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Abstract 

Loess and loess-derived soils in the Akaroa Harbour area are typically unsaturated and are often 

vulnerable to shallow landsliding during rainfall events. These failures occur in both natural slopes and 

engineered cuttings, impacting road infrastructure, residential housing, and rural land use. When 

unsaturated, loess soils are stable in near-vertical cut slopes and tend to exhibit weak rock behaviour. 

During rainfall, water infiltrates the soil mass increasing the soil water content and decreasing suction 

leading to a reduction in shear strength. Although previous research has identified a relationship 

between shear strength reduction and increasing water content, no previous studies have examined the 

contribution of suction to the shear strength behaviour of loess in New Zealand. 

The objectives of this study were to examine the soil-water behaviour of unsaturated loess and examine 

the contribution of suction to in situ loess slope stability. Saturated and unsaturated triaxial testing was 

completed on remoulded and intact samples of loess so that microstructural influences may also be 

observed. Because the loess was found to have a fractal particle size distribution, fractal mathematics 

could be used to derive simple numerical characterisation of the soil-water characteristic curve (SWCC) 

and unsaturated hydraulic conductivity function. It was observed that, despite both intact and remoulded 

loess sharing the same SWCC, the stress-strain behaviour is unique for each. As such, microstructure 

must also contribute to the shear strength of intact loess. Effective stress theory in unsaturated soils was 

applied to examine the contribution of suction to loess unsaturated shear strength. Derivation of χs was 

found to adequately represent the contribution of suction to unsaturated shear strength.  

Long term field instrumentation of a loess slope in Takamatua, Akaroa Harbour was conducted to 

examine the hydraulic behaviour of in situ loess. During the monitoring period, the hydraulic state of 

the loess remained on a scanning curve. Comparison between field and laboratory data informed the 

derivation of several power-law functions to represent in situ hydraulic conditions. Agreement between 

measured suction data and calculated suction values validated the derived SWCC functions and the 

application of fractal mathematics to loess. Temporal changes in χs for in situ loess were examined to 

compare seasonal hydraulic behaviour and observe the potential change in unsaturated shear strength 

over time. Field observations showed that pre-rainfall soil hydraulic conditions contributed to the 

change in hydraulic state of loess profile during rainfall events. This highlighted the interaction between 

seasonal soil suction conditions, unsaturated hydraulic conductivity and the progression of the wetting 

front. Field monitoring data indicated that wetting occurred when rainfall intensity was > 10 mm/hr or 

duration was > 400 minutes.  
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Numerical modelling (Seep/W) was undertaken to examine specific rainfall events that occurred during 

the field instrumentation period. These models validated the laboratory derived SWCC and estimated 

unsaturated hydraulic conductivity function. The outputs of these models agreed with site observations 

that the upper 1.0 m of loess undergoes the greatest hydraulic change. Slope stability modelling 

(Slope/W) showed that the FOS of the loess slope varies seasonally and is the greatest when soil suction 

was highest throughout the slope profile. As such, optimum conditions for cut slope formation is during 

summer when water content is low and suction reaches up to 5 MPa. Intact microstructure was found 

to also contribute to cut slope stability. Saturated remoulded loess showed a FOS < 1.0 when cuts were 

> 2.0 m. Failures inferred from slope modelling are shallow, rather than deep-seated. This is in 

agreement with field observations. 
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Chapter 1  Introduction 

1.1 General outline 

Rainfall-triggered landsliding is characteristic of unsaturated soils (Collins & Znidarcic, 2004; Lu & 

Godt, 2013; Ng & Shi, 1998; Tu et al., 2009; Wang et al., 2019). Loess and loess-derived soils in the 

Akaroa Harbour area, similar to other areas of New Zealand, are typically unsaturated and historically 

have been vulnerable to shallow landsliding during rainfall events (Bell & Trangmar, 1987; Hutchinson, 

1975). When unsaturated, these soils are stable in near vertical cut slopes and tend to exhibit weak rock 

behaviour (Hughes, 2002; Jowett, 1995). However, during rainfall, water infiltrates into the soil mass 

increasing the soil water content and decreasing suction leading to a reduction in shear strength 

(Glassey, 1986; Goldwater, 1990; Hughes, 2002; Jowett, 1995).  

Various forms of slope instability (Figure 1.1), including tunnel gullying, shallow (translational) sliding, 

sheet and rill erosion, and creep can be observed in loess soils across Banks Peninsula (Bell & 

Trangmar, 1987). In particular, shallow (< 2.0 m deep) rainfall-triggered slope failures occur frequently 

in loess and loess-derived deposits (Bell & Trangmar, 1987; Glassey, 1986; Hill, 1985; Hosking, 1962; 

Hughes, 1972; Hughes, 2002; Ives, 1973). These failures occur in both natural slopes and engineered 

cuttings and impact road infrastructure, residential housing, and rural land use. Although previous 

research has identified a relationship between shear strength reduction and increase in water content 

(Glassey, 1986; Jowett, 1995; White, 2016), no previous research has examined the behaviour of 

Akaroa loess as an unsaturated soil. Lack of knowledge concerning the soil-water behaviour has limited 

the understanding of the role of hydro-mechanical properties on shallow rainfall-triggered land 

instability commonly observed in these soils. Furthermore, historically, shear strength testing has been 

generally limited to remoulded specimens and therefore the role of microstructure on shear strength is 

not well understood.  
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Figure 1.1 Examples of loess slope instability, Canterbury, New Zealand; a) Vertical cut slopes, Birdlings Flat, 

Canterbury. Ongoing erosion shown by gullying where groundwater flows down near vertical fissures removing 

fines; b) Creep progressing to extensive shallow failure and debris flow on hill slope, Banks Peninsula, 

Canterbury; c) Shallow failure in loess colluvium, Evans Pass, Banks Peninsula, Canterbury; d) Collapsed tunnel 

gullying prevalent across hill slope in Sumnervale, Banks Peninsula; e) Block failure in road cutting, Le Bons 

Bay, Banks Peninsula; f) Deep-seated flow failure, Duvauchelle, Banks Peninsula. 

 

A lack of understanding around the unsaturated behaviour of loess in Banks Peninsula has historically 

made characterisation of shear strength parameters problematic. In most cases this leads to the 

application of a simplistic, and often conservative approach, whereby saturated parameters are applied 

in design and the influence of suction on the shear strength is not considered. However, in reality the 

contribution of soil suction and inter-particle bonding to overall soil strength is critical to understanding 

Photo credit: D Bell 1985 

Photo credit: C Fenton 2017 Photo credit: C Fenton 2017 

a) b) 

c) d) 

e) f) 
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the behaviour of loess and loess-derived soils (Muñoz-Castelblanco et al., 2012; Ng et al., 2017; Tu et 

al., 2009; Zhou et al., 2014). This, and the contribution of the intact microstructure to the loess shear 

strength, results in a complex interdependence between unsaturated properties and soil fabric 

characteristics recognised in loess deposits internationally (Ma et al., 2012; Ng et al., 2017; Wen & 

Yan, 2014).  

Seasonal and climatic changes can also exacerbate susceptibility to water infiltration. Ongoing wetting 

and drying of the loess mantle temporally changes the hydro-mechanical behaviour (Tu et al., 2009; 

Zhou et al., 2014). Warmer temperatures lead to desiccation and fissuring of the soil mass, forming 

preferential flow paths of increased permeability. Historically, the extent of this seasonal variation in 

Akaroa loess and its effects on slope stability has not been well understood. Additional controls such 

as susceptibility of loess to clay dispersion and slaking can also contribute to instability by weakening 

of the soil matrix as water content increases (Bell et al., 1986; Goldwater, 1990).  

1.2 Research objectives 

The main aim of the research is to investigate the soil-water behaviour of unsaturated loess soils and 

examine the implications of this behaviour to land instability. The results of this research will inform 

future development in loess covered areas and will improve the understanding of the behaviour of loess 

with respect to how changes in water content affect shear strength. Research questions and objectives 

are detailed in Table 1.1. 
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Table 1.1 Research questions and objectives 

Research question Research objectives Chapter 

What are the soil-water characteristics of 

intact and remoulded loess, and how does 

the change in suction and intact 

microstructure affect the shear strength 

behaviour? 

 Undertake laboratory testing to examine 

the influence of suction and 

microstructure on the shear strength and 

soil-water characteristics of loess.  

3, 4, 5, 6 

What are the climatic and soil 

characteristics that influence temporal 

changes in the hydraulic state of in situ 

loess? 

 

 Use long term field instrumentation to 

study the hydraulic behaviour of a natural 

loess slope subject to natural rainfall 

infiltration (wetting) and drying periods.  

 Compare field monitoring data and 

laboratory testing data to examine the 

hydraulic conditions of in situ loess. 

4, 5, 6 

How do loess slopes respond 

hydraulically to rainfall, and what are the 

implications of this response to slope 

performance and instability? 

 Develop an integrated model of rainfall 

infiltration into loess and compare the 

hydraulic behaviour with field monitoring 

data.  

 Examine how microstructure and suction 

affects slope stability in Akaroa Harbour.  

6, 7 

 

1.3 Thesis outline 

This thesis contains nine chapters in total. The contents of these chapters are summarised below.  

 Chapter 2 presents a review of the depositional and geotechnical characteristics of New Zealand 

loess and loess-derived soils. The fundamental theories of unsaturated soil mechanics applied in 

this thesis are introduced, and an overview of the behaviour of rainfall-triggered slope failures is 

provided.  

 Chapter 3 details the methods and results from the laboratory test programme undertaken on 

undisturbed (intact) and remoulded loess. Laboratory testing included characterisation of the soil-

water characteristic curve, unsaturated and saturated isotropically consolidated triaxial testing, 

oedometric consolidation testing, and microstructural analysis including mercury porosimetry 

testing and scanning electron microscopy.  
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 Chapter 4 describes the field monitoring programme, including instrument selection, installation 

and data acquisition system. The regional background of the area and site selection for 

instrumentation is presented. Field data collected during the monitoring period are presented with 

some observation on the hydrological response of in situ loess soils. 

 Chapter 5 examines laboratory test and field monitoring data to characterise the soil-water and 

strength characteristics of loess soils. Firstly, laboratory derived data are analysed by the 

application of fractal theories, and then compared with field monitoring data to examine the 

hydraulic state of the loess in situ. A function for the unsaturated hydraulic conductivity is 

estimated, and the contribution of suction to the unsaturated shear strength of loess (χs) is examined 

using Bishop’s (1959) theory of effective stress. 

 Chapter 6 uses field monitoring data to identify environmental and soil characteristics that 

influence wetting and drying of in situ loess. Seasonal χs profiles are derived based on monitoring 

data and shear strength analysis from Chapter 5. 

 Chapter 7 explores the infiltration and stability behaviour of loess by implementing the hydro-

mechanical characteristics derived in Chapters 5 and 6 into numerical infiltration models and limit 

equilibrium stability analyses. The contributions of suction and microstructure to loess soil stability 

and seepage are examined.  

 Chapter 8 discusses the key characteristics of unsaturated loess soils identified in Chapters 5, 6, 

and 7. These include unsaturated soil-water properties, loess microstructure, infiltration behaviour, 

and slope stability. Limitations and knowledge gaps that have arisen from this research are also 

discussed. Key research contributions are summarised.  

 Chapter 9 provides a summary and conclusions from the research programme. Recommendations 

for future research avenues are also presented.  
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Chapter 2 Literature review 

2.1 Introduction 

This chapter reviews and summarises the contemporary state of knowledge for loess soils in New 

Zealand and the behaviour of fine-grained unsaturated soils. The review is comprised of three main 

sections. Section 2.2 outlines the depositional and geotechnical characteristics of loess in Banks 

Peninsula, New Zealand. The majority of this section has been published in Yates et al. (2018). Section 

2.3 discusses the behaviour of rainfall-triggered landslides in unsaturated soils. Finally, Section 2.3 

details the fundamental concepts of unsaturated soil mechanics theory applied in this thesis, including 

soil suction, effective stress, shear strength, volume change and the application of fractal mathematics 

to unsaturated soils. 

2.2 Loess in Banks Peninsula, Canterbury 

2.2.1 Distribution 

Loess and loess-derived soils cover much of the South Island, New Zealand (Figure 2.1). The most 

extensive deposits cover the foothills of the Southern Alps, and lowlands of the Canterbury Plains. 

Loess-derived soils include any material that has been formed as a result of reworking of primary air-

fall loess. In this thesis, the term “loess deposits” collectively denotes both loess and reworked loess-

derived soils. Loess deposits across Canterbury are yellowish-brown deposits with predominantly silt-

sized grains. Sand content typically comprises fine, angular particles. Both the sand and clay contents 

vary depending on location and extent of reworking. Loess deposits often exhibit well-defined vertical 

fissuring and less well-defined horizontal fissuring (Raeside, 1964). Thickness of loess deposits varies 

geographically, with deposits greater than 1.0 m covering approximately 10 % of the South Island 

(Figure 2.1). Loess deposits have been observed to reach up to 20 m and 40 m on the lowlands south of 

Timaru (South Canterbury) and on Banks Peninsula, respectively (Bell & Trangmar, 1987). The thickest 

deposits occur at the base of slopes, where colluvial reworking creates an apron of slope-derived soil 

(Bell & Trangmar, 1987). 
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2.2.2 Origin 

New Zealand loess has been formed from aeolian transportation and deposition of glacially derived 

rock flour (Bell et al., 1986; Bruce, 1973; Griffiths, 1973; Raeside, 1964; Sparrow, 1948). The loess is 

thought to have been initially transported fluvially from alpine catchments to braided river banks during 

periods of ice retreat during climate warming (Griffiths, 1973). These deposits were then transported 

by wind and redeposited on hilly topography during colder phases (Ives, 1973; Smalley & Fagg, 2014). 

 

Figure 2.1 Distribution of loess in Canterbury, from Yates et al. (2018). 

 

Although a detailed temporal correlation between loess deposition and glaciation has not been well 

defined, loess deposition and soil formation in South Canterbury has been correlated with warming 

trends in oxygen isotope profiles during the Late Pleistocene and Holocene (Tonkin et al., 1974). 
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Furthermore, an increase in fluvial and aeolian erosion and subsequent redeposition of glacifluvial 

deposits during glacial recession coincide with loess deposition (Ives, 1973; Smalley & Fagg, 2014; 

Sparrow, 1948). Ives (1973) distinguished two major periods of primary loess deposition: inter-glacial 

(Late Pleistocene, >10 kyr before present) and Post-glacial (Holocene). Holocene age loess is typically 

located adjacent to major rivers and on fan surfaces between rivers. These younger deposits are 

generally massive and have less developed fissuring than Late Pleistocene loess. Late Pleistocene loess 

tends to have higher clay content and a lower void ratio than the Holocene deposits. This is most likely 

as a result of longer exposure to subaerial weathering processes (Birrell & Packard, 1953; Ives, 1973). 

In Banks Peninsula (Figure 2.1), loess overlies Miocene volcanics. 

The mineral composition of loess is typically comprised of up to 90 % quartz and plagioclase feldspar. 

This indicates that the parent rock for loess in the Canterbury region was greywacke (Carboniferous to 

early Cretaceous age sandstone) which forms the basement rock of the Southern Alps in the South 

Island of New Zealand (Raeside, 1964; Sparrow, 1948; Young, 1964). The mineral content of loess 

in Canterbury shows a degree of geographic and stratigraphic variation which reflects the 

heterogeneity of the parent rock, as well as changes in transportation such as wind direction, turbulence, 

velocity and sorting of minerals during transportation (Raeside, 1964). While mineral composition is 

generally well understood, less is known about the microstructure, in particular inter-particle bonding 

of the loess in Canterbury. To date there has been only limited investigation of loess microstructure 

(MacKay, 2016; Tehrani, 1988). 

2.2.3 Stratigraphy and classification 

On Banks Peninsula, loess deposits have been previously divided into “Birdlings Flat” and “Barrys 

Bay” units (Griffiths, 1973). The Birdlings Flat unit is typically coarser and calcareous, and has been 

divided into two units separated by a colluvial layer (Almond et al., 2007; Griffiths, 1973; Ives, 1973). 

These deposits are located near Birdlings Flat and the Port Hills (Figure 2.1). Barrys Bay loess is divided 

into four units separated by paleosols and are located in the Akaroa Harbour area (Griffiths, 1973; Ives, 

1973). Temporal correlation between horizons in the Barrys Bay and Birdlings Flat loess is not well 

understood.  

Bell and Trangmar (1987) recognised two main groups of loess deposits: In situ (Primary air-fall) loess 

and loess colluvium (Table 2.1). In situ loess is formed from aeolian deposition and shows no evidence 

of reworking, i.e., loess sensu stricto. These deposits are predominantly quartzofelspathic silt, with 
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minor amounts of accessory minerals and clay (generally illite and vermiculite) (Griffiths, 1973; 

Raeside, 1964). 

Table 2.1 General characteristics of in situ loess and loess colluvium for Banks Peninsula, from Yates et al. 

(2018). 

Type Description Topographic setting 

and thickness 

Mineralogy 

In situ 

loess 

Primary, air-fall 

loess  

Summits, foot slopes, 

shoulders of 

interfluves  

5 – 20 m 

 

Quartz and plagioclase feldspar, minor 

accessory minerals (epidote, zircon and 

tourmaline), secondary clay (illite and 

vermiculites)  

Loess 

colluviu

m 

Reworked air-fall 

loess transported 

downslope to 

ultimately form 

colluvial aprons  

Foot and toe slopes  

5 – 20 m 

Quartz and feldspar silts and fine 

sands, and up to 10 % gravel to 

boulder size volcanic rock  

 

Loess colluvium has been reworked by post-depositional slope processes. These soils are also 

quartzofelspathic silts or fine sands but may also contain lithic (volcanic) fragments. Layering within 

loess colluvium indicates episodic depositional events with variable grading. These deposits can be 

discontinuous and variable in thickness. Due to reworking, loess colluvium is generally less compact, 

and has a lower bulk density and greater permeability than in situ loess. 

Hughes (1970) divided in situ loess into three pedogenic units (Table 2.2): the Surface layer (S-layer), 

the fragipan layer (C-layer) and the Parent layer (P-layer). The S-layer consists of moderately-

weathered light-yellow silt. Beneath this is often a well-defined fragipan (C-layer) that generally 

comprises a moderately-weathered, clayey silt with vertical fissures and mottling zones (Griffiths, 1973; 

Jowett, 1995). Ives (1973) recognised that the fragipan is generally formed within the Late Pleistocene 

loess formed by the seasonal wetting and drying that results in illuviation of clays and weathering of 

larger silt sized particles (Goldwater, 1990). A well-developed fragipan layer is typically observed in 

Banks Peninsula loess. Below this is the P-layer which is generally a stiff, sandy silt with some clay 

(Goldwater, 1990). 
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Table 2.2 Geotechnical characteristics of pedogenic layers in Banks Peninsula loess, from Yates et al. (2018). 

 

 

2.2.4 Geotechnical characteristics 

To date, the majority of research into the geotechnical behaviour of loess deposits has been focussed on 

the behaviour of loess slopes in the Port Hills on the northern margin of Banks Peninsula (Glassey, 

1986; Goldwater, 1990; Hughes, 1970; Hughes, 2002; Janett, 2016; Jowett, 1995; O'Sullivan, 2015; 

Raeside, 1964; White, 2016; Willmer, 2016; Yetton, 1990). Suburban development in this area prior to 

and following the 2010-2011 Canterbury Earthquake Sequence has driven this interest, particularly in 

the geotechnical behaviour of loess colluvium. In contrast, less is known about the geotechnical 

properties of loess deposits in the surrounding Banks Peninsula area, including the Akaroa Harbour 

region. 
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Particle size distribution, plasticity and dry density 

The C and P layers of the in situ loess and loess colluvium throughout Canterbury are predominantly 

silt-sized particles. Sand (> 63 μm) and clay (< 0.002 mm) sized particles contribute 0-28 % and 3-45 

% of the particle size distribution respectively (Figure 2.2). Generally, the C-layer has a greater clay 

content than the P-layer (Figure 2.2). This may be due to longer exposure to subaerial weathering. The 

clay sized fraction in the fragipan layer comprises 64 – 75 % clay minerals such as illite, interstratified 

illite and vermiculite and kaolinite (Jowett, 1995). The S-layer comprises 4-57 % sand, considerably 

greater than both the P and C- layers, and 8-28 % clay (Hughes, 1970; Jowett, 1995; McDowell, 1989; 

New Zealand Soil Bureau, 1968). 

 

Figure 2.2 Particle size distribution for Canterbury loess deposits from Yates et al. (2018). Test procedure follows 

NZS4402 or similar using the hydrometer or pipette method for grading of clay sized particles (<0.002mm). Data 

sourced from (Buckner, 1998; Goldwater, 1990; Hughes, 1972; Hughes, 2002; Jowett, 1995; Sparrow, 1948). 

 

Data compiled from previous research indicated that 90 % intact loess samples had dry densities ranging 

between 1.6 g/cm3 and 1.8 g/cm3, with an average dry density of 1.7 g/cm3 (Glassey, 1986; Goldwater, 

1990; Hill, 1985; Hughes, 2002; Jowett, 1995; McDowell, 1989; Tehrani, 1988; Yetton, 1990). Previous 
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investigations indicate that there is little apparent increase in dry density with depth (Allen, 2016; 

Glassey, 1986; Jowett, 1995; Tehrani, 1988).  

The Atterberg limits of loess deposits from Banks Peninsula (Figure 2.3) indicate that primary air-fall 

loess generally behaves as an inorganic clay of low to medium plasticity (CL) or, where bordering close 

to the A-line, an inorganic silt with slight plasticity (ML). A broadly linear relationship exists between 

liquid limit (LL) and plasticity index (PI). No samples plot below the A-line indicating that both in situ 

loess and loess colluvium behave more like clay than silt (Figure 2.3). In addition to this, loess 

colluvium generally exhibits a higher Plasticity Index (PI) and LL than in situ loess. In situ loess, 

conversely, appears to maintain a LL of 20 to 30 and plots lower on the A-line. The majority of the in 

situ loess data presented in the A-Line Plot is from the fragipan layer. Less information is available for 

the S-layer and P-layers. 

 

Figure 2.3 Plot of historic plasticity data for loess and loess colluvium from Banks Peninsula, from Yates et al. 

(2018). 

 

Comparison between particle size distribution and Atterberg limits indicates that an increase in clay 

content results in an increase in PI (Figure 2.4). For in situ loess the increase in PI appears to be caused 

by a decrease in PL, resulting from an increase in clay content (Figure 2.4). This behaviour may be 

explained by the presence of clay-sized particles that are not composed of clay minerals. As such, the 
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plasticity of the loess may not increase with increased clay-sized particle fraction. For loess colluvium 

the increase in PI is driven by an increase in LL with increasing clay content (Figure 2.4). This 

behavioural difference between loess colluvium and in situ loess may be due to differing clay 

mineralogy and its effect on particle bonding.  

 

Figure 2.4 Plot of clay content (<0.002 mm) and a) liquid limit, b) plastic limit, and c) plasticity index, for in 

situ loess and loess colluvium in Banks Peninsula. Plot from Yates et al. (2018). Data sourced from (Buckner, 

1998; Glassey, 1986; Hughes, 2002; Jowett, 1995; Mackwell, 1986; McDowell, 1989; Tehrani, 1988).  
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Shear strength 

The shear strength of loess deposits in Canterbury is sensitive to changes in water content (Goldwater, 

1990; Hughes, 2002; Jowett, 1995; White, 2016; Willmer, 2016). When dry, loess deposits tend to 

exhibit soft rock behaviour, with strength and failure controlled by fissures within the soil mass. 

However, upon wetting, the soil matrix weakens and can lose shear strength rapidly with small increases 

in water content. Because generally Canterbury loess deposits are unsaturated, the shear strength of the 

deposit is controlled by a combination of particle bonding and negative pore pressure (soil suction). 

Previous research has not examined the relative contributions of particle bonding and soil suction to the 

in situ soil strength for loess deposits in Canterbury, New Zealand.  

Unconsolidated Undrained Triaxial (UU) and Direct Shear testing of unsaturated loess and loess 

colluvium from Hughes (2002), McDowell (1989), White (2016) and Willmer (2016), show an inverse 

linear relationship between friction angle (φ') and water content (w). However, these results are unlikely 

to be truly representative of in situ loess shear strength due to likely disturbance from the sample 

collection method (driven steel tubes). Furthermore, Hughes (2002) and McDowell (1989) derived the 

effective stress parameters using total stress path p-q plots and subsequent estimation of φ’ and an 

equivalent cohesion (ceq). This gives rise to calculation errors in derivation of the effective stress 

parameters. Furthermore, although cohesion values in literature have been reported as effective 

cohesion (c’), in this thesis they are presented as ceq because suction was not been considered in 

literature interpretations.  

The estimated parameters from Hughes (2002), McDowell (1989), White (2016) and Willmer (2016), 

indicate a ceq ranging from 0 – 200 kPa, and φ ranging from 30 – 65 ° for loess from test data where 

σ’3 ≤ 200 kPa. Limited testing on loess colluvium by Hughes (2002) indicated that ceq ranges from 

0 – 12 kPa, and φ ranging from 7 – 23 °. Figure 2.5 indicates a decrease in φ’ of 6° with an increase in 

gravimetric water content of 3.5 % below the PL. Generally, for practical purposes, φ’ is considered 

constant for suction < 600 kPa (Khalili & Khabbaz, 1998). For samples drier than the plastic limit, 

suction may have been > 600 kPa, which accounts for some of the increase in reported φ’ values. 

The relationship between ceq and water content is not as clearly defined. It is observed that below 

approximately 10 % water content, an increase in water content of 1 % can result in a reduction of ceq 

of up to 40 kPa. As the water content of in situ loess increases beyond 10 % the sensitivity of ceq appears 

to decrease and smaller changes in ceq are observed with increasing water content. Below 10 % water 

content, it is possible that the influence of soil suction is greater, thus producing a high ceq resulting 
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from suction rather than inter-particle bonding. Beyond 10 % water content, a possible explanation for 

the rapid decrease in ceq may be a decrease in the influence of soil suction and softening of the clay 

bonds between particles.  

 

 

Figure 2.5 Plot of ceq and water content, and φ’ and gravimetric water content for primary airfall loess and loess 

colluvium including typical plastic limit (PL) range and liquid limit (LL) ranges. Plot from Yates et al. (2018). 

Data sourced from Hughes (2002), McDowell (1989), White (2016) and Wilmer (2016).  

LL 
Range 

PL 
Range 

PL 
Range 

LL 
Range 
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Figure 2.6 Plot of undrained shear strength (kPa) compared with water content for intact and remoulded 

samples. Plot from Yates et al. (2018). Data sourced from Goldwater (1990). 

 

Goldwater (1990) observed an increase in undrained shear strength with depth (Figure 2.6) for the upper 

2 m of a loess profile at Allendale, Banks Peninsula (Figure 2.1). Furthermore, Goldwater (1990) noted 

the sensitivity of undrained shear strength with increase in water content from in situ shear vane testing. 

A 1 % increase in water content results in a reduction in undrained shear strength between 10 kPa and 

25 kPa (Figure 2.6). Although these data are limited to one site, the clustering of data within each unit 

indicates the possibility of unique trends between water content and shear strength for each unit. For 

this data, it is not known to what extent this is due to break-down of microstructure or reduction in 

suction. The observed strength loss with minor changes in water content indicates that understanding 

the relationship between soil suction, particle bonding and shear strength becomes particularly 

important.  
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2.2.5 Permeability and erodibility 

Birrell and Packard (1953) reported a saturated hydraulic conductivity (Ksat) of 1.5 x 10-7 m/s for 

undisturbed Banks Peninsula loess. However, this sample (6 % clay, 16 % silt) although broadly 

described as loess, does not conform to the typical particle size distribution of Canterbury loess. Jowett 

(1995) tested remoulded samples of loess (11 to 26 % clay) and found that Ksat ranged between 1.4 x 

10-8 and 9.1 x 10-9 m/s. Similar results were reported by (Tehrani, 1988). 

Erodibility tests from literature indicate that the P-layer is significantly more erodible than both the C-

layer and S-layers (Glassey, 1986; Hughes, 2002; Tehrani, 1988). Despite this, it is observed that tunnel 

gullying does not only occur in the P-layer but can also occur in both the C-layer and the lower portion 

of the S-layer. The fastest growing and largest tunnel gullies are observed in the P-layer due to its 

increased susceptibility to dispersion (Yetton, 1990). Laboratory modelling of tunnel gullying in 

remoulded loess has confirmed the influence of erodibility in the formation of tunnel gullies in loess 

(Marshall, 2016). 

From a comparison between pinhole erodibility and Emerson crumb test results, Yetton (1990) observed 

that dispersion and erodibility are not directly correlated for loess deposits. Therefore, dispersion may 

not be a major control in erosion of loess. Although a useful guide, the recognised discrepancy between 

historic pinhole dispersion test results and other standard dispersion test results (such as Emerson crumb 

test) suggests that these test methods may not be consistently reliable indicators for loess erodibility 

(Jowett, 1995). Although the pinhole dispersion test simulates practical erosion conditions, it was found 

that clearer correlations can be observed between liquid limit or clay content and erodibility (Yetton, 

1990). 

2.3 Rainfall-triggered slope failures in unsaturated soils 

Annually, landslides cause widespread injury, fatality and damage to infrastructure and dwellings 

globally (Nadim et al., 2006; Petley, 2012). Rainfall-triggered landslides generally move rapidly and 

can be high-loss events that impact anthropogenic activity (Wieczorek, 1996). Mechanisms contributing 

to rainfall-triggered landslides can be complex due to the contribution of a range of climatic and 

environmental factors such as slope geometry, rainfall duration and intensity, soil hydraulic 

conductivity, and evapotranspiration which influence the mode of failure (Acharya et al., 2011; Huang 

& Yuin, 2010; Lee et al., 2011; Lourenço et al., 2006; Tsai & Wang, 2011; Wu et al., 2015; Wu et al., 

2017; Xu et al., 2011). In this section, literature addressing the key characteristics of rainfall-triggered 

landsliding is summarised and applied to the context of New Zealand loess.  
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2.3.1 Slope failure mechanisms 

Rainfall-triggered landslides can exhibit several types of kinematic behaviour depending on the stage 

of movement: during failure, post-failure, or propagation (Sorbino & Nicotera, 2013). The most 

common failure mechanisms in rainfall-triggered landslides are flow and rotational slide (Cruden & 

Varnes, 1996; Sorbino & Nicotera, 2013; Springman et al., 2013; Wu et al., 2015). At the failure stage 

most rainfall-triggered landslides are considered slide failure. During the post-failure stage the failure 

mechanism changes to flow (Sorbino & Nicotera, 2013). Previous research has suggested that 

propagation of the slide surface (shear zone) is often at the toe of the slope, and then extension up 

through the slope (Huang & Yuin, 2010; Leroueil, 2001; Lourenço et al., 2006; Wang & Sassa, 2001). 

The transition from slide to flow behaviour has been attributed to either the occurrence of static 

liquefaction caused by increase of pore pressure in undrained conditions, or variation of the hydraulic 

boundary conditions leading to transient localised excess pore pressures (Sorbino & Nicotera, 2013; 

Wang et al., 2014).  

 

Figure 2.7 a) Schematic of shallow rainfall-triggered regressive failure in loess road cutting, including example 

of fissuring within intact loess where preferential flow may loosen blocks for further failure. Schematic adapted 

from Li and Mo (2019); b) example of shallow rainfall-triggered failure in loess in Banks Peninsula, fence at crest 

of slope is undermined by failure within upper 1.0 m of loess.  

 

In loess, deep-seated (> 2.0 m) slide or flow rainfall-triggered failures are often attributed to rising 

groundwater pressure at the loess-rock contact or concentrated flow through fissures (Huang & Yuin, 

2010; Li & Mo, 2019; Xu et al., 2012; Xu et al., 2011; Zhou et al., 2014). In contrast, shallow (< 2.0 

m) flow or slide failures are mobilised by rainfall infiltration which saturates the surficial loess resulting 

in a loss of shear strength and disintegration of the soil structure (Li & Mo, 2019; Wu et al., 2015; Wu 

a) b) 

5.0 m high 

60° slope 
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et al., 2017). Both of these failure behaviours have been observed in the Akaroa Harbour area in Banks 

Peninsula (Figure 2.7, Figure 2.8). Typically, shallow failures are observed in steepened loess covered 

slopes or road cuttings where rainfall or irrigation have mobilised the overlying loess (Figure 2.7). 

Fissuring in the intact loess can also result in progressive block failure and over-steepening of the slope 

profile. Deeper seated failure (Figure 2.8) has been observed when isolated spring flow saturates the 

loess at the underlying rock contact resulting in rapid flow-like failure travelling down slope (Vetsch, 

2018). 

 

Figure 2.8 a) Schematic of deep-seated rainfall-triggered slope failure intiated by change in groundwater 

conditions at loess-rock contact. Increased pore pressure in loess at rock contact causes saturation of loess which 

mobilises deposits downslope. Schematic adapted from Li and Mo (2019); b) example of deep-seated flow failure 

in loess in Banks Peninsula, Canterbury remobilised during rainfall in 2017. Failure surface > 10.0 m deep at 

saturated loess-rock contact (Vetsch, 2018). 
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2.3.2 Rainfall infiltration 

Upon infiltration of rainfall, water that has percolated into the soil forms a wetting front. The 

progression of the wetting front through the soil can be observed by increase in water content and the 

corresponding reduction in soil suction (Tu et al., 2009). The characteristics of landslide triggering 

rainfall events vary depending on the soil and climatic conditions at the site (Leroueil, 2001). The 

influence of rainfall duration, intensity and antecedent rainfall on slope stability is dependent on geo-

mechanical properties of the soil and the exposure of the material to rainfall (Crozier, 1999; Guzzetti et 

al., 2007; Leroueil, 2001; Reichenbach et al., 1998; Wu et al., 2015).  

The relationship between rainfall intensity and duration and the triggering of shallow landslides is the 

topic of on-going research with the aim to produce local and global thresholds for landslide 

susceptibility mapping (Guzzetti et al., 2007; Guzzetti et al., 2008; Reichenbach et al., 1998). Guzzetti 

et al. (2008) compiled data from global literature on rainfall-triggered landsliding which shows that the 

minimum average landslide triggering rainfall intensity decreases linearly with increase in rainfall 

duration (Guzzetti et al., 2008). Although intensity-duration thresholds for landslide triggering rainfall 

events are site specific, in general high intensity or longer duration events are common characteristics 

of landslide-triggering events (Ekanayake & Phillips, 1999; Guzzetti et al., 2007; Guzzetti et al., 2008; 

Ng & Shi, 1998; Reichenbach et al., 1998; Tsai & Wang, 2011; Tsaparas et al., 2002; Wu et al., 2015; 

Wu et al., 2017).  

Generally, shallow movement is associated with intense rainfall over a short period of time, whereas 

deep-seated movement is triggered by longer duration rainfall (Leroueil, 2001; Wu et al., 2015). Local 

conditions at the site, as well as weather, contribute to the response of a slope to climatic influences 

(Springman et al., 2013). Rainfall pattern (e.g. constant intensity, increasing intensity, decreasing 

intensity) also effects soil loss and failure depth, time and occurrence in unsaturated slopes (Alavinia et 

al., 2019; Rianna et al., 2014; Tsai & Wang, 2011; Tsaparas et al., 2002). 

Other climatic factors influencing rainfall infiltration include evapotranspiration which is defined as the 

loss of water from the ground surface to the atmosphere. It includes evaporation of water and the 

transpiration of water (release of water) from plants. Evapotranspiration is important to rainfall 

triggered slope failure because it contributes to the removal of water applied to the slope and thus may 

result in less percolation of water into the soil mass. As soil is subject to evapotranspiration, it will 

progressively dry leading to an increase in matric suction and effective stress (Leroueil, 2001). If it is 

not measured, evapotranspiration can be estimated e.g. Penman (1963), however, knowledge of factors 

such as the mean daily temperature, wind speed and vapour pressure is required. Such drying and 
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subsequent wetting cycles can lead to restructuring of the soil microstructure which can decrease 

strength and thus stability (Leroueil, 2001). 

2.3.3 Hydraulic conductivity 

The hydraulic conductivity of a soil plays a significant role in rainfall infiltration, particularly for 

unsaturated slopes (Tsaparas et al., 2002; Wang & Shibata, 2007). Although the flow of water through 

unsaturated soil is still governed by Darcy’s Law, the hydraulic conductivity of an unsaturated soil is a 

non-linear function that is dependent on the particle size distribution, void ratio, matric suction and 

degree of saturation (Lee et al., 2011; Ng & Pang, 2000; Yang et al., 2014). Because measurement of 

hydraulic conductivity for unsaturated soils is time consuming, it is often estimated using a model such 

as the Van Genuchten equation (Van Genuchten, 1980). More recently, fractal mathematics has been 

applied to soils to derive unsaturated hydraulic conductivity functions based on given physical soil 

parameters (Yang et al., 2014). 

The unsaturated hydraulic conductivity (K) is a function of the soil-water characteristic curve and is 

lower than the saturated hydraulic conductivity (Ksat). When suction is high (water content low) the 

hydraulic conductivity of a soil can be very low. A low hydraulic conductivity slows rainfall infiltration 

and a shallow transient saturated zone can form on the slope providing conditions for potential shallow 

flow slide (Wang & Shibata, 2007; Wu et al., 2015). Therefore, the initial water content of the soil at 

the time of a rainfall event is influential to the occurrence of rainfall-triggered landslides.  

The profile of hydraulic conductivity through the slope then controls the propagation of the wetting 

front through the soil. Lee et al. (2011) found that the vertical permeability of the soil has a more 

dominant role than lateral flow unless there are preferential flow paths present. Consideration of 

preferential flow paths (in both the horizontal and vertical direction) are crucial components in the 

characterisation of permeability and stability of a soil slope as they can control the propagation of 

infiltration throughout a slope (Springman et al., 2013; Xu et al., 2011). Slope angle, slope aspect and 

local topography also influence the hydraulic behaviour of a slope by introducing local variation in 

exposure to climatic changes and channelisation of runoff (Peng et al., 2015; Qiu et al., 2017; Wu et 

al., 2015; Wu et al., 2017). 

2.4 Fundamentals of unsaturated soil mechanics 

An unsaturated soil comprises a three-phase mixture of solid particles, pore air and pore water (Blight, 

2013). Examination of the interaction of these three phases and their effect on the soil behaviour has 
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formed the basis of research of unsaturated soil mechanics e.g. Blight (2013); Chen et al. (2016); Delage 

(2008); Fredlund (2012); Khalili et al. (2004); Standing (2012). The presence of air pressure and water 

pressure within the pore space results in suction, or negative pore pressure. The influence of suction, 

and other factors (including surface tension at the air-water interface, soil composition and applied 

stress) result in unsaturated soils behaving with more complexity than saturated soils where classical 

soil mechanics theories may be applied (Khalili, 2018). Loess in Canterbury, New Zealand is inherently 

an unsaturated soil as it is in most cases located above the groundwater table.  

2.4.1 Suction in unsaturated soils 

Total suction in soils can be divided into two components: matric suction and osmotic suction. Matric 

suction is defined as the difference in pore air pressure and pore water pressure (ua – uw). When ua is at 

atmospheric conditions, a negative pore pressure results. Osmotic suction is related to the presence of 

salt ions in a soil or soil water. Typically, in geotechnical engineering problems, the contribution of 

osmotic suction is considered negligible in comparison to matric suction (Ng & Pang, 2000).  

The relationship between water content and suction in a soil can be expressed by soil-water 

characteristic curves (SWCC), also referred to as soil-water retention curves. This relationship can be 

presented using either gravimetric water content (w), volumetric water content (θ) or degree of 

saturation (Sr), and is comprised of a main drying curve, a main wetting curve and infinite scanning 

curves. The SWCC relationship is important for understanding variations in soil strength and water 

storage in the ground, and is dependent on the void ratio of a soil (Khalili, 2018; Khalili et al., 2004; 

Khalili & Khabbaz, 1996,1998; Khalili et al., 2014; Pasha et al., 2016,2017; Russell & Khalili, 2018).  

The SWCC is typically divided into three regions corresponding to the variation in the composition of 

phases within pore spaces (Figure 2.9). These regions are the boundary effect zone, the transition zone 

and the residual zone of unsaturation. In the boundary effect zone, the majority of pores are filled with 

water (Vanapalli et al., 1999). The soil commences desaturation upon reaching the Air Entry Value 

(sae). The sae is the suction at which the air-water interface is ruptured, and air can subsequently enter 

the pore space. The suction at which this occurs is a function of void ratio and the pore size distribution 

of a soil (Khalili & Khabbaz, 1998). The Air Expulsion Value (sex) is the suction at which air is finally 

expelled from the pore spaces during wetting, and the pores become completely filled with water 

(Khalili & Khabbaz, 1998). 
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Figure 2.9: A typical SWCC showing the main drying curve only (Vanapalli et al., 1999).  

 

As suction increases beyond the sae and into the transition zone, the connectivity of liquid within the 

pores is reduced until large increases in suction lead to relatively small changes in Sr (Vanapalli et al., 

1999). The soil reaches the residual zone of unsaturation when the liquid phase is discontinuous and the 

removal of water from the soil structure becomes more difficult (Vanapalli et al., 1999). The shape of 

the SWCC is dependent on the particle size distribution and pore size distribution of the soil. A course-

grained soil such as a sand or gravel has greater interconnectivity of pores than finer grained soils such 

as clay. Soils with greater pore connectivity will have a faster decrease in Sr with increase in suction in 

comparison to finer grained soils (Figure 2.10). There are several methods used to determine the SWCC 

of a soil, including pressure plate test, filter paper test, hanging column, chilled mirror hygrometer and 

centrifuge methods (ASTM D 6836-02). 
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Figure 2.10: SWCC for four soil types, from Vanapalli et al. (1999). 

 

2.4.2 Shear strength theories 

In recent years, the characterisation of the shear strength behaviour of unsaturated soil has been the 

focus of much research e.g. Khaboushan et al. (2018); Vo et al. (2016); Wang et al. (2019); Wen and 

Yan (2014); Zhou et al. (2014). Generally, research into the stress-strain behaviour of unsaturated soils 

has been divided into two schools of thought: The effective stress approach (Bishop, 1959); or the two 

stress state variable approach (Fredlund & Rahardjo, 1993).  

The two stress state variable approach considers both matric suction and net stress (total stress in excess 

of pore air pressure) as independent variables when considering the stress-strain behaviour (Fredlund, 

2012; Fredlund & Rahardjo, 1993).  
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Fredlund et al. (1978) defined shear strength as: 

 𝝉 = 𝒄′ + (𝝈 − 𝒖𝒂)𝒕𝒂𝒏𝝓′ + (𝒖𝒂 −  𝒖𝒘)𝒕𝒂𝒏𝝓𝒃 (2-1) 

where: 

ø’= effective angle of internal friction 

øb = effective angle of internal friction with respect to matric suction 

σ = total normal stress 

ua is the pore air pressure  

uw is the pore water pressure 

 

  

Although the two-stress state theory captures some of the fundamental aspects of unsaturated soil 

behaviour (e.g. collapse), other behaviour such as plastic swelling at low confining pressures and 

volumetric change of normally consolidated soil during drying, are not well reproduced (Khalili et al., 

2004; Khalili & Khabbaz, 1996,1998). The introduction of two material variables (net stress and matric 

suction) which may not be independent, leads to a complex stress-strain relationship and requirement 

for extensive laboratory testing. Furthermore, the development of a unique theoretical framework for 

unsaturated soils means that the application and transfer of knowledge and experience from saturated 

soil research is difficult (Blight, 2013; Khalili et al., 2004; Lu & Godt, 2013; Ning, 2008).  

The effective stress approach seeks to incorporate matric suction and net stress into an equation for 

effective stress (Bishop, 1959; Khalili et al., 2004; Khalili & Khabbaz, 1998; Loret & Khalili, 2002). 

This approach was developed by Bishop (1959) as an extension of Terzaghi’s effective stress equation, 

which allows the application of solid mechanics principles to soil engineering, and has been widely 

used for the evaluation of saturated soils.  

Bishop (1959) defined the effective stress relationship for unsaturated soils as: 

 

 𝝈′ = (𝝈 − 𝒖𝒂) +  𝝌(𝒖𝒂 − 𝒖𝒘) (2-2) 

where:  

χ is the contribution of suction to effective stress. χ ranges between 1 for saturated soils and 0 for dry 

soils.  
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Attempts have been made to define a relationship for χ experimentally and theoretically. A direct 

relationship between χ and the Sr has been explored, however no correlation between the two parameters 

could be determined (Bishop, 1959; Bishop & Blight, 1963; Bishop & Donald, 1961).  

By compiling shear strength data from a range of soil types (Khalili & Khabbaz, 1998) developed a 

unique relationship for χ expressed in terms of a suction ratio (s/se):  

 
𝛘 =  ⟦

𝒔

𝒔𝒆
⟧

𝛀

 
(2-3) 

where  

Ω = -0.55 (best fit when soils are on drying or wetting curves) 

s = suction (kPa) 

se = sae if on main drying curve, sex if on main wetting curve 

 

The effective stress approach is advantageous because it allows characterisation of shear strength and 

elastic deformation related to changes in total stress, pore water pressure and pore air pressure to be 

related to a single stress state. In adopting the effective stress approach, deformation and strength 

properties can be determined from the same parameters as for saturated soils. The only additional 

parameters required are sae and a suction hardening function (Khalili et al., 2004; Khalili & Khabbaz, 

1996; Loret & Khalili, 2002; Russell & Khalili, 2006). Increasing interest in implementing the effective 

stress approach is evident in recent research.  

2.4.3 Volume change in unsaturated soils 

Suction affects the behaviour of an unsaturated soil is two ways. As suction increases, effective stress 

increases and the apparent preconsolidation pressure of the soil increases. Conversely, as suction 

reduces, so too does the effective stress and the apparent preconsolidation pressure (Fleureau et al., 

1993; Khalili et al., 2004). This has implications for the deformation behaviour of an unsaturated soil 

depending on its hydraulic state and confining pressure. For instance, when suction increases, the shift 

in the apparent preconsolidation pressure can lead to a shift into the elastic region. Conversely, a 

decrease in suction can lead to subsequent collapse (plastic deformation) of the soil (Fleureau et al., 

1993; Khalili et al., 2004; Loret & Khalili, 2002). Change in suction also causes change to the slope of 
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the normal consolidation line of a soil but does not change the slope of the unload-reload line (Fleureau 

et al., 1993; Khalili et al., 2004; Loret & Khalili, 2002).  

Typically, drying will cause shrinkage whereas wetting will cause swelling or volumetric collapse 

depending on the confining pressure applied to the soil and the mineralogical properties (Fleureau et 

al., 1993). Volumetric collapse upon wetting is a behaviour commonly observed in unsaturated loess in 

China (Hou et al., 2019; Li et al., 2019; Sadeghi et al., 2019; Shao et al., 2018; Wang et al., 2019; Wang 

et al., 2020). Collapse behaviour has not been observed in New Zealand loess deposits as they are denser 

than Chinese loess (Chinese loess ρd = 1.2 – 1.5 g/cm3) which exhibits a metastable soil structure 

(Derbyshire, 2001; Derbyshire et al., 1994; Derbyshire & Mellors, 1988; Hou et al., 2019; Jiang et al., 

2014; Li et al., 2019; Liu et al., 2017; Zhu, 2012). 

2.4.4 Fractal theory and unsaturated soils 

The application of fractal theory to unsaturated soil mechanics has been an area of increasing interest 

in research (Joelson et al., 2016; Mohammadi et al., 2019; Russell, 2014; Russell & Buzzi, 2012; Vo et 

al., 2016; Xu & Cao, 2015; Yang et al., 2014; Yu et al., 2015). It is well known that there are a variety 

of scale invariant processes in nature that can be quantified using the concept of fractals (Turcotte, 

1986). An example of this is the processing of rock or soil by weathering, drilling, grinding and tillage 

operations which lead to a particle size distribution of soil or rock fragments that satisfies a power law 

relation, and by definition a fractal (Millán et al., 2003; Perfect, 1997; Perfect & Kay, 1995; Prosperini 

& Perugini, 2008; Turcotte, 1986; Vo et al., 2016). 

Modelling of soil properties using fractals is advantageous because it allows simple numerical 

quantification of physical properties that can be correlated to soil behaviours and spatial variability 

(Ahmadi et al., 2011; Joelson et al., 2016; Mohammadi et al., 2019; Yu et al., 2015). By the natural 

process of its formation (Section 2.2) loess is typically a fractal material, and thus the particle size 

distribution and pore size distribution can be described as a function of their relative fractal dimensions 

(Lu et al., 2003; Sun et al., 2018). Limited application of fractal dimensions to examine collapsibility 

and shear strength behaviours of Chinese loess has been undertaken (Chen & Hai, 2012; Ma et al., 2012; 

Shi et al., 2012). However, New Zealand loess has not been examined in this context.  

Recent application of fractal mathematics to unsaturated soils have enabled the simplification of SWCC 

characterisation and the estimation of a fractal based unsaturated hydraulic conductivity (Russell, 2014; 

Russell & Buzzi, 2012; Vo & Russell, 2017; Yang et al., 2014). These functions assume an idealised 

linear connection between pore spaces which allows the study of pore scale properties influence on soil-
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water retention behaviour. In this idealised behaviour, the pore spaces are wetted in order of size. As 

such, the SWCC can be defined by the fractal dimension of the pore size distribution and the largest 

pore size (Russell, 2014; Russell & Buzzi, 2012).  

On this basis, Russell and Buzzi (2012) provide a general definition for the main wetting curve of the 

SWCC as: 

 

𝑺𝒓 =  {

𝟏

(
𝒔

𝒔𝒆𝒙
)

𝑫−𝟑 

 

for s < sex 

for s > sex 

(2-4) 

where: 

sex is the suction associated with the air expulsion of the largest pores.  

 

sex is typically either estimated from a laboratory defined SWCC, or, can be estimated using the function: 

 

 
𝒔𝒆𝒙 =  −

𝟒𝑻𝒄𝒐𝒔𝜽

𝒅𝒎𝒂𝒙
 

(2-5) 

where  

T is the surface tension of water 

θ is the contact angle between water and soil 

dmax maximum pore size 

 

According to Russell and Buzzi (2012)the slope of the main drying curve can then be defined by: 

 

 

𝑺𝒓 =  {

𝟏

(
𝒔

𝒔𝒂𝒆
)

𝑫−𝟑 

 

for s < sae 

for s > sae 

(2-6) 

where sae is the suction associated with the air entry.  
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A relationship between sae and sex can then be defined as 

 
𝒔𝒂𝒆 =  𝒔𝒆𝒙𝒏

𝟏
𝟑

(𝟏−
𝜷
𝜶

)
 

(2-7) 

Where: 

n1/3 represents the ratio between s on the main wetting curve when Sr = 1, and s on the main drying 

curve after the largest pore throats have drained. 

β represents the slope of the scanning curve in the log(s) – log(Sr) plane 

α represents the slope of the main wetting and drying curves in the log(s) – log(Sr) plane, α = -(3-D). 

 

For fractal soils, e.g. where the particle size distribution is scale invariant, these functions can be used 

to define a SWCC.  

2.5 Summary 

Loess and loess-derived soils in Banks Peninsula, New Zealand are typically unsaturated. Previous 

research has shown a relationship between increase in water content and reduction in shear strength in 

loess deposits, however the behaviour of unsaturated loess in New Zealand has historically not been 

examined in the context of unsaturated soil. Despite the shear strength behaviour of unsaturated soils 

being the subject of research internationally, theories such as the application of effective stress to 

unsaturated soils have not been applied to New Zealand loess historically. As such, the current 

knowledge is lacking a fundamental understanding of the hydro-mechanical behaviour of these deposits 

which is critical to understanding the behaviour of loess slopes that are susceptible to rainfall-triggered 

instability. Climatic conditions (e.g. rainfall intensity and duration) and soil hydraulic characteristics 

(e.g. unsaturated hydraulic conductivity) are known to influence the susceptibility of slopes to rainfall-

triggered slope failure but how these characteristics influence the temporal hydraulic behaviour of 

Akaroa loess deposits specifically is not well-understood. Recent research into the unsaturated 

behaviour of fractal soils provides scope for simplification of these soil-water characteristics for 

materials such as loess.  
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Chapter 3 Laboratory testing procedures and 

results 

An extensive range of laboratory tests were performed on undisturbed (intact) and remoulded loess. 

These tests included: index classification tests; soil-water characteristic curve testing (pressure plate 

and dewpoint hygrometer testing); oedometric compression testing; unsaturated and saturated 

isotropically consolidated triaxial tests; and microstructural analysis (Mercury porosimetry testing and 

Scanning electron microscopy imaging).  

This chapter details the test procedures and apparatus used in each test. Results are also presented after 

each test description. The test results are discussed in Chapters 5 and 6 and implemented in Chapter 7 

for slope stability and seepage analysis.  

3.1 Classification testing 

Classification testing was performed using a combination of New Zealand and International Standard 

procedures including: 

 Determination of Solid Density; 

 Determination of Particle Size Distribution, including analysis by sieving and clay fraction by 

hydrometer; 

 Determination of Plastic limit, Liquid Limit and Linear Shrinkage; and 

 Determination of Dry Density. 

 

The percentage of carbonate content in loess samples was examined using a University of Canterbury 

in-house method. 

Each test procedure and relevant apparatus is described in the following sections, with test results 

presented.  
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3.1.1 Determination of particle density 

A procedure similar to that outlined in AS 1289.3.5.1 (1995) was followed for the determination of the 

solid density (Gs). Approximately 15 g of loess was placed in a 250 ml glass pycnometer of a known 

mass. Water was added to fill approximately two thirds of the pycnometer and allowed to soak for a 

minimum of 24 hours. The pycnometer and its contents were then placed on a hot plate and heated to 

boiling point. The sample was then left to boil for a minimum of 30 minutes. During boiling, the 

pycnometer was periodically lifted off the hot plate briefly and swirled to dislodge any entrapped air.  

The pycnometer was then filled with water to the lip and left for a minimum of 24 hours to establish 

thermal equilibrium with the room. The temperature of the water in the pycnometer was measured. A 

stopper was then used to seal the pycnometer. The combined mass of the pycnometer, soil and water 

was then determined. The pycnometer was then emptied, cleaned and filled with water. The water was 

left to reach thermal equilibrium within 2 ⁰ C of that measured earlier. The combined mass of water and 

pycnometer was determined. The density of the water was determined using the temperature and the 

corresponding value provided in the standard. The test was completed three times on samples obtained 

from the same block. A simple calculation was performed to determine the particle density, which 

allowed an average value of Gs = 2.72 to be obtained. 

3.1.2 Determination of particle size distribution 

The procedures outlined in NZS4402.2.8.1 (1986) and ASTM D7928 – 17 (2017)   were followed to 

determine the particle size distribution of loess samples. For particle size analysis the New Zealand 

standard maximum silt particle size of 63 µm was adopted. A wet sieve analysis was performed 

according to NZS4402.2.8.1 (1986) to determine the grading of particles greater than 63 µm. Air dried 

loess was soaked with water and then allowed to sit for one hour. Loess was washed through a series of 

sieves of decreasing size, the smallest of which was the 63 µm sieve. Mass collected on each sieve was 

placed in an oven at 105 ⁰C overnight. This allowed the dry mass of each particle size to be determined. 

Due to the amount of water required to wash the loess through the 63 µm sieve, a separate sample was 

taken from the same block of loess and used for testing particle sizes smaller than 63 µm.  

The hydrometer test procedure outlined in ASTM D7928 – 17 (2017) was followed to determine particle 

size distributions for clay and silt sized particles. The required mass to be tested was determined to be 

approximately 100 g for each test. The soil sample was soaked in 5 % Sodium Hexametaphosphate 

(NaPO3) solution for a minimum of four hours before being transferred to the sedimentation cylinder. 

After the cylinder was filled to 1000 ml the soil solution was stirred using an aluminium agitator. No 
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foam was observed on top of the soil solution after mixing. The sedimentation cylinder was covered 

and left overnight to deflocculate and equilibrate to the temperature of the room. Prior to commencing 

the hydrometer readings, the solution was mixed again using the agitator. Hydrometer and temperature 

readings were taken at elapsed times of 1, 2, 4, 8, 15, 30, 60, 240, 1440 minutes.  

At the completion of testing, the dry mass of the suspension was obtained by drying the suspension in 

an oven at 105 ⁰C for 24 hours. Once the dry mass of soil plus dispersant is determined, the soil was 

allowed to soak in water and then poured over a 63 µm sieve. The mass of material retained on the 

63 µm sieve was dried in an oven at 105 ⁰C and then weighed. The test was repeated on loess used for 

triaxial testing and loess sourced from the field instrumentation site (Chapter 4). Results are presented 

as particle size distribution curves (Figure 3.1). Details of grain diameters are provided in Table 3.1. 

 

 

Figure 3.1: Particle size distribution curve for Takamatua Loess. 

  



 

33 
 

 

Table 3.1: Particle size distribution ranges for Takamatua Loess. 

Parameter Value 

Sand content (2 - 0.063mm) 11.2 – 15.2 % 

Silt content (0.063 – 0.002mm) 64.9 – 81.5 % 

Clay content (<0.002mm) 7.3 – 21.4 % 

D60 0.025 mm 

D50 0.020 mm 

D30 0.009 mm 

 

3.1.3 Determination of plastic limit and liquid limit  

The procedures outlined in NZS4402.2.2 (1986), NZS4402.2.3 (1986) and NZS4402.2.6 were used to 

determine the liquid limit and plastic limit of the loess, respectively. Figure 3.2 shows results of the 

plasticity testing with depth across the test site in Takamatua. In terms of the Unified Soil Classification 

System (USCS), the loess is classified as Low Plasticity Clay (CL).  

 

 

Figure 3.2 Plastic limit, liquid limit, and particle size distribution thresholds with depth for each probe array. 
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3.1.4 Determination of dry density 

The block samples obtained were too stiff for a steel tube to be driven in to obtain a subsample therefore 

the dry density of the loess was required to be determined by carving a sample of a known size from 

the block sample. After the mass of the subsample was determined, it was placed in an oven at 105 ⁰C 

for a minimum of 24 hours. The dry mass was then determined. A simple calculation was performed to 

determine the volume of the sample, and the dry density. The dry density for in situ loess ranged 

between 1.6 – 1.7 g/cm3. This is consistent with previous testing on similar soils (Chapter 2).  

3.1.5 Determination of carbonate content 

A non-standard “in-house” method was used to determine the carbonate content of loess samples. To 

determine the carbonate content of loess, a sample of approximately 50 to 100 g of loess was dried in 

an oven set at < 60 ⁰C for a minimum of 48 hours. After this period the sample was left to equilibrate 

at room temperature and then weighed. Once the dry mass was determined, the sample was placed in a 

200 ml glass beaker and soaked in approximately 150 ml of 10 % hydrochloric acid solution to remove 

the CaCO3 from the loess. The soil solution was stirred periodically using a glass stirring rod to mix the 

acid with the soil. The beaker was then covered with a glass dish and left for several days until no 

further reaction was observed. This took up to 5 days for the loess. 

Once reaction had ceased, the sample solution was split into four 50 ml centrifuge tubes. Tubes were 

then filled with de-ionised water and then centrifuged for 3 minutes at 2500-3000 rpm. The supernatant 

liquid was then decanted from the tube and fresh de-ionised water added to refill the tube. The sample 

was then dislodged from the base of the tube using a vortex mixer which allowed the rinsing of soil 

sediments in the new water. The process of centrifuging and rinsing was repeated until the fluid present 

in the tube became clear post-centrifuge. 

The sample was then dislodged from the base of the tube and placed in an oven at 105 ⁰C to determine 

the remaining dry mass. A simple calculation was performed to determine the difference between the 

initial and processed sample weight to determine the carbonate content. The test was repeated three 

times on loess samples from the same block. The average of the samples tested resulted in a carbonate 

content of 7.5 %. 
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3.2 Soil-water characteristic curve testing 

3.2.1 Introduction 

The soil-water characteristic curve (SWCC) is a mathematical relationship between the water content 

and the suction in a soil. Further generic details on the SWCC in are provided in Chapter 2.  

Two test methods were used to determine the SWCC for loess. These were: 

1. Pressure plate test 

2. Dew point test (using WP4C PotentiaMeter apparatus). 

Results are presented in Section 3.2.4. 

3.2.2 Pressure plate test 

Test set up 

The pressure plate test was carried out in accordance with ASTM D6836-16 to determine the SWCC of 

the loess soil up to suctions of 200 PSI (1379 kPa). The apparatus used in this research was 

manufactured by SoilMoisture Equipment Corporation. The main component of the apparatus is a 

porous high air entry ceramic plate that is used to create a pressure differential between the pore water 

in the plate (uw) and the air pressure (ua) in the chamber. This process allows suction to be induced 

within the soil samples allowing direct measurement of the soil-water characteristic curve. 

Sample Preparation 

Both intact and remoulded samples were prepared for the pressure plate test. Intact samples were carved 

out of block samples using hand tools and then fitted into the 50 mm ø brass rings. Remoulded 

specimens were compacted into the brass rings to dry densities ranging between 1.5 and 1.8 g/cm3. This 

range was chosen to represent the densities of loess soils found in Canterbury based on recent and 

historic data. The loess was tamped into the brass rings at a water content of 13-16 %. Compaction took 

place on a glass plate to ensure the base of the samples were smooth.  

Once prepared, both the intact and remoulded samples were allowed to soak for a minimum of 24 hours 

in distilled de-ionised water. At 30-minute intervals, further water was applied to the top of the sample. 

The purpose of the soaking was to increase the Sr to as close to 100 % as possible. During saturation, it 

was observed that several of the remoulded samples swelled vertically approximately 2 %. Two out of 

the four intact samples also swelled vertically by approximately 4 %. 
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Procedure 

Prior to commencing the test, the high air entry ceramic (HAE) was saturated in de-aired distilled de-

ionised water for 24 hrs. Samples were then placed on the saturated disk inside the pressure chamber. 

300 kPa and 1500 kPa air entry value plates were used for this research to obtain a wide range of suction 

values. A thin layer of water was applied to the top of the ceramic disk to ensure good contact between 

the disk and the soil. Once the samples were sealed in the pressure chamber, the air pressure was 

increased to a target value to induce suction in the sample using the axis translation technique (Blight, 

2013). The compressed air passed through two humidity chambers to ensure the air entering the 

chamber was humid. As air pressure is applied to the chamber, excess pore water drained from the 

samples and through the ceramic disk to a valve on the underside of the plate. The water passed freely 

through the valve and into a nylon tube that exits the chamber. The water then passed up through an 

external 10 ml burette so that the flow can be observed. The chamber and the samples are thought to 

have equilibrated at the required suction when water ceases to exit the chamber (Figure 3.3).  

 

Figure 3.3: Schematic of pressure plate apparatus. 
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To determine the drying curve, the pressure in the chamber was increased at each stage. Once 

equilibrium had been reached (water expulsion from pressure plate chamber into the burette ceased), 

the chamber pressure was reduced to zero. Intact samples were weighed and returned to the chamber. 

Two remoulded samples were removed at each pressure for destructive testing. This involved carefully 

removing the sample from the ring to allow measurement of any swell/shrinkage that may have taken 

place during the test. Specimen volume change was measured using digital callipers by taking 

measurements of the thickness and diameter of the specimens in six locations. Once these measurements 

were taken, the samples were transferred to water content tins, weighed and oven dried at 105°C to 

determine the water content. 

To determine the wetting curve, the pressure in the chamber was decreased at each stage. The water 

applied to the top of the plate was drawn into the soil as air pressure decreased. The remaining water 

then exited the chamber through the ceramic plate and into the burette until equilibrium was reached. 

Cell pressures up to 200 PSI (1379 kPa) were applied for this test. The laboratory air supply was used 

for pressures up to 300 kPa, beyond this the compressed air bottle was used. The minimum suction 

value applied was 1 PSI (6.9 kPa) due to the accuracy of the regulator.  

 

 

Figure 3.4: Photograph of pressure plate apparatus. 
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3.2.3 Dew point method (WP4C) water potential test 

Test set up 

A WP4C hygrometer device was used to determine the SWCC for the loess for suctions above 200 PSI 

(1379 kPa). The apparatus used in this research was manufactured by METER Group Inc. and has a 0 

– 300 MPa measurement range. The apparatus uses a chilled mirror to measure the suction within the 

sample. This is achieved by allowing the sample to equilibrate with the air in a sealed chamber. Air is 

circulated around the chamber using a small fan. During this process, moisture from the sample 

condenses within the chamber and onto the mirror. Once equilibrium is reached, the water potential of 

the air in the chamber is the same as that of the soil sample. A photodetector is used to detect a change 

in the reflectance of the mirror due to condensation occurring, and thus measuring the water potential 

of the air and sample. This process allows measurement of total suction within the soil samples and, 

with water content readings, the soil-water characteristic curve. For these tests, osmotic suction was 

assumed to be negligible.  

Sample Preparation 

Remoulded samples were prepared for the WP4C test. Loess was compacted into 37 mm ø aluminium 

cups to dry densities ranging from 1.7 to 1.8 g/cm3. This density range was chosen to correspond with 

pressure plate testing. The loess was tamped into the cups at a range of water contents. For samples on 

the wetting path, bulk material was dried in the oven and then wetted to the required water content. 

Wetted sample material was left overnight to equilibrate before compacting into the sample cups and 

testing the sample in the dew point device.  

For the drying path, bulk material was compacted into the sample cups for testing. Once tamping was 

complete, the density of the sample was determined by measuring from the lip of the sample cup to the 

top of the compacted sample using a Vernier calliper and a solid brass cylinder. The sample was then 

left to dry for a period of time either using the oven or in the air drying. Samples were then sealed with 

a plastic lid and left to equilibrate for a minimum of 24 hours before testing.  

Intact samples were prepared using hand tools to reduce intact block samples down to small disk shapes 

to fit inside the stainless-steel cups. For the wetting path, samples were first dried in the oven and then 

water was added to the sample. Wetting samples were left for a minimum of 7 days to equilibrate before 

testing. For the drying path, intact samples were first saturated and left for 7 days to equilibrate. After 

that time, intact samples were progressively dried in the oven to a certain water content. Intact samples 

were then left to equilibrate before the testing commenced. 
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Procedure 

Each sample was tested individually by sliding the sample cup into the WP4C using the drawer. The 

device was then left for the sample and chamber air to equilibrate. The sample volume was measured 

after suction equilibrium was reached so that volumetric change would be included in Sr calculations. 

Once this had occurred, the WP4C displayed a suction reading in kPa and pF. The sample was then 

removed from the device and a water content reading was taken to allow data to be added to the SWCC. 

The density of the sample was determined from measuring the final compacted thickness of the sample.  

3.2.4 Results 

Figure 3.6 to Figure 3.11 show the pressure plate and dew point test results for intact and remoulded 

samples presented as Sr – logs and logSr - logs. Pressure plate test results correlate well to the dew point 

test results. Intact samples show very little difference between the data compiled to form the drying and 

wetting curves.  

Figure 3.9 shows how a change in density effects the SWCC. Figure 3.11 and Figure 3.12 shows a 

combined plot of both intact and remoulded samples. Variation within the results was expected due to 

the natural formation of the loess material. Typically less than 2 % volume change was observed in the 

loess during wetting and drying. 
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Figure 3.5: Plot of pressure plate and dew point test results for intact samples in w – logs plane. 

 

Figure 3.6: Plot of pressure plate and dew point test results for intact samples in Sr – logs plane. 
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Figure 3.7: Plot of pressure plate and dew point test results for intact samples in logSr-logs plane. 

 

Figure 3.8: Plot of pressure plate and dew point test results for remoulded samples in w – logs plane. 
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Figure 3.9: Plot of pressure plate and dew point test results for remoulded samples in Sr – logs plane. 

 

Figure 3.10: Plot of pressure plate and dew point test results for remoulded samples in logSr-logs plane. 
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Figure 3.11: Plot of pressure plate and dew point test results for intact and remoulded samples results in Sr-logs 

plane. 

 

Figure 3.12: Plot of pressure plate and dew point test results for intact and remoulded samples results in logSr-

logs plane. 
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3.2.5 Discussion 

Figure 3.6 shows that there is little difference in the main drying and main wetting curve for the intact 

samples. This may be due to the geometry of pore throats being similar to that of pores themselves, 

leaving little variation between the rates of water expulsion from the pores or the throats. Variation 

between the size of the pore throats and the pores themselves results in the “ink bottle effect” which 

causes entrapment of pore water within the pores leading to hysteresis between wetting and drying 

(Russell & Buzzi 2012). Figure 3.11 (combined plot) shows that the wetting and drying curves only 

show slight differences between intact and remoulded specimens.  

Larger pores (up to 3 mm) were observed in the intact samples likely formed from both depositional 

and post-depositional processes. These larger pores often resulted in a high void ratio for the WP4C 

samples due to the smaller scale of the soil sample itself. The experimental scatter observed within the 

results for the SWCC was expected due to the natural geologic processes that have caused the formation 

of the loess.  

Lower suction values (<6.9 kPa) could not be imposed on the samples during the pressure plate tests 

due to limitation of the apparatus set up. This meant that the SWCC was required to be inferred below 

this value, however, it is clear from the data that Sr >95 % was achieved. Due to the near saturation of 

the soil at this pressure it is expected that lower suction values would have a small overall effect on the 

effective stress and consequently the stress-strain behaviour of the soil.  
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3.3 Oedometric compression tests 

3.3.1 Introduction 

Oedometric testing refers to one-dimensional vertical loading of a sample where lateral strain is 

prevented. Deformation of the sample during loading and unloading renders plastic and elastic strain 

characteristics of the material which is dependent on the stress history and stress state of the soil. 

Standard saturated oedometric compression tests were undertaken on remoulded and intact samples. 

Remoulded samples used in each test were prepared to obtain fabric and structure similar to that of the 

specimen tested in the pressure plate and triaxial apparatus. A range of void ratios were also considered.  

3.3.2 Conventional saturated oedometric testing 

Test set up 

The saturated oedometer testing was carried out in general accordance with ISO: 17892-5:2017  to 

determine the compressibility characteristics of the loess. The apparatus used in this research was 

manufactured by Wykeham Farrance Engineering Ltd (Figure 3.13). The main component of this test 

procedure is to apply incremental normal loads to the top of a saturated sample of soil allowing direct 

measurement of deformation during loading.  

Sample preparation 

Remoulded and intact specimens were prepared for the saturated oedometer test. Remoulded samples 

of loess were prepared by compaction into a 75 mm ø ring with dry densities ranging from 1.6 – 

1.7 g/cm3. This density range was chosen to represent the average densities of loess soils found in 

Canterbury based on recent and historic data, and the densities of loess specimen tested for the SWCC.  

Initially, remoulded samples were prepared by compacting loess at 16 % water content, however, 

saturation of the specimen proved difficult to ensure from flooding the specimen in the oedometer. 

Subsequent samples were prepared by moistening the loess to 24 % water content prior to compacting 

into the ring. The soil was then covered and left to equilibrate for a minimum of 24 hours, before gently 

pressing the wet soil into the ring. This process meant that Sr of 1 was achieved before commencing the 

test. Compaction took place on a glass plate to ensure the base of the samples was smooth.  

Intact specimens were prepared from block samples. A hand saw and fine sandpaper was used to shape 

63 mm diameter and 20 mm high samples. A bubble level was used to ensure that the sample sides and 
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ends were straight before testing commenced. Intact samples were then carefully placed inside the test 

ring and placed inside the test cell.  

 

Procedure 

Once samples had been prepared, they were carefully loaded into the oedometer cell. Porous stones 

were placed beneath the sample and on the top cap to allow two-way drainage within the sample. The 

top cap and ball bearing were placed on the top of the sample, and the cell was flooded to commence 

saturation. To observe any potential swell, the sample was loaded with 10 kPa and left for a minimum 

of 24 hours for remoulded samples and 7 days for intact samples.  

Once swell was completed, the sample was incrementally loaded in several stages: 27 kPa, 51 kPa, 

100 kPa, 197 kPa, and 392 kPa. Once primary consolidation was reached for each stage, the next stage 

commenced. After the final 392 kPa stage the sample was unloaded to 100 kPa and reloaded to 392 kPa 

once more to observe recompression of the sample. 

 

 

Figure 3.13: Photograph of apparatus used for conventional oedometric compression tests 
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3.3.3 Results 

The results of the oedometric tests are presented in the e – logσ1 plane in Figure 3.14. The tests were 

conducted on samples of initial void ratio ranging from 0.64 to 0.69 for intact loess, and 0.59 to 0.68 

for remoulded specimens.  

 

 

Figure 3.14: Oedometric compression results plotted on e – σv plane 
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Figure 3.15: Oedometric compression results plotted on e/e0 – σv plane 

 

Preparation of intact samples to exactly match the ring size was problematic. Minor gaps (<0.5 mm) 

between ring and sample may have led to violation of K0 conditions at the start of the test, and slight 

miscalculation of initial void ratio. To achieve K0 conditions some vertical and lateral strain would 

have taken place. As such, the derived preconsolidation pressures may be slightly higher than in reality 

for intact specimen. To confirm the initial void ratio, the diameter of intact soil samples was measured 

prior to placing the sample into the ring to achieve true measurement of density.  

3.3.4 Discussion  

The oedometric compression test results are typical of those for saturated loess deposits. Increase in 

compressibility and a reduction in stiffness was observed with increased stress. The initial void ratio of 

each specimen was determined prior to installation of the sample into the oedometer cell and before the 

top platen was placed. Therefore, measurement of the small vertical displacement induced by the 

placement of the platen was not possible and assumed to be negligible. 

As expected, intact loess specimens displayed a higher preconsolidation pressure (yield point) than the 

remoulded samples. Preconsolidation pressure of intact and remoulded samples was estimated to be 

200 kPa and 20 kPa respectively. By applying an average dry density of 1.7 g/cm3 for the intact loess, 
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the preconsolidation pressure indicates that the loess sample has previously been loaded to the 

equivalent of 6.0 m overburden pressure to achieve this stress state. This is assuming that the yield point 

corresponds to preconsolidation pressure rather than structural effects such as cementation. The 

possibility 6.0 m of removed material at this location is plausible as the loess is much thicker in other 

locations around Banks Peninsula. It should also be noted that the samples tested were from the upper 

1.0 m of an intact loess cutting and therefore there is potential for repeated exposure to wetting and 

drying that may contribute to consolidation of the soil. If the intact samples are overconsolidated due 

to repeated wetting and drying, it is possible that these consolidation curves are not representative of all 

loess in Akaroa Harbour. 

Remoulded loess samples reached virgin compression at a lower vertical stress than the intact samples. 

This is expected as the microstructure of the intact loess is a function of deposition and changes in in 

situ stresses which formed interparticle bonds. Remoulded loess has been formed from the degradation 

of that structure and recompacted into a new particle arrangement.  
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3.4 Triaxial testing 

3.4.1 Introduction 

Isotropically consolidated drained triaxial tests were performed as part of this research. These tests were 

undertaken on saturated and unsaturated samples of intact and remoulded loess specimens. Isotropically 

consolidated compression tests involve subjecting cylindrical samples to equal surrounding stresses, 

such that σ’1 = σ’2 = σ’3 during the consolidation process during which sample volume changes are 

measured. During compression, stresses applied to the axis of the sample are increased so that σ’1 is 

larger than that of σ’2 and σ’3. Axial deformations and volume change are measured during compression.  

Unsaturated testing was performed at a constant suction with back pressure lines open to allow drainage 

of pore water during testing. Intact and remoulded samples were prepared to obtain similar fabric and 

structure to the specimen prepared for the pressure plate and oedometric compression testing. Intact 

samples were prepared to a standard diameter of 50 mm, however, due to the nature of hand preparation, 

minor irregularities (< 1 mm) in the sample dimensions and alignment was observed.  

3.4.2 Saturated isotropically consolidated drained compression tests 

Sample preparation 

Intact samples were carved from block samples extracted from a road cutting in loess at Duvauchelle, 

Akaroa Harbour. Block samples were extracted from the site using hand tools to minimise the 

disturbance to the soil structure. A small hand saw, and fine sand paper was used to shape 100 mm 

diameter and 100 mm long cylindrical samples from the loess blocks (Figure 3.16). Samples were 

carved to a larger size than that of the final test sample to ensure that during transportation any minor 

fretting of sample edges would not impact test procedures. 

Carved samples were wrapped in insulating plastic and sealed inside a container for shipment to the 

School of Civil and Environmental Engineering at the University of New South Wales. At the time of 

shipment, the water content of the loess samples was approximately 2.5 %. At this water content, the 

soil behaves as a weak rock, and as such, it was considered unlikely that the samples were at risk of 

disturbance during transit. Upon arrival in Australia the samples were quarantined and treated with 

50 kGy gamma irradiation before reaching the laboratory.  



 

51 
 

Prior to testing, samples were shaped with fine sandpaper to finalise the intact sample shape to 50mm 

diameter and 100 mm long cylindrical samples. A bubble level was used to ensure that the sample sides 

and ends were straight before testing commenced. 

Prior to placing the intact samples on the base pedestal and porous stone, a single membrane was placed 

over the sample. The membrane was folded up at the end of the sample that would be placed on the 

base pedestal. Once in position, the membrane was folded over. A second membrane was then placed 

over the top before placing the o-rings.  

 

 

Figure 3.16: a) photograph of intact loess block from which specimen were hand carved; b) photograph of hand 

carved sample. 

 

Reconstituted specimens were prepared using a 50 mm diameter split mould mounted on stainless steel 

pedestal. The membrane was placed inside the split mould prior to compaction. Specimens were 

prepared from bulk loess material at 14.3 % water content. Specimens were compacted in six layers 

into a known volume. The top of each layer was scarified prior to the addition of material for the next 

layer. The final sample dimensions for each sample were measured with Vernier callipers.  

 

a) b) 
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Apparatus and test set up 

A Bishop Wesley device was used for the triaxial test sequence (Figure 3.17). The set up included one 

GDS pressure/volume controller (2 MPa) to control the axial load measured by an internal load cell (5 

kN). The axial load was applied by programming the GDS controller to supply a constant supply of 

water to the lower pressure chamber of the apparatus. This results in the base pedestal moving up, 

pushing the top cap into the stationary axial loading ram, which resists the movement causing loading 

of the sample.  

 

 

Figure 3.17: Photograph of triaxial apparatus. 

 

Two Buzzmatic pressure controllers connected to WF bladder air-water cylinders were used to control 

the back pressure and the cell pressure. Pore water volume change was measured using a 10 ml glass 

burette with an oil-water interface connected to the pore water supply. Axial deformations were 

measured using a Linear Variable Differential Transformer (LVDT) attached to the base of the triaxial. 

A data acquisition system and computer were used to record measurements for pore water pressure, cell 

pressure, axial displacement and axial load every 60 seconds. Volume change measurements were 

recorded manually by taking measurement off the burette. Water used within the device was distilled 

and de-aired. The base pedestal was fitted with a spiral groove to aid the movement of water throughout 

the sample (Figure 3.18).  
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Figure 3.18: Photograph of spiral base. 

 

Test procedure 

Prior to saturation, the samples were flushed with CO2 to help saturate the sample. Then water was 

flushed through the base pedestal, through the sample and exiting through the top cap. Once 500 ml of 

water had flushed through the sample, the cell pressure and back pressure were raised to achieve the 

required effective stress. These pressures were applied overnight to allow the movement of water into 

smaller pores within the sample. Due to the fine-grained particle size distribution of the material, 

achieving complete 100 % saturation was difficult. It was resolved that for a stiff, predominantly silt 

soil such as this that Skemptons B-value of 1 was not feasible. Furthermore, time constraints meant that 

intact specimens could not be left in the triaxial for longer than 2 weeks for saturation. Based on the 

specimen composition and stiffness creep was considered to be negligible over this time.  

Holtz and Kovacs (1981) have suggested that for very stiff clays Sr is approximately 99 % when B ≥ 

0.1 and 100 % saturation is achieved when B ≥ 0.91. Although the loess is not a clay in the true sense, 

it behaves as a low plasticity clay and undergoes brittle failure at low water contents indicating a 

stiffness of the soil matrix. Due to the low water content of the intact samples (2.5 %), the samples were 

wetted from a very stiff condition.  
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Remoulded specimens were saturated under increasing back pressure up to 300 kPa for a four-week 

saturation period. Incremental B-value checks were undertaken to monitor the saturation progress. B-

values reached up to 0.5 for remoulded samples. Considering the stiffness and fine-grained nature of 

the soil, the corresponding saturation ratios were considered acceptable for drained tests to proceed, for 

the pore water volume change measurements to be reliable and for the suction effects to be negligible. 

Water content checks were conducted at the end of each triaxial test to confirm the high saturation ratio 

with consideration given to the change in water content and void ratio over the course of the shearing. 

The implications for the low B-values are discussed further in Section 3.4.5 Limitations and sources of 

error. Table 3.2 provides details of the saturation conditions for both the remoulded and intact samples.  

Table 3.2: Saturation conditions for saturated tests. 

Sample type Test No. B-Value Implied Sr range 

(Holtz & Kovacs 1981) 

Intact 50D 0.91 97-100 % 

 150D 0.86 97-100 % 

 200D 0.85 97-100 % 

Remoulded RM50D 0.50 85-100 % 

 RM100D 0.50 85-100 % 

 RM150D 0.50 85-100 % 

 

After saturation, each sample was isotropically consolidated at the required confining test pressure prior 

to shearing commencing. Consolidation was monitored by measuring changes in the sample volume 

change burette. Once primary consolidation was achieved, shearing commenced.  

Shearing rate 

As triaxial testing was to be strain-controlled, a load rate was required to be calculated to accommodate 

for pore pressure dissipation during loading. A triaxial consolidation test was used to determine the 

loading rate for testing. Upon increasing the cell pressure from 350 kPa to 450 kPa, 90 % consolidation 

was achieved after 20 min. A preliminary test on two intact samples was also conducted to provide an 

estimation of axial displacement upon failure. The average axial displacement at failure was recorded 

as 1.12 mm.  
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From T90 during consolidation, the time to failure was estimated to be: 

 

𝑻𝒇 = 𝟏𝟒  𝑻𝟗𝟎 = 𝟐𝟖𝟎 𝒎𝒊𝒏 

A T90 multiplier of 14 was applied as per ASTM D 1781.  

The rate of loading to be applied was then calculated by: 

 

𝑳𝒐𝒂𝒅𝒊𝒏𝒈 𝒓𝒂𝒕𝒆 =  
𝑻𝒇

𝒂𝒙𝒊𝒂𝒍 𝒅𝒊𝒔𝒑𝒍𝒂𝒄𝒆𝒎𝒆𝒏𝒕 (𝒂𝒕 𝒇𝒂𝒊𝒍𝒖𝒓𝒆)
=

𝟐𝟖𝟎 𝒎𝒊𝒏

𝟏. 𝟏𝟐 𝒎𝒎
= 𝟎. 𝟎𝟎𝟒 𝒎𝒎/𝒎𝒊𝒏 

 

This rate is considerably slower than strain rates used in previous monotonic triaxial testing of loess 

material in China where loading rates of 0.05 mm/min (Zhou 2012) or 0.07 mm/min (Xu et al. 2012) 

have been applied. However, the loess tested in this research is considerably denser (approx. 

ρd =1.7 g/cm3) than loess from China (approx. ρd =1.4 g/cm3), and therefore less permeable.  

Axial load was applied to the sample using a 2 MPa GDS digital controller that was programmed to 

pump water at a defined constant rate into the lower chamber of the apparatus. The base pedestal on 

which the sample was mounted then moved vertically. A ball bearing on the top cap was then moved 

upward into a stationary load cell which resisted the movement which resulted in loading of the sample. 

Loading was continued until critical state was reached, or an axial strain of approximately 10 % was 

achieved. This was chosen because the focus of this component of the research was to examine the peak 

strength and critical state behaviours of the loess.  

3.4.3 Unsaturated isotropically consolidated drained compression test 

Sample preparation 

The samples used in the unsaturated compression tests were prepared using the same method as the 

saturated compression tests. 

Apparatus and test set up 

The apparatus used for the unsaturated triaxial testing was the same device as described in Section 3.4.2, 

however, the apparatus was set up so that a direct supply of pore air pressure could be applied to the 

top of the sample. The axis translation technique was used to apply suction to the sample. Air pressure 
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was supplied through the laboratory compressed air supply and humidified by passing through a sealed 

humidity chamber before entering the sample. Pore water was applied to the base of the sample in the 

same way as in the traditional saturated test.  

A 3 bar (300 kPa) ceramic high air entry disk was placed at the base of the sample to ensure the pore 

air pressure was maintained within the sample, and a pressure differential between the pore water and 

pore air could be established. Prior to use, the ceramic disk was saturated inside the triaxial cell by 

applying 45 kPa back pressure through the spiral base, which flushed de-aired distilled water through 

the disk. Back pressure was applied to the ceramic disk for 48 hours whereby approximately 10 ml of 

water had passed through. To ensure the ceramic disk was kept saturated, it was placed in a bowl of de-

aired, distilled water until use.  

For testing, the ceramic disk was placed on the top of the 50 mm diameter base pedestal. The sample 

was placed directly onto the ceramic disk, with a standard porous disk on top. Two o-rings were placed 

on the base on the pedestal on top of the membrane, with a third o-ring placed around the ceramic disk.  

Test procedure 

To achieve partial saturation of soil samples, the soil specimens were placed on top of the 3 bar 

(300 kPa) ceramic disk in the triaxial apparatus. De-aired, distilled water was allowed to enter the 

sample by applying a back pressure of 40 kPa through the base of the sample, and 60 kPa cell pressure. 

The movement of water through the sample was monitored by observing the wetting front from the base 

to the top of the sample (Figure 3.19). Once an even distribution of water throughout the samples was 

achieved, suction was applied to the sample using the axis translation technique. Air pressure was 

applied at the top of the sample and water pressure was maintained through the base. The sample was 

left in this condition to equilibrate. Equilibration took a minimum of seven days to complete. Cell 

pressure was maintained ay 60 kPa during this time. Over the equilibration period water was allowed 

to exit the sample. The volume of water exiting the sample was monitored by measuring changes in the 

back-pressure burette. Once water exiting the sample ceased the specimen had equilibrated.  
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Figure 3.19: Wetting front progressing through intact loess specimen. 

 

Shear strength testing was conducted while maintaining constant suction. For these tests, pore water 

was able to drain during loading, however, in all tests the volume of water expelled from the sample 

was less than the resolution of the burette. Change in cell fluid volume was recorded using a burette 

throughout the test to allow interpretation of sample volume change. The cell volume change 

measurements were corrected to account for creep in the Perspex cell. This was achieved by measuring 

the change in cell volume while under confining pressure for 24 hours prior to commencing the 

unsaturated testing (Figure 3.20).  

A second correction was applied to volume change measurements recorded during shearing to account 

for the volume of water displaced from vertical movement of the base platen under a loading rate of 

0.004 mm/min. The correction was determined by recording cell volume change for several hours prior 

to the sample making contact with the axial loading ram. Due to the considerable volume change 

resulting from the movement of the base platen, the oil-water interface level of the volume change 

burette was required to be reset during the test to allow continued readings. Resetting of the volume 

change burette was conducted quickly to ensure no adverse effect on the volume change readings. Tests 

were continued until a minimum of approximately 10 % axial strain was achieved. 
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Figure 3.20 Rate of cell volume change (ml/min) with time for a cell pressure of 150 kPa. 

3.4.4 Results  

The recorded data was processed under the assumption that the specimen deformed as a right cylinder 

(ASTM, 2011). The deviator stress (q) of the specimen was calculated as: 

 𝒒 =  𝝈′𝟏 − 𝝈′𝟑 (3-1) 

Where,  

 σ'1 and σ’3 are the major and minor principal effective stresses respectively (kPa); 

The mean effective stress p’ in the saturated tests were calculated as: 

 

 
𝒑′ = (

𝝈′𝟏 + 𝟐𝝈′𝟑

𝟑
) 

(3-2) 
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The axial strain εa of the specimen was calculated as: 

 
𝜺𝒂 = − 

∆𝒉

𝒉𝟎
 

(3-3) 

Where, 

 Δh is the change in specimen height; 

 h0 is the initial specimen height after consolidation. 

The volumetric strain εvol of the specimen was calculated as: 

 
𝜺𝒗𝒐𝒍 = − 

∆𝑽𝒕

𝑽𝒕𝟎
 

(3-4) 

Where, 

 ΔVt is the change in specimen volume; 

 ΔVt0 is the initial specimen volume after consolidation. 

It is assumed that during consolidation the sample deforms isotropically and therefore linear strain must 

be the same in all three directions.  

 

Saturated drained compression shear tests 

The results of saturated drained triaxial compression tests are presented in the q – εa, εvol - εa and p-q 

planes (Figure 3.21 and Figure 3.22). The tests were conducted at constant σ3 values of 50 kPa, 150 kPa 

and 200 kPa. The intact specimens are referred to as 50D, 150D and 200D respectively. Remoulded 

specimens are referred to as RM50D, RM150D and RM200D. Table 3.3 provides a summary of the test 

details.  
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Table 3.3 Summary of saturated drained compression tests. 

Sample 

type 

Test no. ρd 

(g/cm3) 

e0 p’c 

(kPa) 

e c qp 

(kPa) 

p’p 

(kPa) 

qcs 

(kPa) 

p’cs 

(kPa) 

Intact 50D 1.63 0.66 50 0.66 198 118 168 107 

 150D 1.65 0.68 152 0.63 329 261 329 261 

 200D 1.68 0.61 201 0.60 515 373 515 373 

Remoulded RM500D 1.57 0.72 50 0.72 170 105 170 105 

 RM100D 1.60 0.68 100 0.62 287 195 287 195 

 RM150D 1.57 0.72 150 0.69 489 314 489 314 

Note: ρd is dry unit weight; subscripts c, p and cs are values of variable after isotropic consolidation, 

at peak and at critical state.  
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Figure 3.21 Saturated drained triaxial compression shear test results for intact loess presented in the q – εa  plane 

(a); εvol - εa plane (b); and p’- q plane (c). 

a) 

b) 

c) 
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Figure 3.22 Saturated drained triaxial compression shear test results for remoulded loess presented in the q – εa  

plane (a); εvol - εa plane (b); and p’- q plane (c). 

a) 

b) 

c) 
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Unsaturated drained compression test results 

The results of the unsaturated drained triaxial compression tests are presented in the q – εa, εvol - εa and 

p-q planes (Figure 3.23 to Figure 3.25). The tests on intact specimens were conducted at constant σ’3 

pressures of 50 kPa, 150 kPa and 200 kPa, at an induced suction of 200 kPa using the axis translation 

technique. A second set of intact specimens were tested at a “natural” in situ suction of 125 MPa and 

constant σ’3 pressure of 20 kPa, 30 kPa, and 50 kPa. Suction in the specimen was not applied using axis 

translation technique, rather it was simply a product of the natural hydraulic state of the specimens. 125 

MPa suction samples were required to be tested at lower confining pressures due to limitations of the 

axial load range. Unsaturated intact specimens are referred to as 50U200, 100U200 and 150U200 for 

where induced suction was 200 kPa, and 20U125, 30U125, and 50U125 for intact samples where 

suction was 125 MPa. Remoulded specimens were sheared at constant σ’3 values of 50 kPa, 150 kPa 

and 200 kPa, at an induced suction of 290 kPa. Unsaturated remoulded specimens are referred to as 

RM50U, RM150U and RM200U. Table 3.4 provides a summary of the test details.  

Changes in samples volume were unable to be measured during equilibration and consolidation due to 

the resolution of the burette.  

Table 3.4 Summary of unsaturated drained compression tests. 

Sample 

Type 

Test no. ρd 

(g/cm3) 

e0 qp (kPa) p’p (kPa) qcs 

(kPa) 

p’cs (kPa) 

Intact 50U200 1.64 0.64 462 202 422 174 

 100U200 1.67 0.62 616 307 545 283 

 150U200 1.65 0.63 760 403 750 400 

 20U125 1.65 0.63 2154 740 590 218 

 30U125 1.67 0.62 2383 875 690 260 

 50U125 1.64 0.64 2382 845 694 283 

Remoulded RM50U 1.61 0.68 344 164 344 164 

 RM100U 1.67 0.62 519 276 485 265 

 RM150U 1.61 0.68 707 389 707 389 

Note: ρd is dry unit weight; subscripts c, p and cs are values of variable after isotropic consolidation, at peak and 

at critical state.  
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Figure 3.23 Unsaturated drained triaxial compression shear test results for intact loess where suction is 200 kPa. 

Results are presented in the q – εa  plane (a); εvol - εa plane (b); and p- q plane (c). 

a) 

b) 

c) 
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Figure 3.24 Unsaturated drained triaxial compression shear test results for intact loess, where suction is 125 MPa. 

Results are presented in the q – εa  plane (a); εvol - εa plane (b); and p- q plane (c). 

a) 

b) 

c) 
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Figure 3.25 Unsaturated drained triaxial compression shear test results for remoulded loess where suction is 

290 kPa. Results are presented in the q – εa  plane (a); εvol - εa plane (b); and p- q plane (c). 

a) 

b) 

c) 
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3.4.5 Limitations and sources of error 

The measurement of volumetric change of the unsaturated specimens during consolidation was not 

possible. The increase of cell pressure which caused the consolidation to occur was accompanied by 

water and air exiting the pore space. Neither the cell water volume change, nor pore water and air 

volume changes, could be measured. As the samples were stiff there were no noticeable sample volume 

changes during consolidation, so they were assumed negligible when establishing the sample initial 

volumes. 

Complete (100 %) saturation of both intact and remoulded samples for saturated testing was not 

achieved due to the low permeability of the material and time constrictions on use of equipment. B-

values were > 0.5. Noting the fine-grained nature and high stiffness of both intact and remoulded 

samples it is considered that they were sufficiently well saturated for drained tests to proceed, for the 

pore water volume change measurements to be representative of sample volume changes and for the 

suction effects to be negligible. Very stiff clays and dense sands (like loess which is a very stiff silt) 

can reach 99 % saturation with a B value ≥0.1. 

Hand carving of intact samples gives rise to potential variability in the strength of each specimen as 

achieving consistent cylinder-shaped samples was often problematic. Slight imperfection (1-2 mm) in 

the alignment of cylinder sides or diameter meant that geometrically identical samples were difficult to 

achieve. Consequently, slight variation in strength between samples may be expected.  

Some localisation was observed during shearing of both the remoulded and intact specimens. This may 

have increased the peak shear strength above what may been recorded without localisation, and 

indicates volume change data after the peak strength is reached may be unreliable. However, as later 

analyses (slope stability) primarily examine the effect of suction on slope stability, localisation was not 

considered problematic. 

3.4.6 Discussion 

The saturated and unsaturated drained compression test results are comparable to those from loess 

sourced from China (Zhou 2012). Saturated and unsaturated intact specimen (where s = 200 kPa) tested 

at low confining stresses (<100 kPa) exhibited a peak shear resistance followed by a strain softening 

behaviour to a critical state. At high stresses, these specimens exhibited strain hardening behaviour. 

Saturated intact specimen behaviours were accompanied by volumetric compression. Whereas 
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unsaturated intact specimen (s = 200 kPa) underwent volumetric compression followed by slight 

volumetric expansion after failure had occurred.  

Unsaturated specimens tested at high suction (s = 125MPa) exhibited a brittle failure, where a clear 

peak shear resistance was observed followed by a rapid reduction in shear resistance. This behaviour 

was accompanied by volumetric compression followed by rapid expansion post failure. This is unlikely 

to be expansion in the true sense, as it is possibly a result of the brittle nature of the failure which caused 

evident repositioning of the soil mass within the membrane and cell. This caused an apparent a 

volumetric expansion in the volume change measurements.  

Results from saturated and unsaturated testing of remoulded specimens exhibited strain hardening 

behaviour. Additionally, volume change was primarily volumetric compression, with some expansion 

when remoulded samples were tested in an unsaturated state. These compression shear test results for 

the unsaturated and saturated samples of both intact and remoulded loess are typical of those for a 

windblown silt deposit.  
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3.5 Microstructure study 

The microstructure of intact and remoulded loess was examined using Mercury Intrusion Porosimetry 

(MIP) testing and Scanning Electron Microscopy (SEM) imaging. The purpose of these tests was to: 

 Examine pore size distribution; 

 Examine particle and pore shape; and 

 Examine the distribution of clay fines and the structure at which they form bonds around larger 

(silt and fine sand) sized particles.  

Each test apparatus and procedure are described in the following section, with test results presented. 

3.5.1 Mercury porosimetry  

Mercury intrusion and extrusion testing was used to examine the characteristics of the soil’s porous 

nature such as pore size distribution, total pore volume, pore shape and surface area. The test process 

involved the intrusion and subsequent extrusion of pressurised mercury into the pores of the soil sample. 

The volume of mercury intruded or extruded out of the sample at various pressures can then be used to 

infer the pore size and the relative volume of pores of that size. The Mercury Intrusion/Extrusion tests 

were conducted by Particle & Surface Science Pty. Limited, Gosford, Australia.  

Sample preparation 

Both intact and remoulded samples were prepared for MIP testing. Intact subsamples approximately 1 

cm3 were carved from block samples using hand tools. These samples were selected to achieve a dry 

density similar to that of the soil at a macro scale. This was difficult to achieve due to the presence of 

larger pores (up to 3 mm) in the soil matrix (Figure 3.26). Because of this, multiple intact samples were 

prepared and then the dry density measured. Two samples with dry densities closest to intact triaxial 

samples and remoulded sample dry densities were selected for Mercury Porosimetry testing. 

Remoulded samples were prepared by compacting soil of known water content into a mould. These 

samples were prepared at two target void ratios. 
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Figure 3.26 Intact loess block showing larger (3 mm) pore spaces throughout sample.  

 

Once the samples had been prepared, they were dried in the oven at 105 ⁰C to ensure all water was 

removed from the pore spaces. The void ratios of the test samples immediately prior to MIP testing 

were measured for remoulded and intact samples. Table 3.5 details the subsample nomenclature and 

measured dry densities.  

Table 3.5 Dry densities of Intact and Remoulded samples. 

Sample type Sample number Dry density (g/cm3) 

Intact sample IB 3 1.56 

 IB 4 1.48 

Remoulded Sample RM 1 1.61 

 RM 2 1.48 

 

3.5.2 Results  

Figure 3.28, Figure 3.28 and Figure 3.29 present the pore size distribution of intact and remoulded 

specimens with dry densities as detailed in Table 3.5. Test data reported a Tortuosity factor of 2.09 for 

intact loess.  
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Figure 3.27 Cumulative pore size distribution for intact and remoulded loess samples. 

 

 

Figure 3.28 Pore size density function of intact loess samples. 
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Figure 3.29 Pore size density function of remoulded loess samples. 

 

3.5.3 Scanning electron microscopy 

Scanning electron microscopy was used to examine the microstructure of both intact and remoulded 

samples of loess. The JEOL JSM IT-300 variable pressure scanning electron microscope (SEM) in the 

Department of Mechanical Engineering, University of Canterbury was used to complete both Secondary 

Electron Imaging (SEI) and Backscattered Electron Imaging (BSEI) of samples. Each sample was 

examined using the SEM, before selecting three representative sites for magnification and imaging.  

Sample preparation 

Intact and remoulded samples for SEM testing were prepared in a similar method to MIP samples. 

Representative intact subsamples approximately 1 cm3 were carved from block samples using hand 

tools. The dry density of the intact sample was 1.7 g/cm3. Remoulded samples were prepared by 

compacting soil of known water content into a mould to achieve a dry density of 1.7 g/cm3. 

Once the samples had been prepared, they were dried in the oven at 105 ⁰C to ensure all water was 

removed from the pore spaces. Samples were allowed to cool and then placed in an Emitech K975X for 

powder carbon coating. Double-sided conductive tape and conductive carbon glue was used for 
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mounting the sample to a plate. A small amount of conductive carbon glue was then applied from the 

base of the sample up to the powdered carbon coating to enable charging of the sample. The mounted 

sample was then placed under vacuum in the Emitech K975X until the carbon glue was dry. 

3.5.4 Results 

Images from the Scanning Electron Microscopy testing are presented below.  

 

Figure 3.30 SEM imaging of Intact sample; a) x50 magnification of intact loess sample showing irregularly across 

surface of matrix; b) large pore space >300 μm diameter; c) open microstructure with pore spaces ≤50 μm 

diameter; d) angular silt-sized particles with evidence of pitting and abrasion on the surface.  

b) 

c) 

d) 

a) 
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Figure 3.31 SEM imaging of intact samples; a) clay coating across silt sized grains; b) formed clay bridges 

between silt particles, irregular arrangement of clay particles within matrix; c) and d) large pore space > 600 μm 

diameter with smoothened surface, cluster of particles in bottom right hand corner of void; e) clay coating across 

silt-sized grains; f) clay bridging and coating between silt-sized particles. 

 

a) b) 

c) d) 

e) 
f) 
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Figure 3.32 SEM imaging of remoulded samples; a) surface of recompacted loess, uniform arrangement of 

particle, no large void spaces; b) clay particle compacted in between silt sized particles; c) clay coating over silt 

particles. 

a) 

b) 

c) 
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3.5.5 Discussion 

MIP data indicates that both intact specimens have a unimodal pore size distribution. The volume of 

pores < 10µm diameter reduces with increasing dry density, while the volume of pores > 10µm remain 

unchanged. Conversely, reduction in drying density in remoulded samples resulted in a reduction in 

pore volume between 1 to 10 µm. The pore size density curves for intact samples show that the dominant 

pore diameter is between 1 to 4 µm whereas remoulded samples indicated a dominant pore size to be 

9 - 10 µm. The lower density intact sample showed a greater number of pores between 2 - 10 µm and 

0.004 – 0.02 µm in comparison to the denser specimen.  

The shape of the pore size distribution for remoulded samples was more undulating in shape that intact 

specimen. The greatest variation in pore sizes between the remoulded specimens was between 

0.5 – 20 µm. however, the lower density remoulded sample also showed a larger proportion of pores 

between 0.003 – 0.006 µm. As the distribution of pores is a function of sample preparation, difference 

between the microstructure of intact and remoulded loess is expected. This was further confirmed by 

comparison of the samples in SEM imaging. SEM images showed the microstructure of the intact 

sample appears to be more ‘open’ than the remoulded samples with more frequent inter-particle clay 

bonds formed from deposition and post-depositional processes. The remoulded samples, however, 

showed a tighter matrix with some intergranular pores primarily between larger particles.  
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Chapter 4 Field instrumentation 

As discussed in Chapter Two (Literature Review), rainfall is one of the major causes of land instability 

in unsaturated soils such as loess. To improve the understanding of rainfall-triggered land instability in 

loess, a field instrumentation programme was conducted at a test site in Takamatua, Akaroa Harbour. 

Rainfall, which is the primary source of water infiltration on these slopes, was measured over a 16-

month period. A subsurface monitoring system was installed at the site to measure matric suction and 

volumetric water content. Data from this field instrumentation provides information on the hydrological 

response of the loess to rainfall and provides an in situ example of the relationship between matric 

suction and volumetric water content.  

4.1 Regional background 

The Banks Peninsula region is characterised by widespread distribution of loess deposits overlying 

Miocene volcanics (Figure 4.1). Landsliding and instability within the loess in this region impacts land 

use and infrastructure. Land surrounding Akaroa Harbour, in particular, has ongoing complex slope 

instabilities due to a wet climate and steep slopes. Slope instability is primarily associated with the 

influence of increased water content (see Chapter 2). It is for this reason that the Akaroa Harbour area 

was chosen as the study area in this thesis to investigate the influence of rainfall infiltration on 

landsliding mechanisms.  

 

Figure 4.1: Map of Akaroa harbour area, Canterbury, New Zealand. 

10 km 
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4.1.1 Location and land use 

Akaroa Harbour is a south-facing sea-breached eroded crater formed from the Akaroa Volcano located 

40 km south east of Christchurch city in Canterbury, New Zealand (Figure 4.1). The area includes the 

harbour and surrounding slopes which reach up to 841m in elevation. Land use and vegetation in Banks 

Peninsula has changed significantly since European settlers arrived more than 150 years ago. At the 

time of writing this thesis, land use is predominantly rural, with small settlements along the main 

highway. Prior to rural development and farming operations the peninsula was vegetated with a 

podocarp forest containing Kahikatea, Totara, and Matai. Manuka and Kanuka would have covered 

steeper and exposed topographic areas. In the 1850s settlers, began clearing the vegetation from Banks 

Peninsula to allow for dairy farming, sheep farming and forestry. Only minor areas of native bush have 

been preserved, with the majority of vegetation now grass, gorse and Pinus Radiata. The reduction in 

vegetation has increased the exposure of the loess deposits, thus increasing the susceptibility of slopes 

to failure.  

4.1.2 Geological conditions 

The basement rocks of Banks Peninsula are the Torlesse Supergroup which comprises of late Triassic 

sandstone, mudstone and chert (Hampton, 2010). These sedimentary rocks were formed under marine 

conditions and were uplifted tectonically during the early Jurassic Rangitata Orogeny (Hampton, 2010). 

The overlying volcanic formation of Banks Peninsula began with the Late Cretaceous Mt Somers 

Volcanic Group comprised of andesites, high silica rhyolite lava flows, domes and ignimbrites 

(Hampton, 2010). Subsequent erosion occurred in the area as it was progressively inundated by the sea 

(Sewell et al 1992). A thin layer of siliceous and volcanic-derived sedimentary rocks were deposited 

during this period (50 Ma) known as the Eyre and Burnt Hill Groups (Hampton, 2010). During the early 

Miocene the area then was lifted above sea level once more as a result of pre-volcanic doming or faulting 

(Sewell et al., 1992). Mid Miocene eruptions from a series of vents near the present head of Lyttelton 

Harbour produced Allandale Rhyolite, forming domes and lava flows, and Governors Bay Andesite 

(Hampton, 2010). 

During 11 – 9.7 Ma the Lyttelton Volcano formed from successive eruptive phases after which erosion 

and collapse formed an eroded crater. The eruption of the Akaroa Volcano (9.1 – 8 Ma) produced a 

1200 km3 strato-shield cone composed of alkali lavas, pyroclastic and shallow intrusive igneous rock. 

The activity was predominately from a central vent, with minor activity occurring from smaller vents 

on the flanks (Hampton, 2010). Subsequent volcanic activity between 5.8 – 8.0 Ma surrounding the 
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main Lyttelton and Akaroa volcanos further built up the flanks and interior of the eroded volcanos. 

During this period of volcanism, both volcanos underwent extensive fluvial erosion which formed 

eroded channels and valleys where pyroclastic flows and lahars were directed. A loess mantle was then 

deposited on top of the volcanics by aeolian processes during the Late Pleistocene and Holocene (see 

Chapter 2 for deposition description).  

4.1.3 Hydrologic and climatic conditions 

The Akaroa Harbour area has a relatively high annual precipitation rate in comparison to Christchurch 

city. Between 1987 and 2017, the mean annual rainfall for Akaroa Harbour was 956 mm compared with 

625 mm for Christchurch City. Wind direction data from the New Zealand National Institute of Water 

and Atmospheric Research (NIWA) monitoring station in Akaroa (Lat -43.809, Long 172.966) 

indicated that the prevalent wind directions were south-westerly and north-easterly (data sourced 

21/11/2018). The north-westerly wind direction is also prevalent in the region, however, was not 

recorded as frequently at the weather station due to the sheltering of the township by hills to the north. 

The south-westerly wind is the main rain or snow-bearing wind, which strikes the outer slopes of the 

peninsula and then experiences orographic lifting causing heavier rainfall in the upper slopes (Sanders, 

1986). The north-easterly wind brings rain fall to eastern bays of the peninsula, whereas the north-

westerly wind is warm and dry which leads to drying out of slopes.  

Spring-fed groundwater discharge is common in Akaroa Harbour within air fall loess, mixed colluvium, 

volcanic colluvium or from defects in lava jointing. Most commonly, springs occur in mixed colluvium 

at high altitude (>250 m), with loess-controlled springs occurring at lower altitudes (<250 m) (Sanders, 

1986). These springs contain calcium – magnesium – bicarbonate water (Sanders, 1986). Typically, 

rainfall infiltration is the primary source of spring recharge (Sanders 1986). Volcanic sequences found 

near the summit regions in Banks Peninsula have the greatest exposure for infiltration of rainfall. 

Groundwater is then influenced predominantly by impermeable layers (e.g. tuff and unjointed lava) 

within the volcanics. Spring discharge is highly variable with the largest flow occurring in the winter 

months and the lowest flows in Autumn (Sanders, 1986). 

4.2 Site selection 

In this study, field instrumentation was proposed to assess the performance of the loess slope with 

rainfall over a 16-month period. The site selected for instrumentation is located in Takamatua, in Akaroa 

Harbour. As presented in Chapter 2, instability in loess slopes in Banks Peninsula typically include 
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shallow slides (sheet, rill and soil creep), tunnel gullying and mass movement. An ideal instrumentation 

test site would be situated in proximity to such features whilst also not exacerbating existing instability. 

Although the purpose of the study was to examine the relationship between rainfall, soil moisture, soil 

suction and consequent slope instability, there were no recently active instabilities available for 

instrumentation. Therefore, it was determined that a site close to a historic instability would be selected 

to allow adjacent rainfall and soil moisture observations. Figure 4.2 shows areas of historic instability 

within the loess adjacent to the monitoring site. These features were observed from aerial images and 

ground-truthed onsite. Scarp surfaces were typically < 2.0 m deep from ground surface.  

 

Figure 4.2 Aerial mapping of shallow historic instability located on northern slopes of Takamatua.  

 

The chosen field site can be characterised as follows: 

 north facing farmland located upslope of a historic gully erosion feature. This feature is now 

highly vegetated and can be observed in aerial photographs dated 1941;  

 grassed vegetation; 

 no tension cracks or deformation features observed at the site prior to installation; and 

 no seepage or groundwater springs observed near the site. 

Site selection was also limited by access constraints associated with land use and stock grazing. Historic 

shallow instabilities in the immediate vicinity of the instrumentation site are shown in Figure 4.3. The 

instrumentation site is shown in Figure 4.4. 
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Figure 4.3 Aerial mapping of shallow historic instability located on northern slopes of Takamatua.  

 

 

Figure 4.4: Photograph of test site with probes installed and fencing erected. 

Historic gully feature 

Solar panel, data collection  
enclosure, rechargeable battery 
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4.2.1 Lithological composition 

The ground conditions were investigated prior to instrumentation. Four boreholes were hand augered 

across the site to 2.0 m to confirm ground conditions and determine depths of installation of the 

equipment. Approximately 1.0 m of reworked loess overlying primary air fall loess was observed at the 

site. Although underlying volcanic rock was not encountered in this preliminary investigation, borehole 

data in the vicinity suggests the contact between loess and the underlying volcanics is 17 – 18 m below 

ground level (bgl) (NZGD, 2019). Excavation of the site was undertaken upon removal of the probes 

which confirmed the lithology to 2.0 m bgl outlined above.  

4.2.2 Physical properties 

Index properties, including dry density, solid density, Atterberg limits and water content were 

determined in accordance with New Zealand Standard NZ4402:1986. Particle size distribution was 

determined in accordance with ASTM D7928 – 17 (Chapter 3, Figure 3.1). The physical index 

properties of the loess and loess-derived soils encountered onsite at Takamatua are summarised in Table 

4.1. ρd was obtained by driving a tube into the in situ soil. Gs was determined by bottle method using 

showing a value of 2.70 (Chapter 3). 

Table 4.1 Index properties of soils from field installation at Takamatua. 

Depth Property Array 1 Array 2 Array 3 Array 4 

0.5m w 

ρd  

LL 

PL 

PI 

22.6 – 22.8 % 

1.62 g/cm3 

27 % 

20 % 

7 

21.1 – 21.5 % 

1.66 g/cm3 

26 % 

17 % 

9 

20.1 – 20.3 % 

1.69 g/cm3 

24 % 

17 % 

7 

21.4 – 21.6 % 

1.59 g/cm3 

27 % 

20 % 

7 

1.0m w  

ρd  

LL 

PL 

PI 

20.7 – 20.9 % 

1.68 g/cm3 

25 % 

17 % 

8 

20.7 – 21.2 % 

1.68 g/cm3 

25 % 

18 % 

7 

18.6 – 19.0 % 

1.62 g/cm3 

21 % 

18 % 

3 

18.7 – 18.9 % 

1.71 g/cm3 

25 % 

17 % 

8 

2.0m w 

LL 

PL 

PI 

N/A 17.4 – 18.7 

25 % 

17 % 

8 

16.7 – 16.8 % 

22 % 

17 % 

5 

N/A 
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4.3 Instrumentation 

Long term field instrumentation monitoring was conducted within a loess slope in Takamatua, Akaroa 

Harbour. The aim of this instrumentation was to examine how a loess slope responds to rainfall in terms 

of pore water pressure, matric suction, water content and lateral deformation (if any). This, along with 

the laboratory testing, will enable a detailed evaluation of the implications of changes in water content 

within loess on slope performance and instability. 

4.3.1 Selection of instruments 

The instruments selected for this study are listed in Table 4.2. They include 12 volumetric water content 

sensors, 12 matric suction sensors and one rain gauge. Prior to installation, all instruments were checked 

in the laboratory to ensure proper function. The installation of instruments commenced in October 2017.  

Table 4.2 Instrumentation selected for long term monitoring of loess. 

Instrument Model Manufacturer Quantity Raw data type 

Moisture sensor CS616 Campbell Scientific 12 Wave 

Suction sensor MPS-6 METER Group Inc. 12 Digital 

Rainfall gauge TB3 Hydrological Services Ltd 1 Pulse 

Data logger CR1000 Campbell Scientific 1  

 

MPS-6 sensor 

The MPS-6 measures matric suction between 9 kPa to 100 MPa by indirect methods. The MPS-6 sensor 

(Figure 4.5) is composed of two porous ceramic disks which act as a solid static matrix of pores with a 

known soil-water characteristic curve. Once installed, the ceramic disks reach hydraulic equilibrium 

with the soil. A sensor located between the ceramic disks which measures dielectric permittivity. This 

is used to determine suction within the porous disks, and thus gives the suction within the surrounding 

soil matrix. The MPS-6 also measures temperature using a surface mounted thermistor located 

underneath the sensor overmold.  
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Figure 4.5: (a) MPS-6 sensor installed at 0.5 m bgl – photograph taken during probe removal; (b) MPS-6 sensor. 

 

Although standard tensiometers are considered to have the highest accuracy of any sensor in the wet 

range, measurements are typically limited to suctions up to 90 kPa due to cavitation that can occur 

beyond this pressure. Due to the low water content in many of the loess slopes in Banks Peninsula, it 

was expected that measurements were required to be made beyond this range. Furthermore, the MPS-6 

is designed to be installed for long term measurement without requiring regular maintenance and 

calibration after installation.  

CS616 water content reflectometer 

The CS616 water content reflectometer (CS616) measures the volumetric water content (VWC) of soil 

or other porous media by indirect methods. The CS616 has two 3.2 mm diameter rods, 300 mm long. 

These rods are spaced 32 mm apart and are attached to the probe head. Probe rods are inserted directly 

into the ground, in this case vertically into the base of an auger hole.  

A pulse signal is applied to the probe rods which is attenuated by the surrounding soil. This pulse 

generates an electric field over the soil and water. The probe measures the velocity of the pulse as a 

wave period which decreases as the water content in the surrounding soil increases. This is due to the 

increased time required to polarise the water molecules in the soil. The change in the pulse velocity is 

also a product of the soil electric conductivity, soil temperature, and soil salt and organic content. 

Consequently, a unique calibration equation is required to increase the accuracy of the measured 

volumetric water contents. This calibration equation is programmed into the data logger during data 

MPS-6 probe installed in loess 

0.5 m  

Ground surface 

a) 

b) 



 

85 
 

collection to convert the wave period measurement to volumetric water content values. Using the 

standard manufacturer-provided calibration for soils with a bulk electrical conductivity of ≤ 0.5 

deciSiemen per metre (dS m-1) and bulk density of ≤ 1.55 g/cm3, the accuracy is ± 2.5 %, with precision 

> 0.1 % volumetric water content (Campbell Scientific Inc, 2002). 

To calibrate the CS616 probes for loess, a 350 mm high plastic bucket with a volume of 0.017 m3 was 

used. Loess was compacted to a dry density of 1.7 g/cm3. This density was chosen as it is the average 

dry density for loess based on literature and preliminary investigations. The loess was compacted in 

seven 50 mm lifts. Each of these were scarified to ensure continuity between levels. Five measurements 

of water were added over the course of several weeks to achieve target volumetric water contents of 

4 %, 7.5 %, 15 %, 23 %, 26 % and 30 %.  

After each addition of water, the sample was sealed and allowed to equilibrate for a minimum of 48 

hours after which the wave period of the probe was recorded through a data logger connected directly 

to a laptop. Water was added slowly at each stage to ensure no standing water formed. This was to 

ensure that no fines were put into suspension and there was no preferential flow within the sample. As 

the room had no temperature control, temperature of the room was recorded at the time of each pulse 

reading to allow correction of temperature dependence. At the end of the calibration test, a cylindrical 

sample of the compacted material was taken to confirm the dry density of the sample.  

The temperature dependence was corrected using the equation 

𝐏𝐚𝐜𝐨𝐫𝐫𝐞𝐜𝐭𝐞𝐝(𝐓𝐬𝐨𝐢𝐥) =  𝐏𝐚𝐮𝐧𝐜𝐨𝐫𝐫𝐞𝐜𝐭𝐞𝐝 + (𝟐𝟎 − 𝐓𝐬𝐨𝐢𝐥) × (𝟎. 𝟓𝟐𝟔 − 𝟎. 𝟎𝟓𝟐 × 𝐏𝐚𝐮𝐧𝐜𝐨𝐫𝐫𝐞𝐜𝐭𝐞𝐝 + 𝟎. 𝟎𝟎𝟏𝟑𝟔 ×  𝐏𝐚𝐮𝐧𝐜𝐨𝐫𝐫𝐞𝐜𝐭𝐞𝐝
𝟐) 

 (4-1) 

where,  

Tsoil = soil temperature 

Pauncorrected = uncorrected wave period 

Pacorrected = corrected wave period 

 

By using Pacorrected and known volumetric water content for the loess at each wetting stage, a specific 

calibration equation was determined for the loess. This is defined as: 

𝐕𝐖𝐂𝐥𝐨𝐞𝐬𝐬 =  𝟎. 𝟎𝟎𝟗𝟔(𝐏𝐚𝐜𝐨𝐫𝐫𝐞𝐜𝐭𝐞𝐝)𝟐 + 𝟏. 𝟎𝟒𝟓𝟐𝐏𝐚𝐜𝐨𝐫𝐫𝐞𝐜𝐭𝐞𝐝 − 𝟏𝟖 

 (4-2) 
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A plot of the loess calibration equation compared with the standard Campbell Scientific equation is 

shown in Figure 4.6. Where the standard calibration equation is: 

𝐕𝐖𝐂 =  𝟎. 𝟎𝟕(𝐏𝐚𝐜𝐨𝐫𝐫𝐞𝐜𝐭𝐞𝐝)𝟐 − 𝟎. 𝟔𝟑𝐏𝐚𝐜𝐨𝐫𝐫𝐞𝐜𝐭𝐞𝐝 − 𝟔. 𝟔𝟑 

 (4-3) 

  

 

Figure 4.6 Plot showing CS616 standard calibration equation and loess calibration data 

 

This calibration equation was programmed into the CR1000 data logger so that the calculation for the 

volumetric water content was occurring onsite as data from the CS616 was being received. This 

minimised calculation post-data collection. 

TB3 rain gauge 

A TB3 tipping bucket rain gauge from Hydrological Services Pty Ltd was installed at ground surface 

at the site to measure the rainfall intensity (Figure 4.7). The rain gauge consists of a 200 mm collector 
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funnel with a mesh leaf filter at the base. The water passed through the stainless-steel mesh filter and 

into a triangular bucket. The bucket tips when the 0.2 mm of precipitation has been collected. Each tip 

of the bucket sends a pulse signal to the data logger. The number of pulses recorded by the data logger 

over the record period is calculated as the intensity of rainfall over that time period.  

 

 

Figure 4.7: Tipping bucket rain gauge installed at ground surface on slope 

 

The rain gauge was anchored using a metal rod approximately 0.5 m length installed into the ground. 

This ensured that the rain gauge would not move during the monitoring period. Grass surrounding the 

rain gauge was regularly trimmed to allow consistent exposure to changes in precipitation. Standard 

calibration of the rain gauge has ± 2 % accuracy for rainfall intensity of 0 - 250 mm/hr and ± 3 % 

accuracy for rainfall intensity of 250-500 mm/hr. 

4.3.2 Layout of instruments 

The sensors were installed in four horizontal arrays around the solar panel to measure change in water 

content and suction across the site (Figure 4.8). Each array was comprised of three MPS-6 and three 

volumetric water content sensors. MPS-6 and CS616 sensors were installed in pairs approximately one 

metre apart at three depths within each array. These depths were approximately 0.5 m, 1.0 m and 2.0 
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m. The variation in depth was required to allow observation of the wetting front through the soil and 

identify a zone of influence within the soil profile.  

 

Figure 4.8: a) Schematic cross section showing indicative installation depths and locations of sensors within the 

loess lithology; b) schematic plan view of instrumentation surrounding the solar panel at the centre of the site. 

 

a) 

b) 
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Prior to installation, the grass was cut to allow for organisation of the sensor locations. The area for the 

location of the sensors was influenced by the location of subsurface services in the direct vicinity. 

Approximately 10 m from the edge of the site is a 240 V cable for residential power supply. Due to this, 

it was required that the installation sites for each probe were placed a maximum distance from these 

electrical sources as the potential current may influence digital readings from the SDI-12 probes.  

4.3.3 Instrument installation 

Twenty-four vertical holes were augured at the site for the installation of the instruments. A trailer 

mounted auger was used to form 200 mm diameter holes for each sensor installation (Figure 4.9). 

During auguring, the extracted material was logged and bagged to confirm the soil conditions. The 

material was reinstated at the same depth from which it was removed. Once the target depth was reached 

the sensor was carefully lowered down into the hole. Sensors were spaced a minimum of 30 cm laterally 

apart to ensure no inference between measurements.  

 

 

Figure 4.9: (a) Trailer mounted auger used for auger holes, (b) MPS-6 probe enclosed in ball of saturated loess 

prior to downhole installation 

 

Because the MPS-6 sensors require good hydraulic contact between the sensor and the surrounding soil, 

the manufacturer recommends taking some soil from the site, wetting it and packing in a ball around 

a) b) 
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the sensor to make sure the moist soil is in contact with all surfaces of the ceramic (Figure 4.9). This 

method was applied to ensure correct installation of each sensor. After enclosing the sensor in the soil, 

it was then lowered down and placed at the base of the augured hole. Augured loess was then placed 

back into the hole and compacted as near as possible to the pre-excavated density.  

The CS616 sensors were installed by slowly lowering the sensors down the hole so that the probe rods 

were resting vertically on the soil surface. For shallow holes (~ 0.5m) the probes were inserted by hand. 

For deeper holes, the probes were slowly tapped into the soil using a wooden rod. Once inserted into 

the soil, the hole was backfilled as per the above description. Excess sensor cables were left loosely 

coiled to accommodate for movement during wiring.  

The final installation depths of each probe are detailed in Table 4.3. 

Table 4.3: Final vertical installation depths of MPS-6 and CS616 sensors. 

Instrument array no. MPS-6 no. (depth) CS616 no. (depth) 

1 A (2.20m) VWC 1 (1.90m) 

B (1.10m) VWC 2 (1.10m) 

C (0.70m) VWC 3 (0.65m) 

2 D (2.10m) VWC 4 (2.15m) 

E (0.90m) VWC 5 (0.90m) 

F (0.58m) VWC 6 (0.52m) 

3 G (1.90m) VWC 7 (2.10m) 

H (1.00m) VWC 8 (0.76m) 

I (0.50m) VWC 9 (0.50m) 

4 J (2.00m) VWC 10 (2.10m) 

K (0.90m) VWC 11 (1.00m) 

L (0.50m) VWC 12 (0.60m) 
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4.3.4 Data acquisition system 

A Campbell Scientific CR1000 data logger was used for data acquisition at the site. The CR1000 was 

selected so that digital, analogue and pulse signals could be measured using one data logger. The 

CR1000 is also manufactured for long term data collection at remote locations, provided that it is 

installed in a dry environment and an external 12 V power supply is maintained.  

The CR1000 was programmed using Campbell Scientific software package LoggerNet (version 4.3). 

LoggerNet was used to write a specific script to programme the measurement of the sensors installed 

onsite. Trial data collections were undertaken before site installation to ensure that the programme was 

running accurately prior to deployment. Data from the sensors were collected every 10 minutes. This 

was deemed sufficient due to the low permeability of the material in which the sensors are installed.  

The sensors were wired to the CR1000 using DIN rail and terminals to achieve installation of multiple 

digital sensors on to singular digital ports (Figure 4.10). Each SDI-12 sensor was assigned a digital label 

so data from each sensor could be identified. Data from analogue sensors were identified using the 

labelling of each single ended port on the CR1000 wiring panel. Power and earthing wires for analogue 

sensors were also bused up on DIN rail and terminals to simplify wiring to the CR1000. Each wire 

entering the enclosure was then labelled with the sensor identification number.  

Data was collected remotely using two WLINK –D803 IP cellular 3G modems using an RS232 

interface. Both modems were connected to the SPARK Ltd 3G cellular network using a telemetry SIM. 

The modems were programmed by Advanced Portable Technologies Ltd. The remote modem was 

connected to the CR1000 within the enclosure installed on site along with a SMA-K antenna. The local 

modem was connected to a PC using an USB to RS232 cable. The Campbell Scientific LoggerNet 

software was then used to establish a connection between the two modems and facilitate the download 

of data. Upon connection, the remote modem would convert the serial data (from the CR1000) to IP 

data which were then transferred over the cell phone network to the local modem where it was received 

as IP data and then converted back to serial data.  
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Figure 4.10: CR1000 data logger with completed wiring of probes, power source and modem.  

 

The CR1000, charging components, and telemetry system were installed in a standard weather resistant 

Campbell Scientific Enclosure mounted on to an aluminium frame. The data acquisition system and 

sensors were powered by one 85Ah 24HC Deep cycle Marine battery connected to a 100 Watt 

monocrystalline solar panel for charging. Charge of the battery was regulated by a Solar Controller 

regulator (model SS-6-12V) manufactured by SunSaver. The solar panel was screwed to the front of 

the aluminium frame at an angle of 44 ⁰ tilt, north facing. The batteries were secured in a sealed 

contained and placed under the solar panel (Figure 4.11).  
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Figure 4.11: Solar Panel installed on north-facing 44 ° aluminium frame. Data collection enclosure fixed to the 

rear of the frame. Battery box located underneath frame and solar panel. 

 

4.4 Field observation and monitoring results 

Data collected during field monitoring provide information on the local hydrological conditions at the 

site, and the response of the soil suction and water content to precipitation. Site data collected are 

presented in the following section.  

4.4.1 Rainfall precipitation 

Precipitation at the site was monitored by a rainfall gauge. Daily total rainfall and maximum rainfall 

intensity data over the 16 month monitoring period are shown in Figure 4.12 and Figure 4.13. Rainfall 

data over the monitoring period show that March 2018 to July 2018 (autumn and winter months) were 

wetter than the October 2018 to January 2019 (summer months). However, both January and February 

2018 were uncharacteristically wetter than January and February 2019 and exhibited the highest 

maximum rainfall intensities for all of 2018. High rainfall in the latter part of February 2018 can be 

attributed to ex-tropical cyclone Gita which reached the South Island of New Zealand on the 20th 

February 2018. In addition to this, the higher rainfall in January 2018 can be attributed to several storm 

systems that passed over New Zealand in early January (WeatherWatch Services Limited, 2020). 
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Figure 4.12: a) Daily rainfall (mm) recorded on site (Takamatua) from 01 November 2017 to 01 June 2019; b) 

maximum daily rainfall intensities (mm/hr) recorded on site from 01 November 2017 to 01 June 2019. 

 

Figure 4.13 compares the total monthly rainfall measurements recorded at the instrumentation site with 

nearby settlements Akaroa and Christchurch city. Figure 4.13 shows that, typically, less rainfall was 

observed monthly in Takamatua in comparison to Akaroa highlighting a variability in precipitation that 

can be observed across the Akaroa Harbour region. Generally, Christchurch City recorded slightly 

higher rainfall than what was observed in Takamatua. This was not expected due to the historical mean 

annual rainfall (Section 4.1.3) which indicated that a higher monthly rainfall would be expected in 

Takamatua in comparison to Christchurch city. However, slope aspect, topographic effects and 

a) 

b) 
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directionality of weather systems may be contributing factors to the variability of the rainfall recorded 

across the region.  

Comparison between rainfall data sets (Figure 4.13) indicates that the rain gauge installed on site after 

February 2019 may not have reliably captured precipitation information. This may have been due to a 

malfunction in the tipping bucket and/or a build-up of vegetation preventing a representative collection 

of rainfall onsite. It is for this reason that rainfall data from the NIWA Akaroa weather station is 

displayed for 2019 in Figures 4.15 to 4.20. Although presented here, these data are not included in 

subsequent analysis (Chapter 6). 

 

 

Figure 4.13: Monthly total rainfall (mm) for Takamatua, Akaroa and Christchurch. Data for Takamatua collected 

at the instrumentation site using tipping bucket rain gauge installed at ground level. Data for Akaroa (2.8 km 

southeast of Takamatua) and Christchurch (45 km northwest of Takamatua) is sourced from the National Climate 

Database (NIWA, 2020). Weather stations used for data sourcing: Akaroa EWS (No. 36593, Lat -43.809, Long 

172.966, elevation 45 m) and Christchurch Aero (No. 4843, Lat -43.493, Long 172.537, elevation 37 m). 
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4.4.2 Ground temperature  

Due to the influence of ground temperature on volumetric water content calculations using the CS616 

probes, the thermistor on the MPS-6 probes was used to measure ground temperature over the 

monitoring period. As expected, the deeper loess (~2.0 m) exhibited the least fluctuation in temperature 

over the monitoring period. The ground temperature around 2.0 m depth remained between 11 °C and 

16 °C. The peak temperature was recorded in March 2018 and the lowest during September 2018.  

Frequent noticeable fluctuation in the ground temperature in the upper 1.0 m indicates a greater 

exposure to the rise and fall of local air temperatures and rainfall infiltration. Ground temperatures in 

the upper 1.0 m of the soil profile ranged from 12 °C to 19 °C. The peak temperature in the upper 1.0 

m was recorded in February 2018, and the lowest recorded in July and August 2018. These high and 

low temperatures coincide with peak and lowest air temperatures recorded locally.  

 

 

Figure 4.14: Ground temperatures recorded at Takamatua using MPS-6 sensors. Air temperatures for Akaroa 

township (2.8 km Southeast of Takamatua) sourced from New Zealand National Climate Database (NIWA, 

2020). 



 

97 
 

4.4.3 Volumetric water content 

Volumetric water content (VWC) was recorded at the site for the duration of the monitoring period. As 

expected, the volumetric water content of the loess increased after periods of rainfall (Figure 4.15, 

Figure 4.16 and Figure 4.17). The shallower loess (0.5 – 1.0 m) was the most responsive to rainfall 

infiltration. For example, the VWC of loess at 0.5m depth increased by 6 to 8 % and 8 to 10 % during 

the 5th January rainfall 2018 and ex-tropical cyclone Gita in February 2018 events respectively. During 

the same events the VWC of loess at approximately 1.0 m only increased by 3-4 %.  

Between October 2018 and May 2018, loess 2.0 m deep maintained a relatively constant VWC and was 

unaffected by the January storm event and ex-tropical Cyclone Gita. Only one probe at 2.0 m (VW1) 

indicated a response to ex-tropical Cyclone Gita, where the VWC increased by 2-3 %. Variation in 

probe response across the site may be due to topographic effects, directionality of weather systems, and 

variation in permeability of soils overlying the subsurface probes.  

From June 2018, hydraulic response to rainfall infiltration was observed across all depths. The upper 

0.5m of loess responded to the rainfall in June 2018 by increasing the VWC between 6 to 8 %. The 

lower 1.0 to 2.0 m responded to the same rainfall by increasing the VWC between 5 to 7 %. During 

July 2018 to September 2018, the VWC of the loess profile is maintained between 19 % and 24 %, 

increasing with depth. The rainfall events and drier periods during this time resulted in VWC 

fluctuations around 2-3 %.  

During October and November 2018, the VWC started decreasing as the seasons became drier. Instead 

of causing an increase in VWC, rainfall events in December 2018 lead to a reduction in rate of decrease 

in VWC or stabilisation of VWC during the rainfall event. This was particularly observed in the upper 

1.0 m of the loess profile. 
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Figure 4.15 Volumetric water content measurements across all four arrays at 0.5 m - 0.6 m with rainfall. VW3 

(Array 1), VW6 (Array 2), VW9 (Array 3) and VW12 (Array 4). 

 

Figure 4.16 Volumetric water content measurements across all four arrays at 0.9 m to 1.1 m with rainfall. VW2 

(Array 1), VW5 (Array 2), VW8 (Array 3) and VW11 (Array 4). 
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Figure 4.17 Volumetric water content measurements across all four arrays at 1.9 m to 2.2 m with rainfall. VW1 

(Array 1), VW5 (Array 2), VW7 (Array 3) and VW10 (Array 4). 

4.4.4 Soil suction  

Soil suction was recorded at the site for the duration of the monitoring period. As expected, the suction 

in the soil was responsive to percolation of rainfall (Figure 4.18, Figure 4.19, Figure 4.20). The greatest 

fluctuation in suction was recorded in the upper 0.5 m of the soil profile, where suction reached > 4000 

kPa. These high suction values were recorded in January and February 2018. Suction was rapidly 

reduced at this depth during the 5th January 2018 rainfall event and ex-tropical cyclone Gita in 

February 2018. Probes near 1.0 m depth recorded a reduction in suction at similar times, however, the 

amount was less than that observed at 0.5 m. The maximum suction at this depth only reached 200 kPa. 

Similar patterns were observed by probes around 2.0 m deep.  

Some error associated with intermittent electrical interference was observed in data from the MPS-6 

sensors. These data were not included in further analysis.  
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Figure 4.18 Suction measurements across all four arrays at 0.5 m - 0.6 m with rainfall. Probe C (Array 1), Probe 

F (Array 2), Probe I (Array 3) and Probe L (Array 4). 

 

Figure 4.19 Suction measurements across all four arrays at 0.9m to 1.1m with rainfall. Probe B (Array 1), Probe 

E (Array 2), Probe H (Array 3) and Probe K (Array 4). 
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Figure 4.20 Suction measurements across all four arrays at 1.9m to 2.2m with rainfall. Probe A (Array 1), Probe 

D (Array 2), Probe G (Array 3) and Probe J (Array 4). 

 

4.5 Summary 

Data collected from instrumentation installed on site in Takamatua have provided information on 

seasonal hydraulic conditions within the slope. In general, the instrumentation system performed well. 

Error was limited to intermittent electrical interference of the MPS-6 sensors, and malfunction of the 

tipping bucket rain gauge toward the end of the monitoring period.  

As expected, a clear relationship is observed between volumetric water content and suction increases 

in suction coincided with reduction in volumetric water content. Periods of drying where water content 

decreased and suction increased occurred as ground temperatures increased and rainfall was infrequent 

(summer). Percolation of rainfall resulted in decrease in suction and increase in water content.  

Volumetric water content, soil suction and ground temperature data indicated that the greatest 

fluctuation in water change was in the upper 1.0 m of the soil profile. This fluctuation is due to the 

upper soil profile having a greater exposure to evapotranspiration, rainfall, and change in air 
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temperature and humidity. Furthermore, the low permeability of the loess will have contributed to the 

limited progression of the wetting front to <2.0 m depth.  

When the wetting front was recorded near 2.0 m depth, the amount of change in the hydraulic state was 

evidently less than what was observed in shallower locations. The least variation in suction was 

observed during the winter months (May to August) where the water content of the soil remained 

relatively high (18 – 20 %) in comparison to summer (December to February) where volumetric water 

content reduced to 11 %.  
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Chapter 5 Unsaturated characteristics of Akaroa 

loess 

In this chapter, the results from Laboratory testing (Chapter 3) and data from in situ field 

instrumentation at Takamatua (Chapter 4) are examined concurrently to characterise the soil-water 

characteristics of loess. Firstly, data from pressure plate and dew point testing are analysed to define a 

unique numerical soil-water characteristic curve (SWCC) relationship for the loess using fractal theory. 

Secondly, field instrumentation data and laboratory SWCC data are compared to examine the hydraulic 

state of the in situ loess slope. Then, a function for the unsaturated hydraulic conductivity is defined for 

the loess using the numerical relationship for the SWCC. And finally, triaxial data are analysed using 

Bishop (1959) theory of effective stress to examine the contribution of suction to the unsaturated shear 

strength of loess.  

5.1 Soil-water characteristic curve 

5.1.1 Fractal behaviour and the soil-water characteristic curve 

SWCC data from pressure plate and dew point testing (Chapter 3) can be analysed to derive unique 

functions for the main wetting and main drying curves, and the air entry value (sae). In drying conditions, 

if suction is lower than the sae, then the soil is in a saturated state. If suction increases to a value higher 

than sae then the soil has become unsaturated as air has entered the pore space. Determining sae for a soil 

is important as it is used to determine the contribution of suction to effective stress (Khalili et al., 2004; 

Khalili & Khabbaz, 1998). 

The fractal nature of the loess means that mathematical characterisation of the material’s soil-water 

behaviour is simplified because the defining parameters are linked to the soil’s microstructural 

properties (Russell & Buzzi, 2012). Notably, this allows the influence of void ratio on the soil-water 

characteristics to be removed by normalising data by sae as it is dependent on void ratio. A fractal 

particle size distribution can be attributed to crushing and grinding processes (Vo et al., 2016). For 

loess, the particle formation process includes glacial crushing and grinding of rock to form a fine 

powder. The powder is then transported by fluvial and aeolian processes and deposited on hill slopes 

(Chapter 2). 
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To define a unique relationship for sae for the loess, fractal theory is applied to the SWCC on the basis 

that: 

 𝒔𝒂𝒆 =  𝐂𝟏𝒆−𝑫𝒔 (5-1) 

where Ds is the fractal dimension of the particle size distribution, e is the voids ratio, C1 is a constant 

with units of stress (Russell, 2014). 

 

The air expulsion value (sex) can then be characterised by: 

 𝒔𝒆𝒙 =  𝐂𝟐𝒔𝒂𝒆 (5-2) 

where C2 is a dimensionless constant (Russell, 2014). 

 

The air expulsion value is the suction at which air is finally expelled from the soil pore spaces during 

wetting. Constants C1 and C2 are dependent on properties such as pore and particle shape, size 

distribution, and specific surface area. Russell (2014) provides a theoretical basis for equations (5-1) 

and (5-2), and validation of the power-law relationship between air entry value, air expulsion value and 

void ratio (Chapter 3).  

By observing the SWCC in the log (Sr) and log(s) plane (Chapter 3), the function for sae for remoulded 

and intact loess was found to be: 

 𝒔𝒂𝒆 = 𝟑𝟎𝒆−𝟐.𝟔𝟕 (5-3) 

   

The value of C1 was determined iteratively until the main drying curve s/sae = 1 where Sr = 1.  

And suction at air expulsion is: 

 𝒔𝒆𝒙 =
𝒔𝒂𝒆

𝟏𝟏. 𝟑
 

(5-4) 
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The value of C2 was determined by examining the ratio between suction at air entry and suction at air 

expulsion.  

The fractal parameter for the particle size distribution (Ds) was calculated using the equation: 

 𝑫𝒔 = 𝟑 − 𝐏𝐒𝐃𝐞𝐱𝐩 (5-5) 

(Russell & Buzzi, 2012) 

Where PSDexp is the slope of the particle size distribution in the log-log plane (Figure 5.1).  

 

Figure 5.1: Particle size distribution of loess (from Figure 1.1 – Triaxial specimen particle size distribution) in 

log-log plane to determine the fractal dimension of the particle size distribution (Ds). 

 

Using equation (5-3) laboratory SWCC data can be normalised by sae (Figure 5.2).  
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Figure 5.2: SWCC normalised by sae with notations showing slope of main drying curve (αdrying), slope of main 

wetting curve (αwetting) and slope of the top scanning curve (β). 

 

Generally, a SWCC is composed of a main drying or wetting curve, and infinite scanning curves. The 

linearity of the data applied to characterise these curves is a simplifying assumption that has been proved 

to agree with test data (Vo et al., 2016). For these data a top scanning curve, main wetting curve and 

main drying curve can be identified. A function for each curve can be defined based on interpretation 

of the normalised test data. As there is little variation in the SWCC data between the remoulded and 

intact specimen, derived relationships for the main wetting curve, main drying curve, and top scanning 

curve can be applied to both specimen types. Typically, the main wetting curve is defined as a function 

parallel to the main drying curve, however, in this case the slope of the main wetting curve (αwetting = -

0.27) is less than that of the main drying curve (αdrying = -0.33). The slope of the top scanning curve (β) 

was found to be -0.12. Although scanning curves are in reality slightly hysteretic, previous research has 

shown that this can be ignored without loss of significant accuracy (Vo et al., 2016). 
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Using the basis of this knowledge, and equations 2-4 and 2-6, the main drying curve (Figure 5.2) can 

be represented by the power law: 

 

𝑺𝒓 = {

𝟏

(
𝒔

𝒔𝒂𝒆
)

−𝟎.𝟑𝟑 

for s ≤ sae 

for s ≥ sae 

(5-6) 

The main wetting curve (Figure 5.2) can be represented by the relationship: 

 

𝑺𝒓 = {

𝟏

(
𝒔

𝒔𝒆𝒙
)

−𝟎.𝟐𝟕 

for s ≤ sex 

for s ≥ sex 

(5-7) 

The top scanning curve (Figure 5.2) can defined by the power law: 

 
𝑺𝒓 = (

𝐬

𝐬𝐞𝐱
)

−𝟎.𝟏𝟐

 
(5-8) 

5.1.2 Comparison between field hydraulic history and laboratory SWCC 

Using equation (5-3) the in situ hydraulic data (suction and volumetric water content) from field 

instrumentation can be normalised by sae and plotted on Figure 5.2 for comparison with laboratory 

SWCC test data. The void ratio used to calculate sae for in situ loess was 0.69. This was determined 

from field investigations. Because MPS-6 devices were less accurate during wetting conditions, 

comparisons were only made with drying data. The field data were also filtered to remove any readings 

where interference was suspected to have influenced data reliability.  

Two periods of drying between 6 January 2018 and 20 February 2018 are plotted on Figure 5.3 (0.5 m 

data) and Figure 5.4 (1.0m data). A second period of drying from 20 January to 22 February 2019 is 

plotted on Figure 5.5 (0.5m) and Figure 5.6 (1.0 m). Data from sensors installed at 2.0 m have not been 

included because drying conditions were not observed to the same extent as at shallower locations.  

Using the overlay of field data on the SWCC (Figure 5.5) and by applying the same fractal based-theory 

as outlined above, an equation for each of the field scanning curves can be defined. These are presented 

on each plot and in Table 5.1. 
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Figure 5.3: Field hydraulic data from 6 January to 20 February 2018 for probes ≤ 0.5 m plotted on log (Sr) – 

log(s/sae) plane including location of estimated field scanning line.  

 

Figure 5.4: Field hydraulic data from 6 January to 20 February 2018 for probes ≤ 1.0 m plotted on log (Sr) – 

log(s/sae) plane including location of estimated field scanning line.  
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Figure 5.5: Field hydraulic data from 20 January to 22 February 2019 probes ≤ 0.5 m plotted on log (Sr) – log(s/sae) 

plane including location of estimated field scanning line.  

 

Figure 5.6: Field hydraulic data from 20 January to 22 February 2019 from probes ≤ 1.0 m plotted on log (Sr) – 

log(s/sae) plane including location of estimated field scanning lines.  
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Table 5.1 Estimated functions for field scanning lines for drying events between 6 – 20 February 2018 and 20 

January to 22 February 2019. 

Depth Date Figure number Estimated field scanning line function 

0.5 m  6 January to 20 

February 2018. 

Figure 5.3 
𝑆𝑟 = 46 (

𝑠

𝑠𝑎𝑒
)

−0.12

 

 

1.0 m 6 January to 20 

February 2018. 

Figure 5.4 
𝑆𝑟 = 50 (

𝑠

𝑠𝑎𝑒
)

−0.12

 

 

0.5 m  20 January to 22 

February 2019. 

Figure 5.5 
𝑆𝑟 = 46 (

𝑠

𝑠𝑎𝑒
)

−0.12

 

 

1.0 m 20 January to 22 

February 2019. 

Figure 5.6 
𝑆𝑟 = 51 (

𝑠

𝑠𝑎𝑒
)

−0.12

 

 

   
𝑆𝑟 = 46 (

𝑠

𝑠𝑎𝑒
)

−0.12

 

 

 

Comparison between field data and laboratory data indicates that the hydraulic state of the loess slope 

remains on a scanning line. This is unsurprising as the hydraulic state of the soil mass is continually 

changing due to precipitation and evapotranspiration processes. The slope of the field scanning line 

corresponds well with the slope of the top scanning line defined from laboratory data. Each of the field 

scanning lines maintains the same slope with a slight translation in location (Table 5.1). 

Figure 5.3 and Figure 5.5 show that the in situ loess did not reach the main drying curve despite suction 

values reaching up to 5 MPa. During wetting, field data extended beyond the laboratory-defined main 

wetting curve. Relative boundary conditions of each data sets may provide reason for this behaviour. 

For field data, suction and volumetric water contents are measured within a larger soil mass subject to 

continuously transient pore water conditions. As such, the hydraulic state is continuously changing and 

the main wetting curve may never be encountered due to the presence of occulated air in the in situ 

loess. Conversely, laboratory-controlled tests are saturated using de-aired water and air pressure 

differentials applied to finite 50 mm diameter specimen where hydraulic conditions are more controlled. 
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Despite this, however, the scanning curve slopes appear broadly the same for both laboratory and field 

test data, and the field data did not significantly exceed the main drying curve.  

5.1.3 Validation of soil-water characteristic functions 

To test the validity of the SWCC function, and the accuracy of measurements from the MPS-6 probes, 

the equations in Table 5.1 can be rearranged to calculate suction from field volumetric water content 

data and Sr. The calculated suction values for the drying periods in summer 2017/18 and 2018/19 are 

compared in Figure 5.7 for shallow loess (< 0.5m) and Figure 5.8 for loess at 1.0 m depth. Data are 

displayed for instrumentation Arrays 1 to 4, and include drying periods from 1 November 2017 to 4 

January 2018, 16 January 2018 to 20 February 2018, 25 January 2019 to 22 February 2019, and 22 

March 2019 to 27 March 2019. Comparison was made for drying events only due to limitations to the 

MPS-6 probe calibration (Chapter 4). Furthermore, hysteresis occurring at the probe tips meant that 

measurements recorded during wetting were unreliable. 

Generally, measured suction data showed excellent agreement with calculated values for drying periods. 

The Summer 2017/18 drying period compared more consistently across all four arrays compared to the 

2018/19 drying period. It is possible that during the monitoring period, preferential flow paths may have 

developed above the sensors thereby influencing the rate of drying in the soil surrounding the suction 

probes. Figure 5.9 and Figure 5.10 directly compare measured suction data with calculated values. 
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Figure 5.7 Comparison between field measured suction at 0.5 m depth and calculated suction values using 

estimated scanning line equation for (a) Array 1, (b) Array 2, (c) Array 3, and (d) Array 4. 

b) 

a) 

c) 

d) 
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Figure 5.8 Comparison between field measured suction at 1.0 m depth and calculated suction values using 

estimated scanning line equations for (a) Array 1, (b) Array 2, (c) Array 3, and (d) Array 4. 

a) 

b) 

c) 

d) 
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Figure 5.9 Comparison between measured suction values (MPS-6) and calculated suction values for probes 0.5 m 

depth between (a) 1 November 2017 to 4 January 2018, (b) 16 January 2018 to 20 February 2018, 

(c) 25 January 2019 to 22 February 2019, (d) 22 March 2019 to 27 March 2019. 

 

Data located near the 1:1 line indicates that the calculated suction values align exactly with field suction 

measurements (Figure 5.9 and Figure 5.10). In general, calculated suction values agreed with measured 

values. Data at lower suctions (< 250 kPa) do not compare as well as data where suction > 250 kPa. 

Data from Array 2 at 1.0 m depth showed more diversion from the 1:1 line than other data sets. This 

may be due to some discrepancy in the probe calibration or downhole conditions. In some cases (e.g. 

data from 1.0 m depth during November 2017 to January 2018 drying) the data show a steepened 

relationship before trending towards the 1:1 line. This may be due to hysteresis of the scanning line as 

the soil changes from wetting to drying. 

 

d) c) 

a) b) 
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Figure 5.10 Comparison between measured suction values (MPS-6) and calculated suction values for probes 1.0 

m depth between (a) 1 November 2017 to 4 January 2018, (b) 16 January 2018 to 20 February 2018, 

(c) 25 January 2019 to 22 February 2019, (d) 22 March 2019 to 27 March 2019. 

 

Agreement between calculated and measured suction means that the functions in Table 5.1 can be used 

to project the wetting path for rainfall events where MPS-6 probes were unreliable (Figure 5.11 and 

Figure 5.12). These figures show the calculated hydraulic paths of the soil for two rainfall events (5 

January 2018 and 20 February 2018). These events are discussed further in Chapter 6. 

 

a) 

c) 

b) 

d) 
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Figure 5.11 Wetting paths for in situ loess (0.5m) during 5 January 2018 rainfall event overlain on laboratory 

derived SWCC data. 

 

Figure 5.12 Wetting paths for in situ loess (0.5m) during 20 February 2018 (ex-tropical cyclone Gita) rainfall 

event overlain on laboratory derived SWCC data. 
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5.2 Unsaturated hydraulic conductivity 

Fractal theory, as applied in Section 5.1.1 can be applied to estimate the unsaturated hydraulic 

conductivity of the loess. Although it is very difficult to measure, the unsaturated hydraulic conductivity 

is an important characteristic which is used to understand flow of viscous fluids through porous media 

such as soil. Yang et al. (2014) provide a derivation for the unsaturated hydraulic conductivity for fractal 

soils on a scanning curve. Yang et al. (2014) validated their method by finding good correlation between 

measured conductivities with calculated values. It is for this reason, and that the hydraulic state of loess 

at Takamatua is on a scanning curve, that this method has been adopted here. Figure 5.13 illustrates the 

relationship between relative hydraulic conductivity (Kr), suction and Sr. The relative hydraulic 

conductivity (Kr) is the ratio between the hydraulic conductivity at a given hydraulic state and the 

saturated hydraulic conductivity (Ksat).  

 

Figure 5.13 Illustration of relative hydraulic conductivity and SWCC in ln(KR)-ln(s) and ln(Sr)-ln(s) planes 

(Yang et al., 2014). 

 

The following derivations from Yang et al. (2014) have been applied to estimate the unsaturated 

hydraulic conductivity of loess.  

  

η 

λ 
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The hydraulic conductivity on the main wetting curve is: 

 

 
𝐊𝒓 = (𝑺𝒓)

𝜼
𝜶𝒘𝒆𝒕𝒕𝒊𝒏𝒈 

(5-9) 

Where η =  𝐷𝑝 − 5 − 6 (
ln (𝑇)

ln (𝑚)
)   

 

The hydraulic conductivity on the main drying curve is: 

 

𝐊𝒓 = (𝑺𝒓)
𝜼

𝜶𝒅𝒓𝒚𝒊𝒏𝒈 (𝒎
𝟏
𝟑)

𝜷𝜼
𝜶𝒅𝒓𝒚𝒊𝒏𝒈

{(𝟏 − 𝒃) + 𝒃𝒎
𝜼
𝟑} 

(5-10) 

  

 

 

And for the top scanning curve: 

 

𝐊𝒓 = (
𝒔𝒓𝒘

𝒔𝒆𝒙
)

𝜼−
𝜶𝝀
𝜷

(𝑺𝒓)
𝝀
𝜷 

(5-11) 

  

The initial hydraulic properties and parameters for the hydraulic conductivity of loess are detailed in 

Table 5.2. The saturated hydraulic conductivity (Ksat) was measured after saturation of the triaxial 

specimen during pre-consolidation (Chapter 3). The value for m was estimated from example values 

detailed in Yang et al. (2014) for similar soils. Using the location of the field scanning curve of the 

SWCC (Figure 5.3), a corresponding scanning hydraulic conductivity curve can be determined. 
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Table 5.2 Parameters applied to determine the unsaturated hydraulic conductivity function of loess. 

Parameter Description Value Source 

Ksat Saturated hydraulic conductivity 1.30 x 10-3 cm/s Triaxial saturation 

Dp Fractal dimension of pore size 

distribution 

2.70 Pore size distribution (MIP 

data) 

αdrying Slope of main drying curve in 

log(Sr) - log(s) plane 

-0.33 log(Sr) - log(s) plot of SWCC 

(Figure 5.2) 

αwetting Slope of main wetting curve in 

log(Sr) - log(s) plane 

-0.27 log(Sr) - log(s) plot of SWCC 

(Figure 5.2) 

β Slope of scanning curve in  

log(Sr) - log(s) plane 

-0.12 log(Sr) - log(s) plot of SWCC 

(Figure 5.2) 

b Volumetric fraction of pores that 

acts as throats 

0.60 Estimation from Yang et al. 

(2014) 

m Material constant larger than 

unity controlling volumes of 

pores of successive sizes 

10 Estimation from Yang et al. 

(2014) 

T Tortuosity factor 2.09 Mercury Porosimetry data 

Srd - TS  

(top scanning) 

Suction value of the main drying 

curve where it is intercepted by 

the top scanning curve 

396 kPa log(Sr) - log(s) plot of SWCC 

(Figure 5.2) 

Srd - FS  

(field scanning) 

Suction value of the main drying 

curve where it is intercepted by 

the field scanning curve 

995 kPa log(Sr) - log(s) plot of SWCC 

(Figure 5.2) 

η Slope in log(Kr) – log(s) plane 

when state is on main drying 

(ηdry) or wetting (ηwet) curve 

ηdry = -3.70 

ηwet = -3.05 

η =  𝐷𝑝 − 5 − 6 (
𝑙𝑛𝑇

𝑙𝑛𝑛
) 

Yang et al. (2014) 
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Table 5.2 cont. 

Parameter Description Value Source 

λ Slope in log(Kr) – log(s) plane 

when state is on scanning curve 

-0.20 log(Sr) - log(s) plot of SWCC, 

where λ/ η = β/α  

ρd Dry density 1.60 g/cm3 Laboratory data (Chapter 3) 

Gs Solid Density 2.72 Laboratory data (Chapter 3) 

e Void ratio 0.69 Laboratory data (Chapter 3) 

 

As expected, the hydraulic conductivity of the loess decreases with increase in suction (Figure 5.14). 

The difference between the slope of the main drying curve and main wetting curve is clearer in the log 

(K) – log (Sr) plane (Figure 5.15) in comparison to the log (Kr) - log(s/sae) plane (Figure 5.14). 

 

 

Figure 5.14 Relationship between relative hydraulic conductivity (Kr) and s/sae in log-log plane. SWCC shown 

in dashed line to indicate correlation with hydraulic conductivity function.  
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Figure 5.15 Relationship between unsaturated hydraulic conductivity (K) and Sr in log-log plane. 

 

5.3 Unsaturated shear strength 

Unsaturated and saturated triaxial test results can be used to define a strength criterion for both intact 

and remoulded loess. By applying Bishop (1959) theory for effective stress in unsaturated soils and 

correlations for χ by Khalili & Khabbaz (1998), the contribution of suction to the shear strength of the 

loess can be determined.  

5.3.1 Calculation of χ 

χ values for intact and remoulded specimens were calculated by implementing correlations outlined in 

Khalili & Khabbaz (1998) and fractal mathematics outlined in Russell and Buzzi (2012) and Vo et al. 

(2016).  
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From Khalili and Khabbaz (1998), when specimens are located on the main drying or wetting curves, χ 

is calculated as:  

 
𝛘 =  (

𝒔

𝒔𝒆
)

𝛀

 
(2-3) 

where Ω has a best fit value of -0.55 for soils on main drying and wetting branches of SWCC (Khalili 

et al., 2004; Khalili & Khabbaz, 1998). For main wetting curve se = sex, for main drying curve se = sae. 

Typically, equation (2-3) is applied to unsaturated soils where capillary forces are dominant. However, 

in this research this method has been applied to add to the body of evidence suggesting that the 

relationship for χ may be adequate for larger suctions (s = 125 MPa). 

Using equation (5-1), (5-2) and e0  for each specimen, the values of sae and sex can be calculated for each 

triaxial test specimen. The location of each specimen on the SWCC is critical for understanding the 

hydraulic path of the loess. Because all samples contracted during shearing (voids ratio decreased) each 

specimen was considered to be undergoing a wetting hydraulic path on a scanning curve. However, 

because change in e was so low (< 2 %) (Chapter 3), for practical purposes χs could be assumed to 

remain constant. A similar assumption was found to be reasonable by (Vo et al., 2016) and (Yang & 

Russell, 2015) when the hydraulic state is on a scanning curve. 

For samples located on a scanning curve, Ω is replaced with ζ, which is a characteristic of the slope of 

the scanning curve. For compatibility with the SWCC, ζ / Ω = β/α must be satisfied (Vo et al., 2016). 

Because all specimens in the triaxial test series contracted and were therefore undergoing, wetting, 

se = sex in equation (2-3). Figure 5.16 presents values of χ in the log(s/sae) – log (χ) plane by applying 

equation (2-3). Table 5.3 presents values for χ for unsaturated specimens tested during this research. 
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Figure 5.16 Relationship between χ and s/sae in log-log plane. 

 

Table 5.3 χ calculations from unsaturated triaxial test results 

Sample 

State 

Suction 

(kPa) 

σ’3 

(kPa) 

e0 sae 

(kPa) 

s/ sex Hydraulic State 

(SWCC location) 

χ 

Intact 200 50 0.64 98 102 top scanning curve 0.53 

Intact 200 100 0.62 108 93 top scanning curve 0.54 

Intact 200 150 0.63 101 99 top scanning curve 0.54 

Intact 125000 20 0.63 102 1226 main drying 0.01 

Intact 125000 30 0.62 110 1140 main drying 0.01 

Intact 125000 50 0.64 97 1289 main drying 0.01 

Remoulded 290 50 0.68 84 173 top scanning curve 0.48 

Remoulded 290 100 0.62 108 135 top scanning curve 0.50 

Remoulded 290 150 0.72 72 201 top scanning curve 0.47 
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5.3.2 Failure criterion 

Shear strength failure criterion for intact and remoulded loess have been derived using unsaturated and 

saturated triaxial data. The calculated values of χ for each test specimen (Table 5.3) are used to examine 

the applicability of the effective stress approach. Because critical state holds true for unsaturated soils, 

comparison of critical state behaviours in particular provide assessment of the applicability of χ.  Figure 

5.17 illustrates the peak failure and critical state envelopes for intact specimens using a Mohr-Coulomb 

relationship. Fit of the failure envelopes is variable due to the heterogeneity of the intact specimens 

causing slight variation in the failure behaviour. The critical state values for intact specimens where 

suction was 125 MPa were not plotted with the lower suction critical state test data as the soil in this 

condition was behaving as a soft rock, therefore critical state soil mechanics did not apply.  

 

Figure 5.17: (a) Peak stress failure criterion for intact specimens, (b) critical state criterion for intact specimens 

 

a) 

b) 
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Peak and critical state shear stresses are presented in Table 5.4. 

Table 5.4: Peak and Critical State Conditions - Triaxial test data 

Test/Sample 

Conditions 

Value type σ’3 

(kPa) 

q 

(kPa) 

Suction 

(kPa) 

Χ σ’3 + χs 

(kPa) 

σ’1 + 

χs 

(kPa) 

Saturated - Intact Peak 51 198 0 1 51 249 

Saturated - Intact Peak 100 365 0 1 100 465 

Saturated - Intact Peak 150 329 0 1 150 479 

Saturated - Intact Peak 200 515 0 1 200 715 

Unsaturated - Intact Peak 50 462 200 0.53 156 618 

Unsaturated - Intact Peak 100 616 200 0.54 208 824 

Unsaturated - Intact Peak 200 760 200 0.54 308 1068 

Unsaturated - Intact Peak 20 2158 125000 0.01 1270 3428 

Unsaturated - Intact Peak 30 2385 125000 0.01 1280 3665 

Unsaturated - Intact Peak 50 2382 125000 0.01 1300 3682 

Saturated - Intact Critical State 51 167 0 1 51 218 

Saturated - Intact Critical State 100 330 0 1 100 430 

Saturated - Intact Critical State 150 325 0 1 150 475 

Saturated - Intact Critical State 200 515 0 1 200 715 

Unsaturated - Intact Critical State 50 355 200 0.53 156 511 

Unsaturated - Intact Critical State 100 550 200 0.54 208 758 

Unsaturated - Intact Critical State 150 680 200 0.54 258 938 

Unsaturated - Intact Critical State 20 750 125000 0.01 1270 2020 

Unsaturated - Intact Critical State 30 705 125000 0.01 1280 1985 

Unsaturated - Intact Critical State 50 800 125000 0.01 1300 2100 
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Figure 5.18 illustrates the peak and critical state failure criteria for remoulded specimens. Derived 

Mohr-coulomb parameters for remoulded specimens are given in Table 5.5. Values derived for critical 

state stresses were similar to those of peak shear stresses because the remoulded specimens were 

normally consolidated and displayed strain-hardening behaviour. The difference between remoulded 

and intact critical state values indicate that there may still be some influence of particle cementation in 

the intact specimens at critical state. Although theoretically at critical state particle bonding should not 

present, other research has observed some similar behaviours in lightly cemented soils (Kasama et al., 

2000; Lee et al., 2004).  

 

Table 5.5: Shear strength parameters for intact and remoulded specimens 

Specimen Type Mohr-Coulomb  

Peak Strength 

Mohr-Coulomb  

Critical State 

Intact φ’= 35 ° 

c’ = 15 kPa 

φ’ = 33 ° 

c’ = 0 kPa 

Remoulded φ’ = 31 ° 

c’ = 5 kPa 

φ’ = 30 ° 

c’ = 0 kPa 

 

The alignment of the unsaturated data with saturated data means that the calculated χs values adequately 

represent the contribution of suction to the unsaturated shear strength. This means that for both 

remoulded and intact specimens the use of the effective stress approach has worked well, and the values 

of χ are valid.  
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Figure 5.18: (a) Peak shear stress failure criterion for remoulded specimens, (b) critical state failure criterion for 

remoulded specimens. 

5.3.3 Application of effective stress approach to literature data 

To further examine the effective stress approach, fractal soil-water characteristics have been applied to 

literature-based shear strength test data for Banks Peninsula loess (Chapter 2). These data typically 

reported high cohesion and φ’ values instead of applying unsaturated soil mechanics theory which 

considers the effect of suction on shear strength. The aim of this process is to examine whether 

previously interpreted shear strength behaviours can be explained using the Bishop (1959) effective 

stress approach. To achieve this, the unsaturated shear strength of literature data is reinterpreted using 

Bishop (1959) and fractal soil-water characteristics reported in this chapter. These calculated shear 

strengths are then compared with the original interpretations.  

a) 

b) 
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Firstly, because the shear strength parameters reported in the literature do not include suction in the 

effective stress or interpretation, cohesion values are actually an equivalent cohesion (ceq) that includes 

a suction contribution. As such, reported shear strength parameters can be used to calculate the 

unsaturated shear strength using:  

 

 𝝉 = 𝒄𝒆𝒒 + 𝝈𝒏𝒕𝒂𝒏𝝓′ (5-12) 

where: 

ceq = equivalent cohesion (kPa) 

Ø’= effective angle of internal friction 

𝜎𝑛 = 𝜎 − 𝑢𝑎, where σn = net normal stress of 50 kPa is assumed  

 

 

e.g. from White (2016) a remoulded loess sample at 9 % gravimetric water content reported ceq = 61 

kPa, ø’ =43°, τref = 105 kPa 

 

To reinterpret shear strength using the effective stress approach of Bishop (1959), the void ratio was 

first calculated using reported dry density values and an assumed Gs of 2.70. Void ratio was then used 

to calculate sae and sex for each data set from literature using the equations: 

 

 𝑺𝒂𝒆 = 𝟑𝟎𝒆−𝟐.𝟔𝟕 (5-3) 

   

And  

 
𝑺𝒆𝒙 =

𝑺𝒂𝒆

𝟏𝟏. 𝟑
 

(5-4) 

 

e.g. from White (2016) where e = 0.54, sae = 153.3 kPa, sex = 3.1 kPa 

A maximum and minimum s/sae value for the reported Sr for each data set is determined using the SWCC 

derived in this thesis (Figure 5.2). An example is provided in Figure 5.20. The suction range is then 

determined by multiplying s/sae values by the calculated sae for each data point. 
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Figure 5.19: SWCC showing methodology for estimating maximum and minimum potential suction values using 

Sr. Approximated s/sae values for White (2016) for specimen where water content is 9 %, Sr = 45 % are shown.  

 

For both suction values, the respective χ value is then calculated using: 

 

 
𝛘 =  (

𝑺

𝑺𝒆𝒙
)

𝛇

 
(5-13) 

where ζ = -0.2  

 

The relationship using sex is used because the remoulded loess specimens are compacted prior to testing 

and therefore the hydraulic state is assumed to be wetting along a scanning curve.  

  

Sr = 45 % 

Max. s/sae = 12 Min. s/sae = 1.8 
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For each data point, two unsaturated shear strength values are then calculated using each suction and 

respective χ value to provide a range of possible shear strengths. These unsaturated shear strengths are 

calculated using: 

 𝝉 = 𝒄′ + ((𝝈 − 𝒖𝒂) +  𝝌(𝒖𝒂 − 𝒖𝒘))𝒕𝒂𝒏𝝓′ (5-14) 

 

As above, a net normal stress of 𝜎 − 𝑢𝑎 = 50 kPa is assumed to allow comparison with literature shear 

strengths. 

A comparison between the literature data and calculated shear strengths are presented in Table 5.6. 

 

Table 5.6 Comparison between shear strength data from literature data and calculated shear strengths. 

Reference Data Bishop (1959) 

Data 

source 

Loess type 

(Clay %) 

Soil 

parameters 

Shear 

strength 

parameters  

τref * 

(kPa) 

Est. suction range 

(kPa) 

(associated χ 

value) 

τcalc ** range 

(kPa) 

Hughes 

(2002) 

Intact Loess 

(19.5 %) 

Sr = 37 % 

e = 0.61 

ceq = 218 kPa 

φ’ = 45 ° 

268.0 500.8 (χ = 0.46) – 

2782.0 (χ = 0.32) 

172.2 – 575.8 

White 

(2016) 

 

Remoulded 

loess 

(15-16 %) 

Sr = 85 % 

e = 0.54 

ceq = 12 kPa 

φ’ = 35 ° 

47.0 24.5 (χ = 0.89) – 

61.0 (χ = 0.74) 

48.1 – 62.3 

White 

(2016) 

 

Remoulded 

loess 

(15-16 %) 

Sr = 45 % 

e = 0.54 

ceq = 61 kPa 

φ’ = 43 ° 

107.6 275.9 (χ = 0.55) – 

1686.0 (χ = 0.38) 

125.8 – 421.2 

White 

(2016) 

 

Remoulded 

loess 

(18 – 19%) 

Sr = 45 % 

e = 0.54 

ceq = 65 kPa 

φ’ = 39 ° 

104.6 275.9 (χ = 0.55) – 

1686.0 (χ = 0.38) 

125.8 – 421.2 

White 

(2016) 

 

Remoulded 

loess 

(18 – 19 %) 

Sr = 85 % 

e = 0.54 

ceq = 16 kPa 

φ’ = 34 ° 

50.1 24.5 (χ = 0.89) – 

61.0 (χ = 0.74) 

48.1 – 62.3 
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Table 5.6 cont. 

Reference Data Bishop (1959) 

Data 

source 

Loess type 

(Clay %) 

Soil 

parameters 

Shear 

strength 

parameters  

τref * 

(kPa) 

Est. suction range 

(kPa) 

(associated χ 

value) 

τcalc ** range 

(kPa) 

White 

(2016) 

 

Remoulded 

loess 

(10.2 %) 

Sr = 50 % 

e = 0.54 

ceq = 37 kPa 

φ’ = 41 ° 

80.5 99.1 (χ = 0.59) – 

743.0 (χ = 0.40) 

100.7– 369.8  

White 

(2016) 

 

Remoulded 

loess 

(10.2 %) 

Sr = 80 % 

e = 0.54 

ceq = 12 kPa 

φ’ = 31 ° 

42.0 31.0 (χ = 0.85) – 

92.0 (χ = 0.68) 

50.7 – 72.7 

White 

(2016) 

 

Remoulded 

loess 

(5 – 8 %) 

Sr = 40 % 

e = 0.54 

ceq = 36 kPa 

φ’ = 43.3 ° 

83.1 429 (χ = 0.50) – 

1656 (χ = 0.38) 

164.3 – 415.6 

White 

(2016) 

 

Remoulded 

loess 

(5 – 8 %) 

Sr = 80 % 

e = 0.54 

ceq = 6 kPa 

φ’ = 35 ° 

42.2 31 (χ = 0.85) – 107 

(χ = 0.66) 

50.7 – 77.7 

McDowell 

(1989) 

Remoulded 

loess (14 %) 

Sr = 57 % 

e = 0.59 

ceq = 40 kPa 

φ’ = 32 ° 

71.2 99 (χ = 0.64) – 743 

(χ = 0.43) 

73.4 – 227.2 

McDowell 

(1989) 

Remoulded 

loess (14 %) 

Sr = 71 % 

e = 0.59 

ceq = 25 kPa 

φ’ = 30 ° 

53.9 47 (χ = 0.75) – 260 

(χ = 0.53) 

56.2 – 118.0 

McDowell 

(1989) 

Remoulded 

loess (14 %) 

Sr = 87 % 

e = 0.59 

ceq = 0 kPa 

φ’ = 30 ° 

28.9 22 (χ = 0.87) – 50 

(χ = 0.74) 

46.7 – 57.1 

McDowell 

(1989) 

Remoulded 

loess (19 %) 

Sr = 62 % 

e = 0.59 

ceq = 140 kPa 

φ’ = 33 ° 

172.5 215 (χ = 0.68) – 

1791 (χ = 0.74) 

123.1 – 515.4 

McDowell 

(1989) 

Remoulded 

loess (19 %) 

Sr = 75 % 

e = 0.59 

ceq = 90 kPa 

φ’ = 34 ° 

123.7 100 (χ = 0.79) – 

537 (χ = 0.57) 

82.9 – 218.4 

McDowell 

(1989) 

Remoulded 

loess (19 %) 

Sr = 85 % 

e = 0.59 

ceq = 40 kPa 

φ’ = 36 ° 

76.3 65 (χ = 0.87) – 143 

(χ = 0.74) 

68.7 – 98.7 

*calculated assuming strength parameters ceq and φ’ listed in the table. Also  𝜎𝑛 = 50 kPa is assumed and the suction 

contribution to the effective stress is ignored but instead its contribution to strength is captured through the equivalent cohesion 

ceq. 

**calculated assuming remoulded effective stress based strength parameters c’=5 kPa and φ’ = 31 ° along with 𝜎𝑛  =  𝜎 −
𝑢𝑎 = 50 kPa and  𝜎′ = (𝜎 − 𝑢𝑎) +  𝜒(𝑢𝑎 − 𝑢𝑤)). 
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In most cases, where the particle size distributions of the literature-based loess were similar to that of 

Akaroa loess (e.g. clay content was between 15 - 20 %), the literature-based shear strengths showed 

agreement with re-interpreted shear strengths. Where data from literature indicated a clay content lower 

than that of Akaroa loess (< 15 %), the shear strength values from literature were lower than that of the 

Bishop (1959) estimated shear stress range. This observation highlights the influence of particle and 

pore size distribution variability on the SWCC, sae and sex. As such, the application of the SWCC derived 

in this thesis should be limited to loess of similar particle size distribution. A unique SWCC is required 

to be developed for loess deposits of lower clay content.  

Figure 5.20 shows comparison between the reference data sets (where clay > 15 %) and the upper and 

lower bounds of the shear strengths estimated using effective stress theory for unsaturated soil and 

applied fractal mathematics. These data show that, typically, reference data fall within the lower quartile 

of the estimated shear strength range. This provides an indication of the location of the scanning curve 

on which the samples are located which is a function of sample preparation and water content.  

Although literature reported higher φ’ values, in reality φ’ of 31° for remoulded loess is more 

reasonable. This is because in unsaturated soils, φ’ undergoes only slight variation with suction, 

generally when suction is > 600 kPa (Khalili & Khabbaz, 1998). As such, suction gives rise to an 

apparent cohesion in unsaturated soil rather than change to the saturated shear strength parameters 

such as c’ and φ’. 

 

Figure 5.20 a) Shear strength data from literature and estimated shear strengths (upper and lower bound) plotted 

against relevant Sr values; b) Comparison between τref (shear strength data from literature) and τcalc (estimated 

shear strengths). Data sources in Table 5.6. 
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5.4 Summary  

The SWCC for loess has been characterised by a series of power law functions by applying fractal 

mathematics. This simplification of the relationship between suction and Sr means that given the 

hydraulic state of a soil, the subsequent wetting path, drying path or scanning curve can be calculated.  

Comparison between field and laboratory data has shown that during drying the field data correlated 

well to the scanning curve determined by laboratory testing. From this, a power law relationship for 

each field scanning curve could be determined. The validity of these functions was tested by comparing 

field data at 0.5 m and 1.0 m depth with calculated suction values. Generally, the numerical scanning 

curve functions correlate well with field data.  

Using the characteristics of the SWCC, the unsaturated hydraulic conductivity has been estimated by 

applying fractal theory with consideration of hydraulic hysteresis as outlined by Yang et al. (2014). As 

expected, the unsaturated hydraulic conductivity decreases with increase in suction.  

Finally, the contribution of suction to the shear strength of loess was examined by applying Bishop 

(1959) theory of effective stress in unsaturated soils with contribution from Khalili & Khabbaz (1998) 

for the calculation of χ. The effective stress approach was successfully applied in this context, with the 

calculation of χs accounting for the contribution of suction to the unsaturated strength. Peak strength 

and critical state criterion were defined for both remoulded and intact samples.  

Historical shear strength data were also sourced from literature to provide further validation of the 

effective stress approach and fractal mathematics applied in this thesis. A high level of agreement was 

observed between the data sets where clay contents between literature data sets and Akaroa loess were 

comparable.  
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Chapter 6 Hydraulic history of a loess slope 

In this chapter, the change in hydraulic state of the loess slope in Takamatua is examined for rainfall 

(wetting) and drying events. Firstly, data obtained from field instrumentation (Chapter 4) are divided 

temporally into wetting and drying periods based on the soil response indicated from instrumentation. 

The characteristics of each rainfall event (e.g. intensity and duration) are compared for each of the 

wetting periods along with changes in suction and volumetric water content (VWC). Secondly, χs 

profiles are defined for rainfall events and seasonal periods to enable an examination of the contribution 

of suction to shear strength over time. Finally, environmental conditions and soil characteristics that 

influence the hydraulic response of the loess to wetting and drying are discussed. 

6.1 Site response to wetting and drying periods 

Monitoring data are classified into either drying or wetting responses (Figure 6.1) using the following 

definitions: 

1. Drying Response: Increase in suction and decrease in volumetric water content is observed.  

2. Wetting Response: Decrease in suction and increase in volumetric water content is observed. 

Drying or wetting responses are defined by hydraulic changes observed in the upper 0.5 m of the loess 

profile, as often deeper loess (> 1.0 m) did not exhibit the same extent of hydraulic change throughout 

the monitoring period.  

To define a period of wetting or drying the change in hydraulic state was observed in two or more 

sensors. Within either of these categorised time periods intermittent (several rainfall events) or ongoing 

(constant) precipitation may occur, however, the overall trend in the hydraulic state of the loess remains 

the same (e.g. wetting or drying). Periods of no change in suction or volumetric water content were not 

included in either drying or wetting responses as under these conditions the hydraulic state was 

unchanged. 

As noted in Chapter 5, the MPS-6 probes render the most reliable data when the soil is undergoing a 

prolonged period of drying (such as January to February 2017/18). It is for this reason that the 

volumetric water content data from the CS-616 probes are used to calculate suction during periods of 

wetting (Chapter 5). Examining the data in the context of wetting or drying responses is important for 
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understanding the hydraulic state of the loess, which allows for development of χs profiles for the site. 

Table 6.1 and Table 6.2 presents the observed wetting and drying periods within the monitoring data. 

 

 

Figure 6.1 Categorisation of field drying and wetting response using shallow (<0.5 m) loess hydraulic response. 

Wetting and drying categorised responses are notated.  
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Table 6.1 Identified wetting periods in loess slope from Takamatua instrumentation data 

Start 

Date 

End 

Date 

Period 

Duration 

(min) 

Total 

Rainfall 

(mm) 

No. 

Rainfall 

Events 

Max 

(Average) 

Duration  

(min) 

Ground 

Temp  

(Air Temp) 

(°C) 

Max 

(average) 

Rainfall 

Intensity 

(mm/hr) 

Summer 2018 

5 Jan 5 Jan 1250 48.2 7 420 (22) 14.2 - 17.7  

(16.1 - 25.2) 

14.4 (2.6) 

11 Jan 12 Jan 2880 38.2 61 300 (41) 14.3 - 17.4  

(12.4 - 16.6) 

3.6 (1.5) 

20 Feb 21 Feb 2180 118.2 13 1340 (189) 15.4 - 18.0  

(11.9 - 27.9) 

9.6 (3.7) 

Autumn 2018 

14 March 14 

March 

500 7.4 6 20 (13) 15.3 - 16.5  

(8.2 - 20.8) 

26.4 (4.9) 

5 June 7 June 2210 30 38 80 (10) 10.8 - 13.4  

(3.9 – 11.7) 

10.8 (2.4) 

12 June 13 June 1060 31 16 440 (34) 10.9 - 13.1 

(6.3 - 9.8) 

7.2 (2.4) 

Winter 2018 

2 July 2 July 930 24.0 11 420 (85) 9.7 - 12.5  

(8.4 - 15.5) 

6 (2.4) 

16 July 16 July 620 27.8 6 490 (90) 9.4 - 12.0  

(9.8 - 12.7) 

6 (3.1) 

Spring 2018 

2 Sept 3 Sept 1000 49.2 10 640 (117) 9.7 - 11.4  

(6.6 – 10.6) 

8.4 (3.4) 
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Table 6.2 Identified drying periods in loess slope from Takamatua instrumentation data 

Start 

Date 

End 

Date 

Total 

No. 

days 

Total 

Rainfall 

(mm) 

No. days 

where 

rainfall 

occurred 

Max 

Duration 

(Average) 

(min) 

Ground 

Temp  

(Air Temp) 

(°C) 

Max (average) 

rainfall 

intensity 

(mm/hr) 

Summer 2017/18  

1 Dec 5 Jan 41 76.2 13 90 (18.8) 12.9 – 17.6  

(33.0 – 9.4) 

6.0 (1.7) 

12 Jan 19 Feb 38 41.1 62 100 (19.2) 14.4 – 19.1 

(34.0 – 9.6) 

9.6 (1.6) 

Summer 2018/19  

20 Jan 1 April 72 1.8 7 10 (10) 13.5 – 16.4  

(32.8 – 5.6) 

1.2 (1.2) 

 

The minimum and maximum rainfall intensity and duration was calculated for each wetting and drying 

time period. This allows the relationship between rainfall intensity and duration to be examined along 

with the response of suction and volumetric water content throughout the site profile. The maximum 

rainfall intensity usually only lasted for one 10 minute measurement period during the rainfall event. 

Minimum duration and intensity are not included in the tables due to these parameters being limited by 

the capacity of the tipping bucket rain gauge (0.2 mm) and the interval between readings (10 minutes). 

As such, for all monitoring periods where rainfall occurred, the minimum duration was 10 minutes, and 

minimum intensity was 1.2 mm/hr. 

During wetting periods, the maximum rainfall durations ranged between 20 and 1340 minutes (averages 

between 13 and 189 minutes, respectively). The maximum rainfall intensities observed during wetting 

ranged between 3.6 mm/hr to 26.4 mm/hr. For drying periods, the maximum rainfall duration was lower: 

10 to 300 minutes (average between 10 and 28 minutes, respectively), and the maximum intensity < 

9.6mm/hr. The wetting period with the largest cumulative rainfall was ex-tropical cyclone Gita on 20th 

February 2018. During this period, there was 118 mm of rain over a 36 hour period. The maximum 

rainfall duration over this period was 1380 minutes.  

Air and ground temperatures are included in Table 6.2 to allow the consideration of potential 

evapotranspiration. Noting that this process is also dependant not only on temperature but many other 
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factors including air humidity and sunshine hours, none of which were recorded. The season correlated 

to each categorised time period is noted for comparison in subsequent sections in this chapter.  

6.2 Hydraulic profiles for selected rainfall events 

Monitoring data from the wetting periods identified have been complied to examine changes in the 

hydraulic state of the loess profile during precipitation. Because data from the MPS-6 sensors are less 

accurate during wetting, the change in suction in the slope profile has been calculated by converting 

volumetric water content data to degree of saturation to obtain a suction value using equations in Table 

5.1 (Chapter 5). Hydraulic profiles include temporal change in suction, volumetric water content, Sr, 

and χs. The hydraulic profiles for one wetting period from each season are presented in detail in this 

chapter to inform discussion on climatic and soil characteristics that influence wetting of loess. All 

remaining rainfall events are presented in Appendix A. 

6.2.1 Summer: 5 January 2018 

The 5th January 2018 wetting period had a cumulative rainfall of 48.2mm over 1250 minutes. In 

comparison to other wetting periods during summer 2017/18, these were both relatively low. 

Precipitation during this event was not continuous and rainfall intensity varied up to 14.4 mm/hr (Figure 

6.2). Shallow (~0.5 m) loess underwent the greatest change in hydraulic state. Prior to precipitation 

commencing, suction at 0.5 m depth was > 5 MPa and reduced to < 50 kPa across the entire profile 900 

minutes after rainfall commenced (Figure 6.2, Figure 6.3).  

The largest reduction in suction and increase in volumetric water content occurred during the initial 100 

minutes where the rainfall intensity reached 14.4 mm/hr. Not all sensors recorded the same change in 

the hydraulic state across the site. Loess 0.5 m deep near Array 3 presented delayed wetting in 

comparison to loess monitored in other arrays. Furthermore, monitoring data from Arrays 2 and 4 

showed a rapid response in comparison to the Arrays 1 and 3 which recorded an incremental change in 

the hydraulic state over the monitoring period. Variation in the wetting front across the slope may 

indicate potential variation in exposure of the loess surface to precipitation, possibly due to topographic 

effects, or directionality of the weather event. 
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Figure 6.2 a) Rainfall intensity and cumulative precipitation vs. lapsed time since start of rainfall; b) volumetric 

water content and suction response in shallow (~0.5m) probes across all four arrays; c) volumetric water content 

and suction response in mid-depth (~1.0m) probes across all four arrays; d) volumetric water content and suction 

response in deep (~2.0m) probes across all four arrays. 

 

This variation was observed at all depths. Three of the four volumetric water content sensors recorded 

change in the hydraulic state at 1.0 m depth, but no change was recorded at 2.0 m depth. The majority 

of the change in hydraulic state occurred within the upper 0.5 m of loess, this was also where the largest 

reduction in χs occurred and largest increase in Sr was observed (Figure 6.3).  
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Figure 6.3 Temporal change in volumetric water content, suction, degree of saturation and χs with depth during 

5th January 2018. Measurements are across all four arrays.  



 

141 
 

6.2.2 Ex-tropical cyclone Gita: 20 - 21 February 2019 

On 20 February 2019 ex-tropical cyclone Gita reached the South Island of New Zealand. The adjacent 

town of Akaroa recorded 158 mm of rainfall. An event of this size has an average recurrence interval 

(ARI) between 1 in 10 years and 1 in 20 years (NIWA, 2017). Although a local State of Emergency 

was declared in Banks Peninsula, no major instabilities were observed within the loess. There was, 

however, a significant reduction in suction at the monitoring site (Figure 6.4). 

  

Figure 6.4 Monitoring data for ex-Tropical Cyclone Gita (20-21 February 2018). a) Rainfall intensity and 

cumulative precipitation vs. lapsed time since start of rainfall; b) volumetric water content and suction response 
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in shallow (~0.5m) probes across all four arrays; c) volumetric water content and suction response in mid-depth 

(~1.0m) probes across all four arrays; d) volumetric water content and suction response in deep (~2.0m) probes 

across all four arrays. 

Prior to rainfall commencing ≥ 3000 kPa of suction was recorded at the site in the upper 0.5 m of loess. 

This reduced to <100 kPa after 900 minutes, by which time 65 % of the total cumulative rainfall had 

occurred. Rainfall intensity during the event remained consistently lower than 10mm/hr (Figure 6.4). 

Similar to the 5th January rainfall event, the largest change in χs was observed in the upper 0.5 m of the 

loess profile (Figure 6.5).  

The wetting front was observed in the loess in the upper 0.5m of the profile 300 minutes after the rainfall 

commenced. During this time the cumulative rainfall was < 5 mm. Once the rainfall percolated into the 

loess, suction reduced rapidly from ≥ 3000 kPa to < 500 kPa in 60 minutes. Similar to the 5th January 

wetting event, Array 1 was the slowest of the shallow probes to respond. However, when change in the 

hydraulic state started, suction reduced rapidly, similar to the shallow sensors installed in Arrays 2 and 

4.  

After the initial reduction in suction and increase in volumetric water content, wetting at 0.5 m 

continued gradually from 1000 minutes until rainfall ceased. The wetting front was observed at 1.0 m 

in Arrays 1 and 4, and at 2.0 m depth in Array 1. Change in the hydraulic state of the loess at 2.0 m 

depth occurred 250 minutes after change was recorded at 1.0 m depth. The rate of this progressive 

wetting throughout the loess profile is influenced by the unsaturated hydraulic conductivity of the loess. 

Interestingly, the loess at 2.0 m undergoes reduction in suction of 20 kPa initially followed by a slight 

increase. This may be due to concentration of flow at this sensor before equilibration. 

Despite this being the largest rainfall event recorded during the monitoring period, no slope instabilities 

were observed in the immediate area. However, the occurrence of the event during summer, where 

initial pre-rainfall conditions showed suction ≥ 3000 kPa near 0.5 m, meant that the loess did not reach 

near saturation with rainfall (Sr remained < 60 % throughout the loess profile). If a similar rainfall event 

occurred with wetter initial conditions (e.g. during winter or spring) is it possible that the loess may 

have reached near-saturation, and therefore worsened stability. Reduction in χs coincided with increase 

in Sr. 
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Figure 6.5 Change in volumetric water content, suction, degree of saturation and χs with depth during 20 – 21st 

February 2019. Measurements are across all four arrays. 
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6.2.3 Autumn: 14 March 2018 

The 14th March wetting event is included in this analysis to show the importance of high intensity, short 

duration rainfall (Figure 6.6, Figure 6.7). The main feature of this wetting event is a 10-minute period 

of rainfall which fell at an intensity of 26.4 mm/hr. In the 460 minutes prior to the high intensity rainfall, 

some low intensity (<6.0 mm/hr) rainfall occurred. This has been included in the wetting event to 

illustrate that the hydraulic conditions were relatively static prior to the high intensity rainfall period.  

 

Figure 6.6 a) Rainfall intensity and cumulative precipitation vs. lapsed time since start of rainfall; b) volumetric 

water content and suction response in shallow (~0.5m) probes across all four arrays; c) volumetric water content 

and suction response in mid-depth (~1.0m) probes across all four arrays; d) volumetric water content and suction 

response in deep (~2.0m) probes across all four arrays. 
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Shallow sensors (0.5 m) in Arrays 2 and 4 showed an immediate reduction in suction and an increase 

in volumetric water content which was not observed in any of the other sensors at any depth. This 

response highlights the importance of rainfall intensity in the wetting process. 

 

Figure 6.7 Change in volumetric water content, suction, degree of saturation and χs with depth during 14th 

March 2018. Measurements are across all four arrays. 
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6.2.4 Winter: 16 July 2018 

The 16th July 2018 wetting period had a low rainfall intensity (< 6.0 mm/hr) and low total cumulative 

rainfall (27.8 mm) in comparison with the 2017/18 summer wetting periods (Table 6.1). Generally, 

change in the hydraulic state of the loess did not take place until 180 minutes after rainfall commenced. 

This coincides with slight increase in rainfall intensity during the wetting period.  

 

Figure 6.8 a) Rainfall intensity and cumulative precipitation vs. lapsed time since start of rainfall; b) volumetric 

water content and suction response in shallow (~0.5m) probes across all four arrays; c) volumetric water content 

and suction response in mid-depth. 
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Wetting at 0.5 m was initially rapid, followed by gradual increase in volumetric water content and a 

decrease in suction with the steady accumulation of rainfall. This response was similarly observed at 

1.0 m, with the exception of Array 3, where the reduction in suction was < 10 kPa. A delayed response 

was observed at 2.0 m, after change occurred in the upper 1.0 m.  

 

Figure 6.9 Change in volumetric water content, suction, degree of saturation and χs with depth during 16th July 

2018. Measurements are across all four arrays. 
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In comparison to the 2017/18 summer wetting events, the soil profile prior was slightly wetter (e.g. 

suction was lower and volumetric water content higher) prior to the commencement of rainfall. As such, 

despite the lower total cumulative rainfall in comparison to the summer rainfall events, wetting was 

observed throughout the entire profile. As this event was during winter, it is possible that less 

evapotranspiration occurred which allowed a greater proportion of the total volume of rainfall to 

infiltrate. However, Sr remained < 62 % despite wetting occurring to 2.0 m, similar to the summer 

events. Reduction in χs coincided with increase in Sr. 

6.2.5 Spring: 2 September 2018 

The wetting period on the 2nd September 2018 had a low maximum rainfall intensity (8.4 mm/hr) and 

duration of 1000 minutes. A change in the hydraulic state at 0.5 m coincided with the highest recorded 

rainfall intensity during the wetting period. This resulted in reduction in χs and increase in Sr. Generally, 

rainfall was continuous, however, only 10 % of the total rainfall fell within the first 400 minutes of the 

wetting period. During this time the intensity rarely peaked beyond 2.4 mm/hr and wetting of the loess 

was not recorded until rainfall intensity increased. Once again, the hydraulic state of the loess changed 

rapidly initially (over 60 minutes). Beyond this, minimal change in the hydraulic state was observed 

despite continuing rainfall. 

This event shows the importance of pre-rainfall hydraulic profile which was nearer to saturation than 

in summer months. This means that with the wetter conditions, the unsaturated hydraulic conductivity 

of the loess prior to the 2nd September rainfall event commencing would have been higher than what 

was observed during summer conditions. Evidence of this is indicated in the shorter time between the 

wetting front being observed at 0.5 m and 1.0 m. Thus, the pre-rainfall hydraulic state needs to be 

considered when examining the loess profile response. Full saturation would be reached when the 

volumetric water content is between 35 to 40 %. This indicates that, although during winter the loess 

holds more water than in summer, in this case there was still more capacity for water storage. Wetting 

of the loess at 2.0 m prior to the shallower monitored locations indicates that during this event there 

may have been some preferential flow through the compacted loess in the installation bore holes. 
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Figure 6.10 a) Rainfall intensity and cumulative precipitation vs. lapsed time since start of rainfall; b) 

volumetric water content and suction response in shallow (~0.5m) probes across all four arrays; c) volumetric 

water content and suction response in mid-depth. 
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Figure 6.11 Change in volumetric water content, suction, degree of saturation and χs with depth during 2nd 

September 2018. Measurements are across all four arrays. 
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6.3 Hydraulic profiles during periods of drying  

Periods of drying take place when water is being removed from the soil profile. Three drying periods 

were identified (Table 6.2) where there was significant increase in suction measured within the loess 

profile. Changes in suction and volumetric water content with depth for the drying period from 

1st December 2017 to 4th January 2018 are presented in Figure 6.12. Drying profiles for periods from 

12th January 2018 to 19th February 2018, and 20th January 2019 to 1st April 2019 are included in 

Appendix A. Over the 1st December 2017 to 4th January drying period, suction increased from 

< 50 kPa to > 4500 kPa in the upper 0.5 m of the loess, and to > 180 kPa at 1.0 m depth. No change was 

observed in the hydraulic state of the loess at 2.0 m depth. This indicates that insufficient water was 

removed from the upper 1.0 m of the loess profile to cause upward percolation of water at 2.0 m depth.  

The main process contributing to drying of the loess is evapotranspiration. Although this was not 

measured during the course of the field monitoring, the data collected during this study have shown that 

higher ground temperatures coincide with periods of drying. For example, between 14th February 2018 

and 19th February 2018 suction increased by 500 kPa within 5 days in the upper 0.5 m of the loess 

profile. At this time ground temperatures were recorded as between 15.4 – 18.0 °C. Conversely, between 

14th March 2018 and 28th April 2018 suction increased 20 kPa over 5 days within the upper 0.5 m of 

the loess profile when ground temperatures ranged between 13.3 – 16.6 °C. Naturally ground 

temperature is a product of the thermo-conductivity of the loess and climatic factors (e.g. sunshine 

hours, relative humidity, vegetation and air temperature) which contribute to evapotranspiration. Thus, 

a relationship between drying behaviour and ground temperature is observed. 

During dying periods, the rate of drying was influenced by the occurrence of short duration intermittent 

rainfall. The rate at which drying occurred decreased significantly when rainfall with intensity > 5 

mm/hr occurred. For example, on 2nd February 2018 short duration rainfall ≥ 5 mm/hr did not result in 

a decrease in suction or increase in volumetric water content. Instead, there was a noticeable plateau in 

the rate of drying in loess < 1.0 m deep. In some cases, the drying rate was reduced for several days. 

Another example of this effect can be found on 22 March 2018 when 1250 minutes of intermittent 

rainfall (maximum intensity 4.8 mm/hr) occurred and the drying rate slowed subsequent to this 

precipitation.  
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Figure 6.12 Drying of loess profile from 1 December 2017 to 4 January 2018 a) change in volumetric water 

content and suction in shallow loess (~0.5m) across all four arrays; b) change in volumetric water content and 

suction in mid-depth loess (~1.0m) across all four arrays; c) volumetric water content and suction response in 

deep (~2.0m) loess across all four arrays. 

6.4 Seasonal χs profiles 

6.4.1 Temporal changes in χs 

The combination of laboratory data and field data provides a unique opportunity to determine 

contribution of suction to the shear strength throughout the in situ loess profile. This relationship can 

be calculated using the same methodology used to calculated χs in Chapter 5, and the values of suction 

and volumetric water content recorded in situ. Because the hydraulic state of the loess profile remained 

on scanning curves during the field monitoring period (Chapter 5), the slope of the scanning curve must 

be used to calculate χ. Temporal changes in values of χs were determined for pairs of suction and 
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volumetric water content probes at all installation depths. During wetting, suction was calculated using 

the volumetric water content data. Figure 6.13 shows the change in χs in the loess slope in Takamatua 

over the monitoring period, at depths 0.5 m, 1.0 m and 2.0 m. Noticeably, the highest values of χs are 

during the summer months (December to February), and χs decreases with depth.  

 

Figure 6.13 Plot of χs (kPa) over time in in situ loess a) 0.5 m depth, b) 1.0 m depth, and c) 2.0 m depth. 
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6.4.2 Seasonal χs profiles 

Seasonal χs profiles can be selected from temporal changes in the calculated values of χs (Figure 6.13). 

Using the data across all four arrays, a representative χs profile is derived for each season (Figure 6.14).  

 

Figure 6.14 Typical χs profile for each season during the monitoring period: a) autumn, b) winter, c) spring and 

d) summer. 

Figure 6.14 indicates that χs varies with depth the least during the autumn, winter and spring. Based on 

these seasonal χs profiles, the loess slope would be more susceptible to shallow failures during winter 

than in summer, as winter has the lowest values of χs across the loess profile.  

Variation in hydraulic state laterally across the site is obvious from the χs profiles produced from each 

Array. During spring χs varies by 90 kPa across the site, in comparison to autumn (300 kPa) and winter 

(45 kPa). Conversely, during summer variation in χs reached up to 1000 kPa at the shallowest probe 

depth (0.5 m). Many contributing factors may influence variations in χs across the site. These include 

changes in vegetation (root length), variable exposure to direct sunlight leading to variation in 

evapotranspiration, and localised topographic effects which may vary percolation of water and exposure 

to weather systems. This highlights the potential variability of slope stability across the site. 
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6.5 Environmental and soil conditions contributing to hydraulic response 

Field instrumentation data can be examined to highlight climatic and soil conditions that influence 

change in the hydraulic state of a loess profile. Analysis of these characteristics are important as they 

can inform on possible conditions where landslide susceptibility is greater.  

6.5.1 Rainfall Intensity and duration 

Rainfall intensity and duration are key contributing factors which influence soil wetting. From the 

monitoring data it is evident that both short-duration high-intensity rainfall and long-duration low-

intensity rainfall resulted in soil wetting. Maximum rainfall intensities and maximum rainfall durations 

observed during both wetting and drying periods are plotted in Figure 6.15. These plots show the 

occurrence of wetting with respect to rainfall intensity and duration irrespective of pre-rainfall hydraulic 

state of the soil, vegetation and rainfall pattern. 

 

Figure 6.15 Maximum duration vs. maximum intensity from both wetting and non-wetting periods.  
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Generally, wetting was evident when the rainfall intensity was > 10 mm/hr or duration was > 400 

minutes. However, when rainfall duration and intensity were below these thresholds, the distinction 

between wetting and drying occurring was less clear. This indicates that the hydraulic response of the 

loess is not only driven by the intensity or duration of the rainfall, but by a combination of both in 

addition to other climatic factors. With more data it may be possible to define seasonal rainfall intensity 

and duration thresholds that reduce the soil suction.  

The occurrence of ex-tropical cyclone Gita caused significant decrease in suction (from > 3000 kPa to 

< 20 kPa) and corresponding increase in volumetric water content (11.8 % to 20.8 %). This rainfall was 

low intensity (< 9.6 mm/hr) but the maximum duration was 1340 minutes. Rainfall of the same 

maximum intensity fell between 15 March 2018 and 27 April 2018; however, the maximum rainfall 

duration was only 420 minutes which resulted in negligible change to suction and volumetric water 

content. These examples emphasise the importance of rainfall duration in changing the soil profile 

hydraulic condition. 

Intensity is also important as shown during the 5th January and 2 September 2018 wetting periods. 

Change in the hydraulic profiles occurred concurrently with the occurrence of maximum recorded 

rainfall intensity. Evidently, there is a relationship between rainfall intensity and duration whereby 

neither of the two can be identified singularly as more critical than the other in terms of the potential 

hydraulic response of the loess. Rather, it is the interaction between the two that result in soil wetting.  

Furthermore, both rainfall intensity and duration, by nature, control the total cumulative precipitation. 

From the field monitoring data, it is evident that the total amount of precipitation influences the depth 

of response within the loess profile, as there is potential for a higher volume of water to percolate the 

soil (before considering run-off and evapotranspiration). Generally, wetting was observed within the 

loess soil profile, total rainfall needed to exceed 25 mm (Figure 6.15). 

6.5.2 Soil profile exposure to change in hydraulic state 

The hydraulic state of the loess varied not only temporally over the monitoring period, but also with 

depth (Table 6.3). One contributing factor to this variation is the exposure of the upper loess layer to 

evapotranspiration, changes in air humidity, temperature and sunshine radiation that occur at the ground 

surface. Evapotranspiration causes the upward flow of water in a soil profile. Seasons where 

evapotranspiration is most influential coincide with when highest suction and lowest volumetric water 

content. These were in December to January at all depths. 
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Rainfall that occurred during summer did not percolate as deep as rainfall events with similar 

cumulative precipitation that occurred during winter, spring and autumn. For instance, during the 

wetting period of 5th January 2018 and 11th January 2018, 48.2 mm and 38.2 mm of rain fell, 

respectively. This total cumulative rainfall is comparable, or higher, than the majority of wetting events 

that occurred through autumn, winter and spring. Change in hydraulic state was not observed at 2.0 m 

for these January events, whereas during autumn, winter and spring wetting it was. One of the 

outstanding differences between the climatic conditions during these events is the higher air 

temperature, longer sunshine hours and therefore potential for higher rate of evapotranspiration which 

would reduce available water volume for percolation.  

The greatest variation in the hydraulic state was recorded < 0.5m where suction varied by 5 MPa, and 

the volumetric water content varied by 9.5 % (Table 6.3). Less variation was observed at greater depths. 

At 2.0 m, the minimum recorded volumetric water content varied by only 0.3 % across all seasons. 

Additionally, seasonal variance of suction and volumetric water content is lower in loess > 1.0 m depth.  

Table 6.3 Ranges of suction and volumetric water content with depth and time. 

Depth Months Suction (kPa) Volumetric water content (%) 

  Min Max Range Min Max Range 

< 0.5 m December to February 11 5042 5031 11 21 10 

March – May 11 59 47 14 19 5 

June – August 10 44 34 14 22 8 

September - November 10 120 111 14 22 7 

Seasonal variance 1 kPa 4998 kPa - 3 % 3 % - 

~ 1.0 m December to February 10 350 340 17 23 6 

March – May 10 78 68 17 21 4 

June – August 9 50 41 17 23 6 

September - November 9 54 45 19 23 4 

Seasonal variance 1 kPa 300 kPa - 2 % 2 % - 

~ 2.0 m December to February 10 27 17 18 23 5 

March – May 11 25 14 18 21 3 

June – August 9 26 16 18 24 6 

September - November 10 49 40 18 25 7 

Seasonal variance 2 kPa 24 kPa - 0% 4 % - 
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6.5.3 Pre-rainfall hydraulic conditions 

The hydraulic response of the loess profile is influenced by the pre-rainfall hydraulic state. Wetting 

periods that occurred during winter and spring (June to November) resulted in less change to the 

hydraulic state than wetting periods which occurred in summer. A contributing factor to this is the 

higher Sr over these seasons, and therefore less available water storage capacity. During June to August 

2018 (winter) the volumetric water content of the soil ranged between 18 – 21 %, and Sr ranged between 

82 – 96 %. Conversely, during summer (December to February) the volumetric water content of the soil 

lowered to a minimum of 11 % (Sr 27 – 32 %) and therefore had a greater capacity for pore spaces to 

fill with water.  

In addition to this, the initial pre-rainfall hydraulic state influences the unsaturated hydraulic 

conductivity of the loess, which in turn influences the progression of the wetting front through the loess. 

The unsaturated hydraulic conductivity is a function of the water content at the time that water 

movement is occurring (see Chapter 5). Therefore, the hydraulic state of the loess at the time of 

precipitation or evapotranspiration commencing will govern the rate at which initial percolation in 

either direction occurs. As the loess becomes wetter or drier, this rate will change with the changing 

hydraulic state. If the rate at which rainfall occurs exceeds the hydraulic conductivity of the loess, then 

accumulation of water could occur on the ground surface and form either slope run-off or ponding.  

Monitoring data indicated that during the winter months the unsaturated hydraulic conductivity was 

likely to be higher than in summer. This could be observed from the change in hydraulic state during 

the 2nd July 2018 and 16th July 2018 (winter) wetting events. Both had a lower total cumulative rainfall 

than 5th January and 12th January 2018 (summer) wetting events, however, wetting of the loess occurred 

at 2.0 m depth only during winter rainfall. This is partially due to the wetter initial state of the loess and 

therefore the higher unsaturated hydraulic conductivity which allows a faster percolation of water into 

the soil profile.  

Similarly, when upward percolation of water occurred (driven by evapotranspiration) which reduced 

the volumetric water content and increased suction at shallower depths, the volumetric water content of 

deeper loess did not reduce concurrently. The rate at which water could be removed from the loess 

would be limited by the unsaturated hydraulic conductivity controlling the percolation of water. It is for 

these reasons that the unsaturated hydraulic conductivity is highly influential to the removal and 

addition of water to a soil system.  
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6.6 Summary 

Monitoring data from instrumentation of a loess slope in Takamatua, Banks Peninsula, has allowed 

observation of changes in hydraulic state over time. Data from the monitoring period can be divided 

into periods of wetting and drying that inform discussion on the critical environmental and soil 

characteristics which influence the hydraulic behaviour of a loess slope. These characteristics are 

interdependent as the infiltration of water into a slope is a dynamic and transient process. For example, 

evapotranspiration, which is a product of several contributing environmental factors (e.g. relative 

humidity, sunshine hours) effects the initial water content of the loess pre-rainfall. This initial water 

content governs the unsaturated hydraulic conductivity, which influences the rate at which water 

percolates into the loess.  

The application of water to a slope surface is influenced by rainfall characteristics. From this study 

consideration of rainfall characteristics were limited to rainfall intensity, duration, and cumulative 

precipitation. It was found that wetting was more likely to occur with longer duration (>400 min) or 

high intensity (> 9.6 mm/hr) rainfall. Additional influencing factors such as directionality of rainfall 

relative to slope aspect, rainfall patterns and variation in vegetation cover, which govern the availability 

of the rainfall to percolate the loess, were not included in this study.  

Using the hydraulic behaviour of the slope, temporal variation in χs could be calculated using the 

relationships for χ detailed in Chapter 5. This allows for preliminary appreciation of the change in 

contribution of suction to the shear strength of loess over time and with the application of rainfall and 

drying periods. Representative profiles for χs were determined for each season to be used in infiltration 

and stability analysis in Chapter 7.  
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Chapter 7 Infiltration and stability behaviour of 

unsaturated loess 

7.1 Introduction 

The purpose of this chapter is to apply both the soil-water characteristics (Chapter 5) and hydraulic 

behaviour of loess (Chapter 6) to two-dimensional modelling to provide preliminary numerical analysis 

of seepage and slope behaviour of unsaturated loess. The application of unsaturated soil theory to 

numerical analysis provides an opportunity to validate characteristics defined in Chapter 5 and 6 and 

demonstrates the use of these parameters in geotechnical design. Firstly, the finite element program 

Seep/W has been used to model selected wetting events that occurred during the monitoring period. 

Model outputs are compared with monitoring data to validate hydraulic inputs e.g. unsaturated 

hydraulic conductivity function. Secondly, the change in Factor of Safety (FOS) of the slope with 

change in hydraulic conditions is examined by modelling the seasonal variation in the hydraulic state 

as observed during the monitoring period. The influence of water content and seasonal variation on new 

cut slope design is then considered using limit equilibrium methods. These analyses are used to 

highlight the contribution of suction to loess slope stability.  

7.2 Fluid infiltration into unsaturated loess 

7.2.1 Overview 

Seep/W is a numerical finite element program used to model two-dimensional unconfined flow of water 

through a particulate medium. Seep/W can be used to model a slope that is subject to transient flow by 

discretising the medium into a number of elements within a user-specified grid or mesh. For each of 

these elements, a SWCC and hydraulic conductivity function is applied according to the material 

behaviour. These elements then behave accordingly in response to applied flow and boundary 

conditions.  

Seep/W allows the user to define new variables and functions to model complicated material behaviour 

and for this reason has been used to model hydrologic conditions recorded at Takamatua over a two-

month period (5th January 2018 to 21st February 2018). This time period was selected because it showed 

the most extensive variation in suction due to significant periods of drying prior to the passage of ex-

tropical cyclone Gita.  
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In this model it is assumed that all flow obeys Darcy’s Law. Vapour flow, which may occur near ground 

surface, is not considered.  

7.2.2 Finite element mesh  

The finite element mesh was set up to model the topography of the existing slope profile at the 

monitoring site in Takamatua. A simplified slope cross section was developed from aerial imaging of 

the site and then imported into Seep/W. Quadrilateral elements were predominantly used in the mesh 

to ensure increased accuracy in modelling of the near ground surface processes where the primary 

unknown gradients (total head) are steeper perpendicular to the surface. Triangular elements were 

incorporated into the mesh at depth to ensure geometric fit of the mesh (Figure 7.1).  

To limit the analysis to the monitoring site, the model was constrained to a 50m width and surfaces 

were smoothened to optimise meshing. For seepage analysis, the slope was modelled as one continuous 

material as the specified hydraulic characteristics do not vary greatly between intact and remoulded 

loess (Chapter 6). The left, right and lower boundaries of the model were assumed to be impervious 

boundaries. 

 

 

Figure 7.1 Slope profile, mesh and boundary conditions set up for modelling in Seep/W. Node sampling location 

for temporal suction profiles shown as dashed line. 
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7.2.3 Soil model and properties 

An unsaturated material model was used to characterise the hydrological behaviour of the loess. This 

included the specification of the SWCC function estimated from field and laboratory measurements and 

unsaturated hydraulic conductivity function. The applied hydraulic conductivity and soil-water 

characteristic functions (Figure 7.2 and Figure 7.3) were defined for a scanning curve representative of 

in situ soil conditions. Details of how these were defined are presented in Chapter 5 and Chapter 6.  

 

Figure 7.2 SWCC data with field scanning curve implemented in Seep/W 



 

163 
 

 

Figure 7.3 Unsaturated hydraulic conductivity function for the field scanning curve implemented in Seep/W. 

Where Ksat = 1.3 x 10-5 m/s. 

 

To simplify the model, the permeability of the loess was assumed to be isotropic. The upper 0.25m of 

the soil profile was not included in the model as it was observed to be highly permeable topsoil that 

would have minimal influence on the infiltration of rainfall into the loess. As such, the topsoil was not 

included in the model. 

7.2.4 Hydraulic boundary conditions 

Two hydraulic boundary conditions were applied to the slope surface to model transient conditions on 

site: 

1. 5th January 2018 rainfall infiltration (positive water flux) 

2. 20th February 2018 ex-tropical cyclone Gita (positive water flux) 

These boundary conditions were applied to the surface of the loess slope. Both rainfall events were 

specified as positive water flux boundary conditions using time step data point functions defined from 

precipitation recorded onsite (Figure 7.4).  
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As run-off was not recorded as part of the field monitoring programme, the percentage of infiltration of 

rainfall relative to run-off is unknown. To examine the potential for run-off onsite positive water flux 

hydraulic boundaries were modelled at 60 %, 70 %, 80 %, 90 % and 100 % infiltration of recorded 

precipitation (Figure 7.4). For grass-covered slopes, run off was not expected to be > 40 % of applied 

rainfall (Pan & Ma, 2020). 

 

Figure 7.4 Step data for hydraulic boundary conditions (a) 5th January 2018 rainfall event, (b) 20th January 2018 

rainfall event 

 

7.2.5 Analysis sequence 

The numerical modelling was carried out in stages to represent conditions onsite and reproduce change 

in the unsaturated profile of the site. These stages were: 

 Stage 1: Set initial hydraulic conditions 

 Stage 2: Simulate 5th January 2018 rainfall 

Duration: 1 day, Time steps: 24 

 Stage 3: Re-set hydraulic conditions 

 Stage 4: Simulate 20th February 2018 rainfall 

Duration: 1.5 days, Time steps: 34  
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The initial hydraulic conditions were applied using a spatial function to define a water pressure head 

profile across the slope. These conditions were defined based on average suction values observed across 

the monitoring data prior to rainfall commencing. Time steps for rainfall conditions were selected to 

align with data increments in the hydraulic boundary condition functions. This ensured change in the 

step functions were captured in the analysis. Both positive water flux events were analysed using the 

same increment sequence. A spatial hydraulic profile was re-applied to the slope profile prior to 

modelling the 20 February 2018 event to ensure hydraulic conditions were comparable to that of what 

was observed onsite prior to rainfall commencing. Due to the range of suction observed (up to 4 MPa), 

two pre-rainfall spatial functions were modelled for the 20 February 2018 rainfall event. These 

functions were defined using the upper and lower quartiles of suctions observed onsite.  

Some preliminary modelling of drying after the 5th January 2018 rainfall was undertaken to explore 

whether the application of a negative water flux boundary condition could represent climatic processes 

(e.g. evapotranspiration) which reduce soil water content. A constant negative water flux was estimated 

by the volume of water removed from the slope. This is a simplification as in reality, evaporation would 

not be a constant as the rate of evaporation changes with air humidity, sunshine hours, and daily change 

in temperature (Penman, 1963). It was found that, although the negative water flux adequately removed 

moisture from the soil slope, that the post-drying hydraulic profile could not be used as initial conditions 

for the 20th February 2018 rainfall. This is because the post-rainfall moisture regime was influenced by 

slight variations in the initial hydraulic profile. As such, for consistency a spatial hydraulic function 

was re-applied to the slope to model pre-rainfall hydraulic conditions observed on site prior to the 

application of the 20th February 2018 rainfall.  

7.2.6 Rainfall simulations 

To analyse the influence of surface run-off and the sensitivity of rainfall volume on infiltration, each 

positive water flux boundary condition was applied to the model separately without changing the 

unsaturated hydraulic material properties. Temporal changes in the hydraulic profile of the slope from 

numerical modelling are presented in Figures 7.5 to 7.9. Monitoring data have been overlain to show 

the hydraulic conditions at the site during each wetting event. 
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Figure 7.5 5th January 2018 rainfall event using an average hydraulic profile as initial conditions, a) rainfall event 

characterisitcs, b) models outputs and site measurements at 0.5 m, c) models outputs and site measurements at 1.0 

m, d) models outputs and site measurements at 2.0 m. Dashed lines show monitoring data, solid coloured lines 

show outputs from infiltration modelling in Seep/W.  

 

Generally, modelled infiltration aligns well with the hydraulic behaviour observed on site. This 

indicates the validity of the estimated unsaturated hydraulic conductivity function applied in the models. 

The modelled hydraulic profile at the termination of the rainfall event was comparable to the monitoring 

data. However, the temporal path in which the wetting occurred was not directly consistent with site 



 

167 
 

observations. Monitoring data tended to indicate a slight reduction in suction during wetting, followed 

by a rapid reduction. For example, data from Array 1 at 0.5 m depth during the 5th January 2018 event 

showed suction did not reduce until 500 minutes after rainfall commenced. However, the modelled 

hydraulic response shows a gradual depletion in suction initiating from rainfall commencing. This was 

not strictly observed in practice. Limitations to the model such as idealised homogeneity of the soil and 

simplified application of rainfall to the slope, irrespective of possible variation in exposure across the 

site, are both likely contributors to this result.  

Hydraulic profiles align most accurately when > 90 % rainfall infiltration is applied. This means that 

>90 % of the precipitated rainfall infiltrates into the loess. Lower rainfall infiltration values (< 90 %) 

corresponded well for the 5th January rainfall event, however, this was not the case for the 20th February 

rainfall event, particularly where the upper quartile initial suction values were applied. The discrepancy 

between the infiltrations of the two modelled events may be a function of antecedent rainfall influences 

which are not captured in Seep/W. 

For comparison, run-off rates were estimated using the Soil Conservation Services (SCS) Runoff Curve 

Number (CN) procedure (USDA, 1986). This method considers several factors such as the hydrologic 

soil group (HSG), vegetation cover type, land use, hydrologic condition and antecedent runoff condition 

to determine the runoff flow. A runoff of < 5 % was estimated for the site at Takamatua. This 

corresponds well with the infiltration measured on site and the modelled seepage.  

The 20th February 2018 rainfall event was modelled using two pre-wetting hydraulic profiles both of 

which were defined using a spatial function. These two pre-wetting profiles represented the upper and 

lower quartiles of the suction observed at the monitoring site. A singular average suction profile was 

not applied in this case due to the even range of initial suctions observed prior to rainfall commencing. 

The post-drying hydraulic conditions were not implemented in the final wetting models due to the 

variability in the hydraulic profile across the slope as a result of drying. Instead, to simplify the model, 

a spatial function was applied across the entire slope. This simplification was applied because the actual 

hydraulic conditions upslope and downslope of the monitored site were unknown, and therefore any 

unsaturated flow influenced by wider hydraulic conditions surrounding the monitored portion of the 

slope were also unknown.  
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Figure 7.6 20th February 2018 rainfall event modelled using an lower quartile hydraulic profile as initial conditions 

a) rainfall event characterisitcs, b) models outputs and site measurements at 0.5 m, c) models outputs and site 

measurements at 1.0 m, d) models outputs and site measurements at 2.0 m. Dashed lines show monitoring data, 

solid coloured lines show outputs from infiltration modelling in Seep/W.. 

 

Model results where lower quartile initial conditions were applied for the 20 February event aligned 

reasonably well with monitoring observations. However, the suctions calculated at 1.0 m and 2.0 m 

depths were less than that observed from the monitoring data. This is due to limitations to the spatial 



 

169 
 

function applied in the model. Results where upper quartile initial conditions were implemented only 

corresponded well when the infiltration rate was > 90 %. As similarly noted by Hamdhan and Schweiger 

(2011), this highlights the influence of hydraulic profile on the flow of water within a slope profile and 

shows the importance of the initial conditions on the hydraulic parameters (e.g. unsaturated hydraulic 

conductivity) and subsequent distribution of flow in a slope surface. 

 

 

Figure 7.7 20th February 2018 rainfall event modelled using a upper quartile hydraulic profile as initial conditions, 

a) rainfall event characterisitcs, b) models outputs and site measurements at 0.5 m, c) models outputs and site 

measurements at 1.0 m, d) models outputs and site measurements at 2.0 m. Dashed lines show monitoring data, 

solid coloured lines show outputs from infiltration modelling in Seep/W. 
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The low unsaturated hydraulic conductivity of the loess meant that the infiltrated water percolates to 

only the upper 1 m of the soil profile. This is observed in both the field monitoring and the numerical 

simulation where minimal change in suction is observed at 2.0 m. This provides an explanation as to 

why shallow failure (< 1.0 m) is a common form of instability on loess slopes as opposed to deeper-

seated failure. However, deeper failures may be triggered by groundwater seepage at the contact 

between loess and underlying volcanic bedrock.  

7.2.7 Summary 

Numerical modelling has been undertaken to examine seepage behaviour of a loess slope during wetting 

and drying events. Wetting events in this analysis were simulated from rainfall data collected during 

slope instrumentation (Chapter 4). Although limited, this parametric study shows that negative pore 

water pressures could be estimated reasonably well using the unsaturated soil inputs and measured 

precipitation implemented in the finite element analysis. This analysis provided validation of the 

estimated unsaturated hydraulic conductivity and confirmed low run-off during rainfall events. Further 

work needs to be undertaken to confirm the unsaturated hydraulic conductivity; however, initial 

confirmation of these parameters is important as they provide the basis for further numerical assessment 

of the dynamics of unsaturated flow in loess.  

Modelling results have shown the direct influence of pre-rainfall hydraulic conditions on the wetting 

behaviour of a slope. Hence, slopes where suction is already low will be wetted to a higher water content 

than that of slopes where suction is high under a given rainfall event. This supports previous 

observations in the literature on the influence of antecedent rainfall events and seasonal effects on slope 

susceptibility to rainfall-triggered failure (Crozier, 1999; Fan et al., 2015; Guzzetti et al., 2007; Rahimi 

et al., 2011).  

7.3 Stability of unsaturated and saturated loess slopes 

7.3.1 Overview 

Slope/W is a software package developed by GeoStudio which models two-dimensional limit 

equilibrium slope stability. Slope/W can be used to analyse the stability of a slope geometry by 

discretising a potential sliding mass into vertical slices (Bishop, 1955). This software has been used to 

model the effect of suction on the stability of the slope at Takamatua by modelling the contribution of 
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suction as an apparent cohesion. Slope/W has been used in this analysis because spatial hydraulic data 

from Seep/W analysis can be included in slope stability modelling.  

A series of analyses have been considered. Firstly, the existing slope profile from the instrumented site 

in Takamatua has been modelled to examine the influence of seasonal changes to the unsaturated 

hydraulic profile on the global stability of the slope. Secondly, the influence of seasonality on new cut 

slope excavation has been examined by modelling a new uniform cut in the existing Takamatua 

geometry using seasonal hydraulic profiles. The purpose of this is to examine the influence of suction 

on temporary cut stability and consider the temporal implications for cut slope construction. Finally, 

microstructural influences are examined by modelling steep saturated cut slopes in remoulded and intact 

loess to provide guidance on different materials encountered in the area. Cut slope analysis is important 

as typical loess is required to be cut as steeply as possible to manage long term erosion and stability 

(WSDoT, 1988).  

7.3.2 Model overview 

The Morgenstern and Price (1965) method with a half-sine interslice force function was used for the 

analysis. This method was chosen as it satisfies both moment and force equilibrium and concentrates 

the interslice shear forces toward the middle of the sliding mass as opposed to the crest and toe.  

The grid and radius analysis procedure were implemented to trial a wide variation of slip surfaces within 

each slope geometry. This method analyses circular slip surfaces within the slope geometry. However, 

once the critical slip surface is identified, it is optimised iteratively to identify more critical non-circular 

slip geometries. This allows assessment of irregular slip surfaces which would be more commonly 

observed in loess.  

The slope profile is modelled by defining five soil layers to allow modelling of suction variation with 

depth (Table 7.1). Layer thickness decreased near the slope surface to allow a higher resolution of the 

hydraulic profile < 1.0 m bgl where suction variation is the greatest.  

7.3.3 Soil model and properties 

A Mohr-Coulomb shear strength model was used to simulate the mechanical behaviour of the loess. 

The Mohr-Coulomb model was defined using the Bishop (1959) generalised effective stress equation 

for unsaturated soils: 
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 𝝉 = 𝒄′ + ((𝝈 − 𝒖𝒂) +  𝝌(𝒖𝒂 − 𝒖𝒘))𝒕𝒂𝒏𝝓′ 
(5-17) 

 

The unsaturated strength was modelled using a relationship with in-built methods on the basis that: 

 

 𝝌𝒕𝒂𝒏𝛟 = 𝒕𝒂𝒏𝛟𝒃 

 
(7-1) 

 

where φb is the frictional strength that controls the suction contribution to strength when using the two 

stress variables approach of Fredlund and Rahardjo (1993). 

Seasonal profiles for χs (Chapter 6) were applied. The hydraulic profile for each slope stability analysis 

was input using a spatial function of negative pressure head. A φb value is calculated for each layer 

modelled based on the hydraulic profile and calculated χ.  

Table 7.1 presents the mechanical properties of the loess soils as derived from laboratory testing and 

field monitoring. Peak strength parameters were applied to reflect the current state of the slope.  

In this study a Factor of Safety (FOS) > 1.0 indicates the slope has not failed.  

Table 7.1 Geomechanical properties of the loess soils implemented in slope stability modelling 
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1 0.2-0.6 m 

(0.4 m) 

Remoulde

d loess 

 

ρd = 1.6 

g/cm3 

12.4 21.0 165.0 54.4 11.6 9.3 4.9 6.1 

2 0.6 – 1.0 

(0.4 m) 

c’ = 5 kPa 

φ’ = 32 ° 

9.4 12.9 59.4 31.1 11.2 9.7 8.8 6.9 

3 1.0 – 1.5 

(0.5 m) 

Intact 

loess 

ρd = 1.6 

g/cm3 

7.8 9.1 25.2 20.5 12.8 11.6 11.5 8.7 

4 1.5 – 2 m 

(0.5 m) 

 c’ = 15 kPa 

φ’ = 35 ° 

6.2 6.5 12.1 13.7 14.8 13.1 10.3 9.6 

5 >2m   5.7 5.6 9.1 11.7 16.9 14.6 9.1 10.6 
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7.3.4 Stability analysis 1: seasonal stability of existing profile 

Stability of the existing slope profile at the monitoring site in Takamatua was analysed by applying 

seasonal hydraulic profiles of χs with depth. Seasonal suction profiles were determined by examining 

the monitoring data from Takamatua across autumn, winter, spring, and summer, and selecting a 

representative or typical profile (Chapter 6). Suctions in loess > 2.0 m depth were assumed to remain 

constant.  

 

Figure 7.8 χs profiles autumn, winter, summer, and spring as per Chapter 6 (Figure 6.14). 

 

The change in FOS computed for each of these seasonal profiles are presented relative to summer 

conditions in Table 7.2. Model cross-sections with material properties are presented in Appendix B. 

Because there was no observed failure or sign of instability at the site during the monitoring period, it 

is expected that the existing slope would have a FOS > 1.0. Additionally, it is expected that the lowest 

FOS would be associated with the winter seasonal χs profile as this displayed the lowest suction values 

and highest water contents during the monitoring period. This analysis shows that, with suction 

variation, the stability of the slope in Takamatua varies seasonally and reduces post-rainfall. 
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Table 7.2 Change in FOS of existing slope profile for each seasonal χs profile 

Season % reduction from summer FOS FOS 

Summer N/A 5.97 

Autumn 6.9 % 5.56 

Winter 14.6 % 5.10 

Spring 13.9 % 5.14 

   

Post 5th January 2018 rainfall 24.3 % 4.52 

Post 20th February 2018 rainfall 18.6 % 4.86 

 

7.3.5 Stability analysis 2: seasonal cut slope simulations 

Internationally and locally it is well established that cut slope design in loess needs to consider both 

global stability and surficial erosion. Therefore, the susceptibility of loess to erosion must be considered 

along with the unsaturated shear strength characteristics. As such, for the second part of the stability 

analysis a new theoretical 10 m cut slope was formed within the existing slope profile in Takamatua. 

Once again, the slope was modelled using seasonal hydraulic profiles (Figure 7.8) following which a 

new cut slope was formed.  

The purpose of this modelling was to determine whether the seasonal timing of excavation influences 

the stability of a new cut slope. Ultimately, these analyses are a representation of the temporary cut 

slope stability as once the cut has been formed, the cut slope surface will then be directly exposed to 

climatic changes e.g. subsequent rainfall (suction reduction) or drying (suction increase). The exposure 

of the loess to such changes will be partially influenced by the geometry of the new cut slope.  

Change in void ratio due to change in hydraulic state or unloading during excavation have not been 

included in this model. Because there was generally minimum volume change to both intact and 

remoulded loess during wetting and drying from laboratory investigation (Chapter 3) this was 

considered appropriate.  

Three cut slope angles were examined as part of this analysis, 0.25 H: 1 V (75.4 °), 0.5 H: 1 V (63.4 °) 

and 1H: 1 V (45 °). Although no documented performance-based reporting is available for loess in 

Banks Peninsula, Chapter 1 highlights that near-vertical cut slopes can be achieved in the loess. 
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Furthermore, existing near vertical slopes are common throughout Banks Peninsula, most 

predominantly in the Port Hills and Birdlings Flat areas (Chapter 2). Steeper cuts are favourable due to 

resultant decrease in susceptibility to erosion. Use of 0.25H :1V is considered acceptable for cut slope 

design in loess in other countries, provided that on-going management of moisture is implemented 

(Higgins & Fragaszy, 1988).  

The results from cut slope analysis are summarised in Table 7.3. Slope cross sections are presented in 

Appendix B. As expected, the cut slopes formed in summer were significantly more stable than those 

formed in winter and spring. Generally, the critical failure surface daylighted within 5.0 m of the crest 

of the cut slopes. Expected seasonal climatic conditions also need to be considered post-cut formation. 

If there is wetting of the slope post-construction, then the FOS may be reduced. Ideally the cut would 

be formed with subsequent dry conditions increasing global stability. 

 

Table 7.3 FOS of new cut slopes formed in Takamatua slope profile using seasonal hydraulic profiles. Cut slope 

height remained constant (10 m vertical). 

   Cut slope geometry  

0.25H: 1V 0.5H: 1 V 1H: 1V 

Season FOS % reduction 

from summer 

FOS % reduction 

from summer 

FOS % reduction from 

summer 

Summer 1.68 - 2.23 - 2.65 - 

Autumn 1.64 2.4 1.76 21.1 2.05 22.6 

Winter 1.19 29.2 1.33 40.4 1.83 30.9 

Spring 1.27 24.4 1.40 37.2 1.86 29.8 

 

Although the global stability of a lower angle cut slope is considered theoretically better than a steeper 

cut slope, the soil behaviour in its entirety needs to be appreciated for design. For instance, while cut 

angles such as 1H: 1V may be better for global stability, actually there is increased exposure of the soil 

to climatic influences e.g. precipitation, which increases the susceptibility of the slope to erosion and 

dispersion. In current practice local and international industry aims to cut the loess as steeply as possible 

to minimise the exposure of the soil to rainfall and consequently ongoing erosion (WSDoT, 

1987,1988,1996). A steep cut slope in loess is therefore preferable and where higher cuts are proposed 

benching should be considered.  
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7.3.6 Stability analysis 3: steep cut slope simulations for intact and remoulded loess 

with height variation  

Finally, cut slope profiles detailed in Section 7.3.5 were analysed with varying slope heights (2.0 m, 

5.0 m and 10.0 m) and were modelled as homogenous, saturated intact and remoulded loess. The 

purpose of this was to examine the influence of microstructure on global stability of loess and identify 

scenarios whereby the loess would be required to be unsaturated for the slope formation to remain 

stable. Cut slope height was also varied. A schematic of the cut slope geometry is presented in 

Appendix B. 

As expected, the FOS of the cut slope decreases with increase in height (Table 7.4). Noticeably, all of 

the 2.0 m cut slopes were stable based on these analyses. Intact loess presented higher FOS values than 

remoulded, highlighting that the undisturbed loess microstructure contributes to slope stability. Based 

on the analysis results, remoulded loess would require some degree of soil suction present to achieve a 

FOS > 1.0. Whereas for slope > 5 m, intact loess showed FOS > 1.0 for all analysis. This, however, 

does not include post-cut hydraulic changes from climatic conditions.  

Table 7.4 Results from cut slope stability modelling for intact and remoulded loess, cut slope heights 2 m, 5 m 

and 10 m. 

Slope 

angle 

0.25 H: 1 V 0.3 H: 1 V 0.5H: 1 V 

Slope 

height  

FOS 

Remoulded 

loess 

FOS 

Intact 

loess 

% 

diff* 

FOS 

Remoulded 

loess 

FOS 

Intact 

loess 

% 

diff* 

FOS 

Remoulded 

loess 

FOS 

Intact 

loess 

% 

diff* 

2 m 1.29 2.81 45.9 1.38 3.01 45.8 1.39 3.38 41.1 

5 m  0.78 1.55 50.3 0.88 1.62 54.3 0.81 1.59 50.9 

10 m  0.62 1.09 56.9 0.66 1.13 58.4 0.73 1.12 65.2 

* Percentage difference between remoulded and intact loess cut slope FOS 

Comparison with precedence  

Examination of cut slopes in the study area can be used as ground-truthing of the analysis results. Four 

cut slope sites in intact loess have been included to inform discussion on the stability of loess in cut 

slope design (Figure 7.9). Because saturated slopes are infrequent, three of the four slopes are 

unsaturated. These have been included to allow observation of slope stability behaviour and conditions. 

No saturated cut slopes in remoulded loess were observed in the study area.  
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Figure 7.9: Map of Akaroa harbour area with cut slope locations. 

 

Onawe road cut 

Figure 7.10 shows a southwest facing, 5 m high road cut slope in intact loess along State Highway 75 

at Onawe. The stability of this 30 m long slope confirms that intact loess can remain stable in a 5 m 

near-vertical cutting in a near saturated state. The slope angle ranges from 70° to 90°. The lower 3.0 m 

of the cut slope is near saturation where gravimetric water content was recorded as 21 – 22 % on 21 

November 2018. The dry density of the loess at this location was 1.72 g/cm3 (e = 0.57). Therefore, the 

Sr = 100 % and soil suction is 0.  

The slope is located 4.2 km from the monitoring site at Takamatua where ≤ 0.4 mm of rainfall was 

recorded in the week prior to the site observations (Figure 7.9). Despite this, standing water was 

observed at the base of the slope. Minor erosion is evident across the slope surface, primarily where 

there is overhanging topsoil at the slope crest. This indicates that previous failure has occurred. 

However, due to fissuring in the loess, toppling failure is more likely than rotational failure.  
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Figure 7.10 Road cut slope at Onawe, Akaroa Harbour. Lat 43°45'14.48"S, Long 172°55'20.19"E. 

Takamatua Bay Road 

The three additional slopes observed in the Akaroa Harbour area exhibited lower water contents than at 

Onawe, however, they showed evidence of historic failure likely to have occurred during wetter periods. 

Figure 7.11 shows a 6 m high north facing 60° cut slope in loess colluvium along Takamatua Bay Road. 

This example highlights the temporal variability in hydraulic conditions that can occur in loess slopes 

as although this cut is currently stable, there are obvious signs of historic regressive failure 

(e.g. suspension of the timber pole fence across the slope). Based on the offset from the slope crest, it 

is estimated that up to 1.0 m of loess has failed from the top of the slope since the initial cut was formed. 

The dry density of the loess colluvium was measured as 1.5 g/cm3 and at the time of site observation w 

= 5 – 6 % across the slope (Sr = 17 – 20 %). Using the SWCC (Figure 5.2) soil suction is estimated to 

be between 1740 kPa to 23 MPa. 
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Figure 7.11 Road cut slope at Takamatua Bay Road. Lat 43°47'7.40"S, Long 172°57'37.64"E. 

 

State Highway 1 – Akaroa Township 

Figure 7.12 is a 5 – 6 m high south west facing cut slope along State Highway 75 at the entrance to 

Akaroa Township, located 2 km south east of the monitoring site at Takamatua. This cut has been 

formed in intact loess with clear orthogonal desiccation jointing within the soil mass. At the wettest 

location of the slope, where the loess was near-vertical, w ranged between 17 and 18.5 % 

(Sr = 67 – 73 %). The dry density at this location was measured as 1.6 g/cm3, soil suction is expected to 

range between 13 and 215 kPa. Wetter loess in the centre section of the slope indicates that there may 

be an isolated flow of groundwater at this location, possibly as a result of land use or geometry of the 

slope above the cut.  

Historic failure is evident from the loess colluvium located at the base of the slope where water is also 

pooling. An overhang of the topsoil at the crest of the slope also indicates progressive regression of the 

loess. This example highlights that intact loess where Sr > 67 % can remain stable in near-vertical cut. 

However, historic evidence of instability suggests that weakening of the soil mass occurs with 

groundwater flow. 
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Figure 7.12 Road cut slope on State Highway 75 near Akaroa Township. Lat 43°47'57.76"S, Long 172°58'3.23"E. 

 

Kotare Lane, Takamatua 

The final example, although not a near-vertical cutting, highlights the importance of considering 

erodibility with cut slope design. This cut slope is located 160 m downslope (north) of the monitoring 

site at Takamatua. At this site the north-facing loess is cut at a 30 – 35 ° angle and covered with mesh, 

planted and irrigated. These measures were implemented to restrict the exposure of the loess slope to 

rainfall events, whilst aiming to encourage the growth of vegetation to stabilise the slope surface. 

Erosion was evident across the slope with open gully features reaching 0.3 m deep. Similar to the 

Takamatua Bay Road site, the dry density of the loess was 1.4 g/cm3 and the water content ranged 

between 5 and 6 %.  
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Although global stability may be achieved at this road cutting, the loess slope surface is now more 

exposed to runoff-induced erosion. Furthermore, as the soil dries and suction increases, the hydraulic 

conductivity of the loess decreases. During a rainfall event, if the influx of water exceeds the unsaturated 

hydraulic conductivity of the event, water will pool on the loess surface. Over time, as the water content 

in the loess increases to near saturation under the pooled water, the hydraulic conductivity increases 

resulting in the formation of preferential flow paths within the loess within zones of increased 

permeability. 

 

 

Figure 7.13 Road cut slope at Kotare Lane, 160 m downslope of monitoring site in Takamatua. Lat 43°47'8.46"S, 

Long 172°56'59.91"E. 

 

7.4 Summary 

Numerical finite element modelling and limit equilibrium analysis have been used to examine the 

implications of unsaturated properties on both the infiltration of rainfall and slope stability. Seep/W was 

used to model infiltration of monitored rainfall events using the laboratory and field derived SWCC and 

an estimated unsaturated hydraulic conductivity function. Infiltration of rainfall was varied to determine 
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the likely reduction in water percolation due to run-off. Using an infiltration > 90 % of the measured 

precipitation, the modelled hydraulic response of the soil aligned well with site observations for both 

wetting events. Based on this modelling, the SWCC and estimated unsaturated hydraulic conductivity 

function performed well, and the results of the modelling agreed with the hydraulic response observed 

onsite.  

Limit equilibrium analyses were used to assess the influence of suction on the stability of the existing 

slope profile in Takamatua and theoretical cut slope profiles. Stability of the existing slope profile 

changed throughout the seasons, although due to the low angle of the slope the FOS remained > 1.0 all 

year. Near-vertical cut slopes modelled within the monitored loess slope profile were used to examine 

seasonal variation in stability of new cut slopes. As expected, the optimum season for cut excavation 

was summer, when soil suction was highest throughout the slope profile. However, it was noted that 

climatic processes (e.g. rainfall) following cut slope formation would affect the long-term stability. If 

the slope was exposed to drying conditions in the days after the cut, increase suction across the slope 

would lower the hydraulic conductivity, predominantly in the upper 1.0m of the soil profile. Further 

work is required to quantify the influence of post-construction climatic conditions on long-term slope 

stability.  

Steep cut slopes profiles were modelled in saturated remoulded and intact loess to examine the influence 

of microstructure to slope stability. The results indicated that a saturated intact loess slope ≤ 5 m high 

would have a FOS > 1.5 in all cut slope locations. Remoulded loess in cuts > 2.0 m high had a FOS < 

1.0. This highlighted the influence of microstructure to the shear strength of the loess. Where possible, 

the 5 m intact loess cut slopes were ground-truthed by observation of slopes within the study area. Two 

of these cut slopes supported the stability of near-vertical cut slope where loess is near saturated. 

However regressive failure was evident at both sites. The lack of steep cut slopes in remoulded loess 

observed in the Akaroa Harbour region supports the reduced stability of this material. 

Cut slopes observed during ground truthing emphasised the importance of management of water 

infiltration (in the form of run-off) above and on the cut face for long-term stability of the slope. These 

observations show the importance of balancing global stability with susceptibility to erosion. An 

advantage to near-vertical cut slope design is that water is unable to accumulate (pool) on the slope 

surface limiting the infiltration of water (unless the rainfall is highly directional to slope), reducing the 

potential for erosion. 
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Chapter 8 Practical implications of the unsaturated 

behaviour of Akaroa loess 

8.1 Introduction 

The unsaturated behaviour of Akaroa loess and the implication of this behaviour on slope stability has 

been investigated. Historically, limited research has been conducted on the unsaturated behaviour of 

loess in Banks Peninsula. Previous studies have identified a relationship between water content and 

shear strength but have not considered the influence of suction to shear strength (Goldwater, 1990; 

Janett, 2016; Jowett, 1995; Willmer, 2016; Yates et al., 2018). The current research has been undertaken 

to build on this knowledge and better understand the unsaturated behaviour of loess. The purpose of 

this chapter is to summarise and discuss the main research findings from this research programme. Any 

practical learnings or limitations of these studies are highlighted for future work. 

8.2 Soil-water characteristics of unsaturated Akaroa loess 

Laboratory test results have been examined alongside field instrumentation data to characterise the soil-

water characteristics of unsaturated loess. The following section discusses the role of fractal 

mathematics in derivation of the soil-water characteristics for Akaroa loess, and the contribution of 

microstructure to its hydromechanical behaviour.  

8.2.1 Fractal mathematics and the SWCC 

Laboratory testing (Chapter 3) undertaken in this research has shown the particle size distribution of 

Akaroa loess is scale invariant and can be expressed using a unique fractal dimension. This is a 

characteristic that has been identified in loess deposits internationally (Chen & Hai, 2012; Lu et al., 

2003; Ma et al., 2012; Shi et al., 2012; Sun et al., 2018). The fractal dimension is an intrinsic soil 

property that provides insight to the formation and mechanical behaviour of a deposit. Lu et al. (2003) 

and Sun et al. (2018) found that the fractal dimension can be used to infer on the energy and grinding 

time required during particle breakdown processes and loess formation. Additionally, loess 

collapsibility and unsaturated shear strength has been examined using fractal-based relationships that 

implement the characteristic fractal dimension of the loess particle size distribution (Chen & Hai, 2012; 

Ma et al., 2012; Shi et al., 2012).  
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In this study, the fractal dimension was used to successfully characterise the SWCC and derive a 

relationship for the unsaturated hydraulic conductivity (Bird et al., 2000; Russell & Buzzi, 2012; Yang 

et al., 2014). By defining a unique function for sae (equation 5-3), using the fractal dimension Ds, the 

SWCC can be examined irrespective of void ratio. As similarly achieved by Vo et al. (2016), the 

normalised relationship for the SWCC could be characterised by a series of Sr – s power-law functions 

for the main wetting, main drying and top scanning curves (Chapter 5). This enables suction in loess to 

be estimated given a known dry density and water content. The derived unsaturated hydraulic 

conductivity function for Akaroa loess agreed with previous research that indicates hydraulic 

conductivity decreases with increase in suction (Gallage et al., 2013; Liang et al., 2018; Siemens & 

Blatz, 2007; Yang et al., 2014). Characterisation of the SWCC and hydraulic conductivity using this 

method is convenient as it is numerically simple and can be easily incorporated into engineering analysis 

(e.g. Chapter 7). Furthermore, because these hydraulic properties form the basis of infiltration analysis, 

fractal relationships derived in this thesis may inform future work relating to rainfall and slope 

instability.  

Application of fractal mathematics was extended to characterise the hydraulic state of in situ loess at 

Takamatua (Chapter 5). Comparison between calculated and measured suction values validated the 

practical applicability of this method to in situ unsaturated soils which exhibit a fractal particle size 

distribution. Agreement of data for drying events meant that suction values for wetting events could be 

calculated assuming wetting and drying occurred on the same scanning curves. This approach overcame 

the limitations of the MPS-6 sensors and allowed the wetting response to be examined in detail (Chapter 

6). Extension of fractal soil behaviour to in situ unsaturated soil is advantageous as it allows critical 

properties (e.g. SWCC, sae and K) derived in this thesis to be applied to real-world problems. 

Furthermore, as it has been shown in this thesis that the hydraulic behaviour of Akaroa loess correlates 

well with fractal theory in unsaturated soils, future work could be undertaken to compare collapsibility 

and shear strength behaviours with other fractal soils (Chen & Hai, 2012; Ma et al., 2012; Shi et al., 

2012). 

8.2.2 Microstructural influences on unsaturated characteristics of loess 

Laboratory testing results (Chapter 5) indicate that intact and remoulded loess share the same SWCC 

when suction is normalised by sae. This is a valuable observation as it allows simplification in the 

application of hydraulic properties to seepage and stability analysis. Similarity between the SWCCs 

suggests that, theoretically, the comparative differences in pore shape, volume and connectivity 

between the intact and remoulded Akaroa loess must be inconsequential to the hydraulic behaviour. 



 

185 
 

Few studies have directly compared the SWCC of both intact and remoulded loess. Ng et al. (2016) 

conducted laboratory-based research of the effects of microstructure on the SWCC of loess from 

Northern China. They identified variations between the SWCC of intact and remoulded loess, 

particularly hysteresis near sae as a result of a higher proportion of constricted macropores > 100 μm in 

the intact loess. These data were not normalised by sae and therefore any void ratio variability was not 

accounted for. 

Although a higher proportion of macropores is similarly observed in intact Akaroa loess, the void ratio 

(e = 0.59 – 0.70) is lower than Chinese loess, resulting in a denser microstructure. Furthermore, during 

wetting and drying, minimal volumetric change is observed in either intact or remoulded Akaroa loess. 

A high void ratio (e = 0.8 – 1.4), meta-stable soil structure, and swelling behaviour of Chinese loess are 

important microstructural differences with Akaroa loess which may explain comparative SWCC 

differences (Li et al., 2016; Ng et al., 2017; Ng et al., 2016; Shao et al., 2018).  

Despite the similarity in soil-water behaviour of intact and remoulded loess, the unsaturated and 

saturated stress - strain behaviour is different. Under the same confining pressure, remoulded loess 

yields at a lower shear stress than intact loess. This highlights the influence of interparticle bonding in 

the loess microstructure. Similar observations have been made by Jiang et al. (2014) who attributed the 

higher comparative shear strength of intact loess to carbonate cementation bonds and inter-aggregate 

pore volume. Ng et al. (2017) also observed that intact loess exhibited a smaller shear strain modulus 

than remoulded loess. The stiffer soil skeleton of intact loess was attributed to the accumulation of clay 

aggregates at inter-particle contacts.  

Similarly, carbonate-cementation and clay-bonding are characteristic of intact Akaroa loess that 

contribute to a higher yield stress. Since deposition (> 10 000 years ago), the microstructure has been 

subject to modification from repeated wetting and drying, resulting in the formation of carbonate bonds 

and dissolution of fines throughout the soil mass. These pedogenic processes cause change to a material 

state and modification of some mechanical and hydraulic properties (Jiang et al., 2014; Ltifi et al., 2014; 

Matalucci et al., 1970; Wen & Yan, 2014). As a result, bonding of the soil matrix is significantly more 

developed in intact loess in comparison to normally consolidated laboratory compacted loess.  

The influence of microstructure to slope stability was highlighted in Chapter 7, where simulated cut 

slopes in remoulded loess showed FOS consistently less than that of intact loess. Saturated remoulded 

loess cut slopes exhibited FOS 41 – 65 % less than intact cut slopes of the same height and moisture 

regime. Field observations agreed that loess with the intact microstructure could remain stable in near 
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vertical cut slopes. Conversely, no steep cut slopes were observed in saturated remoulded loess. This 

supports the analysis results that FOS < 1.0 for saturated remoulded cut slopes > 2.0 m. 

In summary, the agreement between the SWCC of intact and remoulded loess indicates that the same 

hydraulic properties can be applied universally to seepage and stability analysis. However, the 

difference in stress-strain behaviour between remoulded and intact loess needs to be considered.  

8.3 Infiltration of natural rainfall into a loess slope 

Data from field instrumentation has been used to examine the behaviour of rainfall infiltration into an 

in situ loess slope. These data have informed on several observations of the seasonal hydraulic 

behaviour and soil response to rainfall discussed in the following section.  

8.3.1 Influence of seasonal hydraulic state 

Data from field instrumentation is critical for understanding the in situ hydraulic behaviour of soil. 

Long-term monitoring of a natural loess slope allowed seasonal wetting and drying to be examined. As 

expected, percolation of rainfall reduced matric suction, and increased water content and hydraulic 

conductivity. Generally short duration (< 400 min) high intensity (>10 mm/hr), or long duration 

(> 400 min) – low intensity (< 10mm/hr) rainfall events reduced suction throughout the loess profile. 

For rainfall of 300 to 500 minute duration or where maximum intensity was between < 10 mm/hr, 

wetting was not consistently observed. Suction was observed to be the highest during summer 

(December – February) despite occasional rainfall. Suction was observed to be the lowest during winter 

(June – August) and spring (September – November) when average air and ground temperatures were 

lower than in summer.  

The seasonal hydraulic state of the loess is highly influential to the hydraulic response of the soil to 

rainfall. Wetting periods that occurred during winter and spring (Sr = 82 – 96 %) resulted in less change 

to the hydraulic state throughout the soil profile than wetting periods which occurred in summer (Sr = 27 

– 32 %). As similarly observed by Wang and Shibata (2007), the pre-rainfall (initial) water content of 

a soil, which governs the unsaturated hydraulic conductivity, is a key characteristic that influences 

progression of the wetting front during rainfall. As such, the maximum depth of water infiltration was 

less during summer when the unsaturated hydraulic conductivity and water content was lower, and 

suction was higher. Similar observations have been made by Springman et al. (2013) and Crawford et 

al. (2019) during long-term field instrumentation studies. 
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Understanding of the seasonal hydraulic behaviour of an in situ material is important as it allows 

consideration of the range of suction and water content conditions of the soil. This allows inference of 

the seasonal stability behaviour and consideration of the effect of irrigation or rainfall events to the soil 

hydraulic state (Hou et al., 2018; Ng & Shi, 1998; Ng et al., 2003; Rahardjo & Satyanaga, 2019; Tu et 

al., 2009). 

8.3.2 In situ hydraulic scanning curve  

Field instrumentation data (Chapter 5) and numerical modelling (Chapter 7) indicate that the hydraulic 

state of the loess in situ remained on a scanning curve during the monitoring period (Figure 8.1). When 

drying occurred, the upper 0.5 m of in situ loess reached but never travelled on the main drying curve. 

Understanding of the in situ hydraulic journey of a soil slope is important for interpreting the relative 

change in hydraulic conditions and unsaturated shear strength with wetting or drying. Few studies have 

observed in situ soils undergoing wetting or drying on a scanning curve. Tami et al. (2007) examined 

the scanning curve characteristics of silty sand using laboratory physical modelling, however, generally 

similar field-based studies internationally observed change limited to the main wetting or drying curves 

(Bordoni et al., 2015; Crawford et al., 2019; Sorbino & Nicotera, 2013; Springman et al., 2013; Tu et 

al., 2009). Other studies e.g., Zhan et al. (2007), Xu et al. (2011), and Zhou (2012) conducted similar 

research however did not distinguish whether the hydraulic state of the material was located on the 

wetting curve or scanning curve during artificial rainfall.  

Due to the irregular and intermittent behaviour of natural rainfall and continually changing climatic 

factors (e.g., relative humidity, sunshine hours), it is not surprising that the hydraulic path of the in situ 

soil might remain on a scanning curve. Given the expected depth and extent of loess across the 

Takamatua Peninsula (that encompasses the monitored slope) reaching hydraulic equilibrium on the 

main drying curve may be difficult to achieve given the constantly changing hydraulic pressure 

differentials present in pore spaces within the wider soil mass (Schofield & Wroth, 1968). These 

dynamic hydraulic conditions in the loess may be further complicated by the potential for groundwater 

seepage from the underlying volcanics in the wider Akaroa region (Sanders, 1986).  

This theory may be explored in future research using laboratory based physical modelling where the 

soil volume is limited and can be forced into wetting or drying conditions by limiting or applying 

artificial rainfall (Lee et al., 2011; Wang & Sassa, 2001; Wu et al., 2017; Zhou et al., 2014). Using these 

techniques, factors influencing the hydraulic state of the soil could be isolated in comparison to an in 

situ soil slope where the vast extent of soil is constantly undergoing transient hydraulic changes (Lu & 
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Godt, 2013). In addition, studies where artificial rainfall is applied to an in situ soil slope e.g. Zhan et 

al. (2007), Tu et al. (2009), Xu et al. (2011), and  Zhou (2012) have shown that variability to rainfall 

intensity and duration can be observed in constrained conditions. 

 

Figure 8.1 Data from laboratory testing and field instrumentation showing hydraulic state on scanning curves. 

Drying data from 6 January to 20 February 2018. 

 

Figure 8.1, and other field data analysed in Chapter 5, indicate that the hydraulic path of the loess 

extended beyond the main wetting curve. This was similarly observed by Tami et al. (2007) during 

physical modelling of artificial rainfall in silty sand, however no discussion was proposed by the author 

around this phenomenon. Reasons for this discrepancy in the current research may be to do with 

variation in the loess density surrounding the probe tips and entrapment of air in the pore spaces in situ 

meaning that idealised laboratory saturation (e.g. achieved with de-aired water) is difficult to reach in 

the field. This observation would benefit from further investigation such as observation of Akaroa loess 

during artificial rainfall in constrained laboratory conditions.  
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Numerical modelling of natural wetting and drying events that occurred over the monitoring period at 

Takamatua agree with the hydraulic response observed on site (Chapter 7). This validates the laboratory 

SWCC and unsaturated hydraulic conductivity function implemented in the analysis. The modelled 

wetting response aligns best with in situ observations when > 90 % infiltration is assumed (i.e., < 10 % 

of precipitation is lost to evaporation and run-off). This percentage infiltration would likely change 

seasonally due to the complex interaction between the hydraulic response within the loess profile and 

environmental processes (Lu & Godt, 2013). Factors such as air/ground temperature, vegetation cover, 

relative humidity, and initial hydraulic state affect evapotranspiration processes and contribute to the 

overall hydraulic behaviour of a soil slope (Gens, 2010). Although the numerical analysis of rainfall 

infiltration (Chapter 7) validates the estimated loess-specific unsaturated hydraulic conductivity 

function derived from Yang et al. (2014), further laboratory-based validation is required to improve the 

reliability of this function. 

Understanding the impact of vegetation on rainfall infiltration in loess would be a valuable contribution 

to understanding slope behaviour as historic changes in land use around Akaroa Harbour is thought to 

have exacerbated slope stability issues (Buckner, 1998). Recent research suggests that some plant 

species can reduce sae and Ksat, and increase the shear strength of the soil (Ekanayake et al., 1997; 

Satyanaga & Rahardjo, 2019). Conversely, plant roots in the upper 2.0 m of Chinese loess have been 

observed to provide optimal conditions for water infiltration (Li & Mo, 2019). Clearly there is a balance 

required concerning the role of vegetation in exacerbating or reducing slope susceptibility to land 

instability. New research is examining the influence of vegetation on erosion in Banks Peninsula loess 

(Kingsbury, 2018) however, further work is required to examine the contribution of vegetation and 

erosional processes to unsaturated behaviour. 

8.3.3 Macro-features and rainfall infiltration 

Macro-features within the loess were not included in the current research because none were observed 

at the monitoring site. However, at other sites throughout Banks Peninsula vertical jointing and veining 

are prevalent within the loess mass (Bell & Trangmar, 1987). Thus, infiltration at other locations across 

Banks Peninsula may not be directly comparable to observations at Takamatua. Preferential flow 

through these features has been identified as significantly influential to hydrological processes 

occurring within a soil mass (Lee et al., 2011; Ng et al., 2003; Xu et al., 2011; Zhan et al., 2007; Zhou 

et al., 2014). The influence of root tubes and macropores on the wetting front is a complex issue (Van 

Den Berg, 1989).  
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Additionally, a fragipan (compact) layer, commonly observed in loess outcrop across Canterbury 

(Chapter 2), was absent from the monitoring site at Takamatua. Due to its typically denser structure and 

clay-rich composition (Goldwater, 1990; Jowett, 1995; Yetton, 1990), the hydrological properties of 

the fragipan layer could differ from intact airfall loess. Rainfall infiltration into a loess profile with a 

distinct fragipan layer would differ from the infiltration behaviour observed at the monitoring site. 

Physical modelling by Lee et al. (2011) and Lourenço et al. (2006) have highlighted the influence of 

multi-layered, variable permeability slopes to the subsurface flow of infiltrated water. The presence of 

a lower permeability fragipan layer will reduce infiltration into a loess slope. The dynamics of this 

behaviour should be the focus of future research. 

8.4 Stability of unsaturated loess slopes 

Data collected from field instrumentation and laboratory testing was used to assess the contribution of 

suction to slope stability. Seasonal χs values were derived from field monitoring data by applying 

effective stress theory (Bishop, 1959) and calculated using the theoretical relationship by Khalili and 

Khabbaz (1998). The validity of this method was further explored by applying χ to laboratory 

unsaturated triaxial test results and historical data (Chapter 5). The following section discusses the 

contribution of suction to loess slope stability and highlights the interaction between soil erosion and 

unsaturated shear strength behaviour which requires further investigation. 

8.4.1 Contribution of suction to slope stability 

Unsaturated triaxial testing confirmed that the shear strength of loess is higher when suction is present 

(Sr < 1.0). Understanding the contribution of suction to unsaturated shear strength of loess allows for 

design optimisation particularly where unsaturated conditions can be maintained. Temporal changes in 

χs were calculated to provide a preliminary assessment of the potential change in shear strength of in 

situ loess. This allowed representative χs profiles to be determined for each season and implemented in 

slope stability analysis. These analyses confirmed that slope stability improves when suction is higher. 

As such, during wetter seasons (winter and spring) the stability of both natural and cut slope profiles 

were lower than during drier seasons (summer and autumn). Similar observations from long term field 

monitoring have been made by Bordoni et al. (2015), Crawford et al. (2019), Springman et al. (2013) 

and Tu et al. (2009). 

The FOS of the natural Takamatua slope profile reduced by 18.4 % in winter in comparison to summer. 

Whereas post-rainfall conditions resulted in a 33.1 % reduction in the FOS. Similarly, for 0.25H: 1V 
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cut slope simulations in intact loess the FOS ranged from 2.2 (summer) to 1.1 (winter). Under the 

modelled hydraulic conditions, steep, near-vertical cut slopes (e.g., ¼ H: 1V) in saturated, intact loess 

were found to be stable (FOS > 1.0). However, using same cut geometry in remoulded loess, slopes > 

2.0 m had a FOS < 1.0. This highlights the importance of microstructure to the overall shear strength 

(discussed in Section 8.2.2).  

Slope modelling showed that the theoretical cut slopes more stable when excavated in summer rather 

than winter. However, the potential for reduction in cut slope stability if rainfall occurs post-cut 

construction was not considered. As such, modelling the application of rainfall to a steep slope needs 

further consideration, as the surface area of a steep slope exposed to rainfall is less than that of a lower 

angle slope. Furthermore, rainfall directionality and slope aspect will also influence the exposure of the 

slope surface to rainfall. It is for these reasons that design guidelines, such as the Washington State 

Department of Transportation Design Guide for Cut Slopes in Loess in South-eastern Washington, 

recommend steep cut slope where exposure to rainfall infiltration can be managed (Higgins & Fragaszy, 

1988; WSDoT, 1987,1996). Future modelling should assess how steep cut slopes in Akaroa loess 

behave upon post-cut wetting and drying events. 

Exposure of cut slopes to drying is also important for slope performance. Periods of drying increase 

suction and decrease the hydraulic conductivity. Field monitoring (Chapter 6) shows that the initial 

hydraulic state of the soil is critical to the resultant post-rainfall hydraulic state. For instance, rainfall 

during Summer 2017/18 (e.g., 4th January 2018 rainfall event) did not cause a reduction in suction 

within the loess at depths greater than 2.0 m bgl. However, similar or higher intensity and duration 

rainfall events that occurred during winter resulted in decrease of suction in loess below 2.0 m bgl. Ng 

and Shi (1998) also noted that post-rainfall slope stability is dependent on the initial water table depth. 

As such, the occurrence of rainfall-triggered landslides can be strongly influenced by antecedent rainfall 

(Rahimi et al., 2011). 

While there are several factors that contribute to the progression of the wetting front (e.g. 

evapotranspiration, vegetation cover) the lower hydraulic conductivity of drier loess will slow the 

infiltration of rainfall. This slows the reduction in suction and therefore the shear strength reduction of 

the loess. Comparatively, the FOS of slopes composed of higher permeability soils reduces faster and 

by a greater amount that that of soils with low permeability in response to rainfall events (Hamdhan & 

Schweiger, 2011; Lourenço et al., 2006; Wang & Shibata, 2007). This highlights the importance of the 

unsaturated permeability and therefore both the initial soil water content and suction when rainfall 

occurs.  
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8.4.2 Interaction between erosion and unsaturated soil behaviour 

Although the stability analysis conducted during this research has highlighted the contribution of 

suction and microstructure to the stability of unsaturated loess slopes, the erosional properties of the 

material have not been considered. Historic research has highlighted the susceptibility of the loess soil 

matrix to dispersion and erosion (Bell et al., 1986; Glassey, 1986; Jowett, 1995). Acharya et al. (2011) 

examined the erosional behaviour of recompacted Port Hills loess using laboratory scaled physical 

modelling. Although they successfully identified a relationship between porosity and erodibility, the 

study was constrained to loosely compacted loess < 100 mm thick. As such, the contribution of the 

microstructure characteristics of intact loess, and the interaction between the erosional properties and 

unsaturated properties of loess were not considered. Furthermore, the impact of rainfall pattern, 

intensity and duration on erosion and shallow failure in loess are currently not well understood (Alavinia 

et al., 2019; Fan et al., 2015). 

The current research into the unsaturated properties of loess in the Akaroa Harbour area also provides 

some insight into the mechanisms of other common slope stability issues such as tunnel gullying. From 

understanding the change in unsaturated hydraulic conductivity with suction and water content, it can 

be considered that some tunnel gully features are formed by concentration of flow within the loess mass. 

This concentration of flow may result from macro features or higher permeability zones within the loess 

which allow initial concentration of flow. As wetting of the soil occurs, the hydraulic conductivity 

increases, potentially increasing channelised flow. At some point saturation causes disturbance of the 

soil matrix and dispersion takes place. Evidence of stable saturated and near-saturated slopes around 

Akaroa Harbour (Chapter 7) suggest that these erosional mechanisms may be a function of positive 

pore water pressure sufficient to break down cementation and clay bonding in the soil microstructure.  

Research into the erosional behaviour of Banks Peninsula loess is ongoing (Kingsbury, pers comm, 

2018) , however to date this has not been considered alongside the effects of the unsaturated properties. 

To further understand the behaviour of cut and natural loess slopes, a compilation of the details of 

rainfall-induced slope failure events and the long-term behaviour of cut-slope performance, throughout 

Banks Peninsula will be essential e.g. Higgins and Fragaszy (1988). Controlled experimentation using 

laboratory-based instrumented physical modelling in future research will also allow isolated rainfall 

and slope characteristic to be examined individually (Zhan et al., 2007). Further in situ monitoring of a 

range of other loess slopes will be beneficial to confirm the observations made during this research and 

examine the influence of slope angle and aspect, vegetation, and other factors controlling infiltration 

and hence wetting and drying. Simplified real-time monitoring such as micro electrical-mechanical 
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monitoring systems e.g. Wang et al. (2018) could be implemented to undertake widespread 

instrumentation of slopes. 

8.5 Summary 

The soil-water and unsaturated strength characteristics of intact and remoulded loess have been 

characterised using laboratory and field-based methods. The use of both field and laboratory-based 

research methods have allowed the hydraulic behaviour of a loess slope to be investigated. Agreement 

between the laboratory SWCC and field data highlights the reliability of the methods applied in this 

study. These results are used as input for computational modelling of infiltration and slope stability and 

have informed on the influence of initial water content, rainfall infiltration, and the hydraulic journey 

of in situ loess in response to precipitation events. The slope stability analysis shows the contribution 

of suction and microstructure to the stability of an unsaturated loess slope.  

In summary, some of the main contributions of this research are: 

1. Loess is a fractal soil and behaves in accordance with fractal theory applied to unsaturated soil 

mechanics (Chapter 5). 

2. Remoulded and intact loess have different strength properties but share the same SWCC. This 

highlights the contribution of microstructure to shear strength and slope stability and simplifies 

implementation of soil parameters to slope stability and infiltration analysis (Chapter 5). 

3. During the field monitoring period, the hydraulic state of the loess slope in Takamatua remained 

on a scanning curve. Agreement between field data and calculated suction values validates the 

derived SWCC functions (Chapter 5 and 7). This was also validated by numerical modelling of 

seepage (Chapter 7). 

4. Several environmental factors and relative soil conditions contribute to the change in hydraulic 

state of in situ loess during rainfall events e.g. pre-rainfall hydraulic conditions of the soil influence 

hydraulic conductivity and progression of the wetting front (Chapter 6). The loess underwent 

wetting as a result of high intensity – short duration, or low intensity – long duration events. 

5. Slope stability varies seasonally as the hydraulic state of the loess changes therefore the unsaturated 

state of loess contributes to the stability of both natural slopes and cut slopes (Chapter 7). Failures 

inferred from numerical modelling are shallow, rather than deep-seated. This agrees with field 

observations (Chapter 7).   
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Chapter 9 Conclusions 

The unsaturated behaviour of loess from Akaroa Harbour region, Banks Peninsula was investigated 

using laboratory and field-based methods. The purpose of this approach was to determine the 

unsaturated shear strength and soil-water characteristics at both laboratory and field scale to inform on 

in situ loess slope behaviour. In doing so, this research has examined the contribution of suction to loess 

slope stability and improved knowledge regarding the hydro-mechanical behaviour of loess. To date, 

the application of unsaturated soil mechanics has not been widespread in the engineering industry in 

New Zealand.  

9.1 Research contributions 

Investigation of the unsaturated shear strength and soil-water behaviour of loess soils in New Zealand 

has led to several research contributions (Table 9.1). Of fundamental importance was the development 

of a SWCC for intact and remoulded loess derived from laboratory testing. It was found that when data 

was normalised by sae the same SWCC could be used for intact and remoulded loess. The main drying, 

wetting and scanning curves were characterised by a series of power-law functions. This method 

allowed simplification of the Sr – s relationship which allows calculation of the wetting path or drying 

path for a known hydraulic state. This is an important contribution to engineering problems related to 

loess deposits as it enables a likely suction range to be estimated from water content and dry density. 

The unsaturated shear strength of loess can then be calculated from a given suction range and sae to 

calculate χ.  

Comparison between field monitoring data and laboratory SWCC data shows that the in situ loess 

remained on a scanning curve for the duration of the field monitoring period. Mathematical 

relationships were determined for the field scanning curves. These functions were validated by 

comparing measured field suction data with calculated suction values for drying and wetting periods. 

Agreement between these data sets shows that characterisation of the SWCC using fractal mathematics 

was successful and the laboratory testing of intact and remoulded loess provided a good representation 

of loess in situ.  

Because the SWCC of loess was characterised successfully using fractal mathematics, the same theory 

could be applied to derive a function for the unsaturated hydraulic conductivity. As expected, 

unsaturated hydraulic conductivity decreases with increasing suction. This function was validated by 

comparing outputs from numerical modelling of rainfall infiltration observed during the field 
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monitoring period. Agreement between the model outputs and site observations indicates that the 

unsaturated hydraulic conductivity and SWCC implemented in numerical analysis is representative of 

in situ loess properties.  

Table 9.1 Research objectives, contributions and applications to engineering practise 

Research Objectives Research contributions Application to engineering practice 

Undertake laboratory testing 

to examine the influence of 

suction and microstructure 

on the shear strength and 

soil-water characteristics of 

loess.  

(Chapter 5 and 6) 

 Development of a SWCC 

for intact and remoulded 

loess 

 Practical estimation of matric suction in 

unsaturated loess of a known Sr leading to 

calculation of unsaturated shear strength. 

Simple application of SWCC to both 

intact and remoulded loess. 

 Identification of a fractal 

particle size distribution 

characteristic of loess. 

 Application of simplified power-law 

relationships to characterise SWCC and 

sae. 

 Evidence that intact 

microstructure influences 

the shear strength of loess. 

 Understanding that intact microstructure 

contributes to loess shear strength, and 

therefore, unique shear strength 

parameters should be applied to each loess 

type in slope stability analysis. 

Use long term field 

instrumentation to study the 

hydraulic behaviour of a 

natural loess slope subject to 

natural rainfall infiltration 

(wetting) and drying periods. 

Comparison of field 

monitoring data and 

laboratory testing data to 

examine the hydraulic 

conditions of in situ loess. 

(Chapters 4, 5, 6) 

 Observation of rainfall 

intensity and duration, and 

seasonal soil conditions 

(water content) that 

influence the hydraulic 

response of in situ loess 

 Understanding of conditions that influence 

the susceptibility of a slope to wetting 

leading to potential instability. 

 Observation that the 

hydraulic state of in situ 

loess in Akaroa Harbour 

remained on a scanning 

line  

 Informs estimation of extent of seasonal 

change in hydraulic state. Informs 

numerical modelling of hydraulic change 

in loess slope with rainfall events.  

Develop an integrated model 

of rainfall infiltration into 

loess and compare the 

hydraulic behaviour with 

field monitoring data.  

(Chapters 6 and 7) 

 Validated unsaturated 

hydraulic conductivity 

function and SWCC for 

unsaturated intact and 

remoulded loess. 

 Understanding of the change in hydraulic 

conductivity with change in suction. 

Informs numerical modelling of hydraulic 

change in loess slope with rainfall events. 

Examine how microstructure 

and suction affects slope 

stability in Akaroa Harbour. 

(Chapter 7) 

 Evidence that suction and 

microstructure contribute 

to slope stability of loess. 

 Understanding that suction and the intact 

loess microstructure contributes to slope 

stability and as the hydraulic state of a 

loess slope varies, so too does the FOS of 

a slope. 

 Confirmation that optimum time for cut 

slope formation is during summer when 

suction is highest. 
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Continuous monitoring of a slope in Takamatua, Banks Peninsula, has informed observation of the 

change in hydraulic state of in situ loess over time. Monitoring data were divided into periods of wetting 

and drying to examine the soil behaviour and characteristics that influence the infiltration of rainfall 

into unsaturated loess. The pre-rainfall (initial) water content of loess, which governs the unsaturated 

hydraulic conductivity, was found to be a key characteristic that influenced change to the hydraulic 

profile during rainfall. When water content and hydraulic conductivity were low, rainfall-triggered 

wetting was limited to the upper 1.0 m of the soil profile. Similar behaviour was demonstrated during 

numerical modelling of rainfall infiltration. This observation aligns with typical failure depths (< 2.0 

m) observed in loess. Generally, a wetting front was observed when short duration (< 400 min) - high 

intensity (>10 mm/hr), or long duration (> 400 min) – low intensity (< 10mm/hr) rainfall events 

occurred. For rainfall of 300 to 500 minute duration or where maximum intensity was between 4 to 10 

mm/hr, wetting was not consistently observed.  

Data collected from field instrumentation and laboratory triaxial testing were used to examine temporal 

changes in χs. The application of χs based on the Bishop (1959) theory of effective stress in unsaturated 

soil was found to adequately represent the contribution of suction to unsaturated shear strength in intact 

and remoulded loess. Comparison between historical shear strength data and re-interpreted unsaturated 

shear strength using Bishop (1959) has provided additional validation of the effective stress and fractal 

soil approach implemented in this thesis. As such, temporal changes in χs in in situ could be derived. 

These data informed seasonal χs profiles to be used in slope stability analysis.  

The FOS of the natural slope was peaked during summer when soil suction was highest throughout the 

slope profile. Winter conditions resulted in an 18 % reduction in FOS for natural slope profile. Post-

rainfall, the FOS reduced by up to 33 % for the two modelled wetting events (5th January 2018, 20th 

February 2018). This highlights the importance of understanding the seasonal change in hydraulic state 

of a soil profile and its influence on soil slope stability. 

As part of the stability analysis a series of cut slope geometries were analysed. The results indicated 

that summer is the optimum season for cut slope construction. However, post-construction climatic 

events (e.g. rainfall) that would affect the long-term stability were not considered. As such, the temporal 

interaction between cut slope construction and subsequent climatic conditions require further 

investigation. Furthermore, because loess is prone to erosion, the interaction between wetting of 

unsaturated loess and erosion needs further investigation. 

Despite sharing the same SWCC, shear strength parameters are unique for intact and remoulded loess. 

This highlights the contribution of microstructure to shear strength, and hence slope stability, as 
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interparticle bonding (clay and carbonate) is lost when loess is remoulded. Slope stability analysis 

indicates that a 2.0 m high cut slope in remoulded loess has a FOS less than half of a similar slope in 

intact loess. Thus, it is recommended that when examining the stability of a loess slope it is important 

to discern whether the material in situ is intact (airfall loess) or redeposited (loess colluvium).  

9.2 Recommendations for future research 

Whist this study has made number of contributions to the application of unsaturated soil mechanics to 

loess soils in New Zealand, there are still a number of outstanding research questions. A number of 

suggestions for further work have been discussed in Chapter 8, and are listed below: 

 Although the intact loess microstructure has been considered in this thesis, the influence of macro-

features (e.g. desiccation jointing, fragipan layer) on loess behaviour needs to be further explored. 

Use of instrumented physical laboratory-based modelling using intact loess would be useful for 

examining the influence of these features on the hydraulic behaviour of a loess profile.  

 Field monitoring of an in situ loess slope subject to natural rainfall meant that climatic conditions 

were not be constrained. Application of artificial rainfall to a laboratory-based physical model 

would mean that the contribution of rainfall characteristics (e.g. intensity and duration) can be 

controlled and thus examined in isolation. Control of drying and wetting events may also allow the 

main drying and main wetting curves to be reached within the loess.  

 The interaction between unsaturated characteristics and erosion behaviour needs further 

consideration. This thesis has looked at the unsaturated behaviour of the loess in isolation, 

however, it is well known that the material is dispersive and prone to erosion. Whilst predominantly 

unsaturated, it is not known at what hydraulic state the loess microstructure disintegrates and 

becomes vulnerable to erosion. 

 This study examined the hydraulic behaviour of a naturally grassed slope. It is not known what 

influence vegetation type has on unsaturated slope stability. Vegetation cover is known to affect 

the stability of slopes and change the hydraulic behaviour of a material. Planting and remediation 

of slopes throughout Banks Peninsula is an ongoing consideration for rural and urban development 

in the region. Further consideration is required to determine what optimum vegetation cover may 

be for loess to reduce the occurrence of shallow failure and erosion. 

 Near vertical slopes are prolific throughout Banks Peninsula. However, there is no documented 

performance-based area wide assessment that has been undertaken to identify characteristics of 
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road cuttings where slope failure has or has not occurred. Some assessment was undertaken as part 

of this research; however, this was conducted in the limited area of Akaroa Harbour. Further 

extension of this work would be beneficial to the remainder of Banks Peninsula.  

 In situ slope monitoring was limited to one slope in Takamatua. Further instrumentation of other 

loess slopes in Banks Peninsula could allow the influence of geographic and environmental factors 

such as slope aspect, vegetation, and fragipan layer on the hydrologic behaviour of the loess to be 

examined. Targeting slopes where active, or frequently reactivated instabilities, are located would 

inform on the hydraulic conditions which lead to instability. Such research would include similar 

instrumentation and geographic surveying to examine deformation behaviour.  

 Although the MPS-6 probes provided good matric suction data in drying conditions, it would be 

beneficial to use secondary suction probes (e.g. tensiometers) to increase resolution of data near-

saturation and during wetting. If instrumenting a slope instability feature, measurement of positive 

pore water pressure would be beneficial to examine the pressure build up (if any) prior to or during 

failure. Use of artificial rainfall could be considered in order to reach the main wetting curve. 

 Although the unsaturated hydraulic conductivity function was validated using numerical 

modelling, the precision of this function would benefit from direct measurement of the hydraulic 

conductivity of unsaturated Akaroa loess at a range of suctions. 
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Appendix A 

Rainfall events 

11 January 2018 

 

Figure 9.1. a) Rainfall intensity and cumulative precipitation vs. lapsed time since start of rainfall; b) volumetric 

water content and suction response in shallow (~0.5m) probes across all four arrays; c) volumetric water content 

and suction response in mid-depth (~1.0m) probes across all four arrays; d) volumetric water content and 

suction response in deep (~2.0m) probes across all four arrays.  
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Figure 9.2 Temporal change in volumetric water content and suction with depth during 11th January 2018. 

Measurements across all four arrays. 
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5th June 2018 

 

 

Figure 9.3. a) Rainfall intensity and cumulative precipitation vs. lapsed time since start of rainfall; b) volumetric 

water content and suction response in shallow (~0.5m) probes across all four arrays; c) volumetric water content 

and suction response in mid-depth (~1.0m) probes across all four arrays; d) volumetric water content and 

suction response in deep (~2.0m) probes across all four arrays. 
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Figure 9.4 Temporal change in volumetric water content and suction with depth during 5th June 2018. 

Measurements across all four arrays. 
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12th June 2018 

 

 

Figure 9.5. a) Rainfall intensity and cumulative precipitation vs. lapsed time since start of rainfall; b) volumetric 

water content and suction response in shallow (~0.5m) probes across all four arrays; c) volumetric water content 

and suction response in mid-depth (~1.0m) probes across all four arrays; d) volumetric water content and 

suction response in deep (~2.0m) probes across all four arrays. 
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Figure 9.6 Temporal change in volumetric water content and suction with depth during 12th June 2018. 

Measurements across all four arrays. 
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1st July 2018 

 

 

Figure 9.7. a) Rainfall intensity and cumulative precipitation vs. lapsed time since start of rainfall; b) volumetric 

water content and suction response in shallow (~0.5m) probes across all four arrays; c) volumetric water content 

and suction response in mid-depth (~1.0m) probes across all four arrays; d) volumetric water content and 

suction response in deep (~2.0m) probes across all four arrays. 



 

218 
 

 

 

Figure 9.8 Temporal change in volumetric water content and suction with depth during 1th July 2018. 

Measurements across all four arrays. 
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24th September 2018 

 

 

Figure 9.9. a) Rainfall intensity and cumulative precipitation vs. lapsed time since start of rainfall; b) volumetric 

water content and suction response in shallow (~0.5m) probes across all four arrays; c) volumetric water content 

and suction response in mid-depth (~1.0m) probes across all four arrays; d) volumetric water content and 

suction response in deep (~2.0m) probes across all four arrays. 
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Figure 9.10 Temporal change in volumetric water content and suction with depth during 24th September 2018. 

Measurements across all four arrays. 
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Drying periods 

12th January 2018 – 19th February 2018 

 

Figure 9.11. a) Volumetric water content and suction response in shallow (~0.5m) probes across all four arrays; 

b) volumetric water content and suction response in mid-depth (~1.0m) probes across all four arrays; c) 

volumetric water content and suction response in deep (~2.0m) probes across all four arrays. 
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20th January 2019 – 1st April 2019 

 

Figure 9.12. a) Volumetric water content and suction response in shallow (~0.5m) probes across all four arrays; 

b) volumetric water content and suction response in mid-depth (~1.0m) probes across all four arrays; c) 

volumetric water content and suction response in deep (~2.0m) probes across all four arrays. 
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Appendix B 

 

Slope modelling properties  

 

    Φb 

Layer Depth 

(Thickness) 

Type  
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n
 

1 0.2-0.6 m 

(0.4 m) 

Remoulded loess 

 

ρd = 1.6 g/cm3 11.6 9.3 4.9 6.1 

2 0.6 – 1.0 

(0.4 m) 

c’ = 5 kPa 

φ’ = 32 

11.2 9.7 8.8 6.9 

3 2.0 – 1.5 

(0.5 m) 

Intact loess ρd = 1.6 g/cm3 12.8 11.6 11.5 8.7 

4 1.5 – 2 m 

(0.5 m) 

 c’ = 15 kPa 

φ’ = 35 

14.8 13.1 10.3 9.6 

5 >2m   16.9 14.6 9.1 10.6 
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Analysis 1 (Chapter 7, section 7.3.4): Existing slope profile geometry 

 

Autumn 

FOS = 5.56 

Layer 5 

Layers 1-4 

Critical slip surface 
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Spring 

FOS = 5.14 

Layer 5 

Layers 1-4 

Critical slip surface 
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Summer 

FOS = 5.97 

Layer 5 

Layers 1-4 

Critical slip surface 



 

227 
 

 

  

Winter 

FOS = 5.10 

Layer 5 

Layers 1-4 

Critical slip surface 
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Analysis 2: Seasonal cut slope stability (Chapter 7, section 7.3.5) 

 

10 m high 0.25H: 1V cut slope - autumn 

Layer 5 

Layers 1-4 

Critical slip surface 

FOS = 1.68 
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10 m high 0.25H: 1V cut slope - spring 

Layer 5 

Layers 1-4 

Critical slip surface 

FOS = 1.27 
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10 m high 0.25H: 1V cut slope - summer 

Layer 5 

Layers 1-4 
Critical slip surface 

FOS = 1.68 
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10 m high 0.25H: 1V cut slope - winter 

Layer 5 

Layers 1-4 

Critical slip surface 

FOS = 1.19 
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10 m high 0.5H: 1V cut slope - autumn 

Layer 5 

Layers 1-4 
Critical slip surface 

FOS = 1.76 
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10 m high 0.5H: 1V cut slope - spring 

Layer 5 

Layers 1-4 

Critical slip surface 

FOS = 1.40 
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10 m high 0.5H: 1V cut slope - summer 

Layer 5 

Layers 1-4 

Critical slip surface 

FOS = 2.23 
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10 m high 0.5H: 1V cut slope - winter 

Layer 5 

Layers 1-4 
Critical slip surface 

FOS = 1.33 
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10 m high 1H: 1V cut slope - autumn 

Layer 5 

Layers 1-4 
Critical slip surface 

FOS = 2.05 
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10 m high 1H: 1V cut slope - spring 

Layer 5 

Layers 1-4 Critical slip surface 

FOS = 1.86 

 



 

238 
 

 

10 m high 1H: 1V cut slope - summer 

Layer 5 

Layers 1-4 
Critical slip surface 

FOS = 2.65 
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10 m high 1H: 1V cut slope - winter 

Layer 5 

Layers 1-4 Critical slip surface 

FOS = 1.83 
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Analysis 3 (Chapter 7, section 7.3.6): Schematic of steep cut slope stability geometry 

 

 

Material type Mohr-Coulomb  

Peak Strength 

Intact loess φ’= 35 

c’ = 15 kPa 

Remoulded loess φ’ = 31 

c’ = 5 kPa 

 


