %) and is recognised by its distinguishing
properties (Table 3.1) in outcrops and subsurface investigation results. In-situ loess is only found on
the hillslope section of the study area, and was deposited as an airfall blanket with no volcanic
component.
Estuarine deposits are part of the Christchurch Formation (Suggate, 1958), and consist of sand, silt,
clay, and shell deposited under marine and estuarine conditions. A component of these deposits is
eroded loess silt, with the majority being alluvial material from the Avon-Heathcote fluvial system.
Deposits are found on the flat area below the slope, adjacent to the Avon-Heathcote Estuary, and
make up approximately 15 % of the mapped area.
The remaining 25 % of the mapped surface is made up of quarry fill material. It is located in the north
and northwest of the area adjacent to the former quarry, as identified in surface and road cut outcrops,
and subsurface investigation results. The abandoned quarry has not been mapped as a lithology, and is
now a recreational area known as Kings Park.
Tensional cracking observed during surface mapping of the study area generally occurred in contourparallel orientations within the non-engineered fill. Cracks identified were 0.5 – 5m in length,
≤100mm in aperture, ≤0.5m depth, and showed no evidence for vertical displacement or continuity.
Compressional zones or movement downslope of the cracks was not identified. Cracks identified in
the report by URS (Yetton, 2014) were not identified during field investigations, suggesting they had
been filled. Field evidence suggests the tensional cracks are not part of a complex mass movement
system, and are likely a response to earthquake shaking. No other field evidence shows significant
mass movement in the past.
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Figure 3.4: Engineering geological plan of the Quarry Road study area showing lithological units identified and additional features.
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3.5.	
  

Geophysical	
  surveys	
  
3.5.1.	
   Introduction	
  

Geophysical surveys were conducted with a total of four lines across the site (Figure 3.5), and
included both seismic refraction and resistivity methods. The primary objectives of these surveys
were to:
1) Delineate and characterise the extent of non-engineered fill material,
2) Locate the boundary between the non-engineered fill and in-situ (airfall) loess, and
3) Identify the bedrock profile
Three geophysical survey lines were completed using both seismic refraction and resistivity by
Southern Geophysical Ltd for Jacobs, and were correlated against URS borehole investigations
completed along the third survey line. Due to houses being located on the land at the time of survey,
all lines were oriented in a NW-SE orientation. A summary of these surveys is found in Chapter 2
(section 2.8.6), with the full report reproduced in Appendix A6. After demolition of 4 and 6 Quarry
Road dwellings, a fourth resistivity survey was conducted from 4 to 6 Quarry Road (NE-SW), near
the crest of the potential mass movement zone 11A. All lines were surveyed using GPS to locate
stations, geophones, electrodes, as well as the topography for use during processing.

3.5.2.	
   Method	
  
Resistivity surveying was conducted in August 2015 using University of Canterbury equipment with
the assistance from Matt Cockroft (University of Canterbury technician). The ground surface was
relatively flat across the survey line with no major features evident. The maximum line length
possible was 48 m limited by the orientation required, and very steep slopes bounding the site. In turn,
this limited the spacing of electrodes, and thus depth of penetration. The surface soil was moist,
making it a good conductor of electricity compared to the dry soils previously encountered under
structures in the surveys by Finnemore et al. (2015). The weather in previous days had been mostly
dry with some light rain, and on the day of the survey the weather was clear. Coconut matting was
also placed over the site in the previous months.
In a resistivity survey, a direct current is injected into the ground through metal electrodes inserted
into the topsoil, enabling differentiation between soil types of different conductivity. Based on the
previous geophysical survey by Finnemore et al. (2015), it was expected that areas of generally low
resistivity <2.0 log(Ώ/m) would represent clayey silts (i.e. fill and in-situ loess), and high resistance
zones of >2.0 log(Ώ/m) would represent bedrock. A 32-electrode configuration was employed, with
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LINE	
  4	
  

Figure 3.5: Location of seismic refraction and resistivity surveys. Southern Geophysical Ltd. surveys identified as lines 1, 2, and 3. Resistivity survey from this study identified as line 4.
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electrodes inserted in the ground every 1.5 m for a total distance of 48m (Figure 3.6). To ensure
greater surface connectivity with the electrodes, each electrode hole was saturated with saline water.
Using the standard Wenner electrode array, current was induced into the two outer electrodes and the
potential difference was measured between the two inner electrodes. An Allied Associates
Geophysical Ltd TIGRE resistivity meter and a laptop running the ImagerPro software (ImagePro,
2006) was used to record the raw data, which automatically determined a pseudosection of the
apparent resistivity. When contact between an electrode and the ground was insufficient, additional
saline water was added to that electrode.

Figure 3.6: Resistivity survey line between 4 Quarry Road (foreground) and 6
Quarry Road (background) using the standard Wenner electrode array. Blue box is
the Allied TIGRE meter and laptop set up.

3.5.3.	
   Results	
  
The raw data from the resistivity survey was processed by Phil Boudreau (of Southern Geophysical).
Firstly the GPS data was converted to NZ Transverse Mercator 2000 to create the location map
(Figure 3.5). Default settings were then used to create the output from the data set, which had to be
modified so that it had the correct electrode spacing. Results in Figure 3.7 show a moderately low
resistance zone of 1.2 to 1.8 log(Ώ/m) in the top 2.5m that is reasonably flat until approximately 28 m
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chainage, where it drops off almost vertically. To the southwest, there is a zone of very low resistivity
with 0.4 – 0.6 log(Ώ/m). Beneath the moderately high resistance zone, at depths greater than 2.5 m,
there is a low resistance zone of 0.6 – 1.0 log(Ώ/m) that is relatively homogenous. Figure 3.7 shows
semi-circular, low resistance zones within the surface of the profile that are a result of intentional
saline saturation of the ground around electrodes. Resistivity values vary in range from approximately
0.4 to 1.8 log(Ώ/m).

A
C
D

Figure 3.7: Resistivity profile between 4 and 6 Quarry Road. Contour intervals of 0.25 log(Ώ/m). Zones A, B, C, and D correlate
to areas discussed in the interpretation. A = fill, B = vertical drop off zone, C = increased water content zone beneath 6 Quarry
Road, D = in-situ airfall loess. Black dashed line indicates the boundary between non-engineered fill and in-situ airfall loess.

3.5.4.	
   Interpretation	
  
The zone of moderately low resistivity (compared to the rest of the ground) in the upper 2.5 m that
drops off at approximately 28 m chainage (Figure 3.7; zoneB A) is interpreted to be non-engineered
quarry fill, and correlates with previous subsurface investigations by Jacobs and URS in the area. The
near vertical drop off (Figure 3.7; zone B) correlates with boreholes nearby, which show at least 10 m
of fill, therefore this abrupt change of log(Ώ/m) is interpreted as quarry derived fill in a former in-situ
loess gully. Extremely low resistivity in the southwest section of fill (Figure 3.7; zone C) corresponds
with the geographic location of 6 Quarry Road and is likely associated with greater soil water content
from a pool failure in the 1980s and consequential tunnel-gully erosion identified in the Dynes court
case (Bell, 1988).
Below 2.5 m and bounded by the 28 m chainage, there is a zone of low resistivity that is interpreted to
be in-situ loess (Figure 3.7; zone D). Correlation with subsurface investigations indicates this is
correct. The difference between the resistivity of fill and in-situ loess is not extreme, but is likely
relates to slightly higher water contents within the in-situ loess. The boundary between fill and in-situ
loess is near horizontal, with only sight variations along the profile.
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The survey extended to a maximum depth of ≤10 m. Bedrock was not encountered within this depth
and if reached, it would have shown as an area of distinctly higher resistivity.

3.6.	
  

Deep	
  subsurface	
  investigations	
  	
  
3.6.1.	
  	
   Test	
  pitting	
  

Four test pits were excavated using a digger across 4 and 6 Quarry Road to a maximum depth of 3.5m
below ground level (Figure 3.8). Test pits TP01, 02, and 03 were excavated on 20/05/2015 by
Protranz, under instruction from Jacobs, and were located on 4 and 6 Quarry Road, with one on the
boundary between. The author logged the test pits, with permission from Jacobs. These were not
benched, therefore access into the test pit was not permitted, allowing only visual logging of the test
pit face and bulk sampling from digger piles. In addition, another test pit (TP04) was conducted using
Taggart Earthmoving Ltd on 20/08/2015 with benching at 1m intervals, allowing face logging and
disturbed bulk and in-situ push tube soil sampling for laboratory testing (Figure 3.9).The primary
aims of test pitting were to identify the subsurface profile, and to attain samples (both bulk disturbed
and in-situ push tube) for laboratory testing. Locations of test pits are shown on Figure 3.1. The soils
in the test pits were logged to New Zealand Geotechnical Society (NZGS) standards; with full
geological logs found in Appendix C, and a summary soil profile presented in Table 3.3.

Figure 3.8: Photograph of test pit (TP01). Red dashed lines show
the upper and lower limits of the buried topsoil.
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Table 3.3: Summary of test pit results. Test pits 1, 2, and 3 were conducted by Jacobs and test pit 4 is from this study.

Test pit

Location

Depth (m)

TP01

4 Quarry Road

3.2

Description
0 – 1.4m: Non-engineered quarry fill
1.4 – 1.6m: Buried topsoil
1.6 – 3.2m: In-situ airfall loess

TP02

4 and 6 Quarry Road boundary

3.2

0 – 2.5m: Recent fill (fresh vegetation)
2.5 – 3.2m: Non-engineered quarry fill

TP03

6 Quarry Road

3.5

0 – 3.5m: Non-engineered quarry fill

TP04

4 Quarry Road

3.0

0 – 1.3m: Non-engineered quarry fill
1.3 – 1.5m: Buried topsoil
1.5 – 2.5m: In-situ airfall loess

The three lithologies found during test pit face logging were non-engineered fill, buried topsoil, and
airfall loess. The airfall loess was homogenous when encountered, showing no obvious layering
usually present in a Birdlings Flat loess profile. Test pit investigations identified the presence of loess
derived quarry fill across the entirety of sections at 4 and 6 Quarry Road, with depth increasing
significantly towards the southwest to ≥3.5 m. Bedrock was not encountered in any excavation.

0m

1m

2m

3m
∼3.5 m

Figure 3.9: Annotated face log of test pit (TP04) with locations of tube samplers. Unfilled circles represent long tubes, and
crossed circles indicate short tubes.
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3.6.2.	
   SCIRT	
  drill	
  holes	
  
SCIRT conducted a total of 5 drill holes in the site area (locations on Figure 3.1), the first in May
2012 (BH-01) and the other four in July 2013. The latter four, BH-(201, 201A, 202, 203), were kindly
donated to the University of Canterbury for use in this thesis. Recovered cores were placed in core
boxes with lids, and kept in a storage room. These cores were logged in accordance with the NZ
Geotechnical Society guideline for field description of soil and rock in August 2015. Some drying
may have occurred in the two year period between collection and logging. Complete borehole logs are
included in Appendix D, with a summary of the logs presented in Table 3.4.
Table 3.4: Summary of SCIRT drill log results.

Borehole

Location

Depth (m)

BH-01

Quarry Road

16

Description
0 – 0.4m: Fill
0.4 – 1.5m: Tuff
1.5 – 9.6m: Tuff/Basalt
9.6 – 15.m: Basalt
15.4 – 16m: Tuff

BH-201

Quarry Road

12

0 – 2m: Non-engineered quarry fill
2 – 4.1m: Basalt
4.1 – 4.5m: Scoria
4.5 – 12m: Basalt

BH-201A

Quarry Road

10

0 – 2.3m: Non-engineered quarry fill
2.3 – 10m: Basalt

BH-202

Quarry Road

12

0 – 3m: Non-engineered quarry fill
3 – 3.3m: Buried topsoil
3.3 – 3.6m: Loess colluvium
3.6 – 4.4m: In-situ loess
4.4 – 12m: Basalt

BH-203

54 Main Road

10.4

0 – 0.35m: Topsoil/fill
0.35 – 1.7m: Loess colluvium
1.7 – 2m: Buried topsoil
1.8 – 2.9m: Loess colluvium
2.9 – 5.5m: In-situ loess
5.5 – 9.5m: Basalt
9.5 – 10.4m: Sea cave
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Four of the logged cores (BH-01, 201, 201A, and 202) were located on the lower section of Quarry
Road adjacent to the property at 2 Quarry Road. BH-01 is notably different from the other three, with
an absence of non-engineered quarry fill. Below 0.4 m of roading fill, the profile shows a series of
interbedded tuff and basalt units from the Lyttleton Volcanic formation. Drill core logs for BH-201,
201A, and 202 show non-engineered quarry fill 2 – 3m in thickness. Buried topsoil or in-situ airfall
loess are not present within BH-201 and 201A, but are identified in BH-202 as well as a thin
(300mm) loess-colluvium layer typical of the lower slopes of the Port Hills. Bedrock is located 2 –
4.4m below ground level.
BH-203 was drilled in the flat area below Quarry Road in the property of 54 Main Road. The profile
shows a surface topsoil/fill underlain by loess colluvium of ∼1.3m thickness. A buried topsoil horizon
is located at 1.7m depth, and overlies another 1.1m of loess colluvium. In-situ airfall loess is
identified at 2.9m, followed by basalt from the Lyttleton Volcanic formation at 5.5m depth. A sea
cave was found between 9.5 and 10.4m and identified by the presence of bivalves, fine to medium
sand, and a loss of core retrieval (Figure 3.10).

Figure 3.10: Bivalves identified during logging of BH-203. Identified at
10.4m depth and interpreted to be from a sea cave in the Lyttleton
Volcanic formation.

3.6.3.	
   URS	
  drill	
  holes	
  
Three diamond drill holes (QR1, 2, and 3; Figure 3.1) were completed by URS during September and
October 2013. Locations were at 6 Quarry Road, 7 The Brae, and through The Brae, all of which are
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within the mass movement zone 11A proposed by GNS. Cores were not accessible at the University
of Canterbury, however complete logs by URS are provided in Appendix D, and are summarised in
Table 3.5

Table 3.5: Summary of URS drill log results.

Borehole

Location

Depth (m)

QR1

6 Quarry Road

20.3

Description
0 – 9.9m: Non-engineered fill
9.9 – 10.2m: Buried topsoil
10.2 – 10.9m: In-situ airfall loess
10.9 – 11.4m: Loess colluvium
11.4 – 20.3m: Basalt

QR2

7 The Brae

15.4

0 – 1.5m: No core (hand cleared)
1.5 – 9.9m: Non-engineered fill
9.9 – 10.1m: Buried topsoil
10.1 – 11.7m: In-situ airfall loess
11.7 – 11.9m: Loess colluvium
11.9 – 15.4m: Basalt

QR3

The Brae

10.2

0 – 0.4m: Topsoil/fill
0.4 – 8.8m: In-situ airfall loess
8.8 – 10.2m: Basalt

Boreholes QR1 and QR2 were drilled through the fill slope between 6 Quarry Road and 7 The Brae
and identify non-engineered loess fill of 9.9m thickness. Below the fill, a buried topsoil of 200 –
300mm thickness is encountered, followed by in-situ airfall loess which thickens from 0.7m upslope
(QR1) to 1.6m in QR2. Loess colluvium is found underlying in-situ airfall loess in both boreholes,
and thins with altitude from 0.5m in QR1 to 0.2m in QR2. Basalt is located 11.4 – 11.9m below the
surface.
QR3 was located at road level on The Brae and immediately encountered fill and topsoil, followed by
8.4m thick in-situ airfall loess. Basalt bedrock of the Lyttleton Volcanic formation was found at 8.8m
depth.
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3.7.	
  

Shallow	
  subsurface	
  investigations	
  
3.7.1.	
   Methods	
  

	
  

Hand auger sites were specifically selected in the study area to obtain additional shallow (<3 m)
subsurface information. A total of 9 holes up to 3m deep were augured between 09/05/15 and
20/07/15, in and adjacent to the GNS proposed mass movement zone 11A (locations on Figure 3.1).
Hand auger holes were bored until refusal, and the disturbed samples logged using the NZGS sheet
for field descriptions of soil. Disturbed samples were retrieved from specific hand auger locations
after logging. Complete auger logs for all locations are presented in Appendix E. Representative logs
are included in each results section, and lithological descriptions are presented in Table 3.1. In all
shallow subsurface investigations refusal occurred before reaching bedrock due to the high dry
strength of the airfall loess. Previous auger holes were completed by Jacobs, SCIRT, and URS. These
logs were completed prior to the removal of housing at 2, 4, 6, and 10 Quarry Road and 7 The Brae,
therefore large areas were not able to be investigated in earlier studies. Relevant logs are reproduced
in Appendix E.
The dynamic cone penetrometer (DCP) or Scala penetrometer was used to determine the penetration
resistance of a soil, making it extremely useful for profiling soil strength at depth. Scala penetrometer
tests, using University of Canterbury equipment, were conducted in accordance with NZS 4402 Test
6.5.2: 1988 in 16 locations adjacent to hand auger holes and test pits for correlation purposes (Figure
3.1). Blows per 100mm are converted to ‘allowable’ bearing capacity (kPa) using the method outlined
by Stockwell (1977). To change ‘allowable’ bearing capacity to ‘ultimate’ bearing capacity (kPa)
referred to in NZS 3604:2011, the ‘allowable’ bearing capacity is multiplied by three. Results are
discussed in term of NZS 3604:2011 site requirements. As the sites were no longer occupied by
housing, the risk of striking buried live electrical services was eliminated. The results of the scala
penetrometer investigations (in blows per 100mm) can be found in Appendix E.

3.7.2.	
   2	
  Quarry	
  Road	
  results	
  
Three hand augers and three scalas (HA-01, 02, 03, and DCP-01, 02, 03) were completed at 2 Quarry
Road to a target depth of 3m, in addition to the existing SCIRT hand augers reproduced in Appendix
E. A representative schematic log and associated scala penetrometer results for 2 Quarry Road is
shown in Figure 3.11.
On the flat site, where the house of 2 Quarry Road was located, all three major soil facies were
encountered (non-engineered loess fill, buried topsoil, and in-situ loess). Construction fill
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approximately 300mm thick was found immediately below the footprint of the house, with topsoil
being identified in the top 300mm in logs outside the dwelling footprint. Non-engineered loess fill
varied slightly in thickness between 1.0 and 1.2m, and was underlain by a 200 – 300mm thick buried
topsoil horizon. In-situ airfall loess was encountered from 1.9m depth until refusal or the target depth
of 3m. On the slope between 2 and 4 Quarry Road, the augers were unable to penetrate as far, with
only fill being logged.
Scala penetrometer results show all facies are above 300 kPa ultimate bearing capacity (i.e. 3 blows
per 100mm) as outlined by NZS 3604:2011. Bearing capacity values are variable within the fill, and
range between 5 – 15 blows per 100mm. The buried topsoil displays a reduction in bearing capacity,
with 4 blows per 100mm. In-situ airfall loess has similar bearing capacities to the non-engineered fill,

300 kPa
ultimate

and increase with depth from 6 to 17 blows per 100mm.

Construction fill
OR topsoil

(mbgl)

Depth

Quarry fill

Buried topsoil

In-situ (airfall) loess

Blows per 100mm
Figure 3.11: 2 Quarry Road representative hand auger log and scala penetrometer results.
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3.7.3.	
   4	
  Quarry	
  Road	
  results	
  	
  
Investigations at 4 Quarry Road included three hand augers (HA-04, 08, 10) and seven Scala
penetrometers (DCP-04, 05, 07, 08, 09, 10, 14) to a target depth of 3m or until refusal. Other
subsurface investigations at this location were three test pits, with one of these straddling the
boundary between 4 and 6 Quarry Road. A representative schematic log and associated scala
penetrometer results for 4 Quarry Road is shown in Figure 3.12.
Results showed the three main soil lithologies are present; non-engineered quarry fill, buried topsoil,
and in-situ airfall loess. Fill is 1.4m thick over the majority of the site, and increases to ≥3.2m at the
boundary between 4 and 6 Quarry Road, as shown in TP03. A buried topsoil of 200 – 300mm
thickness overlies >1.4m thick in-situ loess. with the fill being approximately 1.4m thick in the area

300 kPa
ultimate

(Figure 3.12).

Quarry fill

(mbgl)

Depth

Buried topsoil

In-situ airfall loess

Blows per 100mm
Figure 3.12: 4 Quarry Road representative hand auger log and scala penetrometer results.
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Scala penetrometer results show generally high bearing capacities throughout the non-engineered
quarry fill ranging from 2 to 17 blows per 100mm. All recordings are above 300 kPa ‘ultimate’
beyond a depth of 0.6m. The buried topsoil displays 10 – 11 blows per 100mm, thus providing higher
bearing capacities than those identified in the buried topsoil of 2 Quarry Road. In-situ airfall loess
gave 12 to 20+ blows per 100mm, thus providing an ultimate bearing capacity of >1000 kPa at ∼2m
depth.

3.7.4.	
   6	
  Quarry	
  Road	
  results	
  
Completion of two hand augers (HA-05, 09) and four scala penetrometer tests (DCP-06, 11, 15, 16)
were in addition to an existing drill hole by URS, test pit by Jacobs, and hand auger by URS on 6
Quarry Road. An additional Jacobs test pit is located on the boundary of 6 and 4 Quarry Road. A
representative schematic log and associated scala penetrometer results for 4 Quarry Road is shown in

300 kPa
ultimate

Figure 3.13.

Construction fill

(mbgl)

Depth

In-situ airfall loess

Blows per 100mm
Figure 3.13: 6 Quarry Road representative hand auger log and scala penetrometer results.
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Results show a thin layer (200 – 300mm) of recent construction fill present in investigations below
the footprint of the pre-existing dwelling. Non-engineered fill is located beneath the construction fill
(where present) to a depth unidentifiable in hand augers, which penetrated to a maximum of 3m
below ground level. Scala penetrometer results show variable bearing capacities throughout the fill
with 2 – 20+ blows per 100mm recorded. Below 0.7m ultimate bearing capacities are consistently
above 300 kPa, with an excess of 500 kPa below 1.5m.

3.7.5.	
   7	
  The	
  Brae	
  results	
  	
  
Two hand augers (HA-06, 07) and two Scala penetrometer tests (DCP-12, 13) were completed at 7
The Brae as part of this thesis (Figure 3.1; Appendix E), in addition to one drill hole completed by
URS (QR2; Appendix D) and one hand auger by Jacobs (HA2; Appendix E). An additional URS drill
hole (QR3) is located in extremely close proximity, and is taken into account. Results from these
investigations vary largely from location to location within 7 The Brae. In the upslope northeastern
section of the site, where HA-06 is located, only fill is identified in the 3m hand auger log. A nearby
hand auger by Jacobs (HA2), which penetrated to 4m depth, identified a buried topsoil horizon
followed by in-situ loess at 3.3m. Downslope, in the northern most part of the site, HA-07 identifies a
200mm thick buried topsoil at 1.4m with non-engineered fill above and in-situ airfall loess below.
The drill hole in the south of the site (QR2) identifies buried topsoil beneath non-engineered loess fill
at a depth of 9.9m, and at QR3 the topsoil is found at the surface with in-situ loess immediately
below. Bedrock was not identified during hand augering. Due to the complexity of the subsurface
profile across 7 The Brae, a representative log has not been constructed.
Scala penetrometer results show variable bearing capacities through the fill of 2 – 16 blows per
100mm, but generally increase with depth. Bearing capacities for fill in DCP-13 do not exceed 300
kPa until below 400mm depth. The buried topsoil at shows a distinct reduction in bearing capacity in
DCP-13, but bearing capacity values still exceed 300 kPa ultimate with 3 – 4 blows per 100mm. Insitu airfall loess but does not drop below 300 kPa. In-situ loess values increase from 10 to 20+ blows
per 100mm over a depth of 400mm, giving ultimate bearing capacities of 500 to >1000 kPa.

3.7.6.	
   Summary	
  
Hand augers aided in the identification of subsurface materials in areas not otherwise defined by
previous investigations. The three soil types identified were fill, buried topsoil, and in-situ airfall
loess. Material descriptions were almost identical between locations, and follow the general
descriptions given in Table 3.1. The buried topsoil horizon appeared to have the highest moisture
content being described as ‘moist’, with the fill and in-situ loess described as ‘dry to moist’ (moisture
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content calculations in Chapter 4). Augering identified that the depth of fill is much greater at 6
Quarry Road than any other location, which coincides with previous subsurface investigation results.
Scala penetrometer results showed an overall increase in bearing capacity with depth, which was
expected. Over the study area, values for non-engineered fill vary with depth between 2 and 20+
blows per 100mm, likely due to the presence of topsoil clods and occasional voids. Above ∼0.5 –
0.7m, values consistently exceed the ‘ultimate’ bearing capacity of 300 kPa as outlined by NZS
3604:2011. Although the soil is non-engineered fill, it is considered ‘good ground’ in terms of bearing
capacity with results comparable to in-situ airfall loess in the study area. Values usually dropped
when the buried topsoil horizon was encountered, but not below 300 kPa ultimate (3 – 11 blows per
100mm). This was especially evident in downslope locations where the buried topsoil was observed
to be slightly more moist. In-situ airfall loess values were the greatest (6 – 20+) and increased rapidly
with depth, and usually reached in excess of 20 blows per 100 mm (>1000 kPa ultimate) before the
target depth of 3m was met. This signifies the characteristic high dry strength of airfall loess within
the study area.

3.8.	
  

	
  Hydrogeology	
  

During subsurface site investigations across 2, 4, and 6 Quarry Road and at 7 The Brae, a
groundwater table was not encountered. The soils remained dry to moist throughout the profile, with a
slight increase in water content in the buried topsoil horizon. Further details of the moisture content
profiles are given through laboratory analysis of the soils in Chapter 4.
URS boreholes QR1, QR2, and QR3, located within GNS mass movement 11A, had standpipe
piezometers installed, with QR3 located 2 m above mean sea level. Screened intervals are summarised
in Table 3.6. All piezometers have remained dry since their installation, indicating an absence of a
groundwater table in the area. Appendix F presents the piezometer construction details in relation to
the summary logs and the water level information available to date.
Table 3.6: Summary of the piezometer screened intervals for URS boreholes QR1, QR2, and QR3.

Borehole

Screened depth (m)

Comments

Top

Base

QR1

8.4

10.0

Located at base of fill

QR2

8.4

11.0

Buried topsoil located at 9.9 – 10.1m

QR3

8.3

10.2

Located within airfall loess and basalt at 9.6m
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3.9.	
  

Engineering	
  geological	
  model	
  

	
  

3.9.1.	
   Approach	
  

Using the information retrieved during engineering geological site investigations, three cross sections
have been produced through 2, 4, and 6 Quarry Road and 7 The Brae (Figure 3.14). Data points
include test pits, drill holes, hand augers, and geophysical survey lines. Cross sections give a
graphical representation of the study area, and as all are located within the proposed GNS mass
movement zone 11A, they also provide models for slope stability analysis.

A	
  

A’	
  

Figure 3.14: Map showing locations for cross sections A – A’, B – B’, and C – C’.

	
  

3.9.2.	
   Section	
  A	
  –	
  A’	
  

Cross section A – A’ (Figure 3.15) is located between 4 Quarry Road and 6 Quarry Road, and is the
uphill (south-eastern) extent of the proposed 11A mass movement boundary. The ground surface
profile is essentially flat, except to the northeast of 4 Quarry Road where a ∼50° slope connects to
Quarry Road below.
Bedrock is located at 10-12 m depth, and slopes (∼5°) across the profile towards the southwest. There
is an unsaturated weathered zone of bedrock approximately 3 m thick that was identified in outcrop,
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Figure 3.15: Cross section A – A’ through 4 and 6 Quarry Road. Data points used in constructing the cross section are shown. Resistivity line 4 was used across the entire profile.
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refraction lines 1, 2, and 3, and borehole QR1. The bedrock profile is inferred between these data
points. The depth of bedrock is unknown at this location.
In-situ loess varies in thickness, from 2 m to up to 8 m. Shown by resistivity line 4, hand augers, drill
holes, and test pits, the in-situ loess thickens from the northeast, but at approximately the boundary of
4 and 6 Quarry Road, it drops off steeply (∼75°). This is interpreted to be a gully feature predating
quarry operations (i.e. pre 1893). A buried topsoil horizon is located above the in-situ loess with
thicknesses of 200 – 300 mm. It was identified between the non-engineered fill and in-situ airfall
loess in all subsurface investigations, except URS hand auger QRHA01 which penetrated the edge of
the interpreted loess gully feature. A buried topsoil horizon is probably absent because the face of the
gully was too steep for vegetation growth and topsoil formation.
Fill covers the entirety of the cross sectional area, and is relatively consistent in thickness (3 – 4 m)
across 4 Quarry Road. It then drops off to a maximum depth of around 10 m as shown by the
geophysics, drill holes, hand augers, and test pits. The fill material is assumed to originate from
quarrying activity, and was likely first tipped over the edge and into the gully feature, and then
smoothed over the rest of the area as fill thickness increased.

	
  

3.9.3.	
   Section	
  B	
  –	
  B’	
  

Cross section B – B’ (Figure 3.16) shows the subsurface profile from 6 Quarry Road, though 7 The
Brae, and continues on to The Brae below. This represents the southwestern section of the proposed
mass movement zone 11A, and is the main location of slope stability analysis conducted by GNS.
Parts of the slope surface are relatively steep, with angles of 30 – 40 ° in the middle section of the
model. The upper southeastern section, where the majority of 6 Quarry Road is located, is flat.
Located at 8 – 12 m depth across the section, the bedrock dips at a 30° angle across the section line. In
the top 1 m of bedrock, there is an unsaturated irregular surfaced weathered zone (≤1 m thick) that is
interpreted to be present across the entirety of the section. The weathered zone is a product of
extensive erosion in the Late Miocene as volcanic activity waned (Hampton, 2010),
In-situ loess lies upon the irregular surface of the eroded volcanic bedrock. It is thinner (2 – 4 m) in
the southeast, and thickens to around 8 m as the slope flattens towards the northwest. An irregular
buried topsoil of 200 – 300mm thickness is found above the in-situ loess across the entirety of the
section. From being located at a depth of 6 – 10 m in the southeast and central area, it gradually
comes closer to the surface and daylights at The Brae.
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Figure 3.16: Cross section B – B’ through 6 Quarry Road and 7 The Brae. Data points used in constructing the cross section are shown.
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Quarry fill is located across both 6 Quarry Road and 7 The Brae, with thicknesses of up to 10m. It is
not found to extend beyond The Brae. The fill material in this area is thought to infill the loess gully
identified in A – A’ (Figure 3.15), which pre-dated quarry operations and filling.

	
  

3.9.4.	
   Section	
  C	
  –	
  C’	
  

Cross section C – C’ (Figure 3.17) shows the subsurface profile from 4 Quarry Road, through 2
Quarry Road, and continuing to Quarry Road below. This section is located at the northeastern side of
the mass movement zone 11A proposed by GNS. The ground surface profile is flat at both 2 and 4
Quarry Road, with an irregular and sloped portion between. A retaining wall is located southeast of
the dwelling at 2 Quarry Road, creating a steep and straight change in slope.
Bedrock is located between 4 and 8 m below the surface across the majority of the profile. It slopes
gently (around 15°) across the profile towards the northwest and has an irregular unsaturated
weathered zone of approximately 1 – 3 m thick depending on location. Bedrock is found outcropping
at Quarry Road, located in the northwestern side of the profile. Sea caves are sometimes present in the
lower slopes on the basalt towards the Avon-Heathcote Estuary.
In-situ airfall loess mantles the irregular weathered bedrock surface with thicknesses of up to 5 m. It is
thickest beneath 4 Quarry Road (5 m thick) and thins to 2.5 – 3 m thickness below 2 Quarry Road. Insitu loess was found outcropping at the road cutting beneath 2 Quarry Road, with a near vertical face
made possible by its high dry strength (Chapter 2; Figure 2.3). Buried topsoil is found across the
slope, with thicknesses of 200 – 350 mm. Identification was through test pitting, hand augers, and
face logging of the outcrop below 2 Quarry Road.
Quarry fill is found across the entirety of the cross section, and exhibits variable thicknesses of 1 – 5
m. It was visually identified in test pits, hand augers, and outcrop logging of the 3m high road cutting
below 2 Quarry Road.
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Figure 3.17: Cross section C – C’ through 4 and 2 Quarry Road. Data points used in constructing the cross section are shown.
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3.10.	
   Synthesis	
  
•

Observational fieldwork and subsurface investigations identified six lithological units within
the study area from the ground surface: non-engineered fill, buried topsoil, in-situ airfall
loess, mixed loess-volcanic colluvium, scoria, and basalt.

•

Geophysical surveys were considered appropriate to further identify the depth and profile
between units, thus increasing the reliability of the geological model. A significant anomaly
was found below 6 Quarry Road, where the depth of fill increased from 2.5 m to in excess of
8 m. Results coincided with borehole data showing 10 m of fill beneath part of 6 Quarry
Road, which suggests loess-derived overburden was tipped over the edge to fill a pre-existing
gully feature during quarry operations between 1893 and about 1913.

•

Hand augers completed over the study area were situated in areas with little or no subsurface
information. Bulk samples were taken for laboratory testing. Test pitting enabled face logging
of the pit, bulk sampling, and in-situ sampling for density and direct shear testing in the
laboratory.

•

Bearing capacities derived are generally very high, and exceed an ‘ultimate’ bearing capacity
defining ‘good ground’ of 300 kPa (NZS 3604:2011) except in the surface 500 – 700 mm of
non-engineered fill. Fill bearing capacities are variable, but increase with depth up to 20+
blows per 100mm (>1000 kPa ultimate). Values tend to drop when the buried topsoil is
reached, but not below 300 kPa ultimate, then increase rapidly within the in-situ loess up to
and in excess of 1000 kPa ultimate, usually before the target depth is reached.

•

A water table was not encountered in any subsurface investigation, and piezometers located in
URS drill holes QR1, QR2, and QR3 have remained dry since their installation.

•

Using the surface and subsurface information gathered, three cross sections were completed
through the slope area:
o

A – A’: is located from 4 to 6 Quarry Road. The bedrock is located at 8 – 10 m depth
and slopes gently (5°) towards the southwest. Loess thickness is extremely variable (2
– 8 m) as is the overlying fill material (2.5 – 10 m). A 200 – 300 mm thick buried
topsoil is found between the in-situ loess and fill.

o

B – B’: is located from 6 Quarry Road, through 7 The Brae, and continues on to The
Brae below. Bedrock is identified at 8 – 10 m depth and slopes downward at 30° to
the northwest. Loess is 2 – 4 m thick, with the overlying fill being up to 10 m. A
buried topsoil, around 300 mm thick, is found between the in-situ loess and fill.

o

C – C’: is located between 4 and 2 Quarry Road. The depth to bedrock is 4 – 8 m, and
slopes downward 15° to the northwest. Loess is up to 5 m thick, overlain by a 300
mm thick buried topsoil, and fill of 1 – 5 m.
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CHAPTER	
  4	
  –	
  Laboratory	
  Investigations	
  

4.1.	
  

Introduction	
  

This chapter presents the laboratory methods used, results obtained, and a comprehensive discussion
of those results in the context of slope and fill stability. Sampling for laboratory tests was conducted
through hand auger hole recovery and test pitting of the site. The majority of samples retrieved were
disturbed bulk samples from specific depths. In-situ push tube and ring samples were taken during test
pitting of 4 Quarry Road for density, pinhole erosion, and strength testing. Geotechnical classification
tests and direct shear box strength testing were conducted with the objective of classifying the various
soil types, and deriving site-specific data to use in slope stability analysis (Chapter 5).
Geotechnical classification tests provide a systematic method of categorising soils according to their
probable engineering behaviour. It gives a useful insight to soil suitability for a particular application
and its behaviour during construction or under structural loads. Tests conducted on the Quarry Road
study area were moisture content and density, particle size distribution, dispersivity, and Atterberg
limits. Reporting of results followed the NZS 4402: 1986 standards where applicable:
•

The water content (%) is to be reported to two significant figures for values below 10 % and
to three significant figures for values 10 % or greater.

•

The bulk and dry density of the soil (t/m3) to the nearest 0.02.

•

Particle size distribution results are displayed in a table showing data to the nearest 1 % by
mass. The results, if required, can be shown on a semi-logarithmic chart.

•

The plastic limit and liquid limit are reported to the nearest whole number, written without a
percentage symbol. The plasticity index is the numerical difference between the plastic and
liquid limits.

The properties of loess are dependent on local conditions, in particular the source rock material, the
manner in which deposition occurred, and the local climate during deposition. This means that
geotechnical properties of a loess sample from one area may be distinctly different from those of
another. Table 4.1 summarises the wide range of geotechnical property data available for Banks
Peninsula loess. Many of the values quoted are the result of very limited testing and should be viewed
accordingly. Clear separation of airfall loess and reworked loess-colluvium is not available in many
references, nor are comprehensive results for testing of buried topsoil horizons or non-engineered fill.
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Table 4.1: Typical properties of Banks Peninsula loess. Table modified from Yetton (1986).

Parameter
Grain size distribution

Water content

Typical range of values

Reference

Sand: 6 – 11 %

Alley (1966); Crampton (1985);

Silt: 65 – 80 %

Yetton (1986); Goldwater (1990);

Clay: 11 – 26 %

Jowett (1995).

7 – 25 %

Yetton (1986); McDowell (1989);
Goldwater (1990).

Atterberg limits

LL: 18 – 33

Alley (1966); Crampton (1985);

PL: 16 – 22

Yetton (1986); McDowell (1989);

PI: ≤12

Goldwater

(1990);

Trangmar

(1991); Jowett (1995).
Dry density

1.32 – 1.88 t/m3

Evans (1977); Crampton (1985);
Yetton (1986); Goldwater (1990).

Porosity

30 – 40 %

Birrel and Packard (1953); Miller
(1971).

Void ratio

0.4 – 0.7

Birrell and Packard (1953); Miller
(1971).

Permeability

1.5 x 10-7 m.s-1 (undisturbed)

(peak, direct shear, drained)

and

Packard

(1953);

-1

Sanders (1986); Evans and Bell

-8

-1

2 x 10 m.s (remoulded)

(1983); Tehrani (1988).

28°

Goldwater (1990).

42 – 43°

Stephen-brownie (2012).

1 x 10 m.s (in-situ)
Internal angle of friction

Birrell

-7

18° (Proctor compacted)
Cohesion

0 – 20 kPa

Goldwater (1990).

(peak, direct shear, drained)

13 – 20 kPa

Stephen-brownie (2012).

29 kPa (Proctor compacted)
Dispersion

2–4

Yetton (1986).

(crumb class)

1–4

McDowell (1989).

E50 to E>1000

Yetton (1986); Glassey (1986);

Pinhole erosion

McDowell (1989).
Resistivity

Varying with depth from 90 Yetton (1986).
Ω/m to less than 10 Ω/m.

Electrical conductivity

From 1.0 mho/cm x 10-4 to 14 Birrell
-4

mho/cm x 10 with depth
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and

Yetton (1986).

Packard

(1953);

4.2.	
  	
  

In-‐situ	
  moisture	
  content	
  and	
  density	
  	
  

	
  

4.2.1.	
   Introduction	
  and	
  method	
  

Determination of the in-situ moisture content and bulk density was conducted in accordance with
NZS 4402: 1986 Test 2.1 and 5.1.3 respectively. Samples collected from 2 and 6 Quarry Road were
bulk samples, therefore only water contents could be calculated. Push tube samples were obtained
from the exposed face of TP04 and used to calculate both water content and bulk density. As
discussed in Chapter 3, not all tube samples were suitable for use after excavation due to their brittle
nature and consequent fracturing during sample extraction. It must be noted that samples retrieved
and tested were single samples at different depths at 2, 4, and 6 Quarry Road, and samples from 7 The
Brae were not retrieved due to access and time restrictions. Moisture content testing was conducted
within a day to avoid any drying of the samples.

	
  

4.2.2.	
   Results	
  

Tables 4.2, 4.3, and 4.4 present the results for each unit at the various depths sampled. Density results
for the three soil units at 4 Quarry Road are assumed to be indicative of the study area, enabling
average values to be used in slope stability analysis. The results show that the water content of the fill
is variable vertically, horizontally, and between locations, with values ranging from 4-15%. There are
three main factors thought to control fill variability:
1. Heterogeneity: The fill material contains a mixture of airfall loess and topsoil clods that
retain greater amounts of water. Water content therefore depends on sampling location, and
can vary laterally as shown in the 850mm fill sample from TP04.
2. Surrounding topography: At 6 Quarry Road, higher water contents are thought to be a result
of runoff and infiltration from upslope (51A St. Andrews Hill Road). Although 2 Quarry
Road is downslope of 4 Quarry Road, it is not affected from runoff, likely due to a retaining
wall creating a break in the slope between the properties.
3. Housing: The water content of fill at 2 Quarry Road is significantly lower than that at both 4
and 6 Quarry Road. When retrieving samples, housing was still located at 2 Quarry Road
thus keeping the upper soil dry and protected from rainfall infiltration. Samples at 2 Quarry
Road (HA01) were taken through a hole in the floorboards.
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Table 4.2: 2 Quarry Road moisture content results for fill, buried topsoil, and in-situ airfall loess.

2 Quarry Road – HA01
Depth

Description

Moisture content %

400mm

Fill

4.36

850mm

Fill

5.99

1350mm

Fill

8.57

1750mm

Buried topsoil

13.272

2000mm

In-situ loess

8.85

2300mm

In-situ loess

9.56

2600mm

In-situ loess

10.373

Table 4.3: 4 Quarry Road moisture content and density results for fill, buried topsoil, and in-situ airfall loess.

4 Quarry Road – TP04
Sample

Depth

Description

450mm

Fill

850mm

Fill

D-05

1250mm

D-07

Moisture

Bulk density

Dry density

content %

t/m

3

t/m3

14.213

1.78

1.53

6.55

1.67

1.56

7.13

1.72

1.61

Fill

6.79

1.71

1.60

1350mm

Buried topsoil

8.10

1.44

1.33

D-08

1650mm

In-situ loess

7.25

1.68

1.57

D-09

1980mm

In-situ loess

7.26

1.77

1.65

D-10

2200mm

In-situ loess

7.06

1.78

1.66

D-01
D-02
D-03

Table 4.4: 6 Quarry Road moisture content results for fill.

6 Quarry Road – TP03
Depth

Description

Moisture content %

500mm

Fill

14.843

1500mm

Fill

9.34

2500mm

Fill

8.99
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The buried topsoil horizon encountered in 2 and 4 Quarry Road investigations also shows variability
in moisture content (8-13 %), with samples retrieved upslope (4 Quarry Road) being lower and
samples retrieved downslope at 2 Quarry Road being higher. At each location, values are higher than
that of the fill directly above and the in-situ loess below due to the hydrophilic nature of the organic
matter having a direct effect on water retention (Klute, 1986).
The in-situ airfall loess moisture content does not show large variations with depth or location, with
9-10 % at 2 Quarry Road and 7 % at 4 Quarry Road. Moisture content for in-situ airfall loess at 6
Quarry Road could not be measured, as subsurface investigations of this study did not penetrate the
10 m depth required for retrieval of samples as shown by drill core logs and geophysics. Due to the
relatively low permeability of loessial soils, the moisture content is only slightly increased (by 2-3 %)
in the downslope location of 2 Quarry Road.
Bulk density of the fill ranges between 1.63 and 1.78 t/m3, with dry density being between 1.53 and
1.61 t/m3. Variability within the density of the fill is expected as it was not engineered or compacted
when placed. A general trend of increasing dry density with depth is shown in Table 4.3, which is
likely due to natural compaction over the past 100 or so years. Lateral variation of dry density
between 1.56 and 1.61 t/m3 is shown in the 850 mm samples due to soil heterogeneity.
Bulk and dry densities for the buried topsoil are 1.44 and 1.33 t/m3 respectively, which are lower than
the fill and airfall loess. This is likely due to the lower clay percent within the soil (discussed in
4.2.3), and the presence of less dense organic material.
Densities of the in-situ airfall loess are similar to that of the fill, and increase with depth from 1.68 to
1.78 t/m3 (bulk density) and 1.57 to 1.66 t/m3 (dry density).

	
  

4.2.3.	
   Comparisons	
  with	
  other	
  studies	
  

In-situ moisture contents for airfall loess samples investigated are generally on the low side of those
reported from other work on Banks Peninsula loessial soils. Yetton (1986) found moisture contents
between 10 and 16%, while Goldwater (1990) reports results between 18 and 25%, and McDowell
(1989) between 7 and 13%. Moisture content results for the buried topsoil compare well with the
range of 10 to 15% reported by McDowell (1989) and no studies were found to investigate loessderived quarry fill. Airfall loess dry densities are consistent with previous studies by Evans (1977)
and Goldwater (1990), who report ranges of 1.32-1.88 t/m3 and 1.47-1.75 t/m3. McDowell (1989)
determined the dry density of a buried topsoil in a loessial environment to be 1.68-1.86 t/m3, which
was higher than that found in this study.
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4.3.	
  	
  

Particle	
  size	
  distribution	
  analysis	
  	
  
4.3.1.	
   Introduction	
  

The determination of particle size distribution (PSD) within a soil is important in understanding its
physical properties, and the effect on engineering behaviour. PSD influences the bulk density,
porosity, water retention, and permeability of a soil (Holtz et al., 2010). The presence of clay particles
increase the plasticity and cohesion of a soil whereas sands decrease the plasticity and cohesion, thus
changing the soils engineering behaviour to static or dynamic loading. Particle size analyses in this
study were conducted using two methods: laser sizer, and sieve and pipette methods (Figure 4.1). A
total of 14 samples were taken from two separate locations at various depths: HA01 at 2 Quarry Road,
and TP04 at 4 Quarry Road (refer to Figure 3.1).

Figure 4.1: Typical set up during pipette analysis. Columns 1-3 show fill, column 4 is buried topsoil, and
columns 5-7 are in-situ loess.

4.3.2.	
   Method	
  
The first testing was completed from 22/05/2015 – 23/05/2015 using the ‘Micromeritics Saturn
Digisizer II 5205’ laser sizer at the University of Canterbury. This testing was conducted first due to
its high speed of analysis and result production (see Appendix G for method and results). Results
however, did not appear to correlate with previous studies (e.g. Crampton, 1985; Yetton, 1986;
McDowell, 1989) and the general description of Banks Peninsula loess. They showed significantly
lower clay (5-8%), and, in most cases, extremely high sand contents (28-60%), with results being
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highly variable between locations. In a summary of laser diffraction methods, de Boer et al (1987)
state that below sizes of a few micrometers, the particles do not diffract light in the manner required
because their diameter approaches that of the wavelength of light. This, along with particle
orientation, can lead to over-and-under estimations for particle size percentages. Due to these
inaccuracies, and the laser sizer not being a NZS (New Zealand Standard) soil test, it was decided that
the sieve and pipette method be used instead.
Pipette analysis commenced on 07/04/2015, using the same 14 samples (split into two groups
according to location), and was completed by 21/04/2015. Analysis was conducted in accordance with
NZS 4402: 1986, using the procedure outlined by Lewis and McConchie (1994; Appendix G). Figure
4.1 demonstrates the typical set up during pipette analysis.

4.3.3.	
   Results	
  
The pipette analysis method proved more precise is estimating clay percentage than the laser sizer
method, therefore results obtained are used henceforth in this thesis. A comparative table showing
laser sizer and pipette grain size distributions is located in Appendix G for reference. Table 4.5
displays pipette method results in terms of clay, silt, and sand fractions. Average particle size
distribution curves for 2 and 4 Quarry Road given in Figure 4.2 and Figure 4.3 respectively. It is to be
noted that the sand percent above 63µm was not analysed, but is assumed to be in the fine sand range
from field descriptions of the soil.
Results are similar between the two locations, with the in-situ airfall loess having the highest clay
content of 17-20%, the loess-derived fill at 14-16%, and the buried topsoil with ∼11% clay. Silt
percentage varies between 69% and 78%, with the highest found in the buried topsoil horizon (7678%). The sand fraction is very consistent through most samples at 11-15%, except for in 2 Quarry
Road airfall loess where is noticeably higher at up to 20%. According to the NZGS classification, the
loess derived fill and in-situ airfall loess are termed SILT with some clay and sand, and the buried
topsoil is SILT with minor clay and sand.
When comparing past results of particle size distributions, significant variations are found laterally,
vertically, and across sites due to their orientation and geographic location. There are many studies
that include particle size information for Banks Peninsula loessial soils (for example: Alley, 1966;
Hughes, 1970; Crampton, 1985; Yetton, 1986; McDowell, 1989; and Stephen-Brownie, 2012), but the
same analysis methods are not always used. Comparisons between the buried topsoil and loess
derived fill material are difficult, as there is little to no information available.
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Studies by Jowett (1995) and Goldwater (1990) used the sieve and pipette method. Their results
showed that the Banks Peninsula loess tends to have clay sized particles of 14-26%, silt of 67-77%,
and sand of 6-11%. Results from this study fall into the same ranges, except for the sand content in at
2 Quarry Road, which is as high as 20%.
Both Glassey (1986) and McDowell (1989) used the sieve and hydrometer method, which is said by
Coates and Hulse (1985) to compare well to the sieve and pipette method. Results from their
investigations on airfall loess show clay, silt, and sand sized particles of 8-21%, 65-79%, and 11-17%
respectively. This study shows a slightly higher range of clay, lower range of silt, and similar sands.
McDowell also reports distributions for a buried topsoil horizon, with clay 14-19%, silt 69-74%, and
sand 12%. The investigations in this study show lower clays, higher silts, and the same sands.

Table 4.5: Particle size distribution for Quarry Road using sieve and pipette method.

Sample

Fraction

Identification

Depth

Description

Clay

Silt

Sand

HA01_S2

350mm

Fill

14

75

11

HA01_S4

875mm

Fill

14

74

12

HA01_S6

1350mm

Fill

14

72

15

HA01_S8/9

1800mm

Buried topsoil

11

78

11

HA01_S11

2000mm

In-situ loess

17

63

19

HA01_S13

2275mm

In-situ loess

20

63

17

HA01_S15

2575mm

In-situ loess

18

62

20

TP04_S1

450mm

Fill

15

70

16

TP04_S2

850mm

Fill

16

74

11

TP04_S3

1250mm

Fill

16

73

11

TP04_S4

1350mm

Buried topsoil

12

76

13

TP04_S5

1650mm

In-situ loess

18

70

13

TP04_S6

1980mm

In-situ loess

18

69

13

TP04_S7

2200mm

In-situ loess

18

70

12
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Average particle size distribution
2 Quarry Road
100

Cumulative weight percent passing

90
80
70
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Fine Sand

60
50
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Loess derived fill

20

Buried topsoil

10

In-situ airfall
loess

0
1

2

10
Particle size (µm)

63

100

Figure 4.2: Average particle size distribution for 2 Quarry Road using the sieve and pipette method.

Average particle size distribution
4 Quarry Road
100

Cumulative weight percent passing

90
80
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Clay
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60
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Loess derived fill

20
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loess

0
1

2

10
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Figure 4.3: Average particle size distribution for 4 Quarry Road using the sieve and pipette method.
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4.4.	
  	
  

Atterberg	
  limits	
  and	
  clay	
  content	
  	
  

	
  

4.4.1.	
   Introduction	
  and	
  method	
  

Atterberg limits determine the threshold water contents at which certain types of engineering
behaviour can be expected. The liquid limit (LL) is the water content at which the soil passes from the
plastic to the liquid state, and the plastic limit (PL) is the equivalent water content between the
semisolid and plastic stages (Krynine and Judd, 1957). Plasticity index (PI) is the difference between
LL-PL and is used to describe the range of water contents over which a soil behaves plastically. It is
very useful for the engineering classification of fine-grained soils, and many engineering properties
have been found to empirically correlate with the PI (Holtz et al., 2010).
Determination of the LL, PL, and PI was carried out in accordance with NZS 4402:1986, Tests 2.2,
2.3, and 2.4. These tests were carried out on the three distinct units under investigation: loess fill,
buried topsoil, and in-situ airfall loess. The samples were obtained from HA01 and TP04 at 2 and 4
Quarry Road, respectively.

	
  

4.4.2.	
   Results	
  

Results for Atterberg limit testing are summarised in Table 4.6, with the full results produced in
Appendix H. Both the loess-derived fill and airfall loess have very similar PI values, with averages
being 7 and 8 respectively. The PI for the buried topsoil however, is higher with values being 10 and
11. As defined by Sowers (1979), all samples are termed ‘slightly plastic’ (values of 3-15). Previous
studies (e.g. Alley, 1966; Crampton, 1985; Yetton, 1986; Trangmar, 1991) show that Banks Peninsula
loess normally has a PI of less than or equal to 12. Results from this study correspond well, with
indices ranging from 5-11.
Table 4.6: Atterberg limit results for Quarry Road (summarised).

Sample

PL

LL

PI

Fill

16 – 18

23 – 25

6–8

Buried topsoil

14 – 16

25 – 26

10 – 11

In-situ loess

14 – 17

22 – 24

5–9

McDowell (1989), Goldwater (1990), and Jowett (1995) have also conducted extensive investigations
on the Atterberg limits of loessial soils on Banks Peninsula. Their results are reasonably similar for
LL, PL, and PI with ranges of 21-30, 16-20, and 4-11 respectively. McDowell (1989) also
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investigated a buried topsoil, which gave a LL of 25-27, a PL of 17-20, and a PI of 5-10. These values
are slightly higher, except for the PI which has a slightly lower range. Comparisons could not be
made between the loess derived quarry fill.
In order to classify the soil, a plot of liquid limit against plasticity index was amalgamated with the
Unified Soil Classification System (USCS) plot to produce Figure 4.4. All samples plot as CL
(inorganic clays or silty/sandy clays of slight plasticity), ML (inorganic silts and very fine sands with
slight plasticity), or OL (organic silts and silty clays of low plasticity). The most relevant groups are
ML for the fill and loess, and OL for the buried topsoil.

Figure 4.4: USCS plot of liquid limit vs. plastic limit with Quarry Road samples overlaid.

	
  

4.4.3.	
   Atterberg	
  limits	
  and	
  clay	
  content	
  

Generally, a higher plasticity index is related to a higher clay content, as confirmed by the fill and
loess samples in Figure 4.5. However, the buried topsoil samples tested are obvious outliers, with the
lowest clay content and highest plasticity index, a result likely due to the organic rich material within
the soil. Similar results were found in a study by de Jong et al (1990) on Saskatchewan soils, where an
increased organic C (Carbon) component was correlated with the liquid limit, thus increasing the
plasticity index. Schuppener (1987) also identified an increase in plasticity index with organic
component.
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Clay content vs plasticity index
12

Plasticity index (PI)

10
R² = 0.92354
8
Loess derived fill

6

Buried topsoil

4

Insitu airfall loess

2
0
0

5

10

15

20

25

Clay content (%)
Figure 4.5: Clay content vs. plasticity index for Quarry Road samples.

4.5.	
  	
  

Erodibility	
  and	
  dispersivity	
  
4.5.1.	
   Introduction	
  

The known erodible and dispersive nature of some Port Hills loess deposits (e.g. Crampton, 1985;
Yetton, 1986; McDowell, 1989), especially the deeper layers below 1.5m (Evans and Bell, 1981),
prompted concern for the susceptibility of the site to future erosion. An erodible soil is defined here as
a material that undergoes particle-by-particle removal of grains or aggregates through the action of
flowing water. Erosion occurs when the shear stresses induced by flow, either on or in the soil, are
great enough to cause removal of particles (Arulanandan and Perry, 1983). Soil erodibility in finegrained soils is dependent on various soil properties including slaking, dispersion, grain size, and the
magnitude of the fluid induced shear stress (Yetton, 1986). Soil erodibility and dispersion can be
measured in the laboratory using methods including the pinhole test (Sherard et al, 1976) and the
crumb test (Emerson, 1967).

4.5.2.	
   Pinhole	
  test	
  
Developed by Sherard et al (1976), the pinhole test is the laboratory method used in Banks Peninsula
loess as a measure of general erodibility. The test was originally designed for recompacted fine
grained soils, and found particular use in testing potential core material for earth dams. Evans (1977)
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modified the method to enable testing of undisturbed in-situ samples of Banks Peninsula loess, and it
has been used for in-situ testing since that time.
The pinhole test was anticipated to be used to classify the three soil materials at Quarry Road. Short
tube samples were collected during test pitting at 4 Quarry Road, but as discussed in Chapter 3
(section 3.2) only 2 of the available 6 samples retrieved were suitable for use in laboratory testing due
to disturbance. These were located in the fill material. During preparation, the remaining samples
were deemed unusable as parts of the brittle soil core cracked and dislodged from the tube. Due to
these problems, it was decided to use the ‘crumb test’ to measure dispersion as it is one of the
controlling factors for erodibility.

4.5.3.	
   Crumb	
  test	
  
Dispersion is clay mineral deflocculation that results in a suspended colloidal cloud in the presence of
water. It is a physio-chemical process governed by the soil texture, clay type, total dissolved salts, and
the type of cations present (Quirk and Schofield, 1955). In loess, dispersion can destabilise the soil
skeleton as the clay mineral binder goes into suspension. Many studies have been completed on Banks
Peninsula loess dispersion, and all conclude that it is an important control on soil erodibility (e.g.
Hughes, 1970; Evans, 1977; Yetton, 1986).
A relatively quick, simple, and repeatable test for dispersion is the crumb test. Originally proposed by
Emerson (1967) to classify dispersion and slaking, the test was modified by Loveday and Pyle (1973)
to make it a routine procedure for comparing the dispersivity of soil aggregates in natural and
remoulded states. The procedure used during this study is modified after Loveday and Pyle (1973)
(see Appendix I). In essence, the test requires the immersion of an air-dried crumb of soil (5 – 10mm
across) in a beaker of distilled water. The extent of the colloidal cloud is noted at various time
intervals and the sample assigned to one of five grades (0 – 4), with 0 being no dispersion and 4 being
complete dispersion. If no dispersion is found, the sample is remoulded at about the liquid limit and
tested again. Samples from Quarry Road were tested twice for comparison, and are summarised in
Table 4.7. The full set of results is included in Appendix I.
The results from the crumb dispersion test showed variability between units (see Figure 4.6). The fill
reacted differently in both tests, with the first test showing no to slight dispersion (score 0 – 1), and
the second showing strong to complete dispersion (score 3 – 4). Variable dispersivity within the fill is
due to sample heterogeneity, thus depending on the sample tested. Crumb dispersion results for the
buried topsoil showed no dispersion (score 0) in both tests, whereas the in-situ airfall loess showed
complete dispersion (score 4) in both tests.
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Table 4.7: Crumb dispersion test results for Quarry Road.

Sample

Test number

Score

Fill

1

0–1

2

3–4

1

0

2

0

1

4

2

4

Buried topsoil
In-situ loess

A

B

C

D

Figure 4.6: Crumb dispersion examples at 2 hours elapsed time. A: fill score 0, B: fill score 3, C: buried topsoil score 0, D: insitu loess score 4.

The Emerson dispersion test (or a similar variation) has been conducted on in-situ airfall loess in
previous studies by Yetton (1986) and McDowell (1989), who obtained dispersion scores of 2 – 4 and
1 – 4, respectively. Results from this study are within the ranges reported, but at the high end with no
variation. Results for the fill and buried topsoil could not be compared, as no previous reports
correlate. These results show the necessity for controlling water infiltration in the study area, as both
the fill and in-situ loess can be extremely susceptible to erosion via dispersion.

4.6.	
  	
  

Direct	
  shear	
  box	
  testing	
  
4.6.1.	
   Introduction	
  

The direct shear box was used to determine the shear strength of the non-engineered fill, buried
topsoil horizon, and airfall loess. Many experimental studies (e.g. Hughes, 2002; Higgins and
Modeer, 1996) have shown that as the moisture content of loessial soil increases, its shear strength
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decreases. Bell (1994) also explains that density greatly affects the shear strength. Contacts between
buried topsoil horizons have been identified by Bell and Trangmar (1987) as potential planes for mass
movement. The buried topsoil horizon in this study has the highest average moisture content, and the
lowest density, therefore making it the most likely failure surface. Testing was conducted with the
aim of determining values for friction (φ) and cohesion (c), which can further be used as input
parameters for modeling the failure potential for the soil. Values derived for each lithology are
deemed representative of the area.

4.6.2.	
   Test	
  method	
  
The test method employed was a typical standard direct shear box (see Appendix J for full method),
using the apparatus shown in Figure 4.7. The direct shear box measures the shear strength (τ) of a soil
by forcing failure along a horizontal plane whilst applying a pre-determined normal stress (σn) to that
plane. Ideally, the test is carried out on three or more identical samples, using different normal
pressures to derive a shear strength envelope (Terzaghi et al., 1996; Osano, 2009). It was decided to
conduct tests without the use of the built in water bath usually used to prevent samples from drying
out during the procedure. This meant that the in-situ water content potentially remained constant
during testing, giving more accurate results. Calculation of water content post-testing was completed
and showed very little (≤0.5%) to no change.

A

B

Figure 4.7: Photograph of shear box used (A). Red circle shows where the sample is placed, and illustrated in B.
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Four sets of experiments were carried out using samples retrieved from test pit 04: one taken from the
fill layer, two on samples from the buried topsoil horizon, and one on the airfall loess. Bulk samples
were retrieved from the fill, buried topsoil, and loess units, and in-situ samples were retrieved from
the buried topsoil horizon by pushing a sampling ring into the soil with minimal disturbance (Figure
4.8). Although preferable, in-situ ring sampling could not be completed in all units due to limitations
in equipment (only 4 ring samplers available for use from University of Canterbury). It was chosen to
use the available ring samplers in the buried topsoil horizon because it was identified as a potential
translational failure surface. Bulk disturbed samples were manually compacted into three rings
(Figure 4.8), recreating in-situ bulk densities (section 4.2) by converting the bulk density in t/m3 to
g/cm3 to find the sample weight needed for compaction. Hanger masses were specifically chosen to
best represent the depths at which each of the three different materials were found. Calculations for
these overburden depths are found in Appendix J.

B

A

Figure 4.8: Examples of ring samples before shearing. A) shows manually compacted samples. B) shows in-situ sampling
during test pitting.

During shearing, an attached computer collected direct shear data at 20-second intervals in the form of
shear stress over time, i.e. displacement. Then, using the Mohr Coulomb failure condition, peak shear
stress (kPa) data obtained from direct shear box testing was plotted against the associated normal
stress (kPa) to estimate soil strength. When the state of stress falls along the line plotted, the soil is
expected to fail. Above the line is an impossible state of stress, and below are the stress states at
which the soil will not fail (Smith and Smith, 1998). From these plots, values for cohesion, c (kPa)
can be established using the failure envelope intercept on the shear stress axis. Values for internal
friction angle φ (degrees) are derived from the angle of the failure envelope.
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4.6.3.	
   Test	
  one	
  results:	
  Non-‐engineered	
  fill	
  
The first group of samples for testing were taken from disturbed bulk samples of fill material, and
manually compacted into three rings to recreate in-situ bulk densities of 1.72 t/m3 with an average insitu moisture content of 9%. Shear testing was conducted using hanger masses of 0.75kg, 3kg, and
5kg, which correspond to overburden depths of 0.58m, 2.27m and 3.78m respectively (Appendix J).
Using the shear stress over time plot (Figure I.1.1 in Appendix J), the peak shear stresses (kPa) for
each test were obtained and plotted against the equivalent normal stress (kPa) to create the MohrCoulomb envelope shown in Figure 4.9. Using the Mohr Coulomb plot, a cohesion (c) of 20 kPa and
a friction angle (φ) of 42º were calculated.
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4 Quarry Road - loess dervied fill (recompacted w=9%)
80
70

Shear stress (kPa)

60
50
y = 0.7694x + 20.287
R² = 0.99613

40
30
20
10
0
0

10

20

30

40

50

60

70

80

90

100

Normal stress (kPa)
Figure 4.9: Mohr coulomb failure condition results for peak strength of loess derived fill at 4 Quarry Road.

Although only one set of samples was tested in the direct shear box at field moisture content, the
multiple test sites showed consistent moisture contents and bulk densities below 500 mm depth. The
results are considered representative of the variable fill material, given the similarities between the
underlying in-situ airfall loess and the loess-derived fill originating from quarry operations adjacent to
the site.
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4.6.4.	
   Test	
  two	
  and	
  three	
  results:	
  Buried	
  topsoil	
  
Test two involved three in-situ samples obtained in TP04 by pushing sampling rings into the benches
made by the excavator. The advantage of this sampling method was that the soil being tested was
essentially undisturbed, and retained its original bulk density (1.44 t/m3), average moisture content
(11%), and soil structure for testing. The experiment was carried out using hanger masses of 1kg, 2kg,
and 4kg which correspond to overburden depths of 0.89m, 1.78m, and 3.55m, respectively using an
average density of 1.72t/m3 for the overlying fill (Appendix J).

Mohr-Coulomb failure condition
4 Quarry Road - buried topsoil (in-situ w=11%)
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Figure 4.10: Mohr coulomb failure condition results for peak strength of the buried topsoil at 4 Quarry Road. Samples were
recompacted at the original density and moisture content.

The shear stress vs. time plot is produced in Appendix J (Figure I.1.2) and the associated Mohr
Coulomb failure envelope plot is located in Figure 4.10. Calculated values for cohesion (c) and
friction angle (φ) were 18 kPa and 48º, respectively. These results are again considered representative,
being based on the average of the buried topsoil samples tested from reliable sample locations. The
high shear strength values derived are consistent with the Scala penetrometer values which all
exceeded 300 kPa ultimate across the site.
To analyse the effects of increased water content within the buried topsoil, the original soil (at 11%
moisture content) was mixed with a calculated volume of water to achieve a moisture content of 16%.
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This moisture content was chosen as it is within the plastic limit values found during Atterberg testing
(section 4.2.3), and should have resulted in the sample beginning to behave plastically. Samples were
manually compacted into three rings to recreate in-situ bulk densities of 1.44 t/m3. Testing was carried
out using hanger weights of 1kg, 2kg, and 4kg, with corresponding overburden depths of 0.89m,
1.78m, and 3.55m, respectively (Appendix J).
The shear stress over time plot (Figure I.1.3 in Appendix J) showed no definitive peak shear stress,
indicating the sample behaved plastically. Using the Mohr Coulomb plot in Figure 4.11, a cohesion
(c) of 10 kPa and a friction angle (φ) of 21º were calculated. The limited shear strength data obtained
at two different moisture contents (11 and 16% respectively) is consistent with the known reduction in
Mohr Coulomb strength parameters as the plastic limit is approached. Importantly, the organic-rich
buried topsoil still shows cohesion of 10 kPa at the plastic limit.

Mohr-Coulomb failure condition
4 Quarry Road - buried topsoil (increased water content 16%)
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Figure 4.11: Mohr coulomb failure condition results for peak strength of the buried topsoil at 4 Quarry Road. Samples were
recompacted at the plastic limit of 16% moisture content.

4.6.5.	
   Test	
  four	
  results:	
  In-‐situ	
  airfall	
  loess	
  
The fourth group of samples, which contained airfall loess, were also manually compacted to achieve
an in-situ bulk density of 1.74 t/m3. Three experiments were conducted using hanger masses of 3kg,
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5kg, and 7kg, which represent overburden depths of 2.27m, 3.78m, and 5.29m respectively.
Overburden pressure calculations are presented in Appendix J.
Using the shear stress over time plot (Figure I.1.4 in Appendix J), the peak shear stresses (kPa) for
each test were obtained and plotted against the equivalent normal stress (kPa) to create the MohrCoulomb envelope shown in Figure 4.12. Using the Mohr Coulomb plot, a cohesion (c) of 24 kPa and
a friction angle (φ) of 50º were calculated. These results correlate with Scala penetrometer values
which clearly show the airfall loess has high dry strength values (≥450 kPa ultimate). Where sampled,
the airfall loess displayed moisture contents in the range of 7 – 10%, and testing at an average value
of 8% moisture content was considered realistic in the absence of groundwater to the base of the
profile.

Mohr-Coulomb failure condition
4 Quarry Road - in-situ airfall loess (recompacted w=8%)
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Figure 4.12: Mohr coulomb failure condition results for peak strength of in-situ loess at 4 Quarry Road. Samples were
recompacted at the original density and moisture content.

4.6.4.	
   Discussion	
  and	
  interpretation	
  
Whilst only limited shear testing of the profile (fill; buried topsoil; airfall loess) has been carried out,
the consistent moisture content, bulk density, and Scala penetrometer data across the site confirm that
the soils are consistent, and that there is no groundwater table. The results are therefore deemed
representative for each unit in their in-situ state at the time of testing. Various moisture contents
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within all units were not tested, as it was outside the scope and time restriction of this thesis. Table 4.8
provides a summary of the test conditions and results for the direct shear box data.
Table 4.8: Summary of the test conditions and results for shear testing of Quarry Road Samples.

Sample

State

Mass

Peak

Peak

Water

of

shear

normal

Effective

content

hanger

stress,

stress,

overburden

(%)

weight

τ

σn

depth (m)

(kg)

(kPa)

(kPa)

0.75

26.9

9.5

0.58

3

50.7

37.6

2.27

5

67.7

62.6

3.78

1

28.6

12.7

0.89

2

42.6

25.1

1.78

4

64.2

50.1

3.55

1

13.3

12.7

0.89

2

21.3

25.1

1.78

4

26.9

50.1

3.55

3

64.0

37.6

2.27

5

84.2

62.6

3.78

7

114.5

87.6

5.29

ReFill

compacted

In-situ
Buried

9

11

topsoil
Recompacted

Airfall

Re-

loess

compacted

16

8

Angle of
internal

Cohesion,

friction,

c (kPa)

φ (°)

42

20

48

18

21

10

50

24

The fill, buried topsoil (original moisture content), and loess samples behaved in a brittle fashion,
with the peak strength clearly visible in the plots. After shearing was complete, observation of the
failure surface in samples with in-situ moisture content was extremely difficult due to their crumbly
nature, however it was generally slightly convex upwards. Figure 4.13 shows a representative sheared
sample of in-situ airfall loess with 8% moisture content. The buried topsoil sample set with an
increased moisture content to 16%, displayed approximately half the shear strength of the in-situ
water content (11%). These samples behaved plastically, as evidenced by a lack of definitive peak
strength visible in the plots because the test went almost directly to residual strength, and a visually
smooth and planar failure surface after shearing was complete. This indicates that if sufficient water
were to infiltrate the slope and increase the moisture content within the buried topsoil to the plastic
limit, then there is the potential for translational failure along this surface.
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Figure 4.13: Representative sheared sample of recomapacted in-situ loess
with 8% moisture content and 1.72t/m3 density Note the brittle, dry nature
of the sample.

Previous studies by Tehrani (1988) and Stephen-Brownie (2012) have shown similar results for loess
material conducted at field moisture and density. Tehrani (1988) conducted direct shear tests on
recompacted untreated loess with an average bulk density of 1.70 t/m3 and 9% moisture content.
Using the sieve and hydrometer method, he identified a similar particle size distribution of 10% sand,
76% silt, and 14% clay. Tehrani (1988) presented no raw data, but reported shear strength parameters
with a cohesion of 30 kPa and an internal angle of friction ranging from 30° to 39°. Stephen-Brownie
conducted shear strength testing on manually remoulded samples with moisture contents similar to
this study (between 6 and 13 %), and an average bulk density of 1.93 t/m3. Her results for clay
contents could not be compared as they were found using the laser sizer method which is
unsatisfactory for fine-grained soils. Stephen-Brownie (2012) reports shear strength values of 13 –
20kPa for cohesion and 42 – 43° for friction angle. In-situ airfall loess results from this study show a
cohesion of 20 kPa and a friction angle of 42°, which are similar to those found by Tehrani (1988)
and Stephen-Brownie (2012) using similar moisture contents and bulk densities. Shear strength
literature for buried topsoils and quarry fill were not available, therefore no direct comparisons can be
made. However, as the properties in fill and the buried topsoil were found to be similar to in-situ
airfall loess during geotechnical classification, results were expected to be alike. This was confirmed
with cohesion values of 20 kPa and 18 kPa, and friction angles of 42° and 48° for the fill and buried
topsoil, respectively.
The shear strength investigations by Goldwater (1990) provide the ‘norm’ values for Port Hills loess,
and are commonly used for retaining wall design. In comparison to this study, and others by Tehrani
(1988) and Stephen-Brownie (2012), shear strength results are much lower for remoulded samples (c
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= 0 kPa and φ 28°) and undisturbed samples (c = 6 – 20 kPa and φ = 29°). Clay contents between
Goldwaters study and this study are within the same range, implying this is not the driving factor
causing difference. The marked difference in shear strength results for in-situ loess in the study by
Goldwater (1990) is believed to be primarily due to the moisture content of each sample. Goldwater
tested loess samples that had extremely high water contents in comparison to this study; at 18 – 25 %
values were at or above his calculated plastic limits. Such moisture contents are rarely obtained in the
field under natural conditions, as the low hydraulic conductivity of both loess-colluvium and airfall
loess limits surface water infiltration. With higher water contents, loessial soils display a distinct
reduction in shear strength, and as noted by Bell and Trangmar (1987) the soil changes from an
essentially brittle failure to one of plastic deformation at moisture contents greater than 15 %.

4.7.	
  

Key	
  conclusions	
  

The following trends and conclusions can be drawn from the laboratory investigations described in
this chapter:

•

Water contents vary horizontally, vertically, and between the three facies. Averages show
water contents of 9% for fill, 11% for the buried topsoil, and 8% for the in-situ airfall loess
and are reasonably constant through each unit and well below the plastic limit. The surface
500mm of fill is typically higher, with moisture contents of 14 – 15%.

•

Average dry densities are highest in the airfall loess, followed by the loess-derived fill, and
lowest in the buried topsoil horizon at 1.62 t/m3, 1.57 t/m3, and 1.33 t/m3 respectively.

•

Particle size distributions were similar between the three soil units and are 11 – 20% clay, 62
– 78% silt, and 11 – 20% sand.

•

According to the NZGS classification, the loess derived fill and in-situ airfall loess are termed
SILT with some clay and sand, and the buried topsoil is SILT with minor clay and sand.

•

All samples plotted tightly and are classified as ML, OL, or CL using the USCS chart.

•

Fill can be non- to completely dispersive depending on the sample, whereas buried topsoil
was always non-dispersive, and airfall loess completely dispersive.

•

Direct shear tests show all three units have high shear strengths at in-situ moisture contents
tested (c = 18 – 24kPa and φ = 42 – 50°). Moisture content largely affected the shear strength
of the buried topsoil (c = 10kPa, φ = 18°), allowing it to behave plastically at 16% moisture.

•

Moisture content is of greatest concern for the study area. Not only does it cause dispersion in
the fill and in-situ loess, thus leading to erosion and potential collapse, but also increased
water content decreases the shear strength, consequently increasing the risk for slope failure.
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CHAPTER	
  5	
  –	
  Slope	
  Stability	
  Modelling	
  

5.1.	
  

Introduction	
  

The stability of slopes is of great importance to civil, geotechnical and mining engineers worldwide.
Assessment can generally be divided into three phases: a field investigation phase (Chapter 3), a soil
parameter determination phase (Chapter 4), and a stability analysis phase (this chapter). Several
approaches for assessing static slope stability have been developed over the years, and can be
summarised into three primary methods: 1) limit equilibrium methods, 2) finite element methods, and
3) empirical methods.
This chapter calculates the stability of the slope along sections B – B’ and C – C’ in mass movement
zone 11A (identified by GNS) under both static and dynamic (earthquake shaking) stress conditions.
The sensitivity of the slope to variable shear strength parameters is also assessed. The approach
during this study was the limit equilibrium analysis using Rocscience software Slide 5.0. Cross
sectional models used in the analyses were created in Chapter 3, with slope input parameters for
stability assessment established during laboratory investigation as detailed in Chapter 4. It must be
noted that the soil profile at the site is complex, and cannot all be accounted for by simplified
computational models.

5.2.	
  

Slope	
  stability	
  analysis	
  methods	
  	
  
5.2.1.	
   Limit	
  equilibrium	
  method	
  

Limit equilibrium methods investigate the equilibrium of a soil mass that has the potential to slide
downwards under static conditions (i.e. due to gravity). Most of the methods traditionally used to
analyse the stability of a slope under static gravity loading give upper bound solutions based on the
principle of limit equilibrium (for example: Skempton, 1948; Bishop, 1955; Janbu, 1957; Spencer,
1967; Sarma, 1973). These methods usually assume a profile of a two- or three-dimensional surface
through the slope, often an inclined plane or circular arc on which either translational or rotational
failure is postulated to occur. The output from the analysis is a factor of safety (FoS), based on the
computed ratio of the available resisting and driving forces acting on the failure surface. In typical
slope stability software, earthquake effects, external loading, stabilisation forces, and groundwater
conditions can also be analysed.
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5.2.2.	
   Finite	
  element	
  method	
  
The finite element method, initially developed for analysis of structural systems, was presented in
1960 by Ray Clough at the ASCE Conference on Electrical Computation (Clough, 1990). Finite
element analysis (FEA) is a computerised method that can be applied to complex slope configurations
and soil deposits in two- or three-dimensional models. The programme ultimately predicts how the
slope will deform in response to an applied load, and attempts to obtain a lower bound stress-strain
solution for the entire slope that satisfies equilibrium at any point (Goldwater, 1990). The stress-strain
details are thus free to dictate the failure surface initiation and propagation in a natural way (Mostyn
and Small, 1987). Outputs also include a predicted FoS, but unlike limit equilibrium methods no
assumptions need to be made regarding the shape or location of the failure surface (Griffiths and
Lane, 1999). The two main limitations of finite element analysis are its complexity, and the quality
and quantity of geotechnical information available to carry out the anaylsis.

5.2.3.	
   Empirical	
  methods	
  

	
  

The empirical approach to slope stability is qualitative assessment based on engineering geological
information, which is used to classify the problem in a behavioural grouping and relate it to similar
past failures in the same geological environment. Thus stability analysis is based on the previous
experience and judgement of the engineering geologist and engineer (Brown, 1975). Estimating the
mechanical properties of a slope is an inherently complex task and involves numerous uncertainties,
and is therefore best used in conjunction with limit equilibrium or finite element methods.

5.3.	
  

Observational	
  slope	
  stability	
  information	
  

	
  

5.3.1.	
   Field	
  evidence	
  

During engineering geological field mapping of the study area, particular emphasis was placed on
identifying surface features that may indicate landsliding within mass movement zone 11A. Cracking
was identified in few locations and generally occurred in contour-parallel orientations within the nonengineered fill. These cracks showed no evidence for continuity that may be observed when the
cracks begin to give way to a single continuous crack along which lateral shearing occurs (Keaton and
DeGraff, 1996). Tensional cracks identified do not show evidence for vertical displacement, which is
a feature that occurs when the elevation of the ground surface decreases on one side of the crack as a
result of downward landsliding movement, i.e. the ‘zone of depletion’(Cruden and Varnes, 1996). The
cracks do not extend deep, with the maximum depth being ≤0.5m. Below the observed cracks, a

98

compressional zone or ‘zone of accumulation’ (Cruden and Varnes, 1996) was not observed. This
occurs when the displaced material is pushed downslope, and the elevation of the original ground
surface is subsequently increased.
Cracks identified in the report by URS (Yetton, 2014) were not identified during field investigations,
suggesting they had been filled. Yetton (2014) added crack apertures together to provide cumulative
total horizontal and vertical displacements of the slope. From this, horizontal movement within the fill
slope is said to be 1350 mm. These results are erroneous, as no material was pushed out on to The
Brae due to 1350 mm of “fill movement”. In addition, Yetton (2014) identified 1000 mm of
cumulative vertical displacement across all cracks within the fill slope. This, along with personal
inspection, show the cracks do not extend deep, making them unlikely to be attributed to slope
movement at depth.
Measuring the tilt of structures assumed to be vertical or horizontal can give insight into whether the
slope section moved. A total of eight retaining wall structures are located within GNS mass
movement zone 11A, and all but one have remained vertical (Figure 5.1). The only retaining wall to
tilt and fail was located below 2 Quarry Road, and as discussed in Chapter 1 (section 1.8), failure in
the concrete crib wall was due to earthquake shaking and a lack of lateral anchoring.

Figure 5.1: Retaining wall structures located within GNS mass movement zone 11A displaying vertical natures with no tilt
indicative of movement within the slope.

	
  

5.3.2.	
   Monitoring	
  data	
  

Inclinometers were installed in the thick fill slope area between 6 Quarry Road and 7 The Brae (cross
section B – B’, Figure 3.16). Both inclinometers were placed in the two URS drill holes drilled in
October 2013, and extend to 20 m depth in QR1 and 12 m depth in QR2, both of which penetrating
bedrock. These are used to monitor displacements at depth, assess whether movement is occurring
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over single or multiple slide surfaces, and to independently verify the results of surface monitoring.
Results (in Appendix K) show that no subsurface displacements outside of error were identified. This
essentially indicates slope stability.

	
  

5.3.3.	
   Geotechnical	
  data	
  

Logging of SCIRT boreholes located along lower Quarry Road was completed in chapter 3 (section
3.6) and identified no potential surface for deep-seated failure within the bedrock material. This
would have been identified as a shear zone within the bedrock, with clay infill. Additional URS
borehole logs located in GNS mass movement zone 11A do not show slope movement at depth as no
basal shear zone was identified.
Bell (1983) explains that soil moisture variation within loessial soils is a critical factor in landslide
initiation. At moisture contents of around 15 % the low plasticity soils display creep movements
which may transform to shallow landslides if intense of prolonged rainfall events occur. In-situ
moisture content results for Quarry Road (Chapter 3 – section 4.2.2) show moisture contents of ≤10%.
In the upper 500 mm of fill, moisture contents of up to 15% were determined and are likely due to
infiltration of surface waters. These moisture contents are all below the plastic limit of ∼16. A water
table was not encountered during subsurface investigations of this study to a depth of 3 m. During
previous investigations by URS (Yetton, 2014), piezometers were installed to a depth of 11m within
GNS mass movement zone 11A and did not identify a groundwater table.
As detailed by NZS 3604:2011, soil is considered ‘good ground’ when an ultimate bearing capacity of
not less than 300 kPa is achieved. Results from site investigations (Chapter 3 – section 3.7) show that
all soil tests are consistently above 300 kPa ultimate below 500 – 700 mm. Scala penetrometer values
for fill below 500 – 700 mm were between 3 and 20+ blows per 100mm, indicating ultimate bearing
capacities of 300 – ≥1000 kPa. In-situ airfall values generally reached in excess of 20 blows per 100
mm (≥1000 kPa ultimate) before the target depth of 3 m was met. This signifies the characteristic high
dry strength of airfall loess within the study area.

	
  

5.3.4.	
   Summary	
  	
  

GNS mass movement zone 11A has not displayed any movement due to landsliding since its
recognition, even after Christchurch has experienced four wet winters with snow fall and further
aftershocks. The field evidence, monitoring data, and geotechnical data all imply slope stability and
do not indicate any active slope movement. In addition, there is no field evidence to suggest mass
movement prior to quarry activity, or in the 100 or so years since quarry activity ceased. This
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observational information suggesting slope stability is supported by quantitative assessments carried
out in the following sections.

5.4.	
  

Limit	
  equilibrium	
  (Slide)	
  analysis	
  	
  
5.4.1.	
   Introduction	
  

Limit equilibrium analysis, using the Rocscience computational software Slide 5.0, was performed to
verify the apparent stability of the slope as shown by the observational information summarised in
section 5.3. Slide is a 2D limit equilibrium slope stability programme for evaluating circular or noncircular failure surfaces and their associated safety factor or probability of failure. Input parameters
were derived from previous investigations in this thesis study, and were output as factor of safety
values. Cornforth (2005) states that the initiation of landslide movement occurs at a FoS of 1.0, so
above this value the slope will be stable. These values have been compared to those obtained by the
GNS slope stability study and then subjected to a sensitivity analysis to better understand triggering
factors at the Quarry Road site.

5.4.2.	
   Model	
  inputs	
  	
  
Two cross sectional models constructed in Chapter 3 were input into Slide: one from 6 Quarry Road
to The Brae (B – B’), and the other from 4 Quarry Road to slightly 2 Quarry Road (C – C’). The
models input into Slide used all lithological units identified to ensure accuracy, with the input values
for each unit summarised in Table 5.1. The model inputs for fill, buried topsoil, and in-situ airfall
loess were based on values found in shear box testing using in-situ moisture contents, and average
density results (Chapter 4). The weathered and unweathered basalt values were determined from a
previous study by Mukhtar (2014), which characterised Port Hills lavas in terms of rock mechanics
parameters. A water table was not input into the model, as it was not identified in any field
investigations carried out for this study or those by earlier investigations.
Both translational and rotational failure surfaces were investigated using Slide analysis. Translational
slides occur when the soil mass displaces along a planar or undulating surface of rupture, sliding out
over the original ground surface (Cruden and Varnes, 1996). At Quarry Road, the likely translational
failure plane has been identified as the buried topsoil horizon which exhibits the highest moisture
content, lowest density, and lowest bearing capacity. By adding a polygonal potential surface along
the buried topsoil horizon, the model was forced to calculate translational failure along this surface.
Potential rotational failures were analysed in the models, which move along rupture surfaces that are
curved and concave (Cruden and Varnes, 1996). Rotational failures were identified using Slide, with
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the programme computing the most likely slide surface by performing a critical surface search to
identify the slip surface with the lowest factor of safety.
Table 5.1: Input parameters for limit equilibrium slope stability testing using Slide.

Unit weight (kN/m3)

Strength type

Cohesion (kPa)

Friction angle (°)

Fill

16.9

Mohr-Coulomb

20

42

Buried topsoil

14.1

Mohr-Coulomb

18

48

In-situ airfall loess

17.1

Mohr-Coulomb

24

50

Weathered basalt

23.1

Mohr-Coulomb

2000

40

Unweathered basalt

27.6

Mohr-Coulomb

3000

45

Unit

5.4.3.	
   Model	
  outputs	
  
Bishop simplified and Janbu simplified were the selected methods of limit equilibrium analysis used
to calculate the Factor of Safety (FoS) for rotational and translational slide surfaces, respectively.
Both are presented because these limit equilibrium methods can be used interchangeably for rotational
or translational failures, but Boutrup and Lovell (1980) state the Janbu method is more applicable to
non-circular slip surfaces.
Potential rotational failure was computed by the programme by performing a circular surface grid
search, which attempts to locate the critical slip surface (i.e. the slip surface with the lowest safety
factor). The output models for B – B’ and C – C’ show that the slip surface with the lowest FoS is
within the fill (e.g. Figure 5.2). Potential translational failure (non-circular surface) was forced along
the weaker buried topsoil layer (e.g. Figure 5.3) Table 5.2 summarises the minimum FoS slip surface
calculated by the models.
Table 5.2: Calculated minimum factor of safety values for sections B – B’ and C – C’ using Slide v.5.0.

Section

B – B’
C – C’

Failure mode

Potential failure surface

Limit equilibrium method (FoS)

identified

Bishop

Janbu

Rotational

Within fill

2.6

2.4

Translational

Along buried topsoil

2.9

2.7

Rotational

Within fill

4.1

4.0

Translational

Along buried topsoil

4.4

4.2
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2.577

Figure 5.2: Potential rotational failure surface with output factor of safety for section B – B’. Factor of safety value
determined for this model was 2.6 (1 d.p.).

4.187

Figure 5.3: Potential translational failure surface with output factor of safety for section C – C’ using Slide. Factor of
safety value determined for this model was 4.2 (1 d.p.).
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According to the stability analysis results in Table 5.2, the slopes can be considered very stable under
static stress conditions with minimum FoS values of >2.0 (section B – B’) and ≥4.0 (section C – C’).
This is consistent with field observations (section 5.3), the low in-situ moisture contents, and the high
bearing capacities determined for soil units tested. The FoS for translational surface is marginally
higher in both sections compared to the rotational surface, which may be attributed to the greater
depths of the failure surface. In both cases, the Janbu method has derived slightly lower values for
FoS as the ‘global minimum’ surface is not the same surface between analysis methods. All output
models are provided in Appendix L for reference.

5.4.4.	
   Comparison	
  with	
  GNS	
  modelling	
  
To ensure direct comparisons were being made between GNS modelling and this study, the input
parameters used by GNS were input into Slide 5.0. Potential rotational failures were modelled by
GNS in the section equivalent to B – B’, thus comparisons can only be made on that slope section.
Output FoS values for rotational failure are identical between studies using GNS input parameters,
which confirms results from this study can be compared. Translational failures were not analysed by
GNS.
Input values used by GNS were assigned based on previous published results for Port Hills in-situ
loess by Goldwater (1990). As discussed in Chapter 4, Goldwater (1990) reported much lower values
for shear strength of in-situ airfall loess than those found in this study. This was due to the extremely
high water contents (18 – 25%), with values being at or above the calculated plastic limit, thus
resulting in lower shear strengths when using the direct shear box. GNS estimated values for fill and
buried topsoil using literature by Goldwater (1990) on strength testing of in-situ loess, along with
material descriptions. By using the correct input parameters, as determined by laboratory testing, the
factor of safety was increased by over 1.0 (Table 5.3).
Table 5.3: Comparative factor of safety values between GNS modelling and modelling from this study.

Simulated failure

Strength type

mechanism

FoS

FoS

(GNS)

(this study)

Through fill

Mohr-Coulomb

0.7 – 1.5

2.4 – 2.6

Through buried topsoil

Mohr-Coulomb

0.9 – 1.5

2.7 – 2.9
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5.4.5.	
   Sensitivity	
  analysis	
  	
  
A sensitivity analysis was conducted on the cross sectional model B – B’ to test the stability of the
slope in response to a reduction in shear strength (i.e. an increase in moisture content). To assess the
sensitivity of translational failure along the buried topsoil, results from direct shear testing on the
buried topsoil using an increased moisture content of 16% were input. At this moisture content, the
sample acted plastically, and gave reduced shear strengths with a cohesion of 10 kPa and a friction
angle of 21°. This scenario may occur if water was to infiltrate through the overlying fill and increase
the moisture content within the buried topsoil, thus it was expected that the factor of safety would be
reduced. To test the potential rotational failure of the slope within the fill unit, the cohesion was
reduced to 0 kPa which simulates soil saturation. The results are summarised in Table 5.4.
Table 5.4: Sensitivity analysis results from section B – B’

Failure mode

Translational

Potential failure surface

Limit equilibrium method (FoS)

identified

Bishop

Janbu

Buried topsoil (c = 10 kPa

1.4

1.4

0.8

0.8

and φ = 21°)
Rotational

Fill (c = 0 kPa)

The FoS for potential translational failure was reduced from 2.7 (Janbu method) to 1.4, thus still
acting in a stable state using reduced shear strength input parameters. Potential rotational failure
occurred within the fill and the factor of safety was reduced to 0.8. As the output minimum FoS was

0.789

Figure 5.4: Rotational failure within section B – B’ during sensitivity analysis with a reduced cohesion to 0 kPa.
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below 1.0, this indicates potential instability within the fill material when the cohesion is reduced to 0
kPa. However, as Figure 5.4 shows, this instability is not a deep-seated failure and is only located in
the top 0.5 m of fill. This result shows that the control of surface water infiltration is important in
future management of the slope area B – B’.

5.5.	
  

Pseudostatic	
  analysis	
  	
  
5.5.1.	
   Introduction	
  

Strong ground shaking during earthquakes has triggered landslides in many different topographic and
geologic settings (Wieczorek, 1997). The simplest approach for evaluating slope performance during
seismic events is the pseudostatic method. The procedure takes a conventional limit equilibrium
(factor of safety) analysis and adds an earthquake acceleration as a static body force to the mass of the
potential landslide. Different earthquake accelerations are applied until the factor of safety is reduced
to 1.0. The acceleration needed to reduce the factor of safety to 1.0 is called the yield acceleration, the
exceedance of which is defined as failure (Jibson, 1993). Pseudostatic analyses are quick and simple
to perform, requiring no more information than in a standard limit equilibrium analysis. Slide was
used for pseudostatic analysis in this study by adding a seismic load coefficient to the model.
Wieczorek (1997) explains that soil slides involving thin or shallow soils have been the most
abundant types of landslides triggered by historical earthquakes. On this basis, it was decided to test
the slope for rotational failures only, as deep translational failures along the buried topsoil horizon
have high factors of safety, even with reduced shear strength inputs. Only the Bishop limit
equilibrium method has been assessed, as it is more applicable to rotational failures.

5.5.2.	
   Model	
  inputs	
  	
  
Modelling of the future seismic performance of the slope is based on past earthquake events, and
future predictions. Peak ground accelerations (PGAs) for Quarry Road were obtained from PGA
contour maps made available through the CGD. Contour maps were developed for the five largest
earthquakes that occurred in the 2010 – 2011 CES, with the two largest magnitude earthquakes being
remodelled. Alpine Fault and Hope Fault earthquake events are also modelled using predicted PGAs
sourced from Holden (2014), both faults being located more than 100 km from Christchurch City.
Input parameters are summarised in Table 5.5.
It is important to note that when inputting values, Slide required a value for both horizontal and
vertical seismic loads. The horizontal load acts upon the slope only in the direction of potential
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failure. The same PGA values have been used in both horizontal and vertical, making the model a
probable worst-case scenario for each earthquake event.
Table 5.5: Psuedostatic analysis input parameters.

Earthquake magnitude

Earthquake magnitude

PGA, g

(Mw)

(CGD, 2015; Holden,
2014)

CES
Future

Darfield Earthquake

7.1

0.25

Christchurch Earthquake

6.2

0.67

Alpine Fault

8.2

0.08

Hope Fault

7.1

0.08

5.5.3.	
   Model	
  outputs	
  
The results for pseudostatic analysis are presented as Slide models showing the potential failure plane
with the lowest factor of safety (e.g. Figure 5.5; all plots produced in Appendix L). The FoS for each
scenario, using the Bishop limit equilibrium method, is summarised in Table 5.6.

1.662

Figure 5.5: Rotational failure within section B – B’ for seismic event with a PGA of 0.25g horizontal and vertical

Results for section B – B’ show that under the modelled scenarios, the slope is expected to remain
stable. The factor of safety reduced as the seismic load applied increased, as shown by the modelled
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Alpine or Hope Fault scenario (PGA = 0.08g) where a minimum FoS of 2.2 was calculated, the
Darfield Earthquake (PGA = 0.25g) with a calculated minimum FoS of 1.7, and the Christchurch
Earthquake scenario (PGA = 0.67) with a FoS of 1.2. Section C – C’ also showed stability in the
modelled scenarios with factor of safety values between 1.6 (Christchurch Earthquake) and 3.3
(Alpine or Hope Fault).
Table 5.6: Pseudostatic analysis results for sections B – B’ and C – C’.

Type of failure

Potential failure

Modelled

Seismic load

FoS (Bishop limit

surface

surface identified

scenario

applied

equilibrium method)

(PGA, g)

B – B’

C – C’

0.25

1.7

2.3

0.67

1.2

1.6

Rotational

Fill

Darfield
Earthquake

Rotational

Fill

Christchurch
Earthquake

Rotational

Fill

Alpine Fault

0.08

2.2

3.3

Rotational

Fill

Hope Fault

0.08

2.2

3.3

In addition, a sensitivity analysis to horizontal and vertical seismic loads was completed to analyse
their effect on the FoS. Findings showed that the slope was significantly more sensitive to
increases/decreases in the horizontal load. For example, in the Christchurch Earthquake scenario,
lowering the horizontal PGA input from 0.67g to 0.35g, and keeping 0.67g vertical, the associated
factor of safety was 1.6 as opposed to 1.2 using equal horizontal and vertical loads.

5.5.4.	
   Yield	
  acceleration	
  event	
  
To test for the yield acceleration of the slopes, the seismic load coefficient was adjusted until the
factor of safety was reduced to 1.0. Although unlikely in reality, equal values were input for
horizontal and vertical loads therefore modelling the probable worst-case scenario. The yield
acceleration PGAs in slope sections B – B’ and C – C’ are 0.8g and 1.6g, respectively, indicating that
section C – C’ can withstand greater PGA earthquake events.

5.5.5.	
   Limitations	
  
Applying an earthquake load as a static body force is conservative as it assumes the earthquake force
is constant, and not cyclic or transient. The force applied horizontally, acts only in a direction
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promoting slope instability (i.e. positive in the direction of failure). The pseudostatic method is unable
to predict the consequences of failure, following exceedance of the yield acceleration, and also
assumes that slip occurs simultaneously over the entire surface of rupture which does not model how
slides actually develop (Cruden and Varnes, 1996; Muller and Martel, 2000). Aside from these
limitations, the pseudostatic approach provides a sufficient quantitative stability prediction for this
study.

5.6.	
  

Stability	
  assessment	
  and	
  management	
  strategy	
  

When interpreting the FoS, it is important to recognise the difference between a ‘conventional slope
stability study’ and the ‘stability analysis of a landslide’. A conventional slope stability study is
frequently used for civil engineering projects, and it is customary to require a calculated static FoS of
at least 1.5 (Cornforth, 2005). Using a FoS of 1.5 for predicting the stability of a potential landslide is
inappropriate. The initiation of landslide movement is assumed to occur at a FoS of 1.0, so above this
value the slope will be stable, and below it landsliding will occur (Cornforth, 2005).
Slope section B – B’ was found to have a FoS in excess of 2.0, thus indicating it is very stable during
static conditions. During dynamic analysis, using previous and predicted PGA events, the FoS
remained above 1.0. It was only when the cohesion of the fill was reduced to 0 kPa, that the FoS
dropped below 1.0, but as discussed the failure was only very shallow (within 0.5 m of the surface).
Slope section C – C’ is extremely stable, with static FoS values above 4.0. The slope is also modelled
to be very stable during seismic events, with a yield acceleration PGA of 1.6 (vertical and horizontal).
All analyses were conducted using strength parameters found during laboratory testing of the soils
within the study area, and were therefore considered the most realistic inputs for Slide. These results
along with laboratory investigations therefore indicate that the observed surface cracking was likely
due to earthquake shaking within the essentially dry and brittle fill material, and not due to deepseated landsliding.
To further increase the stability of the slope, management strategies can be put in place which require
no major earthworks of the site. As stability assessment has shown, the fill at the site is deemed stable
and the buried topsoil does not act as a shear surface, therefore there is no requirement to strip the
overlying fill. The main concern for the site is not a deep seated failure, but surface and shallow
subsurface erosion. As shown by laboratory testing, and the reduced factor of safety with a loss of
cohesion, controlling water in the study area is extremely important. The following proposed
strategies are both time and cost effective, and are believed sufficient for the Quarry Road site in its
current state without housing. A full remediation strategy is not given, as it is out of the scope of this
study.
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The first requirement is to smooth the surface where housing has been demolished, leaving any
existing trees or vegetation intact as they prevent surface water infiltration, and their root systems help
to stabilise the soil. Holtz and Schuster (1996) explain that surface water flowing across the slope can
increase the tendency for localised failures within the upper soils. Surface drainage measures,
specifically lateral contour drains should be built within the fill material as a way to intercept and
redirect surface water flow from the slope. These drains require minimal engineering design and offer
positive protection to slopes, thus they are usually among the first approaches considered in
preventing potential erosion or stability problems (Holtz and Schuster, 1996). Maintenance of contour
drains will be required to prevent build up of material.
Infilling of remaining cracks should be completed as these provide passageways for infiltration of
water and subsequently potential subsurface erosion of the loessial soils. In June 2011, Christchurch
City Council and the New Zealand Government produced guidelines for infilling cracks on the Port
Hills. It is advised to use a 1:6 mixture of bentonite clay and SAP-20 gravel to infill existing cracking
at Quarry Road. Bentonite clay is formed by the alteration of volcanic ash, has a low permeability,
and swells with water contact, thus filling fissures (Bell, 2007). SAP-20 gravel is a well-graded,
locally sourced, greywacke gravel with all grains being less than 20 mm diameter.
After the slope surface has been smoothed, contour drains installed, and cracks infilled, the next step
suggested is bioremediation. Bioremediation involves using plants to prevent surface erosion and
remediate very shallow landslides (<0.5m deep). According to Wu (1994), vegetation contributes to
stability of slopes through a) root reinforcement, and b) rainfall interception and evapotranspiration
which reduces pore water pressures. The drawback of bioremediation projects is the time needed for
plants to grow and effectively cover the ground. During this growth period, the use of a mesh made of
geosynthetic or natural fiber to hold the soil in place could be utilised.
If a future decision was made to build one or more dwellings on the existing sections (2, 4, 6 Quarry
Road and 7 The Brae), additional site specific investigations would be required. The depth to original
ground (in-situ airfall loess) at 2 and 4 Quarry Road is within 2 m of the ground surface, thus piling
into the stable airfall loess is considered feasible subject to retention of the slopes surrounding these
sections. At 6 Quarry Road and 7 The Brae, the depth of fill is ∼10 m and the future placement of
dwellings questionable. Thorough investigation and careful design of foundations would be required,
with deep piling possible into the underlying airfall loess to ensure stability of the slope and
infrastructure. The management techniques described earlier should be used along with any design, as
the necessity for surface water control is important.
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5.7.	
  
•

Synthesis	
  	
  
Observational information including inclinometers, borehole logs, field moisture content,
Scala penetrometer results, and slope observations. The various data sources give no evidence
for shallow or deep mass movement within the slope.

•

To verify the slope stability identified by observational methods, limit equilibrium
computational analysis was considered appropriate to model the slope, using input parameters
obtained during laboratory testing.

•

Results from static limit equilibrium testing gave factor of safety values well in excess of 1.0
(2.4 – 4.2) across the two slope sections investigated, indicating the study area is stable
against both rotational and translational failures.

•

A sensitivity analysis for translational failure using reduced shear strength input parameters (c
= 10 kPa and φ = 18°) showed stability with a minimum FoS of 1.4. When the fill cohesion
was to 0 kPa, a minimum factor of safety of 0.8 was calculated. This however, was not
modelled to be a deep-seated failure of major concern, but a shallow failure within the upper
0.5 m of fill material.

•

A pseudostatic analysis was carried out to analyse the slopes response to earthquake shaking
events. Based on previous PGA values from two major events (Christchurch and Darfield
earthquakes) and modelling by Holden (2014) for Alpine fault and Hope fault earthquakes, it
is unlikely that slope movement would occur in the future. Yield acceleration PGAs are 0.8g
and 1.6g for slope sections B – B’ and C – C’, respectively.

•

To increase stability, reduce potential erosion, and prevent ingress of water, it is suggested
that a combination of land smoothing, contour drain installation, and bioremediation be
implemented as a management strategy. Extensive earthworks, including removal of the fill,
are deemed unnecessary.

•

Placement of housing in the future will be subject to thorough site specific investigations, and
careful foundation design. It is deemed feasible to construct housing at 2 and 4 Quarry Road,
due to the shallow depth to original ground (>2m). At 6 Quarry Road and 7 The Brae, the
depth to original ground is ∼10m, which makes future dwelling construction questionable.
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CHAPTER	
  6	
  –	
  Summary	
  and	
  Conclusions	
  

6.1.	
  

Thesis	
  scope	
  and	
  methodology	
  

Following the Christchurch Earthquake on 22 February 2011, extensional cracking was observed on
the slopes at Quarry Road. Cracks were contour parallel, primarily within the loess-derived quarry
fill found on site. GNS categorised a large portion of the area as a potential mass movement (zone
11A). The hypothesis of this thesis was that the ground cracking observed at Quarry Road was due to
local shallow deformation in response to earthquake shaking, as opposed to large scale mass
movement. To investigate the hypothesis, the following objectives were made:
1) Identify and document the extent of loess derived quarry fill through the use of relevant
literature, aerial photographs, site walkover observations, outcrop logging, and subsurface
geotechnical investigations (section 6.2).
2) Develop engineering geological models of the site indicating the profile and interface
between the different facies (section 6.3).
3) Characterise the loessial soils on site through laboratory analysis to ascertain their
geotechnical properties (section 6.4).
4) Conduct slope stability analyses of the site using input parameters determined during
laboratory testing of the various facies (section 6.5).
To meet these objectives, the research methods conducted were observational fieldwork and mapping,
and the development of engineering geological models using surface and subsurface data. Subsurface
data was obtained through use of the Canterbury Geotechnical Database, and additional test pits, hand
augers, Scala penetrometer tests, and logging of drill cores obtained from SCIRT. In addition, bulk
and in-situ sample collection of representative soil and fill materials were obtained for laboratory
testing, detailed engineering geological analysis, and slope stability assessment.

6.2.	
  

Fill	
  identification	
  and	
  extent	
  	
  

To complete objective one of this thesis, initial work was completed as a ‘desktop study’ of all
literature regarding quarrying at Quarry Road. Considerable historical information was available in
books by De Thier (1976) and Ogilvie (1978). The abandoned St. Andrews Quarry, now named Kings
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Park, operated between 1893 and 1913, and was situated adjacent to the study area. Approximately 3
– 6 m of loess cover was removed from the quarry area to enable quarrying of the underlying volcanic
bedrock. De Thier (1976) describes that the masses of clay were carted by horse and dray and just
dumped on the road frontage and over the hillside. No engineered compaction was carried out, except
for self-weight settlement over the past 100 or so years.
Careful examination of aerial photography dating back to the 1920s also gave some insight to the
extent of fill. Housing was not constructed on the filled area until between 1926 and 1941, possibly
due to its unsuitability as a result of overburden dumping. The land appeared uneven, with exposed
loess much more evident than in surrounding areas.
The Canterbury Geotechnical Database (CGD) also provided valuable information about the extent of
fill through borehole and hand auger records. This was particularly useful in areas where access onto
properties was not granted.
Completion of desktop study identified areas where more information was necessary. Surface and
subsurface investigations, including outcrop logging, borehole logging, hand augers, test pits, and
geophysics, were conducted to create a mapped extent of the fill. When identifying the fill material, it
was clearly recognisable by the presence of organic-rich topsoil clods. Topsoil clods are irregular in
both size (∼10 – 200 mm) and shape and originate from the topsoil layer of the abandoned quarry
adjacent to the site. By combining all information, the fill was shown to extend to the north and
northwest of the abandoned quarry site, and no further than 100 m from the original source.

6.3.	
  

Quarry	
  Road	
  ground	
  model	
  

To complete objective two of this thesis, a desktop study was made of available information (e.g.
CGD; Sewell, 1985; Brown and Weeber, 1994; Hampton 2010), as well as surface and subsurface
investigation. In addition to existing investigations, a total of nine hand augers, 16 scala penetrometer
tests, one test pit, and one resistivity survey line, were completed. Hand augers were bored to a
maximum depth of 3 m or until refusal, with no holes reaching bedrock. Scala penetrometers were
usually located adjacent to hand augers, test pits, or boreholes for correlation and extended to a
maximum depth of 3 m, or terminated where blows per 100 mm exceeded 20. Test pitting to a depth
of 3 m was located at 4 Quarry Road, where it was known that all three soil units would be met.
Bedrock was not encountered. The resistivity survey line length was 48 m, which provided a
penetration depth of approximately 10 m in the centre. It was carried out on the flat zone between 4
and 6 Quarry Road to identify the profile between the various units (fill, buried topsoil, airfall loess,
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and bedrock). Bedrock was not identified within the resistivity survey, but the profile between fill and
in-situ loess was easily discernable.
Bedrock was found to consist primarily of basalt from the late Miocene Mount Pleasant Formation of
the Lyttleton Volcanic Group erupted between 10.4 and 9.7 Ma. It was identified in outcrop, drill
cores, and geophysical surveys, at depths between 4 and 12 m below the surface. Prior to loess
deposition, the surface profile of the bedrock was eroded to form of a series of gullies and spurs. An
irregular, weathered zone of variable thickness (0.5 – 3 m thick) was found at the top of the otherwise
unweathered basalt.
The irregular bedrock surface was then capped with airfall loess of the Birdlings Flat facies,
originating from glacial grinding during Quaternary glaciations, The in-situ loess at Quarry Road
showed a low water content (described as being ‘moist to dry’), high bearing capacities (≥500 kPa
ultimate), stood vertically, and varied in thickness from 2 – 8 m. Subsurface investigations identified a
historic gully feature within the airfall loess below 6 Quarry Road. Since deposition the formation of a
topsoil occurred. The (buried) topsoil horizon is irregular, and located above the in-situ airfall loess. It
is 200 – 300 mm thick and found in most subsurface investigations. Scala penetrometer tests showed
a reduction in bearing capacity, but it is still classified as “good ground” (above 300 kPa ultimate).
The topsoil became a buried topsoil when non-engineered quarry overburden (or fill) was tipped over
the area.
Surface soil in the study area is quarry-derived fill as described in section 6.2. It is extremely variable
in thickness from 1 m at 2 Quarry Road to up to 10 m below 6 Quarry Road and 7 The Brae, where it
is thought to have been tipped to infill a historic gully feature in the airfall loess. Bearing capacities
are variable, but exceed consistently 300 kPa consistently below 0.5 m.
The presence of a groundwater table was not identified during any subsurface field investigations of
this study, which penetrated to a maximum depth of 3 m. In previous subsurface investigations by
URS (Yetton, 2014), piezometers were installed to a maximum depth of 11 m and remained dry.

6.4.	
  

Geotechnical	
  testing	
  summary	
  

Completion of objective three involved characterising the loessial soils in the study area using
laboratory tests that include in-situ moisture content and density, particle size distribution analysis,
Atterberg limits, erosion classification, and direct shear box strength testing. Testing was conducted in
accordance with NZS 4402: 1986, where applicable. Samples were obtained through hand auger hole
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recovery and test pitting of the site and were either disturbed bulk samples from specific depths, or insitu push tube and ring samples taken during test pitting.
Water contents vary horizontally, vertically, and between the three facies. The fill was highly
variable, with moisture contents ranging from 4 – 15 %, but with a low average of 9 %. The buried
topsoil horizon had moisture contents of 8 – 13 %, and an average of 11 %. In-situ airfall loess had
the lowest moisture contents, with a range of 7 – 10 % and an average of 8 %. Values generally
decrease with depth, except within the uppermost fill, where the surface 0.5 m has the highest
moisture contents of around 15 %.
Dry densities generally increased with depth, and average values are highest in the airfall loess (1.62
t/m3), followed by the loess-derived fill (1.57 t/m3), and lowest in the buried topsoil horizon (1.33
t/m3). The dry density of the buried topsoil was the lowest due to the lower clay content (as found in
particle size distribution analysis), and the presence of less dense organic material.
Particle size distribution analyses were conducted on 14 samples across two locations using two
methods: 1) laser sizer and 2) sieve and pipette. Results from laser sizer analysis were found to be
erroneous, with an under-estimation of clay content and over-estimation of sand sized particles. The
sieve and pipette method, following NZS 4402, was used for preference. Results varied depending on
the sampling location, and are summarised as follows:
•

Fill: clay 14 – 16 %, silt 70 – 75 %, sand 11 – 16 %

•

Buried topsoil: clay 11 – 12 %, silt 76 – 78 %, sand 11 – 13 %

•

In-situ loess: clay 17 – 20 %, silt 62 – 70 %, sand 12 – 20 %

According to the NZGS classification, the loess-derived fill and in-situ airfall loess are termed SILT
with some clay and sand, and the buried topsoil SILT with minor clay and sand.
Erosion classification was initially planned to be determined by combining results from the pinhole
test and the Emerson crumb test. In-situ tube samples were deemed unsatisfactory for use during
pinhole testing, due to the brittle nature of the soil causing disturbance during extraction. Only the
Emerson crumb test was performed, and results showed fill to be non- to completely dispersive
depending on the sample, whereas buried topsoil was always non-dispersive, and loess always
completely dispersive.
The direct shear box was used on the three soil units at Quarry Road to ascertain the shear strength on
the in-situ and remoulded samples. In-situ samples were only retrieved for the buried topsoil horizon,
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due to a lack of ring sampler availability, and it being the most likely translational failure plane.
Samples of in-situ loess and fill were recompacted using original densities and moisture contents for
testing. Cohesion (c) values for fill, buried topsoil, and in-situ loess were 20 kPa, 18 kPa, and 24 kPa
respectively. The corresponding friction angles (ϕ) were 42°, 48°, and 50°. To analyse the effects of
increased water content within the buried topsoil, the moisture content was increased to 16 % at the
plastic limit. The sample behaved plastically, and results for cohesion and friction were 10 kPa and
21° respectively.

6.5.	
  

Slope	
  stability	
  analysis	
  and	
  modelling	
  

Objective four was completed by combining observational features indicating stability with
computational stability analysis.
Observational analysis that showed stability is as follows:
•

Inclinometer results: two inclinometers were installed in the slope section between 6 Quarry
Road and 7 The Brae and extend into bedrock. Results showed no subsurface displacements
outside of error, and a very minor amount of tilt affecting the top 3 m in one location.

•

Borehole logs: cores show no basal shear zone that would indicate movement at depth.

•

Moisture content: at moisture contents of around 15 %, loessial soils display creep movement
which may transform to shallow landslides with intense or prolonged rainfall (Bell, 1983). Insitu water contents at Quarry Road are below 15 %, with most being below 10 %. There is no
water table present within the slope profile.

•

Scala penetrometer results: the soil in he study area is considered ‘good ground’ in terms of
NZS 3604:2011 where a bearing capacity of not less than 300 kPa is required. Rarely, the
bearing capacity drops below 300 kPa, but only in the upper 500mm of fill.

•

Ground cracking: cumulative horizontal and vertical displacements were found in the study
by Yetton (2014) by adding together crack apertures and depths. Horizontal displacement was
said to be 1350 mm, but this is not shown by material that would have been pushed out onto
the road with this amount of movement.

•

Landslide features: cracks identified during this study occurred contour-parallel within the fill
and were ≤100 mm in aperture, shallow (≤500 mm), and ≤5m in length. Cracks showed no
evidence for continuity or vertical displacement normally expected at the head of a landslide
(scarp). A compression zone, usually found at the toe of a landslide was not observed.
Structures, including seven of eight retaining walls, have remained vertical.
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To verify slope stability as indicated by observational information, limit equilibrium computational
analysis was considered appropriate to model the slope, using input parameters obtained from
laboratory testing. The Rocscience computational software Slide 5.0 was used, which evaluates 2D
circular or non-circular failure surfaces and outputs their associated factor of safety (FoS). It was
noted that the soil profile at the site is complex, and could not all be accounted for by a simplified
computational model. Models were analysed under static conditions, subjected to a sensitivity
analysis, and modelled under dynamic (earthquake shaking) stress conditions and the summarised
results are as follows:

•

Static limit equilibrium testing: Slope sections B –B’ and C – C’ were modelled for potential
rotational failure, which produced FoS values of 2.4 – 2.6 and 4.0 – 4.1 within the fill,
respectively. Potential translational failure (forced along the buried topsoil) gave FoS values
of 2.7 – 2.9 (section B – B’) and 4.2 – 4.4 (section C – C’). Values indicated the study area is
very stable against both rotational and translational failures.

•

Sensitivity analysis: was performed by varying the shear strength input parameters (cohesion,
and friction angle). FoS values showed stability along the translational plane within the buried
topsoil, with values above 1.0. Rotational instability was shown when the cohesion of the fill
was reduced to 0 kPa, giving a FoS of 0.8. The failure was within the top 0.5 m of fill, and not
a deep seated failure of major concern.

•

Pseudostatic (dynamic) analysis: was carried out to analyse the slopes response to earthquake
shaking events. The pseudostatic method adds an earthquake acceleration as a static body
force. Rotational failures were modelled based on previous PGA values from two major
events (Christchurch and Darfield earthquakes) and modelling by Holden (2014) for Alpine
fault and Hope fault earthquakes. All output FoS values were above 1.0 yield acceleration
PGAs (horizontal and vertical) were found to be 0.8g and 1.6g for slope sections B – B’ and
C – C’, respectively.

•

The slope stability analysis results indicated that the observed surface cracking was not due to
deep-seated landsliding, but likely as a result of shallow ground deformation within the fill in
response to earthquake shaking.

6.6.	
  

Site	
  remediation	
  

The investigations of this thesis have lead the author to conclude the study area is stable, with deep
seated mass movement failure not evident. Results do show a sensitivity to high moisture contents,
potentially allowing very shallow failure (<0.5 m) or erosion within the fill material. It is concluded
that no major earthworks are needed, and stripping of the fill material is unnecessary. On the
assumption that residential housing will not be replaced, it is recommended that the land be smoothed
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with the installation of lateral contour drains to intercept and redirect surface water flow. Infiltration
of water into the loessial soils on site has a potential to cause subsurface erosion, and as such it is
important that existing fissures are infilled, for example using bentonite and SAP-20 gravel mixtures.
Bioremediation is recommended, which is known to help prevent surface erosion and very shallow
landslides. During the growth period, a mesh made of either geosynthetic or natural fibres should be
installed to prevent erosion and promote plant growth.
Were future residential development to be decided on one or more of the existing sites (2, 4, 6 Quarry
Road and 7 The Brae), additional site specific investigations would be required. Piling to original
ground (airfall loess) is considered feasible subject to retention of the slopes surrounding the sections.
The management techniques to prevent surface water infiltration should be used along with any
design, including contour drains and bioremediation.

6.7.	
  

Future	
  research	
  

1) In-situ sampling for shear strength testing was limited to the buried topsoil in this study due to
a shortage of ring samplers. To provide further in-situ shear strength information, in-situ
sampling should be taken from all soil units so that comparisons can be made whilst
maintaining the natural bonds within the loessial soils. Testing over a range of moisture
contents should be conducted to determine a trend between increasing water content and
shear strength. These results can then be used in slope stability analyses to see how it is
affected.
2) Further investigations into the erodibility of the material would be valuable to understand the
sites potential for subsurface erosion, particularly tunnel gullying. Pinhole erosion testing
should be performed on all soil types in the study area, thus complementing the completed
Emerson crumb testing, and allowing a comprehensive categorisation of the erodibility and
dispersivity of the loessial soils. The version of the test originally introduced by Sherard et al
(1976), and modified by Evans (1978) for specific use on Banks Peninsula loessial soils
should be used.
3) The hydraulic conductivity of the various soil lithologies should be investigated further to
quantify the infiltration rate and permeability (the ability of a soil to transmit water) of all
three soil units. Although moisture contents were found to be very low during laboratory
analysis, this would aid in ruling out increased water contents as being a potential form of
slope failure initiation in this particular study area.
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F.1.1.	
   Introduction	
  
Determination of the particle size distribution for Quarry Road sample locations was conducted using
to methods: through use of the laser sizer, and also the sieve and pipette method.

F.1.2.	
   Laser	
  sizer	
  method	
  	
  
The laser sizer testing was conducted first due to its high speed of analysis and result production,
however results did not appear to particle size distributions from previous studies and the general
description of Banks Peninsula loess. Sand fractions were too high, and clays too low.
The following is the method used for the Micromeritics Saturn Digisizer II 5205 at the University of
Canterbury:
1. Stir a small sample in a beaker of Calgon (Sodium hexametaphosphate) 50g/L on magnetic
stirrer so all particles are in suspension.
2. Extract a representatie sample via disposable pipette
3. Deposit sample in liquid sampling handler until desired obscuration achieved (16 %)
4. Diffraction-only Fraunhofer theory was used as refractive index of the sample was not
determined.

F.1.3.	
   Sieve	
  and	
  pipette	
  method	
  	
  
Particle size distribution of Quarry Road samples was conducted using the method outlined by Lewis
and McConchie (1994) in accordance with NZS 4402:1986. This method determines the distribution
of mud-sized particles (i.e. clay and silt), with the remaining percentage being sands. In essence,
subsamples of a specific volume are extracted from a suspension of mud at specific times and depths.
The weight of each subsample (dry) represents the proportion of the total mud fraction in suspension
above that specified depth at that specified time. For the full step-by-step method used, the reader is
referred to Lewis and McConchie (1994) “Analytical Sedimentology” pages 103 – 109.

F.1.4.	
   Results	
  
Results comparing the two particle size analysis methods are shown in Table F.1.1. The results
obtained through the sieve and pipette method are deemed accurate, and were used for further analysis
and comparison in this thesis.
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Table F.1.1. Particle size distributions for fill, buried topsoil, and in-situ airfall loess based on sieve and pipette and laser sizer methods.

Particle size distribution
Sample

Fraction

Clay

Silt

Sand

Identification

Depth

Description

Pipette

Laser sizer

Pipette

Laser sizer

Pipette

Laser sizer

HA01_S2

350mm

Fill

14.0

8.2

74.7

62.4

11.3

29.4

HA01_S4

875mm

Fill

13.7

8.6

74.0

71.4

12.3

20.0

HA01_S6

1350mm

Fill

13.7

7.1

71.6

71.6

14.7

21.3

HA01_S8/9

1800mm

Buried topsoil

10.6

5.2

78.0

81.2

11.4

13.6

HA01_S11

2000mm

In-situ loess

17.4

7.2

63.4

65.3

19.2

27.5

HA01_S13

2275mm

In-situ loess

19.8

8.6

63.0

63.5

17.2

27.9

HA01_S15

2575mm

In-situ loess

17.8

8.0

62.2

53.8

20.0

38.2

TP04_S1

450mm

Fill

14.8

4.5

69.6

31.2

15.6

64.3

TP04_S2

850mm

Fill

15.5

5.0

73.6

39.4

10.9

55.6

TP04_S3

1250mm

Fill

16.0

4.6

73.0

34.2

11.0

61.2

TP04_S4

1350mm

Buried topsoil

11.8

4.6

75.5

46.8

12.7

48.6

TP04_S5

1650mm

In-situ loess

17.8

4.7

69.0

35.5

13.2

59.8

TP04_S6

1980mm

In-situ loess

18.1

4.7

69.3

35.2

12.6

60.1

TP04_S7

2200mm

In-situ loess

18.3

4.8

69.6

34.0

12.1

61.2
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G.1.1.	
   Method	
  
Determination of the liquid limit (LL), plastic limit (PL), and plasticity index (PI) were conducted in
accordance with NZS 4402:1986, tests 2.2, 2.3, and 2.4.

G.1.2.	
   Results	
  
The following tables (Table G.1.1 and G.1.2) represent the full dataset of results produced by
Atterberg limit testing. A summary and interpretation of the results was included in Chapter 3, section
4.2.4.
Table G.1.1: Complete Atterberg limit results for 2 Quarry Road samples of fill, buried topsoil, and airfall loess.

2 Quarry Road – HA01
Sample

Depth

Description

HA03_S2

350mm

Fill

HA03_S4

875mm

HA03_S6

Water

PL

LL

PI

Wt% clay

4.36

17

24

7

14.0

Fill

5.99

18

24

6

13.7

1350mm

Fill

8.57

17

25

8

13.7

HA03_S8/9

1800mm

Buried topsoil

13.272

15

25

10

10.6

HA03_S11

2000mm

In-situ loess

11.845

17

22

5

11.8

HA03_S13

2275mm

In-situ loess

12.560

16

24

8

19.8

HA03_S15

2575mm

In-situ loess

13.373

16

24

8

17.8

content %

Table G.1.2: Complete Atterberg limit results for 4 Quarry Road samples of fill, buried topsoil, and airfall loess.

4 Quarry Road – TP04
Sample

Depth

Description

TP04_S1

450mm

Fill

TP04_S2

850mm

TP04_S3

Water

PL

LL

PI

Wt% clay

11.913

17

24

7

14.8

Fill

6.55

17

24

7

15.5

1250mm

Fill

6.79

16

23

7

16.0

TP04_S4

1350mm

Buried topsoil

8.10

13

24

11

11.8

TP04_S5
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H.1.1.	
   Introduction	
  
The Emerson dispersion test (Emerson, 1967) divides soil aggregates into seven classes by observing
the coherence of the clay fraction after immersing aggregates in water. The reactions carried out are:
1. Immersion of dry aggregates in water.
2. Immersion of wet remoulded aggregates in water.
3. Suspension of aggregates in water.
The original Emerson dispersion test was modified (Loveday & Pyle, 1983) to make it a routine
procedure for comparing the dispersibility of soil aggregates. This modified test has been used in
previous research on Banks Peninsula loess, with the addition of slight modifications. For a full
description of the method, the reader is referred to the original reference.

H.1.2.	
   Procedure	
  
The procedure used during this study is modified after Loveday and Pyle (1973) and used in
Crampton (1985), which involves:
1. An air-dried soil aggregate (5 – 10mm across) is dropped into 50 ml of water in a 100 ml
beaker.
2. At 10 min, 2 hours, and 20 hours after immersion a visual judgement is made of the degree of
dispersion. At each time a score of 0, 1, 2, 3, or 4 is awarded. Each score is defined as:
0 = no dispersion (clear water)
1 = slight dispersion (slight milkiness of the water adjacent to the aggregate)
2 = moderate dispersion (obvious milkiness)
3 = strong dispersion (considerable milkiness and about half of the original volume
dispersed outwards.
4 = complete dispersion (leaves only sand grains in a cloud of clay)
3. If no dispersion occurs, a further estimate of dispersion is made after remoulding the soil at
about the liquid limit (this varies from the Loveday & Pyle (1973) method whereby the soil is
remoulded at 100 cm suction water content). Water is added to the soil until it reaches
approximately the liquid limit and then thorough remoulding is performed using a spatula.
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The soil is moulded into a cube (5 mm x 5 mm), dropped into a beaker of water, and the
dispersion is scored as for the air-dried aggregates.
4. By adding the scores from each observation, the soil is given a score of between 0 and 16,
which classifies is dispersibility. A score of 0 means the soil is non-dispersive, and a score of
16 means it is completely dispersive.

H.1.3.	
   Results	
  
The complete spread of results for the Quarry Road samples is presented in Table H.1.1 and
summarised in Table 4.7 (in text). The buried topsoil horizon was the only soil to be remoulded at
about the liquid limit due to no dispersion evident in the air-dried sample. No dispersion occurred
after remoulding either.
Table H.1.1: Complete Emerson crumb test results for fill, buried topsoil, and airfall loess at 10 min, 2 hr, and 20 hrs elapsed
time.

Sample

Test number

Time

Score

Fill

1

10 min

0

2 hrs

0

20 hrs

1

10 min

3

2 hrs

4

20 hrs

4

10 min

0

2 hrs

0

20 hrs

0

10 min

0

2 hrs

0

20 hrs

0

10 min

4

2 hrs

4

20 hrs

4

10 min

4

2 hrs

4

20 hrs

4

2

Buried topsoil

1

2

In-situ loess

1

2
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I.1.1.	
   Introduction	
  
Simply, the direct shear box measures the shear strength (τ) of a soil by forcing failure along a
horizontal plane whilst applying a pre-determined normal load (σn) to that plane. Normally, the test is
carried out on three or more identical samples, using different normal pressures, to derive a shear
strength envelope (Terzhagi, 1996; Osano, 2009). The following method used was outlined in the
University of Canterbury’s geomechanics laboratory handbook for the shear box test. The following
summary is in relation to testing in this study only.

I.1.2.	
   Sample	
  preparation	
  
1. Trim in-situ ring samples collected in the field flush, being sure to not damage the sample.
2. Remove the split box from the carriage, lifting the two curved handles.
3. Place the bottom plate, saturated porous plate, and the perforated grid in the split box.
4. Push the soil out of the ring sampler into the split box using the wooden dolly. Make sure it is
pushed fully home before moving ring sampler.
5. Disengage clutch on the direct shearbox machine. Line up polished pin of carriage with the
one on the body of the machine to ensure vertical loading.
6. Place split box with sample in carriage with the slot at the front of the top half of the split box
sitting over the load cell point. Ensure the box is sitting flat in the carriage.
7. Place perforated grid, porous plate, and loading platen on the sample.
8. Secure the box in place by placing two metal plates below the level of the split in the box, and
tighten the two horizontal screws against them
9. Swing the yoke over the platen and adjust the screw until the lever-loading arm is horizontal,
then lock.
10. Place consolidation dial gauge onto the screw on the yoke.
11. At this stage the carriage can be filled with water, but it was decided not to.
12. Put the desired weights on the hanger (calculated previously) to approximately represent
overburden present on the sample in field.
13. Turn on the consolidation gauge, check that it is in mm, and reset to zero. Allow the load to
come on to the sample and continue to check the consolidation dial gauge until consolidation
is complete.

I.1.3.	
   Shearing	
  
Once started, the computer can be left to take readings at 20-second intervals in the form of shear
stress over time, i.e. displacement.
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I.1.4.	
   Overburden	
  calculations	
  
The equation used to determine the effective overburden pressure depth (m) is:
Load/Area = σN = ρgH
Where:

Load = Weight of hanger mass converted to Newtons (N)
Area = Area of sample
σN = normal stress
ρ = density
g = gravity
H = height

These calculations were made prior to testing to enable specific choice of hanger weights that
represent the range depths of the material found in field. The maximum weight available was 7 kg. To
find the depth specifically, the above equation was rearranged to:
H = σN/ρ
Input values and final results for overburden depths can be found in Table I.1.1.

Table I.1.1: Input values and overburden depths used for fill, buried topsoil, and airfall loess during direct shear box testing.

Mass of
Sample

hanger

Newtons,

weight

N (2 d.p.)

(kg)

Area of
sample
(m2)

σn
(kPa)

Density of
overlying
soil, ρ (t/m3)

Gravity,
g (N/kg)

Effective
overburden
depth (m)

0.75

7.35

0.007854

9.5

1.72

9.8

0.58

3

29.42

0.007854

37.6

1.72

9.8

2.27

5

49.03

0.007854

62.6

1.72

9.8

3.78

1

9.81

0.007854

12.7

1.72

9.8

0.89

2

19.61

0.007854

25.1

1.72

9.8

1.78

Buried

4

39.23

0.007854

50.1

1.72

9.8

3.55

topsoil

1

9.81

0.007854

12.7

1.72

9.8

0.89

2

19.61

0.007854

25.1

1.72

9.8

1.78

4

39.23

0.007854

50.1

1.72

9.8

3.55

3

29.42

0.007854

37.6

1.72

9.8

2.27

Airfall

5

49.03

0.007854

62.6

1.72

9.8

3.78

loess

7

68.65

0.007854

87.6

1.72

9.8

5.29

Fill
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Direct shear testing
4 Quarry Road - loess derived fill (recompacted)
70
60

Shear stress (kPa)

50
Normal stress 9.5 kPa
40

Normal stress 37.6 kPa

30

Normal stress 62.6 kPa

20
10
0
0

5000

10000

15000

20000

Time (s)
Figure I.1.1: Direct shear testing results for loess derived fill at 4 Quarry Road. Samples were recompacted at the original density
and moisture content.

Direct shear testing
4 Quarry Road - buried topsoil (in-situ)
70
60

Shear stress (kPa)

50
40
Normal stress 12.7 kPa

30

Normal stress 25.1 kPa
Normal stress 50.1 kPa

20
10
0
0

5000

10000

15000

20000

25000

30000

Time (s)
Figure I.1.2: Direct shear testing results for the buried topsoil at 4 Quarry Road. Samples were recompacted at the original
density and moisture content.
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Direct shear testing
Direct
testing
4 Quarry Roadshear
- buried topsoil
(in-situ)

4 Quarry Road - buried topsoil (recompacted at 16 % water content)
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Figure I.1.3:
4.12: Direct shear testing results
Figure
results for
for the
the buried
buried topsoil
topsoil atat44Quarry
QuarryRoad.
Road.Samples
Sampleswere
wererecompacted
recompactedatatthe
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content.

Direct shear testing
4 Quarry Road - In-situ airfall loess (recompacted)
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Shear stress (kPa)
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Figure I.1.4: Direct shear testing results for in-situ loess at 4 Quarry Road. Samples were recompacted at the original density and
moisture content.
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J.1.1.	
   Introduction	
  
Inclinometers were installed in SCIRT boreholes (BH-201A and -203). The inclinometer casing
installed was “Slope Indicator, Model 51111, 2.75” from the base (10.00m) to the ground surface. The
grouting was done by Pro Drill under the supervision of Geotechnics. Square flush mounted tobys
were concreted into place to protect the top of the inclinometers (Enright, 2013(1)).
Inclinometers were also installed in URS boreholes (QR1 and QR2). Readings were undertaken in
accordance with ASTM D6230-98 (2013) ‘Standard Test Method for Monitoring Ground Movement
using Probe-type Inclinometers. Geotechnics was not involved with the installation of the
inclinometer casing, so it is not known whether the inclinometer installation meets the ASTM D623098 (2013) standard (Enright, 2013(2)).

J.1.2.	
   Tilt	
  change	
  plot	
  
Tilt change plots show displacements that occur at each single depth. These plots make it easy to find
the zone where maximum movement is occurring by showing a spike at that depth. This plot will
clearly show developing shear planes, eliminating systematic and cumulative errors (Enright, 2013(2)).

J.1.3.	
   Profile	
  change	
  plot	
  
Profile change plots show displacement (changes on the position of the casing over time) referenced
from the bottom of the tube. The plotted point at any depth is the sum of incremental lateral
deviations up to and including that depth. By summing, these plots tend to magnify any small change
between readings including systematic error; this is more obvious in deeper installations (Enright,
2013(2)).

J.1.4.	
   Profile	
  plot	
  
Profile plots show the profile of the installed inclinometer casing. These plots are used to help
evaluate borehole verticality and can also be used in diagnosing and correcting errors (Enright,
2013(2)).
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